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Webinar Outline

• April 15 – Resource Adequacy – long-term reliability
• April 22 – System Balancing – medium-term reliability
• April 29 – System Stability part 1 – short-term reliability
• May 6 – System Stability part 2 – short-term reliability
• May 20 – 100% Clean Energy and Distributed Energy 

Resources
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Rapid changes in our grid

• Variable renewable resources 
– wind and solar PV

• Battery storage in many 
forms

• Distributed energy resources 
(DERs) – rooftop PV, 
electric vehicles, demand 
response, storage
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Short-term

System Stability
• High penetrations of  inverter-based 

resources (IBR)
• Essential reliability services
• Frequency, transient, and small signal 

stability issues

Graphics from left to right: EU-MIGRATE 2016
CAISO, Fast Facts 2016
A. Bloom, Energy Systems Integration Group’s Planning WG Oct 2018

Timescales of  grid reliability
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Short-term Medium-term

System Stability System Balancing
• Wind and solar variability and 

uncertainty
• Reducing curtailment
• Managing imbalance

• High penetrations of  inverter-based 
resources (IBR)

• Essential reliability services
• Frequency, transient, and small signal 

stability issues

Graphics from left to right: EU-MIGRATE 2016
CAISO, Fast Facts 2016
A. Bloom, Energy Systems Integration Group’s Planning WG Oct 2018

Timescales of  grid reliability
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Short-term Medium-term Long-term

System Stability System Balancing Resource Adequacy
• Seasonal mismatch of  supply and 

demand
• Multiple days in a row of  low 

wind/solar/hydro
• 1 day in 10 years Loss of  Load 

Expectation

• Wind and solar variability and 
uncertainty

• Reducing curtailment
• Managing imbalance

• High penetrations of  inverter-based 
resources (IBR)

• Essential reliability services
• Frequency, transient, and small signal 

stability issues
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Timescales of  grid reliability



Changes in our grid require 
changes to how we do 
resource adequacy
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Wind and solar are uncertain and variable
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Uncertainty
• Wind and solar generators are not always 

available when called upon
• Output is predicted by a forecast
• Actual power output differs from forecasts

Variability
• Wind and solar generation vary as the intensity of  

their energy sources
• Several timescales … minute (regulation), hour 

(ramping), daily, seasonal, inter-annual
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A perfect forecast eliminates uncertainty but there is still variability



What makes electricity different from other 
goods?

• Obligation to serve
• Perishable commodity
• Inelasticity of  demand
• Pricing is regulated and the price signals are not strong
• Reliability is the same for all customers in that location
• Other factors

• Long build time
• Long lifetime of  generators
• High capex

From: Milligan, Future of  the Grid Symposium, MN, Oct 2019 9



What is Resource Adequacy?

From: Milligan, National Renewable Energy Laboratory, Energy Systems Integration Group, Mar. 2017

Resource adequacy is all about probability/risk

• Sufficient resources to supply all demand at a future date and time
• Generation
• Demand response
• Storage
• Transmission

• “How adequate are you?” can be flipped on its head: “how often 
do you have a problem?”

• Typical metric (in US) is 1 day in 10 years
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How do you measure resource adequacy?

• Loss of  load probability (LOLP) and Loss of  load expectation (LOLE) are 
common: These only track events, not length (hour or day) or magnitude 
(MW) of  event

• Expected unserved energy (EUE) is magnitude of  energy during LOL event
• Others: Loss of  load hours (LOLH), daily LOLE, avg hours/outage, 

EUE/outage, etc
• We care about LOL events due to insufficient planning reserves
• We assume system will be operated optimally 

Milligan, National Renewable Energy Laboratory, Energy Systems Integration Group, Mar. 2017

Does 1 day in 10 years continue to make sense given that the 
distribution system drives outages?
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What level of  demand do you plan for?

