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Reference Decarbonization
Metric Initial Final Initial  Final
Loss of Load Hours (hours) 243 58 216 0
Loss of Load Expectation (Days per Year)* 02 005 018 0
Loss of Load Probability (%:) 0.055 0.013 0.049 0
Expected Unserved Energy (ppm) 257 58 2409 0
Loss of Load Events 71 16 71 0

TR AR (5 g AR
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W Hydrogen
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m Other/Bio
20
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0
Initial Final Initial Final
L Portfolio Portfolio J l Portfolio Portfolio l
Reference Scenario Decarbonization Scenario
2035 2035
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Outcomes Guning Juguang Outcome Probability
ocl X Vv 92.09%
oc2 Vv X 0.01%
oc3 X X 71.72%
oc4d \'/ \'/ 0.18%
2 1 s RRPTEEFRRFRT LIPS
BT R LR RIS S RA e B2 R S R e
w dWFF oA R TS A he HE FF MY
< (high impact low frequency, HILF) ¥ i pF gy 4+ £ T o B 822500
ﬁi:a A % HILF % i ﬁﬁ}%mfﬁ—? BPSTRIRT A KK A IR R
W A (fragility curve) 3 E X A EPF - hF L BREFERE T D
2@ gz A % (outcome) s A TR A R ALY E D doanfk B (& SRl
@fgﬂ~&ﬁ§aﬁﬁwﬁﬁaﬂwi%o$;4}amﬁwa
R PHEL B AL 2 R (o B ek AKX E - 4
FCREAL A LA R P BEE) mg-r?if'ri:fﬂ ety > B 2T M
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R TS e mﬁwﬁ % zoaoﬁﬁzﬁw }i"féi
EE:?,OA’?"—‘%’?f“ﬁf‘iéiii’%i‘_%ﬁ RHEMRFATRR
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o
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Resilience Metrics abbr. Definitions

It measures the greatest magnitude of the frequency deviating from the normal
operation boundaries.

Robustness ro It measures the area between the resilience curve and a specific boundary.
br It measures the area between the resilience curve and a certain boundary when

Adaptation ada

Brittieneas the resilience curve is outside the boundaries of normal operation.
Agility ag dr It measures how fast the system degrades to the point that deviates the most
(deterioration resistance) 9. from the origin.
Agility - It measures how fast the system recovers from the point that deviates the most
reverse restoration 9 from the origin.
g
Duration dura It measures how long the HILF event affects the power system.
g p Yy
It measures the level at which the power system recovers from the effects of
Recovery Rate rr
the HILF event.
+ o
% 2 )%%a&f]“}fjﬂﬂl— B H g &
Storage system Expectation Value of Resilience Metrics
Fugctic)),ns Scenarios Load Adapt. Robust. Brittle Agility Agility Duration Recovery
Lost (MW) pt. i " (deterioration) (restoration) Rate
pw*0_c1 68.8359 0.0090 04172 04178 0.8922 0.0018 0.0018 0.0018
wo. frl wo. of pw*0_c2 68.8359 0.0091 04074  0.4077 0.8915 0.0018 0.0018 0.0018
: -gr pw*0_c3 68.8359 0.0097 04022 04023 0.8910 0.0018 0.0018 0.0018
pw*0_c4 68.8359 0.0112  0.3982  0.3982 0.8907 0.0018 0.0018 0.0018
pw*1_c1 4.5432 0.8957 0.9782  0.9818 0.9970 0.5613 0.0561 0.9688
w. frl wo. af pw*1_c2 4.5432 0.8875 0.9778  0.9816 0.9949 0.6241 0.0552 0.9687
: -9k pw*1_c3 68.0485 0.0491  0.4628  0.4631 0.9657 0.0102 0.0039 0.0479
pw*1_c4 68.8321 0.0069  0.4315  0.4317 0.96853 0.0018 0.0018 0.0019
pw*2_c1 2.3917 0.9837  0.9977 1 0.9994 0.2431 0.1194 0.9992
W frl W. of pw*2_c2 2.3917 0.9623  0.9944  0.9999 0.9985 0.8134 0.2509 0.9990
: - gt pw*2_c3 68.0485 0.0506 05095  0.5115 0.9704 0.0018 0.0112 0.0479
pw*2 c4 68.8321 00071 04316 04316 09653 00018 00018 00019
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%

