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ABSTRACT

This thesis proposes a building renovation into an energy conservation building by
retrofitting the building according to the building energy code, installing an energy
management system with a photovoltaic and energy storage system, and installing a lighting
control system. In addition, the economic feasibility of building renovation has also been
done. The study selected a residential building as a case study. The load profile and electric
appliance usage pattern in the building also measured throughout the day were obtained
in order to test the proposed energy management and lighting control system on the
laboratory level. The result demonstrated that a renovated building according to the
building energy code can reduce energy usage by half compared to the original design
building. When additional energy management and lighting control systems, energy usage
can be reduced further. The economic evaluation also shows the proposed building
renovation can significantly reduce energy costs and demonstrate an attractive economic

indicator for the project owner.
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2.2.1 N33UDIANT

nailun1sesnuuueIAnsiieniseysnenasuIryseiiudeneimsingnsusediuainig
a1emAUTaulAg U (Overall Thermal Transfer Value, OTTV) LagAINITAIUINAIINTBUVDY

#89A1 (Roof Thermal Transfer Value, RTTV) vasiuninvieviuluaia1sniinseslsuoinie [22] fndl
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FuagiuananUinInIuTouresianuaraInUIEnauYesiannsaue1As Nkuuiukazlusela

q
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NIATFIUANMUAIBNNTAILIUMUTITERIG 19U AENUIZANTNITAIUNAIINTOU BRTIAIUNUIAN

<9

sonia Largauminviiiu uenaindl dmsuTanlusdla dainsanmssuanudounuaseriing M
FUUTEAVENITUI wagMSUHTIERAseIIndee OTTV dmsuisariuvettisausafunlilag
Tauns (2-1) ludvasyadilaesiu wapangndminseyieiuitey OTTV dmsuuraziuves

21A159rAWINlaglgENNTS (2-2)

OTTV; = (Uy)(1 —WWR)(TD,q) + (Us ) (WWR)AT

+ (WWR)(SHGC)(SC)(ESR) (2-1)
OTTV — (4,)(OTTV)) + (A,2)(OTTV,)+...+(A,,;)(OTTV;) (29
Apy1 A+ +A,;
e
OTTV = N13ANEMAINTOUlAETINVEIDIAT (W/m?)
OTTV; = NMIanemANUToUlAEIINVBINTY (W/m?)
U, - ArduusgAnsnstemanudouveamfiuuas (W/m2°0)
WWR = Samrdruntsnsentavesdufifinnsan
T'Deq = Aradvasgaumgiiieuwi (°0)
Ur - dusrAnsnistemanuSeuvesiisiusdanioniieng (W/ m2°0)
AT - gamgiifiuandnafuszrinsnglulaz meuenenas(°o)
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SHGC = ANFUUTEANTNTTUANNSBUANNLEID N
SC = ANFUUTEANTNITUILAR
ESR = USunausedenfindannsenu (W/md)

Ayi = WUANTIAURTU (M?)

Amsunadan RTTV a1uisariuiadlalaglgaun1snaaneny welyomnsnaiuntng19sonawnny
BNTIAIUYDITULAIR VA IA AT ANFUUTLENT NITONUNANUTDUF NS UDIAUTLNOUVDINRIAT §19
wandluauns (2-3) @usvermsnivasavateUseinnlagldianuazosnusenoununneieiu

A11150AUI RTTV v balagldaunisuivinieaieiu OTTV sanandluaunis (2-4)

RTTV; = (U,)(1 = SRR)(TDe, ) + (Us)(SSR)AT

+ (SSR)(SHGC)(SC)(ESR) (2-3)
ey - D) RTTV) + (Aup)RTTV) .+ WD RTTV) |
Ay H Ay F.. L F AL
e
RTTV = AINTIAIBLUAIINTOUNGIAIVDIDIATT (W/m2)
RTTYV; = M3eemANUToUlYTILYDIMRIAT (W/m?)
U. - AduUsEANBNSINEWANASEUYE M I TIULE(W/m2 °C)
SRR = SR TIEIUTOITULAIRDVEIAT
Ur - mdsTAMSNstemeuSeuvemdalUsdlavietessunas (W/m2°0)
A, - fuivdnsuiinersan (m?

[
= a a

OTTV waz RTTV fifwialdaindiuvaanseuaiasazgninuntdidudviiiiousduszdnsnm
ALLNAILUNTOBNKUUIASNENTITRUSNENAIU Iaeinauaiasiar i aiuand1aiudmsu OTTV
wag RTTV dusunsazUssinnenns aauwanddunisng 2.2 adlasunisusuldmunzsauniy

ANYULLANIZVDIDIANT
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M15197 2.2 ANNINTFIUVBITFUUNTBUDIANS

UssLnn01A13 OTTV (W/m?) | RTTV (W/m?)
N 1 OTTV < 50 RTTV < 10
Nl 2 OTTV < 40 RTTV < 8
Nl 3 OTTV < 30 RTTV < 6

2.2.2 S3UULLENEIS

Tudhuvesszuunasainsluenas inausilunseaniuvemsiiienseysnundssuazysziiiy
Uszansnimnislanasaulaglgannunuiuiuyeanassuueasains (Lighting Power Density, LPD) 619
wanslupaadi 2.3 fuddannsosunldlasnsmnsmslindanuiomnuedlaulniefiuiingld
uhmuaeserans . eglsinn dfeuniiulunsdvediwiluinialwdosainilildfadanisly
9113 uonNdiufiaraentadslusieglunisdiuin LPD inusilun1sesnuuuaasiiions
susnendanlildssyuiinainuainidesnisuussununsie emindlinsgiuieaty
formunnnuainsiusidniumsldoudssaniieg inasidinaneyainliormsvaingud 3 3
LPD g4gAnNUN1588NkUUBIATS Tnganansnutsiuiild Wy fufiduyaaalunsiionaisiiiinerde

lngdnnudeansauaingilunsdilsameuia

A9 2.3 ANNIRNTTIUVDISTUULAETN

UssLnmnennns LPD (W/m?)
N 1 10
N 2 11
N 3 12

2.2.3 szuudsuainid

nasilunIseenuuveAski en1seunEnd Iy sruvdiuemaldunisusiiunin
UszAns nmmdanuvesudary dadmiuind asuiuonaianuuiendiuuasuuuuianalaeld
gn1dIUsEAnSnmMNEIuUANgan1a (Seasonal Energy Efficiency Ratio, SEER) {udail faunans
Tupsn9fl 4 lunsdlvesszuvdiunans mavszfiuazuenduaissitauduazdmuszneudug

wsavhanuduazdediaduuszansnisinunuuesgiu Tuvasigunsaldug lussuudesdinig
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Y I

Tdnda9usaue1nIn 0.5 kW sadudifiu 9819l5An1u nsmAN¥IAD81AITaNITALLUAN LTSz uuyin

Y
[ '

AudulazyiANSauINdILNaNN AItuazdinT3aLREINUNINTEIULUULENEIY

WnsgIUNIsUsTdulauIINIIRsgIURaIn NN, 5 %qﬁwmummmgmssﬁuﬁLmﬂﬁmﬁusﬁuag
FuUszans nmn1sle N 1uvend ndaei 7 s slufosmainveslszinalng lunsd
\P3asUsUDINIA WRTgIuREliAn SEER $19B9d M uLed asUSUDINANILIUAIALE AT WAZLUY
USumnudald Gunedned) Tnoudsmutheriuaanniued 5 Unf wazaainiued 5 saus 1 Ao

3 17 lngaanniues 5 s¥au 3 Andfeinsesniuseansamnsldndenugesn

M15199 2.4 ANINIZIUVVRITTUUUTUDINA

1AS09USUBINARUUANLEIAIT

[ s [
287NLUBT 5 281NLUBT 5 281NLUBT 5

YU 2871NWS 5

(1 #17) (2 @) (3 A7)

8000 w 12.85 - 13.85 - 14.85 -
>15.85

(27,296 BTU/hr) 13.84 14.84 15.84

8000-12000 w 12.40 - 13.40 - 14.40 -
>15.40

(27,296 — 40,944 BTU/hr) 13.39 14.39 15.39

d' v (9 @ %
A589USUDINIARUUUSUALLSALS

QANNLWAS 5 | Ra1nwes 5 | aa1nues 5

YU 227NLUBS 5

(1m17) (2 a17) (3 A1)

8000 w 15.00 - 17.50 - 20.00 -
>22.50

(27,296 BTU/hr) 17.49 19.99 22.49

8000-12000 w 14.00 - 16.50 - 19.00 -
>21.50

(27,296 - 40,944 BTU/hr) 16.49 18.99 21.49

a

INA999 2.4 1A309U5URINARULYTUAIINSILS (WuuBuniesines) Husedngnmandn

& L L I o ° U a Y [ a 1
wsesUSusnALuUUSuATIS Al dmTuglinuuuien sandenuvesernsazyssiiulali
\fin 12,000 Tndnse 40,944 Tile/vy. tesnnasesuSuaniakuuwenaduiguiudaiiailiesd
nsldiuialuuarlinesnulurieman duludisiaestaludesniudmiuiaiesusueinia

Usgnniy
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2.2.4 STUUNAIIUNANY

(% L3

LU LUNITEBNLUUBIANSEIA BNITOUS NENAIIUEIUSTELTUAINFINITOIUNITNA AN 191U

q

aunuLaztIeannsldndinunmualagnse eganyuidtvedasinsiaeddmungiiveriunisly
wasumyudsluaasiaidnivseusulsdlnl mskdandsnunyuieulueinisdiulngunain

spuUwaduatoing Tuvagiindenunyuieugdiuudue aunsadalalaenisulasnisldaiy

[%
a Y

Zoudundsaulain anuaiunsalunisadneszuy PV arunsadssanaldlaeld i ud d as
UsgAnBamuawisEuy (Aruaneinaunisil 2-5) uansuniduasonfingfiddsyansng (%uagﬂu
G‘hLmu'waqmmmaz;gmaqmiamé'jqLLm) mmg’mﬁjﬂizmmnmm?{aﬁisw PV ddnannlunis
waslwidunan 9 $alus sty annsaduiaelniederedinaslnessuuwaduaseniing (PVE)

Iolneldaunis (2-6)

Nsys = Nmodule X NBos (2-5)
- (9)(365)Asyspy,,..4 -
1000
e
Anod - HuiiRnsesruumaduaeindamn (m?
Nsys = UsEAVE MU ISEU
Nmodule = Ysvdniamuadlugaiwaduasending
NBos = UsgAngnInvesssuUaLna
ESRpy = USurusadonfingannsenu (W/m?)

2.2.5 N5 MNAIIUSINVDIBIANS

nslindsnuimuavesoimsUsadulnesanuvesnsidndiulussuudiuenia szuuuas
a9 uazgunsallail waznsaundesnulnihdiAeenundmdanunyuiou Tunsdvesszuudiu
91 Uiinaumsvhannuuazainanunasanufoudnounniidssadenslindsnuvessyuuuiu
01m1A datunislindsnuiamundsufsansenuroundsanuionanuasaing mdaluaves
011 flagans waggunsallalitn nsdmnslindinuimueansavildlagldauns (2-7) g
nuAdulsdniveiunasanufouiidmadionisgnisviianubudmiuemsussinnsingg faaguld

Tums9it 2.5
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Epa
, [ WL(OTTV) ATL(RTTV) 1
| COP; |
Z| Cl(LPD )+ C,(EQD;) + 130C,(0CCU;) + 24C,(VENT,) |’7h -
e { Cop, }J
+2Ai(LPDi + EQD;)n, — (PVE + HEE + ORE)
i=1
5lo
EQD - nslindsnureseunsallwiidevtaefing (W/m?)
occu - Srunufnedeindededud (1/m?)
VENT = msluadsuvesoimenasmsilva (Vs/m?)
COP - AndulseAnduszansnw
HEE = nsudasndsnuanudouduluih
ORE = IntihiaAereUinanl asuvamEI UL Isud LY
C; - FulsrAnBnsvannubuainszuulidesaing
Ce = Andszavi mszananduingunsallnii
Co - dulssavsnseanuduanglogans
C, = Fuls¥Avs mnszAiBunInnsTuIeIn e
NMn = Fantlusmsldnuenas
MTeil 2.5 FulsEdninisdiuiunszanuiby
Usetnaneng € C. C, C, ,
N 1 084 | 085 | 090 | 090 | 2340
naw 2 0.84 0.85 0.90 0.90 4,380
NN 3 1.0 1.0 1.0 1.0 8,760
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2.3 STUUUSUITIANITNALNY

ImﬂﬁilﬂLLﬁ?iBUUU%Wiﬁﬂmiwé}Nm (Energy Management System: EMS) NU1BHT TEUU
Solusiafiindunldlunsnunulinisedn msdmdsnu saddimsldndanutudulegd
UsyAvEnngean auvansvessruuImsiamandsnuiuaoudin fulnedldnaefaansiios
n¥anuliihwiniuusinsouaguiimdseiluzuuuudu 1 de Wy ndsmuarudou sy ssuy
UImMsdnnmsndsnuenfonisinaulszauiusening gunsalnsiada (Sensor) aunsniimes (Smart
meter) wagszuunIUANaUNTallNH18mlulif (Actuator #3a Controller) UulAsaas 190358 UY
weluladuazeansaund (nformation technology: IT) Insenafinisindessuundnlniiarnngas
mudeu (WU ndsnuuaeing) wasseuuinfundsnusumeiioliuimssanisnslaind

a a =

Juldegrafinusvlovigegn ssuuuimsdnnisnadsnunfivsednsamidnszuiunsiaunuliiin

'
a a =

MMSNAR NTITNFNIURALATUIIITIANSNAN U YT UTEANE A WaEn F9luu1enItlanasIngs

Y 9

nssalindanunienisannmsldndunuliiviedesnan Ml desldviiliaiuaunsalunisineu

o

w3anannm (Productivity) anas siufisdaslineliifinnadensguamle o dudiondevserinnu
pgluutu 9
Y
F1UTUA NN Y IEUUUIWI59AN131a 4971UTUTU U (Home Energy Management System,
HEMS) Wuszuui@eulasgUnsalirsadidlninalududimenu Tnsaunsauanaaunisalldlai
wiu Usinanisldinihvesgunsallaiwiousnasag 9 Tutwlugiswianiu Wbudu uenainiissuy
UIMsTamsndenuniidaaitaansaluseaungaluannsnandoyaduniieitod 1y an1neinie
s1mabilug ety o udy andssinana nioumaauenuzseldlnininisannislindanu wie
AuANNTSIINATURg 1R luTR A UsyanEnmasaansauiisaunsafnaagunsainundsanulvg
a a £ = 1 a [ a & a o (% B =) L4
7 indnludiuSeou Wy seuUHAalihnaNIuLEIRgLUURARIULEIAT WUAWES vsegunsal
I afinuaunsalunasduiunmsnevaussniulvan {usy sEUUUIMsTANINE1IUEILNTD
Woulesgunsaleng 9 wadudisieiu welinisusmsnmsvinnussgunsaisng 9 Wuldegiad
UsgAnSnmgedn dregradu Turwianiiesiudieossuundnlnindinuuatofinduuuiindauy
naspudnlilauinndinislaluinigludou e vagdussvuusmsdanisndsnuaiunsad sl
wusaesvsal o undsuliihauiuld Fanndinsihnalnanlwihiudsuwdasmunaunly
= a o o N S o i % a
U WBTFUVUTMMIIANITNEINUNTIUNYIITudsmAbiinasaunsadsliunnesdnelnih
nauingszuulninludnu ieannsianlnihanszuulassnendndadisianas iWunisyagliiin

msUsengamlninlaegeliuse@ansain
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= — | Yaauae1Ang

=

FTUULEIEIS
USEHUANAIU

dunsniinas —

N

o
LUALADI

- o
1AT999ANTS
waseuneluthuT

T RTeeURInT R
sl =

JUT 2.1 JUuanssyuuUImIdnnsnaeuluduEau [56]

ueanaIntiusyuUImsdan andsnudsannsovilfgldliihasaaueunad asldlni Ly
Tamssnrnuenthu udsaunsadmuamsa-eesedldlnihdrsmisinunsinsdwiindouills
winlafiszuuumsdanisnasaugldlihdndudosrvauaunsalluiising q ueniu wu n1sila
Uolniadndusiozaalutnilaonss Wusu iWefimsfiesis ssuvuimsdanandsnuludiu g1l
awsnaIunug Unsailaifiagng 9 MunisgUnsalindeud 1wy aunsnliy wieudiuidn 1udy
uanand gunsaidlutAvisdruanunsofndufafud U elivausansussuuuinsda
mandaauls Wy Wuwesiunnedeuln iedalwdesainsluuinatuilifiaueg (Jusu nsi
Alg i nsudeyansldluialudiurig 9 lagagiden siudsaunsaniuauaunsalsing q laegis
avanundududaduddg vl i fudeungAnssunuesasiasannisiatiludaudl
nuas dawalinslalnihluduseuaras saudsananlniiasls

Tneilundrszuuuimsdanimmdanuusenaulusne auninimes gunsaldnfiundsau
SIAITEUUAILALLALAINIITUUUIMSIANNE Y

sEUUUIMITIANIINasuansavinlig L lnilddnluniatuieau o1a15 nislsenu
geavnssuansansuanwarnsidliihvesnueslaluudasdiianlagasiden wavansasuila
Frfinslindsanulndnluivaunsaliing o sndeaiiieds luedndld nilagangluniaiuseu
ysuUTinunsTdinivesnuesdounddunmsniniy Tnsgunludmdelwiludoudy 1
viegaindwoslwihuuuduussinnaumuinll matineluladssuuuimsdanismdsnudmm

Uszgndldauaunsaiiunissuiveyamsidiihvesnuesnndu wu nsrvimslelniasgaly

Y Y
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Pl finslinugunsalilmmeluszuulaanniign s msmseminifainannanansatiiun
dnswasunlamgAnssuveadlFlwile saudsenanseduliiinisuasuutasgunsalluiviald
UsgAnBamanniy

uenndl sruuUIMsianandsnuamsafiudaanuanansolunsauaugUnsainng o 7
Aodafisdnuluilwesdldonlusuian Wy seuurdalihndsnunatefinduuufafsuundan
(Solar rooftop) w3eszuuinNuUNasU Wusu Tranunsavhaudssanunuiulaegsfivsyansaim
1NNTU SEUUUSMSTAMsHasuanseld nusnAUsEUUS EALETAINEY q Feonaldiieades

AUATUNFIULAEATI LU STUUDHLULTA LUTIY STUUDMIULR I UB1AT 5058 UUDALULTA LLSI9U

[ £%
DREINNTIN LWuAY

2.3.1 gunsaludasdumasliinszuansaduluiiinssuaday

Tutagtuiimeluladlifgrdussuuwaauasoniing dnisWauiegsmnsuasldiuunsvay
189U Feduesmestieidudindrifyedisunnlunisuvamasnuliiindalaanwad
wasoindgadulwiinsenanssli duliinseiaaduiiiethluansansginga

'3 Y o o <3 [y Ql' Y a =1 '3 Y]
gunsaluvasiumalnihnszuansaduluinssuaaduinldiussuuBassilugunsaludasiu
Adsluinszuansadulniinseuaaduinldsrudussuudasea idnseuaaussuulnii (Stand
Alone System) TngSundsulninssuanssNuianead Laeinguseanuu anesnaulaadu

i nszwaaduiveaelununiselnia

Battery
4
—Y__  Off-Grid
"1 Inverter
Solar o 1 | AC
Input 7 Ac Load

JUN 2.2 gunsaludasiumasininszuansalulnihnsswaaduinldiussuudasy

gunsaludasiumdsiihnszuansadulwihnszuaaduiiliideuseiuszuudmihalugunsal

wlaaumdsndinszuansuduluinszuaadunidsusonussuudmuievaanisinda Taenis

(%

WeusalatuAes I YUIALTIAY AU uazddunanssiy Jedesdsruunisiviineg neuudn
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dunaswasvRatndn i Nl dnwausmilsunulndivesnisiud nnsudalndianiwadnasoing

Pudundanazrldiui ludesdrsoddununsas warnsliiunisylindii

Synchronizing
* Phase

* Frequenc .
. Am:IiI'ud: » Grid
Solar T On-Grid
- Inverter
Input 1 !

sUT 2.3 gunsaiuvasiuidsliinnssuansaduliihnssuaaduilfideusiofuszuudmie

gunsaludasfuidsliinssuansaduluihnssuasduildfussuunaunanudugUnsniudas
Fuidslniinszuansadulnihnszuaaduiildsusvssuuiinufuseninsssuudase Aussuy
waunau fdnwuziiunisruduresgunsainvasiumdaluiii lenanauudalu 2 fedradu
nanfe fduneiineifesinsdeudeiuszuudminsvanisiniiierdulssiusisBauazluvay
vy wdsuliihiindnanwaduasoriindgnarelidunsslnin usmngldldngsaulniidos
niindnlaluduveandsnulniiiainisaduaseniindivdsanmssremselnfiignuiinas
wuamedvsenelsiunisiii uazdilildndanulnihannnitindale aunsaluvasiufdsliin
nnlihnszuansadulniinssuaaduisliihanszuudmminenisiiiwieanuumaesidiunane

VALY

Battery
Synchronizing
hopmv—.s <4— Grid
* Amplitude
Solar % DC Hybrid
Input = AC Inverter

JUN 2.4 eunsaludasiuimadsiniinszuansadulninssuaadunldiussuunaunan

]
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2.3.2 szuvazaunasaulwiln

dowaduasefingudnndsnuluiiun Sndudesdigunsaldmsuihunldasaundsaulni
e ldanuausadindinuintdlugiwiaifenisla dmsunsazaundsnulussuungsanu
naLnuIINwadwasainduuldiunmoTidundn Inonunmasiuieandu 4 Usznan
1. wusae3Ugunil (Primary Cells)

< a A 1 4 vy A [ = = o I~ v Qy a a Qg‘,

Wuwummodnluanunsasnsaluluvdle Welduusnasnundedndudaaia Inawusnassnnil
lleltvaunandudidninglad Juseniwadwiis wusmasviatiseluwwakaziiividnun vinla

winzivgunsalliihuuunnn Inedefvesuwunmesusugifeaunsaiulilauiu

f ﬁ}— Positive terminal

Negative electrode

Foil label (Zinc)
' Positive electrode
Current collector > (Nickel oxyhydroxide)

(Brass)
Separator

(Gasket

Insulation washer

Negative terminal

=)

U 2.5 Tassasnauuniaesugugdl (Primary Cells) [57)

2 wusimedAsgll (Secondary Cells)

Junummeiftannsan fallmilddlelivun lasnsiludssandliuunmeiviiaindn 4 flog

Y

2 Usginn

a 1 Y @

1. mVLiJML‘LJumeﬂﬂmuwawﬂwﬂuaﬂﬂim Tnevluuusmessiad mammmywvl,v\lﬂ’um ¥318
Wumselniiudledesnns

2. ldldununuunnesdgugdl lneaunsansalnlaiiawunneinun nsldanuludnvauedause

Uszneaalgangla



23

Current
&= Charge

Fositive Negative

° 8o &

CH)

ﬁs}ajarator 0 O
+} d}@

Cathode Electrolyte Anode

Ul 2.6 Iassaiauuameinfiond (Secondary Cells) (58]

3 LUALMBIANSD9 (Reserve Batteries)

¥
aa

wusmeITlndiidnuusuiioukunneiUgugd wiwendidninsladoenuiluvaenlyilalda

A5 ulud nwazdvin 1A LA an1SE NENIWNIAT UIDANSAATISLD VINLALUALADS YLAT

anunsanulilsunu lnsnunnesyiatdnulaludvuniseesiin wazsyuue1sou 9

TERMIMAL ()

AMPUL SUPPORT
GLASE TOMETAL SEAL
/JNSULATOR
Y

PROJECTION WELD

GASKET
ELECTROLYTE

25

N
N
N
i
N
\
N

il

S Ty

GLASS AMPLIL
LITHILIR

ARODE

ELECTROLYTE
DISTRIBUTION
HOLE

MLy N )l SN"S -

SEPARATOR
CATHODE

3

AT
B AN AN

CASE (+1

Ul 2.7 Tassaiauuniaeidnses (Reserve Batteries) [59]

4 Wwadownas (Fuel Cells)

¢ & a v N o = o |aaa =
wadendsauisaasiensewalnililaenisiufsundanunaiiannnsviugisenaives
losauvadlalasiaudszquiniueendiau lnewad iamdniInuuane3dy o Raunsandn i
laagrsatlasuuiniiowmnds waveandiaudiasgnlaidly ldmilouduuunneiivgning

nszualihanasaiivaneignisidau
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Electric Current

=D
FuelIn [& U aArin

= ' e <_<::'
€ ‘ H,0
b e
H2:|':>:> <5
0;
) = Unused
Excess = g;ss:s
Fuel Hzo Out
<<= _,‘t
/ AN
Anode | Cathode
Electrolyte

Uit 2.8 Tassadaadidamds (Fuel Cells) [60]

2.3.3 wmalulagnwassunasaniing

Tunslindsnunaseriindanunsa Suunesnidu 2 JUnuufe msléndsnuuaserindiiondn
nseualill waznnslindinuuatonindiiondnaiuieu lulsyrdnusdvenaludinvesnisls
Y] a ¢ A a a | a a o a ¢ & a
WA ULEIDARE N ondansyuali e s 19h e Tngmalulag ndsiulasoring i onde

nszwalnin wiseanidu 3 sEuu

1 WweanasoMnduudase (PV Stand-alone system)

Wuszuun@aluihildsunisesnwuud msuldnulununsuunilifissuvasdslnigunsel
JEUUTNAAT UTBnaumsuieaag a1a19ng gUnsalAiununIsusEawunmos kuanes wavaunsol

