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How Do You Measure Resilience?
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Annual Costs of Power Interruptions
Annual Costs of Power Interruptions
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 Congressional Research Service: $25-70 billion. Campbell, R. J., 2012. Weather-Related Power Outages
and Electric System Resiliency. Congressional Research Service.
 Executive Office of the President: $18-33 billion. Executive Office of the President, 2013a. Economic
Benefits of Increasing Electric Grid Resilience to Weather Outages, Washington D.C.: The White House.
 Lawrence Berkeley National Laboratory: $44 billion. LaCommare, K., Eto, J.H., Dunn, L.D., Sohn, M.D.,
2018. Improving the estimated cost of sustained power interruptions to electricity customers. Energy
153 (2018) 1038e1047
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Extreme Weather Trends
Severe storms and heavy precipitation events in most
parts of the United States have increased in both
intensity and frequency and are expected to continue
to rise, along with hurricane intensity.
Global mean sea level has risen by about 7–8 inches
since 1900, with about half occurring since 1993. Sea
level is expected to rise by 1-4 feet by 2100.

Projected changes (%) extreme precipitation

Projected Relative Sea Level Change for 2100
under the Intermediate Scenario

Extreme heat events and droughts have become more
frequent since the 1960s.
The incidence of large forest fires in the western
United States and Alaska has increased since the early
1980s.

Projected increases in average annual temperatures

Changes over the next few decades are largely locked
into place because of past GHG emissions.
Office of Policy
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Transformations in the Energy System May Change Vulnerabilities
 Changes in energy technologies, markets, and policies are affecting the
energy system’s vulnerabilities to climate change and extreme weather.
 Some of these changes may increase
reliability and resilience, while others
create additional vulnerabilities.
 Changes include:
 Natural gas is increasingly used
for power
 Renewables expanding market share
 Energy efficiency efforts increase
 Electrification of other sectors and
more interconnected

Office of Policy
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Actions to Improve Electricity System Resilience
 Progress occurs through:
Improved data collection,
modeling, and analysis to
support resilience planning

Develop and deploy
innovative energy
technologies for adapting
energy assets to
extreme weather hazards
Private and public-private
partnerships supporting
coordinated action
Office of Policy
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DOE’s Partnership for Resilience
 Provides a mechanism for sustained engagement between DOE and energy
companies to address the risks associated with current and projected extreme
weather
 Collaborate to:
– Exchange information and feedback on Federal and private sector resilience
activities and best practices
– Develop and provide user-friendly data, methods and tools for resilience
planning

– Identify key gaps and opportunities related to the development and
deployment of resilient energy technologies, practices and policies.
 Creates a forum where companies that are leading the way on resilience can
receive recognition
Office of Policy
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DOE Partnership Membership
 Membership includes:
– Broad array of companies geographically dispersed across the Nation
– Represents approximately 20% of U.S. generating capacity, serving approximately
25% of U.S. customers

State/Municipal

Investor-Owned
- AVANGRID
- Consolidated Edison of New York
- Entergy
- Exelon Corporation
- National Grid
- Pacific Gas and Electric
- Public Service Electric and Gas
- San Diego Gas and Electric/ Sempra
- Southern California Edison
- Xcel Energy

Office of Policy

- Austin Energy
- New York Power Authority
- Sacramento Municipal
Utility District
- Seattle City Light

Federal
- TVA

Cooperative
- Great River Energy
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Characterizing Attributes of a Resilient Utility
 Collaborated with utilities and regulators to establish a
common framework for characterizing extreme weather
resilience program implementation

 Recent publication describes key
characteristics of a resilient utility:
Governance and Accountability;
Stakeholder Engagement; Communication;
Risk Management; Investments;
Supply Chains; Services, Employees

 Uses a maturity model
approach for evaluating progress
on enhancing resilience
Office of Policy
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Cost-Benefit Methodologies
 Recent publication provides information for utilities and
regulators to evaluate the costs and benefits of extreme
weather resilience investments
 Compendium of current
extreme weather- resilience
cost and benefit methods

 Characterization of benefit
categories that are typically
not considered
Office of Policy
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What Benefits (avoided costs) to Include?

