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1. Trends and Drivers of the Energy Transition

2. Bulk System Reliability in Tomorrow’s Grid

Overview



Trends and Drivers of the Energy 
Transition
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Changes in Generation Mix
Clean Capacity Rising (past/future)

Coal Share of Output Falling (past)

Wind, Solar, and Battery Costs Falling
Wind and Solar Costs Battery Installed Capital Cost

Customer Preferences for Clean Energy Increasing
Clean Energy Production 

(TWh)
Clean Capacity Purchased 

through Corporate PPAs (MW)

Sources: Celebi et.al, Bulk System Reliability for Tomorrow’s Grid, December 20, 2023; American Clean Power, 2022 Corporate Buyers Report, 2022. 

https://www.brattle.com/insights-events/publications/brattle-electricity-experts-examine-system-reliability-for-tomorrows-electric-grid-in-new-report/
https://cleanpower.org/wp-content/uploads/2023/01/2022_CorporateBuyersReport.pdf
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Increasing Demand Increase in Electricity Demand After Decades of 
Decreasing Demand Growth

Electric Vehicles, New Demand Centers, and Electrification of 
Buildings All Increasing U.S. EIA Electricity Demand

U.S. NREL Electrification Scenarios

Electric Vehicle Sales Share of All Vehicles Data Center Power Consumption (GW)

All Electric Homes Share of Total Total Electric Homes as of 2015 (millions)

Sources: Celebi et.al, Bulk System Reliability for Tomorrow’s Grid, December 20, 2023; U.S. Energy Information Administration, Today in Energy, May 2019.

https://www.brattle.com/insights-events/publications/brattle-electricity-experts-examine-system-reliability-for-tomorrows-electric-grid-in-new-report/
https://www.eia.gov/todayinenergy/detail.php?id=39293
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Over 120 GW of coal has retired since 2005 with an additional 68 GW announced and 
planned for retirement through 2030

Coal plants have been bulk of capacity retirements

Source: Celebi et. al, A Review of Coal-Fired Electricity Generation in the U.S., April 27, 2023. 

Announced vs. Actual Coal Plant Retirements Coal Retirement Locations and Current Capacity

https://www.brattle.com/insights-events/publications/brattle-economists-review-coal-fired-electricity-generation-in-the-us-in-a-new-report/


Bulk System Reliability in 
Tomorrow’s Grid
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North American Organized Wholesale Markets
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Resource adequacy is achieved in several different ways in 
North America

Energy-Only Market Capacity MarketVertically Integrated/ 
Planned

Energy prices (plus 
“scarcity price” during 
tight hours) is primary 
mechanism to attract 
new investments

Organized market for 
“capacity” product is 
primary mechanism to 
attract new investments

Vertically integrated 
utilities or a government 
entity does resource 
planning to build or 
contract new resources

ERCOT, Alberta PJM, ISO-NE, NYISOMISO, California, SPP, Ontario

Market-Based Options
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Energy-only and capacity markets both use competitive 
prices to attract new supply investments 

Investments attracted 
through occasional 
high price spikes if 
reserve margins fall

No capacity payments

Energy prices are 
more stable and 
lower on average

Investments attracted 
through capacity 
market payments

See Spees & Newell discussion of alternative resource adequacy constructs.

Energy Only Markets Capacity Markets or Capacity Mechanisms

https://brattlefiles.blob.core.windows.net/files/6029_wa_resource_adequacy_spees_newell.pdf


Forward Period Procurement Delivery 
Period

Investment 
Model

Retail 
Choice? 

Net CONE 
Reference 

Technology

Demand 
Curve

CAISO Bilateral Monthly Reserve Margin Limited n/a n/a

MISO Bilateral +
Mandatory Auction

Annual 
(Soon: 

Seasonal)
Capacity Market Limited CT

NYISO
Bilateral + Voluntary 

& Mandatory 
Auctions

Monthly Capacity Market Yes CT

PJM Bilateral +
Mandatory Auctions Annual Capacity Market Yes CT

ISO-NE Bilateral +
Mandatory Auctions Seasonal Capacity Market Yes CT (CC until 2017)

Summary of Capacity Markets and Resource Adequacy Constructs

Sources and Notes:  MISO does not calculate Net CONE, though they do calculate CONE.  MISO, 2019 Annual CONE Filing, 2019, p. 4, PJM, FERC Order ER-19-1050—4, ORDER DENYING REHEARSING, 2020, p. 7;  ISO NE: 161 FERC Order 61,035, 
ORDER ACCEPTING FILING, 2017, p. 7; ISO NE and NYISO, 175 FERC Order 61,172, ORDER ACCEPTING, IN PART, TARIFF REVISIONS, SUBJECT TO CONDITION AND DIRECTING COMPLIANCE FILING, 2021, p. 7 , p. 63. 

