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3. Capacity Expansion Modeling for Low-carbon Electricity Markets and Asset

Resilience to Extreme Weather Events [5]
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& RHRERTS - B ARSI DU E R e E e R e -

& HAERATTE | BB (swing options) FIERTA R AL E T LARH R B A HY TS

il -

Capacity
Expansion
Modeling

s

élnput Data

Dem:.
Tech

) ; [
N

Decisions

and
Deci

Financial
Parameters
Policies

Inform Investment

Simulate and optimize future power
systems to determine the time, location,
size, and type of new investments over
one or more planning years

Power System
Operations

and
nology Options

Grid Services
Market Designs

Generation Mix
Emissions

|2

Policy
sion Making

11

Physical Characleristics

Revenue Sufficiency
Analysis System Reliability

Considering the physical characteristics
and complex interactions between
system elements, grid services,
markets, and policy

Capacity
(MW)
ES

&5 [l oo
Response Hydro

-

Resource Portfolio

Year 2

4 FEWETE R (Capacity Expansion Modeling, CEM) /& & [5]



BEETES
7B 4 78 E A (Capacity Expansion Modeling, CEM)fE— & A 73478 11 248 E AR ]
AR TG » RIAEHE A F S BRI R A & - BRI TSSGHHYE - (RS EARK
BEJIFROK ~ PRRHER ~ $ilaplcARBIERE » DURBURBLERAIEGES [ S BB E s
BIEE - G0 - FAIEZBR D RIS BB & 2m & BEFROK ? BURE G LA
[EIHY T Z BRI ORI 2 [ 4 B B R e AR AR RS RO R
[ - [ 5 HIE AR SR e AR R b LA R -

1000 -
: IlII II
E 500 - . t
3 _.mENSSEEEEERRS
5
P —-.IIIII
e
()]
€ -500-
Q
O
-1000 -

-1500 - ‘\\ 1\5. 1 lq:\/ 1o 1\0 |n)> 1‘;::) .IAV J}Q) |7/
nQ WQ Q' QY AN N7 O wQ PPN PN
) Vv ) D N

Year

[ 5 SR 7Y B IR e AR A LB S R (6]
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* 1 E RS EEE RO AL S H B S B A (6]

Model Writers or Owners
National Energy Modeling System (NEMS) U.S. Energy Information Agency
Regional Energy Deployment System (ReEDS) | National Energy Renewable Laboratory
Integrated Planning Model (IPM) ICF
Haiku Resources for the Future
MARKAL (MARKet Allocation) International Energy Agency
Resource Planning Model (RPM) National Energy Renewable Laboratory
Aurora EPIS
System Optimizer ABB
Strategist ABB
PLEXOS Energy Exemplar

= 1 I R SRR S R A DL BB E B A & - A EIM EPRI &1F 2
TPC ISSP( Integrated Strategic System Planning) 528 » B & TS &R BEARIE 01 - (H72
LA Taiwan REGEN R BUE ST Ry BB AET T EA7 047 - 18 HTAYAS S & {F PLEXOS 1EHUHY
A o AT AT SEME BT T -
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Botterud 587 &y 1 5 AEMEHEBERACHUEEREE T 580 - FEUE CEM - EaRPRHHY
(BEUREICRRERE
B R GERE RS AR TR RS (E RO (EE -
B o CEM drfE i KSR A e R 237 T2 -
B R RS PREIA R L SR A -
B {£ CEM sy At & B BIANsERIESRAI A -
B o CEM tPEsERy 23R 520 EiEHERR A e B R e 2 -
B ANETREATSEE - FIAEETRAFEER S A -
B fIERESE - BUSMIE S Z R E0F - DUA Rt 2 CEM 455081 2 # -
W #5R CEM AR~ sHEREERER AN -
B U CEM thRREEEN S 4 BT IR 22 ] 2 3 T -

6 AN ELFEE MIT &EEM25REE52 Audun Botterud(F5 )& » /& —HIE 2024 4 4

A 1 HAEIEE MITei 428575 William H. Green 214

@) /N

a.  ENHRFMEIITIGIRHRETRER - FWEINPURFEIRICE - I H ARG
KARBBENE B PRE - BT 2B REERE ~ B~ DUBHYEBLEME TSR
it o BESh > FRREITIRE R - FREE T — D UTFE LSRR 1T 3EAY AR -

b.  Botterud ¥fikat FREIERSERRERE I TIGHY 5 HEEGER - LUCATHe o] e {Khx
B AR AR TG TR R REEGT SRR RIRE 52 2% -
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c.  Botterud AR E CEM Fr ek PREUY S IR TEN R8I > m] fEAN BIRAER R LA
THZFKeHESS -

4. Improve Planning for Reliable, Low-Carbon Power Systems [7]

BT RET RS 222 Ruaridh Macdonald {4 > fig MIT gEJRETEMAETR %
ST EE - TR T A ROt R AR A RE IR TS 250K » DUR DB AR R R o]
REFE(RAE TR A YA » [FIRF I CREE Y BIMEAIZE 4 - At IEAEBH S B = BRI S 4
75 R RGN R BRI ZATERE IR 24t - BN E e EE Y
Fefa T2 - W SRR HE TR YA [F 0784k - Macdonald /& GenX FI{EAREE T B &R
RFR R L TEE e R 24 /58] Dolphyn (Decision Optimization of Low-carbon Power and
Hydrogen Networks)Hy = Z 4 [EFAZE# o PUT SRRt AIa#5 H Dolphyn AT T{EORE ) 248
FAEHFE R AR -
(1) Dolphyn f&7

R B AR B A AT SRR o M AR TR a8 - IRIERTRIT ~ BERMI 5 atat 48 fEny
TEM - 1B LAY R FFIHFE A B FIRETR R EEHYECA ~ BREFBORI AT e o Forh—{E s
A2 Dolphyn » i8/21F MITei Fg$HY 2173 AE TR &R EIEAL - Dolphyn EI74E GenX 28
2 b S ETT SRR A - A8 7 B - 2 SRR IL [EIR b DR & S R Sy SN
oK o ATHRESE
® =y
® SR
® RAR

& RREEMARE

& Sfbhrhe - EETIET

& (F bR B R A A B R A A RO fEE
HEE(LEEA TR A LURA T i — (1T R nY FR SR ANl B HAM TRV A -
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Dolphyn model structure and features

Hydrogen Sector Electricity Sector BioFuels Sector
(HSC) (GenX) (BESC)
A A I Gesto pw,,’ 4 4 A t l [

4 \ 4 \ 4
1 2 v vy v v 1
Natural Gas Sector, Carbon Sector Liquid Fuels Sector

[Summer 2024] (CSC) (LFSC)

Energy / Commodity flows:

—p Electricity
=i Carbon

- Liquid fuels
i Biofuels

wip- Hydrogen
=—p Natural gas

7 FIF BT 3SR 4H B Dolphyn #E7 7 RE IR AR B 5[ 7)

(2) Dolphyn HY T{FFH

£ Dolphyn H » {8 F 3 25 50 0 ZM BB AR PSR AN AL BB ARG - 13 N2 > AP
G5 0 R A P B R LA R ORAB TP 7 E 5 © 3888 ~ fRime Al B R il Y E S AR H AL
5~ MEREAT T IS - AFBERAIEFIRHHIZ RS SR R AR EMAA - Bt

BURAIPR I A] e B4
& S EfEF(Capacity reserves)
& —H{bRER
& FAbhR(ER
& FAREJRECEETIE (Renewables Portfolio Standard, RPS )
& ReefRfftiksZ S

A% > Dolphyn RERIE TR KAVEFEERMIE G - WHRE LINEISEER - AR

A~ SEIERE - R EEEEAE -
(3) Dolphyn HYFEF
Dolphyn FATRIEEEE J1 %47 > I T RN IE SN ZIVBE S E o B -

& PNRATE
& SloHyseE
¢ RAHYBURECR - B0 — S bR ERFIEEREIRTE <

s A b
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Macdonald 18-+ CUFI B Dolphyn f8#5% 2030 F-& & B2 FL EEREAYME A Bl - fXER

B BB HER(Grid modelling) HEF S35 » 411 8 B -

2030 grid under current policies

40 0
. H = I - = l —
g % 2 North-West North- North-East Centra Central South South-  South - East
E - = — m

= - . @Exdsting mNew
to R EDEREREEED | 4 ",‘
: sl _ -3 :
% “\‘ “‘\« & .\; > 4 N £ & o 4 < N & P, p & .;3 :‘\\ .“\ E 0 24 48 72 6 120 144 :\: 192 216 240 264 288 "
& ’ N " aWest @S .{;, .u,.‘ trol | \;-:-’\ « E] & - ot oy oo

8 {ERA BER 2 B4 5 (Grid modelling) [7]

N R AR A S R PR R -
N EECEEEER T EEOER - SR T AR
SRR -

B AR RANR AL E S AR TP BT R B ARG B TR, » {H g

HSURIE -
B [REGITHIRIARAR GR35 SR R R A BN (RE S SR - AT ek AT
—EPIIRE -

FEBEHRPEBIRE T - R EEE TR RER - fERTBEER T - AR
-SRI &K T S R £ A FE A RS B FERE 2 e 590y - 2RI » AEKIGRERE By
50GW HEkF R Bl Ry 30GW HIfFS T - #EfE TSRO Bt S R R PR E T
LRI ERRERT - AT DM (IR RS L EFREE - $HBE T80 - SEBFRE
AN <2 8 2 SR BR . (metal-air batteries)HVH & > ABIINRE A RIFVIIRMIFEETRK -

(4) BEEREEREHR

[EEM R KRS BEEE T ERESERE > aJLIEBESETAWA - B0

Macdonald #4572 TIGER WIFEERHVEL & > Mifs HAES &ERIpTE S > 5P 1710
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i e B BE A [T S A A R A B B B S - DURCR AR TR D 1 21 28 K (50%=K,
100% ) HVIFNL © &5REUR

B EESENERA RS

B CRAREC BB ARG S - FEHGERE o] LU S & -

B ERIRRHE LT TE SORHIENL T > BMEEAE (thermal storage) 5 7 EE 48V EE B4R 57

ALk MEEERE 25% - (BRRSEUAEI A AR -

B ERARRECTE 100%89E 0 T SEERENRHIEEXBO D E%FBE > £

PR 28 RETLIIMIBTATEI § > SRAE R T 10-20%

WA BRSNS S RS MR B - Bl DR E H o A E B AR E R

FES BRI RO TR - WA B IETRAYA FEr 2L - HEREETE(LR - 40
REEEMRD > G ERVE DB RIS G FEEAEE - WAHEREETED
TEERTEHE > PIFEARIF (L - WRIERE H AT BL - HAE R ERT
A 23 FHYEMRGE TSR EAE] 1% -