Niagara Mohawk Power Company, 2020 Electric Peak (MW) Forecast 15-year Long-term, Nov 2019

6396 MW

Adjusted 
6708 MW
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Need to account for distributed energy 
resources

Source: Con Edison, Distributed System Implementation Plan, June 
30, 2016; Niagara Mohawk Power Company, 2020 Electric Peak 

(MW) Forecast 15-year Long-term, Nov 2019
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With high penetrations of  distributed PV, it will be more 
accurate to explicitly model rooftop PV as generation



Traditional methodology for resource 
adequacy

• Traditional system
• Forced outage rate is a key driver for generation
• Peak demand is a key driver for load

• Probabilistic LOLP is cumbersome
• Assess probability of  inability to meet demand 
• Most days have LOLP of  zero

• Deterministic Planning Reserve Margin (PRM) is easy to 
use

• The system that can meet the required metric (eg 1 day in 10 
years) defines a PRM which is typically 12-20%

• PRM can then be used for resource planning

PRM doesn’t work well for wind/solar
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hydro
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coal
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Does wind/solar contribute to capacity?

• Capacity value or capacity 
credit or capacity contribution is 
the contribution of  a resource to 
resource adequacy. It’s the amount 
of  ‘perfect’ capacity that a resource 
provides for reliability. 

• Wind and solar resources
• Variability is a key driver

• Daily peak demand is no longer 
sufficient for calculation

• Assess ability to meet net load –
8760 hours

• High risk hours changeSource: W. Henson, UVIG Forecasting Workshop, 2016

Increased PV pushes net 
load peak to evening
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Effective Load Carrying Capability (ELCC) is an accurate way to 
determine contribution to capacity

Each generator added to the system 
helps increase the load that can be 
supplied at all reliability levels

Gi Gi+1 Gi+2
Added Generators

Source: Milligan and Porter, NREL/CP-500-43433 https://www.nrel.gov/docs/fy08osti/43433.pdf
16
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Capacity credit is less for wind/PV than for 
typical thermal generators

A. Olsen, E3, CREPC Spring Meeting, 2017 17



Wind and PV contribute to capacity
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Nameplate 
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Capacity 
credit

Capacity 
credit



Wind and PV contribute to capacity
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Cannot add “capacity credit” to 
“nameplate capacity”
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Capacity credit of  wind and solar decreases 
with penetration

A. Mills, “Strategies for Mitigating the Reduction in Economic Value of  Variable Generation with Increasing Penetration 
Levels”, LBNL, 2014.

In your planning, what 
capacity credit would 

you use for PV?
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Year-to-year resource variability can be significant
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Graphic: CAISO 2018 Annual Report on Market Issues and Performance; Lew et al, “Solar Program Design Study,” GE Energy Consulting, 2017.

2017 output 
was over 3x 

output of  2015

Need multiple weather years of  data to assess contribution from variable renewables
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All resource adequacy is not created equal

• Inflexible generators may be 
able to meet peak demand but 
not accommodate changes in 
wind/solar/load

• Ramping, minimum generation 
levels, and start times all 
become important parameters

• California has flexible resource 
adequacy requirements to 
accommodate high solar

• There can also be local capacity 
requirements due to 
transmission constraints

Graphic: Pettingill, CAISO, “Ensuring RA In Future High VG Scenarios – A view from CA,” ESIG Spring Workshop, 2020 22



Variable renewables change resource planning
Traditional resource planning Add wind/PV
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Less MW of  baseload 
resources

More MW of  peaking 
resources

Need to run hourly production simulation 
models to properly plan with high wind/PV



Transmission that connects regions 
contributes to capacity
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Capacity 
credit



Transmission that connects regions can 
reduce capacity needs

Source: Enernex, EWITS, NREL/SR-550-47078, 2010; Olsen, E3, CREPC Spring meeting, Salt Lake City, UT April 2019.

Aggregation of  diverse resources/loadsTransmission provides ELCC

NREL’s EWITS found existing transmission provided 50GW of  
capacity benefits and new EWITS transmission overlays added 8.5GW.
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Southwest Power Pool 
demonstrates reduced 
capacity needs

Graphics: L. Nickell, SPP, CREPC Spring meeting, 2017.
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Storage contributes to capacity
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Batteries will only 
take you so far
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Stenclik, et al., Energy Storage as a Peaker Replacement, IEEE Electrification Magazine, September 2018

2,500 MW solar & 3,800 MWh storage
or…

3,000 MW solar & 3,400 MWh of  storage
or….