https://cdn.misoenergy.org/Final%20MISO%202019%20Annual%20CONE%20filing381258.pdf
https://www.ferc.gov/sites/default/files/2020-05/E-18_34.pdf
https://www.iso-ne.com/static-assets/documents/2017/10/er17-795-000_10-6-17_order_accept_cone_ortp_updates.pdf
https://www.iso-ne.com/static-assets/documents/2021/05/er21-787-000_05-29-2021_order_cone.pdf


brattle.com | 11

Summary of Recent Capacity Market Clearing Results
Preliminary and confidential draft – not for citation or distribution.I. OVERVIEW OF CAPACITY MARKETS BULK SYSTEM RELIABILITY IN TOMORROW’S GRID

Cleared Supply

Forecast Peak Load
Reliability Requirement

Uncleared Supply

The use of different demand curves & 
other factors cause varying levels of 
excess above the effective capacity 
demand – in the PJM 2022/23 BRA, the 
excess was ~8,000 MW, while MISO’s 
vertical demand curve ensures no excess

Sources and Notes: 
PJM 2022/23 BRA data from 2022-23 BRA Report and 2022-23 BRA Planning Parameters; NYISO August 2021 data from ICAP Market Report and NYISO Installed Capacity and Load Maintenance Survey; CAISO 2019 data from 
2019 Annual Report on Market Issues and Performance; ISO NE FCA 15 (DY 2024/25) data from FCA Results and ISO NE Nov 10, 2020 ICR for FCA 15 FERC Filing; MISO 2021/22 PRA data from 2021/22 PRA Results.

Capacity Auction Clearing Results

https://www.pjm.com/-/media/markets-ops/rpm/rpm-auction-info/2022-2023/2022-2023-base-residual-auction-report.ashx%20-expand%20the%20NS
https://www.pjm.com/-/media/markets-ops/rpm/rpm-auction-info/2022-2023/2022-2023-planning-period-parameters-for-base-residual-auction.ashx
https://www.nyiso.com/documents/20142/18170164/ICAP-Market-Report-August-2021.xlsx/03009208-73d5-ef22-efbf-340404f05aa3
https://www.nyiso.com/documents/20142/3694424/InstCapLoadMaintSurvey-2021.pdf/9a678b5a-cb22-3ac2-307f-4048d9b69cd7#:%7E:text=The%20Peak%20Summer%202021%20Load,accordance%20with%20NYISO%20ICAP%20procedures.
http://www.caiso.com/documents/2019annualreportonmarketissuesandperformance.pdf
https://www.iso-ne.com/isoexpress/web/reports/auctions/-/tree/fca-results
https://www.iso-ne.com/static-assets/documents/2020/11/icr_for_fca_15.pdf
https://cdn.misoenergy.org/PY21-22%20Planning%20Resource%20Auction%20Results541166.pdf
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Motivation for Reforms (in the words of one U.S. policymaker): 
“Does the clean transition mean we just have to have blackouts?”

Can an inverter-based grid 
be stable and can inverter-
based resources replace 
lost essential reliability 
services?

Will renewables ramp down 
faster than replacement 
resources can ramp up?

Can existing ancillary services 
and operations still work?

What to do if wind/solar aren’t 
generating due to inclement 
weather?

How to manage limited battery 
storage energy and duration?

Reliability 
Concerns

Dependability 
of Clean Energy

Inverter 
Physics

Generation 
Variability & 
Uncertainty



brattle.com | 13

Are firm capacity requirements outpacing replacements?

High Risk: “anticipated” 2028 planning 
reserve margins may fall below targets 
(not counting prospective generation 
additions not yet under construction or 
the RA value of non-firm resources and 
imports without firm contracts)

MISO 5-year Planning Reserve Margin (Summer)

NERC 2023 Long-term Reliability Assessment: 
Risk Area Summary 2024-2028

Sources: North American Electric Reliability Corporation (NERC), 2023 Long-Term Reliability Assessment, December 2023.

https://www.nerc.com/pa/RAPA/ra/Reliability%20Assessments%20DL/NERC_LTRA_2023.pdf
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Can’t underestimate the challenge, 
but we’ve been there before!
 A decade ago: significant resource 

adequacy concerns over mercury 
regulation of coal plants

 Market response prevented doomsday 
projections from being realized

 Example: PJM capacity market easily 
replaced over 47 GW of retiring plants 
with range of replacement resources 
(DR, imports, gas) between 2012-2022

Also note NERC projections often not 
realized

Market responses have effectively attracted new capacity
NERC 2013 Long-term Assessment for ERCOT

Sources: NERC, 2013 Long-term Reliability Assessment, December 2013 and NERC, 2023 Long-Term Reliability Assessment, December 2023.

