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Appendix I: Historical Drivers of Fuel Diversity in the United States
The generation mix in the United States has evolved because of technological development, economics, government
policy and geopolitical forces. 1 Figure 1 shows the changing composition and shifts in the relative diversity of the U.S.
generation mix. 2
Figure 1.

Generation Mix Driver Timeline 3

NOTE: This graphic is not an exhaustive representation of all drivers related generation mix change. The intent was to capture examples of major drivers, with a
focus on policies and events that targeted specific resource types.
NAAQS

National Ambient Air Quality Standards

ARRA

American Recovery & Investment Act

PURPA

Public Utility Regulatory Policies Act of 1978

RPS

Renewable Portfolio Standard

FUA

Power Plant and Industrial Fuel Use Act of 1978

MATS

Mercury and Air Toxics Standards

Federal and State Policy
Government policy has played a major role in the development of generation resources, including policies that focused on
energy security, jobs, environmental protection and conservation.

Nuclear Power
Development of nuclear energy in the 1950s was the first major policy-driven effort towards fuel diversification. Concern
about the oil shortage during the World War II contributed to a post-war initiative for nuclear energy research and led to the
Atomic Energy Act of 1954, which spurred development of nuclear electric power generation technology.

1

2

3

Each of these drivers has an influence on fuel diversity, and they can also influence other drivers. For example, state Renewable Portfolio
Standards increase the amount of renewable resources procured. The increased demand in renewable resources resulted in more research
and development to reduce manufacturing costs and increase unit efficiency.
The Diversity Index was calculated as a Shannon-Wiener Index. This accounts for the number of generation resources in each year, and the
share of those resources in the fleet, and shows the relative diversity of the generation mix in each year.
EIA Electric Power Monthly, Table 7.2b (Electricity net generation: Electric power sector) - https://www.eia.gov/totalenergy/data/monthly/
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Following the 1979 Three Mile Island Unit 2 nuclear accident, 4 newly implemented safety requirements increased
construction costs and slowed development of new nuclear power plants for another 30 years; utilities pursued
investments in other resources with less economic risk.
In recent years, maintaining the existing nuclear fleet has become a focus of certain public policy goals. However,
maintenance costs of the aging fleet coupled with lower revenues 5 from electricity markets have made continued operation
uneconomic for owners. In an attempt to prevent nuclear power plant retirements, some states have introduced subsidies
in the form of credits for not emitting carbon dioxide.

Oil and Natural Gas
Federal government actions after the 1973 Oil Embargo6 drastically decreased the use of oil for electric power generation.
Before the embargo, U.S. utilities had been increasing their use of oil-generation because of concerns about coal
shortages and rising nuclear construction costs. When the Organization of Petroleum Exporting Countries placed a
temporary embargo on oil shipments to the U.S., oil prices quadrupled. National energy security and developing alternative
energy technologies came to the forefront of political discussion.
Along with the National Energy Act of 1978, two pieces of legislation shaped natural gas’s role in electricity generation.
The Power Plant and Industrial Fuel Use Act of 1978 7 restricted construction of new oil and natural gas generators and
encouraged coal, nuclear and other power generation alternatives. The Natural Gas Policy Act of 1978 8 created a national
natural gas market to balance supply and demand, allowing market forces to establish the wellhead price of natural gas,
which was the first step toward natural gas deregulation.
The Fuel Use Act decreased natural gas demand while the competition created by the Gas Policy Act increased supply,
resulting in a substantial decline in natural gas prices. The repeal 9 of the Fuel Use Act in 1987 again allowed construction
of natural gas generators. Further deregulation of the natural gas industry increased flexibility in natural gas procurement
for power generation. 10 Natural gas generation increased from 9 percent of the U.S. generation mix in 1988 to 32 percent
in 2015. 11

Technology Development and Cost Competitiveness
New or improved technology for generation or fuel supply can reduce the levelized cost of electricity 12 of a generation
resource type, increasing its cost competitiveness and, ultimately, influencing the mix of generation resources.

4

https://www.nytimes.com/2014/04/29/us/three-mile-island-and-nuclear-hopes-and-fears.html

5

https://will.illinois.edu/nfs/RenaissanceinReverse7.18.2013.pdf

6

https://history.state.gov/milestones/1969-1976/oil-embargo

7

https://www.congress.gov/bill/95th-congress/house-bill/5146

8

https://www.gpo.gov/fdsys/pkg/STATUTE-92/pdf/STATUTE-92-Pg3350.pdf

9

https://www.congress.gov/bill/100th-congress/house-bill/1941

10

FERC Order 436 (https://www.eia.gov/oil_gas/natural_gas/analysis_publications/ngmajorleg/ferc436.html) initiated open access transportation on natural gas
pipelines, and FERC Order 636 required unbundling of pipeline services (https://www.ferc.gov/legal/maj-ord-reg/land-docs/restruct.asp).

11

EIA Monthly Energy Review – Calculated from annual data in Table 7.2b: Electricity Net Generation, Electric Power Sector
(https://www.eia.gov/totalenergy/data/monthly/index.php#electricity)

12

The levelized cost of energy (LCOE) is the total lifetime costs of a generation project, including construction, divided by the expected electricity output of the
project over its life, expressed in $/kWh. LCOE is useful for comparing costs of different energy technologies.
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In the late 19th century, coal and hydropower dominated the electric generation mix. 13 Coal was readily available and the
railroads allowed for efficient transportation. Hydropower development was both a solution for electricity generation and for
water resource management. 14
Natural gas and oil-fired resources became a larger part of the generation mix in the 20th century as drilling practices
improved and costs declined.
The recent increase in the use of natural gas for generation was enabled by technology improvements and cost declines.
Drilling productivity has yielded lower-cost natural supplies, due to plentiful fuel supply and improvements in hydraulic
fracturing technology. A new natural gas combined cycle generator has one of the lowest total system levelized cost of
electricity. 15
Even without federal tax credits and state Renewable Portfolio Standards, improvements and cost declines in wind and
solar technology aided renewable generation in taking a larger share of the generation mix. New investment in renewable
energy in the U.S. increased from $5.6 billion in 2004 to $44.1 billion in 2015. 16 Natural gas infrastructure development
went through a robust period of development (i.e., $40-50 billion of annual investment) from 2010-15 with aggressive
development of unconventional resources. 17 The average utility-scale solar power system price in the U.S. fell 68 percent
between 2010 and 2015, and the average wind system price in the U.S. fell 26 percent between 2010 and 2015. 18

Electric Industry Restructuring & Introduction of Wholesale Competition
The Public Utility Regulatory Policies Act of 1978 19 (PURPA) first introduced competition 20 into generating electricity by
requiring utilities to buy power produced by non-utility generators at a rate set by state regulators. Because PURPA
encouraged the development of alternative and renewable generation, such as cogeneration and biomass, it can be seen
as a fuel diversification effort.
In 1996, FERC Orders 888 21 and 889 22 spurred wholesale competition with the intention of bringing greater efficiencies in
grid operations, reducing generation operating costs and improving generator performance. The reasoning was that
competition would lower total system costs, incent innovation, and cause uneconomic resources to leave the market.
Wholesale power market competition created a new mechanism for diversification in the U.S. electric power sector. Figure
2, below, displays the evolution of U.S. generation mix and its relative diversity.

13

http://instituteforenergyresearch.org/history-electricity/#Dawn

14

https://energy.gov/eere/water/history-hydropower

15

See Table 1a. Estimated LCOE (weighted average of regional values based on projected capacity additions) for new generation resources, plants entering
service in 2022 - http://www.eia.gov/outlooks/aeo/pdf/electricity_generation.pdf

16

Frankfurt School, UN Environment Programme Centre, and Bloomberg New Energy Finance: Global Trends in Renewable Energy Investment 2016

17

North American Midstream Infrastructure Through 2035: Leaning into the Headwinds, prepared by ICF for INGAA
http://www.ingaa.org/File.aspx?id=27961&v=db4fb0ca

18

https://energy.mit.edu/wp-content/uploads/2016/03/MITEI-WP-2016-01.pdf

19

https://www.usbr.gov/power/legislation/purpa.pdf

20

Public Utility Regulatory Policies Act of 1978 was one of the first laws to begin deregulation of electric utilities since they were first regulated in early part of the
1900s.

21

https://www.ferc.gov/legal/maj-ord-reg/land-docs/order888.asp

22

https://www.ferc.gov/legal/maj-ord-reg/land-docs/order889.asp
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Figure 2.

Evolution of U.S. Generation Mix and Relative Diversity Index

Historical Events that Demonstrate the Importance of System Diversity
All resource types are susceptible to issues that could compromise reliability and energy security. The following examples,
displayed in Figure 3 demonstrate the importance of assessing the risks associated with current or future resource
portfolios that could affect system reliability.
Figure 3.
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Polar Vortex
Large portions of the United States experienced abnormally low temperatures caused by a polar vortex in early January
2014. At the time, a new wintertime peak electric demand was set. Coinciding with the hour of peak demand, on
January 7, approximately 22 percent of total generation capacity in PJM was not available. Although at the time much of
the focus was on natural gas supply issues associated with interruptible gas transportation service, overall, natural gas
interruptions were not the major driver of the high generator forced outage rates. Natural gas fuel interruptions, although
significant, removed less than 5 percent of the total capacity; equipment issues associated with both coal and natural gas
units made up a larger proportion of forced outages.
Figure 4.

January 7, 2014, 7PM - Gas Interruption and Forced Outage

Acting FERC Chairwoman Cheryl LaFleur 23 commented at the FERC technical conference following the 2014 polar vortex:
The second big thing that all of a sudden everyone is asking about the markets just in the last to 24 months is
what about fuel diversity? What about fuel diversity? Well the markets have a single clearing price product. That's
how they were set up. They were not set up to buy tranches of this and tranches of that. But if there are elements
of what the baseload product resources provide that are being under-valued in the market that need to somehow
use the market to try to solve that, I think that also is well worth the effort. Because it seems we are hearing a
consistent theme that there is something that is being under-valued when we just go to the short term gas lowest
price, and I urge you. We will work with you on that, but I think these are kind of fundamental things, not
something we're just going to do in the next 60 days. But if the market can support these things, what I see is
more contracting out in the market.
The failure of resources to perform during the polar vortex highlighted the need for stronger market incentives to ensure
performance at critical times. PJM implemented a new capacity market construct, Capacity Performance, to address
resource performance during system emergencies.