BEST - FER AR A S AIEN N ZR AR B > bt — 2R P MRl & ke & i
BRAUGRS: > 1A U RA  Fl40 - B R ERECR R EAE#AE (thermal storage) Y TE A &
TEMRLTEHY - ZR1M - BFHYET 2 S E AR 2AER - I FAN L » 15 B8 T S H(OPEX)
BB AT H(CAPEX) Z FEIHYRERT - 1T H AIRYER AL A RF Al St g -

(5) ZATHRGMITIERSE

Dolphyn # R bHZE S RANAE PR bR (decarbonized IR T HY S5 B B 22 B 4%
STV R - AEANNE T SRBIRIERY 64 (EEREA 7 FAVEEE > TFIERFE 10 L E
INBHR AR Ail AT SR

T ERE TR ~ |5 - R bhkfe ~ EEANGEE - DURE b SRR
iy A SRR FE A (E T 2E Z FEIRVIH IR REFR iR s (BRI T2 ST
BEE TSR TSR T - WaTl 7B Z ERMHERE M - £ RS
W P ERARES A BN S e e R -
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B RS EAEREGHEINE DR K - BRI R B s T -

B GURHVER SRR T HERMAERCK -

B RRESRE  KFRENENAEE S BERANERENERERFIER
T EEEEAAE E

(6) RIRHIBFFEIT A

B (B EBTEERAGHRE - FE—E TR BORH EE A A & - TREE
LR AN E BT -

W b T A T E R IR R MR T A - AR EA R FEE O S R SRR
Bl F AR B BRI IR RAFE S > DL PR U (A gent-based) Y&
BAGHE B SR AR T Ay - AR EFE B LB S R -

B I EB AR A B (EE R B LAY - B2 AR B R DU &E A

ig{

FRIA] DSBS A DR HRE ~ GARSIRRERIE > FosTH R & R Tt AT -

RS S AL B S R 5K B (high temperature steam electrolyzer)ZE4H AV B FE Al

TR R ISR i RE A S AR IS S B A R - Bl - R E R A

SRR A i 2 e o 25 B HERRAH (stacks) » BRDASE i HY BRI & A TR B I - BEZNR S HYER
U G R R RRCR B S EHE R AT G IR (B - W& Z EATHL

DArs BRI o A8 T e A G R A e A P P (SR - B R EIR B - 22



i

TS ER A BURIME S IR CRR R EREEaI R B —PES T eER
St~ RS EMEAH 1A S S A -

BEAN - TR R SE 2 RRIVIER T - SRBITFEERARIESR - ERAPIK
BERIENT - SR ENR EEEFE SR T RO E—HEE < 280 - FEZPEREIER
T GRS E B A E {7 (geological storage) S{EHE ST - BB iETE

ERER ~ KRR G RE IR B T2 - SR e TR & I e R (R R R -

9 AT F2EL Ruaridh Macdonald #1482

(7) /&
a.  Macdonald 87T HAFHOERETFREAR SIFH AT HAINTZE - R plElERERE T %
HEHYEERE o MR MIT BAZ$HY Dolphyn ZATSEMRAIGERELN - Kb E & SRl
CEEE ~ KIGAE ~ R ~ RAAR) ~ BUR (ZSUERIRME ~ HARIRTES) M3
(=8 - ERPE - B ERES RS FANERE - DI E IR IR AHET - Blansl
{#BE(thermal storage)Ed SR FERREAHBERIMERE - DURRIAFE » BIAn&E R o] LIS
KA FEF AL EgEE T BREEESETER DI - R HIER A
BN AT R AT B R SERI K SEHYRE TR S M -
b.  Macdonald f#1:LAFIF Dolphyn #5#¢E 2030 4F- & /& fE 44 AR TAL (AR FHRVMHRASE S
R AN FIMHBE B BB AN EIA EPRT &{F2 TPCISSP HZETE - #E
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T A TEERS - W T HEARE 2 HREENE -

5. Project Presentation on Carbon Capture

ESRTSOMHESZE T. Alan Hatton #0% > U2 — L IFF NISEHIRZ » fiFRRIGH
E g EBE 8 ]2 5] Eskom 2RIK - H B A —Ea - RILHIMR AR rEW -
AL P IRV RIRE 2241 - 7Y 1981 SRRV - RS2 2241 - 1982 SR MIT
EBRIRERES » % RIS ESEE - L2 TR EH David H. Koch E2BEHY L - P
TNEERSEREA T. Alan Hatton %o SAERRIRTERMT T TEIEYNT 72 TAF AR ST AaS 5 o

SRR LR E S AR —HE R - EBE&TFT - 2ERIREE BT
HEEPK ~ PR S iR a (R PR - RIEEEEIRETU » S BT s (b
HEI 2 A BRI - AR BRAUE R ) — S BRI » ALK - 2 ERER
AIREE BT 4.5 & iR SEERIERIIR IR » EST » TR TR EBHY A bR - HEL
EENEAL BB AR RE R AR

Ry TSR > TR AR - BRI b e A A RER ~ BRemTE -
FIFHAIEAF (CCUS) % - BARIbRMHe R =] 73 K 3 KIH > BFEEEIRTE - 2RI
$£Direct Air Capture, DAC)FIE #7533/ (Direct Ocean Capture, DOC)

& BUEHE ¢ SRR R F RO e — A bk -

& ERRZESRAMIE AR S (ER -

& EREEESEWIE  ORBK T A bR -

HEg i RN &

& — DR E > WMSRMERREREE (DOC) &SRl - 51
TR h BRRE N S bR > DMEREFEEAA - SRR e i F ISR R - P
e ORI ¥ DOC B H 222 SRR e (DAC HVBER M AR 2 L8] > T IR
ARy bR E B RGRRY 150 1% Al DOC R REEE DAC B E A3 < Brineworks
& DOC Feifaty el El.2 — » N wlE i H AR BA R A — & {Ebk 100 35T

=
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A E] DAC SRIBEAH— =

DOC Heffath A nl e B BRI s AE LU A » BI40 > Brineworks BV 7 7A S L ERE R
Bl AUE 10 Fos > BEEHSOSRVFTREN > SRR A HEENER -

UEREERIT S © DOC BB S HFINIRG A= EHE ) - BR2NR DOC 1
IR EBRIA AR - BE R SR TR CE 21y &8 (B - FLt DOC £¢ffi - 511401 Ebb
Carbon FYFlG - #2A BRI EERIEE - Bk (e i SN FUR S e e A i
578 - Ebb Carbon MY T B2 & e A ikl S8 - JRfmbRiE SIS — R EN — S /bhk i
o= > ml A 10,000 4F

Seawater

H,

Base Acid
Back Pull out CO,
tosea )

[& 10 Brineworks 1y DOC 7374 » f#enx I H &4 Esr Bl 0]

(1) HE{bEEFag R

Hatton HYBF ST AL 2 Rl 38 B (L2 BB Te il - B —TEA A B L2 m e
FIRER — R ALhREY 7% - BUEAERIBE AR e ROt tHEL - L RE Rt B A
ZIAER > BT
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Tl (sothermal BB {F © fEFRS NSV
RAAAbERET @ BN LEERET -
RETRRCRS © AETRUMRE RIS 1A -
A EAIEREER ¢ A T AR AR TRERE) -
{RER SRR TR G T FE FH N S AR AR T Y — SRR PEROR - B4 ¢
SR
TEEHRRUE (A8 ~ KR
MEPEROR (A-RE ~ it~ SKERDRE)
FENEREE (FITEHET —EUbHRE)
Bz R
&  EHPEEERR
(2) BE{LERTIEEUR AR A
AL BRI RO A LB RS Y E iy S LR B Lok A — A LhRAYHH
PEFIREI - el NS - v A B R LSRN AR - Wi B —S1k
BRREHRATST
(3) E{LERFIE RN TSRAY
B R R ilr 1 A =R
¢ HiEOL SULEBFUEMEYE B S bR EIPEGE S P)(Complexes) ©
¢ CPEEBOL SMLEFEHEYEEEENWE L B SREET - SEREE
T R bR S EIE pichi e B ik = -
& [HEE  BLEAREANEARSR - FUERRI e — S0 -
@) REETHARER
Fo T $E = A LA SR P E RO YRR RO » FREE S E AR RS
e FHteny — S by T8 -
(5) Verdox \ EJLEFHHERAMT[10]

® & 6 6 O H & 6 o o
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Hatton H1/& Verdox A SV ILEBIHEA » 2O EA TSR R irE EL - %

NEIBESE T R LS IRE e Rl - sl BA IR - BRERERRCR - A
{baat M2 DhREE - I HBA%E 7 — A e RS e YA BUA BRI - LU Verdox £
R B AP BT A ERRL -

Verdox 23 BB BRSE AL S ERIHIEROT - BEG 7R (X BEREIEAE

MR EL 2445 ) FEEE > Verdox BT B S IEMEES o DU 4845 T Verdox HY 3 B fi4SEE >
DR B A e A 7 AR B 2 BR
Verdox FfiisrEL :

EEALERFATE | Verdox A5 FHBBEARE LTy — A bhx > 2 A B0 S BRI
Afmbersrt - INLRE SRR Rl T AR U -

FEMARE ¢ Verdox Z28ERIERE MEST - MEFFIMNBEVE - thghk 7 REEVE &1
BN A RHTRE EARES - BN ARSTENIGEL - SRR ENE -

{RERBAREOK * Verdox S FEERER - #—20fEa T RERRER - AL EHELHAERER
HE

REHAEEGET © Verdox VAL LM E R G044 ~ JRendEse - B —4HFrT L
WEFEEEN A (plug and play) » JREIATEA s B BE T  THYE DL T/ > HEIMTHE
R RHYEEIEM: -

ZEREHYIER * Verdox HYEE(EERRTE S4B S S ERACI  BLAEPABEIE R
TIERER ~ = NIREN LR ZE A TE » a4 BT o] LIRS E 7R K 3R % - B

Pr_ g qbbi > FEIRFORE A bhR -
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% 2 Verdox BT EMEGhRIATERITHILEEL

THH R s i) Verdox HYFZ 1T
R FEIERGE GEEREES) | [EAIE ST » T DU A
O AR AR JE o R R e R
R R AT BRAITR |
ST SR IS AT
e REVEE) (4E S0-60C A5 E i AT Il
120C) A HEREI — S (L )
R AT BV BRI R
. BSAR (L3 L T 20 ~ 10
LU | PSS [FHBERA ~ =

ESEL ]

FOAEE

SR fE e

s EE R ERtER
PRERTE

PHAHAE B R A RS TE
JEF TR ft 7 8 KAy 2 E M AT
BIEi$;01ks

% 2 J& Verdox FMTBLEGchRiHErAioHIELE: -

Verdox BVFZ Al L BEABER BRT% ~ Z08

1R ~ (R KA bt Ry EE RS - R ahemie iz (it T —EREmRaE R
BRI E RS B S TR At E m i

FE

e

@ /5'17‘3* °

(6) TRAHERAMTHY AR E T 1A
Hatton Z2ad By AR TE R Ay 28 07 [m s -

*

*
*
*

DS

TR

FEE AR E ~ it HEE LR E

FR{REE(LEE
R E(RE

SRR e R ITHI RS
BRSSP R o Y FE F i
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(7) /&

a.

