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AbVWUacW—One Rf WKe SULQcLSaO cKaOOeQgeV aVVRcLaWed ZLWK 
decaUbRQL]aWLRQ LV WKe WePSRUaO YaULabLOLW\ Rf UeQeZabOe 
eQeUg\ geQeUaWLRQ, ZKLcK LV cUeaWLQg WKe Qeed WR beWWeU 
baOaQce ORad RQ WKe gULd b\ VKaYLQg SeaN dePaQd. We 
aQaO\]ed KRZ LQQRYaWLYe ORad-VKLfWLQg WecKQRORgLeV caQ be 
XVed b\ OaUge LQVWLWXWLRQV OLNe WKe UQLYeUVLW\ Rf VLUgLQLa WR 
VKLfW ORad aQd VXSSRUW VWaWeZLde effRUWV WR decaUbRQL]e. TR dR 
WKLV, Ze fRcXVed RQ WKe UQLYeUVLW\'V SOaQV fRU e[SaQVLRQ Rf WKe 
FRQWaLQe ReVeaUcK PaUN, ZKLcK LV a gRRd PRdeO fRU 
XQdeUVWaQdLQg KRZ WKeVe WecKQRORgLeV cRXOd dLVWULbXWe eQeUg\ 
ORad beKLQd WKe PeWeU. FLUVW, Ze ZRUNed WR deYeORS a SUedLcWLYe 
PRdeO WR fRUecaVW ZKeQ SeaN dePaQdV ZLOO RccXU aQd 
XQdeUVWaQd KRZ LQWeUYeQWLRQV, LQcOXdLQg KeaW UecRYeU\ 
cKLOOeUV aQd WKeUPaO VWRUage WaQNV, PLgKW be XVed WR baOaQce 
ORad. TKeQ, Ze e[WeQded a VWaWeZLde eQeUg\ V\VWePV PRdeO 
XVLQg WKe TRROV fRU EQeUg\ MRdeOLQg OSWLPL]aWLRQ aQd 
AQaO\VLV (TEMOA) WR VLPXOaWe WKe Za\V LQ ZKLcK WKeVe W\SeV 
Rf LQWeUYeQWLRQV PLgKW be VcaOed WR WKe ZKROe VWaWe. UVLQg WKe 
eQeUg\ dePaQd PRdeO LQ cRQMXQcWLRQ ZLWK aggUegaWed 
LQVWLWXWLRQaO eQeUg\ XVe daWa, WKe WeaP eYaOXaWed WKe effecWV 
WKaW bURadeU adRSWLRQ Rf dLVWULbXWed eQeUg\ WecKQRORgLeV LQ 
VLUgLQLa cRXOd KaYe RQ WKe gULd'V abLOLW\ WR KaQdOe WKe eQeUg\ 
WUaQVLWLRQ. OXU VWXd\ VKRZed LPSOePeQWLQg dLVWULbXWed eQeUg\ 
VRXUceV RQ a VWaWe-VcaOe Kad LQVLgQLfLcaQW effecW RQ baOaQcLQg 
ORad. HRZeYeU, RQ a PLcURgULd VcaOe, VXcK WecKQRORgLeV SURYe 
WR be a XVefXO UeVRXUce WR decUeaVe SeaN dePaQd ZKLcK ZRXOd 
aOORZ fRU fXUWKeU cOeaQ eQeUg\ SURMecWV aQd SRVVLbOe cRVW 
UedXcWLRQV.  

Ke\ZRUdV²LRad BaOaQcLQg, TEMOA, DLVWULbXWed EQeUg\ 
TecKQRORg\ (DET), TKeUPaO EQeUg\ SWRUage (TES), HeaW RecRYeU\ 
CKLOOeUV (HRC) 

I. INTRODUCTION (HEADING 1) 
AV Rf 2020, Whe UQiYeUViW\ Rf ViUgiQia (UVA) aQd Whe 

CRPPRQZeaOWh haYe Pade cRPPiWPeQWV WR achieYe caUbRQ 
QeXWUaOiW\ b\ 2030 aQd 2050, UeVSecWiYeO\. OQe Rf Whe PRVW 
iPSRUWaQW XQaQVZeUed eQeUg\ chaOOeQgeV iV hRZ WR UedXce SeaN 
dePaQd. ThiV cRQceUQ iV Rf SaUWicXOaU iPSRUWaQce becaXVe 
eQeUg\ XWiOiWieV chaUge PRVW OaUge iQVWiWXWiRQV baVed RQ WheiU 
SeaN eQeUg\ cRQVXPSWiRQ UaWe fURP Whe SUeYiRXV \eaU. ThiV iV 
VeW WR chaQge ZiWh XWiOiWieV WUaQViWiRQiQg WR WiPe-Rf-XVe SUiciQg, 
ZheUe eQeUg\ XVage aW SeaN hRXUV iQcXUV gUeaWeU cRVWV WhaQ 
eQeUg\ XVe dXUiQg Rff-hRXUV. FRU WhiV UeaVRQ, VWaNehROdeUV aW 
UVA aUe iQWeUeVWed iQ e[SORUiQg Whe SRWeQWiaO Rf ORad-VhifWiQg 
WechQRORgieV WhaW ZRXOd UedXce SeaN eQeUg\ cRQVXPSWiRQ aQd 
VaYe UVA PRQe\ WR fiQaQce fXWXUe VXVWaiQabOe SURjecWV. 