23

Federal Energy Regulatory Commission Technical Conference on April 1, 2014
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Natural Gas Infrastructure: Aliso Canyon Storage
The Aliso Canyon storage facility 24 is the largest natural gas storage facility in southern California. In October 2015, 25
inspectors found a major leak in an injection/withdrawal well at Aliso Canyon, which continued to leak until February 12,
2016. The California governor issued an order on January 6, 2016, placing a moratorium on gas injections at the facility.
Analysis performed after the leak identified 17 nearby electric generators with a combined output of over 9,800 MW that
relied on Aliso Canyon for fuel supply. Some of these generators are required for local reliability; however, without supply
from Aliso Canyon, low pressure in gas pipelines could stop the flow of gas to the generators, leaving them unable to
operate. 26 The loss of Aliso Canyon gas storage field highlights the risk to the power grid from failures in the pipeline
infrastructure. Electric market and regulatory changes in California resulting from this event include: expedited
procurement of electric storage resources, enhanced gas-electric coordination, expanded demand response program and
a constraint in the electric market that reflects gas limitations.

South Australia Blackout: Technical Specifications
Australia’s Renewable Energy Target 27 is one of the policies that have expanded renewable energy in the country. The
South Australia region (see Figure 5), one of the five regions in Australia’s National Electricity Market, has the highest
penetration of wind (35 percent of installed capacity). South Australia is connected to only one other region (Victoria) via
one AC interconnector and one DC interconnector (see Figure 5).
On September 28, 2016, severe weather 28 resulted in multiple faults on the South Australian transmission system. The
number of faults in quick succession resulted in a reduction of 456 MW of wind generation in approximately seven
seconds. The loss of generation increased imports from the AC interconnector until protective relays activated, islanding
South Australia. Unable to rapidly match supply and demand, the islanded region experienced a blackout. Australian
Energy Market Operator’s (AEMO) third preliminary report 29 identified a previously unknown protective feature associated
with low voltage ride-through capability of wind farms. 30 The protective feature disconnected or reduced wind turbine
output when the number of low voltage ride-through events in a specific time period, exceeded a predefined limit.
The preliminary report 31 also discussed the impact caused by changes in the fuel mix, specifically with respect to the
increased penetration of non-synchronous generation. AEMO reported that its current fuel mix results in periods of “low
inertia and low available fault levels, hence a lower resilience to extreme events.” AEMO is working with stakeholders to
determine what market or regulatory changes are needed to address these concerns.

24

https://www.ferc.gov/CalendarFiles/20160519102213-A-3-presentation.pdf

25

http://www.cpuc.ca.gov/aliso/

26

http://www.energy.ca.gov/2016_energypolicy/documents/2016-0408_joint_agency_workshop/Aliso_Canyon_Action_Plan_to_Preserve_Gas_and_Electric_Reliability_for_the_Los_Angeles_Basin.pdf

27

http://www.environment.gov.au/climate-change/renewable-energy-target-scheme

28

http://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Reports/Integrated-Third-Report-SA-Black-System-28-September-2016.pdf,
page 94

29

http://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Reports/Integrated-Third-Report-SA-Black-System-28-September-2016.pdf

30

http://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Reports/Integrated-Third-Report-SA-Black-System-28-September-2016.pdf,
page 5

31

http://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Reports/Integrated-Third-Report-SA-Black-System-28-September-2016.pdf

PJM ©2017

www.pjm.com

6|Pa g e

Appendix to PJM’s Evolving Resource Mix
and System Reliability
Figure 5.

Australia’s National Electricity Market

Nuclear Dependence and Supply Chain Issues in France
In 2015, 78 percent of France’s generation output came from nuclear resources. 32 France’s active development of nuclear
technology stems from an energy policy 33 that prioritized nuclear generation as a solution to energy security concerns.
During the oil shocks of the 1970s, the French government overhauled nuclear energy development in order to reduce
dependence on fossil fuel imports. As a result, France greatly reduced its imports of fossil fuel used to generate electricity.
France also has become the world’s largest exporter of electricity from which it gains over three billion euros per year. 34
Recently, however, the combination of France’s nuclear dependence and safety concerns has caused capacity adequacy
issues. An issue discovered at one reactor during routine inspection in April 2015 led to the discovery of two widespread
supply chain issues. The first involved carbon segregation – a material condition created during the manufacturing process
that can reduce the toughness of large forged reactor parts over time and cause safety issues. The second involved
anomalies and falsification in material inspection documentation. An investigation called into question all reactor parts
supplied from the Le Creusot forge in France and the JCFC forge in Japan.

Investigations by Autorité de Sûreté Nucléaire – French equivalent of the U.S. Nuclear Regulatory Commission –
determined that 27 of the 58 nuclear reactors in France contained suspect parts. 35 These nuclear reactors make up
27 percent of France’s installed capacity. 36 The shutdowns for inspection and repair of these reactors were ongoing
when this paper was written. Although some reactors were cleared to return to service, RTE’s 37 2016-17 Winter

32

https://www.iea.org/media/countries/France.pdf

33

http://www.planete-energies.com/en/medias/saga-energies/history-energy-france

34

http://www.world-nuclear.org/information-library/country-profiles/countries-a-f/france.aspx

35

Total number of impacted reactors compiled from ASN news releases (http://www.french-nuclear-safety.fr/Inspections/Supervision-of-the-epr-reactor/Anomalyaffecting-the-Flamanville-EPR-reactor-vessel)

36

Installed capacity data from RTE (http://clients.rte-france.com/lang/an/visiteurs/vie/prod/parc_reference.jsp) and World Nuclear Association (http://www.worldnuclear.org/information-library/country-profiles/countries-a-f/france.aspx)

37

RTE (Réseau de Transport d'Électricité) is the Transmission System Operator in France
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Adequacy Outlook highlighted that the reactor shutdowns created capacity adequacy issues. Figure 6 shows
historical generator availability for the winter versus the anticipated availability based on nuclear shutdown. 38
Figure 6.

Reduction in RTE Capacity Resulting from Nuclear Shutdowns

The example of France’s nuclear issues illustrates how common mode supply chain issues can negatively impact the
resilience of an energy system heavily dependent on one resource type.

Shift in Japan’s Energy Security Post-Fukushima
On March 11, 2011, an earthquake and subsequent tsunami caused the meltdown of three reactors at the Fukushima
Daiichi Nuclear Power Plant in Japan. These events raised concerns about the safety of nuclear power and impacted
policies for nuclear generation development globally.
Before the Fukushima disaster, nuclear generation was 25 percent of Japan’s generation mix. After the disaster, the
Japanese government gradually shut down all 54 of the country’s nuclear power plants. A different Japanese
administration has pushed to restart some of the nuclear plants, but concerns remain about the safety of any Japanese
nuclear plant in another natural disaster. In order to meet electric demand during the nuclear phase-out, the Japanese
government and utilities maximized output from fossil fuel-fired power plants, increased renewable generation
development and decreased demand through consumer restrictions. Figure 7 shows the shift of Japan’s generation output
from nuclear to other fuel types. 39

38

RTE’s “French Winter Adequacy Outlook 2016-2017” (http://www.rte-france.com/sites/default/files/analyse_h_2016_en.pdf) and the update (http://www.rtefrance.com/sites/default/files/20161129_pdh_maj_c_en.pdf) based on nuclear reactor status.

39

https://www.iea.org/countries/membercountries/japan/statistics/
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Figure 7.

Japanese Generation Mix Before and After Fukushima

Japan’s increased reliance on fossil-fuel generation reduced the country’s fuel security. As a country with few natural fuel
resources, Japan relied heavily on fossil-fuel imports before the Fukushima disaster. After the phase-out of nuclear
generation, Japan’s reliance on fossil fuels for electric power generation increased from 63 percent in 2010 to 86 percent
in 2014, making the country more vulnerable to energy security risk. 40, 41 The increased cost of imports incurred by
Japanese utilities caused a 20 percent increase in consumer electricity rates. 42
Following the Fukushima disaster, Germany swiftly announced it would phase out its entire nuclear fleet by 2022, and
other countries, such as the United States, saw little new development of nuclear generation and instead focused on
improving safety and disaster readiness at existing plants. The ripple effect of safety concerns from the Fukushima Daiichi
disaster highlight apprehension about the resilience of the power system if faced with the loss of availability of multiple
nuclear power units because of safety concerns.

Impact of Water Scarcity on Hydropower and Thermal Power
Ongoing drought conditions in many areas of the world have reduced the generation from hydroelectric plants and limited
the output from thermal plants whose cooling water sources are affected. Resource planners and regulatory agencies in
drought-prone areas use diversification to reduce the risk of losing generation capacity because of droughts.
Since 2014, a severe drought has reduced the availability of hydroelectric resources in Brazil. Because Brazil’s generation
mix is 70 percent hydropower, 43 the reduced availability of hydroelectric units has directly impacted energy security. The
Brazilian government is planning to diversify its generation mix and improve the system’s resilience to drought by adding
36 GW of non-hydro renewable generation, 11 GW of natural gas generation and 1.4 GW of nuclear generation by 2024.44

40

https://www.iea.org/countries/membercountries/japan/statistics/

41

http://www.iea.org/publications/freepublications/publication/EnergyPoliciesofIEACountriesJapan2016.pdf

42

http://www.iea.org/publications/freepublications/publication/EnergyPoliciesofIEACountriesJapan2016.pdf

43

https://www.eia.gov/todayinenergy/detail.php?id=27472

44

http://www.mme.gov.br/documents/10584/3642013/02+-+Electricity+in+the+2024+Brazilian+Energy+Plan+(PDF)/96be552a-4a2c-4a32-839af51299c911fb;jsessionid=746214DDE00CF35D18615B00C7AA0E01.srv155?version=1.1
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In the U.S. the potential impact of drought on power generation also is of concern. The thermal power generation is the
largest consumer of water, accounting for 41 percent of water withdrawals and 4 percent of total consumptive use. 45
Historically, drought-created increases in water temperatures and decreases in water levels led to power plant
curtailments. For example, during the 2007-2008 drought in the southeast U.S., a number of nuclear and coal generators
were forced to shut down or curtail output, due to cooling water temperature limitations. The Tennessee Valley Authority
reported 46 that fiscal year 2008 hydroelectric generation was 57 percent lower than fiscal year 2005 due to lower
river/reservoir levels.