BB E R 2 — T AT SAVBRRHE R T - BAZIRER, - ARSI
F ~ AR Laat ~ BRI AT (E P AR AR - BEE ROy — 20 S A RCA Y
FeEfE - B BERRR R IRy i) AR R BT S AR A - FFEEE
J& > Hatton /148 T Verdox F{figHIESS - FHEARBA —EMEATES] - ZAMbRIA TR
% EFEREROE ~ MIERRWOE ~ HRDES - ER A REH PRl i AL AHRA ]
CaPhEL2 » DUE SR ERPEH e R - SR AL SR HEEI HEA
EZFRSH -

IEITESRAC T mE 2023 AERERY B T35 (Voluntary Carbon Market)iy#iz e A& L
fY 2 T~ AR LA R AR & 5 R BN 2 R - TORS BRIV AT 2 -
WA DOC b IpA R LURIRREE - H & E 4 GoRME BRI - $HRER
BAR5  HRE M ERATE ZREHE A REM S - $84 DOC #hiE & hiRFEm AL
FhRAE o [FIR A S O 1 S A A BaT B (BRI 2 — -

i

11 AFrAZREL T. Alan Hatton (% &%

6. Innovation at Interfaces: Advanced Technologies for Decarbonization and Energy

Transition [11]

BRSO ES S MIT PR T2 %/ Kripa Varanasi 4% @ LG #EE GE A H
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EERIFEORTE It B B EEE A » ££ GE A HlIHHE - NEA T ERERS 218
I > BRER RN « BRI SR SENIFE SIS - Varanasi HHEEIRETTH S 2
BN GPREL - BFERER K~ YR 3 E - BRRENDHE MR D - BIERAIbTST
EE L2 487 1Al T2 (Interfacial Engineering) S5 » F2FHCR ~ S¥E K ERIEILEE A
FAAETE © XA P T )RR B ER S A R P B A ZE ) > SSet HH s 25 (B A S 28
BeVERRR T ZE o A FISREH IR T S ELAF P AZE R s 1 A e -

Varanasi BHFSEIEB A A HAE S I TAR T RIS SRR - MESSRE RN 2% B a5 1
PREY > DUEE S DA N SIS ~ (e k EAIEGEBERe iR » R0
OR % T

Varanasi WF7eEIRAVBITE AR G & SRR R ERAY AR EE - S SRsnyE R -
EEBE AT A > CABH SR A AR - (M FH B D S22 B F mEFRE Rl %
RENTJERIE > LI RCTHIARIRICR -
Q) AFERTS

iz E R E B e SRR N D A A F] - i HT et b R B E AT EA]
LUK EC R4 [m T35 © At T — (e REYRAR - o] DURF Rt & TS B HE A S B R A
2% ~ SRR - R ARUERGSRAE - AEE RISt S DA TR Bl A
HE > RKAEEAEEE -
() NMEIEFERED

Varanasi BFFEEIRBHSE 1T IR ERS T RHRM -

PR DRI

S P R ] A AR IR DR T D SR S R AR - B2 E ~ TR PRI 0

JEE FH B 55 VR R 4517 (non-wetting fabrics) F15% ER g - A SR HY /2 BERCR - LU MRS HAR

T ERCREAS RERARES, - [ 12 BRI ~ AL Btas MR EE S 3 KA

6] (K TT 8 Bt R ARG AR 2 R R E] > R

B O EERORREAVH AR © Bl EIUs stastd ey RmRE - AL
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(RHERIRERAS  H P 7R BRE A BRRCE » TA B I R -

W OERESSLDEBLR S A AR | B EEEEENIRERIET » Varanasi B
&IATE 8-10% © ¥j% 1000MW Y25 EE g - EAHE R EIEEY 100MW HYREHR

B EUEREORRRE C EHEOES(EERAEIE (nitiated chemical vapor
deposition, ICVD) ZFHHYHRMT - A DAEZRE TP FHRYIERDRERE - 2Lk
JEHE BN EBUREREES - WS 20 S EER A EVE IR -

B RFRMRSAAE L ICVD B n DI (RFR MR ST (VN 20 mN/m) JiAEH Y
IREESS » T SIRALIBIZATRCR - it n] DUEBVEIRIR = 7 1% -

Efficiency Enhancement in Power Plants

b

Moisture Control

[ “aam ! thaws T I s
= NN
Enhance boiling Enhance tondensation KX, Varanasi et.al. US 11/612946, 2006, 2011

Super Condensers Heat Transfer Super Boilers
Film << Drops

i P<i =
(—2‘ (—9" \\

I
<— I <—
|
|
|

K.K. Varanasi et.al. US20070028588, 2005, 2006, 2008 K- Vardnasi et.al. US 20100034335, 2006, 2010

' Significant efficiency gains ~ 8-10% by fundamentally altering steam-surface interaction
' Eg: For a 1000MW plant - 100 MW energy savings

12 2SR ~ AL A A s e S i (b oK I3 B B G R R B B (1]

Varanasi /48 7 —EL40{T] BRI 8 BEI BT -

& JERRGER - TR (e IR B GE BYEAE -

¢ JERRRERIER CERTUEIRER EEFOR TRIEERMEERRE - 1L
AR NIEE 7 R Z [EY S LA 2R iS4 SDHTRER -
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WERDZRRE US) -

RT3 LA RABRIREHS - BRASRENRE - AR AR T A
- EERAFRA T LiuiGlide MBS » iR —MERINEES: A RSN
A -

Varanasi W4T B TE MRS B 5 58 545 se e S B 7 28 > SRAHAT ¢
I sE A b
BURTIE - BB REE

BHFE R IEAE B S I — S bhdmife A Y R Rl - (i fiFHEs 17— fHisE
FARTE RS > SR ZE M E ARV T BV E e RS » HEMFE(R T R AT A
(56 FH B MR R AR« AE TR R P FORETR e ~ EReZe mimie - HUERhEHE ¢
B FORHY AR DG SR UL ¢ 5% RS RS A 2 S A e RIS

BEE COr RATRIPEIRR Z A T BE BORAY M HETE AR - &S A Y

CO2 WU > Varanasi FIZFEME T —{EE B LLEL - F5 HBUE TR R RS 1 HUAY Y
600um SHEREAELE - /N RO EY 1 I IS/ BG A% L (interfacial area per volume, A/V)
KRARZS - G R TR AR SRR b Ry B/ N R ST RS T IR AER T AN S
Varanasi ¥ DA EBI{EIN PetraNova 5135 B € Mk & 91 » 558 BH A BE 1% (Post
combustion) BRI FERMTSCER A MR HL &y » 4nfE 13 o e

B ORISR EMEREAELE % ARRRESIL SRR LL(L/G)EE - R e T
FHERSEE T MR N B - B3 5 (8 T s 2RI B SR E I H I CO B4R %
GAELL - B (EEELES -

B REREAST MG © R TR A0S R A S R n] B T (R
A o BB AL ST > ZEEE—HE 400MW S BERMIHT A4 R o4E/ N 5 6% 0 B
AR 2.6 & o SRR NAYAL SRR . (505% 280 B 1 A USR5t - AT
14 F7R -
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B CO2 R ARVEREME - AR EEZEHIE AR AR AENY CO2 Rt A HEH

G D TR HAE TR S A A R EA G D BRE R K - B HY 0 By CO2

HRE R RIAA] -

B ERZESRAHIE(DACHIIE TR T - BT HI T AERR DAC RtV EASIH TG
HEAERES] > 1 DAC Z&EATE HATHlA QBRI HSH - 78
FAAmPE 280 7] LA DAC Fii#e & > DU E HRCR AR S BRI IREE (EPA)TE
TRPRAE P B AR AR -

Mir
varanast

Post combustion carbon capture is limited and expensive

Petra Nova, Thompsons TX

» Retrofitted to 240 MW coal-fired power plant
» World's largest post-combustion CCS facility
+ Shut down in 2020 ($500M CAPEX)

« 380 ft absorption tower

| Only ~28 large
scale CCS plants
exist worldwide

13 SEE{E N PetraNova STEERHICRL » FRPABERBRHICRN - BERAIRIL H &S &(11]
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Concept: Replace packed bed towers with mist \!,!!,'L

Proposed Benefits Mist enabled CO, capture
- > 2-4m
CO, free exhaust +
Flue gas
Scrubbing o i CO, free
liquid | Scrubbing — exhaust
mist
Pack 5x smaller towers — lower CAPEX ed-bed
dimensions Droplet misting  Electrostatic mist
Diameters: 10-20m unit capture unit
Heights: 10-80m 300
C 2 Film thickness: 600pm g 250 Apidie + - i
2 B 200 o;m—na@ “Dyae
Flue g High interfacial areas - better absorption § g 150
Less environmentally toxic catalysts § 'g 100
High /G zZ8 - .
- 5 5‘; [+ ®
g

Collector electrode ‘ =
14 DAFEHHIE AR R R BIE TR PRI nT 4/ Na i AT 7 25 1] - HE TR (A A11]

HEEERIEDOC)
Z B SR ENR R Rk P& (carbon sink)AVE) - FSE T —TEEAE pH {E BN

e 7% 52 7 AE A LB E A RHE B K R — S bk » BRI R
AT o 3l H B 22 AERE(electrochemical energy cost) A[{EE] 2.6 Gl/tonne CO2
FREELFT | S EEENE

Varanasi W58 MR E BB GRAE R FEERE ) - B RS @ REEN

(2SS ES ORI ST

W A  ETEART R BRI A I LR - SRR R
SR T-EERH > PR AT A RA -

W ERGERE R TGN B AR R R R B 18
ARG > DOKIER VSRS EFINR - S REEE I 2 S R A
=7 o GF © @M (hydrogen embrittlement ) J2H5EBIRHEAE ~ I T. - ZyREHE
SRRt SRS E PRI - MRS EES AT SR
RERz EEIRAL - SEERGETHVER SR - )
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W HEGEFE R | B AR R K B AR E T A IR RS R R
BRI SRR S BIROE eSS » DI A R ZE RS HER B T BBk &N
FRLERE » Rt EANEAELTTE - BRI I H B ABEE £
GREHITETT -

