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Introduction



• Resource transition is accelerating, resulting in some 
attributes that used to come ‘for free’ possibly declining 
below needed levels

• Maintaining reliability through the transition will require:

• Understanding which attributes are at risk of 
becoming scarce [current priority] 

• Determining the best means of getting those scarce 
attributes (e.g., visibility, requirements, market 
products) [focus over next year] 

• Designing and implementing proposed solutions with 
a resource-agnostic approach [focus over next 1-5 
years] 

• MISO is working to develop a greater understanding around 
several priority attributes with estimates of size and timing

• MISO welcomes stakeholder and industry input into 
refining these recommendations and action plans
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Key 
Takeaways

System Attributes Kickoff Workshop

https://www.misoenergy.org/events/2022/system-attributes-introduction-workshop---september-21-2022/


Attribute: aspect, claim, characteristic or benefit associated 
with the generation of a quantity of electricity by an energy 
facility, other than the electric energy produced

Ensure energy is available 
during times of greatest risk

Ensure availability of long-
duration energy at high output, 
in addition to the availability of 
fuel when and where needed

Ensure availability of energy to 
be provided on short notice

Ensure continued ability to 
meet NERC standards to 
maintain reliability / system 
performance

Changing Dynamics

Energy 
Adequacy

Capacity

Flexibility

Essential
Reliability
Services

Attribute Role

Risk of attribute 
scarcity due to 

different technology 
types

Intermittent, weather-
dependent generation

Capacity of dispatchable 
resources 

Risks to fuel availability

Energy and required 
attributes will be 

available when capacity 
exists
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Based on insights, MISO proposes six reliability attributes 
as initial priorities

Availability

Fuel 
Assurance

Long 
Duration 
Energy at 

High Output

Rapid 
Start-Up

Ramp Up 
Capability

Voltage 
Stability

Priority 
System 

Attributes

INFORMED INITIAL HYPOTHESIS4

Energy 
Adequacy

Capacity

Flexibility

Essential Reliability 
Services
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MISO’s system needs an adequate supply of attributes, in 
aggregate, to maintain reliability

+ Attribute strength may increase in the future through technology advancements and/or standards development
[1] Wind power conversion technology has largely moved to Type 4 machines for new deployments, which are inverter-based, though deployed technology includes synchronous machines 
and doubly fed induction generator technologies, affecting characteristics.
[2] Distributed Energy Resource industry definitions often consist of 1) distributed generation, 2) distributed storage, 3) load control, and 4) energy efficiency.  These are usually considered 
“demand-side” from the MISO perspective.  For the above table, distributed storage and distributed generation are assumed to have characteristics consistent with bulk system resource 
counterparts (i.e., distributed battery and bulk system battery have same attributes) unless otherwise noted.  Load Control and Energy Efficiency are called out separately.

Rotating Machine Inverter-based Demand-Side2

Attribute/Resource Type
(illustrative list of attributes)

Coal Gas Nuclear Hydro Solar Wind1 Battery Load 
Control

Energy 
Efficiency

Capacity ● ● ● ◕ ◔ ◔ ◕ ◕ ●
Fuel Assurance ◕ ◑+ ● ◕ ◑ ◔ ◑ ◔ ●
Long  Duration Energy 
at High Output ● ● ● ◕ ◑ ◑ ◔ ◔ ●

Voltage stability ◕ ◕ ◕ ◕ ◑+ ◑+ ◑+ ◔+ ○
Ramp Up Capability ◕ ● ◔ ● ◔ ◔ ● ● ○
Rapid Start-Up ◑ ● ◔ ● ◑ ◔ ● ● ○
Black Start Capability ○ ● ○ ● ○+ ○+ ◑+ ○ ○

◔ - Weak Provider of Attribute
● - Strong Provider of Attribute

The challenge and opportunity is how does MISO bring these 
needed attributes to bear – in a sufficient quantity, across 
relevant timescales, and in an economically efficient way

INFORMED INITIAL HYPOTHESIS MATRIX



Comparing member announcements for resource additions 
and retirements vs. future reliability requirements reveals 
gaps in required capacity and reliability attributes
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MISO Futures 32

Net Additions

1 2022 Regional Resource Assessment - 2039
2 MISO Future 3 - 2039

Member Announced
Net Additions

Gas, or related Co2
free
Wind

Solar

Battery



Contact Information
Jordan Bakke: jbakke@misoenergy.org

Zak Joundi: zjoundi@misoenergy.org

mailto:jbakke@misoenergy.org
mailto:zjoundi@misoenergy.org
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Founded in 1972, EPRI is the world's preeminent independent, 
non-profit energy research and development organization, with 
offices around the world. EPRI's trusted experts collaborate with 
more than 450 companies in 45 countries, driving innovation to 
ensure the public has clean, safe, reliable, affordable, and 
equitable access to electricity across the globe. Together, we are 
shaping the future of energy.
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What was Resource Adequacy about in 1972? 