Office of Policy
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Hazard-Based Design Codes and Standards
 The Disaster Recovery Reform Act of 2018 – Section 1235(b) amends
406(e) of the Stafford Act to allow FEMA to apply relevant consensusbased codes and standards that incorporate the latest hazard-resistant
design for the design, construction, and maintenance of structures and
facilities damaged or destroyed by a major disaster

 FEMA Interim Policy – FEMA preparing to issue interim policy
identifying relevant hazard based codes and standards that applicants
for disaster relief will need to meet, including standards applicable to
the electricity system
 FEMA and DOE – Exploring approaches to collaborate with standard
development organizations (e.g., IEEE) to address current gaps in codes
and standards applicable to many sectors, including electric power

Office of Policy
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Key Takeaways
 Extreme weather events are already impacting the electricity systems and resulting
in annual costs in the billions. The current pace, scale, and scope of efforts to
improve electricity system resilience are likely to be insufficient given the nature of
the challenge
 The need for adaptation will only increase without substantial mitigation efforts to
reduce global greenhouse gas emissions and avoid more severe consequences in
the long-term
 Additional Resilience Opportunities:
– Improved awareness of electricity system vulnerability
– Reliable projections of extreme weather and climate change at a local level
– Cost-effective resilience-enhancing energy technologies
– Standardized cost-benefit methodologies to fully account for benefits of
resilience investments
– Resilience-based design codes and standards
Office of Policy
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For Additional Information
Craig Zamuda, Ph.D.

Senior Policy Advisor
Office of Policy
U.S. Department of Energy
craig.zamuda@hq.doe.gov
 Reports and Publications


Climate Change and the Electricity Sector: Guide for Climate Change Resilience Planning: http://www.energy.gov/epsa/downloads/climatechange-and-electricity-sector-guide-climate-change-resilience-planning



Climate Change and the Electricity Sector: Guide for Assessing Vulnerabilities and Developing Resilience Solutions to Sea Level Rise
https://www.energy.gov/epsa/downloads/climate-change-and-electricity-sector-guide-assessing-vulnerabilities-and-developing



Climate Change and the U.S. Energy Sector: Regional Vulnerabilities and Resilience Solutions;
https://www.energy.gov/sites/prod/files/2015/10/f27/Regional_Climate_Vulnerabilities_and_Resilience_Solutions_0.pdf



A Review of Climate Change Vulnerability Assessments: Current Practices and Lessons Learned from DOEs Partnership for Energy Sector Climate
Resilience; http://www.energy.gov/epsa/downloads/review-climate-change-vulnerability-assessments-current-practices-and-lessons-learned



Zamuda, C., D.E. Bilello, G. Conzelmann, E. Mecray, A. Satsangi, V. Tidwell, and B.J. Walker, 2018: Energy Supply, Delivery, and Demand. In Impacts,
Risks, and Adaptation in the United States: Fourth National Climate Assessment, Volume II [Reidmiller, D.R., C.W. Avery, D.R. Easterling, K.E.
Kunkel, K.L.M. Lewis, T.K. Maycock, and B.C. Stewart (eds.)]. U.S. Global Change Research Program, Washington, DC, USA, pp. 174–201. doi:
10.7930/NCA4.2018.CH4. https://nca2018.globalchange.gov/chapter/energy



Zamuda, C.D, T. Walls, L. Guzowski, J. Bergeson, J. Ford, L.P. Lewis, R. Jeffers, S. Derosa. 2019. Resilience management practices for electric utilities
and extreme weather. The Electricity Journal 32 (2019) 106642



Zamuda, C.D., P.H. Larsen, M.T. Collins, S. Bieler, J. Schellenberg, S. Hees. 2019. Monetization methods for evaluating investments in electricity
system resilience to extreme weather and climate change. The Electricity Journal 32 (2019) 106642

Office of Policy
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Frontiers in the Economics of Power System
Reliability and Resilience