German Energy Transition: Energiewende
In Germany, a set of policy initiatives, known as Energiewende, was created to transition to a more sustainable energy
sector. This included a move away from fossil fuels and promotion of renewable energy and energy efficiency. Electricity
generation output (megawatt-hours) from wind and solar increased by 90 percent between 2000 and 2014. 47 The original
policy measures also called for an extension of the lifetime of nuclear plants. After the 2011 Fukushima Daiichi nuclear
disaster, the promotion of nuclear generation was reversed, and the German government called for an accelerated phase
out of nuclear generation by 2022. 48 Renewables and fossil fuel generation are supplementing the decline in nuclear
generation.
In 2014, 15 percent of generation output (gigawatt-hours) came from wind and solar. This increased amount of intermittent
generation creates oversupply issues at some hours of the day, when wind and solar produce more electricity than
needed. The amount of renewable curtailment increased three-fold from 2013 (555 GWh curtailed) to 2014 (1,581 GWh
curtailed). 49 In order to account for the increasing need for intraday balancing of renewable generation output, the German
transmission system operators are taking part in an international grid control cooperation initiative to implement imbalance
netting. 50 Surpluses and shortages can be balanced between systems without the need to reserve cross-border
transmission capacity. The scheme is yielding more efficient sharing of reserves and cost savings. 51 Germany has strong
interconnections with neighboring systems for the transport of excess electricity. 52 However, massive congestion on
certain interconnectors at its borders with Poland and the Czech Republic has caused reliability concerns. All three
countries are investing in transmission system upgrades to adjust for the impacts of the growing amount of intermittent
generation in Germany.
Energiewende policies, including feed-in tariffs, and decreasing prices for solar resources resulted in a significant growth in
distribution-connected resources. Under incumbent technology standards resources connected to the distribution (low
voltage) system were required to immediately disconnect 53 if system frequency increased to 50.2 Hz (nominal frequency in
45

http://www.nrel.gov/docs/fy17osti/67084.pdf

46

http://www.secinfo.com/d1aZmw.t2c.htm

47

http://www.iea.org/countries/membercountries/germany/statistics/

48

http://www.iea.org/publications/freepublications/publication/Germany2013_free.pdf

49https://www.bundesnetzagentur.de/SharedDocs/Downloads/EN/BNetzA/PressSection/ReportsPublications/2015/Monitoring_Report_2015_Korr.pdf?__blob=pu

blicationFile&v=4

50

https://www.entsoe.eu/major-projects/network-code-implementation/electricity-balancing/igcc/Pages/default.aspx

51https://www.bundesnetzagentur.de/SharedDocs/Downloads/EN/BNetzA/PressSection/ReportsPublications/2015/Monitoring_Report_2015_Korr.pdf?__blob=pu

blicationFile&v=4

52

The four German Transmission System Operators are all members of the European Network of Transmission System Operators for Electricity (ENTSOE),
which is responsible for reliably coordinated operations of the interconnected European transmission systems. https://www.entsoe.eu/about-entso-e/insideentso-e/member-companies/Pages/default.aspx

53

http://www.modernpowersystems.com/features/featuredealing-with-the-50.2-hz-problem/
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the European power grid is 50.0 Hz). As the amount of distribution connected resources increased, Germany determined
that these policies put reliability at risk. A high frequency event that reached 50.2 Hz at a time with large amounts of solar
on the system would cause distributed connected resources to disconnect. In turn, severe under-frequency conditions or
blackout conditions could occur. Germany passed regulations 54 in 2012 to retrofit inverters of distribution-connected
resources. The new inverters allowed the distribution connected resources to remain online at a reduced output or to
disconnect after ramping down.
The German energy transition provides an example of how significant change in the generation mix necessitates
adaptations to operations and regulatory structures, increased infrastructure investments, and evaluation of technology
requirements to maintain reliability.

54

http://www.solar-inverter.com/en-GB/797.htm
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Appendix II: PJM, Natural Gas Infrastructure and Fuel Security
In PJM, the rise of natural gas generation began in 2000 with a building boom of gas-fired generators due to technology
advances that made combined-cycle generation a cost-effective and flexible technology able to meet both peaking and
base-load needs (Figure 8).
Figure 8.

Historic Power Plant Capacity in PJM by Resource 55

In 2002, Levitan & Associates conducted an independent analysis of the interprovincial and interstate pipeline systems
spanning PJM, ISO-New England, the New York ISO and the Independent Electricity System Operator. Independent
system operators, market participants and regulatory commissions were concerned if the natural gas infrastructure could
meet the requirements of gas utilities and generators.
This study, 56 which modeled the peak winter days in 2003-2008, found that “(T)he vast pipeline infrastructure in PJM
results in sufficient deliverability to meet both core and non-core transportation requirements over the study horizon.
However, there are localized problems on a peak day limiting the amount of spare pipeline capacity available for power
generation that materialize at the end of the study horizon.”
As a follow-up to the 2002 gas infrastructure study, in 2005 PJM commissioned an assessment of intra-day operating
conditions across eight pipelines serving PJM’s Eastern Region on a peak day. This study tested the resilience of the gas
pipeline infrastructure to specific contingency situations such as storage, compressor or pipeline loss during the heating
seasons in 2005-2008. This analysis 57 found that “The diverse resource mix coupled with PJM’s emphasis on transmission
deliverability substantially lessens the region’s vulnerability to the potentially disruptive impacts ascribable to constraints on
the supply of natural gas into PJM as well as the deliverability of natural gas to power plants during cold snaps.
Nevertheless, natural gas-fired generation is critical for bulk power security in PJM East.”
PJM’s diverse resource mix remained fairly stable from 2000 to 2010 with thermal resources fluctuating little from their
established percentage of total capacity levels. In 2011, the U.S. Environmental Protection Agency proposed its Mercury &
Air Toxics Standards (MATS). The combination of declining natural gas prices, lower load growth, and MATS triggered a
55

S&P Global Market Intelligence, SNL Regional Power Markets Summary

56

The 2002 gas infrastructure study, by Levitan & Associates, was a non-public independent analysis.

57

PJM’s 2005 commissioned assessment of natural gas pipeline operating conditions was a non-public analysis
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12 percent drop in coal resources clearing PJM’s capacity market auction (as seen in the 2014/2015 delivery year data in
Figure 9, below). The capacity auction held in 2012 saw a 12 percent increase in natural gas resources clearing. From
2008 to 2012, electricity (megawatt-hours) produced by natural gas generation more than doubled as a percentage of total
generation, from 7.3 percent to 18.8 percent (see Figure 9 below).
Figure 9.

Cleared Installed Capacity Results for PJM Capacity Market Auctions

Figure 10. Historic Generation in PJM by Resource, (%Total MWh)

This increasing reliance on natural gas for fuel and the consequent growing dependence on the natural gas pipeline
infrastructure prompted a comprehensive study of natural gas-electric system interaction. In 2012, PJM, ISO-NE, the
Midcontinent Independent System Operator, NYISO, IESO and the Tennessee Valley Authority, as part of the Eastern
Interconnection Planning Collaborative (EIPC) and with the financial support of the U.S. Department of Energy, 58
commissioned an independent analysis of the robustness of pipeline infrastructure in these grid operators’ regions to meet
future electric demand under a variety of scenarios.
58

The Department of Energy provided EIPC an extension to Phase II of an existing grant (DE-OE0000343) to evaluate the interaction between the natural gas
and electric systems. http://www.eipconline.com/project-overview.html
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The EIPC’s Gas-Electric System Interface Study, 59 completed in 2015, was a first-of-its-kind, comprehensive analysis of
the gas infrastructure’s capability to serve the future needs of electric generation over a region that encompasses over 1.7
million square miles, 35 U.S. states and the province of Ontario and roughly 165 million people. (See Figure 11)
The study contained four separate analyses:
1.

A baseline of the existing gas and electric infrastructure

2.

An analysis of the capability of the gas infrastructure to meet the needs of the electric system over five- and 10year time horizons

3.

An analysis of electric and gas contingencies specific to each participating planning authority

4.

A comparison of dual-fuel capability versus firm pipeline transportation for gas-fired generators to achieve fuel
assurance for electric reliability

Figure 11. EIPC Gas-Electric Interface Study Region

The EIPC analysis 60 found, specifically as to the PJM region:
In PJM, depending on location, the gas infrastructure is either adequate or moderately constrained, in
winter 2018 and 2023. During the winter peak hour, pipeline segments in PJM on Dominion, Columbia, East
Tennessee, Eastern Shore, Tennessee, Texas Eastern, and Transco run at 100 percent capacity. Most of the
59

EIPC Gas-Electric System Interface Study report (excluding CEII) is available at http://www.eipconline.com/phase-ii-documents.html

60

Vol. 1 - Executive Summary & Condensed Report, page CR-28:
http://nebula.wsimg.com/bed22fd50ca7e1d696092c28926f8985?AccessKeyId=E28DFA42F06A3AC21303&disposition=0&alloworigin=1
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affected generation is located in Maryland, Virginia, the Delmarva Peninsula, Eastern Pennsylvania, and New
Jersey, where pipelines are fully utilized to serve RCI [residential, commercial, and industrial customers]
demands and where the demand for natural gas for electric generation is high relative to available pipeline and
storage capacity. Elsewhere in PJM, including Chicago, there is adequate deliverability and operational flexibility
to accommodate the coincident RCI and electric generation requirements. Unlike other PJM locations, most of
the generating capacity where locational constraints have been identified in Eastern MAAC, 61 Southwest MAAC
and Virginia are located behind LDCs, and therefore delivery is constrained during the peak heating season. The
quantity of affected gas-fired generation is reduced, but not eliminated, when high daily spot market gas prices
put coal and, to a lesser extent, oil-fired generation in merit. The quantity of affected generation increases in
winter 2023, due to the growth in RCI loads relative to the incremental capacity created through gas infrastructure
additions. Heightened attrition of coal-fired capacity coupled with low gas prices and high load increases the
quantity of affected generation in 2018 and 2023. Conversely, incremental pipeline infrastructure additions to
accommodate increased production from Marcellus decrease the amount of affected generation in both winter
2018 and winter 2023. While transportation deficits drop markedly in PJM during the summer peak hour in 2018
and 2023, there is still a moderate amount of affected generation on the Delmarva Peninsula, Maryland, and
Virginia due to constraints on Columbia, Dominion, Eastern Shore, and Transco.
The EIPC analysis of the delivery infrastructure associated with back-up oil supplies to meet peak demands found that,
almost uniformly, back-up fuel oil was both available and deliverable. 62 Moreover, the study found that installation of dualfuel capability was almost universally a more economical alternative than procuring firm natural gas transportation from
interstate pipelines. 63
These high-level results were based on modeling of a reference gas-demand scenario that represented the economic,
market and regulatory assumptions that characterized the resource planning process of each of the planning authorities
that participated in the study.
A low-gas-demand scenario represented a “plausible minimum” level and profile of gas requirements. The scenario was
driven primarily by the displacement of gas-fired generation vis-à-vis increased penetration of wind and solar photovoltaic
resources, higher delivered natural gas prices and lower electric loads.
A high-gas-demand scenario represented a “plausible maximum” level and profile of gas requirements across the study
region. The scenario was driven primarily by increased deactivation or retirement of coal-fired plants, lower delivered
natural gas prices and higher electric loads.
Overall, the EIPC analysis demonstrated that, even under a high-gas-demand scenario, a robust pipeline infrastructure is
expected to be available through 2023 to serve generation through the overwhelming majority of the PJM footprint.
Pockets of potentially constrained gas infrastructure were noted in the Baltimore/Washington region, the PSE&G zone and
the Dominion zone. However, the issues identified in the PSE&G zone and the Baltimore/Washington region arose with
generators located behind the local gas distribution company (LDC) “citygate.”

