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Electrical Grid Outage Statistics

Severe weather is the single leading cause of power outages in the

United States.

Outages caused by severe weather such as thunderstorms,
hurricanes and blizzards account for

58 percent of outages observed since 2002 and

87 percent of outages affecting 50,000 or more customers

The incidence of both major power

outages and severe weather is
Increasing.

ECONOMIC BENEFITS OF INCREASING ELECTRIC
GRID RESILIENCE TO WEATHER OUTAGES. Executive
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Properties of a Resilient Distribution Grid
(or any other infrastructure)

Presidential Policy Directive 21 - Critical Infrastructure Security and
Resilience

“The ability to prepare for and adapt to changing conditions and withstand
and recover rapidly from disruptions. Resilience includes the ability to
withstand and recover from deliberate attacks, accidents, or naturally
occurring threats or incidents.”
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Activities/Processes Before and During an Outage
Grid Operations—Withstand

28 2
25@ Microgrid 1

1
% 17 b ieg N3 3 33
/ N g
5 25 & 7 19 ¢ 14 16 10 ]ze T T T |
12¢ 13 I
32 55 - 0 I
I
69 65 @ Microgid 2 |
N . 8 51 |
T 5 Je e p B .13 |
F-b 33 N 70\ a A oy |
Y 5 8 565 46 47 50 Lg% W [0 Jo6 &7 |
Sub- 74-?? L # ~ e g 5% sy |
Transmission 161 o . 80 |
Node AN 108 I T o | 1o
\ 16 {97 jop 119 3\\ ~ 7 13 I
o1 a0 \ / ~ . I
\ 10 g8 93 [B5103 8 6/ 99 B2 O1 96 §9 |00 |106 107 :
114e >

1 111 12 195 w2 B _@ I
T4 48 128 Microgrid 3 |
149 145 |
I
155 166 {137 Woaze 0 TS 1y 13183 |
F.a Rl 2 2150\~ las [/ \ |
| 14 e ] BT e 0] \m I
______

154 7 161 152 \]Jl‘l\)!ll(l-lﬂ 138
’_I:evin Schneider and Chen-Ching Liu

Pacif
—Hurr.
o\ int

Sprir
—Hurr.
—SUmi
— Sanc

-Wint
m—Hurri ;
—Sanc S
s Hurri §

*Hurri
i

Major Outage Events
Percentage of Total

0.6 1

Network operations to maximize throughput "

pr

» Los Alamos
NATIONAL LABORATORY
EST.1943

Operated by Los Alamos National Security,

0.50
Duration

0.20 0.30 0.40

Source: Department of Energy, Office of Electrcity Delivery and Energy Reliability



Activities/Processes Before and During an Outage
Crew Routing and Restoration—Recover

Restoration dependent on:
- Spares location
- Transportation network

Major Outage Events

Scheduling and routing on
multiple networks
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Activities/Processes Before and During an Outage
Designing Component Hardening—Prepare
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Activities/Processes Before and During an Outage
Designing For Operational Flexibility—Prepare
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Activities/Processes Before and During an Outage
Designing For Restoration—Prepare
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Activities/Processes Before and During an Outage
“Summary”
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Resilience Design Process Flow
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Resilience Design—Process Flow Organization
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Resilience Design—Process Flow Organization
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Resilience Design—Process Flow Organization
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Resilience Design—Process. Elow Organization
- ~

Y
\
Updated System ‘ Spares Inventory and Network Design
Model Warehousing Optimization 1 Optimization <
7/
~ -~
~ L] 1 —-— -
\ Response
Optimization
\
i
Damaged iy Restoration Compute
— ti > —
System Model ‘)pera 1ons and Recovery Metrics
\ A
\
i ‘ Utilit
Data-Driven ity
, Horities
Damage Model Major Outage Events :Eitr:f::kr:?gtshwest rlE o
Percentage of Total =Winter Storm '11

——Spring Storm '11
——Hurr. Irene "11
w—Summer Storm '12
w—Sandy '12

= Winter Storm 13

driic © 08 =——Hurricane Gustav '08
n & () e === Sandy No'easter '12
£ ln N s = ====Hurricane Charley '04
2 4 % \/ A 9 I ====Hurricane Frances '04