Varanasi BIBEBESAIN T K Hampli & M BRI E  [EAERSE K E R

REREFRE T EE

B SAIRSHIRERRCRIUE ¢ B A I HE A (Phase Change Material, PCM)HY
SRR AL ~ R SR AR ] EAE I » IEBUIAR PCM G B sEasatd
TE BRI ST B (7 BARE NIAE SR R SR BRI - B3R = e e e BE AR B
TR D RERHFEN (2 #HE BE 4R8I

W JESHEE TR ¢ Varanasi BIFTEIBCE A B —S00TRIAF] Alsym Energy Z:E45H
SIRPHEET 7B o Alsym Energy BT AR EMERE ~ (RECA ~ REHAH I
HIVEM - AR EERRE  BENE R LU BB -

PN R ey

W OREOEEMRFFERREE | Varanasi BT EIPR IEAEE SR I58E BN EREREAYREL -
TREE S R TR RRER - MBS T — A 2K HIE X nvaF EhREE T
#% 750 P E B URUE R T (Active Charging via Induction) 8 15 K EERERL T A 88
i > MFLAREERR « EIHAH ] DR RIS RE R ATRes » BB RRKE - A
BT RI5 ' BE Za S 4
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15 APT{FREL Kripa Varanasi B &5

@) /N

a.  Varanasi HFEEIRAES M TR G EIEVBHRIME TSR T FIZO0 R R Bk kR 5%
KRS AR T FR AR - RS BRI SRR 745 AT RERUBR I 2 (%
3l Ry R YA A HHE R -

b, FMERMHERE TR R EIZAS<E] DominionEnergy 5%l /1 /% =] EDF
fEst R LA Rt E > BUNHUTECR B E IR ETE ] - fEhRIm el
J3Hl > Varanasi FZIEH T AFEBIHIE RAAVEEES - RMTEHE 5B H B
PEES - FRf — B HINST ~ e B NSRS &E e sy g i5 68 3, -

s SR A T [EE SV EHR SR -

7. Lab Visit & Project Presentation on Energy Storage [12]

BRSSO AVE 52 Fikile Brushett 4% » #8537 S L2 FURR B (Redox Flow
Battery, REB)R¢fl * — R BEAGRRIE GERE - BEERTSRAVENT  Brushett 2% & s
B LB UROR A ENE - 2 16 Fror o AR DU A K B 4g4k Gt
Ry &S 7400E 17 Fos © RFB 2 —THE(LERFERE 240 » A 2R R BB R R PR T 1A <2
B EFRREEMITPRIVEEAR S - FERAVERS - Sl TEAEEEE R - DU EEIL
P
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Developing transformative electrochemical
tochnologies for a sustainable energy economy

16 Fikile Brushett 2% #E Ho i e 20l 5 58 REB AYEhi%

N
\"':53"%.

lon Exchange
“ Membrane (IEM)

17 RFB HYEA R RS E[12]
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b A5 5] AT AR RE R R ARV RE R 2SR - BB RERE B S 2L - fE 88
ARERETI T TP AE R 218815 » Brushett #a8 Fy RFB BT EEL - (HEp Ry R A AR A
JEE FH B EL BT S AN -

(1) RFB HYE AR

RFB &t LE 240 - HEA T EREN e A EYE S ERIRE) - 5
IR RS LERNE (BEME(L) DEFIRREER -

RFB HH— {7 SCHaf (IEM) FEBAYRI(E S Bt - ERE HAR SR e
FUEMEYVELHRE » T2 Ees P IEER - EEAREUB N BRSNS - JEMYYEEEMEEHE
(L8 S e EE A2 BB AE « IEM a8 DLORFF R faf 11 - [N (i e S R &

RFB FHYRE B AMITNE R/ INE AT Aoy Bty - B s R ERy R e T Btk

REA T SERSHY R I R AR AR E T B DR - SRR SR
FPEIENYEGET PUR e R E R IEFH K -

RFB 0 /e il i AR E ] - R B DU 2%l (ERG » B4

¢ GEEMYRERG o

& fHEAVELE T8 -

& Sl A PEREAEEEOR -

& (IEEIME > BRE A LI EAEARENALE -

) BREAARF TN RFB 2428

Fo T RFB i B AT F I IHIGEREMEA T 5 » SR RFRlREIE DL T s T 2 -

¢ FHERENVKMESLERC2YE - AR - AR E &Y (coordination

i

compounds) °
& RAEERRISHMHIREEE - DU S TERE AR RREAS -
& CNEHRAVEC - FEHEA S e iRESsE o DA LaeET AT -
& URERASRIR o dCR AR - AR SR rI 1T PRI E LSO SRR -
(3) BIFREERFHEFEMEIZEE
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A% HA ARG B R RFB AIBEDZ FEF ERIEZ - LT AMRE
ARHYIRIE - B

B CAREEAVERRAOR - FIFRE » AR EE BB S DA R BE P (B U A Y
B2, - PREREIET IR EDR (FIAFEE ) ~ Fif@th (FIanseR ~ maitt) DUeH
NSRRI N

B RERAREE IR o1 e AERVEOr e - EERVHEOTR UK
R FERYE ] - PREAN RIS 7 TR E T LR A AR e MimE AR VB E AT |
fEeiE -

18 AP AFEL Fikile Brushett % K WAL IGBN B B BE AT Te A 557

@) /N

RFB & — TR E AR AR HRERT > KA nIRE EE K ERE TR AR PREL - Brushett
PIZFE DRI AP AF - F AR B ~ e iERH I A& B(E - RFB B
i Ry SER R~ B R SRS R SRR TRA MU EE R E AV ) (R E S R B R Rt -
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8. Measurement and Mitigation Techniques for System Strength Shortfall [13]

BT AR sy R R S A AT SEE (F RN R B GE RG> BI5E MITel Y
BFFERIEESR Deep Deka i+t - AU E AR ERIBEENHY nISEMEB(L ~ RACEH ZAH
HitiAL ~ T HE R IR BRI R SR DU B RS 204 - Deka AR 8 AR T #aT
T A S A SR A RCHIES » A T 5s T Biam S [H4E358E (physics-informed machine
learning ) JHELE » FEFAREIFAIE S A NEE AN T - M A SRR B T (LI R A A
H#Ab - 40iE 19 For - RsR LESEREIE - ZEAELL N (E T ZEA

& [CEAERRREALHI

& NHEENE TRV B RE

* New sensors:
* Smart meters, PMUs, micro-PMUs, loT
* Big Data: High fidelity measurements
* Over 2500 networked PMUs X
* Reaistic issues: noise, limited sensor — _
presence, privacy
» Black Box data-science tools not safe o —

19 SRR A S U BRI ES - A00H] A S SR A T S A i LR PR PR 13]

(1) BCE4ERUIREEA LM
FCEE 42 B8 (AR S YR N - FRS 0 SRR TR BE B B Y BGEE » TEAF &R S H) A
SRAIRREE o SR Y E SIS AR BRI ] - ZATT 0 ISt
A T B B (metering for estimation)F1175 3 (coordination) YK
EMEEEER T EDHI R E AR - B B IREATH R MR = - PR e R
JEF DM A IRIVEIE - 2668 EEERFLY Adinjections (S=P+j Q) » sREZE B4EIn 4T
AR -
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A3 53 (recursive grouping) B RLA A R (RS LEARI SRR PH DT > A A ECERSE
AR ATIIAER M - 32 TR AR e B 4 o i {18 17 < ] 3 S B P S i A R s R ]
RG2S (B SREA SR 2 A - RERFPE R RS 0 4H0%  DIMEE RV AR P 8
FCE AR ILEA AR - 32 RS Jealn | U aES - ARSI ASCETES - Bl EHTEIRLL
Y EERE -

D vrcre
z| (Po ni-ﬁis\:l’:\';cln.\‘) s ".‘ i .c(/ Hse Cases:
j-—;: Informed Tuning Machine Learning A, Estimation using limited data
{_‘: xu\,';nl: :ﬂ:;f{:ﬂl ' ¢ Topology learning + Fault localization
=, hand-controlled) (distribution grids)
= Physics-Free B. Optimizing for grid fluctuations
- Machine Learning ** data-driven security estimation

vt ncking Power Sysem inerpreabiliy (transmission grids)

Speed

20 FREmAES (M2 HEDA A AR BB TRC BRSO - DU B & b
[13]

PEATERERE AT ORES T IS T AMVREE » BT/E Tk o] g AE E B RGP RE VAR
KREE - AR E B BEEREPT ROV A E AN BURBE AR 2 S AHR -

7£ IEEE 33 PERHE Ef TRV BT » LhfEHA 7% - B AR —EA R
P o 28I AB SRR IR MR I - TERR IR R T TR AT R PR

Ry T g s SofRi] - PR S [1HAC A g o] e e AL - 15 CeAd RS Al AL 4T
Sl #2l(grid neighborhood-based features) 2K Fe = E MLFFE » LHEEACEEA RSN
o [ 20 FEHIEEES (M B - SRR SR Y n] MR M A R SR Y
HRIEAEES > WATHIHAARERINBC B4 TN - DU R 1L -

WA P B A AR 4 ARG 58 T AT EURIE - AR SO A AR S C R R A 2 R A FH RR 4
SRR RN - ABTE T AETY CNN ~ NN fil GON (&4 7774 THEERHIEEAR
HITEDLT -

EH R EER AR (| SRS M CR T B B a8 T BV E E R R - = DR
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HRHIN AT GEIE AR E R - MM S ISR AE LB -
(2) FHEEM YR BEEREL
EFEE I (Optimal power flow, OPF)

OPF S 1E i/ MEEFE A » [FIEF I e A RS YT/ SRR PR - {442 OPF J5
EMSERN AT ~ tes 2B (UEANE R e - (HEt BT EIR S © LIS
H 2 5% — T o] DI 3O A PR H S Ry e PAh 704

Deep Deka Zfzrbrh i/ réH 17— HEEHT(Bayesian) e 525 J70% » FI 48RS ELRI

(network-aware ) = #4852 (Gaussian Process, GPs) 7Rl EE4g (8 LR T BB A - J5fd
JrERRR T HEAAREIEAZS R EA (S) WENFIEER (V) DUETHRE RGP
B, -

HEGTPRER  OPF HEVIES Rt ART KA MEEVERYER - S/ MBS ERA - HEHE
FCARTREIR S < (4T A MBI AT DRI BE A O FER -

figi 528 et H BT AR R T A PR 48RS BRI GP AR 1L —{EHH Y S — Vit
S o TR LN ESS

& HREHY  EREEESUE ARIER Y MIHIRA -
el - AR RS E R ARE NG R B
A5 (Differentiable) * BAERYAYRF A B Bt LAORURR M 3 A
AR ¢ QERSAST S I ERA b (E ECRE A B B s B 2 IR (% -

