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Resilience vs. Reliability

■ Reliability — Low consequence high probability

■ Squirrels, birds, etc.

■ Traffic accidents

■ Trees/wind

■ Lightning

■ Resilience - High consequence low probability events

■ Severe winter storms

■ Hurricanes

■ Tornados

■ Earthquakes

■ EMPs and GMDs

■ Fires

■ Physical attack
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Utilities are incentivized to be reliable not resilient

• Utilities are often incentivized to be
more reliable (improve their SAIDI and

SAIFI metrics)

• Some utilities have performance based
regulation (PBR)

• Large scale events (severe winter

storms, hurricanes, etc.) are removed
from the SAIDI and SAIFI metrics

• Less incentive to invest in resiliency
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Primary project goals

■ Develop optimization models which find the optimal investments to improve
reliability, resiliency, and a weighted combination of the two.

■ Help utilities see the trade-offs between investing more heavily in reliability or
resiliency.

■ Help utilities develop rate recovery cases to justify large scale investments, by
quantifying how that investment will improve their reliability and resiliency.

■ Inform utilities and their stakeholders, DOE, DHS, and policy makers of cost-
effective infrastructure investment decisions that simultaneously improve
both reliability and resilience.
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Stochastic mixed integer program for
optimal reliability investments

Objective function
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sers
❑ Device types
I Feeder IDs
1/ Upgrade options
144 Upgrade options for device type d in feeder i
O Outages
U. Upgrade options that improve the number of customers

outaged in outage o if applied
14, Upgrade options that improve the duratlon oF outage in

outage o if applied
S Outage causes

Parameters

Co
To

se

Tox
SAIDA),
SAIFIty.
B
N

Number of customers outage oaffects
Duratlon of outage o
Device type of outage a
Device ID of outage o (also gives feeder ID/location)
Cause of outage o
Cost to purchase upgrade u
Number of customers outage oafferts after upgrade u
Duration of outage oafter upgrade u
Baseline SAIDI value
Baseline SAIFI value
Budget
Number of customers in total system

Variables

yts. Bina ty indicating whether or not to apply upgrade uE tu to
device type din feeder /

SAID/0 SA[D] value afrer upgrades
SAIFI value after upgrades

tn.. Binary indicating that upgrade u gives minimal customer
outage during outage o. Necessary for when multiple
upgrades are selected that affect one outage.

• Binary indicating that upgrade u gives minimal outage
duration during outage o. Necessary for when multiple
upgrades are selected that affect one ourage.

imam. The product m.,„ rt..„ Can also be interpreted as a binary
indicating upgrade u gives minimal customer outage and
upgrade re gives minimal outage duration during outage o

myb. The product e.Can also be interpreted as a binary

indicating that upgrade u is applied and results in minimal
number of customers affected during outage o

ny.. The product y,,,t0.„. Can also be interpreted as a binary

Indicating that upgrade u is applied and results in minimal
outage duration during outage o

CO. Number of customers which outage can-acts after upgrade
Ta Duration of outage oafter upgrade
Com, The product COO Ta
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Model details
Goal: Determine the optimal investments to improve
power distribution system reliability.

inputs to model: Historical outage data, investment
impact data, investment cost data

Model type: Nonlinear mixed integer program
Linearized through new and old techniques

Model efficiency (scalability): Great efficiency,
especially for larger systems, but worse for large
budgets and large outage sets

—Outage data* Synthetic
scenario

generation

Investment cost data 

Investment impact data

 B ud get 

►
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►

—Num Customers in system—

Optimization

Model

 Optimal investments

—Expected new SAIDI SAIFI*

 Worst case feeders
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Generalized dynamic programming method
for optimal reliability investments

GRDP Algorithm

1: g Precondition: Package_bundles is a list of upgrade
g bundles which can be usecl to upgrade

3: g the bundles' respective outages.
4: g Postconclition: Returns the package bundle whose
5: g contribution to the objective fimction
6: g is optimal.
7: function max_obj(package_buililles)
8: max = -1
9: for each bundle in package_bundles do
10: objective_contribution =
11: for each package in bundle do
12: increment objective contribution by the package's
13: contribution to the objective fimction
14: if objective_contribution > max:
15: max = objective_contribution
16: optimal_bunclle = bundle
17:
18: return optimal_bumlle
19:
.20: global cache = []
21:
22: function GRDP(feecler_clevice_F airs. budget)
23: if (feecler_device_pairs. budget) is in cache do
.24: return cache [feecler_clevice_pairs, budget]
15:
16: if budget < 0 do
17: return empty list
28:
30: for each package in applicable upgrade packaaes for
31: feeder and device given in first pair from
32: feecler_clevice_pairs do
33: if the cost of package > budget do
34: return empty list
35: upgrale_package_bundles = a list with package
followed
36: by GRDP(feecler_device_pairs with first
element
37: removed. budget — cost of package)
38: cache[feecler_clevice_pairs, budget] =
3 9: max_obj(upgracle_package_bunclles)
40: return cache [feecler_clevice_p airs, budget]

Model details

Sandia
National
Laboratories

Goal: Determine the optimal investments to improve
power distribution system reliability.

inputs to model: Historical outage data, investment
impact data, investment cost data

Model type: Generalized dynamic programming —
decision tree — based on classic Knapsack algorithm

Model efficiency (scalability): Good efficiency,
especially for large budgets and large outage sets,
worse on large systems than previous model
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Resiliency investment optimization

• The goals are to push the mean consequence and the tail of the
consequence to the left.

