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This thesis investigates the study guidelines for setting policy regarding virtual
power plants (VPP) for maximum benefit. The simulation is formed into the problem
in ordering the operation of power plants in the system to have the lowest cost, taking
into account the allocation of distributed resources in the system in Thailand, namely
small power producer and very small power producer in the form of a virtual power
plant. This will result in a virtual power plant management process that has limitations
in the amount of daily production capacity and a tool and method for analyzing the
value of the electrical power of the virtual power plant that will be used in the
management of the electrical system to produce electricity with the lowest total cost.

In carrying out the research, the process for ordering the start-up of power
plants will be developed, considering the allocation of distributed energy resources
(DER) in the system in the form of a VPP. An analytical study using a standard testing
system and a comparable system for Thailand's electrical power systems was also
conducted. The results are analyzed and summarized as recommendations for real-
time locational electricity price (RLP) analysis and setting policies in the field of virtual
power plants in Thailand, to have a VPP management process that has limitations in
the amount of daily production capacity including tools and methods for analyzing
the value of electrical power of VPP that can be used in managing the electrical power
system to produce electricity with the lowest total cost. The study also includes the
reduction in fuel costs in Thailand when there is a process that allows small, non-firm
power plants to work in a firm manner. In addition, they developed the most
appropriate method for managing distributed resources under the form VPP model

using the optimal particle movement method.



The results of the area-based optimal power dispatch study developed in this
research make it possible to analyze RLP, reflecting the characteristics of electricity
use. RLP can be used as a factor in considering promoting VPP in areas that will be
effective for the electric power system and can be used as a variable in determining
trading prices with service providers in the form of VPP in the future. Supporting VPP
in each area also involves other factors such as energy balance, Electricity production
in each area, tie-lines between areas, investment, system stability, resources,
environment, and economic growth of each area, etc.

In addition, from the research, the VPP behaves like an energy storage system
that can be allocated in the system. The VPP work plan can be arranged according to
changes in electrical energy use according to the time of day to benefit in reducing
the system's production costs. In this way, if production costs are used according to
actual time periods, VPP will be able to allocate resources, be able to buy electricity
during periods of low electricity use and sell it during times of high electricity use and
high prices. It will bring benefits to both the electrical power system and the VPP. This
is the nature of the trading model that will benefit all parties. It will be a model that
uses real-time electricity costs. and will be able to drive VPP investment and make

non-firm electrical resources in the system have firm characteristics.
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lssliadousonisidinalulag duaeiiion1sdnnisunandsunied

Y

= =

nszdnnszanglinuduidueienameniu Jandelsdndiadouduwes uayldinalulad
SumesitaUszauassnds (oT) Aumaluladlgyauszivg (A) Tunssaumundnua sauds
= W 44' Yo o a = ' a
AIVANNITIBNsBAUTEUL Walasunisnivaukasadunsinelssliinaiion uwrandn
[ & o LY <3 o [y 1 = a a 3 1Y
WFWUVWIAANTINTEINNTZAY (DERS) Ngniundanised1aiiuszdnsaim Melunisgadu
gumudAuIINMIHEn wavdeanludisiiviauaay Tsslniialiowdadunuimauideym
niludruvaanmanisuinuazlusuguasd (Demand side) ieazaiiiun1sdnnislaegia
= d Yy o ¢ a A o«
505U lselnialioussdesinuaiunsalunisaiuaugunsainisndnuasiaiasiianiuny

I [

nszwaliinfilegnsednnszanulauuiiaiass (Real-time) Muwaluladdumasinuszanu

Y



asswas agnostedunanisaluazniunugunsaiingg wuunidlng niousialdesdaiiug
nmaluladdgyuszdns lunisaanisaiuTualiifndeldanndaunaunuuay
U3unaanudeanisidluivesdiuilag Fatovuaiiie wihemsadrafionisusuiiiu-an
Unasegsasdeanasulug dliRnnswanilifvesds venanil Sudldiutiglunisan
Hoymsnundsuiniinmisiaslutiagtu fe n1sanUTunmaueu (Decarbonization) Lile
anmsinfedeunsyan wenanil Anuawsavedsslifiaiioud iilnaluunnnitidy
Hevhnuswdvszuudansndanumuledauvesiuilaa Tsdwiiadouamsaaiiauas
afuayunsieuresuimsuianssusineg e degratu ndanuildldgnldausudy

HAHNNLIIPLanPUEUaIA FgNUBIITILAA T UIAUNS I UNNER

P Grid
\‘\EAEJ owe; ;l .
o 1Y AA

v

Negawatt Trading

Application
‘ ‘ of loT

o ==
il @
< " i -2
Wind Power V' rtu a I Demand control on the
Power Pla nt demand side
PV g @@
In(egrated control of Locally produced and
distributed resources consumed energy \
Lbg Large- scale PV
’% ’ HEMS
— a ;
% . 1 1 I a s Q Hz0ne
<7 Hydrogen Energy
N ﬂ)- P44 Storage System
Residential Full Cell Battery Energy Biothass Combined Heat
System Storage System & Power

JUN 2.1 sadusenavvedlstlniaiiou

Jeruvedlsalnidaiioundunesusuiunnsvatense “Isslndvaiiowdu
o A I 1 a [ < a [ P [ A
msthiaueguuuufidavguvesunamanndsnuuundniinssdnnszane (DERs) Mldldiies

'
o v a d

N135UsINMadnfinszareeg wadudunisadielusindnisyiauainnissiuiuees

W5 RS TUUaNdNuYNEUa WIAARNEILILAENTiNsETANsEAE WA RaLaY T

Fos1in [Bauddefu (Pudjianto, D., Ramsay, C., & Strbac, G., 2007)
wonaniddidonuiiansaizaslufinnsldvenursdadudledod dayves

Tsslinatiouds “Iselndnadioudunisldssuvaanuisiunisdanisszeslnanasdnlula
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Y o d' d' = 3 a v £ = [ [
WWNLQ@UI%ﬂWiV]’N’]‘U‘VIm?,J’]%VlEjWUENLﬂi’ENﬂWLUQIWWW M3IANISAUlan UsBITUUANLAU
v d{' v 2 aa LY a
nasuluszuuweuAeiuUNdAMUUasnfusEuUmel (Asmus, P., 2010)

wise1vvrienlinsourquldidy dayan1ssusiuura mdandsuuue

a

\anfinszdanszans (DERs) (1) Mdeuserudisszuuaiuay (2) aeldmalulagdaisaume

wazn1saeans (ICT) Inalsslniaiiouvininndudiuprandsnusaiulalussuulniifids

T

(3) Gﬁq%L%@uag'ﬁ’mzwLamaLLazmmmLﬂulﬁﬁ’quLLUUﬂqé’uLLazwai’m (Plancke, G., De

Vos, K., Belmans, R., & Delnooz, A., 2015)

[ (%
Y

d A I~ Y v Y o a 1
nilsdliadouoradulaiigunissiusmamsuansegeglusyuu
(Generation Aggregation) #159913g1duN15USMSIANSRRUALBIA U IR (DR) Fauaslain
Wunisvinnssiusiulvan (Load Aggregation) Tutdiavealsslniiaiou wSoeadivie 2

drwisznauiuduguuuulsebniatiowdeanls
2.1.2  Yupeunisaniusuvadlsslninaiiouliae

1 a [ & o %
1) AMITIUTUNSINAANSINUVUIAENTINTZIANTZAE (DERS)
Tutunounsnroansaniunisissiiadonaviumsnusmuraman
o & a o A Y a )

nRsUBINAENTANsEdaNsEnenliegluszuu Useneusig nswanlnihuwuunszateds (DG),
suUAnNAUNE9 (Energy Storage System, ESS) sauvialanuuudinugu wian1snavauss
auluan (DR) Yayanidifayiilornissiuriunisuanlufiwuunszateis uwausenausied
wUsNAEIMDIAUNITUTMITIANIS U NBalE A8 AUNITIAULATRIN DALY 1Tl AMEInIS
HART LT85TV RTINTINanfIaebwin (Ramp-rate) N15AIVANLIIAY (Voltage
Regulation) uazmaswdndises velinissiusaumseanlniinuunszaied e1afilavsanu
gUnu (Supply side) fia N1suanluiwuunIzaesa (DG) wazsugUasd (Demand side)
AaN1sRavauImIaIulnan (OR) lasluansgowsnislsslninaiauazdsznauluaigis

nsudalniinuuunszatedl (DG) wagnisnovauesstulvan (OR) duluglsudiuninagdl

wnzlsslwihadousnugUasdmdunisudaliiuuunszatada (DG)

2) SLUUMUAY
luszvumruaufinevaussnsandurugluuulsdduinaidouasdas
ansavbilsdliinadougnuesiuindudfyaaanisluszuunisgevigliii laei

T53liadou AL T0UTUITINNITLARL LA EANA I UIUIALANTINTLAANTE218 (DERS)
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v oy
[ v

Aa = Y 1w I3
nieglusyuuvedselniiadiouldduiu Msilssuunivauaiunsawenesndussuuniuay

dunand (Centralized System) Ga.uni1smrvaussuuliiaiasigusmsszuulnily

=

Usmsannseesaandaluinazlselidvaiioundeglussuu wasludiuvaalsalnidaiiou

Y

sgidunisauauluil uf v eszuuwuunszanadue (Local control or Decentralized

System) lngsyuupIugNaziiniseuseiumesyuudeans dawandlugun 2.2

% < %
Lok Load

Generator #1 Generator #2

Decentralized ~
DERs #2 (Wind)
]

System

(ESS, DR) /
7/

e e e e ey

Power System

DERs #1 (Solar)
Load #1 Load #2

(Distribution System) (Distribution System) P lized ~£
- DERs #2 (Wind)

DERs #n (ESS, DR) /’

JUT 2.2 msdnduanuedsednfinaiioulussuulnimgs

3) unulussuulninnnga

o w

unumvedlssliinadoulussuulnihidadudddyunnlunisiae
Tiusnasfanislii neguuuuvesseludnadeousiaudssoniulsdluinadouids
\WiswgA1ans (Commercial VPP, CVPP) waglsdlnaiiowdamailia (Technical VPP, TVPP)
(Pudjianto, D., Ramsay, C., & Strbac, G., 2007) Tunawsiulselvdnadouarunsasaglunis

UImsdnnmsseuulihmddlevainvangunum faanslugun 2.3
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g Grid services

Portfolio
management

o
Wholesale

Energy services Market trading

Contract
optimization

JUN 2.3 unumvedsaliinaieulussuulniiaig

2.1.3  anwauzvasszuulWindilsslviatoulusnsssmea
! [ I 1 [ & =¢ =
WEINANIULUUNTEANY (DERs) LUMMAMAINUULIAENT0UIANG1S B
RansudiusTuUTIMiiY FaUsznausme w3esiudaldiiwuunszaneds gunsaliniiu
WA (wusmeiawiaan) uasluanliifiaiunsonivauld wu seudlida (Ev) Ty
AUSOU (Heat pump) ¥3e N1smevausinIulnan (DR) (IRENA., 2019)

[ [ v

lefuuvesuvamENIULUUNSYINE (DERS) Fsaufiassuuinifiundsay
(£SS) anasagsiaiiios vilvdinsldmaluladdenanunty wasdwaliddidiusoue
Tl Tumaandsudnliudnistemaluladfnsn wenaniu widmanndnuwuin
\EndinsedanszaneAdudinlonamsilsdlilndi Tneddndndislunisuimsdnnisnslé
n¥auvosfldlailifinuavguinnty wawdandsurnadniinssdanszaie el
Ustlovilumansaniuanisiiihwisisfudouasl i warasdamalvid ausslomigean
Tunsiuldeudefinsnuaussuegsiiussans mmuasimngaulnefinnsaniass vy

BIATINTIATOUAGUN VI UUADAUsYauTINAuluY N9 du
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nMsmuTundsnuliihfiausedadnsyuuldnunamdandanuauindn
Anszdnnszneliiiuiinanazamnn ieinguszasdlunsliuinsmandsnulding
naNuate Lan1sALEIUNITNIULETIVTI (Aggregators) Favhlndaulniafissusauanle
annsodsdedssuulfatewdulsdih wieildunilsalwinaiiow (vPP) Fsanunsads
Huasos Srelvan munnudenishiin wsenelddyansdeveliilalsdwinaiiou

a v

dudunsriuszruumugaiildssuumaluladansaumnasiuagud Jsiildoyansinsalennie
wensalaudosntslii siadenelui uasuuldunsudnuaseudosn1slud e
IFndensmandunganlunsandunisdeieliiihvesumamdnndaurwndniinsedn
ﬂizmanmﬁaﬁagﬂﬂuiwukﬂlw%Laﬁawﬁm
mi@i’wLﬁum'ﬂsql%lﬂwLaﬁauﬁjdgammamimmmﬂ"ﬂaﬂLﬁ@JGﬁuL‘%aa 9 210
762 &ruvdoyansy il a.a.2016 aansaiinasduladuie 4,597 Suvdoyansy fe
Ssnudvlavszanaienay 25.9 el lagldinisdndengmneuarsuuuulunisdenelnii
dmsulsslninationlunansUsene enfiiiu soawside seawse waBey wosud Hiuaa
AUNNSN LLsEsHAUR ans1eIdns ansgowini tudu neguuuunisliuinisd
MAINVANE FILANINENSaiLazTovIENds LI U AN 1 uAEnTinsEdnnszane
Assrendsnuliihegamingauszndnefunusmvesnand e estui (Spot market)
saidliuinsusnnasuemuadulasaeluih (Ancillary services) dmsugusaruny
53UUlNHAN (System Operator, SO) vasszuuailnmazszuLImUIg
nasaiuntsveslselvinadaunul 53U (Aggregators) Faldsruu
walulagansauwma () Tuaudlunisauaunisadaliiiuuunszaiesa (DERs) wagdanis
nslFaumskdnlatiuuunszaiei (DERs) eerawmnzanian villiAnuInnsane Jevae

1%

atuayunsaiunsvesEuU e IRl

1) Msvdeunnudeanstdluii (Load shifting) Fudunisanaiiudesnis
Twhgagaluuistianan Tnensusuideunsldanulnaamalwiinainyasnamidudadn
Fraa1mils Fainideuaintie Peak TUgawas Off-peak niatdulunmudyansanaia s
fideyaannsmaaeunaauLdsidunsiussmeusesuausd wuinssudunisves §

59U (Aggregators) Tugduuulsslniadiouanuisaanainudesnisasanasiy 30-35%
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HIUN15UTITIANIINSTENdsuvesssuuinausey dewaliauisoveasialvednis
amulusguvdaazszuuimiela

2) vinsassaunaniabniln (Balancing services) I auwaszuuds lag
Tsalwihiadiouanmnsalsiuinsiaduausiuasiulassinglni wieldszuulnihAfingany
nouwnmunniaudaveusnnty Tulssmaeosuifsdnmslfundmdanunaunuan Bans
undeia (Maifinuazan) voswdsnulundaziu Yuagnin 20 sou msldlsalwiniianunse
muauiinidsiiinngly 15 uifl vielsdluihiasioufiuszneusessuudnifundsau 1
snafuluseuu Ssuiiunisnielisandenslunaindoveiui demataslifamuauszuy
dslianunsomuaunisunisiavesidsliihildanlssduliimdsnuuasefindwagndsanu
aullgeenediusyandnmanniy

3) wasuaudang uluiiuf (Increase flexibility) luInsungauassuy

ok mmmmaa Power flow
%@@ _____ y
o
ERAD '

Non-dispatchable
units such as solar,
wind power units, etc.

oo
0 —E -
5[~

MUY

R s
1
1
1
i
\/

Forecasts

-» Demand forecast
=» Supply forecast

-3 Power price forecast

|

1
1
1
Storage units :
1
= !
— 1 ' =
1 o - =
i : g
''''' *J Central IT
control system Results
Dispatchable units -
such as CHP, biogas,
demand response, etc. _|_I_L|—|_
———

Optimized Output

JUN 2.4 Tassasamaifeuledasuinisdnnisunamdandsnurninidniinsgdanssane

(DERs) Tuguuuulssluiiiadou

INFUN 2.4 wanen1sWenlesvesszuunisaniiunistsdiinaiioutaden
atuayunsaniunisvedssliinalioulsenausie seuuNIngsanser (Smart metering)

lassaseiugIuiunsdeans ngving Yetsdunilalenalvidiinsiueaiasieluadlaidund
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o w I i

dudiu wazdedAgAedayanigndaciiiugl Felsznaunie Joyaneinsalenia n1s

v Y

NYINTAIANUABINTINAN wazsiedevelidy [Wuduy

'
Y A a

Tunangqnsdl Tsalwihvwelvggnldifendnliiinluvngiaudenis
i laigesnntn demalvduyunsndalnihgaty wu luuefuianudesnsiniigs vild
douuniodlsaluihvualngdldidomameata Judaduyuiigdutiaaady udvn
Wasusnldmsdudunsvestsslrihiatouwn Tasinnisnovaussiuluan (OR) fens
anAudesnsinillugaaiy vilflddeanduededsslniuiutuin fuzdmalifununan
ihanasld videenaldunasndssmanlsslnihasioudnelvanunilsalwih Afnsfueies
lannzaiitianudesnsliiigean (Peaking plant) e19teandunumsliuInslnile

Tsslwinadiou 1Wun1sandunislaen1ssiusid LagAIUANKREING 1Y
wuunszeiliuimsidmandsedlunaliedaunsadisuliuinnsiuasuni
sfundlulassdngludih (Andillary service) nsnsidngnainilazaeviliiAnaeldungidu
ANYDIUNAINFIURUUNTEIEB AR

2.1.3.1 29aAsLaY (Australia)

Uszvreaawsidenadlsiiiialiowdunstalonananisuaadu
Tumanalwil Tnglduimnssumanelulad wazguuuumsgsia edanpoulandnisuims
Famandanulwivosliuimssundsnuvdauawdsndsnurnadniinssdanszae
(DERs) s1eefonvianss 18 wieliaufudigrandenslil visliuinismassuudavde
seuvdmiela
lusgwviesanside (South Australia) Tselniadauanusagua

ANuABINIsilaUszaar 209% lundagiu wasdieUsyndaalniile 30% nieldnns
fuiunuressguIaLaruIT Tesla WWinmswannlaswiefiusznoudie ssuundanliingae
WEIULAIDITINET LU 50,000 ndsaFeu wazminlsdluilusidlussuulnihideas
dsualiianlniignas 3 wSegansgrowneind-dalus Judunainannshlsdwiaiiou
idhduiunsluszou Tessmslaslifiadion Tesla avanunsnansadonslnihiinaiaue

dalwihle 8 wRsansgrownynd-1alua Anduyarn 90 wissgyansgrel dwsudldlnlu

&9
a

53 visefAndu 30% vesyamUalwivisvun

a

Tuussinresamsiay NSsvioaamsasiinisuilseludaiiauiie

o9

YA TUNITSNWILED ITAINVBITLUUTIUAUNIS LT WA UNALNY 18 Tesla badlASINIG
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W lsalninaiiousuns 250 wnedng ewiesneIanysnINYeIszuUaIans Tnawmwunvi

a |

TuwsnuRndinstgWigaanniramanlndiannndasnuauiunIdosas 50 YaINdI9UY

v

Inilpesiuriaoue Fansiauniisunaasddiuvituinefunsglinisaanyudiuau 1,100

e

(% & £ a0 U dy
nasasou Ineldmaluladgaige Al

1) AARISEUVNINTDAR38Y (Smart meter) AUNUNNDAENTTIANTS

<9

ganyuiiinnlasinsierlglunisianisivavesiidalniii drglunismivaunisinau

V0938 UUNAR TN NaA LA NRAATULKAIAT (Solar rooftop) LaglhumLnes

I
(Y

2) A un15. 3 aule 9Tz uuna N1 Nad kaI 1 NRE N RnMA U

#a9A1 (Solar rooftop) wu1n 5 Alatnd AfedliNTuinedensglinisaanyulimndu

1As918

3) AnRanunaes Powerwall 2 5 Ala¥nd / 13.6 Aladnd-Talus vos
Tesla

4) ldszuuppuianeslunisauaunsidndanuanndanunauny

uazlUAmes senieinuinendeuasssuudsdng iedsyleviasanveidnsiulasanisiu

a0 1

auzdae Wi luiszuvdsanediniininuaaanis b

NANITANLRUNITAING NN AL NSV UTIUTERINWA I UN ALY

nsnaa i Nwad AR nd ARAA SUUNEIAT (Solar rooftop) L UlUsEUUN ANAINER

v '
v * v ¥ Y 1=

Uszaney 130 lnging LLazﬁzU‘UﬂﬂLﬂuwaqmummmmLmaéﬁﬂizmaﬁaaﬂmag Faanunsada
Sl auIngan 130 wnzieg / 330 Angina-glus Jemniinisvenslasenisluss
Truinanduaiusilusivundinndeuiniu fugaiuisaiiumanisudalwiinlevias
Iﬂiﬂﬂ?iﬁyﬁ]8Lﬁlmf\f"IU’Juﬂl’m@EqJJ'EJ’lﬁ'SJELUﬂWiQWG%ﬁzUUﬁﬂ 50,000
ndsnFou vilviansadiuidsnsndalningeaaliduuiinm 250 wngiad Tiudszuy
WI0aE1U150anAIUA8IN1S TN NS ULdTlaluUSHM 250 wWwnedng vlruSunadiila
fr’ﬁ’qﬂa'nmmiﬂﬁﬂﬂiﬁﬁﬂiﬂ,wﬁdadwaiﬁ;ﬂ%”lv\lﬂﬁw%ulﬁ
‘vnﬂﬁf\]wimwa‘ﬁ'Lﬁmﬁﬁu‘luLﬁqué’unuaﬁmﬁmiw% Anlasenshsabusin
adfouluguuudindn nmsilssliiafiowdindy 50 wnedad Tuszuy aghliaanen

1 [

Ingdmnaslszanm 3 wissganigdewunyInd-1ilue IngAnainyaraununvandela

&9

(Avoided cost) Nszuvdiunalidosdnm wwuasee elndludSunufanald wazdl
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Touur131nlAsINIsiiin Tesla agrenisandsssuuliasaunquinuinendunielenig

o &

9AVYUVDITTYVIoRAWIEETINA AzanuTaansIAvIEdtninaUTEIM 6 WSUansT

43

[

sewngind-Talus vie 65 Muwogandgiel uarigldinsssduiaunaUszndnues
diinsaulassnistiiaganunsausendaelniianluseniiuantiiliussanaiosas 30
lasensiae AGL lnelselnfnasiouvunn 5 wnzded 1Wun1ssaus
szuuinfundanuiifadmdsdine fuesfiegordesuiuiundsedou fenuaunsolunis
Pelvanusina 12 wnzdad-dalus mnndseudsndulilassmslsdinatioudidussuu

a N = = ~ Aa o ] a o 2 o
ﬁqﬁ@LWE]ﬁﬂUqﬂQUﬂUqﬂmaﬂiiﬂ‘lWﬂ’]Lam@usLuagUUV]iJ"iﬂu’JuLLV@\TNaWWﬁQQ’]umuq@LaﬂV}

=

nszdnnszay (DERs) Mlundsnunawnuiiiouresulaseglnin Grid) Wity uas

ietasuauilaluunuimveaunasinifundsnuuuunszanedagauimsdnnisedng

“SMART” Wilalasuasannusiunsagiafiosnmveslasadgliihludgviosanside
luspwnvioamsidedslatinisAinwunuimuazyselegivadlsalnii

[

a | P ! = & &
La@ialﬂuLLQHNV}ﬁaqﬂwaqﬂmaig‘UU\lWﬁq %ﬂﬂi@UﬁQmUigL@umq\iﬂ PNU

v
Y

1) Wiamslindsnuanszuundnliihdemaduaseiindfinnases
Tnegldlnin Inedlaseinisansn waghnmunan1sinnuyesssuy

2) M Puaalnlindseslunsalifnlwihgy dadulssloviserldlv
Fadunslimaluladlmi dowfiuilsidusumadlnihdseslimsilsvesfldlnih

3) Wahamdeszuulunisusmsianstaisanusdosnsindiigean 3
Juusglenisedliuinissyuu nelinisansn naaeuauaunsatunisiauessslui
wilounieldaniizang

a) lehewmdoszuvlunisliuimsdunisauguanuiveaszsuy 39
Juusslevisedliuinisszuu laefinisaidn naaeumnuaunsatunisiauvedlseli
wilouneldaniizange

5) m3Usgiuauidss vislanmalunsterislunaialif adu

Uselewdsovelilussuuiming laeiin1sanse negeuainuaiunsalunisiaues

Tsslniatiouneldaniizeingg

lulszmmeansiasdlsslviadoutanlussuunntuies o oy

Y '

I o o a A (% 3 a a gj 14
finsdldegnslunsanfiunisvedsalninadouluspenviosawmsidelunsinduayldau
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sEUUANAUNEIUTIWIN 312 Tasams wasveaesldlugduuulsslniiadiouluyiel A,

2017-2018 (%1971 2) Ineilsvavidunnisnaaaunisidausadolus

1) fnmssatmaefiegldssuudnfundsnunguiavainuans
S ienaasuaudullaludanedawazdangad Tnglddinisldssuuves Tesla way
SolarEdge / LC Chem wanuageunistdsiuiuluszuy

2) Budunisaadmuneveanisldmussuuiniundeay Snsld
VUV Tesla ey SolarEdge / LG Chem a&mﬂ”mmwﬁu

3) Sugunisaadmunevesnisldaussuudnfungsanului ud
i3esdnoanng Tagldinmsldszuufnfundsnvlufiuiioungn lulsuadisndudenis
Tuimaedetns demuindsdanuvinmeog

4) USureamavaatmanensnisnata Tidaudaa uasdugnd
e

5) Wanuddgiun1sanduun1saluaIu 11NNy Wy
syUUUF AN esnnnisviauvessguu Anfundanu (ESS) I8dnsiauiuegiamn
dsmaltisuiunsindesyuuiisiuanipuduavias 5 seuu u 20 svuuly 1 §Uev uay

1 4 1 a 3 <@ I~ 1 dl' a I3 I
nuIRunuARefIsEUUAanatlueg e nsyuuiia Wesuunnmas (Form factor)
6) lpiimsnegeuanansavedselniiadouluguiuunisvinenu

7) A1sNITILaZ NN EI LA anwmalulad Tneaidenannuduly
Tamamalaway WWan1tve G99eRaIin158onwNNkISINDUSUISINNSLI bW Ladl aun

Wisngausall

nsasiunisvedasinisieliglselniaiioulusgenviesanside
M1usI8ured AGL Tul 2018 Fasuainmisduasuliiinisfindwaldnussuuinfiy

na1 Ul U LT UTuY9T 2017 - 2018 TAsiin1SAAAISLUUANLAUNE I ULEITIUIU

¥
v a

1 = o 1 v [3 [ a ! Ao o a
N1 300 s¥UU Uagdlgandmuig ssuuinAungsudnndi 400 sEUUNM&ITeNITRAR
Uuegorde laedansnnsinasdiuiu 15 - 20 misglunilsduai dsiululasenisillasenis

a = a o [ [ [ J ¥
W JIUNISANIIUIY STUUANNUNENIUAIN 700 SEUUNLUTEUU
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upnniloannITi NN Selinsdunaluladlvg Aesguu
LURLADS 989 Tesla’s Powerwall 2 hay LG Chem’s RESULOH @' aw 239U SolarEdge
a s ¢ v < = [ v a ¥ a v 1 é’" ¥ [~
duneiwesitunlumadentvgnalulasinisdnde lagwmalulagainandasvieuliiau
HANUANINTNTBIRAN TsauTalunaIlWT (Capacity) 1ADd 35% uwagtiuANaInse

Tunsdrsealnlvnvudnene

v £ [ 13 [

& = 1 aa
UBNITNU YU ﬂ']il,ﬂﬂiaﬂ']aiﬁ'@]ﬂﬂ']ﬂNiS‘U‘UﬂﬂLﬂUWﬁ\‘i\‘nusﬂaﬂ

o
(Y

Sunverge fildRnsslinauni Fudunaluladiininit awnsausulss (Upgrade) ssuuun

v
a v

Towalulaglvdoe neludealganeiuiy

Introducing Tesla
Powerwall

Upgrade to 13.5 kWh Tesla Powerwall as part of AGL's Virtual
Power Plant.* Learn more about the Powerwall advantage.