AJ BT/ SR/ TSRS HY ¢ R DUGE AR B SRRt m] DURFELRE TR [EI{EAE
LAY EE4E -

TARFE

B SHTEREE - R EIR2 R KV TR Es S HYRREL o FZEAIAE RSO

2% (confidence score) » i A= ABAHIFA] -

B U (neighborhood kernel)  GP 3B AATAZIS 1G58 - DUM I E4E P EA HYHH
Al o FZRES AR DL MR ZREE A ¢

* 6 O o

Sl
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& AN AHER AR 2
& EEEERORATE A 2 BT SR -
& STEIERVIFR R - DR SRR -
B JHESEL (Vertex-Degree Kernel, VDK) : VDK /& —fFF & AN ITIZ > E°%
FEEHE MR HRAY RS - B R SS BT R B R R B B ] -

21 AFrCFEEL Deep Deka &8

VDK GP HyfEsh

& IR/ DIIBEARHL A DUESAERENTAE R (D 3 %)

& BEIIPERREFALETREEE 332 B MELE AR 4205 B ChnEE 120 £&)

JE il R R T R% 7215 DUE R s BE 48 RITHR 2EHEE

(3) /NG

Deka 18- {58 48RS BRI = T A2 0y H BT es 2 8 )T A R — AN EE M N Es
A SEM B LI B QR T FE 2 — BTN EE R )] » A SRV H
SECRTER > TR SRR EME A T AR MR RIS IO PR SRR - EW SRR AR B IS ER
FETERC A AR 2 HERHE TR » DU A BV B RR RE AL
FHART - ARAECE RYOIREMETH] » AR ZIEBb 7R & R TH BT -
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9. Build Robust Power Grid and EV Charging [14]
EISRAT ORIV SR U ERIZUY - #iE 2013 FEGILUEERZHIELRE

AL B PAFE P KRR E - B8 o RIS A E T R TR M 227 - 4 5

SR > BT BB EINEEAESE (2019 4F) 55 - 4t 2020 4= 8 AAIA MIT -

9878 REALM(Reliable Autonomous Systems Lab at MITYEE&= » 3% Bl = B E BT

st ST BREE 1 R IRl - MBS E BB E 24 H B LAV 2 AL T AR

AT A IR BN EL(EV) 78 EE ARt
SORIBHR BRGSO E BRI AT g i i s (R BE 4 M BB B e T B R i £

{EFRERIFERICR - SRBHA T

(1) EiEafEryEs
A ST B R AN A A P iR s B A SRR = BE A Y R (1 - Tt

AEGEESIETERD AR R AT ER AT - B

B EBEEP A EES - B RGBSR ¢ eI SR - BA RS
ST A A e BRG] - B BRI E AR R E L -
S AR TR s B A AR B =5 R ZE By 2o - TR AR S P A 17 B
RS - B A LR R EEEN SRR B B2 A EE A5 (EIE
TEHAM 35 (unexpected failures) ©

B B ENOAERESRETEN © B N R RE S T fm B B G - 40 22 P
SURIBI AR EAR 4R DA AL B P S TRORI D7 A8 s H IR 50 - BTk
TSR ] A M i JHL R B M R SVt o 25 A A L B sl B SRR 3 0 AT (risk-ad justed
posterior distribution) SR » 5% J77AS TS A FIHYEAESE - A R (R R E iR
T o L7772 F Metropolis-adjusted Langevin (MALA)FI Metropolis Hastings JHEA
FROTHEITHIAS - A 23 o o MRS R R SR ZE R - A AR
AT B E RS -

B JEF U (Sequential Adversarial Inference) * SERIBIEAN T —FEE Ry “IHF T
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T AU o UTES R EHNE AT AR THY S A FIEER R > MR EE R B
WA RS A — P (e A - B SR AN ST A 0 B AR A B Al
(S BRI SR - DU SRR S e S R

z = argmin U(z) Regions of attraction (1000 steps)

Converges to nearest |
local optimum!

Gradient descent =, =z — 7V, U(x)

22 MBI N RARE S A /5 Bl f (R 14]

.....
SN

¥ G ks AN - .
b S ey ﬁ%,’@ PR gt et N
NG G QAR S e
lm\‘f’("zg;.ﬁg?‘ S0 "F

iR

(¥, e
g) . i

zy =z —7VU(Z) + V2rn; n~N(0,I)

o U($+)(I(z|x+)
Paccept = min {17 m}

Ve
o WY

Metropolis-adjusted Langevin (MALA)

23 M EFAE S B R AL ¢ FIFH MALA SR Ef TR - AEfROIZR 1

Q) BLEHETEHES

SERYbT ST A 2 (8 b I B Bl e e BRI AR S e R T TR R M A EE B

FEEVEFPREL - U7 TAEE RN N TR ZHI77E - fisR(bEE RL) > RE(ETE

UREI ST AIE R > [FIRE A RSB R A R HE R & -
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EEER
B B EEEGHREINICE | BIS T RL BOlRE R B EB) AR AR - [ERF R

FE T B IS R RZE -

B RETEERZR  ESEEEE (SEREEEER ) BN T OO E

B LI -

W SRR TT R R TR TT FE S E A AT e M (scalability) U5 THI (B (3
ey ITIE > HEI R KRB (large-scale problems)fefit T A THYRERTTZE -
W EREE EAE R E R - BTSRRI TR ~ BEIE RS RSN S (R Eh REEE

BUCEESATA -

FEBIASE © NN EEREEER AR H]

SERIBTE S — (R B BN NEE B R RS SRR E I 2= Bl SE > HERRAE T
HEBC A 48RS T DUER B REEU O R E - SZ = BIHTE KR BBUE (LB - REAEER
HIMICA TR R FHE -

ZEBRHFE(E P58 2 TR R AV (R LAY

& CPEeNE - B MESETTRERGR - SFRSRe AT R AR -

114

& [REIGRM; - QS RHEERERE - BYRE - BeE/KF » TEIGEENERFHEH
BRI APR AR -

& FinUTk T MIAER AT AT AN R B2 E R AUE LS SR AR BRI T & TR
B o

BETE © ER Al NESRES E T EILAERRE L

Bik

& EEERGONT  IEREVERVE Al INJTA > FIFKEREEAT R L HiEA
HUREHY RL > A RES B RE (B LB EN B e B Y S ORI B -

& FEATEOR T ¢ T TR S (time-of -use) B ER 774 - IRABRACIMER K ~ e
RGBSR L BN RE R R Fe BB (E A
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() /N

SURIBIRER M T BB T B R LA NN BB R E RGO B R AT 7R
Bk o WhEy TARZEEE T RGOS ~ BE il Y SR A R H S 7 A e PR AR S8
A SEMENIRCR T E A E BN - A28 e e P Mt E B R URI B Z BB s TR B
SHBC MR ISR - RILA S B AT - MAEEY AT HY IS EE B o e B b4
BB EHIIR BT TR B SRR L > AR Al RE E I E B N B B e AR B A E
BB L KEGE G BN ARG 2 EE T DS HEE -

24 R AREGERZRIZIR G

10. Building Resilient Smart Grids: Optimal Resource Allocation and Microgrid

Operation [15]

BT AR Y RS TR B FH IV 2B | R EAVE R i BN s A
A > Y EE MIT M AR £ 3 B =028 E 121 B 5 % (Active-Adaptive Control Laboratory)
FRIEE A FE T4 Anuradha Annaswamy T8-1: o A BT S8R 25 B B HERE 3 am R HAERT
K~ JREE - #EME I (propulsion) ~ BEJR AR DA EREE A ~ B BT R B A B i S 4
FEETHE RS P HVE - i SR iR s8R (Axelby, 1986; CSM, 2010) » BAK. IEEE #%
HIZR&EE (CSS) HYfEH & B FIEEHEEATLS » 2021-23 4F IFAC BT (PRI R am ) 1Y
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BefEam % - DU 1991-97 4 NSF WY4R4RH Fht 95 88% - 42 IEEE Pt - t2EFRE
BRI S e bt W& T EIEREA S AT G R L B -

Annaswamy $1¥f575m TR > SREFELENE 20 HACHYEE R - A TEH AR Ky 01 1
SCHTERE ~ AR - EEEE R E - BHE - SR BB E S E
FAEJR(DER)VEE & H 25 b NFATHEBNNY - iEfd i A RE FR AR AVAR L U7 2 AT PR BB 48 ]
SEMERIETM: - UM RERERNE
() HFEER

WE B m 58 H n] K BREIR R KAV - HEEMISREGRER - HEEH
FIR A HER T bR = s ~ W SEMEFIKENE « 28T » H s RN 2Bt A 5 2 2148
FEUCEE - B N REE R R AVIS BEAIRIE - NIt - T B A IR BB E T rREE TR
HEIERRRE L 2 BRI -

(2) BELHEL
BE B EER TP — 2 H A E A e - B T 2 B RE TR
ER (DER)FIVIHAE (o T) s (g EE RE E BE A » & 2 A1 PRI S8 BhAR s DA B (A bl of ke
% o [BELI BT ARSI S AR B AAH (1 - R SSEE BB ATNIACE R4t - MESIERIY 1R
RATREIFE B E - BEUFE - BrDNEMMBEL -
Q) FBRFHE
By T BRI - Annaswamy FEH AT T
P =4t
P& B 2R B a0 Bl Y ~ RS Y E BRI - ETTE NE RS2

TRRAIE N AT LR SRR - DRI AR ) R M S e - P g2

i T oHE R R EROERHIE & - 58 | BNV EEME -

25 & Annaswamy FEH AP BAEHEE ) (Local Electricity Markets, LEM)

&t o dER R LSS

& TS - B ARYUEEREISO) 2SN FHae i -
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¢ fCEAGUEER(DSO) | EEECERI 2B # T -
& Pk ¢ RERCR S ENI S EAY 28 > RS DER B G REAIGES -
& A ¢ (EEY N EEHT DER P A ERESIA IR TS AEL A (U & )M
HEE TS S EESH -
EEEE U7 A T B A E U ET R B - PUR e S (EFF R NHYFR
3K o
T
Ty A B A LRl (o B A P Y R 26 OB A RE S s ELA T ) - T A o e il
s o AETEJTAE TR T EIME - N R R EE e U ARS8 RE - B4 (578 ] LUETT -
IR AL AT R S AR AR - G B EERE A& i -
Annaswamy 5858 73 By R LATIRRE RIS (Situational Awareness, SAVEEFH A58
H EFHHIERELE % (erid edge)HYEE T
B OEGURE(L PR Z B R LIRS B SR ik B (L DER &7 > [FiF
H SRS - HEIRGATHZERE - EElR 1A SEVER oI AR R T
W REEEE - Annaswamy ZL AT LEM A A RIS Y o] (S (TS)FIAREE(CS) 7y
BORES o EESEGE ST EQRS) T o EIEARE B TR AT A
FOAERE R P REME: -
B E A T 5 N SR R R R U B AR R -