UVA cXUUeQWO\ RSeUaWeV a WheUPaO eQeUg\ VWRUage 
faciOiW\ WhaW SURYideV chiOOed ZaWeU WR Whe hRVSiWaO aQd PedicaO 
VchRRO. A WheUPaO eQeUg\ VWRUage V\VWeP iV beiQg cRQVideUed fRU 
Whe deYeORSPeQW aW FRQWaiQe ReVeaUch PaUN, a VaWeOOiWe caPSXV 
WhaW iV XQdeU deYeORSPeQW Zhich iQcOXdeV aPeQiWieV, Rffice 
VSaceV, UeVeaUch, acadePic, aQd cOiQicaO bXiOdiQgV. The WheUPaO 
VWRUage V\VWeP iV iQ µchaUgiQg¶ PRde aV eOecWUiciW\ iV WaNeQ fURP 
Whe gUid aQd XVed WR UXQ chiOOeUV WhaW cRRO Whe WaQN¶V ZaWeU dRZQ 
WR 42�F.  The ZaWeU iV VWRUed aW WhiV WePSeUaWXUe XQWiO Whe hRXUV 
Rf SeaN eQeUg\ XVage ZheQ Whe V\VWeP chaQgeV WR µdiVchaUgiQg¶ 
PRde. IQ WhiV PRde Whe chiOOed ZaWeU iV VeQW RXW WR be XVed iQ 
Whe bXiOdiQgV fRU cRROiQg, aQd iV UeWXUQed WR Whe WaQN aW a 
WePSeUaWXUe Rf 55�F. The UaWe Rf diVchaUge YaUieV baVed RQ Whe 
VeaVRQ aV cRROiQg dePaQd chaQgeV ZiWh RXWVide WePSeUaWXUe; 
Whe ZiQWeU PRQWhV e[hibiW a ORZeU dePaQd fRU cRROiQg WhaQ Whe 
VXPPeU PRQWhV. IPSOePeQWed RQ a VWaWe VcaOe, ORad-VhifWiQg 
WechQRORgieV OiNe WheUPaO eQeUg\ VWRUage Pa\ acceOeUaWe Whe 
adRSWiRQ Rf WiPe-Rf-XVe SUiciQg.  



 CXUUeQWO\, PJM, Whe eQeUg\ gUid WhaW ViUgiQia beORQgV 
WR, VRXUceV URXghO\ 13% Rf iWV eQeUg\ fURP UeQeZabOe UeVRXUceV 
[1]. ReQeZabOe eQeUg\ iV RfWeQ OeVV e[SeQViYe, bXW iWV 
SURdXcWiRQ UaWeV aUe XQSUedicWabOe aQd deSeQd VWURQgO\ RQ 
RXWVide facWRUV VXch aV VROaU iUUadiaQce aQd cORXd cRYeUage. TR 
cRPSeQVaWe fRU UeQeZabOe UeVRXUceV¶ deSeQdeQce RQ e[WeUQaO 
facWRUV, ORad-VhifWiQg WechQRORg\ ZiOO SOa\ a SiYRWaO UROe iQ 
adjXVWiQg dePaQd WR be PRUe cRQdXciYe WR d\QaPic gUid 
behaYiRU. The fiUVW VWeS Rf WhiV WUaQViWiRQ, aQd Whe fRcXV Rf WhiV 
SaSeU, ceQWeUV aURXQd iPSOePeQWiQg diVWUibXWed eQeUg\ 
WechQRORgieV (DETV), PRUe VSecificaOO\ heaW UecRYeU\ chiOOeUV 
(HRCV), iQ cRQjXQcWiRQ ZiWh WheUPaO eQeUg\ VWRUage (TES). 

HRCV gUeaWO\ iQcUeaVe eQeUg\ efficieQc\ b\ VaYiQg 
heaW WhaW ZRXOd RWheUZiVe be ZaVWed iQ Whe cRROiQg SURceVV. 
HRCV UeTXiUe VigQificaQW cRQcXUUeQW heaWiQg aQd cRROiQg ORad. 
FRU WhiV UeaVRQ, aQd becaXVe Rf Whe OaUge XSfURQW cRVW Rf 
iQVWaOOaWiRQ, HRCV ZRUN SaUWicXOaUO\ ZeOO aW OaUge iQVWiWXWiRQV. 
UQiYeUViWieV, PiOiWaU\ baVeV, aQd caPSXVeV aUe XQiTXeO\ 
SRViWiRQed WR Vee a PeaVXUabOe diffeUeQce iQ SeUfRUPaQce dXe 
WR Whe OaUge YROXPeV Rf eQeUg\ Whe\ cRQVXPe, WheiU ceQWUaOi]ed 
iQfUaVWUXcWXUe, aQd WheiU cRQcXUUeQW heaWiQg aQd cRROiQg ORadV.  