Wasuszuulninszuansadulninnszuaadunuusase

"\

L=

Battery

e

e sokor charger
MPPT 150135

amice

Charge
Solar panel Controller Inverter Loads

UM 2.9 Wwaduaseniinduuudase (PV Stand-alone system)
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2 \waanaeIAinguuuRanUsEuUTULNY (PV Grid connected system)

Juszuundalwingneenuuudmsundaliiineugynsaldeussuulniinssuansailu
Inlfnszuaaduitigssuvaedslniloonss Toudalninluwndasmienun ndssuudmue i
Wnie gunsalszuundidgUseneumeinagaduatofing gunsalildsuszuulniinssuansadu

Wi nszwaadurdanaiuszuuamuie i

P Utility power

= — |

Battery

|
MPPT150135 |
!
d

Loads

Solar panel Controller Inverter

U 2.10 waduasemndiuudeiuszuudmuig (PV Grid connected system)

3 aaueefinguuuNaNngau (PV Hybrid system)
Jussuundalniignesnuuu damsuvinusiadiveunsalndalnindu o wu ssuuwad
waseng TUNSIIUaY wazknd i ndar [Wudu I@sg‘dLLuumaﬂisuuﬁuaeﬁUﬂﬁaaﬂLL‘U‘UGmJ

TgusvanAlasamsdunsdliang

am . Utility power

1 . ‘ DG Sets
o=

Battery

s ok G
MEPT 50135 ﬁ

amice

Solar panel Controller Inverter

gﬂﬁ 2.11 \waauase gL uURaNNay (PV Hybrid system)



26

2.3.4 fauszananafisnunsalusunsalé (Programmable Logic Controller: PLC)

[ '
¥ = A

faszananafiamsalusunsuld (PLO) 1WugUnsaifidnduiuan on1saiunuadesdng
wwsedldlniln wie szuulndieing q ununsldnustiaduuuiii Fnwstadwuuiiddadefe
mMauaglidusiuaunn vilivasuuasieulilunsauey wagdeuthgsldonn eldnuly
uu q nihdudavestiadiden oshenavosnsiuiin uazmsinusonsdarensas deimaiis
fimadUszananafiannsalusunsald (PLO) wnldumnasiiaduuuiin wswduszananadi
ansalusunsuls (PLO) Tewilfirendn feanindedio annsadefugunsaiduna uaziendmels
Tgnss Mnduishnismvauszuulniilaenadeulusunsusingu nmadsusasdeulalunis
muAuiwildie Wsadoulusunsulnl uazdouasuusiuszaanaiiannsalusunsuls (PLC)
uannFUsrInanafianmnsalusunsuld (PLO) YnunuuiAsdldsiedies dsanunsasios
Uszinanafianunsalusunsule (PLO) Wédanae 9 dadadeiu nanewduiaietie (Network) e
usumTeuessruUliissAnsamgedu [51] sfiavesauszananaiianunsolusunsulda
nsfuundUszananaiaasalusknsaldmulassasanevenuidddidu 2 siiadsd
1. fuszananafiasnsalusunsuldsdnuden vhnsrsdudsgneurionun vasiiUszutana
Aamnsolsunsule (PLO) TouA duszanana miieaudy daudun dredng uay
wnasanglnil Iegluvdonnenfiu
2. fhusznanafiansnsalusunsulivdaluga Aediutseneuusasdiuanansaugnesnainiu
Juliea (Modules) 1 miheuszaiana wnasdnelni dune uaziondne aunsaidenld
sl Hlugavunfdunavidenieving tneiilddenldsmnanssuuuy oradudunmedis

a = (3 ] a
YT N8 LIRNFRDY NN

AsdsulaUsEnanana1unsalusensule (PLC) Tuvinanumesdeouluswnsulunus?
Uszananafaiusalusunsuls (PLC) duauisauwdseanimdu 2 Useam
mseuluswnsulinumussuanandiuisaluswnsula (PLO) Taenisidwesoadeulushnsy

LUUNANI (Hand Held Programmer) Youlusunsulaaléinie Statement List wurds LD, AND,

¥
o & A a

= & v Y WA Y] S a Ay Y]
OR %QLUUﬂanW‘Uﬂqu LiUﬂi%ﬂ’]‘lﬂ:fﬂ@?Eﬂiiﬂﬂ@%Uum?Lﬂi@QLGUEJUI‘UiLLﬂﬁﬂJLLUUWﬂW'] LL@LQJ@@@Qﬂ"I{LGU

Nuilenudy q ndegludiussinanaianunsalusunsula annsasenldaulalaenisnadusenld

& =

ANFIMLAY N5 LATDBTEUTUSHNSURWUUNANLTDANNAN P AEAIN dzAIntunISIAABUENY WAl

IS

iferdufeglinalnuIuey

Al eulusensulinudiussulanan atunsaluswnsule (PLO) Taanistdmaunimnes

(Computer) T srusmAugenias (Software) lan1zussiuszuiananiannsalusunsula wasliuey

Y
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AUENRN L9 U VaRYBINIS I ABUNLND5UN1STBUIUSLNSUABLTIILINY 1 B9n 28 TUS kST LTy

AoudimestiteUounnsuaulualiniw laameslaezunsy (Ladder Diagram) wsnlglunisitou

'
o W o

Ada vinbanlaladne wasdallinseadialunisiuswnsulimasnldaulauinninasaadeuluswnsukuy

NANI (Hand Held Programmer)

2.4 53UUAUANANETIN9ANLANTHHY

msdesainafelili uenanazidunisyliiiniigdueiasvia wd Sidamansznusienise
ihsmvesennns Tagldifiunisznsianuduresssuuusueniadndie faiufsasesniuy
uazidensruuliinasainailiussansualunisdesadng deliiAnauauiownanen danudangu

wazaannaosiugayasnglunisldnug TuvazieiundesdussAnsanaludmasau tnedenw

o w

ez fusasfiddassneuluse
1. wauaan (Candela; ) wissiidauasanunsaiadnle avidalsdeensaziidnnnuiedosazey
lugUraanuduuvisnisdetadnd viiguauiaan AuNYeInIsdesalnasia1viniy
Amdvesnsdesainsesing (black body) Mgumgiidenudsveaunadith (platinum)
Tngihluanudimesnisdesainsvosivasiuanamile dniieuusiasulupasuiviiy

wknuYasrastulaunastiug uasdelsiniy . amnudukasnTnasiAviniy. wazaunng

(%
a Y

AUTEI I UL UVBILARIN LT ALAI Y

I v |

2. ANUNWEY (Lluminance;: E) ABoRS1@IUsEmI 198 ngn 1580983199 ANASENUSId U888

AUNTIVBINURINY MSANUTIVDIEIUL DUTLEINNNTLNUUY La8NAISNTNISdDIa714

=~ 1 & Y a & A i 1% = | & o ¢
QSMMUQSLUUQLNULLagﬂ’]Wﬁ]']im']‘wu‘l/]L‘chl/fu’)ﬁlgnﬁrmlallmi ANULVULAIAZUN UL U UANY
Y a & A

(lux) mwmmwwuwLﬂuwﬁ’mmim@m mmvﬁ’mmwzﬁuﬁamﬁuﬁm—Lmu@a (foot-candle)

Tnedl 1 Wn-wAuia=10.764 &nd

q

3. Nangn15d99a319 (Luminous Flux) ABUSUIMULYDILAIEI NN LNINIEANLDDNANNLAAIN LA
a a A v A ~ ' &
was MseUSuaewasnldsuuuiuRwldinieduguu (umen; m)
4. duUsean5ueenistaay (CU) duussansvasnisidanu (coefficient of utilization) viunefg

8n5dUTENINAENGNTdDIaI (gLan) AnANTEVUAIUUNUR I UABAgLUUN IUAT

1%
= 1

Waseananunasiniiauas lngenilasiuegiv

v
[V

4.1 YszAnSanuaznisnszanguasvesiasniianas f9sliuegiudnyuzailay
Pl 1w wafilaweenunasgnaandulaenidaududuuiesidudainiiuasesnn

Y19RA
1 = QI L%

4.2 S¥YsAINEN mmqwaqmﬂmﬁﬁmﬁqaamuaﬁuﬁammmﬂumﬁﬁﬂ RERNEN

U o

T1un15RNTUINITORNLUULAIATIN LW 12I1ANNdD A9z D udnduRnE Ui uAIANS
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A99999528E1N1991nA AN TUTIN UR91U 10U D15288MIRNUTY 2 111 a8V liaualng

anashuna 4 Wi

4.3 PUIALAEFUITIAUNTIN ANUEIIVBINBY WAL TEErANgUaInlaNEIndAry

v W

AoudkasiazsInguunuialduegiEs Wy ddnvazvesionduluudmasudna
drdanazinaudunuuriaildazviousas rinilauanfaaslusuniagagudnatsves
Wowd? axdulnusnaiiuiiozlasulaegealiaus LaiauInANe1IveIe iU UEN

50% I‘NE‘H‘H‘VI LW@JSUUGUEN‘WUV]ﬂ%uiﬂiULLﬁQU@EJﬂ’J’]WUN’JLﬂ@J L‘Wi’]u’]’la’]LLﬁx‘lﬂullﬂ’]ia’]ﬂaﬂﬂ

=

fuftednann Fanfurnadsveseuidunasiusnguuiesiiidnuan dududouiui e

aa v U

Tepninmanudunasluresitanvuzdudivaey W3
4.4 ANSALNBUYBILAINUIINNAIULAZAINTS NITALVIDUVDILFINLINNLNATULEE
dntisaziinananisldau IngdwdwIaimaunlidunminlddauautfaziounaslan

a

ﬁﬁ]%ll I’]ﬂ’]iIGUQWULLG]ﬂG]N"\]’]ﬂEhNﬁQ mﬁllU@vLiJ‘U']EJ?!uV]E]ULLﬂ\‘iLUU@EJNlHﬂ

2.4.1 NN1T9DNRUULENETNN

'
% a ¥ o

nnearUsznouudsdrrgiiazdeninlufinsanlunsawasieaiuualoe seauaudy

o

LEIANIIATEINYRY IES MevinnisivunasingavesseAuatiasd msunue1e bl dwenunse

Asanlaannmisieselul
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A5 2.6 NUNVDINS BN UNUAIAINULTU LA AL ZEL

3

NUNYBINThYU ANANUTULEI(END)

Working Interiors
Offices and Schools
Offices:

Conference Rooms 300

General Offices:

Normal 500

Deep-plan 1000

Drawing Boards 1000
School:

Classrooms, Lecture Theatres 300

Laboratories, Libraries, Reading Rooms, Art Rooms 500

n1sdesadnaniglueimsdrinenu Urnedende 1ssusu lsameiuna lsaseu aunsausevda
wauwasanslfunndedisufunisaesadnenelueg1idu msdesainmelufenisiiuasainadie
T uldazninaue waz nstiuandielmianiuaeny litasdunsd ssairauuulafinufses
Milafsmsussmdamdanunaainssae msdesainemeluiiolildaulsiiu mneds dedlildsziu
anudesainiegluinasinviauldlagligewilimisaenmnaiuly dwunsdesainsiinan
apnuiuigefuauiiadiuiitefansanluudnisliuauuuenivla (Effect Lighting) n3on1s
Tnaswuudoady (Accent Lighting) izwmﬂﬁumadwﬁ?u%uagjﬁ’umﬂﬁi’jjmummﬁm@aeﬂuﬁm
nsuesiulazaladnisnnuda ssuunisliuasainslasiiugiuuszneudae ssuunisTiuamdn
(Primary Lighting System) WagsgUUNISIALEITBY (Secondary Lighting System) sguun1sliuas
nénfamneduaainiuguideddifomsldnuduenoonlfiiussuuda q fad
1. wasaineialu (General Lighting) Ao msliuasnssanesiluwinduiausnaiuiildiu 394
funsliuasainslaanniull wasainssenaaldlfidudesnnuaenuantn fafunis
Uszndandanuanansovildlunasainailud
2. wasEinaamsdt (Localized Lighting) Ao nsliuasainaduunsuinaamsiiieumidu

Wian1sUsendandsnulnii Tngludaaliasiauatniaunuunsn LU NNSHkaIaI19971nEn
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wmenilaedasaamzmidelfzrieusnaldmilildaudesainmudens nsliuaaing
Swawiussudaniwuuindy

3. wasaaamsfinaziily (Local Lighting+General Lighting) #ie n1sliuasainanauuusialy
Feudin wasameiiivinnu Fainldfunuiidesnismiudesainsgedsllamnsalfuauuy
wasaa Ul msziUdesanlniiann wu nsTiuasainsanimeuilodesuansiily
wazilfginufnlauiilfrdonamesinamniiolildmiudosaingannauauieanis
VDU

2.4.2 NMIATUANLEIEIN

2.4.2.1 MIMIUANLEIEIUUINUIEANYIIaU TR

N19AUANKAIETNLUUYILNEALYIRA1T8An N TN uY I TE U ULASAT 19vin TH
UszndandsulnensideadanasalnaunisiaarinmuabilusdazSulasldnisidadauwuy
é’miuﬁamuL’Jm‘ﬁﬁwwumlﬁ’;ﬂsﬁmuhmmsﬁwﬁfﬂmuhﬁwLﬂuéfaﬂﬁfﬁmadw TugenansfuLase 29
Fungaudluvasifeafuasnsadimuniandedaluiuidug fnsanudesnisvesldduandugy

#2.12

7 a.m. Turn OM
7 p.m. Turn OFF

Controller

I I |

JUN 2.12 M91191UY8958UUANILANKANATYINUNEY AN SUS URNY
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Switch
Dark <:>
O

Controller ,-—-‘“@ Lamp

Outdoor Daylight Sensor

= o U A
E‘U‘VI 2.13 NIV NIUYBITEUUAIUANLEIFINATUAIINNA

NIATUANLENEIIRINAINTA Asuanslugun 2.13 dadug Ui uunilaueInsAIuaAtLEdaTIwuY

MuenutIwa IneTued Aun1sTuaweinsye1ind Nanuisaduialamuiuiswesaauiiy

=4

9 SrUULENAIN9zIUalasdnlul Ao lasainsaInniuiosas warazUad oluasdalneaInnIeguen
Weane nsavauwuullddeldlusiesilediu witeuldiveinsninisanussiensean wazl
wavadsdosds nsmvanwasadnsaedsilidndudeddwuses Tnenslelaaunsavilaainns

AINIT19LI8

2.4.2.2 MIAIUANKEIEINNAINTINIAINITUH URIUATS

NNIAIUANLANATINANNYTIIAINTUHTRUATE Mruanainuresszuulaading lnedueg

J o

AU URNUUUNUTTIAITUA 6199INNTAIVANLAMUUYIIUIEYINIAU TR U MsAIUALLE
aindnuauellailiinulaen1snananuasnal seuuasasduusanunuiifnu mndinig
UfuRnuszuvanlalil minssuulilanunsansiaduianssuvsenisuuReula ssuvaslalil Lile

Jostuszuulalnlugieniinisufifau awnsaviinisviiaan lnedsmading A 10-15 uii
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occupied | T T
Mon Occupied Turn OFF

Lamp

- |H
|

£
/
4
O Occupancy Sensor
1
\
A

Lamp

-
-
IH |

JUN 2.14 N15Y199UYBITFUUAIVANUANATNAINYILIAINTUURIUATS

1 1 a vua a o & Ada a va (=
NIAIUANKASATIENNYIIAINTTU URIAT I gauiuiunniin s U URnuldduluany
M15194981 Mo liausamaenle Wi dnsIudIuda NIRaY MeUsey nunauguntideuss
b4 [ o [ YL § @ s { v
viesayn ounutes Inganunsausendanasulads 20-50 wWosidus nisaurukaainsludnuue

Tandudesiwuaingiadu Aauanalugun 2.14

2.4.2.3 MIAUANIANAINLUUAIINEIIAT

nsAUANLANETIUUA LI nas T lWldleadiietasedunasadng luusnaidmun &
seAuLasainsgaiuly fanuguuasEiavannuduasivdessananumaaidauas drszeu
uavainatesiAuly fenusuaziiunmduuas srutedindsnulosadunsinwissfuauaing

finsauaugunsailusyuudandluguin 2.15

2.4.2.4 M3muauuasalnuuldiasadnniguen

sruualuAuuatadauulduatadneneuen azannsldndanuvesssuuuasaindlaglduas
aiumnmeusnsawfuiainraenliluszuy Tnsszuumuauisgdnuanuainmuiiimun
szuumuRuuasahauuulfiasaitemeuen Tldwadlumsasefunasaine meluuiiviegni

Avun a1szAukasadaniuly denuauwaEIazanmuiukasivdageananwaanLie
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was SseAusasadidesiuly Mruanasiiuauukes Dosgugesluiuiniie wwnnsniuay
wasabilungu szuvagldndsnulosadlunssnuiseduanuaing dnsaaupuaunsalluszuud
wanelugui 2.16 szvumvaukasadnswuulduasadnaniguenldiuegrsunnatgluuiund

w1619 waziduiuiinde doaeu Fudrdnauuuings aunsaUssndandsnulafa 20-50

Wosidus

Ageing <:> Dim Lamp

Dy

Controller O Lar‘np

5UN 2.15 N15919U0952 UUATUANLEATIHUUAITUANLENEI AT

Daylight Value <:> Dim Lamp

a

Fd
Controller O Lamp

e

Qutdoor daylight sensor O

5U# 2.16 MsmuauLasaIaUUldLasainanguensIumeg
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2.5 MIAMUIUNIUATHFANENS

iesainnisamulasinsusendandanusing 4 eralvnadnsnisiuuszananmandaany
as widadligunsniviameluladfifdunugs sililasansdialdaelunsdninenugs daduns
Aingsimaasuganans dued esdiolumsdeduladenlassnisiiminzaudenisamu Iagld
nanouunuduiuiu wWedwuduietaian Tun1sdfaanumnzaulunisasu fdvang

wiswgaanslgluinetnusi lawn

2.5.1 sz8LLIAAUNUANGR

sregLIa1AuNU (Discounted Payback Period, DPP) Aasreetianilasanisldlunisanesu

Runuisuiuredasansnnasuivosiulfsuwlaimunal dadwinlaain

l 1
i I, X1 (2-8)
B\ <
DPP =
n(1+1i)

%4

Iy fe Auyumsamuvedasinis (Um)
A Ao Aaldgusevdalanuuasiaeda (Un)

[y

[ 7o onsAnan (%)

srzhafunuanandmiulasinisUszudandsnuneeusulalaevluluasiiu 5 Y eegslsh
=}

muuegiurwinvedaTisalasinisivnalvy Wuamugs 91gn1sldnuninndt 10 U svezhiu

a a [ v ! IS
NuAnanfgausulie1aznnI 5 1

2.5.2 yarrdagiugms

yar1Uatuans (Net Present Value, NPV) Aayad1Uayduanivesnseunaiuangnsiniiives

lpSunaeneeuadlATINIg o BN INANBULILTIABINTVS0AUNUTDIRUAYLYRILATINTS
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NPV = zn: 4 (2-9)
- Li(1+i/100)

WD

A o nszuaduangvsilasuludn £ (umA)

o~
o))}

2 9NIIANAA (%)

n  fe 9nglasenis @)

[
[y

t Ao svfitertluriaiaivealasinig @)

lasansusendandsnuiyardagiuansiduay Gindngud) wghidurisenisaamu luvaen

lasinsifiyariansuingaunn Bsduatsanisawu lumslfinlasanisangasiialddnedeUly

Y 9
[ '

AT M99 LBIUINNATNAINUNERNLTY K398m518UN VIR T8 TUNNTAIEUNISHAL AN

° ) a £ o ¥ = Y] a = o § va ¢ v X
'U']?\ﬁﬂcl‘.‘ﬂLWlleUu @\TUUﬂqiLGUEJULLN’HNQﬂi%LLaNu%@{umauc\]gVﬂIﬂ'ﬂLﬂﬁ’]g‘ﬁ NPV im’lﬂ"uu

2.5.3 9A51NANDULNUATY I

nanauknuN18lL (Internal Rate of Return, IRR) ﬁaé’mwamauLmuﬁﬁﬂﬁaﬁamﬁmﬁumm
nszuauananS Tl sunaeneglassmsiiiiugud nanouuvunelunanidnIHansuLuLRdY
yoslasenisluguvesienas yilaunsaifsuiisuiunansuunuainnisasyuguiuudulsie

darwaneuununeluassounldsg | Aviliyadilagtuansiaminiugued Tasansid
Adnsmanouuunelusnning i fdmusazduarenisamu drusafdedlsannisamu

1As9NS
At

n
P) (2-10)
t=1(141RR/100)t

0=

il
A¢ Ao nszuaiuangnanlasuludn € (unA)
n  fe anglasenis @)

o

t Ao svddavUluranaivedasanis @)
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N15U5UUF9971A15ANN AN YT NENAY

dielienAsinislandsnudilndaud o1stuszdeslasunisesnuuukazUssliununn

L3 v

wnsgIueInseysndnaanuretsenalvgly 6 Uszau laun wWaeneas ssuuwasaing ssuy
Ufuema seuunantihdeu ssuurdnlihainndsnunauny waenislindsnusmvesernns Tagld
Tsunsu Building Energy Code (BEC) FsasUszidiumsldndanuluusazszuu wavnsldmdsnusiu
199991713 Tnedurunnndsruildluszuuuivenia szuuuasaine ssuundsnumiuiou ua
gUnsaldu dwmiuismsduaunisldndenuluszuudivoima agdsenouse msfinednis
demanadeudnalpgldnuatfineandouresianililunseusias mnudeuainszuuua
aidnalasldmdnsyaniussianoimsninasied 2.5 uariiddlaihsasmedlauln nsfdu
yos1mA wazdmaugldnu laeidudnedsaneesussnlavssinnniauaz Annaaindeyaain
. aavnefeUseAvsnmuanndosfuaniafidasduamsfiaginmdiun SmivszuuLasaing
Tsunsuawsarwnaldlagnssnniidsinfivaoans ogalaxlnld gavinendaunaunuazgn

a a

AAUlAAILLI9198908981ANTEMTUTRLABANELING A VUINBUNAY DILHUTAA AR TN

2 (2

nsldndanuisensiazgnihluiuTeuiiisuduinaringsueinsveswsenalneiisUssiiiy
U s dgj U a a a o ! 1 o
waans wenannilusinsu BEC Sausziiulszaninmndenulunsagmuiavsiiagninunaniuzves

9115 ideAAS I UMD USNENENIUYBI0IATS

3.1 anansiinandglunsdifine
g1a157 i entdidunsal@nwiluemsiinerdedssianenisaiuud 8 Tuviaseyly

nyunnavuAs Ussmelng lngeimsuvisiinsegluungiionniauuunseudslineddsyuuriaiy

= a

$ou uazdlseduaseniinddmiussuundinunyudsugs egnslsiantanngionnalfioamgiadu

9 Y

duandoudsdaalinislindsnudnivginanesesUsueinia diunsuiulieeinsazaunse

annslandueg1eliedAgy

Tassasslaesanlulnunin Sketchup LLamiugﬂﬁ 3.1 LmeTaﬁijguﬁummﬂﬁLLamﬁugUﬁ 3.2
TUsansuindseneudeituiliBamdsdundu 1 wleuituitdmiveensa Fawanslusuit 3.2(n). Haus
Fu 2 fadu 8 unudstuazadrety Tasylminordedudeloinarwazdiudng medufianie

dmsuanduasdule duandugun 3.2 (v) naeaduasuninseunivdedawriatvuagdiuany

1%
=

dmsuienAIesdnd dewanslusui 3.2 (A) orsinnendediiesosvihanuseuliiusasfiiunud
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azidunstesuinaradussuurinuideu saunsaldnwdelilanantenisussdiunislianusousie

115U

oty S
AT 'l:%.:l:: E[:p'""'::l'\‘l‘l':

bR 0 B i

:. oo I e s MR R 000 TR =
o " RER . o] [T EE-IIII'H_I-l'IIlll' il

— — ulh
> I

o 0 0 [ 0 o 0 0 (] 0 0
[ 0 0 (] ] 0 0 0 [ 0 []
7/ / 7/ 7/ 7 /—'.
1] 1] 1] 1] 1] 1]
o o o 1] o 1]
(n) Fui 1
1 L] L1 L1 i | I L]

E=—

s 11 1 11 11 JI—

(n) Fuit 2 i 8
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(n) FuanHn

UM 3.2 wuuonsiinendefldlunsalfinwm

s g v &
3.2 ﬂ']'ii]'iU‘lJE\‘la']ﬂ'ﬁﬂ"lllLﬂm“?/la‘léiﬂl“}wa\‘i\'i"lu

= Yo L a (3 v L3 [ < 14 1
91Asnsaldnelasunisusussuazyseidiunamanasiousnyndsuly 5 Ussiau laun
WHDNe1ANS S8UMANEINN S3uuUTueImA wasnunawny waznsldnasauian lisiussuui

Sou \eswnernsnsafnwilusiasinefenlifindesuindunanyimihndussuuinseu
dmsuszuunsevemslasaitdaguvesoiasnidfnuilseneumeyularamesneunin
wavAunIAIaUBEelshelutsTeziainseadne Auyua sddlsinumaautfinieay
Fouluwmanezauuazevdmadanstindsnulusyuuysvoineld ey auuaggaiiudnluly
dqulsgnoutl il oUsulgenaanvaniainsouludiunsousinis lnelufinnsld sundag

dulsznaugiuedrsiudfy audainweiusenvesiagiaueilgluldonainsdegiuasulily

AN5197 3.1

M19197 3.1 audinnsauiouresianiuaanidludonvaserimsnsaling

a0 nsiAINTeu AUUULULY ANUTBUT NN
(W/mK) (ke/m?) (kJ/kg.K)
ABUAIHUIALUN 0.72 1,860 0.84
‘LJU‘LJQ’TU 0.476 1,280 0.84
UL Uy 0.282 800 1.09
awulaum 0.033 32 0.96
ABUNIG) 1.442 2,400 0.92
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e‘d‘dd ¥ o

peAUsTENEUYaMTIDIA1TUTENRUMEABUNIAIIA LA T UANIAIdNd S uneuen N3
Usuugelmiinlalaenisfinsawiutazinuudulaedvesineerniadndasiioiiuaiuiuniu