NERC 2023 Long-term Assessment for ERCOT

https://www.nerc.com/pa/RAPA/ra/Reliability%20Assessments%20DL/2013_LTRA_FINAL.pdf
https://www.nerc.com/pa/RAPA/ra/Reliability%20Assessments%20DL/NERC_LTRA_2023.pdf
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https://www.brattle.com/insights-events/publications/brattle-electricity-experts-examine-system-reliability-for-tomorrows-electric-grid-in-new-report/
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Inverter-based resources are capable of providing all 
Essential Reliability Services to varying degrees

Source: Celebi et.al, Bulk System Reliability for Tomorrow’s Grid, December 20, 2023.

Reliability Aspects and Timescales for Essential Reliability Services

https://www.brattle.com/insights-events/publications/brattle-electricity-experts-examine-system-reliability-for-tomorrows-electric-grid-in-new-report/
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Increasing inter-regional trade 
boosts intraday flexibility
 Geographic weather and electricity 

demand diversity reduces impact of 
wind/solar variability across a wide 
area

 More seamless power sharing 
better leverages flexible capability 
of existing fleet

Increasing market expansion for short-term energy adequacy

CAISO (driving EDAM and WEIM) is motivated to seek flexibility for renewables 
integration. Members explicitly list renewable integration alongside efficiency 
benefits.

SPP has Markets+ and WEIS. Note SPP set record 90% instantaneous load from 
wind/solar in 2022.

Map of New Interstate Pooled Markets in the West

Source: Celebi et.al, Bulk System Reliability for Tomorrow’s Grid, December 20, 2023.

https://www.brattle.com/insights-events/publications/brattle-electricity-experts-examine-system-reliability-for-tomorrows-electric-grid-in-new-report/


Thank You!

Additional Slides 
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andrew.thompson@brattle.com 
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Dr. Andrew W. Thompson, an Associate at The Brattle Group, is an energy 
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economy, the regulation of the energy sector, energy policy to integrate 
emerging resources (renewables, battery storage, long-duration energy storage, 
distributed energy resources, and flexible load), and the economic implications 
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He received a Ph.D. in Economics from the Université Paris-Saclay (France), an 
MS in Energy Economics from the Pontificia Universidad Comillas (Spain), an 
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https://www.brattle.com/experts/andrew-w-thompson/
mailto:Firstname.Lastname@brattle.com
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 Johannes P. Pfeifenberger, Are Firm Capacity Requirements Outpacing Replacements?, January 24, 2024
 Celebi, Levitt, Thompson, Sreenanth, Bulk System Reliability for Tomorrow’s Grid, December 20, 2023
 Newell, Spees, Levitt, Higham, MISO Reliability Attributes “Solution Space”, October 4, 2023
 Celebi and Lam, A Review of Coal-Fired Electricity Generation in the U.S., April 27, 2023
 Newell, Spees, and Higham, Capacity Resource Accreditation for New England’s Clean Energy Transition, 

June 2, 2022
 Spees and Newell, Efficiently Managing Net Load Variability in High-Renewable Systems: Designing 

Ramping Products to Attract and Leverage Flexible Resources, February 2, 2022

Additional Reading

https://www.brattle.com/insights-events/publications/are-firm-capacity-requirements-outpacing-replacements/
https://www.brattle.com/insights-events/publications/brattle-electricity-experts-examine-system-reliability-for-tomorrows-electric-grid-in-new-report/
https://www.brattle.com/insights-events/publications/miso-reliability-attributes-solution-space-initial-assessment-of-promising-solutions-to-meet-identified-priority-attribute-needs/
https://www.brattle.com/insights-events/publications/brattle-economists-review-coal-fired-electricity-generation-in-the-us-in-a-new-report/
https://www.brattle.com/insights-events/publications/capacity-resource-accreditation-for-new-englands-clean-energy-transition/
https://www.brattle.com/insights-events/publications/efficiently-managing-net-load-variability-in-high-renewable-systems-designing-ramping-products-to-attract-and-leverage-flexible-resources/
https://www.brattle.com/insights-events/publications/efficiently-managing-net-load-variability-in-high-renewable-systems-designing-ramping-products-to-attract-and-leverage-flexible-resources/


Cataloging Reforms

Source: Celebi et.al, Bulk System Reliability for Tomorrow’s Grid, December 20, 2023.