TRROV fRU EQeUg\ MRdeO OSWiPi]aWiRQ aQd AQaO\ViV 
(TEMOA) iV aQ RSeQ-VRXUce PRdeOiQg fUaPeZRUN fRU 
cRQdXcWiQg eQeUg\ V\VWePV aQaO\ViV [2]. TEMOA aOORZV XVeUV 
WR cUeaWe aQd VSecif\ Whe ecRQRPic aQd fXQcWiRQaO 
chaUacWeUiVWicV Rf eQeUg\ geQeUaWiQg SOaQWV aQd Whe fXeOV WhaW 
Whe\ cRQVXPe. TEMOA aOVR aOORZV XVeUV WR VSecif\ eQeUg\ 
dePaQd b\ WiPe Rf da\, cRQVWUaiQ Whe PRdeO ZiWh ePiVViRQ caSV, 
aQd OiPiW Whe UaWe Rf QeZ SRZeU SOaQW cUeaWiRQ. The PRdeO iV UXQ 
fRU a VeW WiPe VSaQ aQd caQ UeWXUQ daWa fURP VeW \eaUV RYeU Whe 
UXQ¶V dXUaWiRQ. TEMOA haV beeQ XWiOi]ed iQ SUeYiRXV VWXdieV, 
OiNe RQe PRdeOiQg PXeUWR RicR¶V eQeUg\ gUid aQd iWV chaQge iQ 
UeVSRQVe WR Whe SURbabiOiW\ Rf hXUUicaQeV aQd Whe 
iPSOePeQWaWiRQ Rf cOiPaWe PiWigaWiRQ SROicieV [3].   

MRVW RWheU VWXdieV iQYROYiQg TEMOA fRcXV RQ Whe 
PRdeO¶V aSSOicaWiRQ aV a SRiQW Rf cRPSaUiVRQ fRU RWheU eQeUg\ 
PRdeOV WR YeUif\ Whe WRRO¶V accXUac\ [4] [5]. SXch UeVeaUch 
SURYideV OegiWiPaWe gURXQdV fRU PRdeOiQg Whe ViUgiQiaQ eQeUg\ 
gUid iQ TEMOA WR aQaO\]e Whe YiabiOiW\ Rf deSOR\iQg DETV RQ 
a VWaWeZide VcaOe.    

II. METHODOLOGY 

A. DaWa AcTXLVLWLRQ 
DaWa XVed fRU PRdeOiQg FRQWaiQe ZaV cROOecWed b\ 

FaciOiWieV MaQagePeQW aW Whe UQiYeUViW\ Rf ViUgiQia. IW iV a VeW 
Rf hiVWRUic eOecWUiciW\ (NW) aQd cRROiQg (NbWX/hU) XVage daWa fRU 
SUR[\ bXiOdiQgV1 aW UVA aORQg ZiWh cRUUeVSRQdiQg 
WePSeUaWXUeV (F) aQd UeOaWiYe hXPidiW\ WaNeQ aW fifWeeQ-PiQXWe 
WiPe iQWeUYaOV. CRUUeVSRQdiQg ZeaWheU daWa fRU VROaU UadiaWiRQ 
(W/P2), ZiQd diUecWiRQ (degUeeV UeOaWiYe WR NRUWh), aQd ZiQd 
VSeed (P/V) ZaV VRXUced fURP Whe KVACHARL80 ZeaWheU 
VWaWiRQ ORcaWed aW ScRWW SWadiXP. FRU each bXiOdiQg W\Se, 
aYeUage eQeUg\ XVage ZaV deWeUPiQed b\ diYidiQg each SUR[\ 
bXiOdiQg b\ iWV VTXaUe fRRWage aQd WheQ aYeUagiQg aOO bXiOdiQgV 
Rf WhaW W\Se WR geW Whe PeaQ eQeUg\ dePaQd SeU VTXaUe fRRW. IQ 
RUdeU WR aYRid daWa diVcUeSaQcieV, OiQeaU iQWeUSROaWiRQ ZaV 
SeUfRUPed fRU PiVViQg daWa YaOXeV. OWheU SUedicWRU YaUiabOeV 

iQcOXded ZheWheU iW ZaV a ZeeNda\ RU ZeeNeQd, ZheWheU 
cRXUVeV ZeUe iQ VeVViRQ, aQd VeaVRQ Rf Whe \eaU. The daWa VSaQV 
fURP FebUXaU\ 1VW, 2019 WR JXQe 30Wh, 2020. TR aYRid aQRPaOieV 
caXVed b\ Whe COVID-19 SaQdePic, Whe WiPe VSaQ ZaV UedXced 
dRZQ WR FebUXaU\ 1VW, 2019 WR MaUch 8Wh, 2020.  