LEARN MORE YOUR UPGRADE PROCESS

E‘Uﬁ 2.5 Tesla Powerwall 2

Introducing LG Chem
and SolarEdge &
Upgrade to a 9.3 kWh* LG Chem RESU battery ahd Solarteige’ | '-:; M”{)

StorEdge inverter as part of AGL's Virtual Power Plant and you
could help reduce your electricity bills while supporting grid
stability.*

LEARN MORE YOUR UPGRADE PROCESS
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URINY18Y Nanyang Technological University aifiunisiaunlseluinatioulasinisusn
vosszmeaty Tnelsslwihuatioudlitoyn o nadwouvamdnndinumadniinsda
152918 WAzl srUUNITTANITNE W IUVBI LA IWEANS LTINS NTinszannszany ags
witnzay Usinalwihdiundsia Senldasd finanszuurdalniinanndanusaseniing o

Y]

aeqluszuy agldsumsusulvaunalaesalut® wassvuulsdliuatiou dmenns
wgrnsainuFeInsliin uazfinssuaumsiiesgigavihnuiimngauiigadaduaui
ANTUBVRITEUUAIINY wazan unsalnaabilinvesusemednae
Ussinedsalusiinnuaianiainlsdlninaiow aggisusuusssuy
dsdgldi Tundsusnuaadaveuues voulumnisTviuinig wazanudelilesesszuuld
Tnonnsanmnuidsdumsdelniindiszvuiiiosgaifior usnszanseondisdnuaznig
anUnenssuszuvveslsdlwiiasioudifimsnszafveunamdany fnsiedesanuin
w303 (Fault) Wsaniatu wazansanszmuannlifhduidosninundsmaandanusunadnd

N33ANT¥1E @1U150U8N08NNTEUUIATIERAZTINGT wavdSunadninliaawnn uwayds

a1usaviudoya wazarunuszuUldaInNan Ui a1 ufenslaasnInd sty 5Iuv

[ (%
o

Isalvifiadion sxdldruiiglusuduinden annsudesingisounszanTugtuussennia 39

Judruddgiivsemalaiiusdayald

2.1.4  ulgurglunrsandunistsalndnaiiou
INNINUMILITTUNTTNALA BT Rs T UNTUT M IT AN TTE UL LN
afelvsl annsnagUuszifuiuulovioidesinnsanlunisdndunslssiwinadouain
UszaunisalvesUssmeanauglsUlailu 3 aude sumaile diuasugaans wazaiuns
Anugua (Plancke, G., De Vos, K., Belmans, R., & Delnooz, A., 2015) Tagwe age 1udl

[

a &
FNY[SLBYANIU

2.1.4.1 frumeaia (Technical)
= = = 3 | =
WosanszuulsaliialioudesdusenauresssuunaledIuds
Indudosinuaenndodiu AIUITUUAIUANTIAINITAUIMITIANTS Uagdod35sning
WAINSIULUUNTEA186 (DERs) wiazwnadlnegeiluse@nsnan (Jaffe, S., Torchia, M.,

Feblowitz, J., & Nicholson, R., 2011) AU IN18A1UMALulada@1SauULALaLnNISE 8@
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(ICT) Usznausie 1nmsgiunnsieans wazguuuy (Platform) vesismsifioguainvangly
TAsse (Grid) Swaudfidrusiuihnntu wazarududeulun1sufdusius (nteraction) Lite
I¢andeusyAniuaresnislditnistun luthgiuisnsilddmiunaaluihilegvarnvany
wazfienuansnsalunmsuimsdansssuuiiivansesdusznaulivihanufovazaunaads
(Real-time) L1 Next Box 109U38M Kraftwerke Ussinasosuil Seuszandamiutudane
asulunisaiuny

N1319LAE59lATIY e8Iy (Smart grid) Alluguassareonis
audumsvedsaliinaiiouduiu nsldlmesniunaiase (Real-time metering) Avaeli

ANFIANITUNAINAANAINUVLIAENTINTZINNTZAY (DERS) danudanguuasiiusz@nsam

=
AMNVU

2.1.4.2 duLATYEAIEA3 (Economics)

=

Tuguuesvesddiusiuluszuuvedsiiiialon Fedunilade i

o Aa 1 a [ & A [y = o & 4 = PN
ANLUUNITHLAAINARNAIUIUINLANNINTEIANTEAY (DERS) UAIUI WU UADIUNARDULNUN

[

11NNIINNSANTULUUDATE (Stand-alone) st udsidinasnoni1sanduladsiulussuu

[

Tsalnfatiouranalnsia@adl 2 Ussnn eail

1) nalnamusian (Price-based mechanisms) & slds1ansudalidi
Juvdn Wunalnadilélulassnsatvayundanumauny 19y Feed-in tariff denalsieudn
Inlihiindeanisndslvlinluiuaugeaaie i unansuunuanniian uslunanonsalAfile
AN IDIANINISTIVDITEUUBALAAIA B sumzﬁgu (Delnooz, A., Six, D., Kessels, K., &
Hommelberg, M. P. F., 2012) langaalian Mﬂﬂﬁﬂﬁiﬁgﬁ’m’ILLUUgﬂﬁqu (Dynamic pricing)

) [ [

dmiundanulniiuasssuvds nalniariinasonsiidunsvecunadwaandsnuuuindn
finszdanszany (DERs) vilwrdsnsnannovaussiunalngian uaznalnsimdananimises
aelamsmiiugua

2) LL“IJ’JVlNV]dIEQ)\‘iﬁIQQ\ﬂ% (Incentive-based approach) +J unalni
annsaanaslsdiinadowduiy iWewinlsslifasiovanunsadandunumisludy
203n151AUIN15A1UlATIINY (Grid service) NSTAUSAITATUNG U (Energy service) Lag
msatfuayueuiuassesszuulilusunalnidandn (Capacity mechanism) wagaann

1%

nimugangu (Flexibility market) nalnsimuuudedagala (incentive-based) Uagiiaiy
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A ' J ra o ® v ! v o v ' =3
ganguinnndt uazlifiaudndudesegaeldnismiugua uienauszaulymludseiu
= v s A Y v v o

audululimaasvgmansilosainguassalunsidigaain uazdadossenisimuinate
#1199 WU aanfifiaudanguutazinaindids (Wholesale market) lunaneusemeudan
R

luvauzineaiu lassasrensmiuguanisaduayuiazazioudon
1% = 1 o a = - 9 ¥ oa a a a
auanudavgulunsanidunisvedsdiiaiou WeliliAnnsifanaauludegsialuns

wrsaulunansluddrdnaae

2.1.4.3 funsiniugua (Regulatory)
Tuananse1984 (Delnooz, A., Six, D., Kessels, K., & Hommelberg,
M. P. F., 2012) Ifidfufismnuddnluresmsiiuguatiiedaaialsdniinadou laonanin
arsfimsmiafaiumimagimansdslulsadunindouselassinessuudming s
Ussiiunmanaiia uazanuvasnsie Inedgandunisssuudmmingladia (0SO) Wugauanis
Aiuns wazdanafiateiansantumunisiUalenialidldliihaunsadensuuinisan

'
Y a =

Andnlriilunanaladneae Imaawmsauaﬂsﬂw%LaﬁawﬁaizwLi‘;lu;dmawmsﬂaiumam
1o

~ ! a Y o a A a [
LWEJENLﬁillLLﬁ%ﬁuUﬁi&uﬂ’ﬁﬂ’]LHUﬂW?UE]QINbLWﬁ']LﬁSJE]uﬂﬁx‘i Usenu

Ay o e v & % 1Y) =i
N E]Qﬂ']u@ﬂﬂﬂ'm’ﬁﬂﬁ?ﬂiﬂLUu 31U ﬂﬁLLﬁﬂﬁiuLLNUﬂWWIUEUV] 2.12
| va @ ' A
A15900UUUAATA unuminuazdiidu ansAlnAuazA1USAnS
waznalnaain saulunan szUUIMUIe
« fgvDeFULUUNNT « UNUINHRTNVY DSO - lassmsaiuayundanu
Trusnsuazauem B e T VAU
< nalnnain prosumers « lAseds9sImIveg
. MU . unumvihvesyildu weisanlinlusze
sulunainseludl VMUY

o ATUSNNSTEUVRILAY
UINI5IANITIZUY

U7 2.12 Uszidufiansanlunisiiugualsaluiiadon
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2.1.5 n13PRNLUUAAIALAZNALNANAIA
msfinseenuuulasaiuasnalnasgsliidenufoRiielilsdlwilnatiou
annsaffdwsulunaiald Suduegredefiazdosdinslimdidanuviedomduduay
u3n1sldaau laglilselvinaiiouaunsardluliuinisdudanisauna (Balancing
service) lal Tuvaueiieniunisiinisusulsunlunalneain dregragu Tulasinis MASSIG
Turivglsulainisiansananianla (Gate closure time) fouyae+3a1ae (Delivery period)

TWanas (Delnooz, A, Six, D., Kessels, K., & Hommelberg, M. P. F., 2012) Faded anald

¥
= o v

walulagndnisnevauesegeninsidilonadnundidusiulunainiinudnme
nmsmiuguadaududiudidglunsdavhunsguleeaidadanaluladioans
wazlasaasadneie Farzdwmasonszuumuauiinauswiulussuulselaiiatounas

nsatuayunsldlivesdanies (Smart meter) anee

=

2.1.6  unumunihiuaggiduinlunain

o v ya 1 ! b 2 a o o 1
msimuaunuImiasninfvesiddiusulunaialidaududednduedis

a % o = s wa ] o Yy o v o = = va w 5
81 lnguenanazdesmdedafildiusulunainlagiuuds Sadesddedeiidunlninie
Wesreganiunissyuudmuiglii (DSO) azdlunumuniulusuian JaA15AEnNg
MvuaunuIi el A dun1sseuuTmiielnihlunisusnsdanmisssuudmieuas
aualuSn13a1uszUY (Mashhour, E., & Moghaddas-Tafreshi, S. M., 2009) kagA15d

Y o a Y a o DN a P I3 o
Pomuuaigiunisiinduvesdusiaatazadaliin (Prosumer) Wienuszasinisinwm

LERgININYDITEUY FINNIMITENITIMUATBIAUWIELiuYeeildusnluszuudneie

2.1.7  danalndauazAIuInIsIEUUI MY
nsiiuguasiadwtheliiuaseiuinislasaieiinadenisaniunises
sruulssbifaioulussuudiviiy lasensatuayuna s unawnulazlaseasesng
Fuhgliisnsndmanssnunensindularosunamdnnasurundniinszdnnszany
(DERs) Tunsidnsauszuulsalninadion dnsalwirluszuudmuiedaludagiudnidu
@ = @ a o % ¥ a Y
9n51A97 (Flat rate) uagudsiumuUsuunsllii Feldasviousuyuasaveamdanulnd

Tusguudming dslueunanervbiidunisduasudfiduswlunainiienisaniuanuny

99311nY89lA59918 (Van Dievel, P., De Vos, K., & Belmans, R., 2014)
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ludruvein1sdanisnaauaioalsdlnin Tudagduiuwidnisalselui
LT aUNTIUTLUUANLAUNS 19U (ESS) n1seavauadvadivnan (DR) Issluiwuunszanedi
(DG) guguA Wi (EV) wadlaunilalsalndrinisfenuanlssninadiouldmauuiniy 39

yMlrnisanmsranuasalselniusuiladsusiamdadadssluidnadowlud 2018 dnns

[y

Fasuuuulpseadefinuangau (Pasetti, M., Rinaldi, S., & Manerba, D., 2018) Tssladiou

Y

Flaguit 2.13

“ Homogeneous group of end-users
# Heterogeneous group of end-users
Transmission level AN DG-RES Unit
1..n i EES Unit
Distribution level
! %  Flexible or controllable load
1..n A
1.0 .
- 4
M PEV Charging Station
1..n il..n ]
. g MV-LV Transformer Unit

Distribution level

e o

&
“ﬂ’iicé m-%‘ir}ﬁ? #‘-’?J,\‘?\'iﬁﬂﬁﬂ #miﬁﬁfﬁ

x1 ®x1 x1 xn x1 xn x1 x1 xn xn xn x1 x1 xn xn x1 xn XN XN xXn Xn X0

Small residential Large residential Industrial or large Complex private
prosumer prosumer commercial prosumer system

Ui 2.13 Insdnguuuulassairannuinsidlsslniiiaiiou

©aNl

1u¥ 2010 HN15ANEINITIANITIULNAINEANENIUIUIAENTANTETANTZANY

(DERs), s8uuuinm53nn1sndanuludiu (HEMS (Prosumer)) tiaUselovivedadiusiuadan

'
a

lunan@euglyl (You, S., 2010) uagdnsAnwifedtumalulagvadsalniinaiiou dagy

2.14

Tud 2017 dnsdamsaiundedssnirlunaind evrglui1i dndeds
Tsslwiatiounelaszuuaunsnnsa (Hua, W, Li, D., Sun, H., & Matthews, P., 2017) lagl
foqusvasdiielilddunumanaslrifihsusaafiiidsdrifuofady ssuufnfundsny
(ESS) nsmevaussvedlvan (DR) lsslnirwuunszataaa (DG) enususlnila (EV) Tl
itounenanilul 2018 SmsAnwsruunissaniswasau (Energy Management Syster)

voeszuululasninuaneandase (Isolated Microgrid) (Baringo, A., Baringo, L., & Arroyo, J.
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M., 2018) Tngldnsdnasnanunsodlsslniin wag OPF (Optimal Power Flow) A1dleiens
novauasailvan, tasasiudaliiinszaedd uasszuuiniiundanu lnednisdnniss
wiuasedlseliiharamd 13y lunaieageugliivsguuuundanuuazidsdsesnigle

AnuldtusunAtdsalndnaiiou

Aggregation needs

VPP projects Role of VPP Control Methods | Communication

EUVPP [18)], a demonstration | Technical needs: Central controller Centralized con- | two-way  commumication:
project of VPP concept in 2005, | = Peak load reduction trol mternet VPN tunnel

which aggregated 29 decentra- | * To follow pre-defined load profiles one-way  commumication:
lized fuel cell based pCHP units RRC

‘VPPs based on the 1dea of Pow- | Technical needs: Agent broadcasting electric- | Decentralized Two way commumication:
er Matcher[al6][a22], which | * Peak load reduction, etc ity price market-based Universal Mobile Telecom-
apphies multi-agent based con control munication System (UMTS)

trol on DER side

Commercial needs
* Bid in electricity spot market

Market operator of mternal
market; Market player in
external electricity market

wireless network

FENIX VPP [w6], a demonstra-
tion project of large scale VPP
concept in Europe

Technical needs

* Provide Tertiary Reserve

* Provide Voltage control services
* Solve Network Contmgencies

Central controller

Centralized con-
trol

Commercial needs:

= Participate in the day-ahead electricity mar-

ket
= Access ancillary service market

Market operator of internal
market; Market player m

external electricity market

Decentralized
market-based
control

Two way communication
GPRS and IEC-104 protocol

Edison VPP[w7], a demonstra-
tion project of VPP concept
specializing on Electric Ve-
hicles(EV) mtegration

Technical needs
= Provide possible balancing services to Gid
* Provide cost-effective control over EV flest

Central controller

Centralized mar-
ket-based control

Two way commumication
based on IEC61850

ProViPP [w8], a demonstration
project based on Siemens
DEMS, which aggregates 9
hydroelectric plants 86 MW

Commercial needs
® Participate in the electricity market
= Participate m the reserve market

Central controller

Centralized mar-
ket-based control

Two way wireless communi-
cation

'
=

JUN 2.14 walulagvedlssluiuaiiou (You, S., 2010)

2.2 uNelua1unIsusnisannistselwialiounmiunzay

[
P

eilludiuvesnddeinertesiulsdninadowlussuulninidasywdulun
ns@nwUsuUmInzauveslsdbiiuaiion nMsuimsdnnisminenslussuudmunegli
a a a < A Y a v o !
WnUsgansnmgeantunisidulssliiiaiiou anyutewesusmsianisseuudmiig N3
UImsdanissruuliihmanilssluiwaiioulniinuselovilasgnanyuuovas uinis

a

Jansszuvdengliin Tnglunisdneidesianunainratgauglivuianie wleuiy uag
wwIneluNISUIMSIANS Asandlugun 2.15 Samedzaninsoaguuseiiudifyvetusar

NITYARINN5199 2.2
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nuddedinedesiy VPP

mMIuImIdamsnInensluszuuimnelving msuFmsdamsszuullihmasnn vee ¥imna
dszaniamgagalumaily vep Uszluwiigaga
(gu303vedUIMIAMITTUUI M) (yuueavesduirisdamsszuuasnalvli

msAnnlsuuiminzanves VPP

aeavesduimsdansszuyTrlihlunmsan)

v

SUR 2.15 Asauauddeineltestulssludaiiou

Y

a

M5 2.2 agdaddennetesiumsuimsdanistsslniiatlou

[

Ynnun ARILHYINIY

A152d1AYV U

2011 Elaheh Mashhour, and
Seyed Masoud
Moghaddas-Tafreshi

—auetgulunisiauevislniuaziandndiseq
WSy (Spinning Reserve) fAndurulseludl
wilevlunanadouellin

-laglataueyUuuunisiauevisludnynzves
Luudnaeadilianna (Non-equiliorium model) Ui
§1YINITIANITIBALLAS aalselnifna g IuTIA7
Tagendafian1saunaresnude9nsd euazuie
sutadasfnesdlsdiiiaiion

- woudrassitausazidunisaiisguuuuanmsm
AAENYUTYBIUNAINAANE s urLIALENT nTE dn
n3za78 (DERs) ifussdusznavveslsiluiinaiiou
s et adriaveslasane Taedjuuuuidy
Nonlinear mixed-integer programming ta g 14

35013 Genetic algorithm (GA) Tun1sAmey
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[y

P399 2.2 agdaddenneitesiunisusmsdnnislsliiialiou (se)

o Y

RUTTEON 139 A1352A1AYVIUIM

o]

¥
U
RV

2013 Yang, H., Yi, D., Zhao, - VEUBNISLYIS Distributed primal-dual sub-gradient
J.,, & Dong, Z. algorithm ‘Lumwwﬁmaumié"aLﬁum?aqLLUU
nszae lagldnisiarsuninisnisindulavesunay
wnasninennsiuunsEang (DERs) Tulsslndnaiou
WislAnnaUslovigsgarelssluinaiiou annwa
MSANEANUITIE AU UUNSE BT I RadNSuUU

WEITuNITAUAULATDIUUANENANS

2014 | Tascikaraoglu, A., - Anvnavesszuunswanliiuuulauiausenausie
Erdinc, O., Uzunosglu, A15HAR NN 1910 WEIIUAN, WA ULAIBTIAE,
M., & Karakas, A. lalaseau hagndsnuaNsau TukuiAnvadlse b

t@ioun15UL@Ue Economic operation-based load
dispatching strategy Fsa1u150U5un1snanlndi
AIUATTIANE 1T UALLAE NI ULAIDIAED The
adaptation of the load dispatching algorithm Tag
Usunalnani13v191u Meteorological condition
forecasting algorithms f18n15521 Empirical Mode
Decomposition, Cascade-Forward Neural Network

ey Linear Model through a fusion strategy

2015 Rahimiyan, M., & - lé’ﬁmimizuumiﬁ'ﬁmiwé’qmuﬁmmuﬁwmm

Baringo, L. NITMDUAUDINTIANNNAIULRER Lazdln1sIAnIg
Isalwdindsnuasuagnsinifundanu

- TawAuaeeansldnasanu Tsduiindseuan way
gunsalAniAundsnulddnindsunenluszuy
nasulnihvuadnuagyitnusiunalulagnia
srasorlunsyhaudulsslninadou fawse
euazdendrnuldlutnaindevearmiseu
LAZAAIARAIILIAISS

fauevurunisuuy 2 Juneulagldidmamany
Agauuuiduuds (Robust optimization) a11158
AflefamnulduiueuremaInuaNLaESIARaIA LY

ASUATIEH
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P399 2.2 agdaddenneitesiunisusmsdnnislsliiialiou (se)

=)

RVTATEY

¢
W

o Y

1398

o]

¥
U
RV

A1352A1AYVIUIM

~Tudumeuusn lededulalumsiauesiailunannie
YIYAWRUT18TY

ludumeuit 2 wdrannvnissnassnanadeune
aratneiulas asmaulalunisiaussiailunaie
maaasslunsazdnlug

- farsanbilsabidation Wudldsaimunaie
(Price taker)

- NaN1INAABUIsN1sAUNSalANwIas e naneliiiiy

Anuduldlalunisidsiausluldanuass

2015

Soares, J., Borges, N.,

Lobo, C., & Vale, Z.

- auanisilssldnadeuunlddanisnisudaliiy
laga1sanisUassuaie nTalAnwinaunilouss
Usewmelusaina 2020 §9 2050 9NATSUTEUIUNIS
Waduves EV, DG Uszinnanad, DR way ESS il
nsAanisalanlul 2030 azfinsuasy CO, ade
50 keCO, / 1uns 3 md -4 2Tue 19 Multi-objective
Particle Swarm Optimization (MOPSQ) Tun1 54
Usglovilannnistalseluiasiouunly 3 Scenarios
2020, 2030 wag 2050

2016

Krlger, E., Amicarelli,
E,&Tran, Q. T.,
(2016)

- ANYINANTENUVDY European Market Frameworks
fifidenissiunisndnliiihainuasefinglulsslndin
LAl aung sz Ua T UAAIANG N IURAE ANGINGS
Trifrdnseslu WSuey 3ad waswestuvestsalui
L@ DUIUIALENTINAUNG 19U LEIDTIRTUay ESS
Taeld Mixed-integer linear programming model
wadwslidediinimanfidnansenulunissu DG
L%”ﬂq'mmmmzamzazLama‘"ﬁuuapaflmsmﬁm
Anuarsalilselvinadousidiusiulunisdrses

WAIY
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P399 2.2 agdaddenneitesiunisusmsdnnislsliiialiou (se)

Yitiun ARILHYINTIY A15edAYVRIUITY

2017 Bahramara, S., - mﬂmiLU?{sJuLLUN;ULLUUMWUUNWWﬁﬂé’qﬁ'g’{@LLa
Yazdani-Damavandi, SEUUIINRUNY (Disco) mmmmﬁmwé’mlw%vﬁﬂé
M., Contreras, J., szuuldwavanunsaduginvuasiailiilupaiald
Shafie-Khah, M., & ~luunauiselaiaueisnisdmsu Disco lunain
Cataldo, J. P. NEIULAZAAINE 0v18TIand15elneld

wuuTIaenuy 2 Fuluntsmannueiign lag
wiaduduves Disco uarvasuimsdanisssuy
Tnnias (1SO)

2017 Banshwar, A, Sharma, | - ¥1t@ue RESs lumatnusnisiasunausunsly
N. K, Sood, Y. R., & 1assanglniln (Ancillary service markets) Wesnw
Shrivastava, R. amﬂamam%yamsiw% HANTSANYIATUIINBINIINS

U%’ULLﬁlsumiaaﬂu,wmmmLLazﬂgisLﬁauiumaWQ%a
Prglnfilutiag iy i of agsauuinsiasuaang
fuaslulassdeliiuas uandsauulsei

2017 Guo, H., Chen, Q,, Xia, | - Anwinansznuveslssiiidiadounissiundsnunay

Q., Zhang, J., Li, M., &
Zou, P.

aunana1nuinIsiasuauduaslulassielui
(Ancillary service) U1Ld@ua Two-stage bi-level

stochastic optimization based on Nash-
Cournot equilibrium wan15@nw1NUI1UTEENSNE
voalunad vnauelssbinadeuduafiuinni
Single wind farms Tu Joint market @1%5U Energy
market ESS faglilsslninatioudanudanguuin
Tun1sviimls d@usu AS market 1ssluiiadiouasd
5101 il oede ESS agvililsslninasiouanunsod

ras19nNs g uunaT I dlL e avannaLdY

n15Ld89LuU (Deviation penalties)
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P399 2.2 agdaddenneitesiunisusmsdnnislsliiialiou (se)

YNnun
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1398

o]

¥
U
RV

A1352A1AYVIUIM

2017

Kasaei, M. J,,
Gandomkar, M., &
Nikoukar, J.

- l@uonsdanisundandanumuisuiivanzaulag
TsdlinadiouAnannisifiudves RESs 1y Wind
Turbines (WT) wag Photovoltaic (PV) yilina1w
Tudueuluszuuli nMssnvenadsasudalui
WUUNTER18 (DGS), S¥UUNITIALAUNG 3911 (ESS)
LLasImamﬁmmaaquulﬁ Fasufudanisiaeszuu

ANSIANISNEINU (EMS) Fai5aninlsalniiaiiouasa

e

I3

npUszasdvadlsdlnilnadouluunainude n1san

2

o)

NUNTANTUNUT LR TAgNITUIRUUNTT

u il
dsnasulugan 24 Falus iienazuitgymm

e

b Imperialist Competitive Algorithm (ICA) e laue
Funauisnsvia e aaii efvuanisin
msndanuiidigavedlslwiinaiiouss RESs s
AN LuaAed (BSS) waznismiuaunaniy

NTMANYI

2019

Ullah, Z., Mokryani, G.,
Campean, F., and Hu,

Y. F.

~giauenisnumudneaizuaa st adiouluws
JUBUU TpaiU3sumeuiunsluaunsmeuay n1s
FUTUNU kazn1sUSIsTansseuulssiniatiou

a ¥ =)
RIHAIRINSE]

e

2019

Tang, W., & Yang, H. T.

- auedsnslunsmsuuuuivnzadlunisiaueung
ndsubidveslselidnadou lnglunisusnis
$'AN15 ESS, DR way RESs 7 tnunzay agvinla
Lsdbladiow aunsaldsunauszlevigeanly
pandenglifile

- Faanaulsiutueuves RESs vliiin1sAintsanl
DR tWugduuuiiddglunisuimsdanisssluiin

\@dlou
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P399 2.2 agdaddenneitesiunisusmsdnnislsliiialiou (se)
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- wenaniy NITUIUNITUIA WU T dAd 19T
Tsalninadou doanlilssluiniasiouaunsad
A ol ulun1sUs NsTANIINA I IULaE A8

d1509lu Day-ahead market wag Balancing market

385 vnausldnagsuiuszuuliiamdaes
Uszwnalauiu (Taipower) neldanulauuuusu
NANNTANETEAU I IT AUV RESs, ESS way

TAaANLANANaIY

2019

Oikonomou, K,
Parvania, M., &

Khatami, R.

- Ifiauauuuiiaesiiuguduiuduimadanisszuy
$1vtie (050) TumsszyuazUsmMsdnnIsndsaui
nsgaeluszuudmiefidavgulfinnzdgasiui
nssusliansaaueendsulupaintous
Iharantseiula

- amudavgurasndinuuuunszaeriiliiAed ulng
Tvandidangulutanszats Gedraedlagszuunisdn
Auuuadameifiuansianisriunguuedlvanuuy
fangudiuauini danudesnisdundsnuuay
ARNTWNNFUIMTTLANGSTY

- 380199 tauslanaasuiusz Uy IEEE 33-bus

Distribution network

2019

Babaei, S., Zhao, C., &
Fan, L.

-ewawguuuulunsuszdiunaudnvarveslsalnii
tadlou Tusumamangsgauarannuaunsalunis
MBUANDIYDINAINTHER IneAdafamdenisnin
PNFsuaNLazlvan

- 38 msi dnausldldisnsmawmngd gauuy
uwaunss (Robust optimization) 7ildAmnsadfves

fkUsnlansrualunisaiui
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2019

Yu, S., Fang, F, Liu, Y,
& Liu, J.

- Anwianuluundusuvedsdduinalioudyminasg

v A

a ' ' < <3 °o w
9N1TTUUD ﬂ’J’]lI‘lll LLuu@umu‘U'ﬁ%L@uﬁ’]ﬂ@Iuﬂ’]i

D

F9eukarn1stulsab i adound s unawny,
57PIMa1R wazAURBInTsvan [WudadudAnaes
A3 ly LY ueW Optimization objectives Wag
Constraints 418t uUszAns arnlsali1iadiou

(Y]

aunsatiewietinidenyedu ssluiiaiiou

2019

Moreno, B., & Diaz, G,

- Anwmansznuvetesauszneulsdliialiounasian
Invhneds: nsAnvuUsoufisunaialiinuisuis
Tuanainglsy Anwinanssynuves aaAUsenay
waluladn1SWEALUUNSEITNEIUT T5 01
Wasuwlawwssnamdsnulnihvesmanand el
annmglsufiuanssiulaelddunounisussuuen
N 991ugsanvoetaulnsd (Maximum Entropy
Econometric estimation procedure) L#i 8/ 84015
nsrudn b unazniaefindalasunazmalulad
anunsaususinihlawinlaagiuseleviunnlunns
Wannagnsianaalunsdaduladenmaluladnig
fan bl
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nsdaAuAzalseliuazduunsaaaluiinuansselaeAilens

navaals lwiatioulussuuiisuiageszuulwinusemealng

31 nsdafuesedlselniin (Generation Dispatch, GD)

AsduAueIaalssludn (GD) Wunisueimeaunisiuavesiidaulnirieliie

Uselewdgeganldnszuiunisiimsgrnddglunisusmsdnnisseuulaiimadslviie

[
[

Usgdndningsan TnguszasAiusiuvestymnisdununiodsliirfelilasuanunela

Yy 1 q o«

o w [J

nnmsfiiidununsiuesessilniniimigalaeided fnvesauaamdalnii lutlagtunis
mimeutlyminisduiuaiodsslinldgaiaunlvannsaddafsdedifnvesszuuliih
vanwog1s uazlneviludunumssaslundaziesosiudnliiiazgnunuse flsiduveaids
i uaunisenddeaesuazuidanilaslusunsunisndinaians 1y Gradient
method, Linear programming, Quadratic programming
Tngludamimsdaduaieslsdiiinasdunisdaduieiedlselaifddununis

HARR1ER LaeddedAanwuUMAY (Equality Constraints) kaglaivindu (Inequality

v A

Constraints) uUseNausIg aun1TaunaveInasulningss (Real power balance) fiufe
naTIvestssntlnihesindaionaamintunasuveshd el unssuantuids
silwihassfigndevesszun veniniiomfisnsanannsmsinavesidsnuliiily
syuU Awiivanansamausufianndindngesviesiva (Bus) warAmdsnuliidlnaly
aneadliinlg Foildinsmdmeunsdafueiodsslnihanunsasauendedidnuinves
wssduiiva uasmdanulniigeaad aedalwidrluludgmld venand msmdmey
Hayminsdaiued aslselniidsaunsaniarsumaniwed viegunsaldu q luszuud
anu15amUANle (Control variables) 81 9 1y usstuiitaveaedosridalnil (Generator
Terminal Voltage), Wivvesngioulaslin (Transformer Tap Setting) ﬁﬂLLm\ﬂugUﬁ 3.1

Judu egrelsimudiudsvesszuulniimadsluanuiusdasiidn vazvesiunui ld
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#9L19991NNSUATAINAILAZANHANTENUVDTBNEY Fannaziasaulytiasyinlinanis

a ¢ .:4' & a vy a a s 1 X
3LmﬂwﬂmmﬂaaumﬂmmLﬂuﬂiﬁifﬂ IWEJlJLLU']Vl']\ﬂUﬂ'WTJLﬂi']ﬁﬂ@\?@]@lﬂu

(Static VAR compensator)
Flexible AC transmission
system devices / DC line flow / Q load tap change transformer)
44 mw \ / 31 MW 80 MW
30 MVR
" L

1.05 pu
Bus 1 —_—
62 MW 106§Mw
AGCON
Case Hourly Cost
16933 §/

38 MW 6933 $/hr
(DC line)

1.00 pu

94fMw
AGC ON

14 MW
1.01 pu

61 MW
1.04 pu
Bus2

iy Top Area Cost B
s gy 8029 $/hr 39 MW 120 v Generator
1 1683MW  AGC ON voltage
40 MW 20 MW oMy OMW
1.04 pu Al . 1.04 pu
Bus6 20 MW 20 MW Bus 7

(5 200 MW | oft Area Cost Right Area Cost 3) ;00 MW
0 MVR 4189 $/hr 4715 $/hr 0 MVR

2008MW AGC ON / 201MwW  AGC ON

Geal power generatimD

JUN 3.1 dudsiifentesiunsdaduaiadsslniin (Generation Dispatch, GD)

A15ILATIZA I UEILYDINSALAULATELSIbTN (GD) aldn1535nsuAmaunisivia

9

vosmasulnih ndelmAnussloviasanvgliilanduingralvidauyunisudalninnsifan

lnefidodninvesaunanasiiinaiiwasiduuiuendn finnvesaiedlnin wazazi

FEnsAanaIvaLIwuuIassiadnliautsade gty lihadieuluguuuusng 9

vossvuule lnedsnsiiagdnunyszendldanunsanansilenduinguszasdlanadl

MAFNGAVDS

Tneduluaudedndnvesaunisaunamasaulngii

NB
p—=p =2 V|, |cos@ =8 i = 1.8, (3.2)
j=1
NB
0, =0, == V|V ||y, |sin@, =8, i = 1..n8, (33)
j=1
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v a

wardaINANInYIEsdwarutlakUaslninlussuu

7| < 5™ fort=1,.m (3.4)