ANNFBUTDIAIUNTY Feanunsavinladewaslidesselinenasiiieen Taguazesdusenauredian

q

nsoue1AIntutagiunasilasunisusul sl saudansdesiuaiuseu (U-Value) I51ea1uey

Tunnseit 3.2

a I3 o = P o s
N1919N 3.2 @\Tﬂﬂizﬂ@‘Usﬂaﬂﬂaﬂﬂ‘ULLaﬂVlI%Vl']Nuﬁ@']ﬂ'ﬁﬂimﬂﬂUq

. . AU | U-Value
29AlTENOU IUATLOYA
(m) (W/m?*K)
Yuauy 0.010
nau z
. ADUATAUIALU 0.200 1.634
Uauuss
Yuaiu 0.010
uriuBUE 0.015
5 auuleum 0.100
e oN
. P8I INA 0.100 0.396
Usuus A
ABUNIANIALUN 0.200
Yuau 0.010

Y] & [ 9] ¥ a a @ a0 1 I3

Tanuaroanusneureain1lagtulsenaudinauniaasumantaeivdesinseinimdy
QuIULazkH U UTY TUNSHnoLANETNISAAN YAUILAINSBUIUIA 1 DIuuwiudUduuasn e
NANLAEINTLUMLTNUUFETANAY WHUN MO8V UTENBUVRITANNEIAT S18aLDEnUDY

Tanludmusznau wazAuaNUAnIANTaULAAeglunT9N 3.3
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. - AN | U-Value
29AUsENaU 18ALLUA
(m.) (W/m?.K)
ABUNSALASLWMAN 0.15
Aoy T
) 94897199710A 0.1 1368
Uuuss
LUV 0.015
ADUNIALESULNAN 0.15
N YII1901NA 0.1
3 _ 0.445
YU auuloui 0.05
/i 4 weuBUSa 0.015

druluselavesoimsisznaunieniininszanianun 6 uu. Wiy widenusuugslndld

n3¥INAUIUNUANNTBUAFBY low-e @l87 lagmuluyannsyaninandideljumiayms agaiu

wanNyINNITEINtENToUNTATBULUY low-e B3AUsEnavYeImMtmImIaRsUsTvas A uauds

mepuFauasulilunien 3.4

A1319% 3.4 a3AUsenauvesianiuseuamldvinisenasnsafnegm

518821980 p3AUsENDU AIUAUN U-Value | SHGC
(m) (W/m?.K)
nsvanla
nou
. 0.06 5.74 0.82
Usuuse
NILINAUIUAUAIY =Saan 0.06-0.06- 2.73 0.4
£y ¥ = a 2_
GN J9ULAABYU low-e & / 0.06*
YFulg e
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o119nsal @nwrlud e Gudlaulad dad duszuulndesadne 2 Useian liun
vaeangoaLsauAUIINLIUNa1Y uasnaenRaLNANgaaLTaLYUs (Compact Fluorescent Lamp,
CFL) Tuusiazias nasalinauwnudinsussuulndesainsfovasnlaloniuasias (Light Emitting
Diode, LED) fiflszansnmnisdesainannnimasnlnildoglutagiu feyadinzvosviaonli
THuegtlagiulagnasaiinnuivlsaiefinussans nmnisldndanuaunsaagulivanssi
3.5 anudesaiisuusruumsnuressladliildoglutiag tuuaslenlwnaunuliuasadned
TndiAsaiu tude 200-300 lux Tuwednay 100 lux vuMAAY $19899NAMLATTINEATTENIN

USENANIUNNIEBIA319 (International Commission on Illumination, CIE)

A15197 3.5 gunsadluszuulihuasainavesermsnoutaznaalsul s

vaon LAy
Uszansnanisaes U
waoal maslda (W) | awadng (im) :
273 (Im/W)
CFL bulbs 20 W 1,200 60.00 1227
CFL bulbs 40 W 2,500 62.5.0 8
CFL bulbs 60 W 3,800 63:55 189
Fluorescent T8 18 W 1,050 58.00 235
Fluorescent T8 32 W 1,780 55.625 403
VEBLINVERIRATIES
LED Blub 9w 950 105.55 1227
LED Blub 14 W 1,450 103.57 8
LED Blub 271 W 3,000 111.11 189
LED Tube 9w 1,050 116.67 235
LED Tube 18 W 1,800 100.00 403

1NA5199 3.5 ieeal LED naunulvilasaieilnaifgeiuluiivesgiuu Wawsuiiisuriu
Tnulnivgesisawusildoglulagiu sgnalsiniu msldndsudinitgunsaivgesisagusinaly
ageun Fvhilasuuseaniamnisdesainanigedu wenainddedamalnisldndanulussuuuas
alvanasegailduddny warUSuuTsinuLasaIeaunueiaysnendsuvesemslukivesnsly
Wi Waeuiulanluifnnsneumiiii
d' U = IS E=1 VR & [ ! a
wsesUFuanianldlueiasnstifnuludagiuduniesusuanAaLuusTsuA U ULENE U7

Tduunaausnisneasisernis egelsinudaniesdonguintusasivszdninmdniesain



a2

walulad a afifacs detugdanaunuisduwuunnudiuusiu Buiesines) Jaii SEER ganin

w3003 0ued 191N newaiideenisnisldnadsnudesaduvneninsnnuauisalunisyin
< 4 < a .Y ! g v I LY = = !

AaudunazlinnuiduauigludTnawindudumiienldeglutagdu msiSeuiisusening

AdnuazvenaIssUTuamanldludagdulaziaiesuuomanaunuuanalilunisei 3.6

M1319% 3.6 1ATE9UTUDINATDIDIAITNBULAEIEIUTUUT

1ATeIUSUDINIALAL
%19 nsvhanuLdy maaluin (kw) SEER U
(BTU/hrs) (BTU/hrs./W)
9,000 0.700 12.850 38
ﬂ’NiJL%’mﬂ‘ﬁ 12,000 1.065 11.267 36
18,000 1.570 11.460 42

WP33USUBINAYTUUR

9,000 0.600 24.00 38
YSuaudale 12,000 0.930 22.50 36
18,000 1.470 20.81 42

Tudrurpsszuundsnumyuisulueinsinisfanaszuundaliinainndnunason find uugu

(%
a o

ANANIUDIDIAITNONAN LN HILALAANISIINAIINUNINUR LAYNFIANDIAITLNUNAAAITZUUNER b

[ S’ 4 P & ddo g o 1Y o [ a ™
ANNAINULEAIDINAYUITEUIN 630 B15.4. L‘Ll@\‘i‘i]’]ﬂ‘W‘N‘Vl‘Vl‘i]’]L‘Uuﬁ’mi'Uﬂ'ﬁU’]i;\'i’iﬂH’]LLﬁ‘éﬁﬂ’]i%aﬂLaEN

Cs

WIVULNS AT UAISINTHERTINVDIT2UUTEUURAR AN NG ULase iR g NAAAAD 70 KWp
a s N ¢ a w ¢ =~ a a & Ry a &
Aonunawaduatoinguuulaluniadalaiileainduseansnimas uonanil unsdaldsunishing
Tngyviyaides 15 aeen wagviuniluniediala iesannddnennlunisiuidneniindasanuas
nannszualiihlaluvinagsanindululs doyadnnizvasszuy PV finasagulilupnsiei 3.7

(%
Y

a v ° a ¢ A ecaa
A1919N 3.7 “UEJ;{'Ia"\]’]LW’]B“U?Ni%U‘UN@G]IWﬂ'WWﬂL‘*UaﬁLLﬂQEJ'W]G]E’JVW]ﬂGN

Aaalndda (W) FIUIUY Useansnn
WAL AR LEIDRE
L 370 220 18%
wuululumsadalal
BUDTMDS 25,000 3 98%
Useansanszuulangsiu 18%
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3.3 HaN1TUILEIAUDIATIUNUINBYSNENEIN Y
naINNsUszidiueImsnsaiinufelusunsy BEC fiagulilunsned 3.8 uandiifiuinennns
fananail OTTV geninAnilonnsg i lesnyuaiunsuninuazaeuninuiaildlusdsiing
dewau¥eugsndt uenani nsvaniwasladelinisdesinunudouss Ssdealfuinsgiu OTTV
duwman agdlsfnundinveseiasiivesinserniavunelvg seninaneunnasumanwasBudu
vinndansarmihdiununisuanuisuaadeunnauedendiganslueimsly Ssdewasie
nMsUfvRnua il ennsgIuves RTTV ndanindivussenansimi Tsansiudn OTTV fidasia
w¥suretemsIranates N efiauauuaztesine me anusaan RTTV 1#8nlasnisinga

avumilounududy Aviinsaesilasunsusuusalunsaliusuysddnd Feanunsaannansenuved

NEIUAINLSDUNAUNAFDUNTRDN1TENITVIIA MU UkazNITITnaINUTueSasUSUaInN el

M131991 3.8 NTHILNAIUTBUVINTBUDIATTBUA VNI DU NENENIUYBIBIAT

NERTIIU | feudTuls GRRIVE naaUuUse dnuy
OTTV 30.00 45.490 Taisinu 20.242 B
RTTV 10.00 9.961 NI 3.679 N

Tuduvesszuulnldesadiniu lulgnunufidasgunsaingoaisawudidl LED Weusuuse
UsgAvsnmmslimdsanu dmsunsdiauas anuiivesyiinmuasedioadstunsdliugi waan
nsUseiiugonius BEC (3199 3.9) welviliiudnszuulidesainawuugiudl LPD Mdulunsia
wasy eehslsfnu dndlnddndifnsuuuvessyiuiile dsenadmalvisiandsauliiduluan

Tanmualusuian vnsguiadadulaan LPD asdniionaaulvidnvesetaisiunaluladlme uld

(% '
a v a

LR aa a i a a a Y @ v 6 IS
aeulunsainfedaiig ladlnazgnunuiinle LED ietiuusedvaa1nn1slinaany wadnwsainnsdl
Alasunisusuugsinivanstiiiuimnisldndanuimunuay LPD anasegreunn Tuvaziinndades
alslvlnaanualievituuussuunsaukalikasadfauenwiouiulaulunldeglu

Jaqdu

q' a a =) [ L3 U L3 (7
191991 3.9 Ui%ﬁ‘ﬂﬁﬂ']Wﬁ%UUvLW‘ﬂ']L‘1/lEJ‘Uﬂ‘ULﬂm‘%@uiﬂ‘lﬁ/\lﬁ\‘imu%@ﬂaﬂﬂﬂi

newdsuUse naaUTuUge
Aaalniingin (W) 71,132 25,411
Anmaalnihdesainsgegn (W/m?) 9.530 3.405
NATINATEIY (W/m?) 12.000 12.000
GARIE ARl R
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Tudumesszuudiuematuldsunisussduduserdedneldlusunsy BEC Muandumsa
71 3.10 malunsdigrunuinaissufuenauuauiineifldegluiiogiuiian SEER windue
wmsguly nsdieiesuuenniarunn 9000 Ty anuaevuin 12,000 Siiguay 18,000 Tyl
UFtRmmstandany daalsian SEER dndndiionnasgiu Sadunamnaneigveaaiesuiueinia
wazdedriananaluladlunisiads fefunsdidauladesiiiiunnuasueiessvanmaiun
Huintesufunnudald Sdumeluladaraniidusyansningsni dmwaliafesuiuoiniaiomely
nsdlfinudasil SEER geninszduannsgiueeaunn Ssinlviorasiidaulasdiszezvouuisdiuiionny

iAsosinTusazannsgugnUsUlidunndulaluauian

A1319% 3.10 UseaninmseuudsuanAWiguiunaeysnYnaNIUe$01A73

il EN Rl e HIEY SEER NOUINBYINY anue
\n3asUTuene (BTU/hrs) (BTU/hrs./W) WA
(BTU/hrs./W)
AuEAeT 9,000 12.850 BN
(Nowlsuysy) 12,000 11.267 12.85 Tadninu
18,000 11.460 Ladedny
USupnuisale 9,000 24.00 WY
(veaUTuUse) 12,000 22.50 15.00 R
18,000 20.81 A

nslangaumun i lasuainganduwds BEC lumisnad 3.11 wudrlunsainugiu n1sld
NARUENTAINI191A15819BINLLIATZIY ag1slsAnnu FBIINNTENINAUR 8NN TFIUAENTY
) a A Ay PR ) Y] A v a A= Aala a O
Wdugnsztendvoaliednsunlysiandsuveserstunifidunng @y lunsainiinisinasa
WAy nslgndinulueinisanaseenitdeddgiliomeuiunsaiiugiulssana 41% dusussuy
Jannsoue1Ans syuulniiuasadng wazszuvyusuenia ludiuveandsnunyuisy gonduisues
BEC szydnTsAndsszuulgaduatendindvuin 70 Aladndarunsondaluiuieldlueiaislaasds
87,000 Aladnadalue/A Masnisudntiaunsaannisiondsnulueiasialaense dawaliusunmnis

Tandsiiiuanasdn



A1519% 3.11 N1slandanusiuvesoInsidlunsaiouwasnanIsusuUs

a5

(kWh/yrs.)

L . nMsusendn
NaUUIUUF VGRURTIUPE .
WANY
NNSLINAIUTINYDID1AS (KWh/yrs.) 1,109,565.065 | 648,991.600 41.51%
NaIUINTTUUNAR T ad
. - 87,043.30 -
wEID1hne
NS INAIIUTINYBIDIATVINUA
1,109,565.065 561,948.30 49.36%

ANSIINAITUTIUVBIDIANTD1IDY

(kWh/yrs.)

1,531,587.941

1,531,551.704

G

WU

WY

3.4 wan1susEllamuATEgAEns

msUsziiuanudulyldmaasegialeeldiaivsugaanslunisusulslasanisenaisidley

Y

aunsavilalaen1sAaEuYLN S8 s uEUAUNSUSENgRAUUNG I UNa1 TV Lanas

nsUsuUgslml Asdusununsamudmsuensided ilasunisusulsslmitasvioutiadunuan

LATIIIU A158IYUINIATINITAIAS I s uA1TanLazAussd el ulumundninasives

nsudydnany nEnsunIsede desiansanianiiliunnsguuarauss Sededudeyadaddlunis

AIUAUYUNITAY AunuMTasudmsuiUionanasilasuntsusuuselnd saufiedan wsenu

wazgunsallvih agulilunnsed 3.12 nmseduyuianuazeussdmsuauiuiulidung agslsh

M3 NIANNHUTEANS AT eRNToUNg U U mTu nd19e1Rdwma AR U UNLT U mTus

UTUUTITEUUNDUDIANSURIDIANT
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. FINMNUIY | ALTIHENUIY 1A
e (Un/m?) (Un/m?) (Un/m?)
ADUNIANIALU 436.45 91 527.45
:duumu 140 93.45 233.45
ABUNSALESULNAN 11,419.45 2,348.5 13,767.95
LLNIUQU%’ZJ 372.05 87.5 459.55
aulanivun 5 uu. 291.55 29.05 320.6
awlauMaun 10 1. 583.45 29.05 612.5
nsvanla 225.75 12.95 238.7
NIZANAUIUAUAINTOULAADU low-e FLTiEn 56.00 4.00 60.00

gunInluazsunuNsAnAsssuuLasaintagulilunisen 3.13 ssuudsuenmaagulalunisnadn

3.14 uazszuunaabinanwdnukaseriiaduandlunisned 3.15 lunsdlssuunasainaiunu

aunsallunisdeuvaenlniunaenlalonaueasi Wesandunualaulvdanasegisoiios

~ o o S 1 1 ~ 1 =3 ' o1 a & YU v 2/
Hesndmsnaninalulagegimeiiiod sgralsiniu Arlgarglunisaandasunisunlands wgd

dmsulanliuseinnane Tudiwresszuudsvemealy AfnfsazTegluALasosUsuoINAL

gav el TUEIUYRINEINUNYUIEN AUVUTDIUNILATRAID NI LAY BUIDSLABTANAIRE 191N

Turrmamssenniunn Tunessdudny arldaedulngusznoudisnissanaialuiatnuunasa

WAZN1SNDAS19LATIAS 195 UUNAR LN ANS 19U DR

A1519% 3.13 T1AUALANLTIFMTUUTUUTITHUULETATNS

vaoalw U S1ANRBNUE (VM) U T
(U ) (U )

LED Bulb 9 W 1227 89.95 140 282,005.50

LED Blub 14 W 8 752.5 140 7,140.00
LED Blub 27 W 189 1093.05 140 233,068.50
LED Tube 9 W 235 173.95 140 73,750.95
LED Tube 18 W 403 193.55 140 134,467.55
334 730,432.5




A1319% 3.14 AuazAsEmSuUSuUTIsEUUUTUBINA

47

i . WU . FIAAENEY EHGREPEL
LASDIUSUBINA U
(BTU/hrs) (Um) (umn)
9000 38 20,066.55 762,533.45
WUUBULIDSLHIBS 12,000 36 22,516.55 810,600.00
18,000 a2 30,216.55 1,269,100.00
U 2,842,233.45
A19199 3.15 T1AUALANLSIE S URARISE UURAR T NN s uLaseTing
5 Awentie | Afne 1A
I1UIU
(um) (un) (un)
WRLTAR LA RREYUIA 370 W 220 4,375.00 - 9,625,000.00
BUIDIMBIIUIN 25 kW 3 227,500.00 = 682,500.00
Tassa$auargunsaitvsgnotu 9 - - 350,000.00 |  350,000.00
ﬁ’lLLNa@g’ﬂ - - 933,333.45 933,333.45
24 2,928,333.45

HaGNENIATEgRaaNnsaUsslulalagn AN T ULAE N TARAUNUAT T A7

Inlnnuszeznainisidau dmsuermmsnsdldnw g 4.3297 vmsenlainddalus 8nsinenide

Mdlunsaurayanidagtulunisfnuildfie 1.75% aunisaianisalvessuinsuislseinalneg

Tadensungssnwdmsuivdenainns Fesauddnsinisidenan nvesianneaine gnaalinyseuna

0.8% sioUlun1sAnwIll KA sUTEndanasugvsaIneenauas BEC Tunsalenmsanuuasundiui

nmsUsendandsnulugdalniasulalunnsed 3.16 nszualuandszdtainlasinisusudse 10 U

wazraansluwdiTIaniuasugiatandlilunisen 3.17

A1319% 3.16 Han1sUsEndadldinenundsuselnaUsuuiennis

nslawasanu (ulesed) Aldaenasulni (unsed)
nauyiuUse 1,109,565.07 155,339.11
naaUuUse 561,948.30 78,672.76
NaN15UsENdn 547,616.77 76,666.35




A1519% 3.17 nszualunyulgussUndaUsuuennns

U AU darmade wiufanas | eildanendsand NIUALY yar1agiu 59
(kWh/yrs.) anag (v ) (v ") (v W) (v )
0 11,167,835.00 - 547,616.77 - (11,167,835.00) (11,167,835.00) (11,167,835.00)
1 0.80 543,235.83 2,661,855.70 2,661,855.70 2,609,662.30 (8,558,172.70)
2 - 1.60 538,854.90 2,640,389.15 2,640,389.15 2,537,859.45 (6,020,313.25)
3 - 2.40 534,473.96 2,618,922.25 2,618,922.25 2,467,869.25 (3,552,444.35)
4 - 3.20 530,093.03 2,597,455.70 2,597,455.70 2,399,647.60 (1,152,796.40)
5 - 4.00 D 2pwiviaa OF 2,575,989.15 2,575,989.15 2,333,152.85 1,180,356.10
6 - 4.80 521,331.16 2,554,522.60 2,554,522.60 2,268,343.00 3,448,699.45
7 - 5.60 516,950.23 2,533,056.05 2,533,056.05 2,205,177.80 5,653,877.25
8 - 6.40 512,569.29 2,511,589.50 2,511,589.50 2,143,617.35 7,797,494.60
9 - 7.20 508,188.36 2,490,122.95 2,490,122.95 2,083,623.50 9,881,118.10
10 - 8.00 503,807.42 2,468,656.40 2,468,656.40 2,025,158.10 11,906,276.20
IRR (%) 19.32
DPP (0) 4.36
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p1auanaidunusLIge egslsiniy eldlunivesnsuszndadunundanuaanss
yaesuunsamuluuiarUld Usinumsussndandanuazanadlunsazlidesainnsidenann
vosgUnsaiuaztertmualun1niigeinuuisUsenis dsmueglutladonistigeine lududdie
maasugia MsUsendandsnuainerasiidedifiuildSunisuiuugddniannsoussq PP ¢
neluszezing 4.36 U unzdla IRR 087 19.23% dsaunsofunuldodmafuaziodufiin
nsasuihaulaun maUssdumuiid famaasugianuinlasnisdauasiinnadululduesd
#noawlunisauiuamuliduidivedlasins demnsanuirnafiasaniunauianiaguay

cala a a
gUNTNUITZANSNINEN



uni 4

STUUUTHNITAINNISNAIIU

4.1 wyAnssunelnivesniselninntelueiaisinnende

ngAnssumslnihvesasesldluiusazUssiavtudnevas nsvinauiLana iy Fn1svingu

Sufureuasa9lt i TuninofuduaiusadansenudeeuaoInIsiii1vassuuls aatudg

24 =

Aosdins@nwinginssumdliivesniseluiudazussian lagldindediotnnuainluiuiv

[

e

Uanunsoazulafannsned 4.1

AN5199 4.1 Aseladhdlslunisdnassniselniihuesenns

Poyaniniidlelinsvinuluaniesiie g dansgliiluenmsiinendenlimhundnuluanide

2935l ges gunsailnih galni (Snd) U
1Lip30eUsuDINIe \sesUSueInIA AuIn 13,000 BTU 1,500 {RGEGY
2.015gliAIsy Waay suin 21 i 80 {RGEGY

ngiatiladn 700 ARGEGY
Nowmaslii wue 1/4 usein 200 {QGECY
Nowneslaalni 2,000 1Ay
Tnsvtend w24 49 30 {RGEGY
Ay UM 6.1 A 100 11509
3.m5gniuasadng waan LED 6513 E27 10.5 10 vaan
viaonvlgeaisalsus LED 2 T8 8 10 viaen
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(©)
Air- Conditionner :
@ Mitsubishi Heavy Duty o
. SPK13CHV 13,000 B
- .o Y 29
¥
.o (LX) |
E) ! o [=E=k=]|
v o &1 ‘
(&l | i ? & |[petemn
N N
e o L q
G G L A oy

. AC Source 1 Phase, 230V, 50 Hz
. Fluke-435 11

. PV Simulator

.Junction Box

. Experiment setup

. Load No.1 (A/C)

. Load No.2 (Receptacle)

. Load No.3 ( Lighting)

0N UL WNE

[ '
Y

UM 4.1 nsinnsunsel uaziasesilodaluiangAnssuasglniiluenans

A1519n15kenasnulnile 2 nsal sasaludl nsdin 1 nstenselninlugrsiuduns - ans @s

q

Juiuihnig Sanwaensldliiinlugianainasiu wagldlnihadudindundadnnu wasnsdin
2 msldasglnihlugeiuans - orfind Faduiungs ddnwarnsldndnuliihnaeaaiu g
asgIIansinureaasedtdlnitlueinsiinerdeidlunsdiiduiusssue (nsdifl 1) uaz

Tunga (N3l 2) dwFummeaesaunsadiaemginssunsidndenunigluiegendelugisiy

9

s (%

Juns - ang Fednwaznistdnselnidnduluaunise 4.2

q



M19197 4.2 dnwaznisliniselihnneluiiedondelu 1 Tu dwsunsan 1

nsal 1
N

LT FN HP PC MT MB RF AC
06.00 - 07.00 v v v v v
07.00 - 08.00 v
08.00 - 09.00 v
09.00 - 10.00 v
10.00 - 11.00 v
11.00 - 12.00 %
12.00 - 13.00 v
13.00 - 14.00 v
14.00 - 15.00 v
15.00 - 16.00 v
16.00 - 17.00 v
17.00 - 18.00 v v v v v
18.00 - 19.00 v v Vv v
19.00 - 20.00 v v v v v
20.00 - 21.00 v v Vv v v
21.00 - 22.00 Vv v v v
22.00 - 23.00 v v v v
23.00 - 00.00 v v
00.00 - 01.00 v v
01.00 - 02.00 v v
02.00 - 03.00 v v
03.00 - 04.00 v v
04.00 - 05.00 v v
05.00 - 06.00 v v v
LT = Wanuasedng  FN = fipas HP = nduth MT = uatmeshni