61

MAAC, Mid-Atlantic Area Council, is a former NERC Reliability Council that comprised the PJM footprint.

62

ibid, CR-33.

63

ibid, CR-35.
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Generation that is behind an LDC citygate and is solely dependent on the LDC system for redelivery of gas from the
interstate network has a layer of vulnerability because it faces potential interruption during stressed conditions – both from
pipelines and the LDC. State tariffs require the LDCs to ensure firm delivery to human needs customers before other
deliveries. For the Dominion zone, substantial progress has been made on the Federal Energy Regulatory Commission
(FERC) 64 approval process for an Atlantic Coast pipeline project which would supply natural gas from West Virginia to
Virginia and North Carolina and help alleviate the concerns the EIPC analysis in the Dominion zone .
Although the EIPC report found a robust infrastructure from a physical viewpoint, it also highlighted notable differences
between the available physical infrastructure and the contractual availability and allocation of that infrastructure to meet the
needs of the power generation sector.
Specifically, the report noted that although sufficient infrastructure was largely in place (including through 2023 and under
a wide variety of scenarios), the availability of that infrastructure to serve power generation needs was overwhelmingly
driven by questions of contractual rights and the relative quality of service obtained by generators. In short, although in
much of the system a combination of firm supply or interruptible supply and dual-fuel back-up is available to ensure
generator performance, as a contractual matter, the pipeline’s legal obligation is much more limited to generators which do
not take firm service. These contractual issues and the dilemma they create for RTO planners 65 become the greater
concern in the overwhelming majority of the PJM region as opposed to the overall physical availability of pipeline capacity
to serve generation gas demand.

64

FERC Staff Issues the Draft Environmental Impact Statement for the Atlantic Coast Pipeline - https://www.ferc.gov/industries/gas/enviro/eis/2016/12-30-16DEIS.asp

65

See NERC’s 2013 Special Reliability Assessment: Accommodating an Increased Dependence on Natural Gas for Electric Power Phase II: A Vulnerability and
Scenario Assessment for the North American Bulk Power System http://www.nerc.com/pa/RAPA/ra/Reliability%20Assessments%20DL/NERC_PhaseII_FINAL.pdf
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Appendix III: Generator Reliability Attributes
General Assumptions
The development of the Generator Reliability Attribute Matrix included general assumptions about the resource types.
Units were grouped by resource type and may not represent every combination of fuel, prime mover and technology.
•

Dual-Fuel Units – Typically gas/oil, the units provide additional flexibility and fuel assurance that is reflected in the
oil unit attributes. This category also includes renewable resources combined with storage.

•

Steam – Sub-critical and super-critical units 66 or other steam units converted to use natural gas. Operating
characteristics vary among these technologies.

•

Combined Cycle – All natural gas combined cycle units are grouped as whole units under natural gas steam –
the operating characteristics of a combined cycle unit are intrinsic to the optimized operations of the steam and
combustion turbine parts of the plant.

•

Hydro – Pond/reservoir, run-of-river and pumped storage were grouped together with on-site storage bounded by
pond environmental and recreational limitations.

•

Battery / Storage – These units include batteries and flywheels but not pumped storage hydro.

•

Demand Response – Demand response sometimes is provided by behind-the-meter 67 generation that may have
on-site fuel storage and which may have limited run hours due to environmental restrictions.

•

Wind / Solar / Storage – They are considered distributed energy resources (DER) if behind the meter.

Quantification Methodology
Using detailed analysis of generator operational data, each generator reliability attribute was quantified to assess the
capability of each resource type to provide each reliability service, and to determine the total amount of each attribute
available in different resource portfolios. The quantification of the generator reliability attributes is based on the attribute
capability of each resource type and the resource share of unforced capacity 68 in each portfolio. The total quantity of each
attribute in a resource portfolio is the maximum amount available. Importantly, the quantification approach was not based
on energy dispatch models and does not capture the amount of each attribute provided by resources that are online at any

66

A subcritical unit is a steam boiler in which water is turned into steam at subcritical pressure. A supercritical unit is a steam generator in which water is turned
into steam at supercritical pressure. Supercritical units are more efficient than subcritical units.

67

Generation that is physically located behind the retail meter and does not participate in the wholesale market as a generation resource.
http://www.pjm.com/glossary.aspx#index_B

68

There are numerous ways the industry quantifies generation and capacity. Below are a few examples to help explain these terms and provide comparison:
Generation or energy – MWh, same for all resources
•
Nameplate rating – MW, maximum sustained capability
•

Unforced capacity (UCAP) – MW, value of a capacity resource in the PJM Capacity Market. For generating units, the unforced capacity value is
equal to installed capacity multiplied by (1- unit's EFORd). For demand resources and energy efficiency resources, the unforced capacity value is
equal to demand reduction multiplied by Forecast Pool Requirement.

•

Example: Wind – 100 MW ICAP = 13 MW UCAP = 0.3 TWh per year (assuming 30 per cent net capacity factor)
o
Generator portfolio with 20 per cent of UCAP from wind compared with current portfolio:
o
20 percent: 33,413 MW UCAP = 257,025 MW nameplate = 675.5 TWh energy per year (assuming 30 per cent net capacity factor)
o
Current: 1,085 MW UCAP = 8,346 MW nameplate =21.9 TWh energy per year (assuming 30 per cent net capacity factor)
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moment in time. Because the needs of the electric system are dynamic and dependent on the economic dispatch of
resources, the analysis does not capture the system requirement for each reliability attribute.
There were three main steps in quantifying the generator reliability attributes:
•

Evaluate the capability of each resource type to provide reliability attributes, as outlined by PJM, and determine
the total amount of each attribute in the system today.

•

Develop resource type-specific capability factors for each generator reliability attribute that can be applied to the
unforced capacity (UCAP) of each resource type in a resource portfolio. These factors were calculated based the
attribute capabilities in the system today with the purpose of relating quantities of attributes to different UCAP
amounts of each resource type.

•

Apply the attribute capability factors to estimate amounts of each attribute and percent of total attribute capability
provided by each resource type in potential future portfolios.

PJM operational data and experience were used to quantify each reliability attribute in the system. This served as the
basis for the resource type-specific capability factors used to estimate the attribute capabilities of different portfolios. The
methodology for quantifying each attribute outline in the Generator Reliability Attribute Matrix is detailed below.

Frequency Response
Frequency response includes both inertia and primary frequency response provided by governor or equivalent control that
automatically responds within seconds to changes in interconnection frequency.

Synchronous Inertia
Due to electro-mechanical coupling, a generator's rotating mass provides kinetic energy to the grid (or absorbs it from the
grid) in case of a frequency deviation to arrest frequency change and stabilize the electric system. The contribution of
inertia is an inherent and crucial feature of rotating synchronous generators. The inertial response capability from a
synchronous unit is constant metric that is dependent on the MVA rating and inertial constant (H) of the unit and is
independent of the unit’s megawatt output.
Only synchronous generation was included in the analysis for quantifying this attribute. Although non-synchronous,
inverter-based generation technologies can be programmed to provide synthetic inertial response, the potential synthetic
inertial response contribution from inverter-based technologies (e.g., wind, solar and batteries) is not incorporated in this
analysis. Synthetic inertia is a quick burst of power that can be provided by a non-synchronous generator, assuming that
turbine and inverter components are programmed in a certain way. The ability to provide synthetic inertia is also very
dependent on pre-disturbance conditions. 69 Although the ability to contribute synthetic inertia has been tested and proven,
it is not yet widely operational in PJM. To be conservative, PJM did not derive a metric to relate the inertia constant (H) for
synchronous generation and a highly variable synthetic inertia capability for non-synchronous generators.
The sum of inertial response from synchronous generation provides a baseline for the minimum amount of inertia from
synchronous generation in today’s generation portfolio and in future portfolios. As synchronous inertia declines in future
69

National Renewable Energy Laboratory (NREL).”Understanding Inertial and Frequency Response of Wind Power Plants”
http://www.nrel.gov/docs/fy12osti/55335.pdf
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portfolios with higher penetrations of nonsynchronous generation, reliability mandates and market rule changes may
prompt more nonsynchronous units to program their technologies with synthetic inertia capability.
Data for calculating synchronous inertia was extracted from the PJM Transmission Planning Stability Model for 2021. Unit
specific inertia constants, MBase values (MVA ratings), and Pmax MW values were used to calculate unit specific
contributions to system inertia:

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑀𝑀𝑀𝑀𝑀𝑀 ∙ 𝑠𝑠) = 𝐻𝐻 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑠𝑠) × 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 (𝑀𝑀𝑀𝑀𝑀𝑀 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)

The inertia contributions were aggregated by resource type to determine the total amount of system inertia from
synchronous generation in today’s generation portfolio. These data were used to determine the amount of synchronous
inertia in future generation portfolios. Attribute capability multipliers were calculated using the aggregate synchronous
inertia contribution of each resource type and the sum of PMax MW for each resource type:
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 =

∑ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑀𝑀𝑀𝑀𝑀𝑀 ∙ 𝑠𝑠)
∑ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝑀𝑀𝑀𝑀)

The multipliers were applied to the UCAP MW of each resource type in future generation portfolios in order to determine
the future inertia contribution of each resource type, and the total inertia capability of a portfolio:
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐶𝐶𝐶𝐶𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = (𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

Primary Frequency Response:

Primary frequency response involves the autonomous, automatic and rapid action (within seconds) of a generator or other
resource to change its output to rapidly dampen large changes in frequency.