FRU PRdeOiQg Whe VWaWe Rf ViUgiQia, eQeUg\ XVe 
VWaWiVWicV ZeUe VRXUced fURP The AVVRciaWiRQ fRU Whe 
AdYaQcePeQW Rf SXVWaiQabiOiW\ iQ HigheU EdXcaWiRQ¶V 
(AASHE¶V) SXVWaiQabiOiW\ TUacNiQg, AVVeVVPeQW & RaWiQg 
S\VWeP (STARS). The STARS daWabaVe SURYided UeceQW eQeUg\ 
XVage VWaWiVWicV fURP PRVW OaUge XQiYeUViWieV aQd cROOegeV acURVV 
Whe UQiWed SWaWeV [6]. A VXPPaWiRQ Rf WRWaO eQeUg\ XVe YaOXeV 
fRU ViUgiQiaQ iQVWiWXWiRQV SUedicWed Whe SRWeQWiaO iPSacW WhaW 
WheVe iQVWiWXWiRQV cRXOd haYe RQ Whe RYeUaOO eQeUg\ OaQdVcaSe Rf 
ViUgiQia VhRXOd Whe\ chRRVe WR iPSOePeQW DETV. 
 

B. MRdeOLQJ 
UViQg Whe VWaWiVWicaO VRfWZaUe R, OiQeaU UegUeVViRQ ZaV 

SeUfRUPed WR SUedicW eQeUg\ dePaQd SeU VTXaUe fRRW XViQg Whe 
fROORZiQg SUedicWRUV: hRXU Rf Whe da\, UeOaWiYe hXPidiW\, 
WePSeUaWXUe, ZheWheU iW ZaV a ZeeNda\ RU ZeeNeQd, VeaVRQ, 
VROaU UadiaWiRQ, ZiQd diUecWiRQ, aQd ZiQd VSeed. SiQce Whe 
UeVSRQVe YaUiabOe iV QRQ-QegaWiYe, Ze SeUfRUPed a QaWXUaO ORg 
WUaQVfRUPaWiRQ RQ Whe UeVSRQVe YaUiabOe WR RXWSXW SRViWiYe 
YaOXeV, WheQ UecRQYeUWed Whe RXWSXW bacN WR iWV RUigiQaO fRUP 
b\ WUaQVfRUPiQg iQWR e[SRQeQWiaO fRUP. IQ RUdeU WR cRUUecW fRU 
high cRUUeOaWiRQ iQ Whe WiPe VeUieV daWa, Ze aOVR SeUfRUPed 
ARIMA PRdeOiQg RQ Whe UeVidXaOV Rf Whe OiQeaU PRdeO XViQg 
R¶V aXWR.aUiPa() fXQcWiRQ. The ARIMA RXWSXW gaYe a 
cRUUecWiRQ facWRU WhaW ZaV WheQ added WR Whe SUedicWiYe OiQeaU 
PRdeO. AddiQg Whe WZR PRdeOV WRgeWheU gaYe aQ RXWSXW Rf 
aYeUage dePaQd SeU VTXaUe fRRW fRU each bXiOdiQg W\Se Zhich 
ZaV WheQ PXOWiSOied b\ Whe eVWiPaWed VTXaUe fRRWage fRU each 
bXiOdiQg W\Se.2 The RXWSXW Rf Whe cRROiQg PRdeO ZaV cRQYeUWed 
fURP NBWX/hU WR NW WR be cRQViVWeQW ZiWh Whe XQiWV XVed fRU 
eOecWUiciW\ dePaQd. IQ eVWiPaWiQg Whe eOecWUiciW\ XVage fRU Whe 
cRROiQg dePaQd, aQ efficieQc\ ORVV aVVXPSWiRQ Rf 25% ZaV 
aSSOied WR accRXQW fRU V\VWeP ORVVeV aVVRciaWed ZiWh chiOOeUV 
[7]. The WZR NW RXWSXWV fURP Whe cRROiQg aQd eOecWUiciW\ 
dePaQd ZeUe WheQ VXPPed WR giYe aQ RXWSXW Rf RYeUaOO 
dePaQd.  
 

 
Fig. 1. LiQeaU UegUeVViRQ PRdeO SUedicWiQg WRWaO eOecWUiciW\ aQd 
cRROiQg dePaQd fRU Whe fiUVW ZeeN Rf MaUch 2020 VXSeUiPSRVed 
RQ Whe WUXe, RbVeUYed dePaQd. 