MB = uawmasiedlniih  PC = poufiwasaslds  RF = fidu AC = 1Asp9UsSuanne

e
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[

nsdaemgAnssunsindsnunelunegendeluieiues - eniind sslidnwagnsldnise

I duluauansed 4.3

M19197 4.3 dnwauenislgniselihangluniedendely 1 Ju dmiunsdin 2

Nyl 2
L3981

LT FN HP PC MT MB RF AC
06.00 - 07.00 v v
07.00 - 08.00 v
08.00 - 09.00 v v
09.00 - 10.00 v v v
10.00 - 11.00 v v v
11.00 - 12.00 v v v v
12.00 - 13.00 v v Vv v v v
13.00 - 14.00 v v v v
14.00 - 15.00 v v v v
15.00 - 16.00 v v v
16.00 - 17.00 v v
17.00 - 18.00 v v v v v
18.00 - 19.00 v v v
19.00 - 20.00 v v v Vv
20.00 - 21.00 v v v v
21.00 - 22.00 v v v v
22.00 - 23.00 v v Vv v
23.00 - 00.00 v v
00.00 - 01.00 v v
01.00 - 02.00 v v
02.00 - 03.00 v v
03.00 - 04.00 v v
04.00 - 05.00 v v
05.00 - 06.00 v v
LT = Ivianuadeaing FN = Wnay HP = g MT = uemeslni

MB = wawesledlnd  PC = pouftumeiisliy  RF = gifu AC = 1A399U5UDIN#
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PNATIEansdnyznstiindsuliihnslunedendely 1 u lagldaselndia laun arselin

6V Y @

WaIEI 9, Waay, Nauu Wi, uawmas i, AeuinesAaldy, ALY, 1AS aIUSURINIA LAy

Y

wawaslyAliin wraiAuganeaeInIutIIaN insinanisdmesnialiin lngldiesesdle

Tadnnsdlmes i iduniidendinuliiivesyanaaes Weinisdeniselniugs vinisia

I [

Asmasnelii ethaldannisTaunasradunsvaisnaivesniseluinielunegonde

Y
1 %

Fainnrsasransmainsinlu 24 $2luense 1 U Inswansnsindiaiatveaniseindnluieag ande

Y

voansalfiuduns - and ladsgun 4.2 (n) waznsaliuas-anvindladsgui 4.2 (@)

© 2000 — =
1500 —
e, M |
1000 -
500 =
0 1= A | | | | | | 1 1 | | |

6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00 19.00 20.00 21.00 22.00 23.00 24.00 1.00 2.00 3.00 4.00 5.00 6.00
Time

(n) nsaldniselnitluSusssuan (n3dld 1)

4500 — T

4000 — =

3500

I
|

3000 —

W)

S 2500 —

| Wit

| | | | | | L | | |
0
6.00 7.00 800 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00 19.00 20.00 21.00 22.00 23.00 24.00 1.00 2.00 3.00 4.00 500 6.00
Time

|

Power
T

L

(@) nsdlldnselninluiuvgn (n5alf 2)

5UN 4.2 nsinisldmasluiilunsaziaiaivesniselnih
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Tunsdl 1 annsmvasnaivesmselnihnnelufiegerdelutisnuingasnan 06.00 - 07.00
u. fldfmsglidn Ao viaealyl vinaw nisutilnih seweslwih uasgidulutaausndinsldiadslui
aelsranas 1,037 Yo Lesninnisviauesmuiilii feglutasiu wesidesniivand
uawesidudnysznou Toud vewmesliin wazdiuvinlilutisusniiidslaiings Fadusaunain
msldnszwaninlugaeanisn 930981 07.00 - 17.00 w. fnnsldniselniin Ao ¢idu 1didsluih g4
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1. Circuit Breaker

2. PLC (CPU, QJ71C24N ,Q68AD-G)
3. CT

4. Terminal

5. Magnetic contactor

6. Got 1000
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Sum Power every Data 226

Data 222 :
Data 224 :

A 4
! Receive Power ; Data 220 : record sum power 10 minutes (1-10)
\ 4

:record sum power 10 minutes (30-40

)
10 minutes= Data Data 228 :record sum power 10 minutes (40-50)
)

Data 230 :

record sum power 10 minutes (10-20)
)

record sum power 10 minutes (20-30

record sum power 10 minutes (50-60

)
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« (@)
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Sum Power D220-D230 = Psum

Yes

Psum = P setting

Trip coil k1| | Tripcoit K2 | | Trip Bl s |

» &
> )¢

Supply Load for
5 minutes
from Solar System

A 4

Reset coil

Sum new power in 10 minute=D220

Sum new power in 10 minute=D222

Sum new power in 10 minute=D224

Sum new power in 10 minute=D226

Sum new power in 10 minute=D228

Sum new power in 10 minute=D230
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4.3 NANISNAFDUITUVUSUITIANITNAIIIY
a o % d' Y o o a a ¥ 4:1' o
sruuUIMsiamandsnuiladiaueszgninunnaaeudssansnmlagldynniselniidnass
wnAuanvaznsidliihvesensiinede dsuanddusui 4.9 WweSeuieuiudnuaensly
NuAsE WA UUUNR wardneuenisitaunseindndisldssuuwaduae Rnduutaunasyuu

e i



66

Air- Conditionner :
Mitsubishi Heavy Duty
SPK13CHV 13,000 Btu

. AC Source 1Phase, 230V, 50 Hz
. Fluke-435 11

. Deep Cycle Battery 12 V, 60Ah

. Off-Grid Inverter

. PV Simulator

. Junction Box

. Experiment setup

. Load No.1 (A/C)

. Load No.2 (Receptacle)

10. Load No.3 ( Lighting)
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Tugsdt 5 Smanduulindsnulatiihgednady faduaidsliiiede 1 Hlusdoundsdaniu
ndenfitmualy szuumuaundsnulwihIsineiheu fudlunadiseduasefingliaunsn
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1nmshiindAgaiuninAidaliindsauaulusunsuldBing e famuaudmssnsuuy
Tsunsuldvinisdsduaalusnsewunufinmoumeames Welldsuumasiisanseuusmunglngi
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uaveringyinisiiendsnuduszeziat 5 uilt uazinsszandanulwiudiguunines du
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Flusdounds dmdunsaaosildviinisnaaes 2 suiuu loun As@fmfasluiniirvun (Petting)
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vosiu Fsannsaagunanismaassszuunsmuausndsnuliiihamsunglufiegendelaan
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M13199 4.5 Han1sAaessEUUNIIAIVANAINaI Ul s eluiegedy nstltArAdsluih

NNUA (Poering) LUUAATINGOA 24 FILug

T5TUUNITIANITNAIIIY
I wsaunreluiegende
PALREN Tneanasininnvumdu

ANAINnaaA 24 Y39

eI 1 N5aIT 2
Uinaurdsihasusnannmsiadin Wh) | 12,232.60 18,373.92
USanauidalii | Buairdaiiifnisslaihdesms Wh) | 12,709.60 20,656.40
Tu 19y USInaun 5918 i ussssuUna s
T sadiasoiing (Wh) y . G
Binasdaeiianas (kwh) 0.48 2.28
Usmnaluihilgsuainnistail (kwh) 416.02
Usinaridalih | Wnardsiadianseluingosnis (wh) 444.9
Tu 1 h9u Usanaunsanena dlninuesssuuna sau
Tniseduaseiag (wh) 07
Hszuun1sInnIsnasa Ul 1,767.39
Aliimemeu | liflsyuumsianiswasanulusi 1,828.33
(Un) arliitad | 5o -60.94
Fadu/anas | Yoway -5.4

9157 5 nuiwaeAdshiinmsldszuunsdamandsnulifinwsananegluiegende Tu
n3did 1 (Gudund - and) uagnsdldl 2 (Fuians - 019ind) Tnsldusunamdalninglunilsiudy
12,709.60 uaz 20,656.40 Sns-alus (Wh) awdrdu miniinsldszuunsdanisndsauludia lu
nydlfl 1 dnnsldaadalaiinly 1 Fu wihiv 12,232.60 Tad-dalus (Wh) dvsunsdlil 2 windu
18,373.92 Jnd-alus (Wh) eamirdslwihadld 477.00 uay 2,282.48 Jnd-dalus (Wh)

Soununsldmdsininnelu 1 dou Tasdwualid 30 Yu Wutuduns - and 22 Fu uas

Fuans - 01vind 8 Ju Amaslnihaeluniederdendslailiszuuniuay wiriu 444.9 Aladnd-alu

s @

(kWh) wazanfdslnfivesszuuiifintsaivnu wiiiu 416.02 Alatad-talus (kWh) anas 28.88

AlaTad-Falus (wWh) Anduailndinfianas 60.94 v visedeeay 5.4
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d' ! L dl ! L dd‘ !
19190 4.6 ﬂ?ﬂNﬁﬂ’]iWﬂﬁ@ﬂiS‘U‘Uﬂ'1iﬂ’J‘Uﬂllﬂ']WﬁN’]ulWﬁ’]ﬂ’?Wi’JNﬂ’]EﬂU‘W@%E}’]ﬁS AIEUNAI

[

ASAAATAAUA (Poering) HUATUAB KA IUR TR vR YT

T5TUUNITIANITNAIIIY
Tninmsiunelunagende
EazRYn Tasanasininnvumdu

AMasuUasiumuyaan

V99U
ST 1 56T 2
USnauigslinisunonmsliih (wh) | 11,884.83 | 19,902.00
USanaumdslnii | Bunauridslwihiinselihgesms wh) 12,409.31 22,678.68
Tu 1 9u Usnansanemasluinvessyuuna sy
Inisgadueasoring (Wh) K b
Wanumiaeiianas (kwh) 0.52 2.78
USunadlnihdilesuannnisinda (kwh) 420.56
Usinaidalii | Ganasrdsidianselingonis (kwh) 454.46
Tu 1 hau Yanaumsaema i wesssuung sy
T seduasening (KWh) P
Hszuumssanisnasesulaia 1,788.87
Alniseweu | Liflszuunisdnnisndsauludi 1,949.26
(Un) aliid | sau -160.39
Wituw/anas | Sevay 8.2

MnNANF7 6 dmuiegerdefilaidszuumsdamendsnulwihamsuaneluiogoids Tagan
dslaihisvuadudfasuudasiumutianaivosiu Tunsdii 1 Guduns - and) uaznsdlil 2
(Fuans - ending) sinsldidslaianglu 1 Juwiniu 12,409.31 wag 22,678.68 Tad-talus (Wh)
auasy W eldszuunssamsndenulninfinsldmdslniamudavindu 11,884.83 uay
19,902.00 Fnd-Halas (Wh) anas 524.48 wag 2,776.68 Snd-1alus (Wh) Tunsdlil 1 uag 2 aniandiy

dedmnansldidsliinnelu 1 ifeu lnedvualil 30 Su Huiuduns - and 22 3u wae

Tuens - an9ing 8 Tu Negordundaliiinisaivauldmdaliy 454.46 Aladnd-3lua (kwh) wagi
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ogofeidasinismunuldindslnih 42056 Alatad-dalus (kwh) anas 33.9 Alatad-92lus (kwh)

Aatdualniianaariniu 160.39 v vSeAnusesay 8.2

a 4
4.4 Namsﬂszmumuﬂswgmam
a [ 1% a Yo A a $ o o
nsusziuanuduldlamansegialaglddvilinsugmanslunisinasdmiussuunisnivay
AmdanulnfinlagnisiaduunsamuUTsuisuiunmsussndaduyundsnunaunsavile
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srUUNSIANSNAIUlNa SEUUNNSIANITNAIULNA
nmsnelunegendy lnee ansunnglunedendy lagan
Aasldr s ruadualpei Adsludtr A rusduan
naan 24 319 Wasuwasluanugiaianvediu
Amasulninante 786.37 178 807.26 WY
Algananante 3,251.63 UM 3,338.01 U™
AUNUNNTAARY 25,100.00 UM@B 600 96
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M1319% 4.8 AFUA1INNITAIUINAILANAINLATYAIANTUDITTUVUTNITIANITNE I

JPYLIAAUYULUUARAR | dnTmaneauwunigly
@) (%)
sguUMsIANISHaIn Ul
meluiiogonde Tngenmdslnling 8.46 12.23
faumduaindinaon 24 F3lu9
syuuMsIANIsIaInUlninamsI
meluitegende Tnarmdaludig
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FTUUAIUANANNAT19A AN WA
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lun1smvauauaievesssuuliihnaEdIne ndwunszuvansaanaclaazdue

griudes
Jadudnfty Ao wassTsuwd wasnginssunsidauvesldanueians Ingn1snluALAdEdeues

a1A1sazsesliviiiAndemaunImmisuas

5.1 WHANTIUVDIUEITITUYIA

N153A312AAETUSUNTUAILIAAIAINETI (DIALUX) LITBBSUIBNATDINITNTZANUUET Landl
@ ! U ! N 1 ! I 1 1 v s Y @ I
Wind1A1ALaINUa s uwUaemIngi1aa Ingsuainuadelunileand (lux) wanslisiudu
N3MN13NT2ABVOIES INIIUNGRNTINVILATIUNIAT6199 AIL6LIAT 06.00 U. ufaIa 18.00
w. 91n3U7 5.1 1Wun1sdnaesiesduluuIIndies ECC404 wilmsegnisiiemgdunn N9 8 wns
817 10 tng dnteineuiug 3 viu el 20 Ty uiaglaadsznaumenaenli 2 viaen A1AIY
ansiintuluiunldou (work plane) aziluaimauainiineainuasaInan lLasuaIa1nA9a

2190e

v [

U 5.1 1999718991 USBNTUAILIAAIAINLEAINS DIALUX

CaN

A1ANEI19TLAR1NN15TAT181ANIUSUNTY Dialux F9UaARIAIANETINANER daTian Lag
! d‘ < a ] = d‘ 1 ¥ ¥ o J
Awady unsilavaenlinmun uasiliasiaensiuntisiiadinn lnensinuaAainluswnsuas

AMuAlYAIAINAI4R8811NNIY 500 §nd A1NHANITIATIEY WAAZLIAIAIAIINATINAIEN E9En
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wavAaasiim vty Tnowenduusazgiaaarmunisied 5.1 nuaan 06.00 U, faaan 18.00
u. S e gvonasuiniiu 500 §nd Tnani15s1aesnruadnea1nluswnsy Dialux mnfuuadia
vindlufiadu wuin Armuainedngn gean uazAads Tundasfiadenladmindy wisuudliy
Hentufe Armuaiiaaaslunainalsiuian 06.00 u. faiad 18.00 . suuaiiAiAuai iy
500 &nd (ilasnnuavesnseniing vhlddesdinswannsinamewasalwlaiissansamunty

WanANUaId@I U AU llfBINS

A1579 5.1 A1AILAINNTINAIINWAISITUIIRLAL AN ADA b LP 1NN IATIZRN U NTY

Dialux

Y -1

ANAINNEAIN (ANeD)

N etie fetlé Aenziuean DAnzTuAN

Age | gean [ade | fan | gege | whe | dige | gean | @de | ddn | gee | b

6.00 263 | 742 | 570 | 253 743 570 | 226 716 556 | 227 716 557

8.00 277 | 1754 | 691 | 340 | 17748 | 1470 | 316 | 10114 | 1578 | 241 1599 [ 661

10.00 | 287 | 3055 | 788 | 360 | 26247 ( 1783 | 333 | 28111 | 1740 | 258 | 3088 | 780

12.00 | 289 | 2818 | 754 | 374 | 33155 | 1993 | 276 | 4728 | 863 | 270 | 4688 | 865

14.00 | 297 | 3061 | 792 | 358 | 26976 | 1781 | 262 | 3120 | 778 | 333 | 28370 | 1729

16.00 | 286 | 1873 | 705 | 319 | 9919 [ 1048 | 244 | 1656 | 664 | 310 [ 10636 | 1636

18.00 | 263 [ 742 | 570 | 253 743 570 | 226 716 556 | 227 716 557

LENAINAIRITINGN DA UMENAIUTINT  AINAM BT RziinasaAIANaIdluUSIMTTEET
2.5 Wihwespnugmiiavimig 903Ut 5.2 18unisdassiestulusunsuiiowansliiiuinainug

YDITLYLMLNANILHNAN DT L HLVDILAITLUIL

NFUN 5.2 se8gAdEuemtiniefe 2.150 wns Weauiuai 2.5 9l 5.375 W widd
19if 5.406 WA LAUAIAM 2.5 LAAIIINAVBILAILTOINIANIIVDIUES FIIAT AIUNUIYBINIDTIAY

wazuadluudazggnia
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(m) LERISE UL UBILENTE BTN

sUf 5.2 mstiaowieslulusins DIALux

fuvtswesmsandinglunsazdrsnaaziinaiieansnsgaeveuas dmavtisinsegniadia
aziunn Tnowasluyiaidl 1381 06.00-12.00 w. wadvziidnuaeiensyane iluldanansainaves
uasiidesasniild dagui 5.3 uellunan 13.00-17.00 u. waiisonduaslidnuasduudon &
U 3.4 (1) aunsatarmenivesuadld uazudenvesuatare iy lnsudenvasuasinin
nis1seg MefiAnz Tueen gL Anudendulura9iaa1 07.00-12.00 U, wazAIINENIVBIUEDNIY

wan@anulUluLRazAa ANAINNEINNTNIALA LAZAIULIILAI I ULAASYINIAT LEAIAIANTIN 5.2

(n) Snwazvoailunal 11.00 u.
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() anwaurupkadluan 14.00 .

(A) Snwauzvolaluan 17.00 u.

JUM 5.3 NaN13IARIUAISTTUYIR

[y a

winenmileannuinim seey 5.406 was Wentisegfiansiunnuase1indazlifinadon
Y09m1uaI inseaztuladlnihaldldegluusnamiislidududemiwadunainaisiu uaz
a1vzlidesdnyalaulniinianunsansuadld nndRinNaIINN1INTEIY YoLaLTeteE1uAYT Lul

TuReulunsusendandenuidisliifausgluiuildam
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A1519 5.2 MFIAAIANNEINRRE  WAYANNYNILAITLAAAINBAISSIUTIATIADANIY  UNUIR1IAN

nEnUNUlUaIsIge

irwmile eile irmgJusen fiemeIunn
ANAINY ANAINY AAMINY ANAINY

AINYT , ANY . ANYY . ANYY .
GERN RN RN GERN

LI | qaalas y YDA y VDIE y VDIE y
LAY LRAY LAY DAY

(m) (m) (m) (m)

(lux) (lux) (lux) (lux))

06.00 N/A 0 N/A 0 N/A 0 N/A 0
07.00 N/A a4.1 3.994 95.7 5.03 304 N/A 31.8
08.00 N/A 145 2.304 453 2.46 1051 N/A 105
09.00 N/A 224 1.342 843 1.411 1377 N/A 178
10.00 N/A 232 0.907 1104 0.932 1197 N/A 224
11.00 N/A 198 0.641 1204 4.98 663 N/A 251
12.00 N/A 178 0.562 1250 N/A 313 N/A 309
13.00 N/A 198 0.662 1200 N/A 253 0.46 632
14.00 N/A 237 0.895 1094 N/A 225 0.89 1173
15.00 N/A 233 1.334 832 N/A 181 1.387 1379
16.00 N/A 155 2.307 443 N/A 109 2.381 1080
17.00 N/A a9.7 1.716 979 N/A 35 5.406 347

18.00 N/A 0 N/A 0 N/A 0 N/A 0
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5.2 nM3ruauaNTALUUATIRsUAINLES UL LTTH Y
msmugualauusstummdiauiuildnu srldmansaiauasuiiuildeuie

ATUANAIINEA D9A719709AILANLUUTALULR N15RRNLUUYAAIUALLEAIAT NE 1T UNADA

loleniaduas Usenaumeaasnsiaduauuiaadng 2wslulasreulvsames 299359u weaw

ALUUKENNTTIN 1935UnaNeusiulnngs wazviaonlalonlauasudduasanslugun 5.4

5.2.1 dulsznauvagunIalnIuAnAelALLUUATIRIUANNNLASUUN LTI

AMSTUTENasENAY Budulas wuwessuainuaIwesaslunedng Aeviunolay 1
dernluliledlulnsroulnsiansitsesiumsieuredunesiinlias (Node MCU) Tnglwidositane
Theumosuaintedlulasaoulnsaesiisessunsideunodunesidnlsaly Aonunoay 4 uas
Taeianelilodlulasnoulnsaesisesunsidouredulnesiddnldans uannunassnelnulag
Tnsswaaduifunssuanss (Switching power supply module AC-DC) Aevsneian 3 Jaudasin
nlinszuaadu 220 Taas uliiinszuanss 5 Taad deoledlulasneulnsiaesisessuns

FousodumesiialSanglasuamazusz wranann deanlulvigaslunasulnsadygiarduing (Mini

]
(Y]

RF Dimmer Controller 12-24V 12A) flavaneian 6 Inodsasuiidsdayaialiaeaiud 433

[

neL8sn (433MHz RF Transmitter) Aovangiay 5 Wagnslunaoulnsaduyaaniuinglasuai awas

a

a = 1% 2 PR ¢ o o Y AV v
AMERP] LLﬂQsU@\‘iﬁaaﬁva ABDUUNYULAY 71%@@6@%561,‘1/\1 Y UATUAH Qﬂ@ﬂiﬂ@ml@ﬁ]’]ﬂiasﬁ

a

lulaspeulnsaesfisessunsiounsdunasitnlias Jslmassnslunaeulnsadeyyiunauing

o

wnurasngliilasliianssuaaduilunseianss 100 na 24 Taad (Switching power supply
module 100 Watt 24 Volt) Aevangias 2 ulasliinszuaadu 220 Tad iBuliianszuanse 24

Tad
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Sensor BH1750 5. 433MHz Transmitter
Switching power supply 100W 24V 6. Mini RF Dimmer Controller
Switching power supply 5V 7. 9LED

NodeMCU

JUN 5.4 MsiveusiovesaguazigUunsal
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Duty Cycle 90%

!

g Read ADC |«

Yes

Increase Duty
cycle

Decrease Duty
cycle

if avg lux > Setting value

Yes

if avg lux < Setting value

5UM 5.5 UHUEINIIAIVANLANATNYBINATAIUANUAIAIN

INFUN 5.5 wansuruiansiauganivauvaenlalanauas lneivundimialadasus
Wi 90 Wasidud lulasaaulnsalanssuAIALINLAIINULYDS HANTUNAIAIUULAILRRE
TANANTUIINUA 3 99 AB ATAIIULTULELRRYLBYNINNBNINNTIT 0.3 ANAINUILLAILAALUINNTN

0.305 LA¥AIAULIULELRAENBYNINNSOYINNU 0.305 WardINNINYsawniu 0.3
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128 Aenutunas | ussulnid | nszudlndin | Aadduda | ddsznauiae
(Lux) V) (A) (W) (pH
01.00 93.6 224.6 0.097 20.5 0.94
02.00 93.2 224.6 0.097 20.5 0.94
03.00 93.4 224.6 0.097 20.5 0.94
04.00 93.7 224.6 0.097 20.5 0.94
05.00 93.1 224.6 0.097 20.5 0.94
06.00 93.8 224.6 0.097 20.5 0.94
07.00 118 224.6 0.097 20.5 0.94
08.00 131 224.6 0.097 20.5 0.94
09.00 144 224.6 0.097 20.5 0.94
10.00 146 224.6 0.097 20.5 0.94
11.00 147.1 224.6 0.097 20.5 0.94
12.00 146.3 224.6 0.097 20.5 0.94
13.00 144.8 224.6 0.097 20.5 0.94
14.00 141.9 224.6 0.097 20.5 0.94
15.00 137 224.6 0.097 20.5 0.94
16.00 133.6 224.6 0.097 20.5 0.94
17.00 127 224.6 0.097 20.5 0.94
18.00 96.9 224.6 0.097 20.5 0.94
19.00 93 224.6 0.097 20.5 0.94
20.00 93 224.6 0.097 20.5 0.94
21.00 93.4 224.6 0.097 20.5 0.94
22.00 93.2 224.6 0.097 20.5 0.94
23.00 93.7 224.6 0.097 20.5 0.94
00.00 93.7 224.6 0.097 20.5 0.94
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Intensity of light (lux)
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Intensity of light {lux)

——Dimming mode
——Normal mode B
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a1 | AIAULTULES wsaaulnii nszualnin Aaglnin AaUsznaunag
(Lux) V) (A) w) (p.f)
g | fswuu | s | fseuu | Wi | fevuu | il | Sevuu | Wil | Siszuu
SPUU | AIUAN | SPUU | AIUAN | STUU | AOUAN | SEUU | AIUAN | SEUU | AauRu
AUAY AUAY AAY AIUAL AIUAY

01.00 93.6 93.3 224.6 224.6 0.097 0.097 20.5 20.5 0.94 0.94
02.00 93.2 94.0 224.6 224.6 0.097 0.096 20.5 20.4 0.94 0.94
03.00 93.4 94.2 224.5 224.6 0.097 0.097 20.5 20.5 0.94 0.94
04.00 93.7 935 224.6 224.6 0.097 0.096 20.5 20.3 0.94 0.94
05.00 93.1 94.4 224.6 224.6 0.097 0.096 20.5 20.4 0.94 0.94
06.00 93.8 94.5 224.6 224.5 0.097 0.096 20.5 19.3 0.94 0.89
07.00 11.8 103.1 224.6 224.6 0.097 0.093 20.5 18.5 0.94 0.88
08.00 131 113 224.6 224.6 0.097 0.091 20.5 13.4 0.94 0.66
09.00 144 121 224.6 224.6 0.097 0.090 20.5 13.0 0.94 0.64
10.00 146 122.3 224.6 224.6 0.097 0.089 20.5 11.9 0.94 0.6
11.00 147.1 122.9 224.7 224.6 0.097 0.067 20.5 6.4 0.94 0.42
12.00 146.3 123.9 224.6 224.5 0.097 0.022 20.5 1.2 0.94 0.24
13.00 144.8 122.8 224.6 224.6 0.097 0.022 20.5 1.2 0.94 0.24
14.00 141.9 120.2 224.6 224.6 0.097 0.022 20.5 1.1 0.94 0.24
15.00 137 115.4 224.6 224.5 0.097 0.066 20.5 6.1 0.94 0.41
16.00 133.6 114.7 224.6 224.6 0.097 0.088 20.5 12 0.94 0.61
17.00 127 108.8 224.5 224.6 0.097 0.091 20.5 13.3 0.94 0.65
18.00 96.9 96.9 224.6 224.6 0.097 0.093 20.5 17.9 0.94 0.86
19.00 93 92.7 224.6 224.6 0.097 0.097 20.5 20.4 0.94 0.93
20.00 93 92.5 224.6 224.6 0.097 0.096 20.5 20.3 0.94 0.93
21.00 93.4 93.6 224.6 224.6 0.097 0.097 20.5 20.4 0.94 0.94
22.00 93.2 93.1 224.6 224.6 0.097 0.097 20.5 20.5 0.94 0.94
23.00 93.7 93.2 0.097 224.6 0.097 0.096 20.5 20.3 0.94 0.93
00.00 93.7 93.9 0.097 224.6 0.097 0.097 20.5 20.4 0.94 0.94
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(1) switch
CZ) Switching Power Supplies
@ RF Wireless Dimmer Controllers