Source: Celebi et.al, Bulk System Reliability for Tomorrow’s Grid, December 20, 2023.

https://www.brattle.com/insights-events/publications/brattle-electricity-experts-examine-system-reliability-for-tomorrows-electric-grid-in-new-report/
https://www.brattle.com/insights-events/publications/brattle-electricity-experts-examine-system-reliability-for-tomorrows-electric-grid-in-new-report/


Grid-support from Modern Inverter-Based Resources

Inverter-based resources (IBRs) can create grid reliability challenges that need to       
be addressed through improved interconnection standards

However, in addition to preventing reliability problems, new IBR standards should be 
designed to enable grid-supporting capabilities of modern inverter technologies!

Examples:
• CAISO 2017 and 2020 pilot programs of wind and solar plants providing essential reliability services

– Successfully provided: spinning reserves, load following, ramping, inertia, frequency response, regulation, 
droop response, variability smoothing, power quality, and reactive power, voltage, power factor controls

• Inertial and frequency response from wind, solar, batteries, STATCOMs, and HVDC lines
– Quebec: Inertia provided by all wind generators 
– South Australia: 50% of inertia supplied by batteries (grid-forming inverters with “virtual machine” modes)
– ERCOT: Primary frequency response provided by all wind and solar plants
– UK and ENTSO-e: grid code providing for inertial and frequency response from VSC-based HVDC lines
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See: 2023 HVDC report, Section V.15 (“Frequency and Inertial Response from HVDC Lines and Inverter-Based Resources”) 

https://www.caiso.com/Documents/WindPowerPlantTestResults.pdf
https://docs.cpuc.ca.gov/PublishedDocs/Efile/G000/M257/K914/257914028.PDF
https://www.brattle.com/insights-events/publications/brattle-consultants-highlight-the-operational-and-market-benefits-of-hvdc-transmission-to-system-operators-in-new-report/


Significant Differences in Generation Interconnection Processes

Some RTOs are able to interconnect disproportionately more generation, and   
have been able to do so more quickly.

RTO Size
80 GW

150 GW

200 GW

180 GW

52 GW
95 GW

42 GW

32 GW
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Capacity 
in Queue
135 GW

155 GW

330 GW

245 GW

160 GW
100 GW

75 GW

30 GW

See also: Generation, Storage, and Hybrid Capacity in Interconnection Queues | Electricity Markets and Policy Group (lbl.gov)

Planning regions with the 
most ambitious state clean 
energy standards (i.e., east 
and west coast states) are 
lagging behind regions 
such as Texas and the 
Midwest:
 ERCOT: added 10% of 

system capacity in 2021
 NYISO and ISO-NE: only 1%
 All others: 2-4%

https://emp.lbl.gov/generation-storage-and-hybrid-capacity


What Might Revenues from “Future Markets” Look Like?
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Adjacent
Customer 
Products & 
Services

Green 
Markets

Reliability/Capacity
Flexibility &
Ancillaries
Energy

Traditional Markets
Timeless principles of 
reliability at least cost.  
But must evolve to rely 
increasingly on “non-
traditional” resources and 
better definitions of 
reliability needs

New Markets
Are needed to achieve 
environmental goals & 
mobilize customers with 
a wider array of tech-
enabled services

Major resources…. Dispatchable thermal 
plants, inelastic demand

Renewables, storage, EVs, DR, DER, hydro, 
interties, prosumers, thermal batteries

20 YEARS FROM NOW

Clean energy 
markets/contracts and 

CO2 pricing to meet 
policy & customer 

environmental goals

20 YEARS AGO

Enabling markets for 
activating DR, electric 

vehicles, consumer 
devices, and related 

services
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Demand Flexibility and Virtual Power Plants (VPPs)

Electrification is quickly increasing electricity demand and system peak loads … 
and offers substantial opportunities to more cost-effectively meet system needs
• Most electrification demand is flexible

– Examples: Electric Vehicle (including V2G), building HVAC, thermal storage, solar+storage

• Many electrification loads and distributed energy resources (DERs) are highly controllable
– RMI: 60 GW of dispatchable VPPs can be developed by 2030 to provide RA and flexibility/operational reliability 
– VPPs offer resource adequacy at (1) significantly lower cost and (2) without delays in generation interconnection 
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Source: Hledik and Peters, Real 
Reliability: The Value of Virtual 
Power (Brattle, May 2023)

https://rmi.org/insight/virtual-power-plants-real-benefits/
https://www.brattle.com/real-reliability/
https://www.brattle.com/real-reliability/
https://www.brattle.com/real-reliability/
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