WALUDINNAVDULIANITYINULAZYNNITINUVD AT 9D Ll

(,j g, .
P’ <P <P’ ,i€BG j=1,..,NZ (3.5)
i Gi Gi i
L1 ~min
PG/ - PG/' ’ (36)
u,NZ, __ max
/DG/ o 'DG/' ’ (3 7)
BIp)
FC : funuUNSKaavsnvassyuuliiin (unsedalug)
F(P.) L fuvunsHanveAzest Ll ineegnUa i (Lnsedilu)
P : Masulnihasvesasesiinlnihidesgnda i (wneging)
P, - AsemasnuUlninesenva i (unying)
|\/_| - UIRYRIIIUATE i (had)
o Ao A o a ! |
BG  waveadaniesesindaluiisoag
i - Anamasulnivesaedasendeuladlning  (unzdie)
NB - PUIUTAN VN
P s Maulniasegegn (Ae) veuasesiudalniniideegnda i
1
o L2
(LUNLIRNM)
P;“” : Masulnisewanveaesesiialnihfdesgnda i (wnyind)
!
Q, - nseiasulnisLenanve / (Wngans)
‘ y suunves y, Tuwesn Ybus (mho)
;
o, sawed y, luiieEn Ybous (radian)
f - masnulniflvaluaedssevsiondadiin ( (wWngie)
Q. - Amasnuliiswenfivueuasasnufialninnda i (wngans)
0, : NaR9sEnIayLYews Ul va / wavda j (radian)

P, P veuwaluddesesiudalviliawnsaviaule

(%
Y [

mdiiasuliihaswesasesiudalwiluudazda (P, 1 €BG ) azludmoud

11NN IASITIPENTEUIUNSAU AU T
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3.2 iﬂﬂ']ﬂ'liNﬁﬁlWﬂ']L%ﬁgﬁﬂ'\ﬁﬁ%ﬁ'mwaw%a (Real-time Locational

Price, RLP)

mnswialiiidagfienansniuiaiase (RLP) 1WuAsnsimuasialunis@eis

Il afindnnismaesegmansiunaianaisdevigliiln daluanuduaiudisiununse

[
=

sinidseilainfiutazgavesssuuarlivihiuiueg fudnvasvedvanlussuuluvneiiy
warnsdafuedadsslilurnedy Tnssamandaliiidegimansnunainiandu
mMseTgiaesiduli fudagdunivuduuaidunafadlauas s fuduyu
iinsuLdlean19 gL deveasruuds (Marginal loss component) WAz Uy Ul udy
dlosnandesiinvesszuuds (Network quality of supply component) Fauansluaunisi

(3.8) (Ongsakul, W. and Chayakulkheeree, K.; 2006)

=A-A P | 3 * (3.8)
p/' - lLll :
dp =" ap
1 !
e
P, - anlnAAlvue i (Wwneind)
y) saunulunisudaliiviaggevingveslssme (UmawngIng
LR BN
- : Anugaydeluszuvdadiemasnulni (ungdng)
P : Masulninlvadgseuuilvun 7 (unedng)
y7) sonuusieuluau-vinines (Kuhn-Tucker Condition) Fagviousuny
ANSHAR AN AT UININANANSIUVBIE8ES ( @U1TDSUNTTY
TounnIAudnnile (Wneie)
NC - SUIUANYAINIMUATYIIUAUAA A
P - Masnulndrassilvaluaneds ( Guneing)
[ 3 d'DIOSS = = a 1 | c{' QI d? d{' o
wy | — | Jnefeugadslussuvdsdnglnih iiaduiendsnulnih
d?
4:1' QI dy d! v L2 dP{ = = o %3 1 4:1' Ql dy dl' o U
PMyrun [ Wudundaunsing way | — | arunedsmasnulninluasdsnfuduiionias

P
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Pl iTnue i st unidawngdnd Fanszuiunsizdualildsiainisuanlniags
plimanseunaairiinnuduieunasduduiliiddglunsuimsdansseuulninmds
TugUuuuiifinisdenelwih

uanani 3slunislunisinsesidununsndaliindagfimansniunaiaiad
anunsatldussnaulunmsudmsinnisszuu g sfivilimdnnisldnsnenswan i
Aifluszuustalselniiweanisiniindaondn Tsdvfnonyu s1uan1smevaussduInand
WINTALLAE AN MRaaNE VU TEUsEnauluNTIEUNSRRILNSsUU TN ANd v e

Usznalngla

3.3 nszuunsdufuaIadssiiivasdununisianlniiniunaislae

AR INavaals Wil aloulussuuauAgsssuuininUsewmdlne

Optimal Daily Generation Schedule

%

Generators Hour]y
Aggregated o
Supply Curve 5 I -

4

Optimal Power
i Dispatch

™\ AN TN A
wl Ny N/

Hourly ==
Locational
Electricity Price .,

JUN 3.2 N3a$19RuuN1IHERTIU (Aggerated Supply Curve) Wsiiunvasszuulniiimes

vo3UsEwAlng (Thai System Area Base Generator Aggregated Supply Cost)

Tunisdauas ealselnilnazdununisnanluinniuianasdaneA1tadanav o
9

Isalniadiowluszsuuiiisuidssssuulilisemdalne azsdunsiiduyunisndnsiuves

¥ ]
= =

Tsabniumazlsalunnaznud Ingluanunaunueans it endnwiausemealng (N,
winssanduduvunisndnsiu (Aggerated Supply Curve) aduanaluguil 3.2 uasd

nsrUIUMIATIARIwandlugun 3.3
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| Read system data and load profile |

L]

| h=1 |

L]

Obtain Thai system area base generators’ aggregated supply
cost for hour 4

L]

Compute optimal power generation dispatch using linear

programming (A)

L]

Compute power flow using optimal power generation

dispatch using Linear Programming (B)

Does Total Power Generation Obtained
from A Matched from B?

Obtain Thai system area base optimal power dispatch and

hourly spot price for hour £

Y

h=h+1

Does h > 24?

| Stop and plot result |

JUN 3.3 AszUIuMsSAwINNSEUINNsaLAuATadlsaliiuagiuunsuan e unan

39l dananavaalssbiidtalisulussuuiisuifgassuulniiuseinalne

3.4 wWAawsnIfig1u (Base Case)
lunsAnwdruiavlddoyadununisndalnirvedssluiuivinissiundy

° v 1 = o a d' ax o v
LUUTaeIRUYUTIMTeIRsazA A uRoulunsdnasufuasedlssliinuisnsluiide

7 3.3 \uilsdudununisudalnirlunsazdalusvesunaznia (Hourly ageregated
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generation cost curve) LagyNN158 LA ULAS 99lselWH 1M IuNUA (Area-Based Optimal
Power Dispatch, AOPD) tiefuinusuyunisndnlnfinniuiaiasesnedilug (RTP) vasusias
HuNlaedlNaanEAUandfaguin 3.4 - 3.10

neillevinnisfnuleglddeyanisldlniuenauiuiiuueendunianais anewmie

= v = v a o = v v 1 1
N1ABEU LLa%.ﬂqﬂifﬂ I@ﬂLa@ﬂ'ﬂu‘VWl']ﬂ']sﬂﬂ‘U'] 6 'JUWQG’]@IUU

1) Fuiisimslingdsanulifigsgaluggiou (Summer peak day)

N

2) Yuitnmsliwdsnulwihdigalugg¥eu (Summer light load day)

N

3) Yuidinsldwdsnulaihgeaniugevun (Winter peak day)

e

4) Sufidnslang mulv\lﬂwi"wqﬂluq@mn (Winter light load day)

e

Y v

5) Yuitnmslimdsnulwihgeanlugguu (Rainy peak day)

6) i’uﬁﬁmﬂ%’wé’qmulWﬂwﬁwqmluq@Nu (Rainy light load day)

Area Hourly Price of Base Case Summer Peak Day

700 T T T T T T T T T T T
650 - —O— North 4
—*—— North-East
— Central
s 600 | —%— South |
=
=
©
L
o 990
0
o
>
5 500
o
T
450
400 1 Il 1 1 1 1 1 Il 1 Il 1

2 4 6 8 10 12 14 16 18 20 22 24
Hour

U7 3.4 muwumsmamlﬂﬁﬁmmnawsqswmﬂim (RTP) Yosudasiufisuiifnslondeny

Inifhasanlugaiou (Summer peak day)
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Area Hourly Price of Base

Summer Light Load Day

=

=

2

=

@®©

% 400 - —O— North ]

o —>—— North-East

o L Central i

2> 380 —%—— South

=}

f 360 1
340 - 1
320 7
300 1 1 1 1 1 1 1 1 1 1 1

2 4 6 8 10 12 14 16 18 20 22 24
Hour
U7 3.5 dununisuaaliiiaaunandtesiedalus (RTP) vewsagiiunfuniinisldndaau
Tnifenanlugaseu (Summer light load day)
200 Area Hourly Price of Base Case Winter Peak Day
—©— North
— % North-East
650 Central J
—%—— South

600

550

500

Hourly Price (Baht/MWh)

450

400

10

12
Hour

14

16 18 20 22 24

Ao aAa

U7 3.6 dununsuaaliiaaatesedalus (RTP) vewsagiiunfuniinisldndanu

Inifhasanlugavui (Winter peak day)
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Area Hourly Price of Base Case Winter Light Load Day

480

Hourly Price (Baht/MWh)
&
o

340

320 |

300 1 1 1 1 1

—— North

Central
—%—— South

—%—— North-East

1 1 1 1 1 1

2 4 6 8 10

12 14 16 18 20 22
Hour

(% '
[y

24

SUT 3.7 dununisudaliiianaunanasesedalus (RTP) vewsasiiunfuniinisldndaau

1WWwﬁwqm1uq@Muwa (Winter light load day)

Area Hourly Price of B

ase Case Rainny Peak Day

700 T
—6— North
650 —*— North-East -
Central
—%—— South
600 - b
550 b

Hourly Price (Baht/MWh)

450

400 1 1 1 1 1

2 4 6 8 10 12 14 16 18 20 22

Hour

(% '
o

JUN 3.8 fununsuaaliinnuiaasasedalus (RTP) vasudasiiuiiug

nifhgegalugge (Rainy peak day)

a

4

ASITNEIU
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Area Hourly Price of Base Case Rainny Light Load Day

600
580 —O6— North 7
—*—— North-East

560 - Central 7

- —%—— South

< 540 - b
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3

T 460 b
440 | b
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2 4 6 8 10 12 14 16 18 20 22 24
Hour
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[y

U7 3.9 dununsaaliiiaaianatesedalus (RTP) veswsagiiunfuniinnsldndaau

iw%@?wqmﬁluq@m (Rainy light load day)

—&—Summer Peak Day
%«10% |+ Summer Light Load Day| Hourly Fuel Cost
Winter Peak Day U ! T

—<$— Winter Light Load Day

T T
—o_
1M1+ —<—Rainy Peak Day ' / $ﬂ\
~— = Rainy Light Load Day
/e//@\&
10 P f - 4

\Q\\ oo

9+ \ e S

— N / S >
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O
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[ ¥ N
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o
T
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R T - _
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4+ — ’\
3fF ey o e .
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o o4

2 i

2 4 6 8 10 12 14 16 18 20 22 24
Hour

o a

JUN 3.10 aununsuanlniisedilusesusas u

NHAFNEHUTIFUYUNSNER LT IRILIaT91897T0e (RTP) weaiuniinigly

wasuliihasanluggfoulianganiniudukasiisununisuanliiinuiaiasesedaludly
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= i = P v aa Y ° Py a
nadaugininnindu luvaenluiundnsldndanuliihmgaluge Soull duvunisudn
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Anwuananagun 3.10 Madnunduyunsuantniluiundnsldndsnulningegalugg
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I o A

Fouilimgananuaziununisnda i luiuniinildlnimgalugguunidamnige

Y 9 9 9

Aaa a

3.5  waawsnsalnunsivalselWialauluszuu

TumsAnwdruiifuniseaeddiilsduinaiouluudasiudifiefnwnadifise
SuyunmananasLariununsnanliihaanaisisedalug /TP ddudwilfidentud
mslindanulnihgegeluggdouosmaliuiuiidunuuas dunumssdalninniunanads
edlusgean Tnensdnwiudsesnidu 4 nsdl Uszneuse

1) nsdifl 1 fiuidsnisudalssiiiaioulunawmdovuin 5% vesrudesns
maalniigegavosiu

2) nsdid 2 : wnmdinsuanlsslniinasionlunadaiusunn 5% vesnudesnis
Maslniingeanvosiu

3) Asdidl 3 ; W& Insnaalssliaioulunianatsuuin 5% s89Audonts
maalniigegauesiu

8) nsdifi 4 - Wumgsnsnanlsslniasiowlunialdouin 5% vosaudesnis

o

Maslniingaanvesiu

HadnsauvunsHanliihnunatinedilue Mndufuesedselnihnddunusiy
manlaginisdnasdlsaliinadowlunsasnunlauansdusun 3.11 - 3.14 wagkadnsiuu

nmswinsetiluadieilsaliiiaiowindrlvluszuuuandladagun 3.15
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Hourly Price (Baht/MWh)

2V

600

550

450

400

350

300

Area Hourly Price of 5%VPP at Northern Area Summer Peak Day

1 1 1 1 1 -l 1 1
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a
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dialsalrinatioulumamilomewuin 5% anusesnisnaslnihganvesiy

PP at North-East Area Summ

Area Hourly Price of 5%V
600 T T T T

T
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Hourly Price (Baht/MWh)
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400
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W\/

1 1 1 1 1 1 1 1
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Central

—*— South

1 1 1

300

2 4 6 8 10 12 14 16
Hour

18 20 22 24
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suunsEanlihnuna1ase (RTP) luuninsliliihagavesggseudevinnig

U7 3.12 dununisudaliihaunaate (RTP) luiundnnsldlnihasgavesggSoudiariing

dilselwiaiiouluniadanumeuunn 5% anudeaniswaslnihgegavesiu
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Area Hourly Price of 5%VPP at Central Area Summer Peak Day
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= 5007
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Central
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v a

U7 3.13 dununisudaliihaunaate (RTP) lwiundnsldlnihagavesggfoudiariing

dialsalvifnaiioulunianaisiieauin 5% anudeinisndslnigegavesiu

0Area Hourly Price of 5%VPP at Southern Area Summer Peak Day
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>
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U7 3.14 dununisdaliihaunaate (RTP) luiundnnsldlnihasgavesggSoudiariing

dialsalvinasioulunaldsiguuin 5% anudssmsnaalniiasgavesiu
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x10° Summer Peak Day
T T T T

Hourly Fuel Cost (Baht/h)

—o—Base Case

—+—With 5% VPP at Northern Area

ran With 5% VPP at North-East Area | |

—%—With 5% VPP at Central Area
With 5% VPP at Southern Area

6 I I I I I I I
2 4 6 8 10 12 14 16 18 20 22 24

Hour

v a

JUN 3.15 suyunisudaliihsiuvewinsaindinsiadadsaliiiaiowdlvlussuuluiund

nsldlninasanvesneiou

'
=

NNaNIsINaasAnetnandliwiulI e ilselnilaiiownut U Tussuulndaf&s

i '
A )

sgyibinuunsudaliinsedaludlussasiuianas TuvuenaedoainsdneAIngau
Triflsslniiaiioudnerinseuuun Metnsgeluihanlsaluinaleuduegiuuleuiely

nsduasudsenvnduailiilnsimiens (Flat Rate) niavdusiadamudununisudnsie

[ (%
Y %

FNUvoINuA (RTP) Mlsalndatioufngs Netiilomdenemnassuluiinazdasanelinn

LsslifadiounBamudunumsadnsiediluaresnuinlssifinadoufndsazaiunse

AUIAUYUNISHENTIETULARIRN3197 3.1

M13°99 3.1 Aunumiskdnliiisetuvesiundnmslindanulnirgeanlugg Feudiaiiiy

Tsalwilaiiowsung 5% vesaudeanisnadlniasanvesiuluwsasitui
Y 9

5% VPP in (MBaht)

Cost Base Case
Northern North-East Central Southern
Total Daily Fuel 243.235 220.363 220.475 220.424 221.340
VPP - 13.512 13.826 13.447 13.273

Total Daily 243.235 233.875 234.301 233.871 234.613
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N13IANININEINTNNSEeImEEiganglasunuulsslniaiion

4.1  mamAnsumEnEigalun1saauAIamInensinszatenele

susuulselniuaiion

TuNIsIAIR oUW N gAlUNITAUAULAT BINTNEINTT NTEA1LIA NS AT

sUuuulssliadovazanunsouanalagu 4.1 Fdluuniandunisvageuiussuuninsgiu
= SLYJQQ

IEEE 30 Ua nldileidusiununisndniasinvedsaluinduaunisendids 39438n5m

o ]

ARBUTINTENINNITIALMUENFAAIETBNITLATOUAITDIDUNIA NI TMIAINBUNITINATS

o w

mdsliiranlsddiiadiouwaznismannuigiiganlslusinsunionsnfn (Quadratic

Programing, QP) (Fortenbacher, P., & Demiray, T., 2019) iuﬂﬂimﬁ’]maUﬂﬁﬁqLﬁum%“'aq

159k

PSO |mm==)  Hourly Optimal Scheduling of VPP

11

QP mm==) | Hourly Optimal Power Dispatch of Generators

JUN 4.1 MImAmeumiENgatunsdaauesomsnensinsyaelaefiasanldsiuy

Tsalniadiounldflendusunumsndawuuannseninasaes

Tnganansauanslaaeaunsi @.1)<4.4)

MANFNGAVDY

24
TDC = ZFh (PG",VPP")+ PNF (a.1)

h=1
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Tned
"=[p . P 1forh= (4.2)
PG"=[P",..P" 1forh=1,.,2 .
veP" =[VPp",..,VPP| 1, for h=1,..,24 (a.3)
NG NV NB
ZP; + ZVPPih = Z/{f +p_ forh=1,.24 (4.9)
i=1 i=1 i=1
e
C s sununsuanlinaen iy (neaansdedu)
P e vephy : sunumswanliinludalud h (eeadns)
th_ - damswanliiadsveaedesindalvih  Tudhlusdt A Guns
Tne)
vep" . Mdslnihasweslsswinaiion i Tudnlued h (wneied)

h
Li

- Al wednannUa i Tutlueh A (uneing)

o v

Maansegaydsvesszuulii (wneing)

Loss

NG : Srnuasastifalndnlusguulaih
NV - rwulsslwiadiouluszuulnih
NB - Iuvavesszuulnih

PNE © A1 Penalty Function

4.2 MIMIAIRBUNTALAULATEINSNEINTTINSEANemeTdsUwuUTse W
LEAUAEITNTLARDUAIVRBUNATILINENERA (PSO)

lunsmatmeunsduauaIamingnsinseenelasluuulselniiadoune

WNsAFeUmvRIRYNATWLEAan (PSO)

veP'™ = v PR ™ PR (4.5)
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VPR(m) =[VPRl(m)VPEZ(m)...VPPI_M(m)] (4.6)
23
VPEza(rn) — VPPE/, _ ZV’D’D,-h(m) @.7)
h=1
0, if vPP™™ >0
PNF = iy fOri=1. NV (4.8)
large number, if VPP <0
kN
VPt esnuansanadilivedselniliadourimunluwaazdaluslu
FOUNTATUIUN M
vep'™ e nnansanmasiniiveslsddlndvation / lunsazdalusluseu
AISAUIUN M
V™ - Anmaabiirvedsslnduadion i Tugalusi 24 TuseunisAIuIug
m
VPPE - Adsuliieasaiunlsslniiaiou i ndald (unzing)

[V 7
v a

yiaflannsil (@.8) Wuaunisiidmualinisiauvestssludiiadiougnldndsau
pooaneTuldliiRunimdsnuindaldnaeniu lnsmineynialuudnisldndanuindalsd
mﬂﬂfjwwé’muﬁm%mmaamﬁgﬁuﬁagazﬁaulﬂﬁéfuv;umm%mmaami’uﬁqqmmé’awﬁ Penalty
Factor (PNF)

MntusuAduunIHandganaen fusuannsi (4.1) laensdafuiaios
Tsaluimdsnudomaddussuudeisivsunsudadunielsunsumanaifin faoans
yhauvesdlsdwituatiounuaunsi (@.5) lusounsfuwmil m

Mndurhmadenainisiauvedsiiadioufidfianluseunisduau m uen
gbest™ wagarmsvianuvedlsaluinasiouiidfigauesnsdafund edsdlifinadouves
auna k Tusaunisauin m 1uen

ol gbest™ uaz pbest ™ wdwhmsdummmNIEveseyMALaZINg

USUAUnIaUNIAINFUNTS
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v = ¢ rand, - (pbest ™ —vPP™ )+ C, - rand, - (gbest™ — PP
(4.9)
VPP(m+1)/< — VPP(m)k + V(m)k (410)

Taeh
c.cC, ; ATASTILS
rand,, rand, : AdILUTH

w - AU MUY

[ 7 [
Y

799N LUIUNTANLIUNANLTOLAAS PRI

Step 1: Read system data, VPPE, profile, and aggregate hourly supply curve
set m = 1, set /[TM as maximum number of iterations.
> Step 2. set k = 1, set NP as total number of particles.
—> Step 3: Initialize the VPP scheduling (VPP'™) for particle &,
Step 4:  Set hour h = 1.
-+ Step 5: If YPP*" >0, for some i = 1,.., NV, set PNF = large number,
else, set PNF = 0.
Step 6: |Initialized power flow for hour h of particle k.
Step 7: Solve optimal power generation dispatch for hour h of particle k, using
quadratic programing.
Step 8: Solve power flow using optimal power generation dispatch from Step 5
for hour h.of particle k.
~—»Step 9: Ifh# 24, h = h+1 and go to Step 5, else, go to Step 10.
Step 10: Compute total daily cost (TDC) of particle k.

—» Step 11: Ifk # NP, k = k+1 and go to Step 3, else, go to Step 12.
Step 12: Obtain gbest™, pbest™”*, velocity (v**) and update all particles vpp™"*.
»Step 13: If m # ITM, m = m+1 and go to Step 2, else, go to Step 14.
Step 14: Obtain gbest'™ as the optimal scheduling of VPP and TDC.
Step 15: Print result, Stop.
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ad o L4

4.3  WaNIINAHIUITNUILUUUINTIUY IEEE 30 UH

lun1snageuisnisiiaunulaldssuu IEEE 30 Ua lnudilaseiiouansdagud 4.2
wazld Load Profile vesuseimnelnedssud 4.3 Wunsdifinw wagldldzunuunisviauees

% a & o 1< o =) Al M Yo (% .

nauLasefingdasudunsiauvedseliinadeounlilasun1sdnass (Non-firm
power generation profile) A33UN 4.4 Wy smAmeunIsauiunIeslsslniaiouny
FBnsdnaue m15199 4.1 wansteyasununisuanvesnsesnidaluiilussuuluimds

1 o w v

IEEE 30 Ua saunsemasnulniasaauazigaveunsesiuidaliiivdaniiinesiuie

Infinsieey Inen15199 4.2 azuansiunisinvualiillsdniiadousasiinnands 4

I~ =2 v v dy
Junsaldnulumded

M1399 4.1 suyunisnanvesasesiiialiiilussuulniifings IEEE 30 Ua

Generator Bus A RN PG:mn P;ax
a b, c (winz3Ine)
1 0 2 0.00375 50 200
2 0 1.75 0.01750 20 80
5 0 1 0.06250 15 50
8 0 3.25 0.00834 10 35
11 0 3 0.02500 10 30
13 0 3 0.02500 12 40
s 4.2 Srundsiimmueliilssliaiiou
Bus VPP Size (sunz3ng)
2 20
5 20
7 20
8 20

21 20
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0.95

0.9

0.85

0.8

Normalized Load Profile

0.75

Hour

5U# 4.3 audesnsladih (Load Profile) fdnanldidunsalfinm

0.9

0.8

0.7

0.5

0.4

0.3

Normalized Power Generation

0.2

0.1

Hour

gﬂﬁ 4.4 Non-firm Power Generation Profile At landunsaianen

'
o 1

HANINAFRUAIEITNTNUaNENUITUNTAUFIUEBYIINTAIUINNTALALAS B

a

lsslnihvesszuunliddunuinfaaluusazdalug Inefiarsanlsslvdnadoudu Non-Firm

q

Aanandlunisned 4.3 nuindidununisndanaeniuiy 13,997.43 wkeganigaeiu uas
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a1unsauansaidsnuliiivesssunazlsslninaiiousiuisluanladegua 4.5 lne

Auualilsslndnaiiounva 2, 5, 7, 8 way 21 Faduianiilvanvuinlvanesy taay 20

Y

wngind lagldadadslunsmaineuniy PSO Usenausig Population size = 500 Way

Generation = 10

M1319% 4.3 nadnsnsalgiuvesszuulniings IEEE 30 Ua

Optimal System VPP
Load Load-VPP Total Cost
Hour Power Gen. Power Gen.

(wnzind) /o
1 224.97 0.00 219.01 219.01 579.54
2 217.65 0.00 21212 212.12 557.38
3 212.38 0.00 207.17 207.17 541.66
4 205.00 0.00 200.19 200.19 519.88
5 205.48 0.00 200.65 200.65 521.28
6 213.01 5.03 212.75 207.72 543.51
7 196.87 15.29 207.68 192.39 496.26
8 201.26 25.98 222.44 196.46 508.96
9 221.87 44.94 260.64 215.70 570.12
10 202.20 73.72 270.62 196.90 511.70
11 198.08 84.51 277.39 192.88 499.73
12 162.77 100.00 259.23 159.23 401.60
13 172.46 97.60 266.08 168.48 427.76
14 215.12 74.35 283.40 209.05 549.81
15 238.11 49.07 279.91 230.84 620.07
16 243.38 39.41 275.27 235.86 636.61
17 243.49 18.32 254.49 236.17 636.97
18 248.95 1.23 242.65 241.42 654.30
19 282.55 0.00 272.49 272.49 764.74
20 278.55 0.00 268.80 268.80 751.22
21 270.92 0.00 261.78 261.78 725.74
22 261.53 0.00 253.10 253.10 694.87
23 251.85 0.00 244.12 244.12 663.56
24 238.13 0.00 231.34 231.34 620.15

Total 5,406.58 629.45 5,883.33 5,253.88 13,997.43

Pave 225.27 Load Factor 79.73%
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250 | X Y7 W >k B
/ *_k\% AN
/ + O
4 / A X
XSk % /41 +/
Oy *? RN ¢
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S 150 | N -
s PLOAD-VPP
] _ /\_ .VPP
g ©
o
100
L /<>g Q 4
A N
b R
50 | 0/ \® i
Y R
& \
o ¢
0 o X L L S N

Hour

JUT 4.5 nadnsnstiguvessyuu IEEE 30 Ua

PN v & ° a ¢ o o w a
M990 4.4 LL?WNNaaWﬁﬂqiﬁquqmﬂqir‘]Lﬂﬁ']%‘lfiﬂﬁlif\]@aiiﬂqaﬂﬂ"IUﬂaﬂiiﬂi‘W“ﬂqLall@u

v aad o

AIEITNTARDUAIVBIBUNIATLIUNENGARIBITNULAUD 1NNITNAFBUNITAIUIUTIN 30

v s t

ATY JUN 4.6 ULAAIHARNSAIAUYUNITHANTINVRITTUUAABATY 30 ASY IN1TginvAneu

¢ N Y

795U7 4.7 waslnaansaakandlunisian 4.5 F9aununIsNanTINYDISEUUNRATUARNAY

q

&

= a

WdD 13,925.33 LNTUYANTFHN T Imadauﬁhwaqﬁunuiwuﬁ'a@aafaﬂmmﬁﬂﬂ
Usgneumsiesghiilermunsianlunisgslaguanluihsegesdifinisisnuiuy Non-Firm
3o fsusmmitendaliiissdesundulsslaiadoudidnnsviremnoy Fim edl
ausauansAindsnuliihossssvusasladaitniadousiusinanlddegud 4.8 Faandiu
ImansiuvesszuuiidnuaziFounazamnsnandiidaluingsanvesszuvadld vinls
spuudifusenaulvan (Load Factor) ifdu uenainildsanunsntassraonisamulunis

\ v I o w A |
sruvdadnelniiosanlunisaammdalnihasaaidiuaevesssuuds
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Total Cost Total Cost
No. No.
($/day) ($/day)
1 13,925.39 16 13,927.31
2 13,925.35 17 13,925.36
3 13,925.51 18 13,925.36
a4 13,925.48 19 13,925.46
5 13,925.42 20 13,925.33
6 13,925.36 21 13,927.01
7 13,925.38 22 13,925.34
8 13,925.34 23 13,925.35
9 13,925.44 24 13,925.42
10 13,925.42 25 13,925.37
11 13,925.35 26 13,925.41
12 13,925.40 27 13,925.33
13 13,925.37 28 13,925.41
14 13,925.42 29 13,925.33
15 13,926.07 30 13,925.35
MAX : 13,927.31 AVG. : 13,925.53 MIN : 13,925.33
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«10%
139285

1.3928 -

139275

T
(

1.3927

1.39265

1.3926

Total Cost ($/day)

139255 000 05 00,000 60%5 600008000

13925

1.39245

1.3924 & . . . . . .
0 5 10 15 20 25 30
Trial Number

JUN 4.6 NaAWSAIRUNUNTTHERTINYDITEUUARDATY 30 AT FIEIaTIaWe
4 Best Function Value: 13925.3

1.48
1.46

1.44

Function value

1.42

Stop Pause Iteration

JUN 4.7 mMsgiinlunisAnamedsntiauevesseuy IEEE 30 Ua
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69

Optimal System VPP Power
Load Load-VPP Total Cost
Hour Power Gen. Gen.

(CHERLI)) /o
1 224.97 0.00 219.01 219.01 579.54
2 217.65 0.00 212.12 212.12 557.38
3 212.38 0.00 207.17 207.17 541.66
4 205.00 0.00 200.19 200.19 519.88
5 205.48 0.00 200.65 200.65 521.28
6 218.31 0.00 212.75 212.75 559.37
7 212.92 0.00 207.68 207.68 543.27
8 228.62 0.00 222.44 222.44 590.71
9 229.87 37.37 260.64 223.27 594.54
10 229.90 a7.42 270.62 223.20 594.63
11 229.95 54.22 277.39 223.17 594.78
12 229.83 35.97 259.23 223.25 594.43
13 229.89 42.85 266.08 223.23 594.59
14 229.94 60.30 283.40 223.10 594.77
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A15197 4.5 NadANSN1AUIMMIEIS AU EUaYRIsEUUINANANSY IEEE 30 Ua (si0)

Optimal System VPP Power

Load Load-VPP Total Cost
Hour Power Gen. Gen.
—— ($/hr)
(LunzInn)
15 229.94 56.78 279.91 223.14 594.76
16 229.92 52.10 275.27 223.17 594.70
17 229.81 31.22 254.49 223.28 594.35
18 229.76 19.30 242.65 223.35 594.21
19 229.89 49.32 272.49 223.17 594.61
20 229.91 45.58 268.80 223.23 594.66
21 229.83 38.55 261.78 223.23 594.43
22 229.84 29.78 253.10 223.32 594.45
23 229.76 20.80 244.12 223.33 594.19
24 229.74 791 231.34 223.43 594.15
Total 5,403.12 629.45 5,883.33 5,253.88 13,925.33
Pavc 225.13 Load Factor ~ 97.90%

4.4  WANISNAFDUISAUITTUVNIASTFIY IEEE 30 Us nsalAnurdnduves
Tsalwdadiaulussuu
TuhdedlgvihnisanwnavesvualsslifinadouiitsonismAnaudieisnsi

thaueTnvananssnusefunudemddunisudaliil Tagldinmsdnunsd sl

w@sloudiva 2, 5, 7, 8 way 21 %aﬁuﬂaﬁﬁimmmﬂmﬁdaa&”} wazynnsAnunlunsalaelud

1) n3in 1 Auualidlsalwihiadiou 25% veslvanlutanilvanuuialvg

o

2) nalfl 2 nmualrdlssiWiiaiiou 50% vedluaaludandlnanvuinlmg

o

3) nsaln 3 Avualuilssliaiiou 75% veslnanludanilvanuuinlg

4) nsal 4 Avualvilsslaiaiiou 100% vedluanlutandlnanvuinlvey

5) nsad 5 Avualuilsslwdiaiiou 110% vedluantutandlnanvuinlvey

4.4.1 n3N 1 mMuualidlselwilaiiou 25% vadluanlutaniilvanvuialvg
lunsaldunsalfnwnsaifilselwilnadiowiva 2, 5, 7, 8 way 21 Fadula

nilnanvuinlugresy lnedvuiavedsilninadoudu 25% votlvaniisesy a15199 4.6
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LAASNAAWSNITAIUIUNITIATIERNNTINFTTAaIUYealss WA aliaumedsnisiaaous

¥

= P aad o o gj =
VDIBUNNANUAUIEN AN ILITNUINAUD INAITNAFADUNITATUIUTIN 30 AT E‘U‘VI 4.9 La@na

3

q
(% s a

HATNSANRUYUNITHENTINVDITEUUAREATY 30 ATY LAdNadnsNISgLiImIAINBUYDINIS
Awafuandluguil 4.10 uagnaansvosrmouduandluguil 4.11 Faswulddingnivan
FuRzdaualnaatazliAfIUsENaulnanavy lagnsei 4.7 LanInaansnIsInass

nsvinauedssbiiaioulsalndaliounaznisuasalsalninluszuy

AN 4.6 NAAWSNISAIUIUAIEITNULEUDVDITLUUINANAAY IEEE 30 Ud 30 A4

Tunsdif 1

Total Cost Total Cost

No. No.