(D Luminaire

(5) ESP32 DEVKIT NodeMCU

@ Light sensor (GY-30)

Q‘) 433 MHz wireless RF transmitter module
( §) Antenna
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v

MAUAN | ANUEe | nssud (A) | maslid | dadseneu | Aanuaang %THD,
&119 fnel (V) W[ W) | Aaslie (lux)
20 223.3 0.459 55.7 0.542 1328 143.92
19 223.2 0.439 52.8 0.537 1255 146.99
18 222.6 0.416 50 0.533 1187 147.24
17 223.0 0.393 47.2 0.531 1121 147.78
16 222.9 0.373 44.4 0.527 1055 151.67
15 2229 0.349 41.5 0.526 990 150.23
14 223 0.326 38.7 0.522 925 150.99
13 222.9 0.303 35.5 0.520 860 151.60
12 223.0 0.281 B 0.515 795 152.12
11 223.0 0.258 29 0.512 730 152.36
10 223.1 0.237 27.1 0.503 665 152.25
9 223.1 0.215 24.2 0.498 599 152.52
8 223.1 0.194 21.6 0.489 534 154.94
7 223.1 0.173 18.8 0.480 469 151.41
6 222.5 0.151 16.1 0.467 403 153.69
5 222.6 0.131 13.1 0.453 336 146.34
4 222.9 0.111 11.7 0.432 270 138.2
3 222.9 0.091 8.1 0.397 203 128.07
2 222.7 0.071 55 0.347 135.2 105.73
1 222.5 0.055 3 0.251 67.8 68.68
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n15911911909A 39 lanlulnuansIULUUUTUR SR IEAUee (Manual mode) & by
a1u150LdenUSUTEAUVIANAINLAT AR 9 SEAU TUBYAUAINADINITLAZAIINMLIEANYDS
UsgbAnNN1stE9U Faunaza1atanaiunsataamabnidn lawn A1uesausnedng, nsewa b,

Aaaliinese, fUsenaunas, %THDI LazAIvBIAUEINGLARINISI99 5.6

A15719% 5.6 A19biTnvesnsladidliavinaeululruaUsuRIAInIenwed (Manual mode) ¥89079

Tauluusnauiunlgaunan 1 aelau

Aalaiin mdealuiuildauman
AR | Aszua | Aaeleidn | dadseneu AUEAIN
And (V) (A) 939 (W) maglniin W (lux)
AAUAINAIN

1 222.7 0.071 55 0.347 135.2 88.8
2 222.9 0.111 11.7 0.432 138.2 136.2
3 222.5 0.151 16.1 0.467 153.69 180
4 223.1 0.194 21.6 0.489 154.94 225
5 223.1 0.237 27.1 0.503 152.25 270
6 223.0 0.281 V. 0.515 152.12 313
7 225 0.326 38.7 0.522 150.99 359
8 222.9 0.373 44.4 0.527 151.67 404
9 222.6 0.416 50 0.533 147.24 450

NANSNT 4.2 FA1U150U N WTEUNTINWEAIAMUFUNUS iNawaAILUALTNYDINIAIA1a LT
3IALAIANUATINI WUIILUTUVDIAIAIFINH1F I UTHUATINUAIYRIAINUNEINN LS Tasdl

WU ALTUD IR L ULABL TEAUAILADINS
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Electrical value of smart luminaire due to brightness level
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e POWEr (W)  w= g Illuminance (lux)
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ANMIEANLEY (Manual mode)
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1.37m
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(@ Lux Meter Hioki FT3425 (® RF Wireless Dimmer Controller - .
@ AC Clamp Power Meter Hioki CM3286-01 @ Switching Power Supply ,
® 220 vac @ window i
@ tuminaire d‘
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zolreces |
Window A |
v

@ Lux Meter Hioki FT3425 @ RF Wireless Dimmer Controller
@ AC Clamp Power Meter Hioki CM3286-01 @ Switching Power Supply
| ® 220vac @ window

@ luminaire

(v) Praewiurieigunsallunisneass 2
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(D) Lux Meter Hioki FT3425
@AC Clamp Power Meter Hioki CM3286-01
(®) 220 vac

@ Luminaire

@ RF Wireless Dimmer Controller
@ Switching Power Supply

welt

(n) lnorunsu@uLFyl (One line diagram)

a2alau A

(v) YamaaRdnAMNTTiwesuEAinAasInteluries
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A0TULVBIRUIAN
nsel anugvedlinieuen

PR A WU B
1 Un Un Un
2 e Un Ua
3 Un Ua ap3euTy
q Un Un Uahuuiu
5 Un UnA3auy Ua
6 Un aduuiu Un
7 Un Tap3euiuy Dap3euny
8 Un Wahuuny Waduuiu
9 Wn Wnatfauu Watfauu




M19197 5.8 nan1sinaesszuumvanmNaintlanliinuuaaiuanuefoulyaluiuildan

aalauluNuNTgUndn (melau A)

aaadluiunldnulagseu (Aralau B)

AN
. . §n , , . ¢ ,
AUAT madalniln AMNEINY | ANUAN maalvidin ANAIY
ny Aseia (A) - Usgneu 9%THD; o nsgia (A) - Usenau %THD;
n5ed Ang (V) APIW) |, (lux) ne (V) RIW) | (lux)
Aaaluiia Aaabaldi
1 222.9 0.429 53.7 0.557 143.84 463 222.6 0.262 31.7 0.531 152.09 374
2 221.7 0.281 32.5 0.515 152.12 463 222.9 0.248 29.4 0.524 153.71 376
3 221.3 0.423 51.1 0.546 147.2 486 223.4 0.056 8 0.248 69.54 446
a 220.9 0.238 27 0.504 152.36 539 223.1 0.055 3 0.242 67.22 492
5 221.2 0.267 30.5 0.510 152.24 680 223.4 0.189 21.6 0.429 153.97 370
6 221.9 0.075 6.5 0.341 106.54 1000 2233 0.088 8.1 0.403 125.26 396
7 222.6 0.057 3 0.254 78.45 1038 223.4 0.221 26.2 0.524 152.74 423
8 222.4 0.058 3 0.249 68.68 1182 223.0 0.056 3 0.254 65.43 510
9 222.3 0.058 3 0.248 65.36 1476 2234 0.056 3 0.257 66.41 750
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Electrical value of smart luminaire (Main zone) due to condition of room
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Electrical value of smart luminaire (Slave zone) due to condition of room
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25 600 %
s 500 o
g ]
o a00 £
< 15 c
[¢] 300 -=
% 10 £
200 :,:f
5 =
Power (W) 100
0 0
o\' (\q, oo) o& o(o ob o/\ o% oq
6\;00 6\;00 6\;00 6\;00 &;00 6\;00 6\;00 6\;00 §O
(/o‘\ (Joo (/o(\ (/oo boo (/oo (/oo (,00 (/oo
Condition of room
e POWET (W) s e Illuminance (lux)

@) ns1ANuFURUSAMI T eI auluuSuNuR T ulaeseU (A29lau B)

5UN 5.14 nswlanuduiusAmnsliihvesmdauseniimmasiiihasuazeinnuainaniola

5.4 Han13UTTEIUNIGLATHIAENS

d‘ a ¥/ 1 a :-J’ 1 ¥ v

WaUsediuanuAnAlun1sAndssEuuaIuAuANaInalau i lun1sanmslandsau
Tnifin ¥ Iamaiasegmansiagniunldiiieuszdi uaududtlunisamu lnednsuseiliunans
N3N1ITNITAIVANAIIANLUUATIITUAUTL LA ULTIUALTIY LagnsAnfINIsAUANAISLALILUY

M5793UANULARD UL LN

5.4.1 HaN1FUILEUNATEIAIAATEINTUNITAAAINITAUANAITANLUUATITUA NI LAY

S dg v
YuNuUN YU

HANTUTHIUNIBATHFAIENTEIMSUNIIAAAINITAIUANANLANKUUATIDT VAT ULEIUY
Aunldau lneauinaiang 9 lnge1gvedlasinisasimunnegnisidauvemasnlnii a1n
Tayavamasnlnlalenduasuin 24 106 Toren1sldanu 50,000 Galus lagliUaluiian 09.00

w. 91381 18.00 w. AxdoeMsldulszatn 6 ¥ duyundsunusevdala Anaaindeyadnn

A15197 4.5 MasbiAlgvesnalaurswasdnludfnazaalauund AA1Ram157199 5.9



100

M1319 5.9 Adilglunisiuinsuuiiussndale

AR AlANUNG aslALE LA AR
sl ildse 1 Sy 624.62 1A 152.1 106
sl ildse 1 ¥ 227.98 #UIw 55.52 g
Aluiise 1 Tu 2.37 UM 0.58 UM
Alieie 1 U 866.32 UM 210.98 U

WAzt AunuisendalasieUne 866.32 - 210.98 winfiu 655.34 aetiy ESt 11y
655.34 3UANLAMUABULTULATING SIUAQUATAIAY ST IMUAgNT 3,000 UM s 1 Aalay
Tl fasdu 10 wiadu 3,000 Ardaseenlennasatenld dnsinanauknuvekuads 1 Y 1Wu

=

181989 inseidudnsmendeliandes (Risk-free rate) Ussmealvefidnegn 1.5 wWesiWudnel uax
AN inflation rate Aeddmsiuile Uszmalvefiardnsduiemdedounduszinn 2 Wesidudse

Y vlaunsarulnednanale 3.53 Wasi@us wsizaztiy A1 i Wiy 0.0353

a

M15197 5.10 asurnlglunisauanyardagduans

q

Fials Anfiguanle
91gvedlATaNTs (@) n 6
ﬁunuwﬁﬂﬁﬁuﬁﬂizwﬁmiﬁiﬂsﬂ (energy cost savings) ES: 655.34
LﬁuﬁiﬂﬂaﬂnuWQUL%uIﬂiﬂﬂﬂi (total investment) ly 3,000
dn31anA1 (discount rate) [ 0.0353

Ly

WlaunuAILUIYY 4 A131ne13197 5.10 aglaryartlagduans (NPY) 507.362 uin @961

9

mnyaA1dagtuansdesndtgud lassmstuldauaisamu mselddugnidegnitnaianisain

a a

gns1anA1 yarlagiuansindueud azamu nsgliRuanSanunaanianingnsandl wagi
yadtiagiugniannningud azamu mzldGugninnnitinaniaindnsan A1eges
Tasams Fuyundsnuisevdald GuitsamumeuEulasinig Wudiferfuiuildmuasyad
129uayd (Net Present Value : NPV) @ n 1i1ffu 6, ESt iy 655.34 uag 10 indu 3,000 270

M13199 5.10



101

Fedmnamdnsinaneuununeluld 0.0870 13 8.70 Wesliud Fsdmndnsinaneuuny
aeluesnindninandr agliamu mznansuwnuesninfiaaniaindnsandi 41609
waneuLungluiiusaTane aramu mnglvinaneuwnumuiinanisnindnandt uazdn
darmanouununeluinnnindnand avasmu mnglinaneuunuananiiamaniindaan
A1 INMIAIANANAILATgAans yarTagiugraianluuinuazdnsmansuuunigly
1NNISATIanA uansinsAnsenaslarILasseluR danuduailunisamuiadaunuadey
Uni inszwaneuunuldinnniiaenisandnand iesainnsvEnasesaslalii vivlild

o w

madlninanasannaalauund 172.46 milenal Useudaalndln 655.34 umemall

M1919 5.11 @3UANUANAMNINATYFAIANTUDINTAAA AN LA DRI LR

yar1JagUuans 507.362 U
snTwanauLnuniely 8.70 Wesidun
maslnihanas 172.46 Miesol
Usendaa il 655.34 U ngal

5.4.2 #an15UIELEUNILATHIAEATEIMTUNITANA 1N15ATUANALANLUUATIATUAIY

wwaaulua luNun g

nsfuIALduAasegmansiite Junaiusz neunisdindulavesdldsnlunisiden
fasansavgueasiasuuuasafuaued sulmluiuildau Tasfinnsanainyaddagtuans
WALANDRSINARDULNUN YU

nnsnaaesiasinslaudaaierlnefinnsanuiina sl dauelisinsldounniui
melusuazanmuindeslueshoudulupiuieulsil 7 Aesimsintumthimauiuiioseds
VI WUIINENmIndeufinanludsdurildaslanluf uiivaneian 1 dnnslamadaladialy
waviun 24 o wagluituiivnoae 2 Wesnuasainaanutiinadunllie anslauiinns el
dafie Snnslalniinlusasun 260 Sad dedumelussezinan 1 Salusdinsldmslniliady 284
Tad waznreluszeziian 17y ﬁaqﬁﬁaﬂugﬂii’fmuﬁzal,wft,am 08.00-17.00 u. 52t dULATsAY 9
laa Wl 2,556 Sad ludureansalussuiiounisidmdauuni Liifnnsfnsatusudly
wldufufitanaeanat Tussazinan 1 3u [/ddlwiivisau 7,732.8 Yo Ineanusoaguldss

MN3197 5.12



102

A1519% 5.12 USunauavnalniiSeuiieuiuseninmaslanunfinas ssuuaiuaunuaInemislag

Tnlin

R aalauun sruUAUANAINEINAelAL LY
USunaumnaluiih y - . -
syeylIan 1 U syegylan 1Y syeylian 13U seerlan 1Y
Al 7732.8 Yo7 | 2,822.47 e 2556 YA 932.94 i
Al 29.38 U 10,725.3 U 9.17 U 3,545.14

INANANINTRUAID18YBIATING (n) TAWIAU 6 FununasunUsendalasel (ESt) &
AWYINAY 7,180.16 Waz Rudruamunausulasinig () 2Aiidu 35,200 v lnginanauwny

Ay (IRR) WU 0.061 @13150a5URAIAIINALANMNIAATYFAIEASLARIANT19N 5.13

M19199 5.13 aUAIINNIAININAINANAIVNLATYIAIERSVRITEUUAIUANAINAT 1Al ALY

; R = NN UK
yaA1aglugns 9n31a0
ety
ANUANAINILATYFAENS 3,022.1895 0.0353 0.061

ada 1

yarndagiuarafianduvin uazdnswanauwnunigluinnnindnsan nampenisfnssssuy
AuANANEIIA LA T IANANAT NN TN URAATLNLNTARAIALANLULUNG Wazd1N1TD
annslardslniluiewinanuadleata 1,889.53 mibesel wiesouaz 66.95% AnLduyan 7,180.16

UM



uni 6

AjUNan1sIBuasUaLEUB UL

6.1 d5Unan1sIeY
~ v & U & W ~ o & v ) A a o v
Wielvenasidueiaseusndnasuidsdndudesnisasaaeukasysulisensniley
4nARRITUUTENIANYMUIBNGIIUDIAITV0IUsTINALME N15UsliueIAIsiIsulagldlusunsy
BEC louA 1A59851991A15 hadding 139U UDINTIA WALIUNALNY LAaZNISIINAINUNIALA NaNTS
UszallunsaigiunuiternshiinuuiasgiuludiueeinseusinsuasssuulueInie s issuy
wasadarnsiindanuimangeglunueiuinsgiu 261915AM L AdanalnaAeenuInTne
At a " & A al ¢ o a
wnsgu Fdlanmanagludulumuuinsgiulalueuan lunsainaunsel Jandeuanin wagnis
wAlunauioySNeNaNIUYeIRIA1S

s

n1sUsulpnsdfnwinmdnladndunisuazUssdumusiandsnuveseinslagldsensiwas

a

BEC 21nHaN15398nu3INsauemsiasunisiigallngnisinnsmuinlundiuasvasen wasniiend
a =3 [ [ ‘:! 1 v a vua 1 v Q’lj
WagudunseanlisnganassIues semn&ﬂwmmimmiaﬂgummmmumaummﬂaﬂ@ UBNAINNY
szuubildetadnedaldsunsusudsalmilaunisunuiinaenvgesisauiawinbnaieasn LED
UszdnSnngenusendandasy FIENUITNAANTS NS UANLIBEN9UIN warSnwIYSuIuAIINETIS
winAuiunn1sie luduresszuudiuainaiu iesesUsuonekuuysuanusinilagnunud
Py A ) ) = v a ¢ ¢ f a1 oA ~ a
ELA3IIUSUINAELULUSUANUSLA (Buiasnes) nuienaunuilan SEER daqwindlawSeuLfieu
funmdensaliugiu dsdswalianuaiunsalunisianuduifuazannislandsny Tunsdd
ARALNLLAY TNIARASTEUY PV waznasmuHulanzgnaenganiiiolinasunasisuiisannisy
AU mLalaeganlag A laiaennanidaae1seIu asuemsilasunsusuU sl
ansnannsldndsanuliuszunn 48% Weaeuiunsdiiugiu
o [ I [} = 1 o [ A9 Yo o 1 v
dmuszuuniservpuamasuliiinmsauniglunederdy Wuszuunlddndamienisld
wdaulnilusdasdu wWelriinisldndinuanas N1588nkUUsEUUAINATAENTUIRIAITUANLTS
assnzuwuulusinsulavinnissuamasinidnilganssuvamurelnidnannsinin Wendalwilaly
nnstiirdataaiuniaiideliiaidaniuaulusunsuladnsien d3RIUANTINTINZRUY
TUsunsulavinnsdsdaulusnnsuuniuinasumanes tielldsuwrasaigainszuudinung i
wsauannslii Wussuulwihwaduaseriing Tnedendnglimsasiidnisldaidsluigean
AINNITATIVTAVUIANTELATULA BEIIVTAY FINANITNAFDUNSTUTLUUNITIANITNA 19U TN
amsunnglunegende TagaiasninninuaduaAIninass 24 119 @a10150a9N1S IUNE 91U

InhadlgSeway 5.4 siaifou svuumsdanmisnaanulnihamsinniglunedendy lnaamasluiin



104

Avuaduaiuisusdadiunugisiaivesiu awnsoannisldndenulniacldiosas 8.2 se
wau FJeanunsaagulainssuuuimsdanisndnundnaueiivssdnsanlunisvirnunduiiunis
UImsdamsmsldndsnulnilviduseansamas uazanalddnglusundenulninasiinduiu

=

Fvodlassnsld FaszuuiiauoaansaUiulgeniuannsavea’eanuauiiangsniiaiunsn
TWsunsuldlifussavinmuaznismevauesiiid u wasilutssy ndfndsldmusiueaisaily
auAala

dmsumsfiansszuumuauauainndedlii lnefinsussdunaionsdildnsaiuay
alAuLUUATIRTUA I I U TH U waznnsadanismunueislanuuunsaduay
indeulmluiuildruammnsoannislindailussuuiasaingms lissanmdosar 26.87 dadudle
finsnsUiuuse Andsssuuuimsdanisluennns gunsalauaumitadsresmslan 01A13a8dinng

Igndsnunlnaguduinday

6.2 Yalauauu
finsannisianuiuUseensusgansnmgaiiosesiuinasgiunamiotmseynindsnuiias
fnsusudeunn 5 3 legiuemuidutursnnasiamuntstauivesnalulal ffufannsou
9115 gunsalluszuulwihuasadng wagssuuUszuenmaidentuilagiuenaazlallinadnnsaud
aueluauiag
sruvUImsdamamdsnuidestelumsiuidesanvnafidavesunavaduaoiing uay
gunsalfnifundse Fdudiimafuiifavesgunsniszneuluszuuensannsadiiuszansninly

nsaansldndsnuvesenasadldusdesddsfenumaizanielinisamuidulusgraduen
FonldBunesinesuuunauiiannadendsnuliihansaduasefindsasfundsnuluiiainnng
Ifhuazy fandanulifindrguunineils ioantdymnisiuasuunasdnendeaulidiidaals
aszliinszandesandnismandseulni-lugseuends Snvanisvaassssuuuinsia
nsndanuasinnsiansandesanmeinadosnnilutatuddyfidmanoUssansnmnisuas
sruumuauaEaaslad i msdenlithamatuuasaineifaruandenuniy el
Aendunasiviululvuasnlusi@fidniissmsauaznevaussdonsidsuuUasinnuituuasls
ag19590157 nanedeuluszduiosljufinisalenaliaiuisadinauiATuIuAUA UAINI

wiswgaanslalnensatiosandadenginssunisldanu wasuassssuis



LONE1591999

AUNNUULEUIBLATLNUNANIY NTENTHNANY, F89uadAndauset 2560
NONIENTI MNUAUTLAN NTBVUIAYDIBIATT UAZUINTFIU NSNLNUN wazIsnis Tu
miaaﬂqummuﬁémsmﬁwwé’ﬂmu W.A. 2552. 20 NUAINUS 2552 5197991
Yunw1. Lauil 126 aeudl.12n w1 9-15.

Fumo, N. A review on the basics of building energy estimation. Renew. Sustain.
Energy Rev. 2014, 31, 53-60.

Grandjean, A.; Adnot, J.; Binet, G. A review and an analysis of the residential electric
load curve models. Renew. Sustain. Energy Rev. 2012, 16, 6539-6565.

Curtis, M.; Torriti, J.; Smith, S.T. A comparative analysis of building energy estimation
methods in the context of demand response. Energy Build. 2018, 174, 13-25.
Belussi, L.; Danza, L.; Ghellere, M.; Guazzi, G.; Meroni, |.; Salamone, F. Estimation of
building energy performance for local energy policy at urban scale. Energy Procedia
2017, 122, 98-103.

Thonipara, A.; Runst, P.; Ochsner, C.; Bizer, K. Energy efficiency of residential
buildings in the European Union—An exploratory analysis of cross-country
consumption patterns. Energy Policy 2019, 129, 1156-1167.

D’Agostino, D.; Cuniberti, B.; Bertoldi, P. Energy consumption and efficiency
technology measures in European non-residential buildings. Energy Build. 2017,
153, 72-86.

Ali, S.B.M.; Hasanuzzaman, M.; Rahim, N.A.; Mamun, M.A.A.; Obaidellah, U.H. Analysis
of energy consumption and potential energy savings of an institutional building in

Malaysia. Alex. Eng. J. 2021.

[10]Zhan, S.; Chong, A. Building occupancy and energy consumption: Case studies

across building types. Energy Built Environ. 2021.

[11]Fonseca, J.A.; Nevat, |.; Peters, G.W. Quantifying the uncertain effects of climate

change on building energy consumption across the United States. Appl. Energy

2020, 277.

[12]O’Brien, W.; Tahmasebi, F.; Andersen, RK.; Azar, E.; Barthelmes, V.; Belafi, Z.D;

Berger, C.; Chen, D.; Simone, M.D.; d’Oca, S.; Hong, T.; et al. An international review
of occupant-related aspects of building energy codes and standards. Build. Environ.

2020, 179, 106906.



106

[13]Arjunan, P.; Poolla, K; Miller, C. EnergyStar++: Towards more accurate and
explanatory building energy benchmarking. Appl. Energy 2020, 276, 11541.

[14]Costa, J.F.W.; Amorim, CN.D.; Silva, J.C.R. Retrofit guidelines towards the
achievement of net zero energy buildings for office buildings in Brasilia. J. Build.
Eng. 2020, 32.

[15]Ali, U.; Shamsi, M.H.; Bohacek, M.; Hoare, C.; Purcell, K.; Mangina, E.; O’Donnell, J.
A data-driven approach to optimize urban scale energy retrofit decisions for
residential buildings. Appl. Energy 2020, 267, 114861.

[16]Ali, H.; Hashlamun, R. Envelope retrofitting strategies for public school buildings in
Jordan. J. Build. Eng. 2019, 25, 1008-1019.

[17]Chirarattananon, S.; Taveekun, J. An OTTV-based energy estimation model for
commercial buildings in Thailand. Energy Build. 2004, 36, 680—-689.

[18]Bright Management Consulting Co., Ltd. Promoting Energy Efficiency in Commercial
Buildins (PEECB) Progress Report # 2 , Department of Alternative Energy
Development and Efficiency: Bangkok, Thailand, 2013.

[19]C. W. Gellings and K. E. Parmenter, “Demand-Side Management,” Energy
Management and Conservation Handbook, ed. by F. Kreith and D. Y Goswami (CRC
Press, 2008).

[20]Kai Ma, Ting Yao, Jie Yang, Xinping Guan “Residential power scheduling for demand
response in smart grid,” available at ScienceDirect, Electrical Power and Energy
Systems 78 (2016), pp.320-325, 19 Dec. 2015.

[21]A. Khodaei, M. Shahidehpour, and J. Choi, “Optimal hourly scheduling of
community-aggregated electricity consumption,” J. Electr. Eng. Technol., vol.8,
pp.724-733, 2013.

[22]A. G. Paetz, T. Kaschub, P. Jochem, and W. Fichtner, “Load-shifting potentials in
households including electric mobility—A comparison of user behaviour with
modeling results,” in Proc. 10th IEEE Int. Conf. Eur. Energy Markets, Stockholm,
Sweden, pp.1-7, 2013.