Due to the addition of governor requirements in PJM Manual 14D 70 and the FERC Notice of Proposed Rulemaking on
Primary Frequency Response, 71 it is assumed that all generation in the future (with the exception of nuclear) will have
the mandated generator governor and distributed control system dead bands 72 and droop settings 73 to enable primary
frequency response capability.
Historical unit response to frequency events varies substantially, based heavily on which units are online, how much
headroom they have and in which markets they are participating each hour. This type of metric is not conducive for
translating to a future generation portfolio and drawing conclusions about future primary frequency response capability.
For the purpose of this analysis, PJM qualitatively derived a capability index for primary frequency response.

70

http://www.pjm.com/~/media/documents/manuals/m14d.ashx

71

https://www.ferc.gov/whats-new/comm-meet/2016/111716/E-3.pdf

72

A dead band is the amount of frequency change (mHz) a governor must observe before a response is triggered.

73

Droop (%) is the response to a frequency disturbance in proportion to the generator size.
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Table 1.

Primary Frequency Response Capability Index

Resource Type

Index

Coal

1

Natural Gas Steam

1

Natural Gas CT

1

Oil Steam

1

Oil CT

1

Nuclear

0

Solar

0.5
IF %UCAP ≥ 5%, Index = 1
IF %UCAP < 5%, Index = 0.5

Wind
Hydro

1

Battery / Storage

1

Demand Response

0

Other Renewable

1

Special Assumptions:
• Nuclear is not required to have governor settings to provide primary frequency response as are other resource
types. Therefore, nuclear is assumed to have no primary frequency response capability.
•

Solar is assigned an index of 0.5 assuming that there would be enough solar curtailed to enable response to
frequency in both directions but that this amount of solar response would be available only when the sun is out.

•

Wind is estimated to have enough average curtailed megawatts above 5 percent unforced capacity that units
would be able to respond in both directions. 74

•

Battery / Storage was assigned a “1” assuming software changes will allow their technologies to recognize a
frequency deviation and stop regulating to respond.

•

Demand Response - Load does provide primary frequency response but PJM does not measure it. This metric is
generator primary frequency response and is not intended to capture load response.

Reactive Capability
Unit-specific minimum (leading) MVAR capability at EcoMin 75 and maximum (lagging) MVAR capability at EcoMax 76 were
gathered from eDART 77 data. The minimum and maximum capabilities were each aggregated by resource type in order to
determine the contributions to today’s reactive service capability. These data were used to determine the amount of
reactive service capability in future generation portfolios. Attribute capability multipliers were calculated using the

74

Derived from PJM Renewable Integration Study results

75

Economic Minimum Generation (EcoMin) is the lowest MW output level a unit can achieve while following economic dispatch.

76

Economic Maximum Generation (EcoMax) is the highest MW output level a unit can achieve while following economic dispatch.

77

eDART (Dispatcher Application and Reporting Tool) is an electronic, internet-based tool used by PJM and member company operations for tracking outages
and other key operational data. (http://www.pjm.com/markets-and-operations/etools/edart.aspx)
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aggregate min and max capabilities of each resource type and the sum of installed capacity megawatts for each resource
type:
𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 =
𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 =

∑ 𝑀𝑀𝑀𝑀𝑀𝑀 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
∑ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 (𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

∑ 𝑀𝑀𝑀𝑀𝑀𝑀 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
∑ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 (𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

The multipliers were applied to the UCAP megawatts of each resource type in future generation portfolios in order to
determine the future reactive capability of each resource type and the total reactive capability of a portfolio:
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑀𝑀𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
= (𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � 𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑀𝑀𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
= (𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

Ramp Capability

𝑃𝑃𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � 𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

Effective Regulation Capability
Unit-specific tested regulation capability and 100-hour rolling average performance score were obtained for each unit that
is qualified for participation in the regulation market. These data were used to calculate effective regulation megawatts for
each resource type:
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑀𝑀𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = �(𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡𝑒𝑒𝑒𝑒 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑀𝑀𝑀𝑀) ∗ 𝑨𝑨𝑨𝑨𝑨𝑨(100 − ℎ𝑟𝑟 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐴𝐴𝐴𝐴𝐴𝐴 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)

The effective regulation megawatts of each resource type were summed to obtain the total effective regulation capability of
today’s generation mix. In order to determine the effective regulation capability of future generation portfolios, today’s
effective regulation megawatts were adjusted by the percentage change of resource type UCAP megawatts in future
generation portfolios:
∆ 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 =

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑦𝑦 ′ 𝑠𝑠 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 − 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑦𝑦 ′ 𝑠𝑠 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑀𝑀𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇′𝑠𝑠 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑀𝑀𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × ∆ 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

Contingency Reserve: 30-Minute Ramp Capability

Contingency Reserve megawatts can be provided in a 30-minute period, based on a unit’s ramp rate in MW/minute. Unit
specific ramping capabilities (MW/min) were averaged for each resource type. In order to estimate the 30-minute ramping
capability of each resource type:
PJM ©2017

www.pjm.com
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30 𝑚𝑚𝑚𝑚𝑚𝑚 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑀𝑀𝑀𝑀)𝑅𝑅𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑝𝑝𝑝𝑝𝑝𝑝 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 𝐴𝐴𝐴𝐴𝐴𝐴 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝑀𝑀𝑀𝑀 ⁄min)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × 30 𝑚𝑚𝑚𝑚𝑚𝑚
30 𝑚𝑚𝑚𝑚𝑚𝑚 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 30 𝑚𝑚𝑚𝑚𝑚𝑚 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 × 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � 30 𝑚𝑚𝑚𝑚𝑚𝑚 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

The unit count calculation in future mixes is based on the average unit size of each resource type in today’s generation
portfolio and the UCAP megawatts in future portfolios.
Special Assumptions:
• Demand Response: A comparable “average ramp rate” for demand response can be calculated using the
empirical estimation of the percent of demand response capacity that can reduce within a certain time period:

•

o

0-10 min – 0 percent of DR resources

o

10 – 20 min – 25 percent of DR resources

o

20-30 min – 65 percent of DR resources

o

30 – 40 min – 10 percent of DR resources

Therefore, 90 percent of demand response capacity with a 30-minute lead time (62 percent of capacity) can fully
reduce in 30 minutes:

o

30 min 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 0.9 × 0.62 × 2016 𝐷𝐷𝐷𝐷 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑀𝑀𝑀𝑀

Source of this data is 2016 DR Activity Report. 78 In the report, DR megawatts that are capacity are
referred to as “load management.” The economic DR that is not also capacity is excluded.

•

The capability of nuclear, wind, solar, and other renewables was set to zero, as they do not contribute
contingency reserves.

•

Battery / storage: Assumed 0-to-full output is instantaneous. Calculated a proxy contingency reserve contribution
based on duration (minutes) and installed megawatts of current storage units.
o

De-rate batteries to 50 percent state of charge (SOC), and

30 min 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = (𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑀𝑀𝑀𝑀) × �

o

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (𝑚𝑚𝑚𝑚𝑚𝑚)�
2
�
30 𝑚𝑚𝑚𝑚𝑚𝑚

This assumption would indicate batteries provide Secondary Reserve when they are available.

Load Following (Dispatchability)
Load following capability was quantified by calculating the spread between units' EcoMax to EcoMin for hours in 2016. Unit
sizes were levelized by using ratio of {(EcoMax - EcoMin)/EcoMax}. These spreads were aggregated by resource type and
a frequency distribution, in 5 percent increments from 0 - 1, was used to show how many hours each resource type
operated in each range.
The larger the spread between EcoMin and EcoMax, the greater the load following capability. The assumption for the
optimal “dispatchable” range is 50 percent or greater. More movement = more flexible = more valuable:
78

http://www.pjm.com/~/media/markets-ops/dsr/2016-demand-response-activity-report.ashx
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(% 𝑜𝑜𝑜𝑜 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 =

∑(𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐵𝐵𝐵𝐵𝐵𝐵 ≥ 0.5)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
∑(𝐴𝐴𝐴𝐴𝑙𝑙 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

Based on the general assumptions that resource type characteristics (like average unit size) and operational behavior
remains constant as the fuel mix changes, the load following capability can be related to UCAP megawatts:
(𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = (% 𝑜𝑜𝑜𝑜 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × (𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

Special Assumptions:
•

•

Bias factors were applied to both wind and solar resources because they are dispatchable only in the downward
direction. Absent of these bias factors, the load following capability of wind and solar would be overstated.
𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑀𝑀𝑀𝑀 = (% 𝑜𝑜𝑜𝑜 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻) × (𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑀𝑀𝑀𝑀) × 𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩 𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭

Demand Response: Although DR is not following an automated generation control basepoint on a unit basis, a
group of DR capacity will reduce the amount requested at a specified time. From this perspective, demand
response capacity is technically “dispatchable.” Because demand response capacity primarily is dispatched in
one direction, and done so zonally, a bias factor was applied:
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑀𝑀𝑀𝑀 = 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑀𝑀𝑀𝑀 × 𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩 𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭

Fuel Assurance Capability
Fuel Limitations

A unit is considered to be “fuel limited” if it is not capable of running at its rated capacity on its primary fuel for more than
72 hours.
Data collected from the PJM 2015 Generation Owner Fuel Survey were used to quantify the maximum megawatt-hours
that can be generated by each unit running on its primary fuel at EcoMax with on-site fuel inventory. The number of hours
each unit can run on its primary fuel at EcoMax was calculated by dividing the megawatt-hour survey response by the
unit’s installed capacity.
(% 𝑜𝑜𝑜𝑜 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑁𝑁𝑂𝑂𝑂𝑂 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 =

∑(𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡 𝑟𝑟𝑟𝑟𝑟𝑟 ≥ 72 ℎ𝑟𝑟 𝑜𝑜𝑜𝑜 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑎𝑎𝑎𝑎 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 )𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
∑(𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

Based on the general assumption that resource type average unit size and operational behavior remains constant as the
fuel mix changes, the percentage of units without fuel limitations can be related to UCAP megawatts:
(𝑁𝑁𝑁𝑁𝑁𝑁 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇= (% 𝑜𝑜𝑜𝑜 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑁𝑁𝑂𝑂𝑇𝑇 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × (𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑁𝑁𝑁𝑁𝑁𝑁 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � 𝑁𝑁𝑁𝑁𝑁𝑁 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

Special Assumptions:
Data for natural gas units is not available from this generation owners’ survey question because they have just-in-time fuel
delivery. The 2016 generation owner survey question about firm natural gas contracts was used for the assumption that
natural gas units with firm fuel contracts are not fuel limited:
PJM ©2017
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(% 𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁𝑁𝑁 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈)𝑁𝑁𝑁𝑁 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶 =

Nuclear units are assumed never to be fuel limited.