46



Proposed hierarchical local electricity market (LEM)

Fooger 4 el

050: Distribution System Operator
PMO/A: Primary Market Operator/Agent

: ~ / f
bl X A4 SMO/A: Secondary Market Operator/Agent
G AU B o g CMO/A: Consumer Market Operator/Agent
- - - o) HEM: Home Energy Manager
Lo .
~ . . e - 8- ] v ¥
p-p ] ep2? H s

DV Gl bl e R i e 3 e

PRERNYE —TRAE AL X AR AVAE TR 2.4 - (UEEAEE m] LIFE

™ 1o A
I T
R e
» V& +—3-3-3 3
.Q :b‘. /-" ‘5‘ .’QA - b e o e
o 2/ N\ 275 i v v
v 3 4 :c - : X '_'1‘-‘ O
3 et |‘/ P e S At
[yt r T T T
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20 LS . LS S T i
e A S T ) B T 3
CIC LI IE LS EE - o
< - 3 ve$ T e P
Py LY r -3
=3 o 11 T
-t e : PMA) Hox MO
~ - - :;","" Secondary Note
* L gt o "M
. v e

Wholesale Market |

==

Primary market operator
(PMO)

Coordinate with

Primary Market
distributed optimization

PM agent/SM operator
(PMA/SMO)

[E 25 Annaswamy fEtHHI—TEFE R A A ETITE LEM)ESRE(1S)]
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11. Unified Modeling and Control for Stable end-to-end Operations of Changing

Electric Energy Systems [16]
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LIEFAL APFC HYTERE - 4 45 Fror(17] »

& GESER ¢ RV SESEEALRATY APFC B ~ 2258 - SRERI4EE TSRS -

& SERFIE RIS APRC 5010 > 92FAE—SERAIE - PR FREHEESR ~ Py

AU E AR IIMERE -

Representative Unit: Thermal Testing While Operating Full Scale: HV Energized - Full Injection Current — Impulse

Converter / Cooling System / Vacuum Protection / Electronics Outdoor Environment with Artificial Wetting

Smart Valve Interest Group

45 EPRI #E&H Smart Valve HlEtatss - SEBUHEFIFEE APFC £ifr [17]

IV. $hEEEL(Topology Optimization)

£ EPRI #J GET SET {&s& - #hEAE LR — RISl - 5ERSES
SRS A R R IR AT ] SEME  IETARTRE TR A B st - FIER
AR HVECE. - DGR E TR E (RS IR IR R 28y m et - &
HIIREUNE 46 AR > SREHATT
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& EHEEAERS B (reconfiguration) © PHEEEALIETE(E FHHCE T EAGK i EE 4
VIR ERCE > LIRS R A S -

& VigEEH B EICEWERS - hREE LA R EREEE - TP 1EAR
iy

¢ BURA LGRS IR LA r DB R IR E A EMS) R E
EHAGRS - HEEEERE AR AR -

& ORI - FEHE AR HIECE a2 R RE S R (R SR = A -
BRI TR RE K - NIEiE &S &R -

i

Topology Control: Decision Making Tool for Operators

Topology Optimization: Software application designed to find reconfiguration

options to route around congested/overloaded facilities

Topol
EMS/OMS, or EMS/OMS, or I SPOeY
Planning Tools Planning Tools G oo el
Software
Flow Violation Flow Violation
/ Congestion / Congestion
Usually Does Not Select Reconfiguration
Reconfigure Reconfiguration Solution
i Options

]]1

[E 46 EPRI $HEA(E LAY F EHIHEE R E[17]

FEFTER
& FEERAUE - EEEENRAT ROV B R A SRS
E AR A R A AR - 12 S AR B A TR RE AR -
& FERERRS EEARREHRE AT o hEE R EEE YA
St EE S BRI SRe AT AR > fem HRE MR E S 1%
PREREER AT 1]
FETLRB bR B AR AR AR B MR BB L& K 2 TP, -
& WHIEREN: - EETECE RIS B I SR R RN
& NG E  HEANELEHENTSEETE
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& BRESEREREREUEIN - ERECEEE S KGR - B RS
ﬁzj o
¢ EENBEMRE KIS LERERRBEN  FEFMST -
Rl - EPRI IEAEHITRABEEB LB S B A B AR BRI =2 TRy 7% - o)
KA SNNELER HEHE BB G - AT & & AR KBRS R R - ARt
AP R AN
(3) B
EPRI 73288 FERC 1920 sitHH KB AE 22 HEE) GET SET » FEEAEEH A
RHTHERRL R - DUR B A S FER i H MR B o R e S St B R
PRI - 4k 47 A o GET SET 89 HAREm EE B A S SE AT 2050 Ak
EA R 40%0L I DUBEE R - TEHROMEE PO aEE & - WRESHIEEe
RETRRE -

Then (Flat Load Growth, 2010) Now (~>3% Load Growth 2023-2030)

Advanced Conductors

* 3 Technology Providers - 2 concepts * 5 Technology Providers - 5 concepts
+ Utilities Applying in Very Selectively « Utilities Applying More Broadly
e Cost >15X ACSR ¢ Cost>4-10 ACSR

Dynamic Line Rating

4 Technology Providers — 4 Concepts * ~40 Technology Providers — ~10 Concepts
* Focus on Realtime Ratings * Realtime & Forecasted Ratings
* Limited Number of R&D Projects * Numerous Pilots & Implementations

* FERCANOPR

Advanced Power Flow Controllers
¢ 2010 Technology Provider Founded * Devices on 28 circuits operating today
2012 First Pilot + 50 approved installations in next 5 years

Transmission Topology Optimization

47 ¥$EE 2010 4 > EPRI 3% AR AE 2 HEE) GET SET BV EHiHE [17]
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a.  FEEDNZRGH NS EEHEAG - TR S S S R - R
REX - RaREEEEDS - MHELZ T - BEEN ARG HEETAVE 240 i EE
BUN > BOLASEIE - ISR AiEERIERE - 2RI B A R AR RS TR ORIE RS 1 A
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EPRI GET SET {&&#& HHUfENIZRER B 4E R LR io ke N A B A & - DUEET 4%

B ER [  e H i RAVEATR K - 1B A SR B2 At

YRGS ~ BRAISCRY » JIoR(e#E m) BE R ~ B B ETMRI S 7k Y AR TR R 2R Y AR AL

A -

KNEE (R bEAEEIMEERETE) T A BRI s B IR RS

R AR A R i B AR DA FR R A & 5 /F DLR %071 - B i TEhREER
ERHEHIT - [EISEEEE 2 2 g BRI bRl 2 5 - B EIHERE

& BRI I R AR AR B - ERPAS R S I AZ G > A% VJEE L EPRIGET SET

BRI RE R -

2. Robotic and Drone Technologies for Substation Inspection [17][25]

AN

EPRI H52 B CEACHE A SBT3 A S0 AT PR A i B 2 0
HRIAIT -

() HEs NAEBERTRLG 2 B RS

EPRI CUHIEN S fd e A S S e B B Py A ] © 18 LRIV EAEAE Lenox BiR =Y
19 138k V WS FE BEAT 2 R EIHNEEREE - T TAVAA AR SR AR B « 1R FILLIh
ARG - DU E EE/THRENE - B 48 Frmfs EPRI AE 138kV 17 &
FTERE 4 TEfes N ET TRl « 35 ERAL OGBS 4R - M EE FToETs tHTH#E
T3l -

EPRI HYBHZEE E i aHdiies \AYSTERET) - G © 228 - BROTEEM - Ffi - i’
[EiHEAE ~ TR IS RV R ~ mpEeh - BT - %L - Fic(ZesE -
EN/EIMEIF ~ 4E5E - B SIRA AL B EF - [E 49 Fon by EPRI #H 4 FfZ 8=
e N THEAVEEAL2ER] -

£ Lenox BER=EY 138kV tHIE SRR ATIE T 1 815 » W8 T B $REREE ~ st
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B AR RES AU B B R - EPRUNEREPAE 100 o FE i 83 A\ A KA
BGHRRERZEEZMI17] - k& 50 fs -

EPRI HYMIEESRI7E) Con Edison AEHYAR @ A EHEME M N Z e EH R
IR RS TG -

Entergy #8i%as N H EIIREVER# T - BAEEAEEEFRI MEMMESA -

HIEREETE - 8  \NEEEN: i s TIEA B Z 2 -
Robotic Autonomous Ins ectlon

& 48 EPRIAE 138kV ST FHEEATENE 4 fEies A\ AT TRE5E(17]

Evaluation Criteria

Installation T .
i Communication requirements and

Self-Charging Batteries

Basic robot movement testing on various
surfaces- Lenox campus

protocols

Data storage

Visual Camera and IR-images

Cyber security

Navigation for Autonomous mission

Open Architecture

Autonomous Navigation featues

Outdoor/Indoor operation

Night Testing (energized yard)

Maintenance

Electrical Field Operation

Product Support

Magnetic Field Operation

Al integration and algos

Teleoperating

Capable to do Security function

49 EPRI $t¥ 4 TR E)=tkas N
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Oil gauge reading Oil spill simulated

Collecting data is easy.

50 EPRTAGAGHG &350 F s 5 #E th ik as NSRRI R ERI17]

Q) HEs NAEAMERI B G TRV E2 5 /AT FEA
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HE e B FTAARHBCR NI - TRESE2ER AL FEBAE iR At > DU E
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B 5EERSIT  EPRI B H SRS a4 1 R R T R A B Lt es N 5850 4
TALFH - EFR > Has A ERERT B EXUTR - BRI E BRIV
B M VEERYERE -
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(i) EPRI IEAERFLSMEIHTP & > DU B es AT BHERIAR - B e R
I AUESDE - ZREEhaiacfa 2 ~ RIRsER R REREE -
(i) Al FJLAIH G ~ dD9MREG > REBEPG > DR mAvE i ERIR
DLEF -
(iil) ZZMEEESER AR - 280 n] DUE SR s prac BN - G140 - B EEIAE M
MR~ BERERHVSE GG -
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(i) BB A DU B 2 R - DU LAE A B A DA R B VB R AT R -
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() MRS E TR e Eas ARYE LEfTRET) - DHEE RS ERTIRIE T 2 h
AL ES -

(i) AIVEEAR B tses NEEGARREREY) - WARE THE YK iRk 4R B L8 F) -

TR 4EaE

() B rikes AR AU ERIVEGE - AL AT DL R e R LAy AR S - DUE
I AEE - BRI ARERLE] MR Z RIS R - B S
[l AR B (R 5 P =5

(i) EFH AT AT DURREE R SONTENNF B » PROAIES (e i 7 S 4 ol A

4) BEF

EPRI IEAF#E{ T2 TEMZEETEE  BUHEE 2024 £EMIEZE Clearpath Robotics Y Husky
Observer ~ 2 ANYbotics Inc.f#J ANYmal ~ 2K E Indro Robotics Y Sentinel #15K H Unitree
Robotics HY B2 5 A -