[23]Q. Zhu; Z. Han and T. Basar, “A differential game approach to distributed demand
side management in smart grid,” in Proc. ICC IEEE Int. Conf. Commun., pp.3345-

3350, 2012



107

[24]Kim, S.; Choi, J.; Park, G.; Yoo Jiyoon, "Photovoltaic power generation for air-
conditioning system based on predictive control," Proceedings of the 1996
International Conference on Power Electronics, Drives and Energy Systems for
Industrial Growth, 1996., vol.1, pp.94-100, 8-11 Jan 1996

[25]Braam, F.; Hollinger, R.; Llerena Engesser, M.; Muller, S.; Kohrs, R.; Wittwer, C., "Peak
shaving with photovoltaic-battery systems," 2014 IEEE PES Innovative Smart Grid
Technologies Conference Europe (ISGT-Europe), pp.1-5, 12-15 Oct. 2014

[26]Zheng Tianwen; Chen Laijun; Mei Shengwei, "Control strategy and application of
power converter system in battery energy storage system," in 2014 IEEE PES
Innovative Smart Grid Technologies Conference Europe (ISGT-Europe), pp.1-6, 12-
15 Oct. 2014

[27]C. P. Vineetha and C. A. Babu “Economic Analysis of Off Grid and On Grid Hybrid
Power System,” 2014 International Conference on Circuit, Power and Computing
Technologies (ICCPCT), pp.473-478, 2014

[28]S. Praveen; K. Gopal and N. Suthanthira Vanitha, “Microcontroller based power
demand control and energy management system using ZigBee,” Elixir International
Journal, pp.4038-4040, 25 Aug. 2011

[29]R. Akkaya and A.A Kulaksiz, “A microcontroller-based stand-alone photovoltaic
power system for residential Appliances,” Applied Energy, vol.78, no.4, pp.419-431,
2004.

[30]K. Neupane; T. M. Undeland; A. Rouniyar, “Smart Controller Design for Solar-Grid
Hybrid System,” 2014 International Conference on Intelligent Green Building and
Smart Grid (IGBSG), pp. 1-4, 2014

[31]Joao M. G. Figueiredo, “PLC based Structure for Management and Control of
Distributed Energy Production Units”, Programmable Logic Controller, Luiz Affonso
Guedes (Ed.), 2010

[32]Tipsuwanporn, V.; Srisuwan, K. Kulpanich, S.; Suesut T.; Numsomran, A,
“Development of Load Control and Management System,” in IEEE/PES
Transmission and Distribution Conference and Exhibition, Yokohama, Japan, 2002,

vol.3, pp. 2139-2142



108

[33]Montoya, F.G.; Garcia, A.P.; Juaidi, A.; Agugliaro, F.M. Indoor lighting techniques: An
overview of evolution and new trends for energy saving. Energy Build. 2017, 140,
50-60.

[34]Chitnis, D.; Kalyani, N.T.; Swart, H.C.; Dhoble, S.J. Escalating opportunities in the field
of lighting. Renew. Sustain. Energy Rev. 2016, 64, 727-748.

[35]Parise, G.; Martirano, L. Energy Performance of Interior Lighting Systems. IEEE Sens.
J. 2011, 9, 880-885.

[36]Aman, M.M.; Jasmon, G.B.; Mokhlis, H.; Bakar, A.H.A. Analysis of the performance of
domestic lighting lamps. Energy Policy 2013, 52, 482-500.

[37]Khan, N.; Abas, N. Comparative study of energy saving light sources. Renew. Sustain.
Energy Rev. 2011, 15, 296-309.

[38]Ryckaert, W.R.; Smet, KA.G.; Roelandts, l.A.A,; Gils, M.V.; Hanselaer, P. Linear LED
tubes versus fluorescent lamps: An evaluation. Energy Build. 2012, 49, 429-436.
[39]Qin, Y.; Lin, D.; Hui, S.Y. A Simple Method for Comparative Study on the Thermal
Performance of LEDs and Fluorescent Lamps. IEEE Trans. Power Electron. 2009, 24,

1811-1818.

[40]Principi, P.; Fioretti, R. A comparative life cycle assessment of luminaires for general
lighting for the office — compact fluorescent (CFL) vs Light Emitting Diode (LED) - a
case study. J. Clean. Prod. 2014, 83, 96-107.

[41]Chew, I.; Kalavally, V.; Oo, N.W.; Parkkinen, J. Design of an energy-saving controller
for an intelligent LED lighting system. Energy Build. 2016, 120, 1-9 .

[42]Caicedo, D.; Pandharipande, A. Distributed Itlumination Control with Local Sensing
and Actuation in Networked Lighting Systems. IEEE Sens. J. 2012, 13, 1092-1104.
[43]Fischer, M.; Wuand, K.; Agathoklis, P. Intelligent Illumination Model-Based Lighting
Control. In Proceedings of the 2012 32nd International Conference on Distributed

Computing Systems Workshops, Macau, China, 18-21 June 2012.

[4d]Pandharipande, A.; Caicedo, D. Adaptive Illumination Rendering in LED Lighting
Systems. IEEE Trans. Syst. Man Cybern. Syst. 2013, 43, 1052-1062.

[45]Byun, J.; Hong, I.; Lee, B.; Park, S. Intellicent household LED lighting system
considering energy efficiency and user satisfaction. IEEE Trans. Consum. Electron.

2013, 59, 70-76.



109

[46]Pandharipande, A.; Caicedo, D. Smart indoor lighting systems with luminaire-based
sensing: A review of lighting control approaches. Energy Build. 2015, 104, 369-377.

[47]Parise, G.; Martirano, L. Daylight Impact on Energy Performance of Internal Lighting.
IEEE Trans. Ind. Appl. 2013, 49, 242-249.

[48]Parise, G.; Martirano, L. Combined Electric Light and Daylight Systems Ecodesign.
IEEE Trans. Ind. Appl. 2011, 49, 1062-1070.

[49]Ribinstein, F.M.; Karayel, M. The Measured Energy Savings from Two Lighting Control
Strategies. IEEE IEEE Trans. Ind. Appl. 1984, IA-20, 1189-1197.

[50]Boscarino, G.; Moallem, M. Daylighting Control and Simulation for LED-Based
Energy-Efficient Lighting Systems. IEEE Trans. Ind. Inform. 2016, 12, 301-309.

[51]Mistrick, R.G.; Casey, C.A. Performance modeling of daylight integrated photosensor-
controlled lighting systems. In Proceedings of the 2011 Winter Simulation
Conference (WSC), Phoenix, AZ, USA, 11-14 December 2011; pp. 903-914.

[52]Matta, S.; Mahmud, S.M. An Intelligent Light Control System for Power Saving. In
Proceedings of the IECON 2010 - 36th Annual Conference on IEEE Industrial
Electronics Society, Glendale, AZ, USA, 7-10 November 2010; pp. 3316-3321.

[53]Li, S.; Pandharipande, A.; Willems, F.M.J. Daylight Sensing LED Lighting System. IEEE
Sens. J. 2016, 16, 3216-3223.

[54]Liu, J.; Zhang, W.; Chu, X,; Liu, Y. Fuzzy logic controller for energy savings in a smart
LED lighting system considering lighting comfort and daylight. Energy Build. 2016,
127, 95-104.

[55]Pandharipande, A.; Caicedo, D. Daylight integrated illumination control of LED
systems based on enhanced presence sensing. Energy Build. 2011, 43, 944-950.
(561817 9U Ul UIBRAZMAUNS 99U (AUN.) (2023) 5UUUTNITIANITNEIY (Energy
Management System: EMS) [Online] lidislaain: https://thai—smartgrid.com/LﬁImﬁU

#1151n30/tech-basic-related-smartgrid/ems/

[57]Freitas, T.KF.S., Geraldino, H.C.L., Figueiredo, F.F., Martins, D.C.C., Garcia, J.C,
Tavares, C.R.G. (2020) Production of Reduced Graphene Oxide (rGO) from Battery
Waste: Green and Sustainable Synthesis and Reduction In: Inamuddin, Asiri, A. (eds)
Applications of Nanotechnology for Green Synthesis. Nanotechnology in the Life

Sciences. Springer, Cham.



110

[58]Barrie Lawson (2005) Cell Chemistries - How Batteries Work [Online] L4918 slaa1n:
https://www.mpoweruk.com/chemistries.htm

[59]David L. Chua, Benjamin M. Meyer, William J. Epply, Linden's Handbook of Batteries,
Fourth Edition, McGraw-Hill Education: New York 2011

[60]Wikipedia (2023) Membraneless Fuel Cells [Online] 1naislaann:

https://en.m.wikipedia.org/wiki/Membraneless Fuel Cells



dy @ dl Y o L v dl = ! gj 1 Y o ¥ €Y 1Y
wnanstiluenansianulidmsunisidauienistnwintu leugslmiluldusslomismunisi

I i O & A U Yv agvo & Y Y a = v & A ° v
11Jr3r]ﬂiﬂﬂ>®6] NG @ﬂﬂﬂﬂqﬂﬂiﬂﬂﬂuﬂa%u@ﬁq LLagmafl@WQ@QﬂﬂL?\]']GUENL@ﬂﬁqﬁnﬂﬂﬁﬂwmﬂ’ﬁuqlﬂiﬁ



friricd applied
e sciences

by

Article
Design and Application of Daylight-Based Lighting
Controller on LED Luminaire

Sulee Bunjongjit !, Santipont Ananwattanaporn 2, Atthapol Ngaopitakkul 2%,
Chaiyan Jettanasen ? and Theerasak Patcharoen 3

1 Faculty of Engineering, Rajamangala University of Technology Rattanakosin, Nakhon Pathom 73170,

Thailand; kbsulee@yahoo.com

Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520, Thailand;
san_ti_ton@hotmail.com (5.A.); chaiyan.je@kmitl.ac.th (C.].)

Faculty of Industrial Technology, Rajabhat Rajanagarindra University, Chacheengsao 24000, Thailand;
Theerasak.p@hotmail.com

Correspondence: atthapol.ng@kmitl.ac.th

¥}

check for

Received: 10 April 2020; Accepted: 13 May 2020; Published: 15 May 2020 updates

Abstract: This paper proposes a control circuit for Light Emitting Diode (LED) luminaire based on
the amount of daylight. This system uses both natural daylight and artificial light from a luminaire
to reach the desired illuminance on a working plane. The control circuit operates by receiving an
illuminance value from a light sensor and comparing it with a set value in the microcontroller before
limiting the light intensity of LED by sending a control Pulse Width Modulation (PWM) signal to
the LED driver. In the experimental setup, the controller and a physical model of a working space
were built in order to field test the LED daylight control circuit. Electrical characteristics such as
voltage, current, and power were measured with a power meter. Illumination characteristics in terms
of illuminance on a working plane were determined using a lux meter. The results from actual field
tests revealed that this LED control circuit was able to reduce the power consumption of the lighting
system while keeping the illuminance on the working plane at the standard value. Both simulation
results and the actual experiment of the control circuit proved that it could be used to improve the
energy efficiency of both newly installed and retrofitted lighting systems.

Keywords: daylight; illumination control; light emitting diode

1. Introduction

Artificial lighting from luminaire has been an essential part of modern society due to the expansion
of urban areas with high-rise building that block the natural lighting, working space that less likely
to receive daylight, and night-time activity that required lighting. Thus, the quality of lighting has
become directly correlated to the quality of life. This result in large amounts of power consumption in
residential, commercial, and industrial sectors delicate to lighting systems. In the case of Thailand,
the 2019 energy statistics from the Energy Policy and Planning Office (EPPO) under Thailand’s Ministry
of Energy [1] show that Thailand’s residential and commercial section has power consumption growth
at 10.1% and 6.0%, respectively, due to rising consumption in high-rise buildings such as apartments,
department stores, hotels, and office buildings.

From these statistics, it can be seen that electricity demand has become a challenging issue in
Thailand. In addition, power generation from coal power plant could not proceed as scheduled by
a power development plan (PDP2015) due to environmental concern from communities around the
designated construction project. Therefore, Thailand’s heavy reliance on import energy combined
with depleted fossil fuel may cause a severe problem in the future in terms of energy security. Hence,
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the Thai government has formulated a long-term strategic policy to improve energy efficiency and
reduce energy consumption entitled “Energy Efficiency Plan (EEP 2015)” [2] in order to reduce Energy
Intensity (EI) by 30% or around 56,142 ktoe in the next 30 years. This plan includes improving energy
efficiency in residential, business, industrial, and other sectors to achieve the designated goal of the
master plan.

One of the objectives to achieve a reduction in energy intensity is to reduce energy consumption in
the building and improve energy efficiency. Energy usage in a building can be divided into a different
category according to engineering end-use models. According to the 2012 Commercial Buildings
Energy Consumption Survey (CBECS) [3], energy consumption in the heating, ventilation, and air
conditioning (HVAC) systems is the largest share of total electricity consumption at 32%, followed by
miscellaneous electric loads (MELs) at 18%. The lighting system consumes up to 17% share of energy
consumption in a building, while the heat generated from the luminaire can affect the cooling load of
HVAC. Evaluation methedologies and mathematical models have obtained the energy profile and
forecast of energy consumption on the lighting system by taken many parameters into consideration for
accurate assessment, such as daylight [4], the controller [5], and occupant behavior [6]. Thus, it shows
that the implementation of energy-saving measured in the lighting system has the potential to reduce a
considerable amount of energy consumption and improve the overall energy efficiency of a building.

The technology in the illumination have continuously been developed over time from incandescent
lamp to fluorescent and then to light-emitting diode (LED) lamp that is currently used in a modern
lighting system. In addition, new organic light-emitting diodes (OLEDs) technology has recently
emerged as a competent lamp for the future [7,8]. A comparison between various interior lighting
technologies in various aspects such as energy consumption and light characteristics shows that LED
has significant advantages over other lighting technologies, especially in the energy requirement for a
luminaire. With current technology, luminous efficacy is steadily increased, and installation cost is
reduced to a commercially acceptable level [9-12]. In terms of thermal performance, a comparison
between three types of luminaires—fluorescent T8, fluorescent T5, and LED luminaire—shows that
fluorescent luminaire both T8 and T5 generated heat at about 73-77% of its rated power. In contrast,
LED luminaire generated heat around 87-90% of rated power but could be reduced when LED was
dimmed [13]. For the environmental impact, the life cycle assessment (LCA) between fluorescent
and LED luminaire reveals that LED luminaire provides approximately 41-50% reduction in Global
Warming Potential (GWP) and Cumulative Energy Demand (CED). The LED luminaire can also
contribute to less use of mercury in the manufacturing process [14]. The result from the literature
review reveals that LED luminaire has a definite advantage over conventional fluorescent luminaires
and is suitable to be used in building lighting systems to reduce energy consumption and improve
energy efficiency.

Another aspect that can improve energy efficiency in a lighting system is lighting control strategies
for luminaire. In [15], a controller for LED lighting that used sensors and closed-loop feedback was
proposed and could achieve 55% and 62% energy saving in continuous and discrete usage patterns,
respectively. Another intelligent control that utilized various sensors with closed-loop feedback for
different usage patterns has also been proposed [16]. A highly accurate illuminance model has been
used in order to validate the intelligent open-loop control that minimized both energy consumption
and the number of required sensors and is discussed in [17]. A new approach in lighting control with
LED luminaire using a centralized and distributed control algorithm based on uniform illuminance
and an illumination rendering strategy has been proposed in [18] that resulted in energy-saving and
user satisfaction. Another research by Byun et al. [19] has also taken user satisfaction into consideration
by employing multi-sensor and wireless communication to control light output according to occupancy
pattern and environment. A luminaire-based sensing control methodology that utilized both occupancy
and light sensors covering working space in order to give the required illuminance level has been
proposed in [20]. The control methodologies and algorithms that have been discussed showed the
ability to reduce energy consumption in a lighting system, while maintaining the light output on
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the working plane according to the user. Moreover, energy consumption can be reduced further by
utilizing natural light in the daytime to maintain adequate illuminance in a workspace.

Daylight harvesting to supplement artificial lights has been constantly developed due to its
potential to improve further the energy efficiency of a lighting system, especially integrated with
new control strategy and LED technologies. The impact of daylight on interior lighting in terms
of energy consumption and various factors such as daylight availability, lighting system layout,
and control system has been discussed in articles [21,22]. In [23], a comparative study between
daylight control strategy and scheduling lighting control strategy based on both computer aid and
occupancy sensor was conducted. Daylight control had an advantage of maximizing the efficiency
during main operating times around 7:30 A.M. to 5:30 PM. Lighting load reduction in those periods of
time can contribute to less energy charge because at those periods, a peak demand charge and higher
time-of-day rate were in effect. A simulation of daylight control for an LED-based lighting system has
been presented by Boscarino and Moallem [24]. Another simulation that used the Daysim software for
evaluating daylight performance has been shown in [25]. Many aspects of control, such as photo-sensor
placement, control algorithms, and impact of shading device, have been taken into consideration in
the calculation of daylight performance. The result proved that a daylight integrated control system
could achieve significant energy savings while maintaining desired illuminance levels. A Controller
Area Network (CAN bus) communication protocol has been applied to a daylight control circuit,
and a logic method has been used for a venetian blind control in order to reduce energy consumption
in an entire building [26]. Li et al. [27] have proposed LED luminaire prototypes that integrated
daylight sensing based on open-loop control. An application of fuzzy logic in LED lighting control
has been presented in [28]. The methodology in this paper integrated fuzzy logic that considered two
primary factors—lighting comfort and daylight contribution—that allowed a user to set the desired
illuminance level. In addition, an actual prototype was installed, and the results showed satisfactory
performance. A lighting control proposed by Pandharipande and Caicedo [29] integrated presence
detection capability with daylight control in order to provide a satisfactory illuminance for occupancy
while minimizing power consumption. From the literature review discussed above, it can be seen that
daylight control in a lighting system with LED luminaire can further reduce energy consumption and
improve energy efficiency to the highest degree.

This research proposed a lighting control circuit in a lighting system integrated in LED luminaire
based on a daylight control. The aim is to reduce energy consumption in lighting system while
maintain the lighting quality on the working plane on the level that does notimpact health and working
efficiency of occupant. This research was divided into two parts: simulation and experiment on a
prototype. The simulation with DIALux software aimed to show the advantages of the LED luminaire
as compared to conventional T5 fluorescent that widely used in Thailand’s building. The experiment on
a prototype was an actual physical test for evaluating the daylight control circuit performance in LED
luminaire in terms of electrical parameters and lighting quality. Electrical parameters—voltage, current
and power—were measured with a power meter. [lluminance on a working plane was measured with
a lux meter. This paper is organized as follows. Section 2 presents the DIALux software simulation
of both LED and T5 fluorescent luminaire, The lighting control circuit, its operation sequence and
experimental setup are discussed in Section 3. Results from the actual field test are presented in
Section 4. Finally, the conclusion of this research is provided in Section 5.

2. Simulation

The simulation of light distribution profile using DIAlux software has been done in two aspect.
First part is the simulation on the on the case study room and the second part is the simulation on the
experimental setup. The case study room has dimension of 8 m % 12 m x 3 m (width X length x height).
The room consists of 9 windows with a size (not include frame) of 1 m x 1.1 m. The overall layout of
the case study room is shown in Figure 1.
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Figure 1. The overall layout of case study room modelling in DIALux software.

The result of daylighting on the case study room with only daylighting and with both daylighting
and artificial lighting is shown in Figure 2a,b respectively and the summarizing result is shown in
Table 1. The figure shown an example in case study room located in Bangkok, Thailand simulated
at 10:00 AM. With clear sky on the 20 January 2020 in order to replicate the experimental setup case.
The result in case of daylighting only shown that the illuminance value are high only in the area near
the window and the daylighting cannot pass through the inner part of the room, thus reduce the
uniformity of the lighting and the lighting quality cannot maintain at the commission on illumination
(CIE) standard. However, the case study with both daylighting and artificial lighting has shown that
the average illuminance on working plane is higher compare to previous case with high uniformity.
In this case, it can be seen there has been excessive illuminance on the working plane. Thus, the daylight
control can reduce light output of the luminaire and reduce energy consumption on lighting system.
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(@)

Figure 2. Light distribution profile of the room modelled by DIALux software: (a) In case of only
daylighting, (b) In case of both daylighting and artificial lighting.

Table 1. The lighting characteristic from simulation on experimental setup.

Simulation Case Average Light Minimum Light ~ Maximam Light  Uniformity of

Intensity (lux) Intensity (lux) Intensity (luwd Light
Daylighting 253 3L6 1657 0.12
Daylighting and artificial lighting 1140 591 1507 0.52

The illuminance of daylighting on working plane in case of window-side of the room facing
different direction can be summarized as shown in Table 2, From the table, it can be seen that buildings
facing in the east and west directions will have a higher illuminance value compared to buildings
facing in the north direction due to the pathway of sun movement. For the buildings facing the south
direction, they have overall higher illuminance due to the location of simulate building (Bangkok,
Thailand) alignment to the south of sun pathway. The illuminance value of the building facing east
direction is higher in the morning and the building facing west direction has higher illuminance
value on the evening. The result in terms of average illuminance has shown that during peak period
daylighting can provide significant illuminance on working plane. However, the artificial lighting
is still required in order to maintain the illuminance on working plane during the period that has
low sunlight. To maintain illuminance within the international commission on illumination (CIE})
standard at 300-350 lux, the artificial lighting does not necessary operate at maximum light output.
Thus, the daylight control can be implemented to reduce energy consumption, while maintain lighting
quality on the working plane.

The simulation in second part is to evaluate the performance of an LED luminaire and a T5
fluorescent luminaire and their light distribution profiles on a working plane. The dimensions of
the simulated room were 1 m in width, 2 m in length, and 3 m in height. Figure 3a illustrated the
LED luminaire (two sets of 3 x 3 W High power LEDs) location and its light distribution profile on
a working plane 80 cm above the floor. Figure 3b illustrated the T5 luminaire (36 W T5 fluorescent)
location and its light distribution profile on the same working plane. A comparison between the light
distribution profile of the LED luminaire and that of the T5 fluorescent luminaire revealed that the light
distribution profile of the LED luminaire was better because of the higher light output from the LEDs.
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However, both types of luminaire could provide an illuminance that was within the international
commission on illumination (CIE) standard at 300-350 lux.

Table 2. Average illuminance (lux) on working plane in case of buildings facing different directions.

Time North South East West
06:00 0 0 0 0
07:00 441 95.7 304 31.8
08:00 145 453 1051 105
09:00 224 843 1377 178
10:00 232 1104 1197 224
11:00 198 1204 663 251
12:00 178 1250 313 309
13:00 198 1200 268, 632
14:00 237 1094 225 1173
15:00 233 832 181 1379
16:00 155 443 109 1080
17:00 497 97.9 35 347
18:00 0 0 0 0
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Figure 3. Light distribution profile of the test setup modelled by DIALux software: (a) Two sets of
3 x 3 W light emitting diode (LED) luminaire in the test setup; (b) Fluorescent T5 luminaire in the

test setup.
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Simulation results in terms of light intensity uniformity of LED luminaire and T5 luminaire are
shown in Table 3. In the case of the LED luminaire, the light distribution was a point. It could be
seen that the light intensity at the ceiling and walls were low at 42 and 85 lux, respectively. However,
in the case of T5 fluorescent, the light distribution was scattered in all directions. The luminaire’s
light intensity at the ceiling and walls were 216 and 254 lux, respectively. For the light intensity on
the working plane, the results were that the LED luminaire contributed higher illuminance at 294 lux
compared to 202 lux contributed by the T5 fluorescent luminaire. Hence, it can be concluded that LED
luminaire gave a better performance at the working plane and with less power consumption. Thus,
it was the best choice to use with the daylighting control circuit to achieve even further efficiency and
less power consumption.

Table 3. The lighting characteristic from simulation on experimental setup.

Luminaire Surface Average Light Minimum Light Maximum Light Uniformity of

Type 3 Intensity (lux) Intensity (lux) Intensity (Lux) Light

Floor 294 139 473 0.453

LED Ceiling 42 33 48 0.785
Wall 85 24 149 /

Bl Floor 202 152 245 0.749

uorTe;m“t Ceiling 216 88 390 0.406
Wall 254 103 724 /

3. The Control Circuit and Test Setup

3.1. Test Setup

A test setup was built to evaluate the performance of the LED daylight control circuit in place of
an actual field test as shown in Figure 4a. The test setup was a wooden room designed with dimensions
of a typical office room: 2 m in width, 1m in length, and 1.7 m in height. The reason for 1.7m height is
that the floor of the experimental setup represents the working plane. The height of the actual floor in
the building that was modelled for the experimental setup is 3 m with working plane height measure
from floor is 0.8 m and the mounting height of the luminaire is 2.5 m. This results in the distance from
the luminaire to the working plane being 1.7 m using the experimental setup. The height of the LED
luminaire from the working plane was 1.5 m. The front panel of the test setup, shown in Figure 4b,
consisted of control switches for two sets of the LED luminaire, power meter, and two lux meters for
illuminance measurement. The interior of the test setup, shown in Figure 4c, consisted of two sets of
LED luminaire indicated by 1, a louver for letting daylight shining in indicated by 2, and a light sensor
for illuminance data feedback to the control circuit indicated by 3. Layouts show the exact locations of
the LED luminaire and the photosensor is shown in Figure 5a,b respectively. The testing of daylight
control circuit prototypes using experimental setup on a laboratory level has been divided into two
parts. The first part is the effect of louver angles on daylight control circuit performance with louver in
the experimental setup can be adjusted by 9 levels as follows 5, 10, 20, 30, 40, 50, 60, 70, and 80 degrees.
The second part is the performance of the daylight control circuit for one day by obtaining data from
9.30 AM. to 4.00 PM. with a 10-min interval.