Deploying sufficient VRE capacity to cover extreme net load hours means
more than sufficient capacity to cover load in all the less-extreme hours

% VRE spilled (VRE output > load)

% of load not covered
(may be asymptotic)

VRE capacity deployed
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Wind CF Lull in wind output

Hour 347 production profiles for
both wind and solar PV are near
zero, a phenomenon known as
Dunkelflaute (German for a dark lull)

PVICE PV just before dawn

Bl 18 b EF R T L FFE

(Z) 2 FwREESF L LR RSHES £

%%wvwﬁ’ummrﬁﬁﬁyéiﬁ’@%ﬁﬁﬂﬁﬁﬁi
RV RE Y- - B B AR I "f“*ﬁjﬂ RN e gl
ak@$ﬁ%ﬁlﬁﬁ’mf E' Jo & (FPT) kAt &
F2RREZRENE P2 BE-FOE > FRIERRT
g #F] *‘}" TP B Z'PL» Lﬁ '&‘7 % «ﬂ At R ES %ﬁv A /fi‘l =
L REioE E R k. iﬁi\ﬂf VA B G% % ‘suéi\aﬁ- E R o
TF B R (dispatchable) % ¥ & FLEenRf 4EE 1 o

ém\:b

Niemeyer, et al. (2023) %% US-REGEN #-3| 4 47 % B 16 T[% g
Tl 2035 A EABFEANRL R A LATE @ PR ;
A EPE N N A AR TN R W I - SR - S r%,k-,* “RAFT TR

ﬁf

NH

"\

Ak HREARTZITIRY & LL)_L_T; N EX R L AT
TR d OFPT 4 &2 f 4440 B 19 % 3% iﬁ&ﬁ% ik

A E S h%ﬁ#4ﬁ@ SRS CUEE S AR A
Laenatr- RIFE AR R H AR R
B-TRFRARABEARRE TS FAY R 1% i 4R
FoterE T end ko dp R 2 R d 0t ng 4 g o

> Niemeyer, et al. (2023) #i8% €4F T 2+ 'L (ceiling price) > ¥ 2 XX F ~ b 4 8T Tigde |
B}k ShrE 2R B L_Fxlgi 5 #cpFiz o4 1,000 S/MWh A L& ) ;___,_,/Fﬂi"), “ﬁ ¥ 3o
F el R P PURE R g 4 R RiE g ke o

26



VRE Qutput Share by Backstop Price
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VRE Output Share by Backstop Price
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Ontario

Mountain South

Baseline Net Zero Net Zero Mandates
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Baseline Net Zero Net Zero Mandates
80 80 80
70 70 70
60 60 60
o
E 50 50 50
c = = =
S o 40 o 40 o 40
30 30 30
20 20 20
10 10 10
0 4] 0
J FMAMIJ J ASOND JFMAMI] J ASOND J FMAMIJ] J] ASOND
80 80 80
70 70 70
§ 60 60 60
3 50 50 50
£ = = =
T I3 40 > 40 > 40
8
5 30 30 30
o 20 20 20
=
10 10 10
0 0 0
J FMAMIJ] J ASOND JFMAMIJ J ASOND JFMAMIJ J ASOND
B 38 T4 § LR FOR (2050 #)

e
il

-

- Ft‘—mk* &
A
¥

Bl 38 Rl#AT A %43 2 KBTS AL REETHR
IR SEE BB B ﬁicp%/o SRS S T A ‘
BN GEEDERS L PR AHEE A
i\%' LR T A WE 20% 01 2 59%’f;iﬁm Jéé;;\
L 15%7 20% 028 pteb > kPEE] 38 T Ao & 4w
ek pfAEL a“—fwMér?w;;’?,@vﬁammwaﬂ,
HAPERAF TR IR S LE R RAT FFE ThER |
fﬂ§iﬂmWﬁ4m°¥”$%ﬁﬁank%ﬁfﬁﬁfﬂ&
(load factor) » 2° ¥ M FRZ X i b % 7 B FHE i\" Fl A w4
48%~43% 113 35%; £ W3 3 Lk B R A7 RS ) R A
G 68%67% £ 68% % T T 1L A BEIEHE LN £ Tk
o L R BERROFRE BRI PR KERF e E A - 2 1
FAF FEE T F ARG Lok BRI ERY TE N
O PHCEATFAZR T Ao MEF B BRAR B mm X
FRe > LEEFo2 Y TRHDEFR A SME o F P TF
R R augok T 4 R KD ok A f e
R oo R B ARRRR > | TR 2 EE (range) 4% o
SR HERFR T o VO UERTRE L B IR G o

