INL/CON-24-76797-Revision-0

Designing Hybrid Systems to
Optimize Resilience

February 2024

Megan Jordan Culler

r—

daho National
|_q qul'ory INL is a U.S. Department of Energy National Laboratory operated by Battelle Energy Alliance, LLC



DISCLAIMER

This information was prepared as an account of work sponsored by an
agency of the U.S. Government. Neither the U.S. Government nor any
agency thereof, nor any of their employees, makes any warranty, expressed
or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness, of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately
owned rights. References herein to any specific commercial product,
process, or service by trade name, trade mark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the U.S. Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily state or reflect
those of the U.S. Government or any agency thereof.




INL/CON-24-76797-Revision-0

Designing Hybrid Systems to Optimize Resilience

Megan Jordan Culler

February 2024

Idaho National Laboratory
Idaho Falls, Idaho 83415

http://www.inl.gov

Prepared for the
U.S. Department of Energy
Under DOE Idaho Operations Office
Contract DE-AC07-05I1D14517



1619/-v¢-NOD/INI

hioyoioqy jouoyoN oyop| “TINRN,

92UdI|ISdY
aziwndo o3 swalsAg pluqAH buiubisag

v20z ‘Lo fenigey  Ban o m T SR

Aiojeioqe] jeuoneN oyep| e
J3yd.ieasay @ Jaauibug jamod me.ﬂn.,

19]|nH uebap



AHO1VH0O4dV1 TVYNOILYN OHVAI

ABJoug a|gemausy
|ean3 N8y o >OC®_O_“_"—M >@._®Cm >¢mmzm :

40 INIWL¥Vd3A 'S'N ¢

& O %

AYOLVUOBYT ADYINI I18VMINIY :_(20:(2

TN

AHOLVHOBY1 TVNOILYN

somiodoon spora seopenry & 1SSMUy3ioN
VOTIN 2= (ddOH) ulose|d A ALISYAAINN
4 aouewlopad
pue uoneziwndo \kf 4IVIS VAOL
aoue)sisse PUAAH -
[ealuyoe) pue uoneoldde Ylomawedy y}lomawel) sanunuoddQ -
saniunuoddQ - 20UdI|ISOY . aoUdI[ISOY » uonen|ex e S2IPN}S 9SE) .

LS
saniunuoddo swa)sAs pugAy asueyua v:mmﬁ_www\wmmoo swayshs pugAy
Buipuny uBisap 0} sjoo| g MM wwmﬁowhw . N Joj suonesijddy




AHO1VH0O4dV1 TVYNOILYN OHVAI

Juswabebua

Japjoyayels

WwioJ) paules)
SUOSS9T

soje|dwa)

}1%|00}
pugAy
pPUIM

penquisid

(SeEE[eEEN))
SITEETe
aoual|Isoy

(ddOH)
XIW 82Jn0Ssay

(LTNVAPRUIAN)

sweal)s anjea
Buipuejsiapun

sjoedwil
Alunwwo)

ool pugAH puipm painguysia [



AHO1VH0O4dV1 TVYNOILYN OHVAI

JPTTZ0Z-ROIN
~U0Ibay-a)DT-APNIS-350)-ANIMAVE/STUaWNI0Q/PUIMPDI]S1q/S90IAI35
~SwpJb01d/W02 9110124003 MMM//:5A11Y

%8| :puewsp |ejo} Jo abejusolad -
% ¥'¢¢ -Joyoe Aloede) plLgAH -
MIA 0°Z :UOI}O8UU0IB)U| —
M 0°00G ‘Ad -
MIN 0°C -PUIMN -

‘wa)sAs |eulbuQ -

saxiw uojjesauab plIgAH :vjdwex3 931 .