CAPACITY MW
Iron in the ground

Reserve Margin
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What is Resource Adequacy Today and in the Future? 

SYSTEM
SERVICES

ENERGY FLEXIBILITY

CAPACITY

An adequate supply fleet 
is not just the installed MW 
on the ground. The capacity 
must have energy to sustain 
during critical time periods, 
flexibility to accommodate 
condition changes, and 
sufficient reliability services 
to provide when necessary.
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EPRI’s Resource Adequacy (RA) Initiative
RA Process

 Recommended Metrics 
and Criteria
 Consistent Approach to 

Developing Scenarios

Models and Data

 Approaches to Modelling 
Power System Resources
 Developing Guidance 

on Data Requirements

Analysis Tools

 Understand Existing 
RA Tool Capabilities
 Application of 

New Approaches in Tools

Develop evidence base for main questions through comparative case studies across 
multiple tools: ERCOT, North-East, South-East, Western Interconnection, SPP, MISO

Case
Studies

External Advisory group: NARUC, RROs, DOE, ESIG, EEI, ISO/RTOs, G-PST, et. al.
R&D Partners: Consultants, UniversitiesEngage

Address 
Industry 
Needs

www.epri.com/resource-adequacy
for more detailsExpected Completion Q2 ‘23

http://www.epri.com/resource-adequacy
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Resource 
Adequacy
Initiative
Website



© 2022 Electric Power Research Institute, Inc. All rights reserved.8

Reports 
Available 
to the Public
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• Load forecasting
• Consistent scenarios for 

tech adoption
• Consideration of climate

Long Term Scenarios

RA Initiative: Studying the right conditions? Right data?

Storage

Solar

Wind

NGCC CCS

NGCC

Coal

2020 –2030

80% Reduction
in Electric Sector

66% Reduction
in Electric Sector

History
(2010-2020)

Reference
Case

Re
tir

em
en

ts
   

  A
dd

iti
on

s 

GW 

OtherOther

Gas ST

EPRI Scenarios for 2030 50% Economy-Wide Emission Reduction
Cumulative Supply Capacity Changes 2020-2030 using US REGEN

US REGEN
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• Load forecasting
• Consistent scenarios for 

tech adoption
• Consideration of climate

Long Term Scenarios

RA Initiative: Studying the right conditions? Right data?

• Extreme weather events
• Chronology and range of 

operational outcomes
• Representation of 

markets

Operational Scenarios
• Costs and performance
• Customer behavior
• Tools to parameterize 

models

Data 
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 Connected to grid through 
power electronics
 Can control to provide quick 

response & various services
 Displaces traditional sources 

of inertia, active/reactive 
support, short circuit, etc.

Inverter-Based ResourcesLocation

 Can be far from load and 
require additional transmission 
and system strength
 Can be distributed and provide 

visibility/controllability issues
 Often used to provide multiple 

services at dist level

Variability/Uncertainty

 Output varies across seconds, 
minutes, hours, days, weeks
 Some correlation between 

resources
 Not perfectly predictable or 

dispatchable 
 Zero marginal costs

But the envisioned transition brings new adequacy risks…

New models, methods and tools have been and are being developed to manage these issues.
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For example, more renewables means less system inertia.
New Operating Practices/Capabilities

New Frequency Support Resources/Services

Online Inertia Monitoring 
and Inertia Floors

Redispatch to Reduce
Largest Contingency

“Synthetic Inertia” from 
Inverter-Based Resources

Synchronous
Condensers

The inertia of rotating machines 
in a synchronous AC power system 

opposes frequency drop 
after a sudden loss of generation. 

But the dip is much lower with 
20% Inverter-Based Penetration (IBR)

With synchronous generation, loss of 
generation causes a frequency dip…
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NORDIC 
• Inertia floor of 120 GW
• Synch. Gen. online monitoring
• Redispatch largest contingency
• New Fast Freq. Response product

Systems are setting lower limits for inertia.