($/day) ($/day)

1 15,042.60 16 15,042.78
2 15,042.58 17 15,042.78
3 15,042.62 18 15,042.78
4 15,042.70 19 15,042.78
5 15,042.58 20 15,042.78
6 15,042.68 21 15,042.78
7 15,043.38 22 15,042.78
8 15,042.74 23 15,042.78
9 15,044.71 24 15,042.78
10 15,042.67 25 15,042.78
11 15,042.61 26 15,042.78
12 15,042.67 27 15,042.78
13 15,042.62 28 15,042.78
14 15,042.64 29 15,042.78
15 15,044.40 30 15,042.78

MAX : 15,044.71 AVG. : 15,042.79 MIN : 15,042.58




1.5046

1.50455

1.5045

1.50445

1.5044

1.50435

1.5043

Total Cost ($/day)

1.50425

1.5042

1.50415

«10%

T
@]

Q

0 5 10 15 20 25 30
Trial Number

JUN 4.9 NadWSARLNUNNSHAATINTBITEUUARDATY 30 AT TunTalN 1

A15197 4.7 NAENSN1SANLIUAIEITNUNEURvaIszuUlNTNA18Y IEEE 30 Ua Tunsain 1
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Optima

| System  Optimal VPP

Load Load-VPP Total Cost
Hour Power Gen. Power Gen.

(Winzingd) /o
1 224.94 0.03 219.01 218.99 579.46
2 217.62 0.03 212.13 212.10 557.29
3 212.38 0.00 207.17 207.16 541.65
4 205.00 0.00 200.19 200.19 519.88
5 205.45 0.03 200.65 200.62 521.19
6 218.29 0.01 212.75 212.74 559.33
7 212.92 0.00 207.68 207.68 543.27
8 228.42 0.19 222.44 222.25 590.08
9 253.30 15.22 260.64 245.42 668.22
10 252.74 25.76 270.62 244.86 666.42
11 253.53 31.83 277.39 24557 668.95
12 253.35 13.76 259.23 245.47 668.36
13 253.09 20.88 266.08 24521 667.54
14 255.44 36.08 283.40 247.33 675.11
15 253.70 34.20 279.91 24572 669.51
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AN5197 4.7 NaANSN1SALIMNMIEIS A EUVRIsEUUIWANANSY IEEE 30 Ua Tunsdlil 1 (sia)

Optimal System Optimal VPP

Load Load-VPP Total Cost
Hour Power Gen. Power Gen.
(unzing) /o
16 255.56 27.80 275.27 247.47 675.49
17 252.86 9.46 254.49 245.04 666.81
18 249.801 0.43 242.65 242.22 657.01
19 252.75 27.63 272.49 244.86 666.43
20 252.60 24.07 268.80 244.74 665.96
21 253.83 15.87 261.78 24591 669.90
22 252.95 7.99 253.11 245.12 667.08
23 250.05 1.68 244.12 242.45 657.81
24 238.04 0.09 231.34 231.25 619.85
Total 5,758.60 293.01 5,883.33 5,590.32 15,042.58
Pave 239.94 Load Factor 93.89%

10 4 Best Function Value: 15042.6

Function value

0 20 40 60 80 100 120

Stop | Pause lteration

4.10 MgidmmnguveInsAtIalunsaln 1
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Tunsdif 2
Total Cost Total Cost
No. No.
($/day) ($/day)
1 13,925.52 16 13,925.60
2 13,925.52 17 13,925.67
3 13,926.23 18 13,925.49
a4 13,925.58 19 13,925.64
5 13,925.53 20 13,925.51
6 13,925.56 21 13,925.53
7 13,927.17 22 13,925.54
8 13,925.49 23 13,925.52
9 13,925.58 24 13,925.58
10 13,927.47 25 13,925.58
11 13,925.51 26 13,925.51
12 13,925.49 27 13,925.55
13 13,925.51 28 13,925.57
14 13,925.50 29 13,925.57
15 13,925.62 30 13,925.50
MAX : 13,927.47 AVG. : 13,925.69 MIN : 13,925.49
x 10
1.39285 |
13928
1.39275 | o
g% 13927 | O
i
@ 1.39265
o o
g 1.3926 _ ___________________ e
139255100 Q00 09 000000 50000005000
13925 |
1.39245 |
0 5 1|0 15 2|0 2|5 3|0

2

Ul
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Optimal System

Optimal VPP

Load Load-VPP Total Cost
Hour Power Gen. Power Gen.
__ ($/hn)
(LunzInn)
1 224.60 0.35 219.01 218.661 578.41
2 217.60 0.04 212.13 212.08 557.24
3 212.25 0.12 207.17 207.04 541.27
a4 204.94 0.06 200.19 200.14 519.71
5 205.48 0.00 200.65 200.64 521.28
6 218.15 0.15 212.75 212.60 558.89
7 212.85 0.07 207.68 207.61 543.05
8 228.62 0.00 222.44 222.44 590.71
9 231.18 36.13 260.64 224.51 598.56
10 228.39 48.85 270.62 221.77 589.99
11 227.78 56.27 277.39 221.13 588.14
12 229.29 36.48 259.23 222.75 592.77
13 231.03 41.77 266.08 224.32 598.11
14 230.60 59.68 283.40 223.72 596.78
15 230.05 56.68 279.91 223.24 595.80
16 228.82 53.14 275.27 222.13 591.31
17 230.98 30.11 254.49 224.39 597.96
18 231.38 N <G 242.65 224.88 599.20
19 227.83 51.26 272.49 221.23 588.29
20 228.53 46.88 268.81 221.93 590.43
21 229.69 38.68 261.78 223.09 593.98
22 230.85 28.83 253.11 224.27 597.55
23 230.12 20.45 244.12 223.67 595.30
24 232.12 5.67 231.34 225.67 601.48
Total 5,403.13 629.45 5,883.33 5,253.88 13,925.49
Pave 225.13 Load Factor 96.99%
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4.43 nsiii 3 dueldillsdluiation 75% vedvanlutaniiivanvunalvg)

Tunsaimdunsaifnunsaifiiselninadoudiva 2, 5, 7, 8 uay 21 Faduda
fillmanvunslvajsiood nefluunavedsdihiaiondy 75% veslnandidesy m31eil 4.10
LanINAdNEIsAUINMTleTgEnsinassihdsnuvedlsdluiiaiousisitnsindeush
veeynIATiETigndeTiTitiaus 9nnisnadeunsfuIuTI 30 A3 JUT 4.15 wang
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swaedimnuainauenaziiidusznouTuandiaty Taon1safl 4.1 wanwadwsnsdnass

Asinauedssiilaion waznsuasadsbuilnlussuu

AN5197 4.10 WAANSNNSAIUIUMIEITNULEALUDITEUUINANA1AY IEEE 30 Ud 30 ASY

Tunsdifl 3

Total Cost Total Cost

No. No.

($/day) ($/day)

1 13,183.23 16 13,183.09
2 13,183.14 17 13,183.12
3 13,183.19 18 13,183.12
4 13,183.15 19 13,183.20
5 13,183.15 20 13,183.14
6 13,183.07 21 13,184.65
7 13,183.08 22 13,183.07
8 13,183.76 23 13,183.16
9 13,183.11 24 13,183.10
10 13,183.06 25 13,184.93
11 13,183.14 26 13,183.06
12 13,183.13 27 13,183.08
13 13,183.08 28 13,183.06
14 13,183.08 29 13,183.10
15 13,183.09 30 13,183.08

MAX : 13,184.93 AVG. : 13,183.25 MIN : 13,183.06
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«10%

1.3186

1.31855

1.3185

131845

13184

131835

Total Cost ($/day)

13183

131825

13182

'S ~ o o0
O Yo 0o QOoOQoLUY

[°G00050 0o0 0600000 Uo7 5%0 Goo00

0

5 10 15 20
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25
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JUN 4.15 NadnsAfuunIsHansInvesssuunaeniu 30 A3e Tunsain 3

Optimal System

Optimal VPP

Load Load-VPP Total Cost
Hour Power Gen. Power Gen.

(sunz3Ine) /ho
1 215.01 9.39 219.01 209.63 549.50
2 213.36 4.05 212.13 208.08 544.55
3 212.37 0.01 207.17 207.15 541.61
4 205.00 0.00 200.19 200.19 519.88
5 205.47 0.01 200.65 200.63 521.24
6 213.93 4.13 212.75 208.62 546.26
7 212.92 0.00 207.68 207.68 543.27
8 214.84 12.99 222.44 209.45 548.98
9 215.24 50.96 260.64 209.69 550.19
10 215.72 60.55 270.62 210.07 551.57
11 215.26 67.79 277.39 209.61 550.25
12 214.33 50.41 259.23 208.81 547.41
13 215.31 56.37 266.08 209.72 550.40
14 215.63 73.48 283.40 209.92 551.35
15 215.66 69.95 279.91 209.96 551.43
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(0)
Optimal System  Optimal VPP
Load Load-VPP
Hour Power Gen. Power Gen. Total Cost ($/hr)
(WNIN)
16 21591 65.04 275.27 210.23 552.18
17 215.27 44.76 254.49 209.74 550.25
18 214.87 33.24 242.65 209.41 549.06
19 214.48 63.60 272.49 208.89 547.90
20 214.37 59.99 268.81 208.81 547.58
21 215.74 51.63 261.78 210.15 551.67
22 214.74 43.86 253.11 209.24 548.67
23 214.42 35.14 24412 208.99 547.73
24 238.13 0.00 231.34 231.34 620.15
Total 5,157.95 857.34 5,883.33 5,025.99 13,183.06
Pave 21491 Load Factor 90.25%

Function value

1.34

Best Function Value: 13112.6

=b
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AN5197 4.12 WRANSASALIMIIEITNUELVRasTUUINANANSY IEEE 30 Ua 30 A39

Tunsdifi 4
Total Cost Total Cost
No. No.
($/day) ($/day)
1 12,318.01 16 12,318.05
2 12,318.06 17 12,318.63
3 12,317.98 18 12,318.01
4 12,318.06 19 12,318.03
5 12,318.10 20 12,318.07
6 12,318.00 21 12,318.04
7 12,318.05 22 12,318.06
8 12,318.03 23 12,318.00
9 12,317.99 24 12,319.47
10 12,317.98 25 12,318.00
11 12,319.73 26 12,318.00
12 12,318.01 27 12,318.11
13 12,317.98 28 12,317.99
14 12,318.14 29 12,318.06
15 12,318.00 30 12,318.00

MAX : 12,319.73 AVG. : 12,318.15 MIN : 12,317.98




A15197 4.13 NAANSN1SALINMIEISNUEUYRIssUULNANAAY IEEE 30 Ua Tunsdifi 4

Optimal System Optimal VPP

Load Load-VPP Total Cost
Hour Power Gen. Power Gen.

(wnzind) /ho
1 200.02 23.59 219.01 195.42 505.36
2 201.75 15.05 212.13 197.08 510.37
3 199.47 12.23 207.17 194.93 503.77
4 200.68 4.10 200.19 196.10 507.28
5 199.99 5.21 200.65 195.43 505.26
6 200.90 16.48 212.75 196.27 507.90
7 199.93 12.31 207.68 195.37 505.10
8 198.80 28.19 222.44 194.25 501.83
9 202.13 63.40 260.64 197.24 511.50
10 201.78 73.77 270.62 196.85 510.47
11 201.26 81.09 277.39 196.30 508.95
12 202.10 62.01 259.23 197.22 511.41
13 201.92 69.08 266.08 197.00 510.87
14 201.16 87.24 283.40 196.17 508.67
15 201.70 83.21 279.91 196.70 510.23
16 200.91 79.28 275.27 195.98 507.93
17 201.31 58.00 254.49 196.49 509.10
18 200.58 46.79 242.65 195.86 506.97
19 201.90 75.54 272.49 196.95 510.82
20 202.11 71.63 268.81 197.17 511.44
21 202.23 64.44 261.78 197.33 511.79
22 201.37 56.55 253.11 196.56 509.27
23 202.19 46.74 244.12 197.39 511.67
24 238.09 0.04 231.34 231.30 620.03

Total 4,864.26 1,135.97 5,883.33 4,747.36 12,317.98

Pave 202.68 Load Factor 85.13%
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4.45 n3difi 5 Avualkilsslwinadion 110% vasluanludaifiluanauia
Tngy
Tunsaifidunsdnunsdfidlsdwiaiiowdiva 2, 5, 7, 8 waz 21 Fududa
Aflvanvuralngjsesy lnedvuinvedsslniinaioudu 110% veslvanfinest n139i
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AN5197 4.14 HAANSN1SAUIMIEATRUEUYRIsEUUINANANSY IEEE 30 Ua 30 As9

Tunsdif 5

Total Cost Total Cost

No. No.

($/day) ($/day)

1 11,847.02 16 11,846.95
2 11,846.98 17 11,847.00
3 11,847.03 18 11,846.96
4 11,847.58 19 11,846.98
5 11,847.03 20 11,848.38
6 11,847.02 21 11,846.96
7 11,846.99 22 11,847.11
8 11,846.97 23 11,846.95
9 11,846.98 24 11,847.01
10 11,846.97 25 11,847.02
11 11,846.97 26 11,847.06
12 11,846.97 27 11,847.04
13 11,846.95 28 11,846.96
14 11,846.97 29 11,847.03
15 11,848.63 30 11,847.08

MAX : 11,848.63 AVG. : 11,847.12 MIN : 11,846.95
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A15197 4.15 NAANSAISALINMIEISAUEUVRIsEUUINANANSY IEEE 30 Ja Tunsdli 5

Optimal System

Optimal VPP

Load Load-VPP
Hour Power Gen. Power Gen. Total Cost ($/hr)
(wnzind)

1 194.21 29.11 219.01 189.90 488.62
2 194.31 22.12 212.13 190.01 488.89
3 194.82 16.65 207.17 190.51 490.36
a 194.79 9.69 200.19 190.50 490.28
5 194.52 10.41 200.65 190.24 489.49
6 195.00 22.08 212.75 190.67 490.88
7 194.73 17.25 207.68 190.42 490.10
8 194.96 31.85 222.44 190.60 490.76
9 197.31 68.00 260.64 192.65 497.52
10 197.03 78.30 270.62 192.32 496.73
11 197.21 84.95 277.39 192.45 497.24
12 196.86 67.00 259.23 192.23 496.23
13 196.88 73.88 266.08 192.20 496.27
14 197.56 90.67 283.40 192.73 498.24
15 197.63 87.09 27991 192.82 498.44
16 197.09 82.92 275.27 192.35 496.89
17 195.33 63.70 254.49 190.80 491.82
18 196.35 50.81 242.65 191.84 494.77
19 197.36 79.87 272.49 192.62 497.66
20 196.62 76.87 268.81 191.94 495.52
21 196.19 70.20 261.78 191.57 494.29
22 196.18 61.49 253.11 191.62 494.28
23 195.12 53.47 24412 190.66 491.22
24 194.86 40.88 231.34 190.47 490.47

Total 4,702.91 1,289.24 5,883.33 4,594.09 11,846.95

Pave 195.95 Load Factor 99.15%
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AN5199 5.1 WUUINADIUBIANYAITILYDUADTEMININUT (Tie-Line) vasUsznelneg

Substation Nominal Number Estimated Parameter (p.u.) Total Tie-Line Model (p.u.)
Tie-Line
From To kv of Circuits R X B R X B
North -- North-East 1 yaNgn YDULNY 3 230 2 0.00753683 0.057743298 0.471448829
North -- North-East 2 ymgln “ﬁ’agﬁ 1 230 2 0.00878666 0.067318819 0.549628785 0.00717 0.01138 4.78179
North -- North-East 3 yimgln “FEJQ?,QJ 2 500 2 0.0044446 0.017871299 3.760715050
North -- Central 1 yimgln NITNNTUIN 500 3 0.0016185 0.006507756 3.081258129
North -- Central 2 ymgln yau 3 230 2 0.00598402 0.045846437 0.374316155
North -- Central 3 ymgln 8197199 2 230 2 0.00518867 0.039752924 0.324565274
B : 0.0029 0.00421 4.21238
North -- Central 4 UATEITIA NN 230 2 0.00545379 0.041784095 0.341148901
North -- Central 5 W FauIna 115 2 0.03483172 0.134789738 0.070564332
North -- Central 6 A 2 Viﬁﬁ 115 1 0.04053146 0.15684624 0.020527806
North-East -- Central 1 aimﬁ 2 1. amzA0s 230 2 0.00257540 0.019731378 0.161098092
. ) 0.00243 0.01543 0.19766
North-East -- Central 2 WANADEY UN99 115 2 0.01804917 0.069845591 0.036565154
Central -- South 1 UNELNIU WRIEIUY 230 2 0.00605976 0.046426772 0.379054335
0.00233 0.01786 0.61596
Central -- South 2 UNEENIU YUNT 230 2 0.00378735 0.029016733 0.236908959

16
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Tunsmdmoumangigalunisdauduns emineinsinssaelnefiasunlid
susuulssliihiatiounsanansouandldsuil 5.2 Fduuniandunmameaeutuszuulilihues
UspinalngBeiuifldfaddudunuildannnisrudsnsdsluwiasiufidon silidy
Badu (Piecewise Linean) 341435 nsmdmousanszninamsmamngigasieisnng
\ndoumveseynAlumsmidreumsinassidslifihantsslifiaiiounagmsmeavang
ﬁqwé’wiﬂmmm%ué’u (Linear Programing, LP) (Fortenbacher, P., & Demiray, T., 2019)

TunrsmeasunsaufuaIadlsalndii

PSO |====)  Hourly Optimal Scheduling of VPP

|

LP (mm)  Hourly Optimal Power Dispatch of Generators

JUN 5.2 nMsmAmeumdnegalunsauiunIsaming nsinszaelagiansanlisisueuy

Lsaliaounlgilendusunun1SHERUUTLEY
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Step 1: Read system data, VPPE, profile, and aggregate hourly supply curve
set m = 1, set /TM as maximum number of iterations.
> Step 2: set k = 1, set NP as total number of particles.
—» Step 3: Initialize the VPP scheduling (VPP™) for particle &,
Step 4:  Set hour h = 1.
» Step 5: If ¥PP*"™ >0, for some i = 1,..., NV, set PNF = large number,
else, set PNF = 0.

Step 6: Initialized power flow for hour h of particle k.

Step 7: Solve optimal power generation dispatch for hour h of particle k, using
linear programming or non-linear regression of generators’ cost
functions to quadratic programing.

Step 8: Solve power flow using optimal power generation dispatch from Step 5
for hour h of particle k.

»Step 9: Ifh# 24, h=h+1 and go to Step 5, else, go to Step 10.
Step 10: Compute total daily cost (TDC) of particle k.

» Step 11: If k # NP, k = k+1 and go to Step 3, else, go to Step 12.

Step 12: Obtain gbest™, pbest"*, velocity (v¢*) and update all particles vPp™*.
> Step 13: If m # ITM, m = m+1 and <o to Step 2, else, go to Step 14.

Step 14: Obtain gbest™ as the optimal scheduling of VPP and TDC.

Step 15: Print result, Stop.

5.2  Wan1snadaulsnis

Tunrsyinasuisnisadausldardinuslunismiaineunie PSO Usenaun e

Population size = 1,000 uay Generation = 10 lnglawvadu 6 nsdinwnweludl

¥

1) nsdlil 1 Sudisimsldndsonilnihgeanluggdou (Summer peak day)

[

wiidnsldn aawulﬂﬁﬂﬁﬂqmiuq@%au (Summer light load day)

[

2
3) nedll 3 Fuiinslindanuliingsaaluggyunn (Winter peak day)
| ¢ Fudisinsliwdsnlaihianluggmunn (Winter light load day)

5) n3dit 5 Juiinislindanulnihgsgaluggru (Rainy peak day)

6) N3l 6 uﬁﬁﬂ']ﬂﬁz’j’wé’muiw%ﬁwqm‘iuqawu (Rainy light load day)
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5.2.1 wadwsnsalAnerdundnisldndsnuluigegalugadou

I3 v

A1 5.2 WEAINARNSNITATUINUNITILATIZTRNITIAFTIAIG I UVBY

PN Y

lssbhiatounieiBnisindoudiiretounIANmEne Nanne3sNieEue 31NNISNAOUNIS

9
o

AUIUTIN 30 AT JUT 5.3 UaAIHAENSARUYUNNTNANTINVBITTUUAGEATY 30 ASY Tunsdl

= [y 1Y [ v 6 [

HATNSNTGUIMIAINOUAIIUN 5.4 wasiinadnsnsdnassissiinaiow Milluand

e

AyaianeanInTuRandlugun 5.5 ngArmainisnanliiuassununsndnusasdalus

LALIIUNADATULANIAINNSIN 5.3

%108
2505

250495 |
2.5049
250485
25048 -
2.50475

Fro-0°90%o00 0ae®oooovooooooo e
25047 © ¢ - b & S ‘

Total Cost ($/day)

2.50465

2.5046

2.50455

25045

0 5 10 il 8 20 25 30
Trial Number

JUN 5.3 naansaduun1sHansiuvesssuunaeniy 30 a3 Juninslindanuliigee

lugasou
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A15197 5.2 NadNSN1sALINMEIS A EUaueIssuUlNANANSY IEEE 30 Ua 30 ASa Tudl

nsldndenulnirasanlugnou

No.

Total Cost
($/day)

No.

Total Cost
($/day)

E= N G N\

10
11
12
13
14
15

250,471,076.44
250,475,801.72
250,471,085.67
250,471,859.03
250,471,136.90
250,471,652.85
250,471,108.56
250,471,248.23
250,472,309.12
250,471,067.55
250,471,250.60
250,471,274.30
250,471,775.97
250,472,285.71
250,471,201.75

16
17
18
19
20
21
22
23
24
25
26
24
28
29
30

250,471,164.44
250,471,066.39
250,471,183.79
250,471,050.09
250,471,069.06
250,471,076.99
250,471,079.09
250,471,102.31
250,471,072.24
250,471,118.73
250,471,044.62
250,472,094.33
250,471,422.14
250,472,274.07
250,471,118.20

MAX : 250,475,801.72

AVG. : 250,471,502.36

MIN : 250,471,044.62
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15799 5.3 maansvesmsmuwiadunsaliundnislindanuliihgegalugedou

Optimal System  Optimal VPP

Load Load-VPP Total Cost
Hour Power Gen. Power Gen.
— ($/hr)
(tunzInn)
1 24,053.70 0.00 24,510.10 23,851.70 9,565,234.90
2 23,149.38 0.09 23,602.21 22,968.11 9,075,959.97
3 22,287.95 0.00 22,737.49 22,126.70 8,617,446.05
4 21,833.68 0.00 22,279.74 21,681.25 8,378,627.41
5 21,851.25 0.41 22,293.82 21,694.54 8,387,824.98
6 22,990.15 0.00 23,427.95 22,798.62 8,990,650.16
7 23,158.54 1.51 23,598.64 22,963.21 9,080,873.70
8 23,753.30 0.053 24,193.92 23,543.96 9,401,805.68
9 26,446.05 0.00 26,903.55 26,180.86 10,898,821.00
10 27,170.32 458.66 28,111.00 26,897.21 11,313,777.302
11 26,964.45 1,586.72 29,081.10 26,713.19 11,195,293.965
12 27,133.88 469.55 28,089.74 26,865.63 11,292,775.76
13 26,649.24 22.20 27,142.09 26,390.78 11,014,706.82
14 27,559.76 1,719.32 29,810.78 27,290.67 11,539,054.45
15 27,692.72 1,718.62 29,939.12 27,416.26 11,616,314.25
16 27,414.83 1,677.36 29,614.12 27,141.25 11,455,041.65
17 27,062.24 224.23 27,747.09 26,777.50 11,251,522.50
18 25,717.56 1.01 26,162.74 25,458.93 10,486,705.61
19 26,945.41 534.54 27,936.82 26,651.83 11,184,359.39
20 26,981.82 1,385.85 28,867.66 26,706.35 11,205,274.29
21 27,111.80 1,214.55 28,825.37 26,836.50 11,280,053.85
22 27,092.00 759.29 28,338.44 26,817.91 11,268,651.49
23 27,088.80 624.33 28,200.38 26,818.52 11,266,808.31
24 26,101.88 14.98 26,574.05 25,845.23 10,703,461.15
Total 614,210.71 124,13.27 637,987.902  608,436.69  250,471,044.62

Pave 25,592.11 Load Factor 92.41%
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5.2.2  waawsnsalAnwriuninisldndinulningalugaiou

A1 5.4 WEAINAR NS NITAIUINNITILATIZTUNITTAFTTAI T IUVDS

PN Y

lssbhiatounieiBnisindoudiiretounIANmEne Nanne3sNieEue 31NNISNAOUNIS

9
o

AUIUTIN 30 AT JUT 5.6 UaAIHAENSARUNUNNTNANTINVBITTUUAGEATY 30 ATY Tunsel

= [y 1Y [ v 6 v

HAENSN15GLimIAInUAIIUN 5.7 uasdinadnsnisdnasslssluiiadounivihlvivand

0,

AyaianenInTuRandlugun 5.8 ngrrmainisnanliiuassununsndnusasdals

LALIIUNADATULAAIAINNTIN 5.5

«108
22674 F

226735

22673

226725

22672
O

226M5Fooo0eo00gTo0 o900 0000000

226711

Total Cost ($/day)

2.26705

2267

2.26695

0 5 10 il 5 20 25 30
Trial Number

JUN 5.6 waansAduun1sHaRTIIvesssuunaeniy 30 a3 Juninslindauluisiian

lugasou
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A15197 5.4 NaANSN1SAUINMIEIS A EUavRIssUUINANANSY IEEE 30 Ua 30 ASa Tudl

nsldndenulniiaaluggseu

Total Cost Total Cost
No. No.
($/day) ($/day)

1 226,714,404.14 16 226,718,368.32
2 226,714,145.95 17 226,714,091.72
3 226,714,246.72 18 226,714,188.39
a4 226,715,012.57 19 226,715,185.80
5 226,714,083.17 20 226,714,067.37
6 226,714,204.64 21 226,714,087.42
7 226,714,082.13 22 226,715,206.98
8 226,714,248.86 23 226,714,270.32
9 226,714,170.88 24 226,714,093.62
10 226,714,129.50 25 226,714,091.22
11 226,714,114.64 26 226,714,099.58
12 226,714,062.42 27 226,714,129.02
13 226,714,084.54 28 226,714,724.41
14 226,715,175.26 29 226,714,799.59
15 226,714,612.96 30 226,714,120.30

MAX : 226,718,368.32

AVG. : 226,714,476.75

MIN : 226,714,062.42
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M50 5.5 aansvesnsanalunsaliuniinislondsnuliiiianluggou

Optimal System Optimal VPP

Load Load-VPP Total Cost
Hour Power Gen. Power Gen.
- ($/hr)
(lunzInn)
1 22,294.42 0.19 23,151.76 22,114.26 8,620,861.95
2 21,241.43 0.00 22,073.61 21,084.60 8,070,347.70
3 20,580.37 0.05 21,394.58 20,435.95 7,730,373.10
a4 20,357.82 0.04 21,163.95 20,215.66 7,616,896.56
5 20,713.68 0.01 21,525.76 20,561.29 7,798,581.65
6 21,986.09 0.14 22,830.47 21,807.41 8,458,525.07
7 22,078.41 0.24 22,929.95 21,902.34 8,507,034.26
8 22,363.33 0.22 23,221.35 22,180.71 8,657,274.23
9 25,007.73 0.00 25,925.60 24,764.01 10,090,224.91
10 25,144.46 793.65 26,909.58 24,910.25 10,166,206.22
11 25,154.52 1,425.06 27,591.12 24,929.87 10,171,805.18
12 25,065.82 517.79 26,542.24 24,835.22 10,122,484.73
13 24997.19 21.51 25,946.40 24,762.37 10,084,375.14
14 25,735.43 1,719.56 28,489.09 25,493.08 10,496,753.54
15 25,587.95 1,716.91 28,330.89 25,344.62 10,413,936.74
16 25,301.05 1,682.29 28,001.28 25,064.39 10,253,449.87
17 25,050.68 428.67 26,417.78 24,805.45 10,114,068.84
18 24,472.35 0.00 25,370.91 24.234.17 9,794,495.71
19 25,052.76 1,459.14 27,496.73 24.805.60 10,115,226.48
20 25,051.39 1,717.72 27,765.38 24,803.63 10,114,466.06
21 25,098.80 855.18 26,920.79 24,859.42 10,140,813.99
22 24,829.83 5.52 25,752.23 24,592.88 9,991,642.12
23 24,946.02 110.58 25,982.18 24,707.46 10,055,992.35
24 23,246.71 2.06 24,131.51 23,048.24 9,128,226.05
Total 571,358.24 12,456.53 605,865.18 566,262.88 22,671,4062.42

Pave 23,806.59 Load Factor 92.51%
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297 x10® Best Function Value: 2.26714e+08
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5.2.3  waawsnsalAnwriuniinmsldndsnulniggalugavund

A1 5.6 WEAINAR NS NITAIUINNITILATIETUNITTAFITAIE UV

PN Y

lssbhiatounieiBnisindoudiiretounIANmEne Nanne3sNieEue 31NNISNAOUNIS

9

AUIUTIN 30 AT SUT 5.9 UaAHAENSARUNUNNTNANTINVBITTUUAGEATY 30 ASY Tunsel

= v 5 U [ v s [y

HAENENITGUIMIAINBUAIFUT 5.10 warlinaansnisdnassissbiinatouniililuand

e

ARadLaonInVuAwanslugun 5.11 lneArmainisuanluiiuasdununisudnuday

YIUAETIUNADATULEAIAINITIN 5.7
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215185 F
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)
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O e O e ) e O
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Total Cost ($/day)

2.15155

21515
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A15197 5.6 NAANSA1SALINMIEIS AL EUVRIsEUUINANANSY IEEE 30 Ua 30 ASa Tuidl

nsldndenulniasanluggrun

No.