AHO1VH0O4dV1 TVYNOILYN OHVAI

sbuines awes
ay} 186 03 Aj1oeded
wa)sAs |ejo) ay)
90IM] JSow|e pasN . ’

S . 19pady 1od s3uraeg [enuuy

v

7 20

7 vo

7 90

1% ¢ A19198q YMIA 0 “TEJOS MIN ST ‘PUIM MIN 0 AlUoAd
1 ¢ K1omeq YMIN 0 “Te[0S MINL O'T ‘PUIM MIN 9'F paznuoLd 1500 ¢
1 A1opeq YMIN 0 “Te[0S MIN 0°€ ‘PUIM MIN €T Aquo puimy ¢
|G A1o2q YMIA 0 “TR[0S MIN 0°€ ‘PUIM MIN S'TT pooueeg ¢
I A19118Q YMIA 0 “TR[0S MIN 0°€ ‘PUIM MIN S'TT paouereg |

78t
uondrisap ase) Arewwans 3se)) -

X ¢

o 0k

JOPadJ [[ IOA0 STUIABS [ENUUY UBIA

abe.lols JnoYlIM — sI19padj pue suoijeinbiyuod
Juasayip Joy sisAjeue sBuires :aidwex3 5341 [



AHO1VH0O4dV1 TVYNOILYN OHVAI

*AlUNWWO9 INOA Jo [e)ided [BID0S pue ‘S80JnN0sal ‘Spaau ay) Jnoge Juiy |

sossauyeam pue syjbuans waisAs ayy mouy| —
S)JOM]BU ple [eninw pue saljiunwwod bulloqyblau ay) mouy| —
SolI|IqIX8|} pUB SPaau Jawo}sSnd 3yl MouY| —
SJUBAS J1I0ISIY 8Y]} MOUY —
‘s)saJad)ul [e00] Ag Juswdojanap walsAs aAl(

"90UBUS]SNS-J|8S JO [9AS] B 81eal)
‘|leanoeud Ajjeuoljesado pue g|gela Ajjeaiuouod]

‘s)ljauag NV 1800 aouejeg
‘Alunwwod Aw Jo spaau ay) 1INg

swajsAs Jamod puqgAy ybnoays souaijisay [l



AHO1VH0O4dV1 TVYNOILYN OHVAI

a3ep
ol ot L L L
at AU o 19 of oL L
«© ll " ot o o o @ o1ep
i N g . ) 4 1 .
. . P < S o ot (ot ot
.Ao. ,d« ,oo _rQ ma\a po% a a.aa
I oooz - . 000t
I oooe  ooos
I ooot m.
= 0009 W.
= g
L 000s & | =
2 ooz §
| o009 M - M
| ooos
| ooog I 0006
[M>] peo| [euapIsal abeiany [m3] peoj [eL3snpul abelany
ajep " N . ajep
ot ot ot L T ° o o ot ot ot L
2 AT AL o 1 ot ot o i o AL AU AU W
<0 <N o ro.a mo\a mo.a.w aome.c _a _a _ o _ L o o @
. . . ) ) * : I 000T
r oot
| oosT
r 009
| oooz
=2
- T =}
oog 8 =
< Foosz =
FoooT § ]
2 a
M - 000E Z
oozt £ =
| oose
F 00¥T
I ooot
L 0091
[M>1] peo [e1aiawwod |jews abelany [AM>1] peoj |epuswwod abie| sabeiany

sisAjeuy sajiyoid peo [



AHO1VH0O4dV1 TVYNOILYN OHVAI

‘Buyead aney sAep ||e jou Ing

000z

0008 0009 000

ol

‘syjead Ajiep aAnejal ybiH

"Jlamod abuels-piw ul deb 220N
"MOPUIM JUBISUOD A[oANlB|al 1Nq /
‘Buyead wopuel a0\

"S92IAIBS JO adA) pue
‘Aousiolys buipjing ‘poyiaw Buljooo
/Buneay qunod paq ul dduelep

g 3
161 & S E
0z w 0z w
52 5z
Buiyead Apoam jualsisuo) -2 Ajroe4
{anouy) aw |, [anory) aw |, o
0z Sl 0L g 0008 0009 000% 0002
: _ : 0z _ _ 0z
= O Lop
g g
=09 m 08 m
08 % log =
. = I =
0oL _ 00L
Bunyead palep .1 Aujroe4

(umo] awes) saijijioe} aisedsyj|esH



AHO1VH0O4dV1 TVYNOILYN OHVAI

(anoy ) aw . (anoy ) aw .
0e Sl 0oL S § 0008 0009 Q00r ooog 7
t
) 9 O
g ]
g 8 E
puewsap Jawwns |euosess Jabie = ..
= =
= ZLE
i
:Z Moe4
(anoy ) auu |, (anoy) aw |