∑(𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 )𝑁𝑁𝑁𝑁 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶
∑(𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈)𝑁𝑁𝑁𝑁 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶

Wind, solar, and storage are assumed always to be fuel limited.

On-Site Fuel
An on-site fuel capability index was derived qualitatively based on a resource type’s primary fuel:
•

1.0 = Those resource types with ”significant” fuel stored on site to allow operations for an extended period,
typically one week or more

•

0.5 = Those resource types that have some fuel stored on site. Hydro is limited by pond/reservoir storage;
Demand response has limits on how long and how often it can be curtailed.

•

0.0 = Those resource types lacking any on site storage capability

Table 2.

On-Site Fuel Index

Resource Type

Today

Coal

1

Natural Gas Steam

0

Natural Gas CT

0

Oil Steam

1

Oil CT

1

Nuclear

1

Solar

0

Wind

0

Hydro

0.5

Battery / Storage

0

Demand Response

0.5

Other Renewable

0.5

Flexibility
Cycling Capability (Multiple Starts per Day)
Generator market parameter data on max daily starts were obtained for each unit and aggregated by resource type. The
cycling capability of each fleet was determined by the percent of units that have multiple starts per day.
Based on the general assumption that resource type characteristics, like average unit size and operational behavior,
remain constant as the fuel mix changes, the cycling capability can be related to UCAP MW:
(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = (% 𝑜𝑜𝑜𝑜 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑤𝑤𝑤𝑤𝑤𝑤ℎ > 1 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑝𝑝𝑝𝑝𝑝𝑝 𝐷𝐷𝐷𝐷𝐷𝐷)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × (𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
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𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

Special Assumptions:
• Nuclear units do not have multiple starts per day.
•

Battery/Storage are capable of multiple starts per day.

•

Demand response resources are capable of multiple reductions per day, subject to some limitations. 79

Short Minimum Run Time (< 2 hours)
Generator market parameter data on minimum run time were obtained for each unit and aggregated by resource type. The
relative measure of “short minimum run hours” for each fleet was determined by the percent of units that have a minimum
run time of less than two hours.
Based on the general assumption that resource type characteristics (like average unit size) and operational behavior
remains constant as the fuel mix changes, the percentage of units with short minimum run time be related to UCAP MW:
(𝑆𝑆ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑀𝑀𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = (% 𝑜𝑜𝑜𝑜 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈, 𝑀𝑀𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ≤ 2 ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
× (𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑆𝑆ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑀𝑀𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � 𝑆𝑆ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑀𝑀𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

Special Assumptions:
• No nuclear units have min run time of < 24 hours
•

Battery/Storage have short minimum run times

•

Demand response resources have minimum run time of one hour

Startup/Notification Time ≤30 mins

Generator market parameter data on startup/notification time, 80 or Total Time to Start (TTS) were obtained for each unit
and aggregated by resource type. The relative measure of “TTS ≤ 30 min” for each resource type was determined by the
percent of units that have a startup and notification time of 30 minutes or less.
Based on the general assumption that resource type characteristics (such as average unit size) and operational behavior
remains constant as the fuel mix changes, the percentage of units with TTS ≤ 30 minutes be related to UCAP megawatts:
(𝑀𝑀𝑀𝑀 𝑤𝑤𝑤𝑤𝑤𝑤ℎ TTS ≤ 30 min)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = (% 𝑜𝑜𝑜𝑜 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑤𝑤𝑤𝑤𝑤𝑤ℎ TTS ≤ 30 min)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × (𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑀𝑀𝑀𝑀)𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑀𝑀𝑀𝑀 𝑤𝑤𝑤𝑤𝑤𝑤ℎ TTS ≤ 30 min = � 𝑆𝑆ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑀𝑀𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑀𝑀𝑀𝑀 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

Special Assumptions:
• No nuclear units have TTS ≤ 30 mins
•

Battery/Storage are capable of TTS ≤ 30 mins, assuming they manage their state of charge accordingly.

79

For example, typically air conditioning cycling can be done multiple times during the day while full curtailment at certain industrial facilities where employees
are sent home may only be done once per day.

80

This is the total elapsed time required from when PJM dispatch requests a unit online, until the time the unit connects to the system.
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•

62 percent of demand response resources have TTS ≤ 30 mins – from separate DR data

Other Attributes Considered
Black Start Capability

While black start capability is specific to resource type, the amount of compensated black start resources, as defined in the
PJM Tariff, is solely controlled by the amount of critical load in each transmission zone. 81 It would not be accurate to use
today’s mix of generation providing black start to estimate black start in the future. A capability index for black start
capability was derived qualitatively:
Table 3.

Black Start Capability Index

Resource Type

Today

Coal

0

Natural Gas Steam

1

Natural Gas CT

1

Oil Steam

0

Oil CT

1

Nuclear
Solar
Wind

0
0
0

Hydro
Battery /

1
Storage 82

0

Demand Response

0

Other Renewable

0

Environmental Restrictions
An index to capture environmental restrictions on generator operations was derived qualitatively:
•

1.0 = Units that do not have environmental restrictions that affect PJM dispatch/operations.

•

0.5 = Units that have some environmental restrictions that affect PJM dispatch/operations. This includes wildlife
impacts, cooling water temperatures or pond levels/min flows.

•

0.0 = Units that have significant environmental (typically emissions) restrictions that affect PJM
dispatch/operations. Liquid fossil fuels fall into this category.
o

Table 4.

Based on PJM’s experience, the environmental permitting for natural gas units may limit the
number of starts over a given period of time but would typically not limit the number of run hours.

Environmental Restrictions Index

Resource Type

Today

81

http://www.pjm.com/~/media/documents/manuals/m36.ashx

82

Batteries/storage have submitted bids into response to black start RFPs.
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Coal

0.5

Natural Gas Steam

0.5

Natural Gas CT

0.5

Oil Steam

0

Oil CT

0

Nuclear

0.5

Solar

1

Wind

0.5

Hydro

0.5

Battery / Storage

1

Demand Response

1

Other Renewable

0.5

Equivalent Availability Factor
Equivalent availability factors (EAF) for each resource type were calculated using PJM 2011-2015 Weighted Average
EFORd 83 values:
(𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 1 − 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

Special Assumptions:
• For solar and storage, the EAF is also calculated as a capacity factor, using eDART outage data in lieu of
generator availability data(GAD), since NERC’s GAD reporting requirements only apply to conventional
resources larger than 20 MW. 84 85
•

For wind, the EAF is calculated as a ratio of derates and outages to generated MW, in order to more accurately
take into account wind conditions.

•

For demand response resources, actual performance during prior load management events was used as the
basis.

Analysis of the Quantified Generator Reliability Attributes
The total amounts of capability for each generator reliability attribute were indexed relative to the total amounts in PJM’s
expected near-term portfolio 86 as a baseline. These indexed values are referred to as generator reliability attribute ratios,
and were used to assess the capability for each attribute in potential future resource portfolios:
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 1 =

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 1 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐴𝐴
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 1 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

83

Equivalent Demand Forced Outage Rate (EFORd) is measure of the probability that generating unit will not be available due to a forced outages or forced
deratings when there is a demand on the unit to generate. (http://www.pjm.com/glossary.aspx#index_E)

84

http://www.pjm.com/markets-and-operations/etools/edart.aspx

85

http://www.nerc.com/pa/rapa/gads/pages/default.aspx

86

The ‘Expected Near-Term PJM Portfolio’ was established by projecting the composition of PJM’s generation fleet out to 2021, and is described in more detail
in the Risk Analysis Section.
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The reliability attribute ratios for the baseline portfolio =1.0. Values less than 1.0 indicate that there is less total attribute
capability relative to the baseline. Values greater than 1.0 indicate there is greater total attribute capability relative to the
baseline. For example, as resource types with greater reactive capability are retired and replaced with resources with less
reactive capability, the total amount of reactive capability on the system decreases, and vice versa.
Figure 12 compares the resource share of UCAP in the expected near-term portfolio and three sample future portfolios
discussed in the whitepaper. 87 Figure 5 compares reliability attribute ratios of each portfolio, with the expected near-term
portfolio as a baseline. Figure 6, which is also displayed in the whitepaper, aggregates the attribute categories by
averaging the reliability attribute ratios.
Figure 12. Illustrative Resource Portfolios - Percent of Total Unforced Capacity

87

These are sample portfolios from the 360 potential future portfolios, which are described Appendix III: Risk Analysis.
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Figure 13. Shift of Generator Reliability Attributes in Changing Portfolios – Individual Reliability Attribute Ratios

Figure 14. Shift of Generator Reliability Attributes in Changing Portfolios – Aggregated Reliability Attribute Ratios

The heat maps in Table 5 compare the percent of total attribute capability provided by each resource type in the baseline
portfolio and sample future portfolios. The highlighted boxes around specific attribute categories indicate that there is a
reduced amount of total attribute capability relative to the expected near-term portfolio.
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Table 5.