118



119

Appl. Sci. 2020, 10, 3415 8of17
1m
s bk 2 >
2 €
£ o
3 :
| e
|
= |
o S
= e T, [P
| ozm 07m Dem 8.7m bam
)

1. LED luminaire
2. Louver
3. Light Sensor

Figure 4. The field test experimental unit: (a) layout of exterior; (b) Front panel; (¢) Interior.



Appl. Sci. 2020, 10, 3415 90f 17

0.5m

1m
[k
}q—pl
0.09m
[]

0.5m

0.5m im 0.5m
2m

{a)

0.25m

im

05 m 0.5m

_____“______
Ag
A
-
g
La%)

F X
(b)

Figure 5. Layout of experimental unit (a) LED luminaire layout; (b) Photo sensor layout,

3.2, Lighting Control Cirenit

The proposed daylight control cireuit for LED luminaire was based ona concept thatilluminance on
a working plane must always be maintained at the desired value. The proposed algorithm must control
the light output from LED luminaire according to the illuminance value obtained from photosensors,
A diagram of the proposed daylight control circuit and LED luminaire is shown in Figure 6. The system
is composed of the following components: a power supply unit that supplied +5 V, +12V, and +18 V
for the microcontroller, gate drive and LED luminaire, respectively. The microcontroller received
illuminance data from the phetosensors installed on the working plane and converted the analog data
to digital data with an analog to digital converter (ADC). The microcontroller then set a duty cycle of
Pulse Width Modulation (PWM) signal which was sent to a MOSFET to control the power and light
output from the LED luminaire. Since the microcontroller only supplied the PWM signal at a voltage
of 5V, it needed a gate drive to boost the voltage to 12 V in order to successfully operate the MOSFET.
The flowchart of the daylight control circuit operation is illustrated in Figure 7. The operation sequence
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can be described as followed. First, the microcontroller set the duty cycle of the PWM signal at 90% and
then received illuminance values from photosensors through ADC. These values were then compared
with the set value in the microcontroller, which, in this case, was 300 lux. If the illuminance values
were higher than the set value, the microcontroller reduced the duty cycle value by 5% before checking
the illuminance values at the working plane again. If the illuminance values were lower than the set
value, the microcontroller increased the duty cycle value by 5% then rechecked the illuminance values.
The duty cycle directly affected the power supplied to the LED luminaire through MOSFET operation.

Light Sensor Confrol Circuit

Unit

| $12V T

220V isv | i troll : I o
——>| Ppowersupply ] Moocontroller Lol GiteDrive | MoSFET | LED Luminaire
I

Figure 6. Diagram of the daylight control circuit for LED luminaire.

Duty Cycle 90%

i

» Read ADC <

T Dt Yes
nerease Du . ]
¥ if avg lux > Setting value Decrease Duty
cyele Gycle
7 )

if avg lux < Setting value

Figure 7. Flowchart of the operation of the proposed LED daylight control circuit.

4, Results

The experiment has been done at the Faculty of Engineering, King Mongkut’s Institute of
Technology Ladkrabang located in Bangkok, Thailand (latitude 13°43’45.5”" North and longitude
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100°46732.0"” East) with the window-side of the experimental setup (with louver) facing the east
direction. The experiment has been replicated three time under the same sky condition (clear sky) on
the date of 19-21 January 2020 in order to verify the accuracy of the data.

The result from the experimental setup in terms of the effect of louver angles on electrical
parameters and illuminance at 9.30 A.M. has been obtained from the experimental setup. The relation
between the louver angle and various parameters can be illustrated in Figure &. The electrical parameters
consist of voltage, current and power as shown in Figure 8a—c, respectively. When louver angle

increases, illuminance from the workplace also rises due to daylight through experimental test room.

This result in the control unit tried to maintaining illuminance value at 300 lux as setting value by
steady reduced current and power to LED luminaire. The voltage level is steadily rising, but it does
not have any effect on control circuit operation. This value has been further decreased as louver opens
more than 40 degrees due to high daylight intensity in the workplace. The illuminance characteristics
of two luminaire at various louver degrees are illustrated in Figure 9d. From the figure, the value of
luminaire 1 came from the luminaire located at the left-side of experimental setup and the value of
luminaire 2 was located at the right-side of experimental setup according to Figure 5a. The result shows
that illuminance in the case without daylight control circuit has been steadily increased as louver angle
increases, and it immediately rises when the louver opens more than 80 degrees. When installing a
daylight control circuit, it can be seen that illuminance has been reduced compared to the previous case
without the control circuit due to the setting in algorithms that specified illuminance value at 300 lux.
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Figure 8. Effect of Louver angle on electrical and illuminance data obtained from experimental setup at
09.30 AM.: (a} Yoltage; (b) Current; () Power; (d} illuminance on working plane.

For the actual field test at 1.00 P.M., the experiment data in terms of electrical parameters and
illuminance are shown in Figure 10 with the relation between louver angle and various parameters.
The electrical parameters are voltage, current, and power as depicted in Figure %a—c, respectively.
When the louver angle increases, the voltage, current, and power have been steadily reduced, and it
is immediately reduced significantly when louver opens more than 80 degrees due to increasing
illuminance on the workplace from daylight, thus the control circuit reduces power for LED luminaire
in order to regulate the light output from artificial lighting, Hluminance characteristics described
in Figure 9d show that illuminance in the case without daylight control circuit has been a steady
increase as louver angle increases and it immediately rises as louver opens more than 70 degrees.
When installing a daylight control circuit, the illuminance is also reduced similarly to the 9.30 A.M.
period. This result reveals that louver angles have a significant effect on daylighting control circuit
performance over a period of a day.
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Figure 9. Effect of Louver angle on electrical and illuminance data obtained from experimental setup at

01.00 PM.: (a) Voltage; (b) Current; (¢) Power; (d) illuminance on working plane.

The cffect of time on daylight control circuit performance is cvaluated by obtaining power
consumption and illuminance from LED luminaire every 10 min from 9.00 AM. to 400 PM.
The experimental setup is with louver facing east direction. The characteristics of an LED luminaire in
terms of both illuminance and power consumption in the experiment setup with a daylight control
circuit over a period of one day is illustrated in Figure 10a,b, respectively. It can be seen that the
daylight control circuit can operate at the full capacity from 9.00 A.M. to 1.00 PM., while at the period
1.00 P.M. to 4.00 P.M. the daylight control circuit cannot operate. The reason is in the afternoon, sun
moves toward the western direction and the experimental setup does not consist of louver in that
direction, leading to low daylight through louver, hence LED luminaire operates at maximum power in
order to achieve setting illuminance around 300 lux. The proposed daylight control circuit can reduce
power consumption in an experimental setup to 8W with both LED luminaires in some periods of time
and is able to regulate illuminance within CIE standard value.
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Figure 10. Data from experimental setup over the period of one day with daylight control circuit:
(a) Nluminance on working plane; (b) Power consumption.

5. Conclusions

This paper proposed a daylight control circuit in LED luminaire and evaluated its performance
in terms of power consumption reduction and maintaining illuminance value on the working plane
using both simulation and experimental setup. The simulation of luminaire performance and effect of
daylighting on working plane has been done using DIALux software in the aspects of both actual room
and experimental setup that replicate parts of the actual room. The simulation results have shown
the effectiveness of daylight in providing sufficient illuminance on working planes in areas near the
window, thus reducing the power consumption of the artificial lighting by limiting the light output
from the luminaire while maintaining the uniformity on the working plane.

In the case of the experimental setup, the proposed daylight control circuit prototypes and
experimental setup for an actual field test have been built. The rescarch has been divided into two
parts: the effect of louver and effect of the time period on daylight control circuit performance in terms
of both electrical and illuminance characteristics. The louver has a significant effect on control circuit
performance. As a result, it reveals that with a higher louver angle, it results in high illuminance
due to more daylight inlet. Thus, the control circuit reduices power to LED luminaires to maintain
desired illuminance on a working plane. The effect of the time period showed that in the morning
period, the control circuit reduces light output from LED luminaire. However, in the afternoon period,
daylight inlet is less due to the direction of sunlight. This results in the control circuit having to operate
at full capacity in order to maintain illuminance at the required value.

Results obtained from the actual field test using experimental setup have showed the effectiveness
of the proposed daylight control circuit for LED luminaire under differential conditions. It can maintain
the required amount of illuminance on the working plane during the daylight condition, while
significantly reducing power consumption. This has illustrated the potential of using daylighting on
lighting systems to improve building efficiency while maintain lighting quality on for the occupant. So,
future work can implement the proposed daylight control ¢ircuit in actual buildings to demonstrate
the improvement of energy cfficiency in a lighting system.
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Abstract: Electrical energy usage in buildings is a challenging issue because many old buildings
were not originally built to achieve energy efficiency. Thus, retrofitting old buildings to net-zero
buildings can benefit both the owner and electric utilities. In this study, the BEC (building energy
code) software was used to evaluate energy aspects of retrofitted buildings in compliance with
Thailand’s building energy code to achieve a net-zero energy building. In addition, economic aspects
were also studied to verify the feasibility for a project’s owner to invest in a retrofitted existing
building. An existing residential building in Thailand was used as a case study. The results in
terms of energy after retrofitting existing buildings into net-zero energy buildings show that the
total energy consumption can be reduced by 49.36%. From an economic perspective, the investment
cost for a retrofitted building can be compensated by energy saving in terms of discounted payback
period (DPP) for approximately 4.36 years and has an IRR (internal rate of return) value of 19.23%.
This result evidences the potential in both energy and economy for a project’s owner ta invest in a
retrofitted existing building in compliance with the building code, with potential for implementation
with benefits on both electrical utilities and the project’s owner.

Keywords: retrofitted building; building energy code; energy consumption; economic analysis

1. Introduction

In the last decade, electrical energy usage has significantly increased owing to the
rapid increase in global population and economic activity, which have caused a rapid
increase in electricity consumption in residential, commercial, and industrial sectors. To
support the growing economy, electricity providers need to raise the power generation
from power plants, thereby supplying the constantly increasing demand. However, a large
proportion of the current global power generation still relies on energy extracted from
fossil fuels, both oil and gas, which add greenhouse gases to the atmosphere and accelerate
global warming.

This trend also occurs in Thailand, which shifted from being an agricultural nation
with a population distributed across the country to an industrialized country. A large
percentage of the population is moving into cities or industrial areas for work opportunities.
This increases the electrical energy demand, especially in residential and commercial build-
ings [1,2]. According to the Energy Policy and Planning Office, belonging to the Ministry
of Energy, in 2019 the electrical consumption for the whole country was 189,551 GWh,
which implies an increase from the previous year of approximately 4974 GWh (2.62%).
In the residential sector, the consumption was approximately 49,202 GWh, which means
an increase with respect to the previous year of approximately 3997 GWh (8.12%). When
classifying electricity consumption for the whole country by tariff, the apartment type
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or residential building with large individuals fall under a specific business category [3].
In 2019, electricity consumption in this sector was approximately 6794 GWh or 3.5% of
whole country consumption. It also showed the upward trend with 310.62 GWh, or a 3.3%
increase compared to 2018. Thus, there is a challenge in terms of energy demand for the
country [4].

To combat energy and environmental issues, Thailand’s government issued and
implemented the Energy Conservation Promotion Act [5]. This act promotes and enforces
both newly built and retrofitted buildings to implement newer technologies and take energy
aspects into consideration. Thus, it is important to evaluate the compliance of buildings
with building energy codes to ensure that the buildings meet the energy standards and
are economically feasible for the project’s owners to invest in high-efficiency materials,
technologies, and equipment.

An estimation of energy consumption in a building needs to be correctly performed
to assess its characteristics in terms of energy consumption. Models, calibration methods,
and verification through simulation of the energy associated with the entire building were
reviewed. As a result, we identified a necessity of energy estimation to implement suitable
energy-saving measures [6]. In the case of residential buildings, different load curve models
were evaluated and analyzed to provide energy models that consider end uses, habits,
and behaviors [7]. Energy estimation with better accuracy can also determine the suitable
demand side response from the available information with tolerance to estimation error [8].
This estimation methodology to assess the energy consumption in a building has significant
benefits in terms of energy efficiency evaluation and potential energy savings [9].

In terms of energy consumption, research from the European Union estimated the
energy consumption in residential [10] and non-residential buildings [11]. The results
indicate the effectiveness in reducing energy consumption and improving energy efficiency
by incentive policies and strict regulations, which can encourage owners to adopt certain
technologies or energy-saving measures. Another study in Malaysia confirmed the po-
tential to reduce energy consumption by applying energy-saving measures [12]. Other
factors have a significant impact on energy usage patterns and characteristics, such as
different types of buildings [13] resulting from the behavior of their occupants and weather
conditions resulting from climate change [14]. These studies can provide insight into
optimizing energy-saving measures for buildings. The results can be used as a base for
designing building codes and standards [15,16].

A case study of a retrofitted existing building in Brazil showed that the proposed
guidelines and strategies can achieve net-zero energy buildings. Retrofitting was performed
in many aspects of the building, such as air conditioning, lighting, office equipment,
and installed photovoltaic (PV) systems, resulting in a reduction of energy consumption
by up to 46% [17]. To retrofit residential buildings on an urban scale, a data-driven
methodology was proposed as a generalized approach. It suggests key aspects of the
retrofitted process to achieve large-scale operation [18]. Case studies of retrofitted buildings
in Jordan on education building envelopes revealed that simple retrofitted strategies on
building envelopes can achieve energy reduction by 54% and 5.5-year payback periods [19].
From a literature review, it can be seen that the application of newer energy-efficient
technologies to existing buildings has a positive impact on both energy and economic
aspects. This provides benefits to the project’s owner in terms of reducing the energy cost
and the electric utility in terms of increasing the efficiency in the electrical system.

For the energy simulation software, BEC (building energy code) software has been
used, support and approved for evaluating building energy performance in Thailand by the
Ministry of Energy. It is an OTTV (overall thermal transfer value)-based energy estimation
model for commercial buildings using a calculating parameter based on DOE-2.1E software
combined with a database collected by the Department of Alternative Energy Development
and Efficiency (DEDE) [20]. The main functionality is to calculated energy usage in aspect
of envelope systems, lighting density, air conditioning system size and efficiency, other
building equipment and whole building energy consumption in accordance with Thailand
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building energy codes. When BEC software and other commonly used software such as
Visual DOE, eQUEST, TRNSYS, EnergyPlus, etc., are compared, it can be seen that BEC
software is easier for the user, while it maintains all aspects of calculation. However, there
is a limitation in terms of the simulated effect of complex energy saving measured, which
requires additional software for simulation [21].

In this study, we comprehensively analyzed retrofitting of existing buildings according
to Thailand’s building energy code using BEC software. Residential buildings located
in Thailand were studied. Five aspects of the building were evaluated according to the
building energy code: envelopes, lighting systems, air conditioning systems, renewable
energy systems, and total energy consumption. The evaluation was conducted in terms
of both energy and economic aspects to determine the feasibility of retrofitting existing
buildings into energy-efficient buildings. Many studies focus on implementing energy
savings measured in office building or household type in case of buildings in residential
sectors into the zero-energy building. This research aims to focus on apartment-type
residential buildings, which is the common type building stock that has been widely
constructed in urban areas for low to middle income families in the region. Thus, the
retrofitted result from case study buildings can be used as a guideline and can widely be
applied to a large portion of existing residential buildings. Another reason for selecting
residential buildings is the increase in working from home that has become common
practice in various business sectors, which result in a significant rise in energy usage
in residential sectors, However, many government and private sectors do not support
employees in terms of energy costs that arise from working at home. Thus, the retrofitted
process of this type of residential building, especially an apartment type with many units,
into zero energy building can benefit building owners in terms of energy cost reduction.

The paper is organized into five sections: the load characteristics of applicants in
residential buildings and the load profile used as a case study are discussed in Section 2.
Section 3 presents the energy management system and the experimental setup in the
laboratory to test the proposed methodology. The results and conclusions drawn from this
study are presented in Sections 4 and 5, respectively.

2. Building Energy Code

Thailand’s building energy code was developed by the Ministry of Energy and
adopted in 1992 to improve the energy efficiency in the building sector. The regulation
set the criteria for nine types of newly built or retrofitted existing buildings with areas
greater than 2000 m? (including parking area). The categories in the building energy code
for evaluation are presented in Table 1.

Table 1. Types of building in building energy code.

Operating Hour Type of Building

Office Building
Education Building

Group 1 8h

Department Store
Auditorium
Convention Centre
Service Centre

Group 2 1Z2h

Hospital
Group 3 24h Hotel
Apartment/Condominium

The energy building code categorized the types of buildings according to their op-
erating hours and occupant usage patterns. Each group has a separate set of allowance
values for the building envelope, lighting system, and total energy consumption according
to the unique characteristics of each category. Group 1 is operated during the working
hours, that is, from 8 AM to 4 PM on average, which is the period during which sunlight
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in the daytime has a significant impact on the thermal transfer in the envelope and the
light output demand according to the working plane. Group 2 focuses on entertainment
and commercial buildings with operating hours from 10 AM to 10 PM on average. This
categorization needs to consider the fact that the number of occupants in the building
can be high and constantly moving throughout the building, with a variety of lighting for
decoration and cooling loads for the sake of the occupants’ comfort. Finally, the building in
group 3 is categorized on the assumption that there are occupants in the building for 24 h.

To determine whether the evaluated building is compliant with the building energy
code, six aspects of the building must be considered: building envelope, lighting sys-
tem, air conditioning system, water heating system, renewable energy system, and total
energy consumption.

2.1. Building Envelope

The building energy code evaluates the building envelope by assessing the overall
thermal transfer value (OTTV) and roof thermal transfer value (RTTV) of the enveloped
area in a building with air conditioning [22]. This value depends on the thermal properties
of the material and the envelope composition, both opaque and transparent. The standard
sets the calculation methodology based on factors such as the heat transfer coefficient value,
window-to-wall ratio, and equivalent temperature. In addition, for transparent materials,
the solar heat gain, shading coefficient, and sclar radiation are also considered. The OTTV
for each side of the wall can be calculated using Equation (1). Concerning the overall
value, the weighted arithmetic between the area and OTTV for each side of the building is
calculated using Equation (2).

OTTV; = (Upw)(1 = WWR)(TD.) + (uf> (WWR)AT + (WWR) (SHGC) (SC)(ESR) 1)

(A1) (OTTV1) + (Aw2) (OTTV2) + ... + (Awi) (OTTV))
Au + A+ o+ Aw

OTTV = (2)
where

OTTV = Overall thermal transfer value of the building (W/ m?)

OTTYV; = Overall thermal transfer value of the considered side (W/m?)

Uy = Heat transfer coefficient of opaque wall (W/m?-°C)

WWR = Window-to-wall ratio of considered side

TDey = Differential value of the equivalent temperature (°C)

ty = Heat transfer coefficient of transparent wall or window (W/ m2-°C)

AT = Differential temperature between the interior and exterior of the building (°C)
SHGC = Solar heat gain coefficient

SC = Shading coefficient

ESR = Effective solar radiation (W/m?)

Awi = Area in each section of the wall section (m?)

For the roof, the RTTY can also be calculated using a similar equation but substituting
the window-to-wall ratio for a skylight-to-roof ratic and the heat transfer coefficient for
the roof composition, as expressed in Equation (3). For a building with various roof types
using different materials and compositions, the total RTTV can be calculated using a weight
equation similar to the OTTV, as expressed in Equation (4).

RTTV; = (U;)(1 = SRR)(TDy) + (U )(SSR)AT + (SSR)(SHGC)(SC)(ESR)  (3)

(Au1) (RTTVR) + (Au2) (RTTVR) + . .. + (Ayy) (RTTV)

RTTV =
Awl +Aw2+v"+Awi

4)

where
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RTTV = Roof thermal transfer value of the building (W/m?)
RTTV; =Roof thermal transfer value of the considered side (W/m?)

U, = Heat transfer coefficient of opaque roof (W/m?2-°C)

SRR = Skylight-to-roof ratio

Ug = Heat transfer coefficient of transparent roof or skylight (W/m?-°C)
Ay = Area of roof on the considered side (m?)

The calculated OTTV and RTTV from the envelope section of the building will be used
as an index to indicate the efficiency in compliance with the building energy code. The
code sets a different allowance value for the OTTV and RTTV for each building category,
as shown in Table 2, This value was optimized according to the unique characteristics of
the building.

Table 2. Allowance overall thermal transfer value (OTTV) and roof thermal transfer value (RTTV) in building energy code.

Type of the Building OTTV (W/m?) RTTV (W/m?)
Group 1 (Office, Education building) OTTV <50 RTTV < 10
Group 2 (Department store, Conventional Hall, Auditorium) OTTV <40 RTTV <8
Group 3 (Hotel, Hospital, Residential building}) OTTV <30 RTTV <6

2.2. Lighting System

Concerning lighting systems in buildings, the energy code evaluates the energy
efficiency using the lighting power density (LPD), as shown in Table 3. This index can be
calculated by dividing the total power consumption of the luminaire by the total usage
area of the building. However, there is an exception in the case of showcase lighting or
lighting that is not permanently installed in a building. Besides, the parking lot area is
not included in the calculation of LPD. The building code does not specify the required
amount of illuminance on the working plane because there is also a standard regarding the
minimum illuminance requirement for different types of usage [23]. The code allows group
3’s buildings to have the highest LPD according to the design of buildings such that the
space can be divided, for instance, into individual areas in the case of residential buildings,
with high illuminance requirement in the case of hospitals.

Table 3. Allowance LPD (lighting power density) values in building energy code.

Type of the Building LPD (W/m?)
Group 1 (Office, Education building) 10
Group 2 (Department store, Conventional Hall, Auditorium) 11
Group 3 (Hotel, Hospital, Residential building) 12

2.3. Air Conditioning System

In the building energy code, the air conditioning system is evaluated through the
energy performance for each individual unit for both split types and packaged air con-
ditioning units using the seasonal energy efficiency ratio (SEER) as an index, as shown
in Table 4. In the case of central systems, the evaluation is separated into the chiller and
other components. The chiller needs to have a coefficient of performance according to the
standard, while other equipment in the system needs to have a total power consumption
below 0.5 kW per refrigerator tons. However, the case study was an apartment complex
without central cooling and heating; thus, the split-type standard will be discussed.
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Table 4. Allowance SEER (seasonal energy efficiency ratio) value for split type air conditioning unit.

Fixed Speed Air Condition

Size of air condition Label 5 ([ia;iss) IE; lsnteal r)5 ](“; ];tea lr)5

(27’289%012%/}1) 12.85-13.84 13.85-14.84 14.85-15.84 >15.85

(27,2%06?(;)1,;1’1(1012%/h) 12.40-13.39 13.40-14.39 14.40-15.39 >15.40
Variable Speed Air Condition

Size of air condition Label 5 ([_fs]i:iss) (Iias]i:i:) (];:s]i:'ss)

@, 289060%% /h) 15.00-17 49 17.50-19.99 20.00-22.49 >22.50

(27,2890(3%1’92:&0]2% /h) 14.00-16.49 16.50-18.99 19.00-21.49 >21.50

The evaluation standard was derived from the EGAT (Electricity Generating Authority
of Thailand) label 5 standard [24], which sets different tier standards depending on the
energy efficiency of the product that is commercially available in Thailand’s market. In
the case of air conditioning units, the standard provides a reference SEER value for both
fixed-speed and variable-speed (inverter) types of air conditioning units, which can be
categorized by normal label 5 and label 5 with 1 star through 3 stars; the unit with the
highest energy efficiency can receive a total of five 3-star labels.

According to Table 4, variable-speed air conditioning (inverter type) has a higher
efficiency than the conventional fixed-speed air conditioning. For split-type units, the
building energy code only evaluates up to 12,000 W or 40,944 BTU /h. This is because split-
type air conditioning units higher than this limit are not commonly used and rarely found in
the market; thus, the code itself makes an exception for those types of air conditioning units.

2.4. Renewnble Energy

The building energy code also assesses the power-generation capability of renewable
energy and provides a direct reduction of the total energy consumption to provide a
subsidy for project owners aiming at increasing the usage of renewable energy in newly
constructed or retrofitted buildings. A large proportion of renewable power generation in a
building comes from PV systems, while other forms of renewable energy can be calculated
by converting the thermal usage to electrical energy. The PV-system generation capacity can
be estimated by using the area of installation, the efficiency of the entire system (calculated
from Equation (5)), and the effective solar radiation (depending on the location of the
building and the angle of panel installation). The standard approximates the average time
that the PV system has the potential to generate electricity for 9 h. Therefore, the yearly
average electricity produced by a PV system (PVE) can be calculated using Equation (6).

Hsys = Hmodule < }BOS (5)
PVE = (9) (365)Amod775ys ESRpy ®)
1000
where
Amod = Total area of the PV installation {(m?)
Hsys = Efficiency of the entire system
Hmodule = Efficiency of the solar cell module
#BOS = Efficiency of the system balance

ESRpy = Effective solar radiation (W/m?)
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2.5. Total Energy

The total energy consumption of a building is evaluated by the summation of energy
usage in air conditioning systems, lighting systems, and electrical equipment, and the
subtraction of the electrical energy generated from renewable sources. In the case of
air conditioning systems, the cooling load comes from many heat sources that influence
the air conditioning systems’ energy consumption. Thus, the total energy consumption
includes the effect of the heat source from the lighting, air leakage, occupants, and electrical
equipment. The calculation of the total energy consumption can be performed using
Equation (7), which incorporates the coefficient of heat source that affects the cooling load
for different building categories, as summarized in Table 5.