1 The SUR[\ bXiOdiQgV iQcOXded WZR acadePic bXiOdiQgV (MiQRU HaOO, SNiSZiWh 
HaOO), Vi[ UeVeaUch bXiOdiQgV (JeVVeU HaOO, Rice HaOO, Ph\VicaO aQd Life 
ScieQceV, ChePicaO ReVeaUch EQgiQeeUiQg, MR-5, MR-6), aQd WZR cOiQicaO 
bXiOdiQgV (PUiPaU\ CaUe CeQWeU, BaWWOe BXiOdiQg)  

 

2 179,000 GSF fRU acadePic bXiOdiQgV, 606,000 GSF fRU cOiQicaO bXiOdiQgV, 
aQd 500,000 GSF fRU UeVeaUch bXiOdiQgV. 

 



We PRdeOed Whe WheUPaO eQeUg\ VWRUage WaQN XViQg 
PaQ\ Rf Whe aVVXPSWiRQV RXWOiQed fURP Whe hRVSiWaO¶V V\VWeP. 
FigXUe 2 diVSOa\V Whe aVVXPed PRQWhO\ VchedXOe Rf diVchaUge 
UaWe fRU Whe WheUPaO VWRUage WaQN. We cRQYeUWed diVchaUge fORZ 
UaWeV fURP gaO/PiQ WR cRROiQg caSaciW\ iQ NW giYeQ Whe 
SaUaPeWeUV Rf Whe WaQN iQ RUdeU WR cRPbiQe NW cRQVXPSWiRQ 
ZiWh eOecWUiciW\ cRQVXPSWiRQ. SiQce Ze aUe cRQVideUiQg Whe 
effecW Rf chaUgiQg aQd diVchaUgiQg Whe WheUPaO VWRUage WaQN RQ 
WRWaO eOecWUiciW\ cRQVXPSWiRQ iQ NW, Ze aSSOied Whe efficieQc\ 
ORVV WR Whe chaUge aQd diVchaUge fORZ UaWe iQ NW b\ diYidiQg b\ 
iWV efficieQc\ facWRU Rf 75%, WR geW NW Rf eOecWUiciW\ XVed WR cRRO 
Whe ZaWeU. AddiWiRQaOO\, Whe chaUge UaWe aOVR WRRN iQWR accRXQW 
efficieQc\ ORVV fURP Whe WheUPaO VWRUage WaQN iWVeOf, aVVXPed WR 
be 5%. ThXV, Whe chaUge UaWe ZaV aOVR diYided b\ Whe TES 
efficieQc\ facWRU Rf 95%. 
 

 
Fig. 2. MRQWhO\ VchedXOe Rf WheUPaO eQeUg\ VWRUage WaQN 
diVchaUge UaWe iQ gaO/PiQ. 
 

We aSSOied Whe VaPe VchedXOe Whe hRVSiWaO XVeV Zhich 
diVchaUgeV beWZeeQ 11:00aP WR 7:30SP aQd chaUgeV beWZeeQ 
8:00SP WR 10:30aP. AddiWiRQaOO\, Whe WUaQViWiRQ SeUiRd beWZeeQ 
chaUgiQg aQd diVchaUgiQg ZaV aVVXPed WR be QegOigibOe. The 
RXWSXWV Rf WhiV PRdeO ZeUe XVed WR TXaOiWaWiYeO\ aQaO\]e Whe 
WechQRORg\¶V behaYiRU RQ a PicURgUid VcaOe VR iW cRXOd be 
aSSOied WR iQVWiWXWiRQV acURVV Whe SWaWe XViQg Whe TEMOA 
PRdeOiQg WRRO.  

The TEMOA PRdeO XVed iQ WhiV SURjecW bXiOdV Rff a 
SUeYiRXVO\ cRQVWUXcWed PRdeO WhaW ViPXOaWed eQeUg\ XVe iQ Whe 
CRPPRQZeaOWh Rf ViUgiQia [3] aQd addV HRCV WR Whe gUid.  The 
UXQV ZRXOd VhRZ Whe effecW Rf PaVV iPSOePeQWaWiRQ Rf HRCV 
RQ hRXUO\ diVWUibXWiRQ Rf QeW eQeUg\ acWiYiW\ (PJ), ZiWh a fRcXV 
dXUiQg Whe VXPPeU, ZheQ Whe WechQRORg\¶V iPSacW ZRXOd be 
PRVW VigQificaQW dXe WR Whe ViPXOWaQeRXV heaWiQg aQd cRROiQg 
ORadV.  