Hurricane Ivan '04

WJeanne 04

43@\ummm =—=Hurricane lsaac
I e Distribution
19 [60 |66 67
Sub-
Transmission 151
Node

o Vg_p:
3 50 1106 107 -7 =

@ B

o8 Micwgrds 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
y Duration

>artment of Energy, Office of Electreity Delivery and Energy Reliability




Resilience Design—Process Flow Organization
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Resilience Desigh—Interfaces—Spatiotemporal Organization

Distribution Grid Resilience Spares

, Operational and Planning Functions Inventory

Year 4 y

Spares )

Warehousing
Month 4
(
Distribution Network
Week + Switching and
Restoration

Day 4 e 2

o ' ‘
S ’ G Y/
ﬁ our + : Distribution Network :
= | Commitment, :
F Minute L : Dispatch, Load |
L Shedding S

Second + Utility and Protection
and Dynamics
Cycle +
f } } } } t >
< ) . S .
Oy, % &0’7? 44/0/.‘0 “Sy (/é‘s. y Sy
%o, Sy P T, Y,
O@L? /o} “ of"f'
Co Grid Scale

EST.1943

3PON

WOISSTWSURI ],
-qng

191

.\

7 : - T
& o Y

= oo it

= - I . b .
TR g (- -

£ = = 3 9 1=

== I = o
9N 1B SR f e J \5“ i
(= s o ’
o o2 [ 4 = S - -

— — -

3 = 5 = 3 4 8 o
E/.»g . 8 . o Gl o e
m\ A \
= —1
= g 8 & g = =

- -
& e T 8
STlEe R Y 8 28 VE S8 0 o 38
N 5 b £
[ @ _ Ly 5
-
B /5 #s /B8 /B o/
M - = en 5] 2 o
SNE & B 3\ & ﬁ\g & & N
. Ay ®
8 5 g © ! 8 3 = :
- — /. -
= - & =1 59 & g
g &5 = a3 - 5
2 = Py - - =)
B B e o 4 ® g E
= & / 5 =
N - ES 5 =
] / -
=] . @ /-4 B ©
T o = e / o —
- 88 | .88 | , 88 =
2 =
& ] ] EY N _ o
1= b g2 by L w
e | O — 4
8 2Pl a8 3 @
- -
O [
L & =03 =

£ PLIBOIIIY
201,801

—_—————

_________________________

Operated by Los Alamos National Security, LLC for NNSA

Kevin Schneider and Chen-Ching Liu




Resilience Desigh—Interfaces—Spatiotemporal Organization
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Resilience Desigh—Interfaces—Spatiotemporal Organization

-
28
Distribution Grid Resilience Spares B2°%
. - . Inventory s
A Operational and Planning Functions s
Year -
e  Reasonable models exist
Month - Warehousing at each scale
Distribution Network
Week 4 oo ..
Switching, Crew Scheduling and Restoration ° D|ﬁ|CUIty IS IN the Cross-
by | Microgrid Restoration scale/cross-model
Q@ coupling
© ol . , ,
'S BR. T &4 b
v Hour 4 — : E\Q gg\"g g;\a 5\“3
@ Microgrid Dispatch and Distribution Network ez feas Yo Yoo
£ Load Shedding Commitment, Dispatch, S ° m 3
o — . - [~ = |~ S ¢ . &
- Minute <= Load Sheddlng %H ¥ “:_ ) me E‘.‘\g; g/g;m ‘”"-«g M/H
— o SE I R NN N
2 o =/5 o N
Second + P g8 o D N Py |
Microgrid Survivability Utility and Protection N £ % R I
and Protection and Dynamics ®;§ S T s s I°
CyCle - E‘)—“’Eﬁz %:78?2 Q)TS :L‘ EET:
1 1 T | \IS\ Cl) :t §®§ = a u(;) s
4’0,0 ) &O 7y, 4}: (/6& ’3‘1‘& | “ é :
& g %, i L2 Vop, ! S
%, s, o R o W, T T
@,,/. /%) ’/r_

RS Grid Scale Kevin Schneider and Chen-Ching I_.iu

T T -



Resilience Desigh—Example of Cross Scale-Integration
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Resilience Design—Example
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Resilience Design—Example