Shift in Reliance on Resource Types to Provide Reliability Attributes
Unforced Capacity

Frequency Response
Capability

Reactive Capability

Ramp Capability

Fuel Assurance
Capability

Expected Near-Term Portfolio

Flexibility
Capability

Coal

34.2%

19.7%

35.5%

27.9%

32.9%

5.8%

Natural Gas 88

33.1%

31.2%

39.0%

47.9%

7.6%

50.4%

Oil 89

6.2%

15.5%

6.8%

5.6%

21.4%

15.9%

Nuclear

18.1%

9.7%

13.3%

0.0%

22.7%

0.0%

Solar

0.1%

1.5%

0.0%

0.0%

0.0%

0.1%

Wind

0.6%

3.0%

0.2%

0.1%

0.0%

1.3%

Hydro

4.7%

10.0%

4.4%

14.4%

6.3%

14.4%

Battery / Storage

0.2%

3.0%

0.0%

1.4%

0.0%

0.9%

Demand Response

2.2%

0.0%

0.0%

2.2%

4.5%

9.7%

Other Renewable

0.6%

6.4%

17.7%

14.0%

21.0%

2.9%

Natural Gas Replacement of Moderate Coal & Nuclear Retirements
Coal

17.1%

12.8%

18.9%

15.3%

25.1%

2.2%

Natural Gas

44.0%

38.1%

55.0%

61.2%

13.5%

51.5%

Oil

6.2%

14.7%

7.3%

5.5%

22.5%

12.3%

Nuclear

13.6%

7.7%

10.6%

0.0%

22.9%

0.0%

Solar

5.5%

2.8%

0.6%

0.0%

0.0%

3.9%

Wind

6.1%

5.6%

2.2%

0.6%

0.0%

9.4%

Hydro

4.7%

9.7%

4.7%

13.2%

6.9%

11.3%

Battery / Storage

0.2%

2.8%

0.0%

1.3%

0.0%

0.7%

Demand Response

2.2%

0.0%

0.0%

2.4%

4.5%

7.6%

Other Renewable

0.6%

5.9%

0.8%

0.5%

4.5%

1.2%

Natural Gas Replacement of High Coal & Nuclear Retirements
Coal

8.6%

9.0%

8.8%

6.4%

18.6%

1.0%

Natural Gas

59.2%

45.2%

69.3%

72.8%

21.6%

58.7%

Oil

6.2%

14.5%

6.8%

4.9%

23.3%

10.4%

Nuclear

9.0%

4.8%

6.7%

0.0%

20.0%

0.0%

Solar

4.1%

2.8%

0.0%

0.0%

0.0%

0.0%

Wind

5.3%

5.6%

3.2%

0.9%

0.0%

12.4%

Hydro

4.7%

9.5%

4.3%

11.2%

7.3%

9.6%

Battery / Storage

0.2%

2.8%

0.0%

1.1%

0.0%

0.6%

Demand Response

2.2%

0.0%

0.0%

2.2%

4.5%

6.4%

Other Renewable

0.6%

5.9%

0.8%

0.4%

4.5%

1.0%

Renewable Replacement of High Coal & Nuclear Retirements
Coal

8.6%

10.0%

10.7%

7.6%

21.4%

0.9%

Natural Gas

43.0%

43.5%

61.1%

65.3%

20.3%

40.9%

Oil

6.2%

15.5%

8.3%

6.1%

24.8%

10.0%

Nuclear

4.5%

3.2%

4.1%

0.0%

16.1%

0.0%

Solar

9.9%

2.8%

1.2%

0.1%

0.0%

5.7%

Wind

20.3%

5.6%

8.4%

2.3%

0.0%

25.5%

Hydro

4.7%

10.7%

5.3%

14.0%

8.2%

9.3%

Battery / Storage

0.2%

2.8%

0.0%

1.4%

0.0%

0.6%

Demand Response

2.2%

0.0%

0.0%

2.7%

4.5%

6.2%

Other Renewable

0.6%

6.0%

1.0%

0.5%

4.5%

1.0%

88

Includes aggregate of Natural Gas Steam and Natural Gas CT

89

Includes aggregate of Oil Steam and Oil CT
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Appendix IV: Risk Analysis
Method
Baseline Portfolio
The baseline portfolio is an expected near-term portfolio created by using announced generator deactivations and
interconnection queue requests to project the composition of PJM’s 2016 fleet out to 2021. The megawatt amount of
reserves required in 2021 is determined to ensure that the baseline portfolio meets the resource adequacy standard of a
Loss of Load Expectation (LOLE) 90 of “one day in 10 years.” This reserve requirement, known as the installed reserve
margin (IRM), is expressed as a percentage of the forecasted PJM summer peak load. The IRM calculated for the baseline
portfolio is 16.6 percent and is calculated using the peak load forecast for 2021 of 153,384 MW. 91
The IRM, expressed in units of installed capacity (ICAP), is converted to units of unforced capacity (UCAP) for use in the
Reliability Pricing Model (RPM) Capacity Market. The UCAP of a generating unit is related to its ICAP value based on the
following formula:
𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑥𝑥 (1 − 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸),

where EFORd is the equivalent forced outage rate on demand of a unit.

It is important to note that PJM’s current capacity market rules assign an EFORd value of zero to wind and solar
resources. Thus, the above formula does not adjust the ICAP to UCAP for these resources. Therefore, to calculate UCAP
for wind and solar the megawatts of nameplate is multiplied by the resource’s capacity credit. 92
𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 (𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) = 𝑀𝑀𝑀𝑀 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑥𝑥 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

Current capacity credit averages for wind and solar are 13 percent and 38 percent, respectively.

Because UCAP captures the average availability of a unit to serve load, it measures a unit’s reliability value better than
ICAP. The IRM, expressed in terms of UCAP, is named the forecast pool requirement (FPR) and is calculated as follows,
𝐹𝐹𝐹𝐹𝐹𝐹 = 𝐼𝐼𝐼𝐼𝐼𝐼 𝑥𝑥 (1 − 𝐴𝐴𝐴𝐴𝐴𝐴. 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸)

where Avg. EFORd is the average EFORd of the entire generation fleet.

The average PJM Average EFORd for 2021 is 6.59 percent. Consequently, the unforced capacity reserve margin or FPR
for 2021 is 1.0892.
As a result, the required amount of UCAP resources or reliability requirement 93 for 2021 is equal to the product of the peak
load forecast and the FPR: 153,384 MW x 1.0892 = 167,066 MW.

90

LOLE refers to the average frequency with which system load exceeds the amount of available generation and a loss of load event occurs and is defined in the
ReliabilityFirst Standard BAL-502-RFC-02: http://www.nerc.com/pa/Stand/Reliability%20Standards/BAL-502-RFC-02.pdf.

91

2017 PJM Load Forecast Report: http://www.pjm.com/~/media/library/reports-notices/load-forecast/2017-load-forecast-report.ashx

92

Further detail on UCAP calculations for solar and wind resources is detailed in PJM Manual 21.

93

In PJM’s Reliability Pricing Model (RPM), the reliability requirement represents the target level of reserves required to meet PJM reliability standards and
principles. It is expressed in Unforced capacity (UCAP) units.
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Table 6 shows the composition in units of UCAP of the baseline portfolio. 94
Table 6.

Baseline Portfolio UCAP Composition

Fuel Type

UCAP (MW)

Share (%)

Coal

57,259

34.3

Nuclear

30,271

18.1

Natural Gas

55,462

33.2

Petroleum

10,349

6.2

Solar

127

0.1

Wind

1,086

0.6

Hydro*

7,783

4.6

970

0.6

3,759

2.3

167,066

100.0

Other Renewable
Demand Response
TOTAL

Portfolio Alternatives
Potential alternative portfolios were developed by starting with the baseline PJM portfolio and varying the fuel composition
based on the assumption that some technologies will retire and be replaced by other resource types. Each alternative
portfolio is constrained such that it maintains LOLE. In other words, the reliability requirement is maintained by adjusting
various amount of ICAP to ensure that the total UCAP amount in each portfolio is equal to that of the baseline portfolio.
This process is described in detail later in this section. To facilitate comparisons among the alternative portfolios, the
different degrees by which alternative portfolios may exceed this reliability requirement were not considered in the
analysis.
The alternative portfolios were created by assuming the retirement of coal and nuclear resources only. These resources
were replaced with varying amounts of natural gas, wind and solar in each portfolio. 95 The natural gas resource additions
include both steam and combustion turbine units in the same ratio as exists today (60 percent and 40 percent,
respectively). An initial set of portfolios was created by individually and incrementally decreasing coal and nuclear by 25
percent and subsequently increasing individually and incrementally the natural gas, wind and solar resources.
Maintenance of the LOLE throughout the retirement-replacement process resulted in portfolios with maximum UCAP
shares of 86 percent for natural gas, 53 percent for wind, and 52 percent 96 for solar. These maximum levels occur when all
of the coal and nuclear resources in the baseline portfolio retire and are replaced exclusively by one of the above
technologies. Maximum levels vary by resource type because each technology starts at a different reliability requirement
share in the baseline portfolio (33.2 percent for natural gas, 0.6 percent for wind, and 0.1 percent for solar). Note that the
actual likelihood that a portfolio is realizable in the short, medium or long-term was not a factor in the development of the
alternative portfolios.
94

Energy Efficiency was not included in the analysis because those resources are accounted for in the PJM load forecast (since 2016). Batteries/storage
resources (other than pumped storage) were not included in the analysis because no such resources have cleared in past RPM auctions.

95

Only scenarios in which natural gas, wind and solar replaced coal and nuclear were studied. The rest of the fuel types were kept constant at baseline portfolio
shares because: a) they represent a small share of the baseline reliability requirement and/or b) current industry trends do not indicate a large switch from
baseline reliability requirement shares.

96

These UCAP shares are based entirely on maintaining the “1 in 10” LOLE and do not consider the likelihood that the shares are realizable.
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Table 7 below shows a few examples of potential portfolios. For example, in the third scenario on the third row (in bold),
100 percent of coal units are retired and 50 percent of those are replaced with wind and the remaining 50 percent of them
are replaced with solar.
Table 7.

Retirement-Replacement Illustrative Example
Fuels Out

% of Coal
Retired
100
100
100
0
0
0
75
50
25

Fuels In

% of Nuclear
Retired
0
0
0
100
100
100
0
0
0

% of Natural Gas
Replacing Retirements
0
0
0
100
75
50
0
0
50

% of Wind Replacing
Retirements
0
25
50
0
25
50
50
75
25

% of Solar Replacing
Retirements
100
75
50
0
0
0
50
25
25

As retiring nuclear and coal resources are incrementally substituted with natural gas, wind and solar resources installed
capacity within the alternative portfolios is adjusted to maintain the previously described LOLE requirement. For nonrenewable resources, this substitution rate was based on the relative UCAP values of the different fuel types. For wind and
solar resources, the substitution rate was based on the capacity credit values of these two types of resources. In other
words, the reliability contribution of 1 MW of coal or nuclear was not equivalent to the reliability contribution of 1 MW of
natural gas, wind or solar.
Table 8 displays this marginal rate of technical substitution for the selected retired fuels against the selected replacement
fuels.
For example, from Table 8, below, if 100 megawatts of nuclear retired, the portfolio would need to replace it with 103 MW
of gas combined cycle units or 755 MW of wind units to maintain the LOLE requirement. Using the substitution rates in this
table ensured each portfolio has a total UCAP value of 167,066 MW (equaling that of the baseline portfolio) and that the
“one day in ten year” LOLE standard is satisfied.
Table 8.