ERCOT
• Inertia floor of 100 GW
• Synch. gen. online monitoring
• Fast Freq. Response productNational Grid UK

• Inertia floor of 135 GW
• RoCoF upgrade project to 1 Hz/s
• New frequency control products
• Real-time inertia monitoring

Ireland
• Inertia floor 23 GW; Min # online units
• 75% Non-synch. penetration limit
• RoCoF upgrade  0.5 Hz/s to 1 Hz/s
• Synchronous inertia response market

Australia
• Regional inertia floor; Min # online units 
• Online inertia monitoring
• RoCoF: 1Hz/s; SA/TAS: 3 Hz/s
• Adding synchronous condensers

RoCoF: Rate of Change of Frequency

Worldwide Systems with Inertia Constraint Characteristics
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Understanding attribute impacts on adequacy requires 
new, more accurate modeling techniques.  

CAPACITY ADEQUACY 
Having the necessary capacity 
installed to meet peak load 

ENERGY ADEQUACY
Having sufficient primary fuel to 
dispatch capacity when needed

FLEXIBILITY ADEQUACY
Having the technical ability to meet 
intra and inter-hour net-load 
changes

“NORMAL” WEATHER / 
OPERATIONS
Accounting for “normal” weather 
and operational impacts on 
demand, hydro availability, etc.

EXTREME WEATHER / 
OPERATIONS
Accounting for technology and 
load response under extreme 
weather, or operational conditions

UNKNOWN WEATHER (CLIMATE 
CHANGE) / OPERATIONS
System operation under unknown 
weather and unknown conditions

Environment/Climate Modeling Power System Modeling



© 2022 Electric Power Research Institute, Inc. All rights reserved.15

Common Technology-Modeling Gaps in Resource Adequacy
CAPACITY ADEQUACY

• Modeling decreasing reliability 
as resources age

• Capturing cycling-operation impacts 
on resource outage rates

• Modeling higher failure rates 
for new technologies

• Accounting for uncertainty around 
in-service and outage dates, and 
outage duration

ENERGY ADEQUACY

• Modeling resource fuel dependency 
(including fossil fuels, nuclear fuels, 
wind, solar irradiance, and water)

• Modeling resource water 
dependency for cooling needs

• Capturing the fact that energy 
delivery is dependent on the 
reliability of the transmission system

• Accounting for extreme weather impacts on resource outage rates
• Modeling common-mode, or correlated events, affecting operations 

for many generators
• Accounting for temperature impacts on reliability

FLEXIBILITY ADEQUACY

• Accurately capturing 
generator ramping
capabilities

• Accounting for 
modeling bias on 
ability for resources to 
provide system services

• Impact of simulating 
at an hourly resolution 
(vs. sub-hourly) 
on system flexibility 
needs calculation 
and flexibility adequacy 
estimation
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EPRI Research Addressing Multiple Challenges 
in the Energy Transition 

Energy Efficiency

Renewables/Energy Storage

Transmission

Electrification 
(Transport/Buildings)

Grid Modernization

Emerging 
Technology

ccs

CONSTRAINTS

Workforce

Supply Chain

Capital

Inflation

Market Transformation

Siting/Permitting/Build

Innovation
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ADVANCING SAFE, RELIABLE, 
AFFORDABLE, AND CLEAN ENERGY 
FOR SOCIETY THROUGH GLOBAL 
COLLABORATION, SCIENCE AND 
TECHNOLOGY INNOVATION, AND 
APPLIED RESEARCH.

Together…Shaping the Future of Energy
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Together…Shaping the Fu tu re  o f  Energy ®

Jeffrey D. Roark
jroark@epri.com
678-325-8971



This work was performed under the auspices of the U.S. Department 
of Energy by Lawrence Livermore National Laboratory under contract 
DE-AC52-07NA27344. Lawrence Livermore National Security, LLC

Organization of MISO States October 20, 2022

LLNL-PRES-638937

Thomas Edmunds
edmunds2@llnl.gov, 925-423-8982



Lawrence Livermore National Laboratory 1

▪ Lagging flexibility 

metrics
• Over-generation 

(curtailment, negative 

prices)

• Ramping (price spikes, 

out-of-market actions)

• Uncertainty (real-time 

price premium, cost of 

forecast errors)

▪ Leading flexibility 

metrics

• Production cost modeling
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• Different wind generation pattern each day • Solar generation depresses net load

Hour of day

M
e

g
a

w
a

tt
s

• Price spikes in California market

• Solution: model & optimize under uncertainty
• Users
‐ Technology developers
‐ Power market participants
‐ Grid operators
‐ State policy makers

$4000/MWh

$1000/MWh

-$200/MWh
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▪ Grid-scale storage

• Vary capacity & technology

▪ Demand response (DR)
• Fixed capacity by type, hour, and season

▪ Analysis

• CAISO + Western Interconnect 

• Stochastic weather modeling 

• Stochastic optimization 

• Stability analysis

▪ California Energy 

Commission sponsor
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Supply curves and 
other detailed analyses 