0z Sl oL ] 0008 0009 000¥ 0002

=]
(8]

=
=T
(1A03) puemacy

== 0z

puewap Jajuim |euosess JabieT

(=
=
(4AN3) pueumagy

b=
o

(=]
wr

'} Ayjoe

L

(umol awes) Ajij1oe} aied-BulAl]



AHO1VH0O4dV1 TVYNOILYN OHVAI

"90Jnosal |einjeu ul sdeb |1} 03 swisiueyoaw abelols ul ABisusa ayoe?) -g|qe|ieAe S| 1l Se 82Jn0Sal |elnjeu ay) 8s
Juvuaq Alunwwod 1sow ay) sbuuq [apow diysiaumo 1eyp) — Ajjualtayip jpeuaq aosusliadxa Aew ssejo ajel yoeg
"S10JNQIU0D SnoJawnu aAey Aew pue ajuly SI peoj yodlew 0} papasu uoieltausb Jo Junowe ay |

'9|0J B sey adA} yoe3 "seainosal Jo Xiw e aAey 0} Jueuoduwi si 3

Speo| |eanlio oy sue|d asuodsal Jaisesip —
asn |BUOIIUBAUOD puohag

¢s1aumo AN -
£, SIBUMO |enuapIsay —
¢,SIBUMO |e1oJawwo)) —
"Juspuadap ajel ale sjieuaq diysisaumQ

"SM8IA |ed1J0]SIy se juellodwi se si buljsesalo —
‘swv)sAs ABiaus JO uoinjoAs YiMm Yiys Aew siadely -
‘AB1oud 8)Isuo ain)ded 0] pa1eo0| S8SS820.d —

'90JN0Sal |einjeu you e yym palied saulyoep —
'S92JN0Ssal 9|ge|leAe yojew o) abueyd Aew s)jigeH -

¢olgeaslyoe Ajjealuyosy si Jeypn
¢Asea Ajjeonijod s jeypn

"Jamod Wdlul 8J0wWal J0) SHUN B]IqOW pue Jenpojj ¢o1q1sedy} A||easyy si jeypn -
"SUMOPINYS |B21111D ploAe ueod abelols ABlaus |e207] -0s0U} 10 ||& BuInIes AQ pales.o S 8ousl|ISay
"SUOIIN|OS $S820.1d BAIDBYB-1S00 apinoid ued splIgAH -5)s0J8)Ul anbIuN % PaLIEA BABY SOIIUNWWION

suolesado ssauisng sysasayul Aunwwo? N



AHO1VH0O4dV1 TVYNOILYN OHVAI

‘uonesado ybiu pue ‘pjod sawalxa ‘dnjas Joy pasn auedoid pseoquO

'888°/1$ Aieneg+Ad Buippe Aq sBuiaes }soo-jan4

(ewnuna Jo sinoy 9/6) #06°€$ :3S09 |ony} Jojelausb |enjoy
"syjuow g 1o} z6/ 129 :(1eb/z$ ‘4y/eb z) suoje suedoud asn §|
"awil} 8y} JO %09-0G panias Aisjeq

UMY 06 ‘MY 2L ‘sieuaauoo+Aispeq
—19||edJamod
:ubisap puodas 0] paT]

‘MX G/ 1 +IN0Y-Q| YlIm uoneao|al
10} 8|qe|leAe aq pue peo| 8AI8S

‘Ajjenb Jejem jeins anoidw s9a4} pabewep-puim AN

‘M) G-€ ‘Ajiaioe o1bojolq ejejnwins
0} uolnjesae pue Buidwnd juelsuo)

judwijeal) J19)}emajsem Suoljnjos
19)epM\ S3g buiamod plaboudi ajIqo\ 9jeaHunsg




AHO1VH0O4dV1 TVYNOILYN OHVAI

o

N em._
H
i

em @
\mﬁv

A
N
ke

Al
§ N
¢

91/« @
§ g
ke

o

N

d@
@
) sﬁ,v

v
o
g

§
¥

& p v
& o o & W & f
& ¢ i 4 4 4

W AW
& &
I

o

aijeme ABisus ajow —

. ssao0u4d Jajem pabueyn
UM Aispegm
UM [E1OL m

Jalpiwnyap e paysal

‘'sAep Bunds Apnojo Bunnp pue
JaJUIM Ul 8J0W pasn S| Jojelausn)