Peter Larsen, PhD
Research Scientist/Deputy Group Leader
September 19, 2019

Agenda
• Examples of evaluating costs and benefits of storm
hardening and resilience investments—
undergrounding case studies

• Recent Berkeley Lab research related to reliability and
resilience
• Ongoing reliability/resilience research at Berkeley Lab

• Some lessons learned
19

Undergrounding Costs/Benefits
• First comprehensive analysis of costs and
benefits of undergrounding power lines
• Two case studies: Texas and Cordova,
Alaska
• Berkeley Lab’s ICE Calculator used to
estimate value of avoiding power
interruptions
• Identified minimum conditions where
benefits could exceed costs

20

Undergrounding Costs/Benefits (cont.)
Undergrounding Mandate
Key Stakeholders
Selected Costs
IOUs

 Increased worker fatalities and
accidents*

Utility ratepayers

 Higher installation cost of
underground lines*****

Selected Benefits

 Lower operations and maintenance
costs for undergrounding*

 Additional administrative, siting,
and permitting costs associated
with undergrounding*
 Increased ecosystem
restoration/right-of-way costs**
All residents within
service area

 Avoided societal costs due to less
frequent power outages***
 Avoided aesthetic costs**

Key:
*Minor impact on results  ***** Major impact on results
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Undergrounding Costs/Benefits (cont.)
Impact Category

Undergrounding

Status Quo

Net Cost ($billions)

Environmental restoration

$2.8

$1.0

$1.8

Health & safety

$0.56

$0.31

$0.2

Lifecycle costs

$52.3

$26.1

$26.3

Total net costs (Undergrounding)
Impact Category

$28.3
Undergrounding

Status Quo

Net Benefit ($billions)

Interruption cost

$182.7

$188.4

$5.8

Avoided aesthetic costs

$12.1

$10.6

$1.5

Total net benefits (Undergrounding)

Additional lifecycle costs
associated with undergrounding
dominate cost-benefit results

$7.3

Net Social Benefit (Undergrounding)
Net social benefit (billions of $2012)
Benefit-cost ratio

-$21.0
0.3

Varying all key assumptions
simultaneously led to
consistent net social losses
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Undergrounding Costs/Benefits (cont.)
Total Net Private Benefit/Loss (billions of $2012)
-$70 -$60 -$50 -$40 -$30 -$20 -$10

$0

$10

Discount rates
Undergrounding replacement cost

Overhead T&D line lifespan
Value of lost load

Customers per line mile
Reliability impact from undergrounding

Conservation easement price
Undergrounding O&M cost

Note:
Results generated by
using 10th (90th)
percentile value for
individual assumption
while holding all other
assumptions constant at
median value.

Property loss factor
Incidence rates for accidents and fatalities
Accident-related costs and VSL

•

Net benefit (loss) calculation is most sensitive to the choice of (1) discount rates; (2)
undergrounding replacement cost; (3) overhead T&D lifespan; (4) value of lost load;
and (5) customers per line mile (population density)
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Undergrounding Costs/Benefits (cont.)
• Based on the initial configuration of this model, the Texas public
utility commission should not consider broadly mandating
undergrounding when overhead T&D lines have reached the end
of their useful life

• What are minimum conditions necessary for a targeted
undergrounding initiative to have positive net benefits?

24

Undergrounding Costs/Benefits (cont.)
Texas policymakers should consider requiring
that all T&D lines be undergrounded in places
where:
• there are a large number of customers per
line mile (e.g., greater than 40 customers per
T&D line mile)

6%

$0.05 B
(average)

45-Year Overhead Lifespan
60-Year Overhead Lifespan
75-Year Overhead Lifespan

5%

• there is an expected vulnerability to
frequent and intense storms
• there is the potential for underground T&D
line installation economies-of-scale (e.g.,
~2% decrease in annual installation costs
expected per year)
• overhead line utility easements (i.e., rightsof-way) are larger than underground line
utility easements

Likelihood

4%

3%

2%

1%

0%

-$5

-$4

-$3

-$2

-$1

$0

$1

$2

$3

$4

Net Private Benefit/Loss (billions of $2012)
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$5