Flexibility for the user
User’s base network model
User-defined resilience metrics, e.g.

critical load service

User suggests upgrades

User-defined costs and constraints
User-defined threat and scenarios
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Resilience Design—Example
Hardening and Resilience Options

« Harden existing components (Asset hardening)
 Reduce damage probabilities

« Add distributed generation in microgrids (System design)
» Natural gas generators and/or CHP
» Diesel generators
 Renewables and storage (integration with GridLAB-D)

 Add (3-phase or 1-phase) inter-ties between (System design)
 Distribution circuits
 Loads
» Distributed generators
» Above ground(damageable) or underground

» Add manual or automatic switches (System operations)
* Reconfigure circuits
» Shed circuits and/or loads
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Resilience Design—Example
Scenario Based Stochastic Network Optimization

Updated System Network Design »
Model Optimization
System Fragility o| Damaged » o , Compute
» L t B ->
Model ' Model System Model perations Metrics
F N
A S
24 -
Base Data-Driven RS - _ - lf't”_lt}’
Model Damage Model -=" Priorities

. «=Pacific Northwest Storm '06
Major Outage Events —Hurr. Ike '08

. 2 Percentage of Total =\Vinter Storm '11
Wind drag on cable and ice e Spring Storm 11
[ . i =—Hurr. Irene "11
: create bending torques 11 S e O ——Summer Storm 12
; Pl T\ W — Sandy '12

———Winter Storm '13
= Hurricane Gustav '08
=== Sandy No'easter '12
====Hurricane Charley '04
«===Hurricane Frances '04
Hurricane lvan '04

0.8 1

_______'__> 06 A

00.00 0.1 0 0.I20 0.I30 0.:40 Duract,i.c:fr? 0.;50 0(170 7 0.-80 0.90 1.00 __~
Create CompreSSiVG StreSS Source: Department of Energy, Office of Electrcity Delivery and Energy Reliability e



Resilience Design—Example
Network Design Formulation

minimize ZijEE cijxij + Zi,jEE KUTU + ZiEN,kE piqlf‘tzfl{ + ZiEN Uil € M|n COSt fOI’ upgrade

s.t.

—

K k K
_xijQij|pij| < Lkepy fij = i Q)P

~(1 = 1) QK py| < Skep, £ < (1 -157) Qw4 Respect the physics
~ “— and engineering of

Skep, ; fis o Zkepy S Skep; ; fis
—B;; —— ke L b the network
Bij lpijl — Y lpijl T Y |pijl
llk = yidlk
O<gb<zitgt’ | < Respect engineering
. . limits—generation, line, and
9i — i = Zjenij =0 load limits
0<zf<uZ{ < Generation size constraints
Yiies(xij+(1 —1;;)) < Isl-1 < “No Loop”/Topology switching
ZiECL,REpi li{ = .98 ZiECL,REpi di{ ConStralntS

a— ags
Yiemirep; I = -5 Xiempkep, At Resilience

erformance
A x,y,7,u € {0,1} P
)
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Resilience Design—Example
Scenario Based Decomposition

« Baseline Standard
» CPLEX 12.6—commercial mixed integer program solver

« Decomposition Algorithms (cutting planes)
« Danzig-Wolfe
 Benders
» Disjunctive
« Logic
e | Scenario - Biggest computational gains

A
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Resilience Desigh—Example
Scenario Based Decomposition

First Stage

Variables First
Scenario
Variables

Constraints

A

s Los Al

NATIONAL LABORATORY

Second
Scenario
Variables

UNCLASSIFIED

Scenario-based

decomposition strategies

exploit the separable

structure of the problem over
scenarios when the first
stage variables are fixed

Third
Scenario
Variables

EST.1943
Operated by Los Alamos National Security, LLC for NNSA




Minimum Budget ($K)

Resilience Design—Example
Decision Support Outputs

» Los Alamos

NATIONAL LABORATORY

EST.1943

UNCLAS

Observations

Operated by Los Alamos National Security, LLC for NNSA

Minimum Budget ($K)

Rural networks require larger resilience
budgets/MW served

Both urban and rural budget are
Insensitive to damage rate beyond a
relatively low threshold

Urban budget is insensitive to critical
load requirements

Urban

b |
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o
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