wm
==

R

E
AL T

=
e

B ARRE R RS RFIEFER -
PR EE T g Ok | el 0 T IE L R SUETHE LA e Foendg ik

45



= s MBLE S X AR BT g et & AT

7

~

EREAPE LA R BRI SE N R R
?'&5{%\@ PR LRBERE BRGSO N B s T3 (e

g 1 ubgﬁl\xaﬁra\"7‘1”’3‘75’7*‘{?%?%“ Eil
m,%~~4@ Wi F ARG LR foaiF
et B S S RELE B T ;;:me ENRR R ¢

ISR B A B A AL B L O B
AL A M P 030 F - 3 G 5 AR P W 2050 % F LRGP

ek

—%h}
—_
p

3
RH 2050 #iE S d g d AT A FRE B ED 9%-12% 0 AP B e
EE w RRPIRLIET S > TR AVEPFE AT ELIL N o A
NP PR AEE T R FBERES%T o SRR R
PlEERAPM TR AT Fa AEFEARS Y OEE M o d 3 p 2R
R AR AT R A T o FREG H J*%’?Qwﬁa#p&é
ThEFEREAPD ch BERPET BAEZEL > Flt ATE IR
HREREWT IR E § 50 o d R-2 QWi s nafﬁ  1F 5 VRE
FRARL LR 5T o

2

EPRI ~=x & % m”&*: + "\'%Hiiifi‘ S s X AR F  (synthetic
methane/ e-gas) > ¥ % & § i BRI 2 % (Inflation Reduction
Act, IRA) f s df #4175 (45Q) ~ FE & A (45V) M2 FE N R
(45Y) E g erdd Bl HRAR & = X ?kﬂg b3 Rehd AFN 0 R A
ERE A S

Ea X RFOHFLE Iy FEDI L EHF FN-F L RE
FhaoHY - % Ibﬁiﬁimﬁwﬁzﬁbﬁi?@ﬁ“éu- - F ibpoHA R

1 g % = B ¢ 3% SPP (Southwest Power Pool) -~ MISO-North
(Midcontinent Independent System Operator - North) ¥ MISO-East
(Midcontinent Independent System Operator - East) — & » o & Jﬁ‘ A
ﬁ”ﬁ&%w”iW&J‘ﬁ@“@$mﬂm%&wbk%9*
dEE G A S S EPRI A AR E EV A D 156 § @ R4
o~ X AR ;{9 °

30 https://www.taipower.com.tw/2289/2512/2515/2521/44118/normalPost

46


https://www.taipower.com.tw/2289/2512/2515/2521/44118/normalPost

CO, and e-gas are Best potential wind resources Least amount of new
transported, due to lower CO, are selected for hydrogen transport infrastructure is
transport costs; and the best production (SPP, MISO-North) needed (only e-gas pipelines)

potential wind resources are
selected (Texas)

- - - All 3 scenarios assume new pipeline infrastructure buildout
for CO,, hydrogen, and/or e-gas.

B 39 &£ ;,:ﬁﬁfiwﬁ%]\ﬂzrﬁmr%ﬁ

BAKASY G BAEE 5 A NBE R SR T RE LA B
F e e B R o B 1v*%:*i%ﬁ@%$i¢wﬁ’bmlgun
ZF VRBSEETIR A TREF ALY > DR RFXRF &
ﬁkféra’ﬁﬁﬁﬁl‘;‘__l_ A d & (freeport) it § ﬁa?] 5 B 20 d 3 MISO-
EMT&*?@@%W*’ﬂﬁﬁﬁﬁ:iﬂﬁﬁﬁﬁﬁﬂ%ﬁ%’
AR AEI AL LS R 3 '

BRI LA AR R "a‘:‘%?#i@f%iﬁ@ﬂﬁjiﬁE’%i’é‘-f‘ﬁﬂi’éi
B] 39 -

AATEEFIR ER R RF A A o E IR S AR
S T R 2 L R R oF it
kA B FREE AT ARNERY A6 W
**Aﬁwﬁ Pt o e IRA R Bedd pb> & > F A & X R