TRET BFEEDRER IR P T - G AR RS RERI R TS EE P A 1 K - 5
51 Ao ks EPRL WHZEIRFAE ANYmal ST B P EARE J1(17])5 (8 52 AR
K5 EPRL BHZET I A ANYmal 0774 A% AR EHIERS(1T) -

KRB FCH BB NI T E > BfEREAREST - B XREST ~ #%5H1 -’
HES ~ ERAIE GRS -

EPRI A4S e AT SR BRIy B TR > BB R MERE RS A BB R A
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Drone Detection

52 EPRI AAZC40MeI R A ANYmal 077 fiE A% A S HETS[17]
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a.  EPRI fzs AAE ABRAVIEAIWTIE R A SR A IR T E B AVEERETE X - Lenox
EEaE e NHEEEREERS Con Edison(f &% A BER A 5 E B it e A\ 22
{TNERJEEETE » Con Edison HYREERZERH T EEIREEATHE M N2 AT > EEH R
FEREE T AIEE - Enterey B0 —HAHFEELF > BEFEIHEHLREIEE
SR > AU E S S LS A o EPRI (e 7AW A B A S
JE N E] Pt SR i O B T -

b.  EPRI EFX% 2024 FCLBAAASTH AR B i 169 ANYmal TS - BRI DUH
B 5 E ANYmal > ¢JIREIERIEREERT - SVBE LR b i LR i A K T
B 2 X > [NIE% 48 EPRI A R &EBRAIEHL S R T 2% -

c. AFTBEIREBITHIIGETE " BEATK RIS N 2T o DT EEE B S B
TR SRS - BImE T - ALHMREEL N ~ FU E R K PR E S TIRE AR
Tiffkes N—HE7) > W EFEREATETE MRS - MEJ7 AR th el = FEEry K
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st MHER - EERCE TSR - IR EIER G = > AL T
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PR - Branfe A TiE oK BRI K - N R B TERERRETT -

d. fSm DA ES A\ B ARG TR SR K  AERE T ATRCER N2 R ) AR A A
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3. Ground Level Distribution System [17]

OR=5

Sy MRS ER R NS B EIE > BT 50 T ~ 5 aHY
#E ~ B BRI RS I LT A ~ 20 R - pR S
B - FEEFHL T - alRefiAR e BB E R e #E (National Electrical Safety
Code ) WY EHIELZRRETK - (AL » EPRI IEAEWZERHRTT% » BIMEIFCEE %47 (Ground
Level Distribution System, GLDS) °

GLDS HYH et —H s EoflE ~ AT ERZ AV MICERR T - DUBSRS
TS TR ER SR PR A
() R

GLDS J&— =8 ae HIBC BB 2 FLARMP RIS - TEIR (R e R (R IRaE ) ~ KR
AR« B AGCHEESRIANNZ ) - BEEAEE - R - JES/E
#r o TEGEBAMEE - B CERMSERRG) - R - 406 53 Fror - GLDS #YE
BRSTRy - mES I~ W24 9~ |EAEE ARV 2 ITHRSE L EE
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. R 3 Top Plate
Rail System IR ILON

Metallic componen
1. Cable (conductor and metallic shield)

Fire Robust
Concrete Encapsulant

2. Ground anchors

Ground anchor

Key Dimensions
Sin tall

24 in wide

Non-metallic re-bar

Cable
or
Cable-in-Conduit (CIC)

22 in of concrete over cable / conduit

53 GLDS HYRH#EAH [17]

GLDS Hyasat B E R HEPREE MR 2 VERT AT St - W AE S S R PR (i 22
PRS- iSRG REZ ERVIGE - BREQRAE LI © fRER KIS EIRE - (DIE
S ¢ R aRE R - TEMR ¢ $EHERS NI ORGE -

(3) WiFEERE

EPRI £ H Lenox Bz FHMEIEHETT GLDS BH5T © iH5% BB 1T = {18 R SR GRS -

& MR > B RS RSURZ SEREIHRE ST - BARTUEER ~ K~ DUEE

PUEHERARER - ANlE 54 Fw ©
& EiulhRE o BUL C SHEECRE - WESRUE RSO RV REMESE(E - AiE 55 B
& o[EM - B SR GLDS thEEN « HEREEEEE TR RE AR

FIE - WlE 56 A -

W R IR RS Rk > DAEF(S GLDS FEARIENL NAYPERE -
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109“.

55 GLDS & MREFFE[17]

Approach for Approach for
fault location? repair joints?

AT

56 GLDS B[ E1EM:bH55[17]

@) BTE

EPRI #Y Lenox B & E 5A —(EEFTATY GLDS #H7THY = oM - B2EETER 2024
10 ARE) - ZakhifEbT e N SRESCEREIN AT ~ ST E A A (R T FAH R IR
SEEREREE
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a. EPRIHY GLDS E{EMERHELH N BB Mhac Pk - B iEfgiias - v IE S HHIRES
Rl TR EREHIECE -

b.  EPRI HYWFFCEEREAENNEH(E GLDS HYMEREMIFTSENE - MGRHE I &\ SR SERE R Y%
PRITEE DR GLDS Reifat V3 emIahss » (0 Epk R AR AR B ) A B 35 i (1 B S 4L e
it

>~

(=) Charlotte Bz S5/ BARATATM
Charlotte BB 2 {5t 107,600 F 73R » BEEFIERER LTS  IRBEAGHIZE - Hk)
HERRIRFERSE « SECEB(T&D)AR L (LRI, - SR E RCHISSRT 8 - BRINRE EMP)H
%% > EEOABE H O 57 B -
Charlotte, NC

57 EPRI Charlotte E55 2 19 ZLHEIEH(17]

EPRI iy e& B3 B Pt 45 B P20 RolmBic BB A ~ 488 e s a3
TAF » %ZEBFTEE BT EPRI TIHASEETE » #A A 150 4 TAZENFIRIEE SR » HAREiE
PSRRI ~ Reflofi TR - DI BIBGH A R E A A an B HARY R SR - 237 Charlotte B g
FEITE - EEREECE G E A CAYE[E T H EPRI Charlotte T&D labs WFZEHF 4R
B Drew McGuire %8 4 7 SRHERF bR T &7 AN AFTEHE FEBHRNMEEES
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1. Power Transformer Expert System [26]

EPRI P34 &EEHETE4CH Bhavin Desai 45 H i #Hz &/ HL B X Prba 8 HY 88 BR

% %3t (Power Transformer Expert System, PTX)# s 1Y+ BB HIGHSRE P97 - PTX SEBEER
BB EEES A AR R AITEY MYCIN S5 2458 (— MR B SRS FIAE R 2:407)

EIA RSB ER SR (S0 ) B - PSS BARSHUIN - BA G RE— RISt
BB ERRRAVIEHTE - IS SRR (L T IR G RSB E S R R - 1]
IR S — U2 BN A GEE R &y - DU SRR S A Y E R -
(1) BB R B A PREIFR K

NS A TR E T H A ) SR e e (R B IR TR B A B2 KPR

& LpERREAL - SURERREN > FTREERESSHIEE - FE LGEAEIE
TE e PRy - DRI (AL B T 28R ) S B o 2 A PR A Ao
GIRHH > SR bR IE R AT -
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BEAFRTFERAFEEORRE  FEERE SIS - MEREAER R
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& BUEERETNEIN oK E SRR SR BRI R B BUE R A R A R
¥ - GEAFITFEREINEMAEA - KR EREIE D LLRIER Al £l
TG ALAER -

Fo T FEST IS L0 PR > EPRI RAH7FRE

& EREEE ¢ S E R e b S B 2
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SREATENE © BN BURAVHEE - BHE IR -
s HBEIERERTAL © i T RS B AR R RV B AR -
SRR IRy B b A B 1 B b SR B AR (BT -

(2) EPRI U A HE © PTX ke
PTX J&H EPRI BASSIVEZ 2400k - S EESRTZiBkEL - PTX BV ZIhREETE ¢

*
*

BOHEGHE - PIX AERGOARAMEZR &R 1 B AR SER R B 554 By -
BABEEEN T ¢ PTX ST S AEEHE AR - B s iR Ae AT (DGA)SE R -
EGHENEGR - SRR ENEIE Kt &N - DUEA s -
TRIERVEDS | PTX BASET R m B A TR BRIV R - MEfRAE B IR ey
AT

BHANE  PTX B R HY G ARG 2 B HY > (5 F P se S i e s A A%
afETelE © PTX AIRERTRY B A EI SR HURARR A R R S BR SRR (A B
FERIFE S PTX AT E8 e - EARHRFIERITIAE - sz kit it SR a8
AR EEAEANANEE =T EEEH L5 HEREGHINET & (DLL)

A

__?_E_‘F o

(3) PTX B FI{E{E
PTX FE 25 (E Re i DA AR S
L ARBERISEOIER © PTX HiE SRS e S R In AR B S5 8 > BfE -

*
*

e AL BN TR A BT AT (o8 I S am e (L AR BA ES

FOIRRE (B4~ 88~ gt ) © aon!) Fh 7 S Ak e g B A (o Y 1T L R TR S e e Yy
ARk B Y] Es(Load Tap Changer, LTO)FE# © 57 LTC Jefh /B ER
T -
BB MBS EEEAREIN -
SEGOMTEEL ¢ FREHE G T - MEAYE R
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EPRI [E][55E 201> 5888 PTX HY(EE

() EHTERRINEIAFEATACE) : PTX 53 E Bh ICE SR A0 FE 2Rl L ARS8 R es

A HRE B RS KR AB SIS - ERGEREAT

B PTX #EFERTA ST 608 88 SIS BRRR VIR « LLo AT A AR h A R R e
SIATRLH o B

B HFSH [CE WEESRER SO T HEEGER MBI L WE T
JRERHS MERE R RERY RIS - SIRE 73 L8 [l B AN A i IRCA -

W RRTHE  EPRIFFARIEHLLBE - BRE TSR TGS R & > [578)) ICE
PR ETT{E RS - WBNTE PTX 4ESR4N A SRS S AR (R R fe 1 -

W (E(E : PTX BB R LAV E RS (A - B IIECH AR © R
HER ~ 4 EEENEUNH B R GRS - B H BN EARU S BOEE N E e -
SRR S ERES - PTX HUIEFI A BN RIBE G (LI HIREN 10 68
FAZS (FPefi s (RR8E ) » NARIREE IR 2T 10 S BEeS A A L
IEAfBEEEE) - A&l 58 Fir

W SPATAMER : PTX RESSYHT(E IS ERERATARET o G40 - 18 500203 SEEEERRS -
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Top 10 Worst Transformers by Paper Degradation:
(Replacement Candidates)