Total Cost
($/day)

No.

Total Cost
($/day)

E= N G N\

10
11
12
13
14
15

215,161,756.13
215,161,399.60
215,160,819.55
215,160,700.00
215,161,222.48
215,164,786.47
215,160,749.55
215,160,802.93
215,160,834.97
215,161,766.13
215,160,729.61
215,160,763.21
215,160,727.33
215,160,720.99
215,160,723.73

16
17
18
19
20
21
22
23
24
25
26
24
28
29
30

215,160,704.70
215,161,024.30
215,161,786.23
215,160,779.27
215,160,719.69
215,160,874.91
215,160,876.94
215,160,735.26
215,160,763.66
215,161,328.25
215,160,718.70
215,160,754.93
215,160,727.81
215,161,601.73
215,160,897.30

MAX : 215,164,786.47

AVG. : 215,161,093.21

MIN : 215,160,700.00
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M5 5.7 waansveamsmuwiadunsaliuninislindsnuliihgegalugguung

Optimal System Optimal VPP

Load Load-VPP Total Cost
Hour Power Gen. Power Gen.
e ($/hr)
(Lnzann)
1 20,900.00 0.00 22,000.00 20,700.00 7,870,500.00
2 20,200.00 0.00 21,300.00 20,000.00 7,511,900.00
3 19,600.00 0.00 20,800.00 19,500.00 7,254,100.00
a4 19,200.00 0.00 20,300.00 19,100.00 7,032,100.00
5 19,300.00 0.00 20,400.00 19,200.00 7,078,300.00
6 20,400.00 0.00 21,500.00 20,200.00 7,622,100.00
7 21,600.00 0.00 22,700.00 21,400.00 8,232,500.00
8 21,300.00 0.00 22,500.00 21,100.00 8,107,900.00
9 23,700.00 0.00 25,000.00 23,500.00 9,388,100.00
10 24,400.00 300.00 26,100.00 24,200.00 9,760,400.00
11 24,500.00 800.00 26,800.00 24,300.00 9,829,400.00
12 24,500.00 0.00 25,900.00 24,300.00 9,797,000.00
13 23,600.00 0.00 25,000.00 23,500.00 9,336,400.00
14 24,600.00 1,500.00 27,700.00 24,500.00 9,889,300.00
15 24,500.00 1,700.00 27,700.00 24,300.00 9,803,700.00
16 24,600.00 1,500.00 27,500.00 24,400.00 9,844,400.00
17 24,400.00 800.00 26,600.00 24,200.00 9,776,000.00
18 24,300.00 0.00 25,700.00 24,100.00 9,706,900.00
19 24,600.00 1,700.00 27,700.00 24,400.00 9,863,700.00
20 24,400.00 1,700.00 27,600.00 24,200.00 9,772,900.00
21 24,400.00 1,000.00 26,800.00 24,200.00 9,759,800.00
22 24,200.00 100.00 25,700.00 24,000.00 9,671,000.00
23 24,100.00 0.00 25,400.00 23,900.00 9,569,900.00
24 22,400.00 0.00 23,700.00 22,200.00 8,682,400.00
Total 549,700.00 11,100.00 592,400.00 545,400.00 215,160,700.00

Pave 22,904.17 Load Factor 93.11%
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«108 Best Function Value: 2.1516e+08

Function value
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A15197 5.8 NAANSN1SAUINMEIS AL EUaYRIssUUINANANSY IEEE 30 Ua 30 ASa Tudl

nsldndsnulniigalugamung

Total Cost Total Cost
No. No.
($/day) ($/day)

1 98,926,300.00 16 98,926,347.33
2 98,926,302.16 17 98,926,354.96
3 98,926,308.60 18 98,926,362.06
a4 98,926,309.05 19 98,926,380.42
5 98,926,309.65 20 98,926,381.35
6 98,926,310.91 21 98,926,390.72
7 98,926,312.57 22 98,926,449.11
8 98,926,312.79 23 98,926,540.23

9 98,926,313.62 24 98,926,588.86
10 98,926,316.21 25 98,926,621.66
11 98,926,322.78 26 98,926,714.60
12 98,926,325.25 27 98,926,785.59
13 98,926,329.06 28 98,926,790.18
14 98,926,329.27 29 98,926,799.43
15 98,926,336.45 30 98,928,178.87

MAX : 98,928,178.87

AVG. : 98,926,480.79

MIN : 98,926,300.00
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M15799 5.9 waansveamsmuwiadunsaliuninislindnulihmanluggrun

Optimal System  Optimal VPP Total Cost
Load Load-VPP
Hour Power Gen. Power Gen. ($/hr)
(lunzInA)
1 12,600.00 0.00 12,600.00 12,600.00 3,980,000.00
2 12,300.00 0.00 12,300.00 12,300.00 3,833,800.00
3 12,000.00 0.00 11,900.00 11,900.00 3,703,100.00
4 11,600.00 0.00 11,600.00 11,600.00 3,568,000.00
5 11,800.00 0.00 11,800.00 11,800.00 3,641,500.00
6 12,300.00 0.00 12,300.00 12,300.00 3,843,700.00
7 12,400.00 0.00 12,400.00 12,400.00 3,894,100.00
8 12,200.00 0.00 12,200.00 12,200.00 3,803,000.00
9 12,400.00 0.00 12,400.00 12,400.00 3,901,800.00
10 12,500.00 0.00 12,500.00 12,500.00 3,928,000.00
11 12,600.00 0.00 12,600.00 12,600.00 3,977,400.00
12 12,700.00 0.00 12,700.00 12,700.00 4,007,400.00
13 12,700.00 0.00 12,700.00 12,700.00 4,021,200.00
14 12,900.00 0.00 12,800.00 12,800.00 4,087,200.00
15 13,000.00 0.00 13,000.00 13,000.00 4,141,400.00
16 13,100.00 300.00 13,400.00 13,100.00 4,192,300.00
17 13,100.00 700.00 13,800.00 13,100.00 4,184,200.00
18 13,300.00 1,700.00 15,000.00 13,300.00 4,288,100.00
19 15,500.00 1,700.00 17,200.00 15,500.00 5,266,900.00
20 15,000.00 1,700.00 16,700.00 15,000.00 5,040,800.00
21 14,400.00 1,700.00 16,100.00 14,400.00 4,771,800.00
22 13,600.00 1,700.00 15,300.00 13,600.00 4,414,000.00
23 13,200.00 1,400.00 14,600.00 13,200.00 4,225,700.00
24 13,100.00 700.00 13,800.00 13,100.00 4,210,900.00
Total 310,300.00 11,600.00 321,700.00 310,100.00 98,926,300.00

Pave 12,929.17 Load Factor 83.41%
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15 %108 Best Function Value: 9.89263e+07
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A15197 5.10 HAadNWSNISAIUIAA83TNULEaUDYeIszuUlNHnA1aY IEEE 30 Ua 30 AS9 Juf
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Total Cost Total Cost
No. No.
($/day) ($/day)

1 226,645,142.18 16 226,645,066.58
2 226,645,207.83 17 226,645,083.50
3 226,645,736.94 18 226,645,550.37
a4 226,645,661.78 19 226,645,057.86
5 226,646,112.50 20 226,645,341.61
6 226,645,024.99 21 226,645,020.75
7 226,645,022.11 22 226,649,304.58
8 226,646,144.21 23 226,645,019.70
9 226,645,004.95 24 226,645,949.86
10 226,645,029.29 25 226,645,186.38
11 226,645,031.19 26 226,645,052.20
12 226,645,108.42 27 226,645,125.93
13 226,645,184.24 28 226,645,000.00
14 226,646,123.04 29 226,645,037.15
15 226,645,067.06 30 226,645,028.79

MAX : 226,649,304.58

AVG. : 226,645,414.20

MIN : 226,645,000.00
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M50 5.11 waansvasnsAalunsaliuniinislindnulninasanlugany

Optimal System Optimal VPP

Load Load-VPP Total Cost
Hour Power Gen. Power Gen.
— ($/hr)
(tunz2ann)
1 22,000.00 0.00 23,000.00 22,000.00 8,621,000.00
2 21,000.00 0.00 22,000.00 21,000.00 8,070,000.00
3 21,000.00 0.00 21,000.00 20,000.00 7,730,000.00
4 20,000.00 0.00 21,000.00 20,000.00 7,617,000.00
5 21,000.00 0.00 22,000.00 21,000.00 7,799,000.00
6 22,000.00 0.00 23,000.00 22,000.00 8,458,000.00
7 22,000.00 0.00 23,000.00 22,000.00 8,506,000.00
8 22,000.00 0.00 23,000.00 22,000.00 8,657,000.00
9 25,000.00 0.00 26,000.00 25,000.00 10,068,000.00
10 25,000.00 1,000.00 27,000.00 25,000.00 10,146,000.00
11 25,000.00 1,000.00 28,000.00 25,000.00 10,179,000.00
12 25,000.00 0.00 27,000.00 25,000.00 10,188,000.00
13 25,000.00 0.00 26,000.00 25,000.00 10,047,000.00
14 26,000.00 2,000.00 28,000.00 25,000.00 10,496,000.00
15 26,000.00 2,000.00 28,000.00 25,000.00 10,421,000.00
16 25,000.00 2,000.00 28,000.00 25,000.00 10,236,000.00
17 25,000.00 0.00 26,000.00 25,000.00 10,079,000.00
18 24,000.00 0.00 25,000.00 24,000.00 9,794,000.00
19 25,000.00 1,000.00 27,000.00 25,000.00 10,102,000.00
20 25,000.00 2,000.00 28,000.00 25,000.00 10,113,000.00
21 25,000.00 1,000.00 27,000.00 25,000.00 10,106,000.00
22 25,000.00 0.00 26,000.00 25,000.00 9,986,000.00
23 25,000.00 0.00 26,000.00 25,000.00 1,0097,000.00
24 23,000.00 0.00 24,000.00 23,000.00 9,129,000.00
Total 570,000.00 12,000.00 605,000.00 567,000.00 226,645,000.00

Pave 23,750.00 Load Factor 91.35%
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A15197 5.12 HAadWSNISAIUIMA83TNULEUDYeIszuUlHnA1aY IEEE 30 Ua 30 A5 Juf

fimsldndanulnidmanlugguu

Total Cost Total Cost
No. No.
($/day) ($/day)

1 179,370,123.18 16 179,370,119.78
2 179,370,988.79 17 179,370,153.07
3 179,370,141.31 18 179,370,245.81
a4 179,370,623.75 19 179,370,851.73
5 179,370,145.79 20 179,371,005.54
6 179,370,212.52 21 179,370,116.42
7 179,370,129.40 22 179,370,115.59
8 179,370,535.57 23 179,370,122.79

9 179,370,980.45 24 179,370,185.81
10 179,370,247.51 25 179,370,100.00
11 179,370,117.50 26 179,373,506.71
12 179,370,264.48 27 179,370,370.36
13 179,370,103.92 28 179,370,152.69
14 179,370,124.69 29 179,370,199.66
15 179,370,166.08 30 179,370,683.23

MAX : 179,373,506.71

AVG. : 179,370,427.80

MIN : 179,370,100.00
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M50 5.13 waansvesnsaiadlunsaliuniinslindsnulniimanluggr

Optimal Optimal
System Power VPP Power Load Load-VPP Total Cost
Four Gen. Gen. ($/hr)
(unzInA)

1 20,200.00 700.00 20,900.00  20,100.00 7,550,300.00
2 20,300.00 100.00 20,400.00  20,100.00 7,563,700.00
3 19,700.00 0.00 19,700.00  19,600.00 7,280,700.00
a4 19,200.00 0.00 19,300.00  19,100.00 7,057,900.00
5 18,900.00 0.00 19,000.00  18,800.00 6,903,500.00
6 19,400.00 0.00 19,400.00  19,300.00 7,122,600.00
7 18,700.00 0.00 18,800.00  18,600.00 6,791,500.00
8 18,500.00 0.00 18,600.00  18,400.00 6,705,000.00
9 19,500.00 0.00 19,600.00  19,400.00 7,202,700.00
10 20,300.00 0.00 20,300.00  20,100.00 7,563,300.00
11 20,300.00 200.00 20,600.00  20,200.00 7,599,900.00
12 20,100.00 0.00 20,200.00  20,000.00 7,487,500.00
13 20,200.00 200.00 20,500.00  20,100.00 7,555,200.00
14 20,300.00 800.00 21,100.00  20,200.00 7,600,700.00
15 20,300.00 400.00 20,800.00  20,200.00 7,587,400.00
16 20,200.00 400.00 20,700.00  20,100.00 7,561,600.00
17 20,200.00 0.00 20,200.00  20,000.00 7,512,600.00
18 20,000.00 0.00 20,000.00  19,800.00 7,416,800.00
19 20,200.00 1,600.00 21,900.00  20,100.00 7,545,700.00
20 21,700.00 1,700.00 23,500.00  21,600.00 8,315,400.00
21 21,800.00 1,700.00 23,600.00  21,700.00 8,358,200.00
22 21,000.00 1,700.00 22,800.00  20,900.00 7,947,800.00
23 20,300.00 1,200.00 21,600.00  20,200.00 7,588,200.00
24 20,200.00 0.00 20,300.00  20,100.00 7,551,900.00

Total 481,500.00 10,700.00  493,800.00 478,700.00 179,370,100.00

Pave 20,062.50 Load Factor  92.03%
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S¥UU IEEE 30 ¥4 Aifnsusuasudunsddnu Tnowlseandu

1) n5ER 1 wadwdnsianeinisinavesidnulniiieszuu Tnedussuu IEEE
30 U SYUULAY

2) n3dlil 2 wadwsmsinsginisinavesiidanuliliifeisangavesideny
Wit Tnefinsuvsiiuiioonidu 3 fudl el

Area 1 Bus Numbers 1,2, 3,4,5,6,7,8,9, 11, 28

Area 2 Bus Numbers 12, 13, 14, 15, 16, 17, 18, 19, 20, 23

Area 3 Bus Numbers 10, 21, 22, 24, 25, 26, 27, 29, 30
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Pgl. Pg2, Pd3, Pd4. Pd5

Pgl3, P22, Pd12, Pdl3)
Pd14. Pd15. Pdl6,

AREA-1 (62.8 MW
Demand) ARFA:-2 (56.2 MW

Demand)

Pd6. Pd7, Pd8, Pd9,
Pdl1l, Pd28

Pd17. Pd18, Pd19. Pd20,
Pd23

P22, Pg27, P26, Pd27.
Pd29, P30, Pd10,

AREA-3 (485 MW
Demand)

Pd21. Pd22, Pd24. Pd25

JUN n.1 msangulassteliiiiivefnwiganui
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[P.Deepika and PL.Somasundaram, 2017; Puneet Raj and Kirti Pal, 2021]

Full IEEE 30 buses system

Simplified Three Area IEEE 30 buses system

Total Power (snging)
Area
Demand / Generation

Total Power (sung3ng)
Area
Demand / Generation

Area 1l:Bus i, 2,

3,4,5,6,7,8,9, 62.8/87.11
11, 28

Area 2 :Bus 12,

13,14, 15, 16, 56.20 / 56.20
17, 18, 19, 20, 23

Area 3 :Bus 10,

21,22, 24, 25, 48.50 / 48.50
26, 27, 29, 30

Area 1 Total 87.11/87.11*%

Area 2 Total 56.20 / 56.20

Area 3 Total 48.50 / 48.50

* Loss adjustment into power demand for power balance

NNANITNAADUTIABY NUINITNITaNnavesiIasublidauaaInAd oudl
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Thailand Requirement

(Peak Load Day)

Thailand Requirement

(Light Load Day)

wile ey GAN 10 wile  dau na19 10
00:00 1969.25 2582.01 1712581  2174.63 1593.62 1880.87 11278.98  1579.15
01:00 1861.56 2404.56 16627.46  2074.62 1507.27 1750.59  10831.72  1524.33
02:00 1787.28 2249.40 16087.74  2002.29 1424.87 167518 10532.93  1483.69
03:00 1737.42 2162.81 15828.37  1952.64 1359.70  1596.66 10078.84  1448.61
04:00 179841 224491 15697.81  1953.82 1371.89 1613.14 10001.64  1453.74
05:00 2013.00 2588.00 1614326  2054.36 1488.18  1772.17 10026.40  1507.65
06:00  2029.67 253584 16370.63  2028.58 1350.97 1650.30  9437.14  1537.25
07:00  1909.46 2447.46 17192.05  1995.04 1268.04  1599.98  9614.33  1527.12
08:00 1991.76 2642.15 193156  2231.34 133043 1676.24  10692.60  1548.95
09:00 2067.23 280573 2011291  2369.99 1390.78  1754.69  11462.77  1567.25
10:00 217384 294221 20720.37  2463.49 1431.16  1810.76  11997.70  1565.63
11:00  2171.24  2916.19  19803.64  2444.11 1446.45 1882.08 12068.65 1553.67
12:00  2129.82 2807.95 19084.65  2390.57 148135 191691 11987.59  1537.54
12:00  2371.83 3147.99 20940.43  2549.74 153220 1960.81  12100.56  1550.26
14:00 241608 318237 20991.79  2544.63 1567.88  1973.32 1214719  1543.23
15:00  2419.68 313833 20771.43  2489.18 157457  1966.04 11928.99  1549.30
16:00  2320.38  2894.72  19459.44  2327.19 155351  1864.24  11099.67  1561.99
17:00  2219.16 ~ 2807.99  18227.29  2205.50 1561.20 1929.15 10901.13  1637.94
18:00 2538.88 3003.52 1872117  2522.79 1889.15 = 2653.29 11973.98  1964.06
19:00  2764.97 3528.15 19144.88  2654.205 225455 298534  13084.23  2016.62
20:00  2709.05 3411.33 1931560  2615.07 2269.22 2894.84  12937.24  1958.00
21:00  2563.14 319691 19292.08  2525.08 2156.07 274423 12641.72  1867.55
22:00  2399.25 3060.01 19500.38  2483.22 2009.3¢ 252524  12040.17  1753.39
23:00 215694 283056 18566.52  2306.19 1820.74 2289.32 1128525  1639.10
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Thailand Requirement

(Peak Load Day)

Thailand Requirement

(Light Load Day)

witle dau GAN 1] wile ey N84 T
00:00 199566  2463.89 15707.63  1947.27 1933.78  2160.38  14664.72  2020.68
01:00  1836.85 2357.92 15001.45 1888.38 1861.56 2096.96 14364.83  1939.07
02:00  1783.09  2290.03 14523.64  1839.24 1809.93 2018.99 13876.79  1876.22
03:00  1778.26 229110 14327.92  1818.42 1748.46  1957.19  13609.82  1827.51
04:00  1916.43  2389.56 14408.01  1847.30 1768.71  1960.82  13271.60  1835.42
05:00 220881 262039 1498334  1995.01 193597 211212 1331712 1903.94
06:00 214537 252662 15252.63  1977.97 187491 1996.19 1291312  1827.80
07:00  1982.05 235521 1595531  1888.36 1771.61 2007.56 12851.05 1805.74
08:00  2080.82  2539.24  18103.44  2040.51 1851.85 2059.09 13579.82  1944.28
09:00  2167.59 267380 18716.83 2145.68 1901.78  2120.27 14091.64  2044.44
10:00 221020 275229 19179.48 2212.97 1907.23 217239  14231.43  2100.89
11:00 218074 261249 18414.73  2145.06 194314 218391 1377567  2093.63
12:00 213921  2569.31 17963.81 211155 2011.74  2199.14 1402657  2073.43
13:00  2331.98 285893 19787.33  2234.40 2063.38 222832  14560.26  2125.73
14:00  2300.68  2900.05 19645.18 2215.61 213597 217429  14184.05 2137.52
1500  2424.07 2818.42 1933035 2173.84 208378 2180.71 1414621 2107.66
16:00 231333  2707.96 1812430 2088.54 2012.85 2148.42 1384524  2043.04
17:00 231009 272571 1713629  2062.09 2050.29  2207.00 1366393  1920.17
18:00  2702.81  3342.87 17860.13  2358.93 2341.99 272235 14447.23  2207.85
19:00 285377 344501 17819.59  2402.99 269850 2998.86 15185.15  2407.51
20:00  2739.84 3091.77 17563.00 2319.98 2655.23 287052 15063.69  2388.21
21:00 2455484 280714  17149.97 2185.80 204053 2669.00 15189.12  2307.97
22:00 229847 274775 1761677  2155.06 2184.39 241589 1463231  2191.48
23:00  2080.50  2517.94  16439.29 201257 1994.56 2217.87  13909.41  2040.70
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Thailand Requirement

(Peak Load Day)

Thailand Requirement

(Light Load Day)

wile  dau na19 T wile a1y GAN T
00:00  1583.05 2263.48 14971.95 1894.73 874.60 127341 889285  1556.95
01:00  1500.17 210531 14614.85 1801.58 899.71 114361  8709.99  1502.85
02:00  1457.11 2050.54 14268.76  1740.11 865.94 109395 853120  1456.55
03:00 143026 1971.93 1397031  1708.21 841.67 1094.84  8260.11  1429.90
04:00  1477.48 2052.69 13905.00  1736.65 941.62 116412  8261.01  1433.50
05:00  1762.03 2358.85 14221.61  1886.30 103545 141353  8334.40  1491.00
06:00  1957.01 2761.15 1471294  1938.70 1110.07 1458.67  8286.06  1537.84
07:00 167658 243591 15229.14  1799.57 1028.03  1290.99  8364.77  1497.70
08:00  1722.05 2379.19 17424.87 1998.87 910.35  1091.16  8876.99  1537.79
09:00  1803.06 2441.67 18177.39  2124.79 896.15 1040.12  8962.42  1580.25
10:00  1867.47 2467.29 1862554  2210.03 920.05 103566  9050.81  1587.18
11:00 179891 236371 17970.27 2189.23 980.07 105882  9062.64  1560.36
12:00  1744.00 2248.00 17337.28 2128.21 997.12  1080.99  9066.75  1548.54
13:00  1950.57 2487.05 1927508  2286.61 999.18  1094.69  9209.31  1541.96
14:00  1969.14  2517.06  19256.05 2277.57 1002.74  1238.08  9189.55  1539.12
15:00 201854 2523.38 19091.82  2233.72 1123.73 1359.21 940533  1544.42
16:00  1996.16 2608.84 1825848  2127.52 1314.16  1486.05 944850  1543.87
17:00  2036.21 2812.07 17227.92  2038.45 1565.13  1933.67  9885.11  1630.18
18:00 244757 3499.66 17716.67  2405.18 1906.81 2281.48 10965.55  2025.31
19:00 249258 334271 1761842  2474.25 1829.91 2127.46 10730.70  2007.00
20:00  2362.87  2963.33 1747241 2373.61 1663.43 1871.83 10635.05 1941.25
21:00 218155 2667.92  17065.25  2239.09 1414.04  1681.00 10364.48  1854.75
22:00 199544 254051  17191.21 = 2160.55 1248.48 1504.94 10087.38  1754.65
23:00  1768.42 2311.00 16180.70  1981.25 1109.74 1354.05  9705.36  1616.90
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1157991 0.4 sl nsegluniewmie

. . Uszam v fdenanRnng
99N Folseluitn LASDIALLA RLINEN
T5¢lni#ln (unzing)
\Wesln Wouulvy MS-H1 Hydro Hydro 16
BB-H1 Hydro Hydro 70
BB-H2 Hydro Hydro 70
BB-H3 Hydro Hydro 70
BB-H4 Hydro Hydro 70
#10 Bhumibol Dam
BB-H5 Hydro Hydro 70
BB-H6 Hydro Hydro 70
BB-H7 Hydro Hydro 150
BB-H8 Hydro Hydro 180
wATEnsIH | \Weuwied WngINA-H1 Hydro Hydro 12
; KN-H1 Hydro Hydro 15
wwadlan | WeouuAlley
KN-H2 Hydro Hydro 15
MM3-T4 Thermal LIGNITE 150
MM3-T5 Thermal LIGNITE 150
MM3-T6 Thermal LIGNITE 150
MM3-T7 Thermal LIGNITE 150
MM3-T8 Thermal LIGNITE 300
MM3-T9 Thermal LIGNITE 300
MM3-T10 Thermal LIGNITE 300
4119 Mae Moh Power MM3-T11 Thermal LIGNITE 300
Plant MM3-T12 Thermal LIGNITE 300
MM3-T13 Thermal LIGNITE 300
MM3-T4 Thermal LIGNITE 150
MM3-T5 Thermal LIGNITE 150
MM3-T6 Thermal LIGNITE 150
MM3-T7 Thermal LIGNITE 150
MM3-T8 Thermal LIGNITE 225
MM3-T9 Thermal LIGNITE 225
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. 4 i . Useian . | fdswdndans
9NN Folselnin LAIDINLA LADLNAY Y.
T59ludin (unzing)
dufiuededi 4 C4-T1 Thermal Coal 1000
. fufiua3esd 5 C5-T1 Thermal Coal 1000
a1y —
DIUNULATDIN 6 Cée-T1 Thermal Coal 1000
Feuiaewin KKM-H1 Hydro Hydro 5.5
SK-H1 Hydro Hydro 125
. SK-H2 Hydro Hydro 125
QIR Sirikit Dam
SK-H3 Hydro Hydro 125
SK-H4 Hydro Hydro 125
1157991 0.5 Lsslihdsseglunangiusenieaniie
.. P )y R Uszam . fdenanAnng
NI Folsslnin AseenLia RERIGE ..
54l (unzing)
NPO2-C11 Combined NG 121
NPO2-C12 Combined NG 121
. Nam Phong power NPO2-C10 Combined NG 113
YDULNU
plant NPO2-C21 Combined NG 121
NPO2-C22 Combined NG 121
NPO2-C20 Combined NG 113
LTK-H1 Hydro Hydro 250
- Lam Ta Khong LTK-H2 Hydro Hydro 250
UATIIVEAUN
Hydropower Plant LTK-H3 Hydro Hydro 250
LTK-H4 Hydro Hydro 250
o - . 5 CP-H1 Hydro Hydro 400
yqll PAINIU(FUNA)
CP-H2 Hydro Hydro 400
PMN-H1 Hydro Hydro 34
. PMN-H2 Hydro Hydro 34
uaTIwse | Pak Mun Dam
PMN-H3 Hydro Hydro 34
PMN-H4 Hydro Hydro 34
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. . 4 A Uszim 4 | fdwEaRans
nin yalsalwih GELN ) CRIEN ..
T54lwiiln (nzIne)
SRD-H1 Hydro Hydro 12
Quai’]‘ljﬁ’]ﬁ Sirindhorn Dam SRD-H2 Hydro Hydro 12
SRD-H3 Hydro Hydro 12
M157991 0.6 Lsalihinseglunianans
- y N | . Uszam 4 . | fdswdndnns
Janin Yalseluiin GELN g ERIEN ..
T54lwi#ln (nzIne)
NB-C11 Combined NG 220
North Bangkok
NB-C12 Combined NG 220
Power Plant
NB-C10 Combined NG 260
NIUNN
NB-C21 Combined NG 250
NIBUATILD NB-C22 Combined NG 250
NB-C20 Combined NG 350
SNR-H1 Hydro Hydro 120
SNR-H2 Hydro Hydro 120
Srinagarind SNR-H3 Hydro Hydro 120
SNR-H4 Hydro Hydro 180
SNR-H5 Hydro Hydro 180
TN-H1 Hydro Hydro 19
Tha Thung Na Dam
TN-H2 Hydro Hydro 19
NYIUY3 VRK-H1 Hydro Hydro 100
Vajiralongkorn VRK-H2 Hydro Hydro 100
VRK-H3 Hydro Hydro 100
4 . MK-H1 Hydro Hydro 6
LUBULUNADY
MK-H2 Hydro Hydro 6
SNRR-H1 Hydro Hydro 267
AIuATUNS@uUAdL) | SNRR-H2 Hydro Hydro 267
SNRR-H3 Hydro Hydro 267
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. . 4 i . EETS 4 | fdwEaRans
Janin Yalseluiin GELN Y CRIEN ..
Tsaluisin (nzIng)
GPG#1-C11 Combined NG 235
GPG#1-C12 Combined NG 235
Gulf Power
GPG#1-C10 Combined NG 264
Generation Co.,
GPG#H2-C21 Combined NG 235
Ltd.
GPG#H2-C22 Combined NG 235
. GPG#2-C20 Combined NG 264
RIS
GNS#1-C11 Combined NG 250
GNS#1-C12 Combined NG 250
Gulf JP NS GNS#1-C10 Combined NG 300
Company GNS#2-C21 Combined NG 250
GNS#H2-C22 Combined NG 250
GNS#2-C20 Combined NG 300
UATUIEN Lﬂﬁauﬂqumuﬂﬂmiﬁna KD-H1 Hydro Hydro 10
any3 \Jouthdnuadvd PS-H1 Hydro Hydro 6.7
RB3-C11 Combined NG 212
RB3-C12 Combined NG 212
RB3-C10 Combined NG 261
Ratchaburi RB3-C21 Combined NG 209
Electricity RB3-C22 Combined NG 209
Generating Co., Ltd RB3-C20 Combined NG 257
- RB3-C31 Combined NG 214
I1UY3
RB3-C32 Combined NG 214
RB3-C30 Combined NG 253
TECO-C11 Combined NG 230
Tri Energy Co., Ltd. TECO-C12 Combined NG 230
TECO-C10 Combined NG 240
Ratchaburi Power RPCL#1-C11 Combined NG 230
Co. Ltd. RPCL#1-C12 Combined NG 230
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157991 0.6 sl inseglunianans (de)