FAANA-L BT ERA ARG GV ED 16 £ auTpboH P
*u?#iﬁ(%Wﬁﬁﬁﬁ%(%Wé*%’@ﬁﬁ%?ﬁﬁ
(45Q) #THE B vd RERCIERIAR I o B A BA B FR S F 0 F B
1EFHE 22 ATFTEINEEXIRFIL - DE TR FTRET
SR CFR3MNERALPAF I N2 AB ARG LA 40
MMHMT&%&%mmﬂwﬁﬂ%ié%ﬁiﬁﬁﬁiﬁgﬁ%

A REHAI RS S A5G0

%
&

L8 xR e AR & AR RN > A @ 560 35 EPRI f;’;l“a*:ﬁ;’#gswxgiﬁ7zoi;»£%’§
FEARFARAGEELTLI3EA S THBHIAZFRLMOEAE X RF ARG ED
T 1115 %~ s TR S AL FRE2880 % ApF 0 £ X ARG 2 AKX ;;E 271723 %~ -

47



(=) MBLE A i & A

B E AV RPHTE- R A 5 % (green ammonia) & 3
(blue ammonia) - # @ % & * ER T 4 T TfEUL R 02 F
i iRrs 9% (Haber-Bosch process) #-i kA g (s ¥ A RS ERT R o
7 # £ 2 (Steam Methane Reforming, SMR) % & g4 & & 475 H v
AR HBE i cEPRI A=t AR WE G BT A7 A BEE R
PROECERT O FHAASANLER o

27 %

BBEMA O BERE N RBEA AL T G e
p SRS s £ A e JLJ;%:,;@*&JE:ES g E R
fLit o EPRI £7 ¥ E B 16 B F 817447 0 24 B G~ g
ENR2E R X ARHEAI LTS RIRSLE B %L YR 40
?@41Wﬁ°@%ﬁ40?#’fém**Aﬁ”%V@lm !
FAhG A BHPI G REN S A R AR
RFRELE L ER LB ET AR PR e R
BouX B kT TS f?l.i T4 KR F At W W 7 § iﬂéji<,4; ek
MR R - MABABRT AL EEE - TG M
&*uﬁ@&iip’EWiamﬁiﬁf¢7%¢1EOim’ﬂ
e T TR ﬁrgmdfg;w\ BOE O RORRENRGE R
@%ﬁwpﬁﬁ%%%%

125 i
e - STO0: m Battery
1000 - | - . = H; storage
- Wind
750 & = B
_g B E B BB B B S B NNBEBBBSBNBEN . Solar
g 500 mmm Nuclear
E Electrolysis
© 250 -S--BE--B--B--B - - BN -- BB B-- - BB 2 Ammonia
: AN NENNEEENREEEE ] e
S 0 = Net
S
-250
-500
750
SEEEERENEEEN RS
s 3 & £ £ o w g T 5 @5 S & 8 x
F Z2 8 8 o 4 £ > 2 £ =8 =92 %
o E E 4 O 5 o bk 5 <« < 5§ 2
S 3z @ 8 £ 8 £ b
288 ¢2= c 5 s 3
= 3 -

Bl 40 %% 351

a

NE
"
K

¥

A AE N R %)

32

B - e U AERT A SR RT AP 0 B9 Pl A fRE TR B e i
R (45Y) AT RER TrAk A~ o

48

9

' RPFPHEHWENL RS P g



1250 _ Il Battery
L H; storage
Wind
e 0 Solar
8 500 Electrolysis
E Ammonia
© 250 - .= synthesis
: 48E
5 ? 45Y
99_250 45V
Net
-500
-750
o 2 £ Z O £ 2 & 8 v 8 é L T X
2339282 Z£ $432
s 3232 3 23
Bl 41 %5 320 & (3 fOBsETR 2 %)
" ——— 2
45Q

1000 co,

transport

750 s

2 21 2
lg o injection
E I Electricity
o mm Gas
- Ammonia
_g - synthesis
@ = Net

-250

-500

-750

8 2 & > 8 B L L £ v X
SEFELEEEEEEEE NS
F Z 8 8 g 4 £ > 2 = 8£ = 2 3
€E € L O = 5 & ¥ Z < &
23382835 3 & 34 2
s =82 2 s 3
B 42 Fiimieh (Frd BRI )