‘uonelnp ynoybnoly} JueIsuod
Alaanejal si Aleyeq jo asn

Kispeg+Ad yum pasamod-jes

‘Jlamod A\d S8onpaJ JaJuIM Ul 8jbue Mo
‘palamod-}jas Ajpsow alte sAep Jjoswwins BuoT

o

N W
o
4 b

f

o
o
ey

A%M,_.._
i

N
©
i

N &

o
i
¥

AN
d?
i

y(/,.

AN
© §
&

N
& &

0

L
@
¢

ir4

or

09

08

0ol

0zl

Ajigelen pnojo buudg

“dn daay 1,up|nod sieieay Aiajneq
[lews pue uoljelauab Ad ay}
paonpal p|0d awallxe pue plezzi|g

Aleaisnjoxs uab uel ‘Ad palon0d moug

{_

[=3
o

puewsap AlJnoH

o
=]

pawnsuod Yy [ejoL [l PSjelsus UMY Jejos E.H ;ﬁo— &mc“ : m E “m wh ﬂ
J9jemalsep S3g buriamod plabouadi ajIqo|A 93elounsg

oSl _



AHO1VH0O4dV1 TVYNOILYN OHVAI

ue|d asuodsas Aouabiawa puejsiepun ©
swalsAg Auanljpq ABiaug 01108|3 10} YJoMawel4 a0ual|ISay Speo| |eonlly ©

uoesado Jo alels 20UByU? ‘pauIea] suossa] uawajdu| — \A”_._ C 3 E E OO
8y} JO spaau aoual|isal ay) aJe Jeypn o

o : , _ saljljioey 1o saulyoew Buliamodal Jo S)js0) ©

\ | YIOM}BU UoRNQUISIq ©

syoeqjes ‘)ybley ‘eale aoepns ‘eaoedg ©

adeospue|
e ooy . - e — Buipunouins pue ‘18juad peoj JO uoled0T | ©
ainin4 ajesadp dlen|eA3 pue ue|d WU@.__NQ oJe

peo| pue 824Jn0Ssal MOY SBALIP JBYAA -

(*"*suod ‘sjiel ‘speod ‘sauljadid ‘saull Jamod) ainjoniiselju) ©

AJIAI}OB D1LUIOU0DS pue |BID0S ‘sanjeA Ajlunwiwo) ©

sAem-j0-1ybu ‘(Buisnoy ‘Be *6:8) asn/ s pue| ‘Spooyy/saliy — AJljIgeHNns JUswWuUodIAUT O
¢ slulelisuod JuswdojaAap pue sajljoid uonelsualb/peo| ay] SOALIP JBYAA

uonesado
pauses| [ewou Joj
Suossa| aleys sassaooid
pue piodsy 31NdRX3

saiijenb waysAs Ajuap|

S)SU ssauisng |[e }s!

saouanbasuod
ale|noje)

spiezey 2o g [eaisAyd
sousw g s|eob aoua)|isa.

wa)sAs ajesado g saf
saInseau uonebiiw X

‘uolfal ay) JO SjUIRJISUOD pue AJI|eoo| 8y} JO S|eob y)im peoj ay) pue 821nosal ay) Yoje|

suonejiwi| pue suonipuo) [



‘JUBLLIUOIIAUG BY) pue 82usIos ‘A)undas Jeuoneu ‘Abisus :seaie [eob aibaje.is S,30d JO yoeas ul
yoJessal swiopad osje pue ‘Juswdojersp pue yoisessal Abious Jesjonu Joj J8jusd s,uoneu ayj st IN|
‘ABisuz Jesjonp Jo 8210 S.Abisu3 jo Juswipedaq "SN oy} 104 IN| Sebeuew aauel|y Abisu3 ojjeyeg

A10ji0qD1 [OUOKON OYop