. . 4 i . EETS 4 | fdwEaRans
Janin Yalseluiin GELN Y CRIEN ..
Tsaluisin (nzIng)
RPCL#1-C10 Combined NG 240
RPCL#2-C21 Combined NG 230
RPCL#2-C22 | Combined NG 230
i’ﬂﬁﬁ RPCL#2-C20 Combined NG 240
Ratchaburi RB3-T1 Thermal NG/Oil 720
Electricity
RB3-T2 Thermal NG/Oil 720
Generating Co., Ltd
Independent IPT-C11 Combined NG 230
Power (Thailand) IPT-C12 Combined NG 230
Co., Ltd. IPT-C10 Combined NG 240
GLOW-C1 Combined NG 356
Glow IPP Co., Ltd.
GLOW-C2 Combined NG 356
a3 GS-C11 Combined NG 400
GS-C12 Combined NG 400
y . GS-C10 Combined NG 450
G ESGRREE
GS-C21 Combined NG 400
GS-C22 Combined NG 400
GS-C20 Combined NG 450
NP-T1 Thermal Coal 135
o 4 Lwﬁ"ml,ua WALIBS NP-T2 Thermal Coal 135
U31auys .
N GRE] NP-T3 Thermal Coal 135
NP-T4 Thermal Coal 135
South Bangkok SB-T4 Thermal NG 300
Power Plant SB-T5 Thermal NG 300
SB-C11 Combined NG 100
aynIyvIINIg
South Bangkok SB-C12 Combined NG 100
Power Plant SB-C10 Combined NG 100
SB-C21 Combined NG 200
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. . 4 i . EETS 4 | fdwEaRans
Janin Yalseluiin GELN Y CRIEN ..
Tsaluisin (nzIng)
SB-C22 Combined NG 200
SB-C20 Combined NG 200
SB-C31 Combined NG 246
SB-C32 Combined NG 246
SB-C30 Combined NG 275
Eastern Power &
EPEC-C1 Combined NG 350
Electric Co., Ltd.
SB-T1 Thermal NG 200
SB-T2 Thermal NG 200
aynsusnnis
SB-T3 Thermal NG 300
SB-T4 Thermal NG 300
SB-T5 Thermal NG 300
South Bangkok
SB-C11 Combined NG 150
Power Plant
SB-C12 Combined NG 150
SB-C10 Combined NG 200
SB-C21 Combined NG 250
SB-C22 Combined NG 250
SB-C20 Combined NG 300
WN-C11 Combined NG 220
WN-C12 Combined NG 220
WN-C10 Combined NG 205
WN-C21 Combined NG 220
Wang Noi power WN-C22 Combined NG 220
2Y581
plant WN-C20 Combined NG 205
WN-C31 Combined NG 233
WN-C32 Combined NG 233
WN-C30 Combined NG 257
WN-C41 Combined NG 250
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. . 4 i . EETS 4 | fdwEaRans
Janin Yalseluiin GELN Y CRIEN ..
Tsaluisin (nzIng)
WN-C42 Combined NG 250
WN-C40 Combined NG 285
Fafuuia 1adead 1 T1-T1 Thermal Qil 250
SeWuuia 13aefl 2 T1T2 Thermal oil 250
SouLRE 1307l 3 T1-T3 Thermal Qil 250
Nauuia 3097 4 T1-T4 Thermal Oil 250
Fafuuia 1adead 5 T5-T1 Thermal Qil 250
WN-C11 Combined NG 220
WN-C12 Combined NG 220
WN-C10 Combined NG 205
WN-C21 Combined NG 220
Wang Noi power
WN-C22 Combined NG 220
plant
WN-C20 Combined NG 215
WN-C31 Combined NG 400
WN-C32 Combined NG 400
WN-C30 Combined NG 500
, . . & GJU-T1 Thermal NG 800
anl Law g
GJU-T2 Thermal NG 800
BPK-T1 Thermal NG 550
- Bang Pakong BPK-T2 Thermal NG 550
ALLTINT
Power Plant BPK-T3 Thermal NG 600
BPK-T4 Thermal NG 600
BPK-C31 Combined NG 104
BPK-C32 Combined NG 104
- Bang Pakong BPK-C30 Combined NG 99
ALLTINT
Power Plant BPK-C41 Combined NG 104
BPK-C42 Combined NG 104
BPK-C40 Combined NG 99




157991 0.6 sl inseglunianans (de)

141

. . 4 i . EETS 4 | fdwEaRans
Janin Yalseluiin GELN Y CRIEN ..
Tsaluisin (nzIng)
BPK-C51 Combined NG 230
BPK-C52 Combined NG 230
BPK-C50 Combined NG 250
BPK-T1 Thermal NG 650
BPK-T2 Thermal NG 650
BPK-C31 Combined NG 200
BPK-C32 Combined NG 200
BPK-C30 Combined NG 250
- Bang Pakong
QALVINT BPK-C41 Combined NG 200
Power Plant
BPK-C42 Combined NG 200
BPK-C40 Combined NG 250
BPK-C31 Combined NG 200
BPK-C32 Combined NG 200
BPK-C30 Combined NG 250
BPK-C41 Combined NG 200
BPK-C42 Combined NG 200
BPK-C40 Combined NG 250
RY2-C11 Combined NG 100
RY2-C12 Combined NG 100
RY2-C10 Combined NG 108
RY2-C21 Combined NG 100
RY2-C22 Combined NG 100
Rayong Power
FEAI0N RY2-C20 Combined NG 108
Plant
RY2-C31 Combined NG 100
RY2-C32 Combined NG 100
RY2-C30 Combined NG 108
RY2-C41 Combined NG 100
RY2-C42 Combined NG 100
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157991 0.6 sl inseglunianans (de)

- Py i .. Useian 4 . | fdswdndans
Janin Yalseluiin GELN Y CRIEN ..
Tsaluisin (nzIng)
RY2-C40 Combined NG 108
BLCP Power
BLCP-T1 Thermal Coal 673
Limited
BLCP-T2 Thermal Coal 673
GHECO-one Co.,
GOC-T1 Thermal Coal 660
Ltd.
PEHIRN
GPD-C11 Combined NG 400
GPD-C12 Combined NG 400
N GPD-C10 Combined NG 450
an we
GPD-C21 Combined NG 400
GPD-C22 Combined NG 400
GPD-C20 Combined NG 450
M15199 2.7 Vel dnsegluniale
v . P "y - Uszam . | fdswdndnns
99190 Falseluiia LA5BINLEN YDA ..
Tsalusin (nzIng)
. KA-T1 Thermal NG/Oil 315
AFAL Krabi power plant
KA-T1 Thermal Coal 800
KN-C11 Combined NG 115
KN-C12 Combined NG 115
KN-C13 Combined NG 115
KN-C14 Combined NG 115
Khanom Electricity
- KN-C10 Combined NG 215
UATAIFITUINY | Generating Co.,
KN-T2 Thermal NG/Qil 70
Ltd.
KN-C11 Combined NG 150
KN-C12 Combined NG 150
KN-C13 Combined NG 150
KN-C14 Combined NG 150
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59l (lunzIne)
UATATEITUINY KN-C10 Combined NG 250
BLG-H1 Hydro Hydro 24
BLG-H2 Hydro Hydro 24
gan Bang Lang Dam
BLG-H3 Hydro Hydro 24
BLG-H4 Hydro Hydro 12
CHN#1-C11 Combined NG 242
CHN#1-C12 Combined NG 242
Chana Power Plant | CHN#1-C10 Combined NG 2438
aavan CHN#2-C21 Combined NG 400
CHN#2-C22 Combined NG 400
L TP-T1 Thermal Coal 1000
IUAULNIN
TP-T2 Thermal Coal 1000
RPB-H1 Hydro Hydro 80
RN Rajjaprabha Dam RPB-H2 Hydro Hydro 80
RPB-H3 Hydro Hydro 80
SRT-C1 Combined Oil 100
R Suratthani
SRT-C2 Combined Oil 100
A1597 2.8 Tsslnliiifsmnguszine
- y i .. Usziam . | fdewdnnans
Janin Yalsaluiin GELN Y CRIEN .
54l (CHEREI))
IMP-H1 Hydro Hydro 700
IMP-H2 Hydro Hydro 700
IMP-H3 Hydro Hydro 700
AuN. Folusnaussne IMP-H4 Hydro Hydro 700
IMP-H5 Hydro Hydro 700
IMP-H6 Hydro Hydro 700
IMP-H7 Hydro Hydro 700
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IMP-H8 Hydro Hydro 700
IMP-H9 Hydro Hydro 700
IMP-H10 Hydro Hydro 700
NG IMP-H11 Hydro Hydro 700
HS-T1 Thermal Coal 491
HS-T2 Thermal Coal 491
HS-T3 Thermal Coal 491
Nam Theun - THB-H1 Hydro Hydro 107
Hinboun THB-H2 Hydro Hydro 107
Hydropower THB-H3 Hydro Hydro 220
HHO-H1 Hydro Hydro 75
a7 Houay Ho Dam
HHO-H2 Hydro Hydro 75
TNT2-H1 Hydro Hydro 250
TNT2-H2 Hydro Hydro 250
TNT2-H3 Hydro Hydro 250
Nam Neum 2 Dam TNT2-H4 Hydro Hydro 250
NNG2-H1 Hydro Hydro 200
NNG2-H2 Hydro Hydro 200
NNG2-H3 Hydro Hydro 200
aud.an (wdaw) SP-H1 Hydro Hydro 354
aul.am (thideu 1) NK-H1 Hydro Hydro 269
aul.an (loegyd) SY-H1 Hydro Hydro 1220
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Tie-Line Constrained Multi-Area Generation
Scheduling Using Mixed Integer Programming
Part I: Problem Formulation

N. Petcharaks
Dhurakif Pundii University
Bangkok, Thailand
c-mail: nitpFdpu.ac.th

scarch for an appropriaic generation schedule satis
system constraints and unit operation constraints with
effective spinning reserve, The work was presented in
two papers, which are part T and part TL. This part T
paper deploys the problem lormulation of generation
scheduling with virtual load constraints to ensure that
spinning reserve could be used effectively without line
congestion problem by expecting higher load demand in
next few minutes, The part TT paper is the simulation
result and discussion of the proposed method. In the
propused  method, the hybrid mixed integer
programming process includes mixed-integer linear
programming and guadratic programming (MILP-QP)
is used to find the feasible solutions with total cost
minimization while satisfying all important constraints.
MILP is used te find generation schedule whereas QF is
used to perform economic dispatch.

Keywords— Generation scheduling (GS). MILP, QF,
Marginal cost (MC), Virtual Load
NOMENCLATURE

ST - cold startup cost of unit £ (§)
F(py < generator fuel cost function in a quadratic

form (S/h)
5 - line Limt (MW)
HST:  : hot startup cost of unit 7 (S)
NG : total number of thermal generator units
P : minimum real power generation of thermal
unit § (MW)
Pimee - maximum real power generation of thermal
unit 7 (MW)
pf : generation output power of thermal unit 7 at
hour £ {MW)
P, : virtual generation output power of unit / at
hour £ {MW)
Baq - load demand at hour t (MW)
B : load demand of bus  at hour £ (MW)
. : generation output power from bus f at
hour 1 {MW)
R : spinning reserve at hour £ (MW)
¥ - % ncreasing load at bus §
sy coefficient of line { from bus j
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spt C startup cost of unit i at hour ¢ ($)

Ticois  cold slart hour unil 7 h(

T o - minimum down time ¢f thermal unit 7 )h¢
Tioi - continuously off time of unit i Jh(

Tion : continuously on time of unit # (h)

Ty - mininum up time of thermal unit £ (h)
7} ¢ statws of thermal unit / at hour ¢

(on =1, off=0)

I. INTRODUCTION

Generation  scheduling  problem (GSIP)  plays
important role in power system operation for
supplying reliable power and sufficient spinning
reserve with  [easible, sceure and cost clTeelive
solutions. Load demand varies with time and regions
In case of multi-area generation scheduling, different
load demands occur in different area. This causes
different marginal cost (MC) and various gas
emissions (EM). Appropriale generatien scheduling
(GS) 18 needed to provide sutficient electrieity supply
and sufficient spinning reserve. Generation units will
be determined to be turn on/off appropriately with
objective of tolal production cost minimization while
satistyimg all important constramts such as ninunum
up and down time constraints, naximum and
minimum  limit, etc. During peak load, most of
generation units are turning on 1o supply suflicicnt
power and spinning reserve. Thus, the marginal unit in
this hour will be the most expensive generation unit
resulting high marginal cost.

Various research methods have been developed
continuously | 1]-[15]. GSP is a mixed integer problem
smee 1t neludes both integer (umt status) and real
varables (power output) with several Important
constraints. Thus. Mixed integer programming (MIP)
has been wsed in |4] and |9]. Recently, modilied
dynamic programming (MDP) has been proposed in
2019 [11]-[12]. However, the algorithms, constraints
and mathematic formulation are very important and
key lactars of the elfective method.

The optimum location of rtenewable energy
sources (RES} is one of key decision factors in smart
grid to accomplish targets of better power supply and
cnvironments. Thus, an appropriate index refleeting
powcer supply and demand is needed,
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If DGS (Decentralized Generation Scheduling) is
used, resource sharing 1s not implemented, whereas,
CGS (Centralized Generation Scheduling) would
provide better solutions with cost effectivencss and
better environment due to Tesource sharing, In some
cases, line congestions may oceur due to unforeseen
higher load demand increasing in area with the
condensed load demand.

This paper proposes MILP-QP with DC line ow
constraints and virtual load constraints to ensure that
power could supply from other areas without line
congestion in case that load demand in increases 10%
withoul commilling new units.

In (his part T paper, the problem lormulation is
addressed in Section I Section III presents the
proposed methodology. The conclusion is given in
Scetion TV, Then, the simulation results  and
discussion are lustrated in Part IT paper.

II. PROBLEM FORMULATION
The objective function i3 to minimize total
production cost from generation units in all areas.

AT A

3

rrvn=y Y lreyesra-unps O
Subject Lo:
1) power balance constraint

hid
Phe— 2 PU =0,t=1,.., N )

=
2) spinning reserve constraint
NZ
B +R =3 Pui<0t=1_NT &
3) minimum up/down time constraint
- qi-l
U= [1, i T‘ < T¢ e
lo. it >z,

4) startup cost constramt

HST, 4T, <
5T =J & +, ()

| 8T, T, AT
5) generation limit constraint
Pl SPESP U i€ 4, k=1 5NE (6)
) DC Power Flow Line Constraints

n )
D5 Py = Frae S Frud =1 NL Q)

Frniich
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7) Virlual Load Constrainls

A7 -
ym ZE =0 =1, NT (8)
£
—f= i.s’u(l’u"wﬂ.,fr.ﬂ =1, 9)
il
1
qua_‘fl = I ]31.1 a0

z
[

EBach area 1s represented by an aggregated bus
containing 10 units each. Equation (8) and (9) are used
lo ensure that generators [rom other arcas could
supply power 1n case of increasing load in condensed
arca under line constraints. The cost [from  the
additional power 1s not mcluded in total production
cost. Virlual load was original proposed in [1]. The
key idea is the use of virtual lToad to represent the
increasing load in an addirional power balance

constraint using virtual power (P"‘_] which depends
on U: . Thus, units must be ‘on’ appropnately to
satisfy spinning reserve. Virtual power £, s

constrained by {J. i Vi virtual load and

i Lmin > T imax ?

DC flow. Therefore MILP will search for optimum
generation schedule to provide sufticient reserve and

n f
margin for P,

X

to be dispatched

A2

A3

Fig. 1 Virtual load concepts

Virtual load consiraints will prepare generalion
schedule for situation that lead increasing 10% 1n
condensed arca Al as shown in Tig.1, sysiem can
supply load without line congestion and new unit
commilling, and salislying generation unil consiraints
(6). Otherwise, generators in area A2 and A3 will
supply powet via tie-line with full capacity so that
they cannot supply power anymore in case of need
fromarea Al
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1L METHODOLOGY

The ohjective function contains decision variables
and auxiliary variables both real and integers such as
binary variables {0,1}. The objective [unction in {1)
comtains binary variables such ag U;-’ and real
continuous varigbles such as B, R{‘ , ete. GSP s a
mixed nteger optimization problem. A scarching
systematic procedure is needed to obtain the optimum
solution. MTLP 1s uged to scarch for the minimum
objective function while satisfying all constraints by
temporary relaxing inieger and binary decision
variables which would be initially set the values to be
continuous real number within range 0-1 |9]. Thus,
MILP 15 used by estimating quadratic cost fuel
function to be an approximately equivalent linear cost
[unction. Then, ccononue dispateh 1s perlormed by
using QP Production cost is estimated from quadratic
[umetion (o hincar cost [uncuen. Whereas, the linear
programming (L1*) method is performed to obtain an
cslimale selution by minimizing the production cost
function with relaxation of integer and binary values
subject to all censtraints. In next step. each relaxed
varlable 1s determined one by one, staring with the
decision variable with the value close to (.5
Supposing % 1s the first decision vanable to be
considercd. Beginning with scparating a scarch route
nto two branches, x, = 0 and x; = 1. ‘I'he variable x; 15
the first node in branch and bound tree. It will be
branched to the integer value ‘07 and ‘1°. The
corresponding objective functions, for x,;=0 and for
xi=1, are caleulated, they will be blank in case of
infeasible solutions. MILP will select the branch to
slep forward with the lower objeetive lunetion. Nexd,
MILI® will select the next integer decision variable in
similar way. MILP delermining process is repeated
until all integer and binary variables are selected to be
cither 07 or “1°.

Generalor  unil  status, u; —1 means thatl
generator is  committed and running  with
production  cost  including no-load  cost
represented by parameter a;, and varlable cost (&
and ¢;) subject to generation output constraint (6).
The difference of the maximum limit and the
generation output at cach hour provides spinning
reserve.  Whereas, decommitting  generator.
vi=0, results in wero production cosl, »ero

power output and no  spinning  reserve
contribution  from this  unit. In  addition,
committing/dccommitting a genecrator  must
satisfy the minimum up and down time
constraints (4). MILP searches for an optimum
solution with simultaneously considering all
constraints mentioned above. Thus, MILP is a
suitable tool for GSP. Ilowcver, MILP is
appropriate for GSP with generation units with
lincar cost function. Thus, units with quadratic
function  needs  linearization.  Quadratic

programming (QP) is employed to perform
economic dispatch using schedule obtained from
MILP as inpul. 'The algorithms and mathematic
formulation is key mechanism in optimization to
satisfy all constraints simultancously even the
utilization of spinning reserve in nexl lew
minute. ‘The feasible solution must satisfy the
congtraint in (11).

118 — 2 B < Line Limit =1, v1. (11

iz Al

IV. CONCLUSION

MILP-QP with DC (low constraints and virtual
load constraints could provide the appropriate TGS
solutions with total production cost minumzation and
effective spinning reserve.  Without wirtual load
constraints, line congestions may occur due to
unforeseen load demand increasing. Numerical
results show that CGS with DC line Now and virtual
load constrainls could provide [casible solutions with
cfTeetive lotal production cost duc Lo reseurce sharing
and effective spinning reserve. Tt s tested on a ten
umit system n three cases with 1, 2 and 3 areas
linking with tie lines under DGS (Decentralized
Generation  Scheduling) and CGS  (Centralized
Generation Scheduling) illustrated in Part 11 paper.
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spinning teserve provides overall reserve for two  case 2B, CGS without Tine limit as shown in Fig. 4
areas but it is not foreseen supplying higher demand since during peak hours addition expensive units are
in arca Al under line limil. Thus, in casc 2T, syslem  commilled in arca Al in casc 2C and casc 2D io
can not supply power in case that load in area Al avoid line congestion.

increasing 10%. ($MWhy
In case 2A, MC1 and MC2 represent marginal il I —
cost inarea Al and A2 respectively. MC inarea Al is i
certamnly higher than that in area A2 due to hgher pienl | 7 a
load demand as shown in Fig. 3. In case 2B, CGS is - 2 S

00000

1AL e 20
o - L case

implemented as 1 they were one arca withoul tic
lines. T'hus, total cost is the lowest since the cheaper e
generators are committed in arca A2, instead. MC in o :
case 2B for area Al and A2 are similar due to equal
marginal cost leading to optimum solution, Tn case

1500 -

ca7i019202122 2024 Hour

45678901

2B, MC is lower than those of area Al in case 2A Viig. 4 Comparc the hourly marginal cost in 20 unit system
since cheaper resources are shared during peak hours in Case 2B (CGS no line lmit), Case 2C (CGS with line
resulting in avoid committing expensive units. hmt) and Case 21> (CGS under line constramts, with
(SMWh) virtual Joad
Cane 248 26 BLE R . . .

w Case 3 © Three areas, ten umts with quadratic cost
2 lunction in cach system

554 - I— Total production cost i various cases 1n case 3

oo are shown in Table 3. They are quite similar o case
Hanit 2. The highest total production cost is in case 3A,
i s DGS without resources sharing and the lowest one is
= in case 3B, CGS without Tine constraints, Whereas,
total production cost in case 3C is higher than that of
case 3B but its solution satisfies line constraints, The
appropriate solution is in case 2D since it satisties
Iine constraints and 10% spmming teserve n next few
minutes without line congestion

1 a5 67 8 s 0y me 001072350 Llour

. Fig. 3 Comparison the marginal cost in 20 unit systeﬁ
Case 2A {DGS) and Case 2B (CGS, no tie-line limit).

In case 2C, CGS with line limit, withoul viriual
load, would provide similar MC with that of case 2D,

with virtual load. But they are different rom that of

Table 3 Comparison of total production cost in three areas with ten generators in each area

Casc Power Balance | Line Constraint | Virtual Spinnmg Tolal Cost CostinAl | Costin A2 | Coslin A3
Constraints DC Tlow Toad Reserve [0% ) ) %) (%)
Case 34 Tndrvidual o No Tndividual . - T P
= Consiraints ot i 1,502,395.71 S65.H27.69 | 437,625.03 | 498,943.00

Case 3B ] No o / 149040597 | 507.376.30 | 48434040 | 29868921
Case3C_| vl Yos o ool 1,490,465.52 | 514,136,584 | 454.371.55 | 49195714
Case 3D Yes Yo LA90A9L80 | 50551815 | 489.424.76 | 495.548.89

MC in case 3C and 3D arc quitc similar. The The appropriate TGS solutions could be

difference occurs at H#9 H#10 due to different unit

] Y ¥ found by MILP-QP with additional congtraints:
commilled to satis(y virtual load constrainis as shown

DC TFFlow and virtual load constraimnts

m Fig. 5.

MC in each arca in case 2A and 3A are much
Y 4 — P different depending on load demand in that area.
o 4 2 These reflect high MC (n area with small margin
Bl - - . between power supply and load demand in that
" »y ' A area. These MC could be used as index to tell us
:: the area that need new power plant and

i B e b e B improvement of tie-lines.
Fig. 5 The highest hourly marginal cost in 30 unit sysiem in MC 1n all areas in case 2B and 3B are similar

Case3D), centralized GS under line constraints with virtual

Joad consiraints since total production cost is optimized by using

equal marginal cost in CGS. MC in case 2D and
3D are the appropriate ones since they reflects

239
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Abstract— This paper is the part 1[ of the two parts mixed integer programming, presented m Part T of this
research papers. The objective of this work is to obtain paper series.
an appropriate generation schedule satisfying system
constraints and unit operation constraints with cffective 1. TEST SYSTEM

spinning reserve without tie-line congestion problem. In this paper. three main cases are exaniined
The hybrid mixed integer programming process paper, & £

includes mixed-integer lincar  programming and as shown in Table 1. In case 1, there is Only one
quadratic programming (MTLP-QP) is used to find the area contain.ing 10 generation units with 24
feasible solutions with total cost minimization while hours forecasted load demand using as reference
satisfying all important constraints. MILP is used to
find generation schedule whereas QF is used to perform
economic dispalch. Tt is tested on a ten unil system in load demand in cach hour. Tn case 2 and 3, therc
three cases with 1, 2 and 3 arcas linking with (ic lincs are two and three arca, respectively, containing

under DGS (Decentralized Generation Scheduling) and th 1 - liic i h Livad
CGS (Centralized Generation Scheduling). Numerical en@ihermal power plants in ¢ach area. el

results show that MILP-QP with DC line flow and  demand in arca Al, A2 and A3 arc 100%, 80%

virtual load constrainis could provide leasible solutions

cffectively.  Without virtwal Toad constraints, line

congestions may occur due to unforeseen higher load
der:and in next few minutes. 1 T NUMERICAT, RESUTTS

The solutions with their corresponding production

Keywords—  Generution  schednling (GS), Mixed- oo M(C, and EM are analyzed for each case, Case 1.

infeger linear progrumming, quadrvatic programming, Case 2A-2F and Case 3A-3D under DGS and CGS
Marginal cost, Virtual Lowd ’ o ’ : o

L2

load demand, £, Spinning reserve 1s 10% of

and 90% of A, . respectively.

ns ([CPEI) | 978-1-7281-7240-8/20/631.00

Case 1; Ten unit system with quadratic cost function

[ INTRODUCTION Most methods are based on Lagrangian relaxation

In testing of the unil commitment (UC) and ~ Method in which starting value and updating values
generation scheduling (GS) methodologics, the ten- of parameters such as Lagrangian multipliers are
unit system has been widely used since 1999 [1-6].  necessary. However, this paper uses MILP to handle

Production cost function and COs emissions from mixed integer problem and to avoid setting values of
each thermal power plant could be obtained from [1]  Lagrangian multiplicrs.  Total preduction  cost
and |4]. Therelore, this part 11 paper verilies and provided by MILP QP is $565,827.69, average cost
investigates the results of the proposed tieline  20.88 S/MWHh, lotal emission 21,907.14 tons/day.
constrained multi-area generation scheduling using

Table 1 The ten-unit system with various cases

Conlerence on Power, Fnergy and Innoval

Case Na_of | Power Balance Line Constraint ¥irtual Load Spinning Remark
R Arcns Constraints DC Ylow DC Flow Reserve 10%
Case | 1 Loculional ED - - Locitlional GS Load demand in arca Al = 100% Pload
Case 2A Z Locilional ED Mo No Locilioml GS
Case 2B 2 Centralized KD No No Centralized (8 ! ”\“f ‘JCI'E‘J‘S;‘_"?‘_;‘ :
arca Al = g ALTH
Case 2C 2 Centralized EDY 100 MW No Centralized GS e A0 FISH(‘
Case 2T} 2 Cenhalized D 0 MW Yes Centralized (%
Case 2E 2 Centralized LD 300 MW Yes Centralized G8 | To study the effectiveness of virtual load in case
Case 21 2 Centralized LD 300 MW No Centralized GS ofload in Al increase 10%: with virtual load
ase 3 cational [ Y neati s ]
Case 3A k Tacational LT Ko No Tocational GS Load demand in
Case 3B 1 Centialized TD Ko o Centralized GS area Al = 100% Plaad
Case 3C ) Ceniralivzed FD 100 MW Na Contralived GS arca A2 — 80% Pload
= = 5 = B = arca A3 — 90% Pload
Case 3D 3 Centralized D 100 MW Yon Centralized GS

978-1-7281-7244-8:20/$31.00 £:2020 IEEE
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Iig. 2 The hourly marginal cost in ten unit system, case 1.

Case 2: Twe aress, len unils with similar quadratic cost
function in cach system
There are two areas containing ten generators with
same cost function in each area. Load demand for
. ) & 0, A " !
arca Al and A2 arc 100% and 80% ol Pl -

respectively. Total production cost is shown in Table
2. In case 2A, using DGS, generation scheduling for
two arcas Al, A2 arc performed scparately and
mdependently, as if they were two countries without
resource sharing. It produces the most expensive total
production cost to satisfy power balance and spimming
reserve balance constraints in each area individually.
Whereas, m case 2B, generation scheduling for two
areas Al. A2 are centralized generation scheduling
(CGS) as 1f they were one system without tie-line
limit, it produces the lowest total production cost.
TTowever, (he solulion may nol [Gasible in some hours

due to tic-line limit. Since load demand in arca A2 is
lower than that of area Al, the excessive generation
capacity in arca A2 would supply power to arca Al
via tie line with 100 MW limit. In case 2C, line
constraints arc cnforced by implementing DC [low
constramts. The total production cost of case 2C 15 a
Tittle bit higher than case 2B since lower cosl power
from area A2 1s replaced with higher cost power
generated in arca Al to satisly line constraints. In
case 21D, virtual load constraints are added to prepare
10 minutes spinning reserve for area Al in advance.
This causes total production cost a little higher but it
is ensured that the increasing load demand in area Al
in next few minutes could be supplied by generators
inarea A2 via tie line

In case 2C, CGS 1s implemented while satislying
line constraints. ‘lhis results in a lttle higher
production cost gince power flowing in tic line is
limited due 1o line capacity (100 MW). 1n case 2D, it
is performed similar Lo case 2C bul virwal load is
implemented to ensure that in case that load demand
in area with highest load such as area Al, increases
10% within next few nunutes, the power system 1s
still able 1o provide power without line limitation and
new startup umt. The total production cost 1s a little
higher than that ol case 2C since line capacity is quile
small and there 15 no big dilTerence between load
demand in area Al and A2 as shown in Table 3

Table 2 Comparison of total production cost 1n two areas with ten generators i each area

Cags Power Dalance Ling Consirainl | Yirwal Load Spinning Total Cost Costin Al Costin A2
-0 Conslraints DC Flow DC Flow Reserve 10% 43 [B)] $)
Case 20 individ No No Individaal |y 66043077 | 56582768 | 43762503

Consirainls {Consirainls
Case 2B No No 994,667 39 50761428 | 487.053.11
Case 2C Overall 100 MW No el 994.785.72 514,172.40 | 480,617.32
Case 2D ¢ ; 100 MW Yes i 995,785.79 52210189 | 473.687.90
Casc 21 el 300 MW Yes "y §15,697.73 | 45292410 | 162,771.63
Case 2T 300 MW No 815.697.05 451467.53 | 36422951

¥ Feasible Sotution in cuse of load in AF increase 10%

[Towever, in some exireme case, lic lic may be
used with fully capacity. If load demand in area Al
during peak hour incrcases 10% and the reserve
capacity In area Al is insufficient to supply the
inerement power while power from arca A2 could not
supply power to area Al due to fully line capacity
use, it could lead to insufficient power supply
tesulting in load shedding. Therefore, virtual load is
employed to simulate in case of 10% load demand
nereasing withim next few minutes, without new
startup generator. The total addition cest due to
virtual load m next few minutes 1s not mcluded n
total production cost, this would result in committing
more unils in arca Al in some hours leading 1o higher
production cost.

To examine the cifeetivencss of virtual load, casc
25 and 2F are simulated. Load demand in area Al
and A2 are 100% and 50% of ‘%ad! respectively,
Line lhrmt 15 300 MW which 1s two times of load

 Infeasible Selution in case of load in A increase 10%

demand during peak hours.  The total production
costs of two cases are quite sumlar. But the
production cost in arca Al in case 2L is higher than
that of case 2F since more generators are comimitted
in arca Al Lo ensure thal it eould provide sullicient
power in its own area under considering line capacity
and spinning reserve constraints.

If power shortage in Al is larger than line limit, it
means that adding power from other area via tie line
1s infeasible. Thus, power from area A2 could not
supply incremental load due to line capacity even
though there 15 overall sufficient spinning reserve. In
case 2k, virtual load constraints are implemented so
that it provides [casible solulion in case of load
demand in area Al increasing 10%. In contrast, in
case 2T, virtual load is not used, the capacity of
committed generation units in area Al is insufficient
to supply incremental load whereas the power (rom
area A2 could not supply power to area Al due to
ling limil in hour HA10-12, and H&14. In case 2F,
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ling congirainls and effective spinning reserve
with loreseen load demand simultaneously.

Generation schedule from case 2D and 3D
can be used as input data to perform OPF 1o
obtain RLP which could be further used as
information for consideration ncw investment
planning in power plants and tie-line.

CGS solutions arc better than those of DGS
in terms of total cost and cnvirenments in all

cases as shown in Table 2-4. Thus, resource
sharing by CGS with line constraints and virtual
load provides the appropriate feasible solution.
Towever, compensation may be considered
since MC and EM 1n areas with lower demand
such as arca A2 and A3 incrcascs when
resources arc shared.