ThUee VeWV Rf UXQV ZeUe SeUfRUPed WR cRQdXcW a 
WhRURXgh VeQViWiYiW\ aQaO\ViV Rf facWRUV VXVSecWed WR affecW QeW 
eQeUg\ acWiYiW\. The fiUVW VeW Rf UXQV YaUied Whe WRWaO caSaciW\ Rf 
HRCV. The VecRQd VeW Rf UXQV YaUied Whe efficieQc\ Rf Whe HRCV 
aW a cRQVWaQW 3,000 MW caSaciW\. The WhiUd VeW did QRW UeVWUicW 

Whe bXiOdiQg Rf addiWiRQaO caSaciW\ Rf HRCV aQd VaPSOed WhUee 
VeSaUaWe SRiQWV iQ WiPe RYeU a WhiUW\-\eaU SeUiRd: 2025, 2035, 
aQd 2045.  

PaUW Rf TEMOA¶V RXWSXW aUe daWabaVe fiOeV fRU each 
VceQaUiR. TheVe ZeUe WUaQVfRUPed XViQg aQ iQ-bURZVeU 
cRQYeUWeU iQWR a fROdeU Rf ³.cVY´ fiOeV WhaW each UeSUeVeQWed a 
WabOe fURP Whe daWabaVe. TheVe fiOeV ZeUe WheQ Uead iQWR aQ R 
eQYiURQPeQW aQd Whe eQeUg\ acWiYiW\ Rf Whe YaUiRXV SRZeU SOaQWV 
ZeUe aQaO\]ed. 

The PRdeO aiPV WR e[SORUe Whe UeOaWiRQVhiS beWZeeQ 
YaU\iQg iQSXW SaUaPeWeUV aQd Whe degUee Rf ORad baOaQciQg RQ 
Whe gUid. IW ZaV h\SRWheVi]ed WhaW a OaUgeU caSaciW\ aQd gUeaWeU 
efficieQc\ ZRXOd fXUWheU baOaQce ORad Zhich iV UeSUeVeQWed b\ a 
fOaWWeU eQeUg\ acWiYiW\ cXUYe. 

III. ANALYSIS AND RESULTS 
FigXUe 3 VhRZV Whe iQWeUYeQWiRQ Rf TES WR Whe 

SUedicWed eQeUg\ dePaQd fRU Whe fiUVW ZeeN Rf MaUch 2020. AV 
SUedicWed, Whe aSSOicaWiRQ Rf WheUPaO eQeUg\ VWRUage 
VigQificaQWO\ VhifWed ORad fURP Whe SeaN gUid dePaQd hRXUV WhaW 
RccXU iQ Whe PiddOe Rf Whe da\ aQd UediVWUibXWed dePaQd dXUiQg 
Whe hRXUV Rf 8:00 SP WR 10:30 aP. TES iQ FigXUe 3 diVSOaced a 
WRWaO Rf 2,572,500 gaOORQV Rf chiOOed ZaWeU fRU WhaW ZeeN Rf 
MaUch.  

PUedicWed eQeUg\ dePaQd ZaV deYeORSed VR RWheU 
iQVWiWXWiRQV cRXOd ViPXOaWe ViPiOaU ORad-baOaQciQg WechQRORgieV 
aQd WhXV aXgPeQW VWaWeZide XVe Rf TES. ThRXgh Whe SUedicWiYe 
PRdeO cORVeO\ UeVePbOeV UeaO dePaQd WUeQdV, WheUe aUe 
OiPiWaWiRQV WR Whe SUedicWiYe abiOiWieV Rf Whe WRRO dUiYeQ iQ SaUW 
WhaW Whe dePaQd daWa ZaV cROOecWed fURP RQO\ Whe OaVW \eaU aQd 
a haOf. DXe WR Whe COVID-19 SaQdePic, PXch Rf Whe PRUe 
UeceQW daWa caQQRW be aSSOied giYeQ iWV iUUegXOaUiWieV. WiWh WheVe 
daWa OiPiWaWiRQV, aQ aQaO\ViV XViQg SUedicWed eQeUg\ dePaQd 
cRXOd QRW be ViPXOaWed dXUiQg Whe VXPPeUWiPe ZheQ Whe 
beQefiWV Rf HRCV aUe PRVW SURQRXQced. RaWheU, WheUPaO VWRUage 
iQWeUYeQWiRQ ZaV aSSOied WR Whe RbVeUYed daWa fRU Whe PRQWh Rf 
JXO\ 2019, aV VeeQ iQ FigXUe 4. TES iQ FigXUe 4 diVSOaced a WRWaO 
Rf 1,181,250 gaOORQV Rf chiOOed ZaWeU fURP SeaN hRXUV WR Rff-
SeaN hRXUV fRU jXVW a ViQgOe aYeUage da\ iQ JXO\. GiYeQ WhaW 
cRROiQg dePaQd accRXQWV fRU 12% Rf WRWaO cRPPeUciaO eQeUg\ 
cRQVXPSWiRQ iQ Whe US [8], Whe VhifW iQ ORad dUaPaWicaOO\ 
diVSOaced eOecWUiciW\ XVage aV VeeQ iQ FigXUe 3 aQd 4. 

