
LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

1

Prof. Amro M. Farid

Thayer School of 
Engineering at Dartmouth

A Systemic Perspective 
on the Many Faces 
of Grid Resilience

Ensuring Grid Resilience 
in a Rapidly Changing World

8th IEA Electricity Security Advisory Panel 
Workshop

Tokyo, Japan
June 13th 2018

http://engineering.dartmouth.edu/liines

LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK



LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

2

Goal: To provide a systemic perspective on the many faces of grid resilience.  

§ Understanding Resilient Systems
§ Choosing the right system boundary
§ Choosing the right time scale
§ Choosing the measure of performance
§ Choosing the type of performance
§ Choosing the type of disruption
§ Final Thoughts:  Analysis Methods & the Way Forward

Presentation Outline
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Understanding Resilient Systems

∴There exists a diverse multi-disciplinary literature on resilient systems

Resilient
System

Ecological restoration of endangered species

Economic recovery from the great recession e.g. Coal industry after emergence 
of shale gas.

Organizational success of company despite some 
failure to innovate

e.g. Utilities response to 
deregulated retail markets

Psychological fighter pilot’s ability to stay cool 
under stressful fire

e.g. Grid operator’s response to a 
contingency event

Social
Communities ability to reinvent 
themselves after the closing of a 
local factory/mill

e.g. Lebanon Community Power’s 
entry into ISO-NE Wholesale 
Market

Socio-Ecological
Communities responding to 
hurricanes and other extreme 
weather events

e.g. the Puerto Rican Experience

Technical
Safety critical buildings that keep 
running with back up electric 
generation

e.g. The Emergence of Microgrids
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Resilience as a System Life Cycle Property

∴Resilience is the ability of a system to bounce back to normal performance
after a disruption
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Characterizing Resilience as a Life Cycle Property

∴Thoughtful discussion of resilience must answer each of these of questions.
∴The answers to these questions determine the problem-solving methods.

Resilience
Property

Which disruption?

Which Type of Performance?

Which Measure of Performance?

Which Time Scale?

Which System Anyways?
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System Boundary:  Which Resilient System Anyways?  

∴Understanding resilience must go beyond a purely technical view.

Resilience
Property

Which disruption?

Which Type of Performance?

Which Measure of Performance?

Which Time Scale?

Which System Anyways?

The Electric Grid

The American Energy System 
(NEMS Model)

The Electric Grid

Natural Gas

Oil

Coal

The Organizations that design, 
construct, plan & operate the 
Technical Infrastructure

Utilities Response Crews

ISOs 
Control Centers

Markets

FERC

NERC

So Many others…

The Consumers & Users of Energy 
System

The Regulated/Unregulated Market 
Structures of the Energy System
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Which Resilient System Time Scale?  

∴The time scale focuses our efforts on relevant disciplines & resources.

Resilience
Property

Which disruption?

Which Type of Performance?

Which Measure of Performance?

Which Time Scale?

Who cares?

1 millisecond Electric Protection Systems

1 second Transient Stability Analysis

1 minute N-1 Contingency Analysis

1 day Power Plant Commitment

1 month Power Plant Maintenance 
Scheduling

1 year Capacity Planning

10 years Climate Change

Who cares again?  

Which System Anyways?
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Which Resilient System Measures of Performance?

∴Context-dependent priorities will drive their relative importance.

Resilience
Property

Which disruption?

Which Type of Performance?

Which Measure of Performance?

Survivability How much generation capacity has 
been lost?

Recovery Time When will the generation fleet be 
restored to normal?

Final Performance Level What is the new normal? Never 
quite the same or better than ever?

Which Time Scale?

Which System Anyways?
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Which Resilient System Type of Performance?

∴The stakeholder’s perspective will drive the type of performance

Resilience
Property

Which disruption?

Which Type of Performance?

Who cares?

Technical

Ecological

Economic

Social

Political

Which Measure of Performance?

Which Time Scale?

Which System Anyways?
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Which Resilient System Disruption:  Overview

∴Resilient systems require a holistic analysis of the types of disruption

Resilience
Property

Which disruption?

Technical

Economic

Ecological

Social

Political

Which Type of Performance?

Which Measure of Performance?

Which Time Scale?

Which System Anyways?
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Which Resilient System Disruption: Technical  

∴Resilient systems require a holistic analysis of the types of disruption

Resilience
Property

Which disruption?

Technical

Internal
Power Line failure

Power Generation Failure Nuclear:  Fukushima

External Output Peak Demand of Electricity

External Input

Variable Generation & the Need for 
Operating Reserves

Natural Gas Supply in New England

DOE NOPR Fuel Onsite (Nuclear & 
Coal Units)

Economic

Ecological

Social

Political

Which Type of Performance?

Which Measure of Performance?

Which Time Scale?

Which System Anyways?
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Which Resilient System Disruption: Economic

∴Resilient systems require a holistic analysis of the types of disruption

Resilience
Property

Which disruption?

Technical

Economic

Increased Cost 1973 Oil Crisis

Decreased Cost
Cost of Natural Gas from Fracking

Cost of Solar PV

Ecological

Social

Political

Which Type of Performance?

Which Measure of Performance?

Which Time Scale?

Which System Anyways?
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Which Resilient System Disruption: Ecological

∴Resilient systems require a holistic analysis of the types of disruption

Resilience
Property

Which disruption?

Technical

Economic

Ecological

External Output
Air Emissions CO2, NOX, SOX

Water Impacts Change of marine environment from 
thermal pollution

External Input 
(Resource Availability)

Resource 
Availability

Short Term
Energy-Water Nexus — Water for 
Power Plants

Power for Desalination

Long Term Enough rare metals for Solar?

Context
Availability:
Natural Disasters

Tsunamis — Nuclear
Fukushima

Earthquakes

Floods

Hurricanes

Social

Political

Which Type of Performance?

Which Measure of Performance?

Which Time Scale?

Which System Anyways?
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Which Resilient System Disruption: Social

∴Resilient systems require a holistic analysis of the types of disruption

Resilience
Property

Which disruption?

Technical

Economic

Ecological

Social

The Sharing Culture 
Uber for Transportation

Uber for Energy: Transactive Energy

Adoption of Electric Vehicles

Going “Off Grid”! 

Political

Which Type of Performance?

Which Measure of Performance?

Which Time Scale?

Which System Anyways?
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Which Resilient System Disruption: Political

∴Resilient systems require a holistic analysis of the types of disruption

Resilience
Property

Which disruption?

Technical

Economic

Ecological

Social

Political
Regulatory Change IEEE 1547 for the integration of 

renewables

Policy Change Change of Administration

Which Type of Performance?

Which Measure of Performance?

Which Time Scale?

Which System Anyways?
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Resilient systems literature has generally taken two approaches:

1.) Graph theoretic methods understanding system structure 
§ Traditional graph theoretic measures often uses à neglect system function
§ hetero-functional graph theory brings a new more insightful approach

2.) Simulation of System Response to Disruptions
§ Time Intensive:  Choose disruption and then many alternative scenarios
§ Requires a flexible simulation environment
§ Must address time scale issues

§ Grid resilience has generally been mastered the fast technical-engineering time 
scales and performance issues

§ Grid resilience as integrated with economic, ecological, social, and political issues 
remains a real concern in theory and practice.  

Final Thoughts

∴The field of engineering systems has made the holistic study of resilience a
central research topic. A deeply multidisciplinary approach is required.