HV Voltage Normal
(kv) Degradation

500203 1973 Siemens 132
[ 07600900 1976 RITASHIBA™ 1

Serial Number Vintage Manufacturer

H879400 1973 GENERAL ELECTRIC* 34.5 0.58
335286 1973 UNION* 34.5 0.47
5BA186801 1977 OSAKA* 132 0.47
AG69065T1 1983 FUJIEL.* 230 0.46
AX69030T23 1981 FUJIEL.* 230 0.42
68515118 1974 GENERAL EL.* 138 0.42
SA1651001 1976 OSAKA* 138 0.41
11120592 1994 COEMSA* 230 0.41

Top 10 Worst Transformers by Abnormal Condition:
(Candidates for Near Term Intervention)

Serial Number Vintage | Manufacturer i ::::',;‘"

500203 1973 Siemens 132
07600909 1976 KITASHIBA® 138
AX69030T23 1981 FUJI EL.* 230
AX69030722 1981 FUJI EL.* 230
9146994 1992 PAUWELS* 138
€00318 2004 EFACEC* 230
58999 1991 ABB 138
1113074V 1994 COEMSA* 138
59001 1991 ABB 138
500201 1973 Siemens 138

58 JEFH] PTX Hot B ATR LIRBRENT 10 GEBEDS » AR TRk RS 10
S EREE(26]

Transformer 500203 Analysis Details

" HV
Station Designation Sevial Vintage | Manufacturer | Voltage
Number
(kv)
SIQUIRRES 08-73 500203 1973 Siemens 132

Reduced Cooling

DETC - Misaligned Contacts

DETC - Contact Overheating/Coking

Core - General Overheating

Loose Core Laminations

Core Bolt Insulation Short

Unintentional Core Grounds

Qil - Low Dielectric Strength

Oil - Excessive Degradation

Oil Contamination - Particles

Insulation Contamination - Moisture

Winding Mechanical Insulation Wear

Winding Mechanical Distortion

Winding Looseness

Winding/Lead Excessive Local Heating
Winding/Lead - Bad Joint

Winding - Poor Shield Connection or Construction
Ungrounded or Improperly Insulated Metallic Part
Tracking/Heavy PD

Partial Discharge

Winding Dielectric Failure - Major Insulation
Winding Dielectric Failure - Minor Insulation
Active Thermal Degradation

Winding Insulation Thermal Degradation (internal use)

Excessive Oil Degradation: Poor Oil
Quality

Failure Mechanism

Bad Joint: Generation of Acetylene

————) Generation of Ethylene

Generation of Ethylene, Methane &
Ethane

-1 -0.5 0 05 1
Belief in Presence of Failure Mechanism

59 PTX 3#fr 500203 SR8 ER e » $5 N H AL LM - FORFEEAR REEEH - WAL E
A EEEZCH B E 75 (E[26]
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PTX #£ NGUK FYFER : H 2019 45 - NGUK i PTX {E RF IS E R EE
(AHR)AY—#57 - TELLBIR T - L& T 1019 GRS -

LA © FEHE PTX IE% 77 %(normal score) P& E £5<0.24 > EiigEH] 591 &
SEERES © ({F 2020 FFEFEES 617 & WAE 2021 ~ 2022 F1 2023 FEFTA EERES
FEFH ILATEAE) E{E [ R (4R | (A F &4k (end of life » EOL)77#(<2 ; AIFE
AE > QI S EE 200 &

AL - FErafsE A PTX i - NGUK fEAREIE 325 S SRR HAE T R4 21
(&l TAZEN TAER -

FHEDUE © BRTEIRE TV LE STEE S PTX 008930 - MEHH S NGUK
FRRE—E0 > FHET A AR MR B A R -

WSS - PTX 1E NGUK HYFE R KR s T B IR as (il s A s » e
60 BT - #EF {3 PTX HYEGEELHAE » NGUK 84 T K EAY TH2ARERT - 36 HAE
S B R A R BRI B

60 PTX #£ NGUK HYJEFI KNG 2 5 1 47 2 BR o (R s A A% 26]
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(4) PTX BEAERARRIT I
PTX H 2007 FLUKFréEas e - s f2anE 61 For - RGN HIEr v R ERIThAE
(SR
& GR(LHY LTC 0 © BEETH DAL AL B RS i e e
¢ 4 [ DGA BOHIZRBUE T © 9k B4R L DGA BHIzs BdEnIas

. 2023 - v10:
PTX Evolution e
with
2020: algorithm to
1990's: Enhanced assess
Project 2007: 2015: PIX with LTC through
XVisor Project PTX DLL analytics fault
%5
]
@ © 6 ¢ ¢ ¢ ¢ 6 6
W ol
2000: Xvisor 2013: PTX 2017: 2022:
version 1.0 version 1.0 Enhanced Enhanced
to analyze with
moisture capability to
and analyze

electrical online DGA
= Concept developed test results monitor
= Multiple stakeholders data
= Initiation of rules
development and testing

= Development basis
= Engagement expert engagement

s Extensive development & member engagement:
* Manufacturers * 40,000 transformers from 30 utilities.

= Consultants
= Utility transformer experts

* 250,000 + historical test data points.

A new version of the software is released every year. Version 11.0 released in 2024.
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2. SF6-Free Breaker Pilots [27]
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Lightning

Substation

Overhead Line

Grounding
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3. Evaluation of Optical Fiber as an Overhead Transmission Line Monitoring Sensor

[31]
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4. Research Update — Distribution Assets[32]
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Pole and
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Material
Evaluation

(2) P180.002 - ¥ FECEEEE
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Failure Diagnostics Parformance Asset Health

Analysis How can we find How well doesit | What do we do to Standards
What went potential work? keep the system How do we get
wrong? problems? . going? the right assets?

Underground Distribution Assets (P180.002)
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(3) P180.003 - ELEHEMLEE
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1D
Life-Cycle
Management

S X o
Recloser Failure
LUFIE

Laboratory Evaluation
and Testing

Power Electronics on
the Distribution Grid
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Basics Specialized Techniques Supporting Details
= Survey and initial

. = Gas Chromatography Mass
observations

Spectrometry (GC/MS)

= Rated Testing |

= Radiographic Imaging Yamenentie|
= Systematic teardown . : . '
i . . = Material Expertise
= Forensic analysis of Recloser ADMS
components

= Member supporting details

Tech brief describing EPRI’s
failure analysis approach
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Downed-
workshops conductor
test results

Arc flash Proximity
tests on awareness
clothing and 3D

mapping

Technologies
to improve
utility truck

safety
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https://energy.mit.edu/project/taiwans-innovative-green-economy-roadmap-tiger-project/

“Global Net Zero Transition: Strategic Discussion” Presentation, Dr. John Parsons, Deputy
Director for Research of Center for Energy and Environmental Policy Research,
Massachusetts Institute of Technology, October 31, 2024.
https://e-info.org.tw/node/240170
https://ember-energy.org/latest-insights/regional-grids-key-to-singapores-energy-future/

" Towards Zero-Carbon: Challenges and Solutions for Electricity Markets” Presentation,
Dr. Audun Botterud, Energy Analytics Group, Laboratory for Information and Decision
Systems, Massachusetts Institute of Technology, November 1, 2024.
https://www.energy.gov/sites/prod/files/2016/02/f30/EPSA_Power Sector
Modeling FINAL 021816 0.pdf
" Improved Planning for Reliable, Low-Carbon Power Systems” Presentation, Dr. Ruaridh
Macdonald, Research Scientist, MITe1, October 31, 2024.
https://www.weforum.org/stories/2024/10/direct-ocean-capture-carbon-removal-technology/
https://brineworks.tech/applications
https://verdox.com/technology

Innovations at Interfaces: A Ubiquitous Platform for Energy & Sustainability”
Presentation, Dr. Kripa K. Varanasi, Massachusetts Institute of Technology, November 1,
2024,

“Advancing the science & engineering of electrochemical energy technologies”
Presentation, Chevron Professor Fikile R. Brushett, Department of Chemical Engineering,
Massachusetts Institute of Technology, November 1, 2024.

“Measurement and Mitigation for Reliable Power Grid Operations” Presentation, Deep

Deka, Research Scientist, MITei, October 31, 2024.

102



[14]

[15]

[17]

Build Robust Power Grid and EV Charging” Presentation, Chuchu Fan, Associate
Professor of AeroAstro and LIDS, REALM Lab: REliable Autonomous systems Lab at
Massachusetts Institute of Technology, November 1, 2024.

" Building Resilient Smart Grids: Optimal Resource Allocation & Microgrid Operation”
Presentation, Anuradha Annaswamy, Active-adaptive Control Laboratory, Department of
Mechanical Engineering, Massachusetts Institute of Technology, November 1, 2024.

Unified Modeling and Control for Stable end-to-end Operations of Changing Electric
Energy Systems” Presentation, Professor Marija Ilic, Laboratory for Information and
Decision Systems (LIDS) at Massachusetts Institute of Technology, November 1, 2024.

“ Transmission & Substations R&D”  presentation, Drew McGuire, EPRI, November 4
2024.
https://www.ferc.gov/media/order-no-2023

“ Pathways to Commercial Liftoff: Innovative Grid Deployment” , United States
Department of Energy, April 2024.
https://interactive.epri.com/get-set/p/1

“A Roadmap for Advanced Transmission Technology Adoption” » Center for Energy and
Environmental Policy Research (CEEPR), MIT, September 2024.

SRS - REEMZES N o AT 7191 12022 4 11 A5k
T BREEVE B RGHFIE R EEME RS - BB ARSI 109 F
3H -
https://www.smartwires.com/2024/02/07 /what-1s-advanced-power-flow-control/

Robotic Substation Inspection: Ground based Evaluations” presentation, Dexter Lewis,
EPRI, October 28 2022.

" Power Transformer Expert System Software (PTX) Enabling Data Driven Risk Informed

Decisions” presentation, Bhavin Desai, EPRI, November 5 2024.
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" SF6 -Free Breaker Pilots” presentation, Luke van der Zel, EPRI, November 5 2024.
https://www.epa.gov/eps-partnership/sulfur-hexafluoride-sf6-basics
" WY SF6 RE KT SFo B FRREHE Y MBS - BMER > aEEIAE]
R TAEE » 1044E 1 H 22 H -

SF6 JiiE K filt SF6 23kV BRRAEHRATIHIT" Tl » TRERZ - /&8
H&EEIERT » 11346 H -
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" Evaluation of Optical Fiber as an Overhead Transmission Line Monitoring Sensor~
Daniel Malan, EPRI, November 5 2024.
Research Update - Distribution Assets, Program 180 - Distribution Systems” , Joe

Potvin, EPRI, November 5 2024.
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