Table 4 Comparison of total gas emissions in multi areas with ten generators in each area

Casc Total EM EM in Al EM in A2 EM in A3
(ton/day) (ton/day) {ton/day) (ton/day)
Case 2A DGS 40,668 98 2190714 18.761.84 -
Casc 21> Cas 40,584.26 20,721.54 19.862.72 -
Casce 3A DGS 60,83929 21,907.14 18.761.84 20.170.31
Case 31> Cas 60,801.64 20,333.64 20,169.88 20.276.12
IV, CONCLUSION ”
ACKNOWLEDGMENT

MILP-QP with DC Mow constraints and virtual
Toad constraints could provide the appropriate TGS
solutions with total production cost minimization and
effective spinning reserve.  Without virtual load
constraints, line congestions may occur due to
unforeseen load demand increasing. Numerical
results show that CGS with DC line flow and virtual
load constraints could provide leasible solutions with
elTective tolal production cest due (o Tesouree sharing
and effective spinming reserve. Numerical tesults
show that MILP-QP could find the appropriate
solutions for TGS problem. The solutions in case 2A
and case 3A are based on DGS with individually GS
and without resource sharing resulting in highest
production cost and environments. The appropriate
solutions are those of case 2D and 3D based on CGS
wilh line congestion and virtual load constrainis.
These ensure that m case of increasig of 10% load
demand, power could be supplied without line
congestion and no need to commit new units. In
addition, they provide the appropriate total
production cost and environment.

MC in each arca in casc 2A and 3A arc much
different depending on load demand in that arca.
Whereas, MC in cases of CGS are lower. Generation
schedule from case 2D and 3D can be used as input
data to perform OPF to obtain RLP which can be
[urther used as information for consideration location
of new mvestment of  power plants and tie-Ime
power development plan. In addition, CGS solutions
are better than those of DGS in terms of total cost and
environments. Thus, CGS should be implemented
wherever possible.
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Coordinated Optimal Power Dispatch
Incorporating the Scheduling of Distributed
Energy Resources Under the Virtual Power Plant
Concept

Petch Nanthiwichitchai and Keerati Chayakulkheeree“', Non-members

ABSTRACT

In this papcr, a method is proposed [or coordinated
optimal power dispatch {OPD) incorporating the schedul-
ing of distributed energy resources (DERs) (COPD-IDS).
‘The proposed COPD-1DS aims to minimize the total daily
operating cost of a power system by considering the
oplimal scheduling of DERs. In the problem [ormulalion,
the DERs are considered dispatchable limited energy
units and treated as a virtual power plant (VPP}). The
QP is solved for total hourly cost minfmization, using
quadratic programming (QP) as a subproblem in COPD-
IDS. Meanwhile, the total daily operating cost mini-
mization incorporating the scheduling of DERs is solved
by particle swarm optimization (PSO) and compared
to a genetic algorithm {GA). The proposed COPD-IDS
is tested on the medified IEEE 30-bus system under
a practical load and the daily profiles of DERs. The
simulation results show that the proposed method can
minimize the total daily operational cost of the electricity
syslem with the dispalchable condilion of DERs using the
VPP concept.

Keywords:  Distributed energy resources, Optimal
power dispatch, Particle swarm optimization. Quadratic
programming, Virtual power plant

1. INTRODUCTION

The electricity supply industry has been steadily
transformed into a more complex structure with dis-
tributed energy resources (DERs), vehicle to grid (V2G),
energy storage systems (ES3s), and demand responses
(DRs). Many of the former electricity consumers have ei-
ther shifled or planning Lo shill, their roles lo prosumers,
requiring the system operators (SOs) and distribution
network operators {DNOs) to change their strategies and
policies to achieve the best performance [1-2]. Among
the many energy policy concepts, a virtual power plant
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2022; accepted on November 3, 2022, This paper was recommended by
Associate Editor Yuttana Kumsuwan.
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Digital Object Ldentifier: 10.37936/ecti-ecc.2023212,.249822

(VPP) is one of the most interesting business models
for enhancing the efficiency and reliability of system
operation [3-5].

The concepl of VPP is illustraled in Fig. 1. By
aggregating the DERs in the grid using information
technology and advanced metering infrastructure, the
non-firm DERs can be dispatched as the power plant but
the power inputs arc dispersed over the system.

As a result, many studies have proposed VPDs for
optimal power system operation, over the past decade.
For example, the authors in [6] proposed the optimal
scheduling of VPP's using the robust optimization method
in the day-ahcad clectricity markets, where clectricity
prices are highly uncertain. The proposed method aims
to maximize social welfare in the day-ahead market with
an offer and bid-hased energy trading mechanism. Simi-
larly, a medel for evaluating the physical characteristics
of the VPP with uncertainties was developed in [7] for
day-ahead unit commitment. Meanwhile, day-ahead self-
scheduling for a virtual power plant trading in both
energy and reserve electricity markets has been proposed
in [8]. The method for oplimal managemenl of renewable
energy sources by VPP has been introduced by [9] to
minimize the total operating cost, considering the cost of
energy loss during a 24 h time interval. From the players’
perspective, the optimal strategics for participating in the
power market are interesting. The bidding strategy in the
VPP day-ahead and real-time markets, as a price taker,
was proposed in [10]. In [11], a VPP bidding strategy for
participating in energy and spinning reserve markets was
inlreduced.

However, there are several VPP business models,
depending on national energy policies. In addition, VPPs
are usnally aggregated by renewable energy, which has
daily limits, and DR, by shifting the loads. Hence, ESS
is the key tool in the management of DERs. It can shift
the power during high potential and light load to the
high loading period, enabling the DERs to be partially
dispatchable or schedulable, as limited distributed energy
unils (LDERs). The ESS investmenl is also a crucial
issue for both utilities and VPP players. Therefore, the
study of cost-effectiveness 1s essential for encouraging
and regulating the players in the system to participate
in VI'P business under superlative conditions.
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This paper proposes a melhod [or coordinaled oplimal
power dispatch incorporating the scheduling of DERs
(COPD-IDS) when they are dispatchable by the system
operator under the VPP concept. The proposed COPD-
IDS has been tested with the modified IEEE 30-bus system
using practical load and DER daily profiles. Quadratic
programming (QP} is used to solve the problem of optimal
power dispatch from generators, while particle swarm
optimization (PSO) [12] is used for optimal scheduling of
DERs and compated to the genctic algorithm (GA) [13].
The cost saving from the dispatchability of DERS is also
discussed.

The remainder of this paper is organized as follows.
Section 2 addresses the problem formulation of optimal
power dispatch considering the DERs as limited energy
units. The COPD-IDS under the VPP concept using PSO
is illustrated in Section 3. The simulation results for the
proposed method with the modified IEEE 30-bus system
are presented and discussed in Section 4. Finally, Section
5 provides the conclusion.

2. PROBLEM FORMULATION

In the problem formulation for optimal day-ahead
dispatch of distributed limited energy resources (OLERs),
the objective function is to find the minimum daily
operaling cosl by ulilizing all the DLERs as,

24
Minimize TDC = Z FAPGY" VPP + PNF (1)
h=1

Subject to

NG NV NB
h
YR - VPR =N Pl 4Py, forh=1 24
i=1 i=l i=1
(2)

PGh=Ph PR Lforh=1...24 (3

VPP" = [VPP.__VPEY, | forh=1.24 (4)

By treating the VPP as DLERs, the constraint for total
daily energy production is,

24
VPP = Z VPP,".t'or ™ gl (5)
=1
where

rnc is the total system daily cost,
F is the hourly system [ucl cost al hour A,
Pgﬁ is the real power generation of
the generator at bus 7 at hour A,
VPPI’J is the real power generation of the VPP
at bus ¢ at hour £,

7 s the real powcer load at bus 7 at hour h,

Pjrase is the real power loss in the syslem,
is the number of generators,

NV is the number of VPPs,

NB is the number of buses,

PNF s the penalty factor applied for
constraint violation{s), and

VPPE is the total daily energy production
of the VP’ at bus i.

The hourly system fuel cost at each hour (#7) is
oblained through the oplimal power dispatch of the
generators incorporating the specified amount of real
power generation of the VPP at hour h (VP Pi"), which
are co-ordinately solved by SO, as illustrated in the
following section, and compared to the GA.

3. COPD-1IDS UNDER THE VPP CONCEPT USING
PsO
In the proposed COPD-I1S, the real power generated

[or the VPPs in cach hour are trealed as parlicles o[ PSO
according to Egs. (6) and (7).

] 7 pplm
VPP = VPP VPP VPP | )
24(m)]

VPP™ = [V VR ™ VPP 7

To treat the VPPs as LDERs, Eq. (5) is rearranged as,

VPP v pPE - Y VPR

Jfori=1...NV
h=1
(8)
0 iV PP 50
PNF = - : 2imy
large number, if VPP <
fori=1,..,NV. 9
where
vep™ is the matrix representing the set of hourly
real power generation of the VPP
in iteration m,
v l’l'i(mJ is the matrix representing the hourly
real power generalion of the VP
F at bus i in iteration m,
4 PPfuwﬂ is the matrix representing the real power

generalion of the VPP al bus { al hour 24
in iteration m

Therefore, Eqs. (8) and (9) guarantee that the daily
energy generation of each VPP will not exceed its total
daily energy limil. The particle thal violales Lthe daily
energy generation constraint results in the high PNF
being added to the objective function in Eq. (1). The
computational cancept of the proposed COPD-IDS is
shown in Fig. 2.
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The oplimal power dispalch of each hour incorpo-
rating VPP scheduling is performed by QP for iteration
m. Consequently, the minimum daily operating cost
solution among all particles, in iteration m, is selected as
gbest™ and the minimum daily operating cost solution
for particle k, in iteration m, as [:)htast"mk . Afterward,
the velocities and particles are updated by,

k| p(m-Dk C, -rand, (phest™E _ yppnky

+ - rand, - (ghest™ — VPPUEy, (o)
VPPun+1‘)k — Vppnm)k s v(m)k (1 1)
where
C.Cy arc acccleration constants,
rand ), randy are random numbers between 0 and 1,
w is the weight variable.

The computational procedure is illustrated as follows:

Step 1: Read system data, V PP E; and load profile,
set m = 1, set JT M as the maximum number
of iterations.
Set £ = 1, set VP as the total number
of particles.
Step 3: Initialize the VPP scheduling (VPP("‘))

for parlicle k.

Step 4: Set hour 2 =1
24}

Step 2:

Step5: If VPP, =0, forsomei=1,.... NV,
sel PN F = large number, otherwise,
set PNF =10

Step 6: [nitialized power flow for hour & of particle &.

Step 7: Solve optimal power generation dispatch for
hour & of particle &, using QP.

Step 8:  Solve power flow using optimal power
generation dispatch from Step 5 for hour
h of particle k.

Step9: Ifh+#24 h=h+1and go lo Step 5,
otherwise, go to Step 10.

Step 10: Compute total daily cost (T DC) of particle k.

Step 11: Ifk # NP, k =k + | goto Step 3,
otherwise, go to Stepl12.

Step 12: Obtain ghest™, phest ®%, ymk,
and update all particles VPP

Step 13: [fm £ I'TM, m = m+1 go to Step 2,
otherwise, go to Step 14

Step 14: Obtain ghest'™ ag the optimal scheduling
of the VPP and TD0C.

Step 15: Print result, Stop.

4. SIMULATION RESULTS

The IEEE 30bus system [14] was used to test the
proposed method, with the VI'I' modification added at
buses 2, 5, 7, 8, and 21. The network diagram is shown in

20— 2T et 28

v I
%6— 25
3 v
2 24
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15t 1L 19—
v v
- B>
A\
21
17 g v
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[ [ [/ 2
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10
13 e | 2l v
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~ 1] — e
l— 3L 4L
L vy
Ay

Fig. 3: Modified IEEE 30-bus system.

Fig. 3. The load profile of Thailand and the solar profile
are used to represent the non-firm condition of VPPs, as
shown in Figs. 4 and 5.

Assuming the cast of DERs is constant due to non-firm
agreements, the SO will purchase this energy without
any condilions. The compulalion for the base case of
DERs with non-firm conditions, the OPD results for each
hour, and the total daily operating cost are shown in
Table 3. The total daily operating cost of this case is
13,997.43 §/day. The netload profile (PLOAD-VPP) of the
base case is shown in Fig. 6.

With the proposed COPD-IDS, the daily operating cost
can be reduced as indicated by the convergence plot in
Tig. 7. 'The COPD-IDS results addressed in Table 4
show that the total daily operating cost can be reduced to
13925.33 $/day. The dilference in operaling cosl belween
the base case and COPD-IDS can be used to encourage or
subsidize the non-firm small power produced to change
their behavior to firm conditions. Fig. 8 addresses the
load profile with COPD-IDS. It is noticeable that the
load shape is flaller than the base case and the peak
load reduced. Therefore, the investment cost for both
generation and transmission can be reduced by firming
the small power generated using the VPP concept.

The GA is also used to solve the proposed COPD-IDS
problem formulation for comparison with the PSQ. The
comvergence plol of the problem formulation solved by
the GA is shown in Fig. 9. The daily scheduling results
from the GA are illustrated in Fig. 10. Table 5 addresses
the COPN-INS results of the modified IEEE 30-bus system
solved by GA. The resulls indicate thatl both the GA
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Table 1: Cost function and limit of TEEE-30-bus system.

Generalor | F(Pg)=aj+b P+ P | PIP | PR
Bus a; By & MW MW
1 0 0.00375 30 200
2 0| L5 0.01730 20 30
5 0 1 0.06250 15 50
5 0 | 325 0.00834 10 35
11 0 3 0.02500 10 30
13 0 3 0.02500 12 40
1 T T
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Fig. 4: Load profile used for the study.
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Fig. 5: Non-firm power gencration profile for the study.

Table 2: Buses connected to the VPP

Bus | VPP Size (MW)
2 20
5 20
7 20
20
21 20
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5
[
100 e &
& 9
s
50 Py S 1
s
N
0 ot . " & |
0 5 10 15 20 25
Hour

Fig. 6: Base case results for the modified IEEE 30-bus system
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Fig. 7: Computational convergence of the modified IEEE 30-
bus system solved by PSO.
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Fig. 8: Results for the COPD-IDS with the modified IEEE
30-bus system solved by PSO.
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Table 3: Base case results for the modified IEEE 30-bus
system.

Tabled: Results of the proposed COPD-IDS with the
modified IEEF 30-bus system solved by PSO.

Optimal Optimal
% VPP i . VPP .
System o Load Load Total System Pawes Toad Load Total
Hour Power & (n‘riW) VPP Cost Hour | Power G (l\‘er) vre Cost
en. en.
Gen. (MW) ($/hr) Gen. (Mw) {$/hr}
(MW) (MW)
(MW) (MW)
i 224.97 0.00 219.01 219.01 579.54 1 22497 Q.00 219.01 219 57954
2 217.65 0.00 212,12 212,12 557.38 2 217.64 0.00 212.12 212.12 557.38
3 212.38 .00 207.17 207.17 541.66 3 212.38 0.00 207.17 207.17 541.66
4 205,00 .00 200.1% 200,19 314.88 4 205.00 0.00 200,19 200,19 519.88
5 205,48 0.00 200.65 200.65 02128 5 20548 0.00 20065 200.65 521.28
6 213.01 5.03 21275 20772 513.31 6 21830 0.00 21275 559.37
7 196.87 15.29 207.65 192.39 496.26 7. 212.92 0.00 207.68 543.27
8 201.26 23.98 22244 196.40 508.96 8 228.02 0.00 22244 590.71
4 22187 44.94 260.64 215.70 o70L12 Y 229.97 37.27 260h64 09485
mn 202.20 73.72 27062 196.90 511.70 0 22903 17.39 270.62 5941.72
1L 198.08 8451 27739 192.88 49975 11 22983 54.33 277.39 594.41
12 162,77 100.00 239.23 15%.23 401,60 12 229.77 30.03 259.23 594.24
13 17246 97.60 266.08 168.48 427.76 13 229.84 42.89 200,08 59445
14 21512 7135 28340 209.05 519.81 ™ 230.00 60.25 283410 594104
13 238.11 49.07 279.91 230.84 620.07 13 229.97 56,75 279.91 594.86
16 243.3% 39.41 275.27 235.86 636.61 1o 229.76 52.25 27527 594.20
17 243,49 18.32 25449 23617 636.97 17 229.79 3123 254.49 223.26 594.31
18 218.95 1.23 2712.65 24112 65:4.30 18 229.82 19.25 212.65 22340 594.39
19 282.35 0,00 272,49 272.49 764.74 19 229.92 49.29 272,49 584.70
20 278.33 Q.00 208,80 268.80 731.22 20 230.06 43.43 268,80 595.13
21 270.92 0.00 261.78 261.78 725.74 21 229.78 38.00 200178 594.27
22 261.53 0.00 25310 25310 69487 22 230.06 29.57 253.10 595.13
23 251.85 0.00 244.12 244.12 663.36 23 229.66 20.59 244,12 593.89
24 238.13 Q.00 23134 23134 620.15 24 229.01 8.04 231.34 593.75
Total Total
of 5406.58 629.45 5883.33 5253.88 13997.43 of 5403.12 629.45 5883.33 5253.88 13925.33
Day Day
2 Best: 1392 : 14 300 T r
T % est: 13926.5 Mean: 14369 ¥
0, ke &
o \ -
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Fig. 9: Computational convergence of the modified IEEE 30-
buses sysiem solved by the GA.

and PSO can reduce the total daily operating cost of the
system by solving the proposed COPD-INS, Moreover,
the total daily cost solution obtained from PSQ is 13925.33

Fig. 10: The COPD-IDS results for the modified IEFF. 30-bus
sysiem sofved by the GA.

$/day, lower than the 13926,54 $/day from the GA,
In the test case, the difference between the non-
dispaltching stratcgy of the DERs and the proposed
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Table5: Results for the proposed COPD-IDS with the
modified IEEE 30-bus system solved by the GA.

Table 6: Summary results for the base case, COPD-IDS
using the GA, and COPD-INS with the PSO of the modified
IEEE 30-bus sysiem.

COPD-IDS is approximalely 72.10 $/day. This infor-
mation can be further mvestigated as dispatchability
value of the DERs for the SO to set the policy for VPP
encouragement and regulation.

Table 6 addresses the summary results of the base
case, COPD-IDS using the GA, and COPD-IDS with the
PSO. The results show that the proposed COPD-IDS can
minimize the total daily cost by ceordinating the optimal
hourly dispalch o the oplimal scheduling of DERs.

Mareaver, the total daily loss of the system is reduced
by the proposed method. Furthermore, the results
indicale thal the COPD-IDS solved by lhe PSO provides
a superior solution compared to the GA.

5. CONCLUSION

A method for coordinating optimal power dispatch
(OPD) incorporating the scheduling of distributed energy
resources (DERs) (COPD-IDS) is proposed in Lhis paper.
The objective of the proposed COPD-IDS is to minimize
the total daily operating cost. 'The simulation results
on the modified TEEE 30-bus system under practical
load and DERs daily profile conditions indicate that

Optimal
System VEP Load Total Optimal
Hour | Power p‘?w” Load VPP Cost Dispatch
Gen. (;f";') MW w) ($/r) Results with COPD-IDS | COPD-IDS
{(MwW) Non-Firm Using GA | Using PSO

1 22439 150 21901 21751 57472 DERs

2 21137 5.96 212.12 206.17 538.61 (Basc Case)

3 211.56 0.78 207.17 206.39 539.23 Total Daily 548343

4 209.00 0.00 200.1% 200.19 514.88 Load (MWh)

5 205.48 a@.00 200.65 200.65 521.28 DERs Daily

6 21831 2.00 21275 212.75 559.37 Power Generation 629.4%

7 212.92 0.00 20768 | 207.68 543.27 (MWHh)

[ 223.21 5.12 222.44 217.32 574.18 Optimal Daily

Y 23206 35.30 260.64 60130 SySICHONCE 510658 5403.18 5403.12

0 231.85 1558 | 27062 500.6% Generation

11 22779 5626 | 27739 58815 (MWh

12 3518 | 281 | 25923 60474 Total Deily

13 231.08 4172 266.08 598.26 Loss 15270 149:30 s

14 23211 5825 28340 60116 (M“.h)

15 2315z | 5528 | 27991 599.63 Towl Daily

o Tl e T Py P Cost 13997.43 13926.54 13925.33

17 752,29 WAE | 25449 | 22562 60199 /ay)

18 226.93 21.93 212.65 220.72 585.68

19 228.71 50.43 27240 | 22206 590.99

20 23173 4334 208.30 224.97 600.33 the propesed COPD-IDS can successfully minimize the

21 23145 37.02 261.78 22476 599.42 total daily operational cost of an electricity svstem with

. 252.66 Zi1z | ead1gpigees 93 5 13 dispalchable DERs using the VPP concepl.

23 227.50 22.93 244.12 22119 S87.23

24 232,16 5.63 23134 | 2251 50161 ACKNOWIEDGMENTS
Total

of 5403.18 | 629.45 | 5883.33 | 525388 | 1392654 This worlk, Rescarch ID: 253697, was supported by (1)
Day Suranaree University of Technology (SUT), (ii) Thailand

Science, Research, and Innovation Fund (NSRF).

REFERENCES

[1] K. Oikonomou, M. Parvania, and R. Khalami, “Coor-
dinated deliverable energy flexibility and regulation
capacity of distribution networks,” mnternational
FJournal of Electrical Fower & Energy Systems, vol.
123, no. 106219, pp. 1-13, Dec. 2020.

[2] A. Safdarian, M. Fotuhi-Firuzabad, and M. Lehto-
nen, “A Slochaslic Framework [or Shorl-Term Op-
eration of a Distribution Company,” IEEE Transac-
tions on Power Systems, vol. 28, no. 4, pp. 4712-4721,
Nov. 2013,

[3] D. Pudjianto, C. Ramsay, and G. Strbac, “Virtual
power plant and system integration of distributed
energy resources,” IET Renewable Power Generation,
vol. 1, no. 1, pp. 10-16, Apr. 2007.

[4] P. Asmus. “Microprids, Virlual Power Plants and
Qur Distributed Energy Future” The Electricity
Journal, vol. 23, pp. 72-82, Dec. 2010.

[5] G.Plancke, K. De Vos, R. Belmans, and A. Delnooz,
“Virtual power plants: Definition, applications and
barriers to the implementation in the distribution
system,” in 2015 12th International Conference on the




162

(10]

(1]

2]

ECTI TRANSACTIONS ON ELECTRICAL ENGINEERING, ELECTRONICS, AND COMMUNICATIONS VOL 2L NO.2 JUNE 2023

European Energy Markel (EEM), Lisbon, Porlugal,
2015, pp. 1-5.

Z.Ullah, N. H. Mirjat, and M. Baseer, “Optimisation
and Management of Virtual Power Plants Energy
Mix Trading Model,” International Journal of Renew-
able Energy Development (IJRED), vol. 11, no. 1, pp.
83-94, Feb. 2022.

S, Babaei, C. Zhao, and L. Fan, “A Data-Driven
Model of Virtual Power Plants in Day-Ahead Unit
Commitment,” IEEE Transaciions on Power Systems,
vol. 34, no. 6, Pp. 5125-5135, Nov. 2019,

A. Baringo, L. Baringo, and J. M. Arroyo, "Day-
Ahead Self-Scheduling of a Virtual Power Plant
in Encrgy and Rescrve Eleclricily Markels Under
Uncertainty,” IEEE Transactions on Power Systems,
vol. 34, no. 3, pp. 1881-1894, May. 2019.

M. J. Kasaei, M. Gandomkar, and ]. Nikoukar,
“Optimal management of renewable energy sources
by virtual power planl” Renewable Energy, vol. 114,
pp. 1180-1188, Dec. 2017.

M. Rahimiyan and L. Baringo, “Strategic Bidding for
a Virtual Power Plant in the Day-Ahead and Real-
Time Markets: A Price-Taker Robust Optimization
Approach,” IEEE Transactions on Power Systems, vol.
31, no. 4, pp. 2676-2687, Jul. 2016.

E. Mashhour and $. M. Moghaddas-Tafreshi, “Bid-
ding Strategy of Virtual Power Plant for Participat-
ing in Encrgy and Spinning Reserve Markets—Part
I: Problem Formulation,” IEEE Transactions on Power
Systems, vol. 26, no. 2, pp. 949-956, May. 2011.

]. Kennedy and R. Eberhart, “Particle swarm opti-
mization,” in Proceedings of ICNN'95 - International
Conference on Neural Networks, Perth, WA, Aus-
tralia, 1995, vol. 4, pp. 1942-1948.

[13] J. McCall, “Genetic algerithms for modelling and

(14]

optimization,” Journal of Computational and Applied
Mathemalics, vol. 184, no. 1, pp. 205-2221, Dec. 2005.
0. Alsac, and B. Stott, “Optimal Load Flow with
Steady State Security)” IEEE Transactions on Power
Apparatus and Systems, vol, PAS-93, no, 3, pp. 745-
751, May 1974




163

conde,
b o

2y

ety

&
£}

Greater Mekong Subregion Academic and Research Network (GMSARN)

e,

March 27, 2024 No. GMSARN]J 2024/05

S. Nirukkanaporn
Department of Electrical Engineering, College of Engineering,

Asian Institute

of Technology Rangsit University, 52/347, Phahon Yothin Road, i
Lak Hok Subdistrict, Mueang District, Yol
Pathum Thani 12000, Thailand of Loos

Dear S. Nirukkanaporn,

q Subject: Acceptance Letter (Paper ID. GMSARN-21F-14)
freeor Title of the Journal: GMSARN International Journal
U:\“;‘r‘;m Paper Title: Area-based Pricing Investigation for Virtual Power Plant -
of Technology A Case Study of the Equivalent Thai Power System Sl el
Authors: N. Petcharaks, P. Nantivatana, K. Chayakulkheerce and : )
5. Nirukkanaporn
Corresponding Author: S. Nirukkanaporn
BK ! .
" Thank you very much for vour submission to our journal. We are pleased to inform

you that yvour paper has been reviewed and accepted with revision for publication in

1o Chi Minh Cify Volume 19 Issue 3, 2023, In case vou have not submitted copyright form; please send

University of scanned copy shortly through e-mail: gmsarn@ait.ac.th. Thank vou for making the “‘f!“”"?“m

Technology . 3. : z niversity
journal a vehicle for your research interests.

Best wishes,

3 i

Institute of

Technology ‘

Cambadia Yangon

Technological
University

Prof. Weerakorn Ongsakul, PhD, CFA
Editor-in-Chief
GMSARN International Journal

Khan Kaen
University

Yurnan
University

Kunming

University of Naresuan
Science and Universit
Technelogy Y
?% GMSARN Office: Asian Insfitufe of Technology
Postal Address: Street Address: Tel: (66-2) 524-6537
P.O. Box 4 Km. 42 Paholyothin Highway  {for local calls, dial 02 before the tel no.}
Chitralada Klong Luong Klong Luang E-mail:  gmsarn@ait.ac.th
Technology Pathumthani 12120 Pathumithani 12120 Internet: http//www.gmsarn.com Suratthani
Thailand Thailand Rajabhat

Institute University




164

N, Pefcharaks, P. Nantivatana, K. Chayakulkheeree and S. Nirukkanaporn / GMSARN International Journal (2024) + .

g B, Area-based Pricing Investigation for Virtual Power Plant —
L 5 . . .
i i % A Case Study of the Equivalent Thai Power System
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/‘3’&% N. Petcharaks, P. Nantivatana, K. Chayakulkheeree and S. Nirukkanaporn®
o

Abstract— This paper investigates and analy=es the Thai electric power supply in three dimensions: energy securify,
economy and ecology, based on the equivalent Thai Electric Supply Industry. Major supplving resources are
conventionad power planis such as thermal and hydro power plants, some importing power from Lao PDR, and smail
percentage from renewable energy sources (RES). In this paper, short term regional gemeration scheduling Is
performed to study how generators are committed to satisfy the power balance, spinaing reserve and other constraints
and how power flows among regions under tie line constraints. MILP-QP (Mixed Integer Linear Programing -
Quadratic Programing) is used to find the feasible solutions with lowal juel cosi minimization while saiisfving all
important constraints. Tie-line constraints ave implemenied by DC flow. It is performed on an equivalenr Thai System
with 4 regions: Ceniral (including Bangkok and Metropolitan area), North, Northeast and South regions linked via iie
lines, comprising 99 generators. Then, arca-based optimal power disparch (AOPD) is performed to obtain hourly real
time locational pricing (RLP) of each area in each case. Numerical results show daily (otal fiel operation cost, average
fuel cost, gas emissions, and marginal costs in each region, each season: summer, rainy and winter, and eackh case:
peak load day and light load day. Many characterisiics of Thai power svsiem are revealed, including hourly price of
each area. Hourly RLP could be used to determine the location of VPP and be a gitideline for the buying price from
rep.

Keywords— Coordinated generation scheduling (CGS), Tie-line constrained. Power flow, Energy security, Economy. Ecology.

and Mctropolitan arca is included in Central arca. All
1. INTRODUCTION arcas are linked via tie-lines. Major supplying resources
are thermal and hydro power plant, and importing power
from Lao PDR. Main energy resources are natural gas,
coal, and hydre. Renewable energy sources (RES) are
continuously growing in the Thai electric supply sector.
Generation capacity from RES Including firmed and non-
frmed power plants 1s 23.8% ol 1olal generation capacity
in 2017, which is the base year for developing PDP2018.
RES in the Thai system are mainly from solar and wind
power plants, whercas floating PV power plant on

Electric power is a key driving factor in national
development plan for Thailand, The Power Development
Plan (PDP2018) ol Thailand [1] has been formulated
focusing on energy security, economy, and ecology to
ensure appropriate electric power supply facilities for
cach region throughout the year 2018 — 2037. Electric
energy  security
appropriate cost, which sets up appropriate electricity
tarift. This tarift, consequently, affects the production

should ensure sulficient supply at

reservoir al the domestic hydro power plant has been
initiated and will be growing in terms of capacity. RES
output is volatile and most of RES are distributed in the
arcas with high radiation and high wind velocity. The
appropriate support pelicy to manage RES ourpur,
lecation, buying price, etc., could offer opportunities for
RES to obtain appropriate incomes and provide many

cost of goods, products and scrvices ol most industrics in
Thailand and the cost of living of the Thai people. In
addition, the paradigm shift towards environmental
concern, espeeially reducing  greenhouse  gas  (GIHG)
emission, has been motivating capacity development of
renewable energy and energy efficiency promotion of the
country.

The cleetric power supply in the power sysiem ol
Thailand can be divided into four regions: Central,
North, Northeast, and South regions, whereas Bangkok

benelits such as load demand reduction, rescrve capacily,
energy fuel storage reduction and better environment. 1t
could be started with studying and understanding the
present status of the Thai cleetric supply system 1n cach
region and cach scason such as load demand, power
generation, power network, power flow, average cost,
marginal cost, gas emission, and power flow.