PR 41 ¥ Ao 9Ty }%”‘t%r'** R R LY X
BABELWRE RS RIS ABRTUL  pL R T S
AR - T U U 1 f&‘_a“%féév’?a“zk“%rbgyﬁx;gﬁgg/,}i;,
B AR RRpKE L (A5Y) BFiF R (45Y) F P £ o
* A A 250 3 650 2 oo Fg s AR R IR 42,—'5';1-“—‘;1,)
ARIEZNI AL AT EFL TR PELE  Zegd &5 300
i%i?’@*gﬁﬁ%§&§$$;&ﬂ,fgﬁﬁiﬁﬁigﬁ
LR Hd < HY 3 2\71\44{#6 MEREE LB F o

49



g@a;,gg»ig@%wﬁgﬁj LIEA RIS A 8
g S%E (B4 FRBERALER) A 7 iE ) 250 3 300
£ vkl v‘&uau-ﬁuxﬁo’*rﬁ » g 17 ,‘,gmq\’x—-fgr] 42
E%%%% AGWEFES - FREIEZ A AEREIRF AR

% 7 48 B éﬂw%%iﬁﬁﬁ%ﬁ(

BRE

¥
©2022 #) >
¢ 3
2]

o

iaeﬂ@idwg
P H AP g che ARG Al

fi‘”ﬁln\ ﬁ*ﬁli hTrﬁmﬁw\ﬂ&g;ﬁ:ﬁ;ﬁk @—Q/,.,g°lzi
#;: EPRI B3k & im ’4-&%@13‘2-— B B N%E TE R 4 P

CHRTEEFE LB S 2.8GW, 1.4GW,7.5GW - 3 =4 # K 2021
ErRiiAE 146 FHH b4 P B BT EEFEAY
% 40 GW, 20GW, 110GW -

B s 0 EPRI 448 F W v g 3 e spmdi%]s\%ﬁmp
BBk gmED ﬁﬂ*'v:; P A& (11,000 &) Rl E W% g 2 2951
40100 F o H P QLAPEA R A X3 & EP e LR
(12,000 ;o) Rl = i g & AR k4 110 2 ~ o 3

33

34

g
it

@ﬁ*rﬁ%iﬂd—ﬁ*J1@££“&&ﬁ§®amﬂwwﬁm@%
ik Eij&ﬁiﬁ@ﬁﬂ;\'j\ J-En o

B Eoe

50



A BT KG TR

T EEARIEET L REZTE L CBEUBFZEC LA LRGN
@V%i&’%%#iﬁ*%%??&*%?ﬁﬁaﬁjﬂ@ﬁﬁﬁﬁ
%’%*?%%%bﬁﬁﬁ—iﬁa%ﬁw;y—w@,gigywﬁ

P DT F oL SR L PERBE g - RS
T OEPRI BIfR RS FEIEF Ko TRELT A L.
REGFHEOL 2 R hE - TRADER P AT F LT
Fiafpd ol T8 | WL R 4 A ke Rk dh EPRI $HE R
RRenA 478 o QUM F LT 4T hT 4 Z R4 2030 £ ~ 2040 #
12 % 2050 & & %] 3 4§fﬁ*=4:fkh738%~124%ﬁh&154%035d~%
I A2 - hg A Ei PRUMM S FZFY TEHERRE LR F A
A ATHROET  HEMT Y A R R R

R o B

» 2

IR S T

D= H‘

(-) R LT FERERE LT FRF AT gk 2

BT AT EPRI 7 $ 8 LT PFRE SR T IBER S

’F—T-»"L » B3k 80% whm de B @ A ’,}"_l_}f@:l:;?”ﬁ ERCU- S A I

ARATHE L U P EFEFRNLTHBFERLIEL T <>
x?%]%%m”hgg THFBA L FREEA LTV Al
& AT RE P ﬁﬁd &’ﬁa?ﬁ%mi?%ﬁéﬁmé -

W@m;ﬂ’ﬁﬁﬁ¢
£g AT @@rxa,ﬂgwﬁ 80% > ;10 [l 43 -

100
80
x
o
60 83.2 81.7 H
2
= 40 a
£ 2
- 4
I
o
S
> Residential
‘g Workplace
5 B Fusic
L
o
2 z
“ »o
E
& 3
£
Weekday Weekend

B 43 2R f 0

3 1 HCFRAY 2030 £ F 2 F 351% &Aook E s AF IR G REPROR A FRET
nggg%‘u o

51



Load (GW)
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Load (GW)
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Capacity Additions (GW)
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