Ensemble weather 
forecasts  with 

uncertainty
Production modeling 

under uncertainty
Stability 
analysis
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▪ Team

• PG&E, SDG&E sponsors, SCE advisory role

• Astrape Corp. – SERVM production cost model

• Lawrence Livermore National Laboratory (high performance computing)

• EPRI energy storage 

• Advisors and users: CAISO, CEC, PUC, +

▪ Metrics
• Reliability, curtailment, emissions, production cost, total cost

▪ Analysis

• Capacity adequacy

• Intra-hour flexibility adequacy

• Multi-hour flexibility adequacy

• Storage capacity (MW, MWh)



Resource Attributes:
Some Insights on Inverter-based 
Resources

Organization of MISO States
October 20, 2022
Nick Miller 

10/20/2022 Nick Miller

Supported by



10/20/2022 Nick Miller

Performance and constraints on 
resources that are displacing 
fossil are indeed different
Comparing the new resources 
against the old ones needs to be 
done through the lens of 
“What does the future grid really 
need?”  not “What are we losing?”
For illustration, consider 2 
attributes of great importance to 
MISO’s future
They don’t fit exactly into this 
matrix, but are related.

Wind, Solar, Batteries and other IBRs:
Grid Attributes for added Flexibility



Balancing
• IBRs have been demonstrated 

to provide a variety of 
balancing services.

• Performance can be superior 
to fossil resources

• Here is one example for REG 
service:  

Better performance = more 
secure = procure less = save $

10/20/2022 Nick Miller / Matt Richwine
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Sources: Loutan, et al, “Using Renewables to Operate a Low-Carbon Grid”, CAISO, 2017; Debbie Lew

California Large 
Solar PV Plant: 

providing 
quantitatively 
superior REG 
performance



Stability:  Better power transfer over long distances

• High(est) Utilization of existing and new 
transmission is imperative

• Bulk power transfer capability, across the 
reaches of MISO and with neighbors is a 
critical element in assuring resource 
adequacy:   RA is not only about generation 
assets.

• IBRs may facilitate superior performance

10/20/2022 Nick Miller / Matt Richwine

Source:  https://www.esig.energy/event/g-pst-esig-webinar-series-going-the-distance-
moving-ac-power-from-large-inverter-based-generation-pockets-to-load-centers/ 
March 10, 2021

More severe events

Stable

Marginal

Unstable
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Stability:  Better power transfer over long distances

• High(est) Utilization of existing and new 
transmission is imperative

• Bulk power transfer capability, across 
the reaches of MISO and with neighbors 
is a critical element in assuring resource 
adequacy:   RA is not only about 
generation assets.

• IBRs may facilitate superior performance
• IBRs are rapidly evolving to be even 

better in this regard

10/20/2022 Nick Miller / Matt Richwine

More severe events

Stable

Marginal
Unstable

Fossil (synchronous)

Inverters Tomorrow

Superior stability = more transfer 
possible = better contribution to 

Resource Adequacy

More severe events
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MISO’s Project to Study Attributes

Presented to:

Organization of MISO States

David B. Patton, Ph.D.
MISO IMM

October 20, 2022
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• MISO has undertaken a project to quantify the attributes that it 
will need from its resources in the future.

• The project sounds appealing given the rapid changes in the 
system that are underway.

• This presentation provides the IMM’s comments on MISO’s 
attributes project, including:
 Concerns with the underlying objectives of the current project;
 A discussion of how markets efficiently facilitate needed 

attributes; and
 Recommendations for improving the focus of the project.

Introduction
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MISO’s View of Attributes

Availability

Long 
Duration

Rapid    
Start

Fuel 
Assurance

Ramp 
Capability 

Reliability
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Reliability Attributes in Reality

Availability

Ramp Capability

Rapid Starting

Long Duration

Fuel Assurance
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How Do Markets Facilitate Reliability?

Energy/AS
Shortage 
Pricing
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• To determine how units with different attributes contribute to the 
reliability of the system, RTOs generally utilize planning models.
 Most planning models do not yet model wind contingencies, energy 

storage resources, or solar resources accurately.
 Improving the planning model will be necessary for MISO to 

accredit these new technologies well in the capacity market.
 In order to comment on the relative value of different attributes, we 

recommend MISO prioritize improving its planning model.
• To address perceived concerns regarding attributes, MISO should 

focus on key market improvements:
 Improving its shortage pricing by changing its operating reserve 

demand curves; and
 Improving its capacity market, beginning with adopting a marginal 

accreditation for non-thermal resources and fixing the demand 
curve.

Conclusions and Recommendations
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