Generation  scheduling problem  {GSP) has  been
developed continuously since it plays impertant role in

N. Petcharaks is with
Prachachuen Road, Laksi,
e-mail: nil.pesicidpu.ac.ih

P. Nantivatana md K. Chayakolkheerce are with School of
Electrical Engineening, Institute of Engineering, Suranaree University

Dhucakij Pundit University, 110¢1-4,
Bangkok 10210, Ihailand.

of Technology, 111, Umversity Avenuie, Muang Nakhon Ratchasima
30000, Thailand. c-mail: peteh.nantiégmail com, kecrati.chiisut.ac.th

S. Nirukkanaporn is with Department ol Electrical Engineering,
College of Lingincering, Rangsit University. 527347, Phahon Yothin
Road, Lak Hok Subdistrict, Mueang Dhstrict, Pathum Thani 12000,
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power operation system and power plan development
plan [2]-[18]. TTydrothermal scheduling was performed
using Mixed Inleger Programing (MIP) in | 10]. GSP for
Thai system without line constraints was solved by
modificd dynamic programming (MDP) [13]. However,
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it is too complicated to implement line constraints in
MDP  whereas Mixed Integer Linear Programing-
Quadratic Programing (MILP-QP) [17], [18] could selve
generation  scheduling  problem  (GSP)  with  line
constraints using DC flow. The numerical results in [17]-
[18] showed that MILP-QP could solve GSP with
fecasible, sccure and cost-cffective solutions. Arca-based
optimal power dispatch (AOPDY), in which the generators
in each area are aggregated and considered as one supply
in the arca, is performed to solve capacity dispatch
among the 4 areas, connected by tie lines, in order to
simplify the system complexity and examine the cost of
the supply in different conneeted arcas.

Load demand varics with ime and regiens. Tn casc ol
multi-area generation scheduling, different load demands
oceur in different area, This causes different marginal
cost (MC) and gas cmissions (EM) in cach region for
each hour. Appropriate generation scheduling (GS) is
needed to provide sufficient electricity supply and
sufficient spinning reserve. Generation units will be
deterniined to be turn onfolT appropriately with objective
of total production cost minimization while satistying all
important censtraints such as minimum up and down
time constraints, maximum and minimum limit, cte.
During peak load, most of generation unils arc tuning on
te supply sufficient power and spinning reserve. Thus,
the marginal unit in this hour will be the most expensive
generation unit resulting high marginal cost.

This paper uses MILP-QP in [17]-[18] to solve short
term coordinate generation scheduling (CGS) for Thai
system  determining  gencralors Lo be turned  onfoll’
appropriately with the objective of total fuel operation
cost  minimization while satisfying all important
constraints  such as minimum uwp and down time
constraints, maximum and minimum limit, transmission
line constraints and availability of water resource for
hydro power plants. This paper investigates generation
capacity, load demand, reserve margin, marginal fuel
cost, gas emissions in 2018 and in each region and each
season: summer, rainy, and winter. AOPD is applied for
hourly real time locational pricing (RI.P) in cach arca.
Therealier, RLP prices arc used to consider the effeet of
penetration of VPP in different regions. RLP 1s used to
identify the buying price of electricity from VPP in each
region, thus the etfcets on the total daily cost of power
supply can be determimed.

There are six parts in this paper: introduction, problem
formulation, methodology, test cascs, numerical results,
and conclusion.

2. PROBLEM FORMULATION

2.1 Generatinn Schedule Problem Formulation

The objective function of gencration schedule (GS) is
to minimize total operation fuel cost from generation
units in all regions.

(g A NE / - ri-fyqrrt
FRU;) L Z [R(F ST (-U7 NU;

—liedy
k=1
1y
Subject to:
i. power balance constraint
! g
— . g
PBa- Y PU=01=1_,NT o
icdf
k-1
il. spinning reserve constraint
[ i 574 14 r
Flowd ' R - 2 P}l/[—’mﬂ <0 t=1,.. NT 3)
icdf
k=1
iil. mimmum up/down time constraint
S =
J]j U( 7;.0» = 7’;\1.(/)7
U )
» -1
03 lf T;quf < T;,dcm'n’
iv. generation limit constraint
r 13 g
’L},mfn('!i = i’;’ 3 ‘[;',ma_\ft"i P LE Ak' (5)

k=1,,N7
v. DC Power Flow Line Constraints

NB 2 p
7 = _Z ; Sf,‘j(‘ﬁms i’ "L:'uad,.j) /8

g (6)
i # slack bus

Each region is represented by an aggregated bus
containing generators in that region.

2.2 Generator Aggregation and Area-Based Optimal
Power Dispatch
In the arca-based oplimal power dispatch (AOPD)

problem formulation, the area aggregate generator model

is obtained by aggregating the generator supply cost in
cach arca into single generator, as shown in Fig, 1.
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Fig.1. Generation aggregating for AQPD

The generators in cach arca arc the gencrator thosc
committed by the UC solution. Therefore, the aggregated
generator of cach hour is different from others.

The area based optimal power dispatch problem
formulation can be illustrated as follow.

At each dispatch hour,
Minimize FE'= Z F(F). )17(

=BG

Subject to the power balance constraints

cos(0, - 8,),i=1... N8, (&

,
-

el
Py =By =3 P[P, v

0. -0y = —f VI sing, =800 =1 8, )
=
The tie-line flow constraint
|f",‘ < fm, for =1, ..., NL, (10)
Generator limit constraint
P S B, <SP0 icBG (11)

2.3 Hourly Area Pricing
The hourly RLP can be obtained by the spot pricing
concept as shown the Eq. (12) [19].

oo(dp) & (dr
pi:/‘y*/{ﬁ *Z,Llfa‘—]; J12(

i1

dP[ﬂY\‘ . . .

Therefore, represents the increasing in

aP

system real power loss due to one MW increasing of real
.y , _(ar

power injected to area i Meanwhile, GTD

i

is the

increasing of real power tlow in line / due to one MW
increasing of real power injected to area i

In this paper, the hourly RLP and the total hourly and
daily system [ucl cost are used 1o analyrze the impact of
virtual power plant penetration of each area.

3. METHODOLOGY

G8 problem 15 a mixed Integer optimization problem.
MILP-QP (Mixed Integer Linear Programing - Quadratic
Programing) is a searching systematic procedurs to
scarch for thc minimum  objective  function  while
satislying all constrainls by temporary relaxing integer
and binary decision variables which would be initially
set the values to be continuous real number within range
0-1, [17]-] 18]. Each relaxed variable is determined one
by one, starting with the decision variable with the value
close to 0.5. 1t will be branched to the integer value ‘0°
and ‘1°. The corresponding objective  [unctions, arc
calculated, they will be blank in case of infeasible
solutions. MILP will select the branch to step forward
with the Tower objective function. Next, MTLP will seleet
the next integer decision variable in similar way. MILP
determining process is repeated until all integer and
binary variables are selected to be either ‘0" or 17,

The output of the GS 15 used establish the aggregated
generation model used for AOPD by Eqs. (7)(11).
Conscquently, the hourly RLP of cach arca is oblained

by Eq. (12).

I Solve the GS Problem by Lgs.(1}-(6) I

I Formulate the aggregated generation supply curve I

| Solve the AOPTY by Egs.{7)-(11) ]

I Compute the arca hourly price by Lgs.(12) I

Fig.2, Computational procedure of the proposed
methodology

4. TEST SYSTEM

The simulation is performed on the equivalent Thai
Generation  System,  simphified [rom  the  gencration
facilities and system data of the year 2018, which is the
starting year of the PDP2018. There arc lour regions:
North, Northeast, Central (including Bangkok and
Metropolitan arca), and South regions with tic line
linking among regions. Generating system comprises 99
generators (thermal power plants, hydro power plants),
including electricity imported from Lao hydro power
plants and thermal power plants (TTongsa) with pricing 2
and 2.275 Baht/MWh, respectively. Total water available
for generation from  Thai hydro power plants arc
collected from data recorded in year 2018, The total
generation capacily for generation scheduling in the
equivalent Thai system, excluding importing power,
SPP, VSPP, mini hydro power plants, shut down reserve
capacity and RES are 30,886.40 MW contributed from
North, Northcast, Central and South regions: 11.5%,
6.1%, 73.6% and 8.8%, respectively. Load demand after
VSPP reduction varied between the highest demand at
peak hour in summer peak load day (28,092.20 MW) and
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the lowest demand in early morning in winter light load
day (11,626.52 MW). Day ahcad gencration scheduling
is performed in 6 six cases in different seasons with peak
and light load demand.

winter, 166,569 Tons/day, resulting in 1228 %
difference.

The solutions with their corresponding operation fucl
cost. marginal cost (MC), and gas emissions (EM) are

analyzed for cach case, Casc 1- 6. Total operation fucl
cost varies between 261-140 Million Baht/day and
average [uel cosl (AFS) varics belween 33470 -702.92
Baht/MWh depending on hydro energy in those days as
shown in Table 1. AFS shown in Table 1 does not
include other operation cost, maintenance cost,
adminisiration cosl, scrvice cost, distribution cost, and
ather cost for supporting VSPP and SPP, etc. The lowest
AFS is in casc 1 duc to the water release on that day.

5. NUMERICAL RESULTS

3.1 Generation Scheduling for Multi-Area System

Duy ghead gencration scheduling Tor Thal equivalent
system 1s performed for six cases. The investigation on
three items: energy security, economy and ecology are
following. Tn Table 1, it is reflected that load demand
varies depending on seasons. The highest total energy
consumed is in summer, 470,691 MWh/day whereas the Whereas, limited water was available in light load day
lowest one s in winter, 420,166 MWh/day, resulting in resulting in high AFS during light load in summer and
10.73 % dilference. The highest ermission s in summer, winter.
189,890 Tons/day whereas the lowest emission is in

Tuble 1. Total operation fuel cost and average fuel cost of various cases

Total Load Total Water
(Tload-SPPy  from Dam Excl

‘Total Fuel Average Gas

Case Load Type Operation Cost Fuel Cost Emissions

{Baht) (Baht/MWh)  (Tons/day) (MWh) L'TK (MWh)
Case 1 Summer Peak 261,090,152 554,70 189.890 470,651 19,088
Case2  Summer Light 168,385,719 621.18 103,597 271,073 16,957
Case 3 Rainy Peak 241,159,737 538.20 171655 432,028 22,158
Cased4  Rainy Light 207,091,862 56220 142,556 368.361 25,010
Case 5 Winter Peak 235,297 403 560.01 166,569 420,166 21,860
Case 6 Winter Light 139,708,060 702.92 72,203 198,753 16,116

Tahle 2. Total operation fucl eost and average fuel cost of various cascs

Gasc MLl Thope Reeig Load (Tload-SPP) Generation (Gas Emissions
! (MWh/day) (MWh/day) (Tons/day)
Noith 50,397 25,121 3,524
Northeast 42,109 26,051 6,817
Case 1 Summer Peak  Central 325,230 359,989 154313
South 52,959 59,529 25,234
Total 470,691 470,691 189,890
North 36,822 23,082 3.524
Northeast 26505 26,061 6.817
Case2  Snmmer Light  Comral 170,901 197,826 83,502
South 36.845 24.105 9.754
Total 271,073 271,073 103,597
North 51,161 18,834 3,524
Northeast 39,509 25,634 6,817
Case 3 Rainy Peak Central 293,632 330,074 137,631
South 47926 57,486 23,683
Total 432,028 432,028 171,655
North 47,233 18.811 3.524
Northeast 33,078 25,704 6,817
Case4  Rainy Light Central 240,847 293,544 121,323
South 47,203 30,303 10,892
Total 368,361 368,361 142,556
North 43,360 28,606 3,524
2 i Northeast 36,636 25,949 6,817
Coses WinterPeak  prowem; 292,582 316,586 135312
South 47 587 49025 20916
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Total 420,166

420,166 166,569

Notth
Northeast
Central
South

25808
12,814
123,426
36,705

Case 6  Winter Light

26,791
13,545
141,455
16,962

3,524
1278
60,429
6,972

Total 198,753

198,753 72,203

Fig.3. Power flowing among regions in Thai system
during some hours in summer peak load day.

The highest FLAC of committed generators is 769.85
Baht'MWh at REG power plants in Ratchaburi, REG#]
and REG#2. Whereas, FLAC of Mae Moh (MM) power
plants arc 691.51 - 717.65 Baht'MWh, respectively
which are much higher than other thermal power plants
in system with 365 - 648 Baht/MWh. Thus, REG#1 and
REG#2 and Mae Moh power plants are committed with
minimum level limit. MM power plants are committed
for security reason since they represent thermal power
plants in North region. Marginal units, to produce the
next MWh of load demand, are in Central Region such as
REG#3- REG#4- REG#5, NB#1-NB#2, and RB#1-
RB#2. The corresponding marginal cost is approximately
302 - 521 BalwMWh, Caleulating from clectricity
produced per day in summer peak load day, gas emission
(EM) is approximately 70 Mton/year whercas TTongsa
power plants release 47 kton/year.

Power normally flows from Central regions to the
others regions, whereas power could flow in both
directions for South region. Power always flows into
North and Northeast since their load demand are higher
than their committed  generation due to  cheaper
production cost in Central region in which new power
plants with higher cfficiency have been installed
recently. Whereas, committed generators in North East
region supply power at their maximum limit duc to their
low production cost. Power flows in some hours during
summer peak load shown in Fig.3 where region 1, 2, 3
and 4 representing Central, North, Northeast and South
regions, respeetively.

In Table 2, the highest load, generation and emission
of each region are in Case 1, summer peak load day. The
most condensed load and the highest generation are in
Central region since it includes West, East, and Upper
North arcas whereas the least Toad demand and
generation are in Northeast region. The comparison of
load, generation and emission among cases in Fig. 4,
reflects that generation in central region is the bipgest
part in Thai system, whereas those of the other regions
are much smaller. Generations in Central region are
always more than 1ts load demand resulting power
flowing out of this region to supply load in other regions.
Consequently, the highest emission is in Central region
whereas the lowest emissions are in North and Northeast
region. It is also reflected that load demand, generation
and emission depend on seasons. The proportion patterns
in each season are similar, whereas the highest load
demand, generation, emission are in Central region, the
least generation, emission are in North region, and the
lowest demand is in Northeast region. In South region,
generation could be higher than its Joad demand n some
cases.

T oad(MWh) ®Norlh ®Norlheast ®Cenlal ®South

Generalion(MWE)
Lmission( Lons/day)

Summer Peak ‘Winter Peal

Rainy Peak

400,000,00
330,000,00
300,000.00
250,0100.00
200,000.00
130,000.00
100,000.00
50,000.00
0.00

Fig.4. Comparison of load (MWh/day), power gencration
(MWh/day), emission (tens/day) among summer, rainy, and
winter peak day.

In Table 3, the largest part of overall generations are
from thermal power plants in Central region. The
participations of generation from North, Northeast,
Central and South regions for total gencration for Thai
system are 4.35% - 13.41%, 6.23% - 10.11%, 70.82%-
79.69%, and 8.23% - 13.28%, respectively. Generation
in Central takes part in generation more than 70% of
total generation whereas generation in cach arca in other
areas is 4.35% - 13.41% of total generation. In Fig. 5, the
generation  [fom Central  region  takes  the  largest
contribution and almost seven times larger than that of
other regions. These result in sequence order of highest
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emissions in Central, South, Northeast and North regions
as shown 1n Tablc 3.

WNorth WNotheast M Central 8 South

2 Generation
w s o

Case

Fig.5. Comparison the power generaiions contributed from
each region to overall generation in all cases,

Table 3. Generation contributed from each region for overall generation in Thai system in percentage

Case Load Type Region Generation (%) Gas Emissions

i i ) Thermal Hydro Tmpaort Sum (%)

North 171 212 150 5135 1.86

Northeast 3.30 0.32 2.14 5.76 1.59

Case 1 Summer Peak  Central 74.84 1.46 - 76.30 31.27

South 12.24 .38 - 12.62 13.29

Total 92.09 4.28 3.64 100 100

North 296 2.92 g 8§47 140

Northeast NE 0.67 371 10.11 6.58

Case 2 Summer Light ~ Ceniral 70.11 247 - 72.58 80.60

South 8.1% 0.66 - 8.85 9.42

Total §6.99 6.72 6.30 100 100

North 1.86 .86 1.63 4.35 2.03

Northeast 3.60 3.49 233 9.42 3.97

C'asc 3 Rainy Peak  Central 72.74 0.20 5 72.94 80,18

South 12.52 0.76 - 13.28 13.80

Total 920.72 531 3.96 100 100

North 219 1.00 D Sl 247

Northeast 423 0 274 6497 4.78

Cased Rainy Light Central ) 4.32 0 79.69 85.11

South 6.77 146 0 8§23 764

Total 88.56 6.78 4.66 100 100

North 192 321 1.68 6.81 4112

Northeast el 0.12 240 6.23 4.09

Casc 5 Winter Peak Central 7352 1.65 0 75.3 81.23

South 11.38 .28 ] 11.66 12.56

Total 90.66 5.26 4.08 100 100

Notth 4.04 3.84 k55 13.41 4.88

Northeast 1.46 0.39 522 7.3 1.77

Case6  Winter Light  Cenrral 69.23 1.59 0 70.82 83.69

South 799 0.50 0 849 9.66

Total 82,72 8.52 8.75 100 10
5.2 AOPD Solution The prices around on 05.00 time are different on Fig 6
Thc hourly aggregated generation cost curve of cach and 8. In summer peak day, Thermal powcer plant unit#16
area can be obtained from the output of UC. Then, the and unit#22 in Central area were “turn on’ due to high
AOPD of cach hour is solved. The hourly prices ol cach load demand whole day. Whereas, they were “turn off”
selected days, obtained by the area based optimal power due to lighter load in winter peak day. This case can
dispatch results arc given in Figs. 6-11. oceur since GSP was solved by algorithms of total cost
The results shown that the hourly prices of summer minimization. Thos, MILP-QP will search for the
peak day arc shown to be the highest and the high price optimal solution in which some units would be ‘turn oft”
area is North-eastern area. Meanwhile, in the summer to save cost (no-load cost and variable cost) resulting in
light load day, the Norther arca is shown o be the lower tolal cost. Tlowever, (he solution would be
highest price area. The prices of Southern area are shown different if algorithms of price minimization or payment

L be high in winter and rainy light load days. minimization arc implemented.

6
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Fig.6. The hourly RLP of summer peak day
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Fig.8. The hourly RLP of winter peak day
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Fig.9. The hourly RLP of winter light load day
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Fig.10. The hourly RLP of rainy peak day
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Fig.11. The hourly RLP of rainy light load day

The area hourly fuel costs resulted from area based
optimal power dispatch of the sclected days arc given in
Fig. 12. The results shown that the total fuel cost of
summer peak day is the highest and the lowest total fucl
cost is on winter light load day.

Mol Fasl e

Fig.12, ‘The hourly area fuel cost of different days

8.3 Investigation on VPP penetration
In this study the VPP is modeled as the additien power
generation in each area, in summer peak day.
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Fig.13. The hourly RLP of summer peak day with 5% VPP
penetration in Northern area
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Fig.14. The hourly RLP of summer peak day with 5% VPP
penetration in North-east area
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Fig.15. The hourly RLP of summer peak day with 5% VPP
penetration in Central area
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Fig.16. The hourly RLP of summer peak day with 5% VPP
penetration in Southern area

Surrir Pusk Dy

Fig.17. The hourly fuel cost of summer peak day with 5%
VPP penetration in each avea

There are four cases study including:

Case VPP!: adding VPP at the capacity of 5% of daily
peak load at Northern area,

Case FPP2: adding VPP at the capacity of 5% of daily
peak lead at North-Castern area,

Case VPP3: adding VPP at the capacity of 5% of daily
peak load at Central arca, and

Case VPP4: adding VPP at the capacity of 5% of daily
pecak lead at Southern arca.

In each case, VPP is assumed to supply or sell power at
constant value ol 5% of daily peak load for each hour
throughout the cntirc day. With the study of VPP
penetration in each area of summer peak day, the hourly
RLP can be shown as Figs. 13-16. The total hourly tuel
costs with VPP penetration in each area can be shown in
Fig.17.

[t is obviously that the hourly RLP is reduced due to
avoiding of dispatching the high price generation, when
adding VPP. Meanwhile, the payment to VPP will be the
addition operating cost of the system. The payment to
VPP could be based on flat rate with subsidiary scheme
or by actual hourly RLP. By considering VPP price at
hourly RLP, the total daily cost can be shown ag in Table
4, with different VPP payment schemes.

Adding VPP at North region could result in the
lowest total cost sincc load demand arc higher than
committed power in North region. Consequently, adding
VPP in north region reduces power flow from Central
region. Eventhough, the highest RLP is from North East
region, adding VPP 3% of peak load in summer peak
load day is approximately 1,090 MW which higher than
power deficit in North [ast region resulting in power
flow out of this region. Therefore, adding VPP in North
Last region could not reduce total cost as much as adding
VPP in North region. In addition, tie lines linking North
and Central region arc mainly 500 kV and 230 kV
whereas those linking North East and Central region are
mainly 230 kV and 115 kV. Thus tic lincs arc onc of
factors that should be considered in adding VPP,

However, adding VPP should consider many factors
such as power deficit, self power supplying, tie line
capacity, infrastructurc iInvestment, sceurity, cnergy
resources, environments, economic growth in that region.
The Belt and Road Initiative (BRI) from China- Lao
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P,'t : generation output power of thermal unit 7 at
hour # (MW);
Pﬂ) i ¢ load demand at hour £ {(MW);
Pf:m#.f : load demand of bus f at hour  (MW);
B, ,  generation output power from bus / at hour ¢
(MW},
Rt : spinning reserve at hour 1 (MW,
’ : % increasing load at busj;
Si g : coefficient of line ! from bus /.
ST!’ s startup cost ol unit 7 at hour £ (Baht);
1} gonn - minimum down time of thermal unit 7 )h(;
7: w5 - continuously off time of unit # )h(;
oo continuously on time of unit 7 (h);
ZW :minimum up time of thermal unit 7 (h);
Ul-r : status of thermal unit 7 at hour ¢
(on— 1,0ttt —0);
FC : Total system fuel cost (Baht/h)
F(Bs) - Aggregaled supply cost ol area i (Bahi/h)
Fry : Real power generation of area i (MW)
Fr; : Real power deiand of arca i (MW)
|V, : Equivalent voltage of arca i (V)
BG : Set of area connected with generator
BE - Maximum loading limit of tic-line f (MV A
Ji &
NB : Total number of arca
PE™ Maximum Lotal real power generation of area i
(MW)
2% Minimum limit of real power gencration of
area { (MW)
Oy : Reactive power demand of area / (MW)
-‘]Ul : Magnitude of ¥ ; element in Yo, Jmho{
01'1' : Angle of Foo clement in ¥ Jradian(
5 : Power flow of tie-line 7 (MVA)
O : Reactive power generation of area f (MW}
d, : Angle different between area ¢ and j Jradian(
2 : The hourly price of area i (Baht/MWh)
A : System marginal cost (Baht/MWh)
.+ Total system transmission loss
F. Total sy t loss (MW
£ : Real power injected to area  (MW)
H : Kuhn-Tucker condition variable represent the

reduction on total system cost by increasing the

tie-line / limit by one MVA

NC  : Number of tie-line in the system

B

. Real power flow in tie-line / (MW)

ABBREVIATION

AOPD:  Area-based Optimal Power Dispatch

CGS: Coordinate generation scheduling
EM: Emissions

GHG:  Greenhouse Gas

GS: Generation scheduling

GSP: Generation scheduling problem
MC: Marginal cost

MDP:

Meodified dynamic programming

MIP: Mixed Integer Programing

MILP:

Mixed Integer Lincar Programing

PDP:  Power Development Plan
QF: Quadratic Programing

RES:  Renewable Bnergy Sources
RLP:  Real Time Locational Pricing
SPP: Small Power Producer

ue: Unit Commitment

VPP:  Virtual Power Plant

VSPP:  Very Small Power Producer
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PDR  Thailand (North East region) could result in
cconomic growth in North East region.

VPP could be implemented in appropriate arca to
provide benefit to small RES owners, consumer and
utilitics. VPP could reduce load demand in that arca. Tn
future, if VPPs are supported in many areas covering all
regions, 11 will reduce long distance power low and
power loss in tie lines resulting in higher stability and

higher efficiency. Further simulation of the system
considering in detail system parameters [or cach region
could provide VPP development strategy for the Thai
cleetric supply system.

In addition. the computation times of the proposed
method are less than 2 hours for the application of the
day-ahcad scheduling.

Tabled. Total daily cost of summer peak day base case and 5% VPP penetration in each areas

with VPP payment hy hourly RLP before adding VPP

Base Case

5% VPP in

5% VPP in 5% VPP in 5% VPP in

Northern Area North-East Area Central Area Southern Aren
Total Daily Fucl Cost (MBaht) 243.235 220.363 220475 220.424 221.340
VPP cost (MBaht) 13.512 13.826 13.447 13.273
Total Daily Cost (MBaht) 243.235 233.875 234.301 233.871 234.613

6. CONCLUSION

Day ahead generation scheduling for Thai equivalent
system provides the appropriate TGS selutions and
refleets many interesting characteristics of Thai power
system. Three ilems: energy security, economy and
ecology are investigated.

Tor energy security, generation capacity is much more
than Toad demand resulting in reserve margin 39.3 % in
year 2018. The order of generation capacity from the
highest to the lowest one are Central, North, South and
NE regions. Power mainly [lows from Central region 1o
the other regions. For security
conventional thermal power plants in NE and S region
should be considered sinee there arce only two thermal

concermns,  more

power plants in NE region, deficit power owing [rom C
and N regions, and from Lao hydro power plants. NE
region is far away from seaports resulting in difficulty to
access natural gas from Thai gulf. Whereas, there is only
one location at Bang Saphan for tie lines linking South
region to the other regions.

For economy, average fuel cost in each season varies
between 554.70 - 702.92 BahtYMWh depending on water
available in dam. AFS is based on only operation fuel
cost excluding other operation cost, maintenance cost,
distribution cost, fixed cost, cle. Marginal units arc
committed generators in Central region such as REG and
RB (Ratchaburi power plants).

Tor ecolegy, the regions with least EM are in N and
NE regions since mainly electricity producing by hydro
power plants and importing from Lao PDR. Whereas, the
highest EM from electric generation is in Central region
duc 1o the highest gencration capacily with scven [olds off
other regions. In addition, load demand is condensed in
central region icluding high population and heavy
industrics which produccd high EM. Thus, EM in

Central region should be carclully considered.

MILP-Q3P is suitable for GSI applying for the Thai
power system, as it addresses mixed inleger problems
and eliminates the need for setting initial values or
updating the values of Lagrangian multiplicrs. AOPD
could provide RLI prices from each region which can be
used to be the buying pricc from VPP, Adding VPP
should consider many factors such as power deficit, self
power supplying, lic Tline capacily, inlfrastructure
investment, security, energy resources, environments,
cconomic growth in that region.
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NOMENCLATURE

a; : no load cost of unit /;

b!- : variable cost of unit 7; (Baht /MWh)

c : parameter in cost function of unit 7;

£ (P generator [ucl cost function in a quadratic
form. K )—a;+ B P o P )
(Baht /h),

_f; : line limit (MW),

NG total number of thermal generator units;

P ., minimum real power generation of thermal

unit i(MW);
© maximum real power generation of thermal
unit P(MW;

i,max
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APPENDIX

Generaling  system  comprises 99 gencrators
(thermal power plants, hydro power plants),
including cleetricity imported from Laoe hydro power
plants and thermal power plants (Hongsa) with
pricing 2.0 and 2.275 Baht/MWh, rcspectively. Tatal
water available for generation from Thai hydro
power plans are collected from dala recorded in
year 2018, The total generation capacity in the
cquivalent Thai system cxcluding importing power,
SPP, VSPP, mini hydro power plants, shut down
rcserve capacity and RES arc 30,886.40 MW
contributed from North, Northeast, Central and
South regions: 11.5%, 6.1%, 73.6% and 8.8%,
respectively. Load demand after V8PP reduction
varied between the highest demand at peak hour in
summer peak load day (28,092.20 MW) and the
lowest demand in carly morning in winter light load
day (11,626.52 MW). Day ahead generation
scheduling is performed in 6 six cases in dilTerent
seasons with peak and light load demand.
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Table Al. Power plants and import power in each area

Area Thermal Power Plants Hydro Power Plant Import
North 16 Hongsa thermal units: 3
units (491 MW*3)
Nottheast Hydro power plant 10 units Lao hydro power plants
Pumped Storage 4 unils 237.2 MW

Central 33 14 -

South [} TNB Malaysia 300 MW

(neglected)
Table A2: Load demand in each casc
Load Demand )MW(
Casc | Casc 2 Casc 3 Casc 4 Casc 3 Casc 6

Hour 1 19,381.07 12,018.07 17,602.39 16,349.62 16,458.31 8.191.56
Hour 2 18,507.57 11,287.28 16,537.09 15,844.41 15,764.79 7.805.73
Hour 3 17.609.87 10,755.18 15,886.94 15 L1721 15.276.41 7,451.22
Hour 4 17,152.73 10,124.92 15,670.89 14.698.57 14.836.41 7,126.01
Hour 5 17.146.61 10,097.33 16,056.34 14.416.39 14,890.77 7,249.55
How 6 18.234.31 10,415.62 17.318.04 14,865.64 15.961.32 7.712.86
Hour 7 18,298.22 9,549.92 17,357.33 14,153.71 17,131.56 7,857.97
Hour 8 18,459.85 9,179.90 17,025.31 13,602.61 16,681.97 7,429.69
Hour 9 19,171.01 9.819.93 17,505.28 14,237.38 17,282.68 7,056.82
Mour 10 19,537.01 10,266.28 17,888.88 14.603.92 17.517.77 6,897.13
Hour 11 20.158.57 10,587.43 18,320.99 14,588.42 17,752.53 6,685.51
Hour 12 19,065.56 10,585.02 17,340.88 14.218.41 16,574.22 6,691.40
Hour 13 18,172.61 10,585.93 16,743.18 14,178.69 15,745.21 6,797.73
Hour 14 20,847.11 10,910.13 19,111.72 15,073.77 18,317.08 7,093.61
Tour 15 21,251.10 11,219.93 19,246.34 15,361.60 18,590.69 7,538.55
Hour 16 21,299.56 |, Sl 19.241.89 15,443.05 15,933.10 8,283.92
Hour 17 20,042.55 10,988.02 18,295.33 15,332.62 18,479.55 9,078.05
Hour 18 18.981.15 11,453.56 17.788.23 15,369.23 18.043.35 10,378.61
Tour 19 20.916.61 12,787.27 19,968.69 16,053.80 20,154.82 11,382.42
TTour 20 21,801.05 14,452.20 20,242.08 17,315.41 20,001.05 10.828.34
Hour 21 21,760.76 14,145.86 19,399.39 17,407.50 19,391.40 10,089.76
Hour 22 N.791.32 13,472 .28 18,618.55 16,904.91 18.851.11 9,872.54
Hour 23 21259 47 12612 865 20104.975 17258.015 1957731 10051 965
Hour 24 20343.94 12361.12 18756.985 15966.03 17952.46 9201.685
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wgwys TuR3Tady 1Aad oTudl 19 nsngian w.a. 2520 LAad Sanda
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