 

 
Fig 3. LiQeaU UegUeVViRQ PRdeO SUedicWiQg WRWaO eOecWUiciW\ aQd 
cRROiQg dePaQd fRU Whe fiUVW ZeeN Rf MaUch 2020 ZiWh WheUPaO 
eQeUg\ VWRUage. 



 

 
Fig. 4. TRWaO eOecWUiciW\ aQd cRROiQg dePaQd fRU aQ aYeUage JXO\ 
da\ baVed RQ 2019 hiVWRUicaO daWa ZiWh WheUPaO eQeUg\ VWRUage. 
 

HRCV ZeUe WheQ aSSOied WR a ViPiOaU VXPPeU da\ iQ 
Whe TEMOA aQaO\ViV. The aggUegaWed QeW eQeUg\ acWiYiW\ iQ PJ 
ZaV gUaShed b\ hRXU RYeU Whe VXPPeU VeaVRQ, bRWh iQcOXdiQg 
aQd e[cOXdiQg HRCV. IQ addiWiRQ WR Whe gUaShicaO aQaO\ViV, a 
PXOWifacWRU ANOVA WeVW ZaV SeUfRUPed RYeU each VeW Rf gUaShV 
XViQg a biQaU\ HRC iQcOXViRQ facWRU aQd YaUied each SaUaPeWeU 
RYeU diffeUeQW UXQV (efficieQc\, \eaU, caSaciW\). The ANOVA 
WabOe e[aPiQed Whe diffeUeQce beWZeeQ Whe daiO\ aQd hRXUO\ 
aYeUage, a VPaOOeU diffeUeQce iQdicaWiQg a fOaWWeU cXUYe RYeUaOO 
Zhich iPSOieV a PRUe eYeQ ORad diVWUibXWiRQ.  
 

 
 
Fig. 5. PURjecWiRQV Rf HRC iPSOePeQWaWiRQ aW fRXU diffeUeQW 
caSaciWieV 1,000, 2,000, 3,000, aQd 4,000 MWV. 
 

AV VhRZQ iQ FigXUe 5, YaU\iQg Whe caSaciW\ beWZeeQ 
1,000 aQd 4,000 MW Rf HRCV dReV QRW haYe a VigQificaQW effecW 
RQ QeW eQeUg\ acWiYiW\. AW aQ\ Rf Whe giYeQ caSaciWieV, Whe WZR 
RXWSXW OeYeOV QeaUO\ RYeUOaS, iQdicaWiQg PiQiPaO ORad VhifWiQg 
fURP Whe HRCV. ThiV aVVeUWiRQ ZaV fXUWheU VXSSRUWed b\ Whe 
UeVXOWV Rf a PXOWi-facWRU ANOVA WeVW, ZheUe caSaciW\ aV aQ 
iVROaWed YaUiabOe had a S-YaOXe Rf 0.965.  
 

 
Fig. 6. ChaQgeV iQ efficieQc\ Rf HRCV beWZeeQ WhUee OeYeOV, 
65%, 80%, 95%, aW a cRQVWaQW 3,000 MW caSaciW\. 
 

ViVXaO iQVSecWiRQ Rf FigXUe 6 bUiQgV abRXW a 
cRQcOXViRQ WhaW iV aNiQ WR Whe SUeYiRXV aQaO\ViV ceQWeUed RQ Whe 
effecW Rf caSaciW\ PaQiSXOaWiRQ. IQ Whe VaPe Za\, chaQgiQg 
efficieQc\ UaWeV fRU Whe HRC faiOV WR VigQificaQWO\ aOWeU QeW 
eQeUg\ acWiYiW\, iQdicaWiQg WhaW aV a ZhROe, HRCV haYe a 
QegOigibOe effecW RQ Whe effecWiYeQeVV Rf ORad-baOaQciQg effRUWV, 
eYeQ ZiWh iQcUeaVed efficieQc\. ThiV aVVeUWiRQ iV fXUWheU 
cRUURbRUaWed b\ Whe UeVXOWV Rf a PXOWi-facWRU ANOVA WeVW, 
ZheUe efficieQc\ aV aQ iVROaWed YaUiabOe had a S-YaOXe Rf 0.71. 
 



 
Fig. 7. UQUeVWUicWed bXiOdiQg Rf HRCV fRU 2025, 2035, aQd 2045 
RQ a VWaWeZide baViV. 
 

AV caQ be diVceUQed iQ FigXUe 7, fXWXUe gUid fRUecaVWiQg 
iQdicaWeV Whe SaVVage Rf WiPe haV a VWaWiVWicaOO\ VigQificaQW effecW 
RQ Whe daiO\ eQeUg\ acWiYiW\ cXUYe. ThiV aVVeUWiRQ iV fXUWheU 
cRUURbRUaWed b\ Whe UeVXOWV Rf a PXOWi-facWRU ANOVA WeVW, 
ZheUe WiPe aV aQ iVROaWed YaUiabOe had a S-YaOXe Rf OeVV WhaQ 
0.01. NRWe WhaW ZheQ Whe HRC caSaciW\ iQ Whe PRdeO ZaV OefW 
XQUeVWUicWed Whe caSaciW\ gUeZ WR 8,400 MW iQ 2025, 22,600 
MW iQ 2035, aQd 29,000 MW iQ 2045.  
 