Undergrounding Costs/Benefits (cont.)
Author (May 2015)
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Undergrounding Costs/Benefits (cont.)
1978 Decision to Underground 100% of Distribution System
Key Stakeholders
Selected Costs
Cordova Electric
Cooperative



Increased chance of worker
accidents*



Additional administrative,
siting, and permitting costs
associated with
undergrounding*
Increased capital costs for
undergrounding***

Cordova ratepayers


Selected Benefits






All
residents/businesses
within service area




Lower operations and
maintenance costs for
undergrounding*
Decreased ecosystem
restoration/right-of-way costs*
Avoided societal costs due to
less frequent power
outages*****
Avoided aesthetic costs***
Decreased chance of community
fatalities and accidentsNA

Key:
*Minor impact on results  ***** Major impact on results
27

Undergrounding Costs/Benefits (cont.)
Impact Category

100% Underground

Status Quo

Net Cost ($millions)

$0.2

$0

$0.2

$35.3

$31.1

$4.1

Health & safety costs
Lifecycle costs
Total net costs (Undergrounding)

$4.3
Net Avoided Costs

Impact Category

100% Underground

Status Quo

($millions)

$130.1

$194.7

$64.6

$27.9

$24.4

$3.5

$2.4

$3.1

$0.6

Interruption costs
Aesthetic costs
Enviro. restoration costs
Total net benefits (Undergrounding)

$68.7

Net Social Benefit (Undergrounding)
Net social benefit (millions of $2015)

$64.5

Benefit-cost ratio

16.1

NOTE: Reliability benefits, although large, are not necessary for cost-effectiveness.
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Undergrounding Costs/Benefits (cont.)
Total Net Private Benefit (millions of $2015)
$0

$20

$40

$60

$80

$100

$120

Value of lost load

Reliability impact from undergrounding

Overhead distribution line lifespan

Undergrounding replacement cost

Property loss factor

Conservation easement price

Worker accident-related costs

•

Cordova’s net benefit calculation is most sensitive to the choice of (1) value of lost
load; (2) reliability impact from undergrounding; and (3) overhead distribution line
lifespan.
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Undergrounding Costs/Benefits (cont.)
$64.8 M
(average)

12%

60-Year Overhead Lifespan
40-Year Overhead Lifespan
20-Year Overhead Lifespan

10%

Likelihood

8%

6%

4%

2%

0%
$0

$40

$80

$120

Net Private Benefit (millions of $2015)

•

A Monte-Carlo simulation was conducted by sampling all of the key input assumptions
from uniform distributions—bounded by the minimum and maximum values reported
earlier— simultaneously

•

Varying all of the key parameters simultaneously leads to consistently positive net
benefits
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Recent Reliability/Resilience Research at Berkeley Lab
• 2018 Workshop: Frontiers in the Economics of
Long-Duration, Widespread Power Interruptions
– Thought leaders presented ideas for next generation
methods for assessing economic impacts from LDWPI

• Roadmap for conducting national interruption cost survey
– Recommends proposed methodology and approach
for how to conduct a national interruption cost survey

• Guidebook for utilities interested in estimating power
system interruption costs
– Scope the study, develop sampling strategy, survey
design instrument, administer, and analyze results

• U.S. power system reliability trends
– 16 years of data from ~200 utilities representing 70% of
electricity sales
– Focus on severe weather and past utility spending

• Web-scraping real-time outage data
– Real-time outage data collected from ~40 utilities in U.S.
31

Ongoing Reliability/Resilience Research at Berkeley Lab
• Member of Laboratories Valuation Analysis Team
– Assess economic value of six resilient distribution system demonstration projects

• Case studies of the economic impacts of power interruptions and damage to
electricity system infrastructure
– Initial focus on Florida, California, Maryland, New Hampshire, New York, and Texas

• Economic value of resilience at Idaho National Laboratory
• Handbook for decision makers evaluating distribution system investments in
resilience
• Island(ed) power system resilience decision support tool
• Interruption Cost Estimate (ICE) Calculator
– Version 2.0 released 2018
– Enhancements to support usability for utilities and regulatory staff
32

ICE Calculator

http://www.icecalculator.com/

• ICE Calculator is an
interactive tool for
estimating customer
interruption costs for a
customized service
territory using data from
34 previous utilitysponsored Customer
Interruption Costs (Value
of Loss Load) surveys
• Utility and other
stakeholders often use the
ICE Calculator to estimate
the benefits of avoiding
future (or past) power
interruptions
33

ICE Calculator (cont.)