115 MW of  firm capacity

Problem becomes an energy, not a capacity problem



Multiple-days-in-a-row events can be 
problematic if  storage is not long-duration

Graphic: Pettingill, CAISO, “Ensuring RA in Future High VG Scenarios,” ESIG Spring Workshop, 2020 29



Forecast errors affect 
storage value

30

Left: Stenclik, et al., “Energy Storage as a Peaker 
Replacement,” IEEE Electrification Magazine, September 
2018; Right: GE, “Western Wind and Solar Integration 
Study,” NREL/SR-550-47434, 2010.

)  

Forecast error 
decreases 
capacity value 
of storage
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Forecast errors affect 
storage value

31

Left: Stenclik, et al., “Energy Storage as a Peaker 
Replacement,” IEEE Electrification Magazine, September 
2018; Right: GE, “Western Wind and Solar Integration 
Study,” NREL/SR-550-47434, 2010.

)  

Forecast error 
decreases 
capacity value 
of storage

Spot price with 
forecast error

Spot price with 
perfect forecast

To capture this value, storage needs to forecast 
when wind/solar forecast errors will occur

31



32
Pettingill, CAISO, “Ensuring RA In Future High VG Scenarios – A view from CA,” ESIG Spring 
Workshop, 2020

Synergy of  PV and 4-hour storage

1600 MW

2700 MW
Load

Net Load

• Because resources interact, 
it is more accurate to 
model the entire system 
rather than modeling each 
resource’s capacity credit 
separately and adding them

• For example, PV may push 
peak towards evening when 
wind output is higher



Demand response contributes to capacity
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Demand response – peak shaving

34

• Peaking resources run for fewer hours, making 
cost recovery more difficult. Why build expensive 
capacity for so few hours?

• Demand response may be an attractive solution 
• Portland General Electric Peak Time Rebates

• $1/kWh peak time rebate
• Typical customer savings $2-3 per event; estimated 

12-20 events per year

• Distribution coop 
• Critical peak and high peak rebates: $1/kWh and 

$0.5/kWh
• Response rate: 70% of  participants

• Baltimore Gas & Electric Energy Savings Days
• $1.25/kWh peak time rebate
• Typical customer savings $5-8 per event; up to 6 

events per year
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ERCOT – chasing 
peak demand

• Tight reserve margin (8.6%) 
going into 2019

• New record for peak demand 
Aug 12, 2019 of  74,666 MW

• Estimated load reductions below 
include Emergency Response 
Service (ERS), 4 Coincident 
Peak, and response to energy 
prices

Source: ERCOT, “ERCOT’s Review of  Summer 2019”, Oct 11, 2019

Deployed 926MW ERS
(response exceeded obligation)



Plans to get to higher levels of  wind/solar
Denmark’s goal is 100% renewable electricity by 2030 Kauai on target to hit ~ 80% renewable electricity by 2025

36
Source: Energinet, 2018 Data from KIUC, 2018



Changes in our grid require changes in how we do 
resource adequacy

37

• Wind and solar contribute to resource adequacy. So does 
transmission, storage, and demand response.

• The planning reserve margin concept is less useful for wind and solar 
resources. The fundamental loss-of-load calculations are still valid!

• There are synergies between resources so it is more accurate to 
examine resource adequacy of  a system rather than adding capacity 
credits.

• With high penetrations of  wind/solar/storage, determining resource 
adequacy will need hourly modeling, forecast errors, and multiple 
years of  weather data.

• Medium-duration storage helps – need to consider saturation effects, 
forecast errors and multiple days in a row of  low resource.

• The ‘ultimate lever’ that we have to address resource adequacy is 
controllable and/or price-sensitive demand. 

hydro

gas

wind
PV

transmission
storage

demand response

Capacity 
credit
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