• Reducing the tail, reduces the
consequence from the large
worst-case scenarios

• Resilience metrics used in this
project are Loss of Load and
Duration.

Resilience of System
after Improvements

a 

Reduced
Mean

Reduced
Tail

Consequences

Baseline System
Resilience
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Project goals

■ Determine optimal investment locations to improve power system
resilience.

■ Determine worst case buses, lines, generators which if taken out,
would cause the greatest damage.

■ Determine if a large impact can be achieved by hardening only a few
particular components

Sandia
National
Laboratories
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Stochastic mixed integer program for optimal
resilience investments

Minimize
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Resilience Sch

• Transmission lines

G Gmeraiors

• Biases

• Outage scenarios

Dt Set of scenarios under which transmission line l goes

offlinr

/12, Set of scenarios under which generator g goes offline

as Set of Srealios undtir Whieh 6us b goes offline

T Discrete set of times: duration each CIN141011d131 is out of

service

Gc Set of getteraiors connected lo bus b

LP°. Set of trarwinission lines leaving bus

Lro Set of traninssion lines entering bus b

Set of investments for blises. generators. and

transmission lines

(5) Resilience Parameters

• Bus from which transmission low l leaves
BUS. TrArt•InInni011 line I erliM.

• Suseepance of tramnission line

py Thermal linid of transmission line

Br Bus containing

• Rarap-up limit of generaiorg dispatch level

RDe Ramp-down limit el. generator g dispatch level

SLch Siart-up Inmr of generator g disipatch level

SfJa Shut-down lane of gencraicir g disipalch level

pi Upper limn af gcneraiorg dispatch level

(8) Es Lower limit of generator g dispatch level

Demand at hus

As Lona weighting factor ar bin
Cost of hardening Iransnussinn line I

Co Cost of harclening generalor g

• Cosi of hal' fientRg h

P. Probabitily of scenario sc mewing

Xw Trumber of Mlle panods liner is affected by event in

scenario w with no hardening

Number of lure. periods generator r affected by

Ctrilt La scenario with 110 hardcmmg

Number of li:112 periods bus b is affected by rival in

scenario ic woh no hardening
(12) Probability of scenario w occuring

Br_sum Ffirst term m ObjeCtIVe during baseline model run with

0 budget

Bcs Second tffill in *Mier dunng baseline mOdel r141

budget

(6)

(7)

(9)

(10)

(11)

(13)

(14)

(15)

(16)

Resilience Variables

LSFID Load Shed With Duration m SEW similar to the

SAME reliabilny metric

LS Load Shed - swvlar to the SAIFI metric

• Power flow through ItanitdisSAil 61 IiA]2 r

SC011110

(17) Pat" Generator dispatch level for gene-ratter at tune r us

Scenario w

pa„... Load shed ai bus 6 al SIM@ r in scenario w

Phaw angle for bus h in Seel-14M IV
On off status of line r at lime r during scenario w

AC. On off SLUM of griwriust g ai umr riluring scenario se
stie On off status of bus 6 at time rduring scenario

indicaling whether or noi wansmissiow lirle ir iS

hardened

It Binary indicating whether or nal gag-rarer g is

hardened

Binary indicaling vdiether ov mai bus b is harckned

(15)

(19)

(20)

(21)

(22)

Model details
Goal: Determine the optimal investments to improve power
system resilience (loss of weighted load and duration).
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inputs to model: Scenario data from threats listing component
outages off time and recovered time. Investment cost data.

Model type: Nonlinear mixed integer program. Linearized
through new and old techniques

Model efficiency (scalability): Poor efficiency, especially for
larger systems, and a large number of scenarios
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A two-stage stochastic generalized disjunctive programming
formulation for optimal resilience investments
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Model details

Goal: Determine the optimal investments to improve power
system resilience (loss of weighted load and duration).
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National
Laboratories

inputs to model: Scenario data based on historical large scale
events that include outaged components and time off and time
recovered.

Model type: A two-stage stochastic generalized disjunctive
program.

Model efficiency (scalability): Decent efficiency, still needs
improvement, but can solve on the IEEE RTS96 system with 50
scenarios.
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A co-optimization stochastic mixed integer model to improve
reliability and resiliency
minimize[Resiliency metric + metric]
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Model details
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Goal: Determine the optimal investments to improve power
system reliability and resilience. See the trade offs between the
two.

inputs to model: Scenario data based on historical large scale
events that include outaged components and time off and time
recovered. In addition, utility historical outage data, investment
impact data, and investment cost data.

Model type: Nonlinear mixed integer program, linearized
through new and old techniques

Model efficiency (scalability): Poor efficiency, especially for
larger systems, and a large number of scenarios
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Reliability results on Full utility data
Objective vs Budget
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chosen for each budget

A
0.92 -

SAIDI/SAIFI Pareto Frontier

0.96

0.95 -

0.94 -

0.93 -

0.91 -

0.90 -

0.89 -

50000

---- 100000

200000

0.86 0.88 0.90
SAIDI

0.92 0.94

Optimization results
Sandia
National
Laboratories

Resilience results on IEEE RTS-96 system

Co-op results on IEEE RTS-96 system 160

Resiliency vs Reliability Pareto Frontiers —140
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Pareto frontiers weighting Reliability vs. Resiliency.

Dareto frontiers of weighting SAIDI or SAIFI more. Whether you weight SAIDI
;duration) more or SAIFI (frequency of events) more, the results are similar.
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