IV. CONCLUSION 
CXUUeQWO\, Ze aUe VeeiQg a QaWiRQaO WUeQd WRZaUd 

eOecWUificaWiRQ aV Whe QaWiRQ WUaQViWiRQV aZa\ fURP RiO deSeQdeQW 
acWiYiWieV. GiYeQ Whe dePaQd iPSOicaWiRQV RQ Whe ORcaO 
PicURgUid, Whe iPSOePeQWaWiRQ Rf TES V\VWePV Pa\ eQcRXUage 
ORcaO XWiOiWieV WR adRSW WiPe-Rf-XVe SUiciQg. ThiV ZRXOd fXUWheU 
iQceQWiYi]e ORad VhifWiQg acWiYiWieV, iQ WXUQ VXSSRUWiQg fXWXUe 
gURZWh Rf UeQeZabOeV. SXch aQ effecW ZRXOd fUee XS ORcaO 
VXbVWaWiRQ caSaciWieV, aOORZiQg fRU PRUe ORcaO cOeaQ eQeUg\ 
SURjecWV. HRZeYeU, ZheQ VcaOed WR Whe VWaWe OeYeO, Whe fiQdiQgV 

cRQcOXded WhaW PaVV HRC iPSOePeQWaWiRQ had QR UeaO 
VigQificaQW effecW RQ ORad baOaQciQg.  

TheUe aUe VRPe VigQificaQW cRQVideUaWiRQV ZheQ 
UeYieZiQg Whe UeVXOWV Rf Whe PRdeO. The OaUgeVW gUid VcaOe baWWeU\ 
iQ Whe ZRUOd iV cXUUeQWO\ RQO\ 300 MW [9]. WheQ cRQVideUiQg 
WhaW WRWaO HRC caSaciWieV ZRXOd Qeed WR be iQ Whe WhRXVaQdV, 
WhiV ZRXOd UeTXiUe PaVViYe iPSOePeQWaWiRQ aW QeaUO\ aOO 
iQVWiWXWiRQV iQ ViUgiQia. IQ RWheU ZRUdV, Whe aPRXQW Rf caSaciW\ 
Qeeded WR becRPe VigQificaQW iV iPSURbabOe. ThaW beiQg Vaid, 
HRCV beQefiW aW Whe iQVWiWXWiRQaO OeYeO Pa\ SURYide VigQificaQW 
cRVW VaYiQgV, eVSeciaOO\ ZiWh WiPe-Rf-XVe SUiciQg. FXUWheU, Whe 
UeViOieQW QaWXUe Rf VXch WechQRORgieV aOORZV iQVWiWXWiRQV WR 
RSeUaWe PRUe iQdeSeQdeQWO\ fURP Whe gUid. 

EYeQ WhRXgh Whe degUee Rf ORad baOaQciQg iQcUeaVeV iQ 
Whe fXWXUe aV PRUe WechQRORgieV aUe iPSOePeQWed, VWaWe 
UeVRXUceV ZRXOd be beWWeU VXiWed eOVeZheUe. FXUWheU UeVeaUch 
Pa\ be cRQdXcWed WR e[SORUe RWheU VWaWe OeYeO WechQRORgieV WR 
eiWheU iQcUeaVe ORad baOaQciQg RQ a PacUR VcaOe RU iQcUeaVe gUid 
caSaciWieV. PRWeQWiaO dePaQd UeVSRQVe SURgUaPV cRXOd be 
iPSOePeQWed WR WaNe adYaQWage Rf Whe gURZiQg QXPbeU Rf 
eOecWUic YehicOeV RQ Whe URad. PeUhaSV diVcRXQWiQg aQd Sa\iQg 
eOecWUic YehicOe RZQeUV WR chaUge aQd diVchaUge eOecWUiciW\ fURP 
Whe gUid Pa\ SURYide PRUe VigQificaQW UeVXOWV giYeQ Whe gURZiQg 
PaUNeW. FXUWheU, eOecWUic bXV VWRUage iPSOePeQWed RQ a VWaWe 
VcaOe Pa\ SURYide ViPiOaU beQefiWV. CRQWiQXed UeVeaUch iQ 
UeQeZabOe fRUPV Rf eQeUg\ Zhich SURYide PRUe cRQWUROOed 
SURdXcWiRQ ZRXOd fXUWheU iQcUeaVe Whe VWabiOiW\ Rf Whe gUid. 
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