34

ICE Calculator (cont.)
$35

Residential Cost Per Outage

$30

Considers different customer
classes, select industry types, time
of day/week/year, durations up to
16 hrs*, household income, energy
consumption, and backup
equipment
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Pacific Contiguous

ICE Calculator (cont.)
• Results only represent direct costs to customers
– Indirect costs to businesses not directly affected or costs to broader society
not considered

• Age and representativeness of surveys
– Roughly half the data came from surveys that are 15+ years old
– Lack of information in Northeast and Mid-Atlantic regions
– Data from utility-administered surveys has inherent bias

• Only valid for interruptions lasting up to 16 hours
– Only one survey in Western U.S. asked about a 24 hour outage
– Most questions focus on interruptions lasting less than eight hours

• Well-suited for valuing utility investments in addressing shorterduration reliability events (not longer duration, resilience events)
36

A Few Lessons Learned
• Reliability versus resilience
• Importance of developing “tools” to assist stakeholders
• Difficult to estimate economic benefits of investments in power
system resilience—especially the value of avoiding long duration,
widespread power interruptions
• Crowded research space with duplicative efforts
• Importance of thinking about issues holistically
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Thank You
Unknown Source (Unknown Date)

Author (July 2014)

Peter Larsen
Email: PHLarsen@lbl.gov
Phone: (510) 486-5015
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SDG&E Sea Level Rise Efforts
Brian D’Agostino & Katie Giannecchini
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CEC-Funded Climate Hazard Research

• Partnered with ICF in a CECfunded study assessing
potential impacts of sea level
rise on electric assets
– Part of California’s 4th Climate
Assessment published in 2018

• Utilized data from Cal-Adapt
and USGS CoSMos (SLR)
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Flexible Adaptation Pathways

• Need for a conceptual flexible
adaptation pathway to strategize
adaptation efforts
– Implementation of strategies
triggered by real-time monitoring
– Allows flexibility in face of uncertain
climate impacts
– Minimizes risk of over- or underadapting by providing option value
– Lessons learned will inform planning
approach for other assets and
climate hazards
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Scripps Partnership

• Objective: Develop ability to
monitor and predict waves and
water levels throughout San Diego
Bay and associated flood risk to
SDG&E assets
• 3 Phases:
1) Install wave current and pressure
sensors in San Diego Bay
2) Develop wave model for more
accurate forecasts
3) Develop and operationalize real-time
wave and water level visualization tool
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PREVIOUS AND UPCOMING EVENTS
NARUC’s Annual Meeting and Education Conference
November 17 – 20, San Antonio, TX
https://www.naruc.org/meetings-and-events/naruc-meetings-and-events/2019-annual-meeting/
October 10, 2019: The Volkswagen Settlement: An Electrifying Opportunity for EV Charging. Funds from the VW
settlement present an excellent one-time opportunity for states to shore up their electric vehicle charging
infrastructure---if they can navigate the required interagency coordination.
Register here
November 7, 2019: Using Energy Efficiency to Meet Peak Demand. Hear about new analysis showing that energy
efficiency can be a cost-effective option for meeting peak power needs, along with early approaches to valuing
time-sensitive savings from efficiency.
Register here
December 12, 2019: Dream Machine: The U.S. Energy Research & Development (R&D) Ecosystem. How do
research institutions (National Labs, utilities, universities,
entrepreneurs) connect with regulators? We will review
| page 44
the nexus between R&D and utility regulation and share some exciting technologies nearing deployment.
Register here

Register at: www.naruc.org/cpi