Aw(OTTV) | Ay(RTTV)
n COp_ T COP,

Epa = CH{LPDAC, (EQbQH 30C, (OCCiUg)+24C1,(VENTi) h
i=1 +Ai COP,

+% A(LPD; + EQOD,)y; — (PVE + HEE +ORE)
i=1

where
EQD  =Power consumption of electrical equipment per unit area (W/m?)
OCCU = Average number of occupants per area (1/m?)
VENT = Aircirculation and leakage (1/s/m?)

cop = Coefficient of performance

HEE = Annual heat-to-electrical energy conversion

ORE = Annual average electricity produced by other renewable energy sources
G = Coefficient of cooling load from lighting system

Ce = Coefficient of cooling load from electrical equipment

Gy = Coefficient of cooling load from occupants

(s = Coefficient of cooling load from air ventilation

i = Number of hours of building usage

Table 5. Efficiency coefficient of cooling load in building energy code.

Type of the Building C; (. (O Cy i
Group 1 (Office, Education building) 0.84 0.85 0.90 0.90 2340
Group 2 (Department store, Conventional Hall, Auditorium) 0.84 0.85 0.90 0.90 4380
Group 3 (Hotel, Hospital, Residential building) 1.0 1.0 1.0 1.0 8760

3. Case-Study Building and Retrofit

The building analyzed as a case study is an eight-story apartment type residential
building located in Bangkok, Thailand. The case study building located tropical climate,
which requires no heating system and has a high solar radiation for renewable energy
systems. However, this climate has a high temperature in the environment, which results
in a significant portion of energy consumption coming from air conditioning unit. Thus,
the retrofitted study may provide a benefit to the building owner in terms of significant
energy usage reduction.

The overall structure in the Sketchup diagram is illustrated in Figure 1. The floor plan
of the building is shown in Figure 2. Note that it consists of a commercial area on the first
floor with an area for parking lots, as shown in Figure 2a. From the 2nd to the 8th floor,
the floor plan is similar, with residential units separated by the central hallway and small
sections on the north side for the elevator and stairs, as shown in Figure 2b. The rooftop is
a flat concrete with a metal-sheet open roof and a small section for the elevator mechanical
room, as shown in Figure 2c. This residential building includes individual electric heaters
instead of a central boiler as a hot-water heating system; thus, the case study does not
address the evaluation of hot-water heating.
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Figure 2. Floor plan of the case-study building: (a) First floor; {(b) 2nd to 8th floor; (c) Rooftop.
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3.1. Building Envelope

The current envelope of the case-study building consists of a concrete plaster and
autoclaved aerated concrete, which is easier to build during the construction period. Its cost
is lower than that of new materials. However, its thermal properties are not suitable and
can cause a thermal impact on energy usage in air conditioning systems. Thus, an insulator
will be added to this component to improve the thermal properties in the envelope section
without significant changes to the base component. The thermal properties of all materials
used in the current building envelope are summarized in Table 6.

Table 6. Thermal properties of opaque materials employed in the envelope of the case-study building.

Material Thermal Conductivity Density Specific Heat
(W/mK) (kg/m?) (K] /kgK)
Concrete plaster 072 1860 0.84
Autoclaved Aerated Concrete 0476 1280 0.84
Gypsum plates 0.282 800 1.09
Fiberglass insulation 0.033 32 0.96
Reinforced concrete 1.442 2400 0.92

The composition of the building wall consists of autoclaved aerated concrete and
cement with a dark color for the exterior. The retrofit was performed by installing an
insulator and gypsum board with a small air gap to increase the heat resistance of the wall
section. This can be easily done and does not require removing the old building skin. The
material and composition of both the current and newly retrofitted envelopes, including
thermal transmittance (U-Value), are reported in Table 7.

Table 7. Composition of opaque materials employed for the wall of the case-study building. U-value: thermal transmittance.

Composition Detail Thickness (m) U-Value (W/m2K)

Concrete plaster 0.010

Base case Autoclaved Aerated Concrete 0.200 1.634
Concrete plaster 0.010
Gypsum plates 0.015
Fiberglass insulation 0.100

Retrofitted case Air Gap 0.100 0.396
Autoclaved Aerated Concrete 0.200
Concrete plaster 0.010

The material and composition of the current rooftop consist of steel-reinforced concrete
with an air gap as an insulator and gypsum board. In the case of retrofitting, only a one-inch
thermal insulator was installed over the gypsum board to avoid weight burden on the
ceiling holder. A simplified diagram of the components of the roof material, details of the
material in the component, and thermal properties are listed in Table 8.
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Table 8. Composition of material and thermal transmittance of the roof in the case-study building.

Composition Detail Thickness {m) U-Value (W/m?K)

; j Reinforced concrete 0.15

Base case Air Gap 0.1 1.368
Gypsum plates 0.015
g Reinforced concrete 0.15

Air G 0.1

Retrofitted case A 0.445
Fiberglass insulation 0.05
Gypsum plates 0.015

The transparent section of the building is only composed of windows with 6 mm
clear glass. The retrofitted window is a double-pane type with the inner side made of
ocean-green float glass and the outer side made of clear float glass with a low-e coating. The
composition of these two types of windows and their thermal properties are summarized
in Table 9.

Table 9. Thermal properties of transparent materials employed in the envelope of the case-study building. SHGC: Solar
heat gain coefficient.

Material Composition ThickuEs U-Valua
i (m) Wim?k)  SHGC
Base case Clear float glass 0.06 574 0.82
. Clear colour single silver
Retrofitted case 0.06-0.06-0.06 * 2.73 0.4

low-e coat on ocean green

* Thickness value of double paned glass consists of outer glass-air gap-inner glass.

3.2. Lighting System

The case-study building currently has two types of luminaires installed as lighting
systems: fluorescent devices on the central zone, and compact fluorescent (CFL) devices
in each individual room. The replacement luminaire for these lighting systems is an LED
luminaire of both tube and bulb types with more luminous efficiency than the currently
used luminaire. The specifications of the current luminaires and their replacement for the
sake of energy efficiency are summarized in Table 10. The illuminance on the working plane
of both the currently used and replacement luminaire provides a similar light output, that
is, 200-300 Ix in rooms and 100 Ix on corridors, according to CIE (International Commission
on [llumination).
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Table 10. Specifications of luminaires employed in the lighting systems of the case-study building, CFL: compact fluorescent.

Currently Used Luminaire

Luminaire Power consumption (W) Lumen (Im) Luminous Efficacy (Im/W) Number
CFL bulbs 20W 1200 60.00 1227
CFL bulbs 40W 2500 62.5.0 8
CFL bulbs O0W 3800 63.33 189
Fluorescent T8 18w 1050 58.00 235
Fluorescent T8 32W 1780 55.625 403

Replacement Luminaire

Luminaire Power consumption (W) Lumen (lm) Luminous Efficacy (Im/W) Number
LED Blub 9 W 950 105.55 1227
LED Blub 14w 1450 103.57 8
LED Blub 27W 3000 111.11 189
LED Tube 9W 1050 116.67 235
LED Tube 8w 1800 100.00 403

Note from Table 10 that the replacement LED luminaires provide similar light output
in terms of lumen compared to the currently used fluorescent luminaires. However, the
energy consumption is significantly lower than that of conventional fluorescent devices,
thereby achieving a higher luminous efficacy. This also results in a significant reduction
in power consumption in lighting systems and improved lighting aspects of the building
energy code in terms of LPD compared to previously installed luminaires.

3.3. Air Conditioning System

The air conditioning unit currently used in the case-study building is a split-type
conventional air conditioning unit that has been employed since the construction of the
building. However, the unit is aging and has low efficiency because of the technology at
the time of installation. Thus, the replacement unit is a variable-speed type (inverter) that
has a significantly higher SEER than the current one. These units require lower power
consumption while maintaining the cooling capacity and providing the same amount of
thermal comfort as the currently used unit. A comparison between the specifications of the
currently used and replacement air conditioning units is shown in Table 11.

Table 11. Specifications of air conditioning employed in the case-study building. SEER: seasonal energy efficiency ratio.

Currently Used Air Condition

Type of Air Conditioning Unit Cooling Capacity (BTU/h)  Power Consumption (kW) SEER (BTU/h/W) Quantity

9000 0.700 12.850 38
Fixed speed 12,000 1.065 11.267 36
18,000 1.570 11.460 42
Replacement Luminaire
Type of Air Conditioning Unit BTU/h Power Consumption (kW)  SEER (BTU/WW)  Quantity
9000 0.600 24.00 38
Variable speed 12,000 0.930 22.50 36
18,000 1.470 20.81 42

3.4. Renewnble Energy

Renewable energy in the retrofitted building comes from solar power generation
installed on the rooftop of the building to generate electricity and provide a reduction in
total energy consumption. Concerning the renewable energy system in the retrofitted case,
a PV was installed on the rooftop to compensate for the total energy consumption. The
building rooftop has an installation area for the PV of approximately 630 m? because of the
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space required for maintenance and the avoidance of shadows on the panel itself. Thus,
the total generating capacity of the installed PV system was 70 kWp. A monocrystalline PV
panel was selected because of its high efficiency. In addition, the panel was installed with a
15-degree tilt angle and faced the south owing to its potential to receive the highest solar
radiation and generate electricity at the highest possible capacity [25]. The specifications of
the installed PV system are summarized in Table 12.

Table 12, Specifications of the installed PV.

Capacity (W) Quantity Efficiency
Monocrystalline Photovoltaic panel 370 220 18%
Inverter 25,000 3 98%
Total System Efficiency 18%

4. Retrofitted Results

The evaluation of existing buildings retrofitted into net-zero energy buildings in
accordance with Thailand’s building energy code was performed using the BEC software.
The assessment was conducted from the perspective of the energy performance of a
retrofitted building and its economic feasibility. This can provide the project’s owner
with sufficient information to determine the possibility of implementing energy-saving
technologies in a retrofitted building.

4.1. Energy Results

The case-study building was evaluated according to Thailand’s building energy code
in terms of five aspects: building envelope, lighting system, air conditioning system,
renewable energy, and total energy consumption; the hot-water system was excluded. As
previously mentioned, the case-study building is a residential building without a central
boiler acting as a hot-water system. The software evaluated the whole building energy
consumption by using Equation (7) to combine the energy used in the air conditioning
system, the lighting system, the renewable energy system and other equipment. The BEC
software calculated energy usage in the air conditioning system as follows: the thermal
transfer parameter was calculated by using thermal properties of materials used in the
envelope. The thermal from the lighting system was calculated by using the building type
coefficient from Table 5 and total wattage of luminaire. The occupant and air leakage are
the average values from the specific type of building and has been calculated from data
from DEDE. Finally, the efficiency of the air conditioning unit installed in the building
that will be input for calculation. For the lighting, the software can be calculated directly
from the input wattage into software. The renewable energy will be calculated by reference
location of the building for meteorological data and input sizing of photovoltaic panel.
This whole building energy consumption will be compared with the Thailand’s building
energy code to evaluate the result. In addition, the BEC software also assesses the energy
performance in each category and determines the status of the building in compliance with

the building energy code.

4.1.1. Building Envelope Section

The results from the evaluated case study building with the BEC software summarized
in Table 13 shows that such a building has an OTTV higher than the standard allowance.
This is because concrete plaster and autoclaved aerated concrete used in walls have a higher
thermal transmittance. In addition, the clear float glass also has high thermal transmittance,
which results in the failure of the OTTV standard. However, the roof of the building has a
large air gap between the reinforced concrete and gypsum. This area can act as a resistance
to heat exchange from the environment into the interior of the building, thereby affecting
the fulfilment of the standard allowance of the RTTV. After retrofitting the building, note
that the OTTV passing the building energy code is significantly reduced in the presence
of an insulator and air gap. The RTTV can be further reduced by installing an insulator

140



Appl. Sci. 2021, 11, 1398

13 of 19

above the gypsum board. These two indices were improved in the retrofitted case. This
can decrease the effect of thermal energy from the environment on the cooling load and
energy usage in the air conditioning unit.

Table 13. Thermal transfer values (W/m?) in comparison with building energy code.

Building Energy Code Base Case Status  Retrofitted Case Status

OTTV 30.00 45.490 Failed 20.242 Passed
RTTV 10.00 9.961 Passed 3.679 Passed

4.1.2. Lighting System

Concerning the lighting system, the luminaire was replaced by fluorescent devices
with LEDs to improve the energy efficiency. For the retrofitted case, the location and
quantity were similar to the base case. The results from the BEC software evaluation
(Table 14) reveal that the base-case lighting system has an LPD fulfilling the energy code.
However, the value approaches the upper limit of the allowance level. This can result
in unfulfillment of the energy code in the future, if the government decides to lower
the LPD further to pressure building owners to adopt newer technelogies. Thus, in the
retrofitted case, the luminaires were replaced with LEDs to increase the energy efficiency.
The results from the retrofitted case show that the total power consumption and LPD were
reduced significantly, while the light output provides the same amount of illuminance on
the working plane and light comfort as the currently used luminaire.

Table 14. Evaluated results of the lighting system in comparison with building energy code.

Base Case Retrofitted
Total Power (W) 71,132 25411
Power density (W/m?) 9.530 3.405
Power density of energy code W/m?) 12.000 12.000
Status Passed Passed

4.1.3. Air Conditioning System

Concerning the air conditioning system, the unit was individually evaluated using
the BEC software, as shown in Table 15. The results in the base case show that the currently
used fixed-speed air conditioning unit has a SEER equal to the standard value in the case
of a 9000-BTU air conditioning unit. Both the 12,000-BTU and 18,000-BTU units failed in
meeting the energy code, presenting a SEER lower than the standard allowance. This results
were from the aging of the air conditioning unit and the technological limitations when it
was installed. Thus, the retrofitted case proceeded by substituting all of the air conditioning
units for variable-speed units. This is a recent technology with a higher efficiency. As a
result, all of the air conditioning units in the retrofitted case have a significantly higher
SEER than the standard level, thereby allowing the retrofitted building to have some
margin when the units age and the standard is to be adjusted to stricter levels in the future.

Table 15, Evaluated results of the air conditioning units in comparison with the building energy code.

Type of Air Conditioning Uit~ C%ing CAPely gpg grumywy) - BUilding baetgy Code Status
Pixed speed 9000 12.850 Passed

o P 12,000 11.267 12.85 Failed

(Base case) 18,000 11.460 Failed

9000 24.00 Passed

Variable speed (Retrofitted case) 12,000 22.50 15.00 Passed

18,000 20.81 Passed
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4.1.4. Renewable Energy and Total Energy Consumption

The total energy consumption provided by the BEC software in Table 16 reveals that
in the base case, the net energy consumption is lower than that of the reference building
according to the standard. However, the gap between the standard allowance and net
power consumption is considered to be small when the building energy code is revised
in stricter terms. In the retrofitted case, the building energy consumption was reduced
significantly with respect to the base case by approximately 41% for the envelope, lighting,
and air conditioning systems. Concerning renewable energy, the BEC software outputted
that the installation of a 70-kWp PV system can generate electricity for usage in buildings
up to 87,000 kWh /year. This generating capacity can directly reduce the building energy
consumption, resulting in further reduction in the evaluated consumption.

Table 16. Total energy consumption provided by the BEC software.

Base Case Retrofitted Energy Saving
Building energy consumption (kWh/year) 1,109,565.065 648,991.600 41.51%
Energy from renewable energy system (kWh/year) - 87,043.30 -
Evaluated building net energy consumption (kWh /year) 1,109,565.065 561,948.30 49.36%
Reference building net energy consumption (kWh/year) 1,531,587.941 1,531,551.704 -
Status Passed Passed -

4.2. Economic Indicator

From an economic perspective, two economic indicators, namely the internal rate
of return (IRR) and DPF, were used to determine the feasibility of the retrofitted existing
building in compliance with the building energy code. The investment cost in terms
of material and labor costs in the retrofitted case was referenced using the Comptroller
General’s Department (CGD) database. The energy cost in terms of electricity fees is
referenced to in the Metropolitan Electricity Authority.

4.2.1. Discounted Payback Period (DFP)

Economic indicators were used to evaluate the feasibility of the retrofitted building
envelope to determine the optimal material and composition in terms of both energy and
economics. The simple payback period (PP) can be used as a simple indicator for the
project; however, it does not consider the time value of the money; besides, it may not
reflect the project’s actual cash flow and may lead to a false conclusion. Thus, the DPP,
which is the period required by the cumulative discounted cash flows to return the initial
investment, was used.

4.2.2. Net Present Value (NFPV)

The NPV is the value of a future cash flow over the projected lifespan, assuming that
money in the present has more value than money in the future owing to factors such as
inflation. This indicator can be used to express the project’s profitability. A positive NPV
means that the project in the present state exceeds the cost, which indicates that it is feasible
to invest with a return exceeding the anticipated amount [26].

4.2.3. Internal Rate of Return (IRR)

The IRR is an economic indicator used to assess investment feasibility. The discount
rate makes the present value of all expected future cash flows equal to zero. This is the
discounted rate that causes the NPV to be zero [27].

The DPE, NPV, and IRR are commonly used indicators to assess a projects’ feasibility.
Thus, they were used in this study to provide projected owners with economic information
to invest correctly in retrofitted buildings in compliance with the energy code.
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4.3. Investment Cost

The evaluation of the economic feasibility using economic indexes for the retrofitting
of existing building projects can be done by calculating the investment cost in comparison
with the energy cost savings that can be achieved after retrofitting. Thus, the investment
cost for retrofitted existing buildings reflects the cost of material and labour. An investment
from government projects in term of material and labour cost must comply with the
CGD, belonging to the Ministry of Finance [28]. Standardisation materials and labour

cost must be considered; thus, it constitutes a reference for investment cost calculation.

The investment cost for retrofitted building envelopes, including the material, labour, and
electric equipment, is summarised in Table 17. Note that the material and labour costs for
insulators are not expensive. However, the higher thermal efficiency glass for windows
can result in an increased cost in the retrofitted building envelope.

Table 17. Material and labor cost for retrofitted projects in the envelope section.

Material Name Cost Per Unit Labour Cost Per Unit Total Cost
(USD/m?) * (USD/m?) * (USD/m?) *
Autoclaved aerated concrete (20 em.) 1247 2.60 15.07
Concrete plaster 4.00 2.67 6.67
Reinforced concrete 326.27 67.10 393.37
Gypsum plates 10.63 2.50 1313
Fiberglass insulator (5 mm.) 8.33 0.83 9,16
Fiberglass insulator (10 mm.) 16.67 0.83 17.50
Clear float glass 645 0.37 6.82
Clear color single silver low-e coat on ocean green 56.00 4.00 60.00

* The exchange rate is 30 THB (Thai bath) per 1 USD.

The equipment and installation costs for the lighting system is summarized in Table 18.
The air condition system is summarized in Table 19, and the PV system is shown in Table 20.

In the case of lighting systems, the equipment cost for LED replacement is low because of
the cost of luminaires, which continuously decreases thanks to the constant development

of technology. However, the installation cost is fixed, even for different types of luminaires.

Concerning the air conditioning system, the installation cost is included in the cost of the
air conditioning unit. Finally, regarding the renewable energy, the cost of PV panels and
inverters was significantly reduced over the past decade. By contrast, the cost mainly
includes the removal of the metal sheet roof on the roof top and the construction of the PV
system structure.

Table 18. Equipment and installation cost of lighting systems.

Luminaire Quantity  Price Per Unit (USD) Installation Cost Per Luminaire (USD) Total Cost (USD)
LED Bulb 9 W 1227 2.57 4.00 8057.30
LED Blub 14 W 3 215 4.00 204.00
LED Blub 27 W 189 31.23 4.00 6659.10
LED Tube 9 W 235 4.97 4,00 2107.17
LED Tube 18 W 408 5.53 4.00 3841.93
Total 20,869.50

Table 19. Equipment and installation cost of air conditioning system.

Type of Air Conditioning Unit BTU/h Quantity Price Per Unit (USD) Total Cost (USD)
Variable soeed 9000 38 57333 21,786.67
| rtp 12,000 36 643.33 23,160.00
(Inverter) 18,000 42 863.33 36,260.00

Total 81,206.67
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Table 20. Equipment and installation cost of renewable energy system.
Quantity  Price Per Unit (USD) Installation (USD) Total
Monocrystalline panel 370 W 220 125.00 - 27,5000.00
Inverter 25 KW 3 6500.00 - 19,500.00
Structure and miscellaneous electric equipment - - 10,000.00 10,000.00
Installation cost - - 26,666.67 26,666.67
Total 83,666.67

4.4. Economic Results

An economic result can be evaluated by calculating investment cost and electricity
cost reduction. The electricity cost in terms of time of use tariff (TOU tariff) for the case-
study building is 4.3297 baht per kWh or 0.14 USD per kWh [29]. The interest rate used to
calculate the present value in this study was 1.75% according to the forecast of the Bank
of Thailand [30]. The maintenance factor for the building envelope, which includes the
deterioration rate of the building material, was set to approximately 0.8% per year in this
study. The results in terms of net energy saving from the BEC software in the case of a
retrofitted building were used to calculate the energy cost savings in terms of electricity fee,
as summarized in Table 21. The annual cash flow from the retrofitting project for 10 years
is comprehensively shown in Table 22, and the results in terms of economic indicators are
shown in Table 23.

Table 21. Energy cost saving after retrofitting a building,.

Energy Consumption (Unit/year) Electricity Cost (USD/year)
Base case 1,109,565.07 155,339.11
Retrofitted case 561,948.30 78,672.76
Total saving 547,616.77 76,666.35

Table 22. Annual cash flow of the retrofitting project.

Year Initial Cost Maintenance Energy Unit Saving Energy Cost Cash Flow  Future Value Balance
Factor (kWh/year) Saving (USD) (USD) (USD) (USD)
0 319,081.00 - 547,616.77 T (319,081.00)  (319,081.00)  (319,081.00)
1 0.80 543,235.83 76,053.02 76,053.02 74,561.78 (244,519.22)
2 s 1.60 538,854.90 75,439.69 75,439.69 72,510.27 {172,008.95)
3 - 240 534,473.96 74,826.35 74,826.35 70,510.55 (101,498.41)
4 - 3.20 530,093.03 74,213.02 74,213.02 68,561.36 (82,937.04)
5 L 4.00 525,712.09 73,599.69 73,599.69 66,661.51 33,724.46
6 L 4.80 521,331.16 72,986.36 72,986.36 64,809.80 98,534.27
7 - 5.60 516,950.23 72,373.03 72,373.03 63,005.08 161,539.35
8 - 6.40 512,569.29 71,759.70 71,759.70 61,246.21 222,785.56
9 - 7.20 508,188.36 71,146.37 71,146.37 59,532.10 282,317.66
10 - 8.00 503,807.42 70,533.04 70,533.04 57,861.66 340,179.32

Table 23. Economic results for the retrofitted case.

NPV (USD) DPP (years) IRR (%)
Retrofitted case 340,179.32 436 19.32

The tables show that the initial costs are high. However, the income in terms of energy
cost savings can compensate for the investment cost each year. The amount of energy saving
is decreasing each year from the aging of equipment and some maintenance requirements,
which are included in the maintaining factor. Concerning economic indicators, the energy
savings from retrofitted existing buildings can achieve a DPP within a period of 4.36 years
and has an IRR value of 19.23%, which can quickly pay back an investment and constitutes
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a very attractive investment indicator. An assessment based on economic indicators reveals
that the retrofitted project is feasible and has the potential to return an investment to
the project’s owner. This means a lower price resulting from high-efficiency materials
and equipment.

5. Conclusions

We presented a feasibility study on the retrofitting of existing buildings in compliance
with Thailand’s building energy code. Five aspects of the building were evaluated using
the BEC software: the building envelope, lighting, air conditioning, renewable energy and
total energy consumption. The assessment results for the base case reveal that the building
does not meet the standard in the envelope section and air conditioning system, while
the lighting system and total energy consumption are still within the standard allowance.
However, the values are close to the standard limit. Therefore, they can stop fulfilling
the standard in the future in cases of aging equipment, materials and revision of building
energy codes.

The retrofitting of the case study was performed and assessed in compliance with
the building energy code using BEC software. According to the results, the envelope was
improved by installing an insulator in the wall and roof, and the window was changed
into high-energy-efficiency glass, which allowed the building to fulfil the envelope section
of the building code. The lighting system was also retrofitted by substituting fluorescent
lumninaires with high-energy efficiency LED luminaires, which can provide a significant
reduction in energy consumption and maintain the same amount of illuminance on the
working plane. Concerning the air conditioning system, the fixed-speed air conditioning
units were replaced with variable-speed (inverter) air conditioning units. The replacement
unit has a double SEER value compared to the base-case unit, which results in the same cool-
ing capacity and decreased energy consumption. In the retrofitted case, a PV system was
installed, and the metal sheet roof was removed such that the generated power significantly
reduces the total energy consumption with respect to the reference and base-case building.
Thus, the retrofitted building can reduce the energy consumption by approximately 48%
compared to the base case. The result has shown that a reduction of energy consumption,
by completely retrofitting the building to be of an energy efficiency similar to the case study
building, has the potential for an energy saving estimate of around 3000 GWh.

From an economic perspective, the economic indicators show that retrofitted existing
buildings have potential in terms of feasibility and investment attractiveness, with an IRR
value of 19.32% and a DPP of approximately 4.36 years. From both energy and economic
perspectives, retrofitted existing buildings in compliance with Thailand’s building energy
code can benefit project owners with a fast payback and the possibility of generating
profit in the long term. In addition, electric utilities can also benefit from a reduction
in investment in utility upgrading and provide energy efficiency for electrical networks.
However, there must be policy, support and incentive from both private and government
entities to initiate the energy savings measured by retrofitted existing buildings in order to
achieve energy saving targets.
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