Marginal Rate of Technical Substitution of Fuel Types

Retired Unit

Replacement Unit
Nuclear
Coal

Nuclear
1.000
0.896

Coal
1.116
1.000

Gas CC
1.030
0.923

Gas CT
1.138
1.020

Oil
1.116
1.000

Wind
7.554
6.769

Solar
2.584
2.316

Gas CC

0.971

1.084

1.000

1.105

1.084

7.336

2.510

Gas CT

0.879

0.981

0.905

1.000

0.981

6.638

2.271

Oil

0.896

1.000

0.923

1.020

1.000

6.769

2.316

Wind

0.132

0.148

0.136

0.151

0.148

1.000

0.342

Solar

0.387

0.432

0.398

0.440

0.432

2.923

1.000
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The marginal rate of technical substitution table above is based on the fuel class average EFORds and the wind/solar
average capacity credits shown in Table 9.
Table 9.
Fuel Type

EFORd Class Averages
EFORd*

Nuclear

0.018

Coal

0.120

Gas CC

0.046

Gas CT

0.137

Oil

0.120

Wind

0.870

Solar
0.620
* (1 – Average Capacity Credit) for wind and solar

Feasibility of Alternative Portfolios
In addition to ensuring the alternative portfolios meet the LOLE-based reliability requirement, a second LOLE test was
performed to account for capacity credit deviations caused by the inherent intermittency of renewable resources.
As detailed in PJM Manual 21: Rules and Procedures for Determination of Generating Capability, the capacity credit for
wind and solar resources is based on average output during summer afternoon hours relative to nameplate capacity. This
capacity credit methodology is adequate for current (or, in general, low) wind/solar shares of the reliability requirement.
However, because the analysis considers portfolios with up to ~50 percent of the reliability requirement met by wind or
solar, the additional LOLE test was performed to specifically focus on hours in which output from wind/solar is significantly
below their respective capacity credits. Such hours are at risk for loss of load events because the amount of available
capacity is finite (167,066 MW) and severe underperformance by one of the main fuel types in the portfolio can trigger a
capacity shortfall.
This second LOLE test was performed by deriving 8,760 forecasted hourly loads for 2021 based on weather from the last
18 years. This resulted in 18 sets of 8,760 hourly loads each. Then, using 2006 capacity credit hourly shapes for wind 97
and solar 98 developed by National Renewable Energy Laboratory (NREL), each hourly load in the 18 sets was assessed to
determine if it could be served with the remaining resources in the portfolio. If an hourly load was not served, the portfolio
was deemed Infeasible.
Results show that portfolios with a share of solar above 20 percent of the reliability requirement tend to be infeasible due to
very low solar output during high-load winter days over hours with no sunlight or high levels of cloud cover. Wind does not
show a similar reliability requirement share bound. Some portfolios with a share of solar greater than 20 percent benefit
from over-performance of wind at times when the solar resources’ output is significantly below its 38 percent capacity
credit. Because LOLE is maintained, these portfolios were not classified as infeasible.

97

https://www.nrel.gov/grid/wind-integration-data.html

98

https://www.nrel.gov/grid/solar-integration-data.html
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Operational Reliability Risk
Composite Reliability Index
To assess operational reliability risk, the quantified generator reliability attributes, described in the previous section, were
incorporated into indices. The total capability for each reliability attribute in a portfolio was indexed against that of the
baseline portfolio as a Reliability Attribute Ratio (RAR). The Reliability Attribute Ratios for all of the reliability attributes
were weighted and combined into four reliability indices. The reliability indices were based on a portfolio’s capability to
provide generator reliability attributes under four operational states. The composite reliability index was an average of the
four reliability indices in which each index is weighted equally. This weighting reflects the reality that PJM must serve the
load under all operational states.
Mathematically,
𝑅𝑅𝐼𝐼𝑗𝑗 = � 𝑤𝑤𝑖𝑖𝑖𝑖 𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖
𝑖𝑖

𝐶𝐶𝐶𝐶𝐶𝐶 = � 0.25 𝑥𝑥 𝑅𝑅𝐼𝐼𝑗𝑗
𝑗𝑗

where 𝑗𝑗 is an operational state, 𝑖𝑖 is a generator reliability attribute, 𝑤𝑤𝑖𝑖𝑖𝑖 is the weight of generator reliability attribute 𝑖𝑖 under

operational state 𝑗𝑗and 𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖 is the Reliability Attribute Ratio for generator reliability attribute 𝑖𝑖. Figure 15, displayed
below, describes the development of the composite reliability index.
Figure 15. Inputs to the Composite Reliability Index

Operational States
The four operational states studied in this analysis were normal peak conditions, extremely hot weather, extremely cold
weather and light load. 99 Each operational state considered a specific set of weights assigned to each of the generator
99

The extreme hot and cold operational states are consistent with 90/10 weather conditions in the summer and winter, respectively.

PJM ©2017

www.pjm.com

35 | P a g e

Appendix to PJM’s Evolving Resource Mix
and System Reliability
reliability attributes. The weights reflected the relative importance of generator reliability attributes under the operational
state in which a larger number indicated that an attribute has a relatively greater effect on system operations under these
operational states. The sum of the set of weights assigned to each operational state was equal to 1.00. Table 10 displays
the weightings under each operation state:
Table 10.

Operational State Impact on Generator Reliability Attributes
Fuel
Assurance

Regulation

Contingency Reserve

Load Following

Not Fuel Limited

On-site fuel inventory

Cycle

Short Min Time

Startup
/Notification

Black Start Capable

Environmental
Restrictions

Equivalent Availability
Factor (%)

Other

Voltage Control

Flexibility

Frequency Response

Essential Reliability Services

Baseline (Normal Peak
Conditions)

0.15

0.15

0.05

0.05

0.05

0.125

0.125

0.05

0.05

0.05

0.05

0.05

0.05

Extreme Hot Weather

0.10

0.20

0.05

0.05

0.05

0.25

0.05

0.025

0

0.025

0.05

0.10

0.05

Extreme Cold Weather

0.10

0.15

0.05

0.05

0.10

0.125

0.20

0.05

0

0.075

0.05

0

0.05

Light Load

0.15

0.25

0.05

0.05

0.05

0.05

0.05

0.20

0

0.10

0.05

0

0

Because customer usage typically increases steadily throughout the day in a hot weather scenario, there is less need for
cycling, relative to normal peak conditions. Since much of this demand is cooling load that requires additional reactive
support to maintain system voltage profiles, an increase in the voltage control attribute is needed. Also, because there is
no mid-day “valley” in the load, resources with fuel limitations must be carefully monitored to ensure availability during
peak hours of the day.
During a cold weather scenario, customer usage increases rapidly during the early morning hours, levels off or “valleys”
mid-day and then increases again during the evening hours. Units with adequate ramping capability (load following) are
needed to manage rapid changes in customer demand. In this situation, the flexibility attributes are also more critical, since
units need to cycle on and off between peaks. In addition, fuel assurance attributes have a more significant effect on
system operations in this condition, since fuel deliveries can be adversely affected by extreme cold.
Under light load scenarios, heavier weighting is given to voltage control since lightly loaded transmission lines act like
capacitors and can result in high system voltages. Also key in this scenario is flexibility since system load is very low and
results in the need to reduce or shut down generators to match demand.

Diversity Index
The Shannon-Wiener (S-W) diversity index is one of several diversity indices studied in the literature and one of the most
frequently used.
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For the purposes of this paper, S-W measures two of the three components of fuel diversity – the variety of fuel types in a
portfolio and how balanced the share of unforced capacity is among the fuel types. The third diversity aspect – disparity
aspect in future portfolios – is accounted for in the differing generator reliability attribute capabilities of each resource type.
The formula to calculate the Shannon-Wiener diversity index is presented below:
𝑛𝑛

𝑆𝑆𝑆𝑆 = − � 𝑝𝑝𝑖𝑖 ln 𝑝𝑝𝑖𝑖
𝑖𝑖=1

where 𝑝𝑝𝑖𝑖 is the proportion of fuel type 𝑖𝑖 in a portfolio and 𝑛𝑛 is the number of fuel types in the portfolio.

This formula indicates the value of S-W increases as fuel diversity in a portfolio increases.

After calculating the S-W value of each portfolio, the portfolios are classified as high diversity (upper 25th percentile of S-W
values), medium-high diversity (between median and upper 25th percentile), medium-low diversity (between lower 25th
percentile and median), and low diversity (bottom 25th percentile).

Analysis Caveats
The following caveats should be considered when interpreting the results:
•

The composite reliability index represents a calculated capability to provide generator reliability attributes. The
analysis does not fully capture the system requirement for each reliability attribute because the needs of the
electric system are dynamic and dependent on the economic dispatch of resources.

•

The composite reliability index of an alternative portfolio was calculated by using the capability of the baseline
portfolio as a benchmark, regardless of the alternative portfolio’s composition. However, for some alternative
portfolios, the portfolio’s composition may have increased the requirement of a certain set of generator reliability
attributes. For example, a portfolio with a high wind unforced capacity share is likely to increase the requirement
of reliability services such as regulation, contingency reserve and load following. In such cases, using the
baseline portfolio’s capabilities as a benchmark may overstate the composite reliability index of the alternative
portfolio.

•

As stated in earlier sections, the different degrees by which alternative portfolios may exceed the reliability
requirement were not considered in the analysis. Including such considerations would have required simulating
RPM results to determine the amount by which the reliability requirement would have been exceeded for each
potential resource mix.

•

The actual likelihood that a portfolio is realizable in the short, medium or long term was not a factor in the
development of the alternative portfolios.

•

The share of natural gas units with firm gas transportation service and/or dual-fuel capability in the alternative
portfolios was kept constant at the current levels, displayed in Table 6.

•

The capability to provide reliability attributes may change in the future as a result of changes in technology or
regulations. Operations, market incentives and regulatory structures may need to shift to provide incentives to
ensure adequate levels of these attributes are maintained in every generation portfolio mix.
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Composition of Performance Categories
The risk analysis examined several performance categories: desirable, greater-than-baseline, less-than-baseline, at-riskfor-underperformance and infeasible. The composition of these performance categories is displayed below:
Figure 16. Desirable

Figure 17. Greater-Than-Baseline
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Figure 18. Less-Than-Baseline

Figure 19. At-Risk-for-Underperformance
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Figure 20. Infeasible

Sensitivity Analysis: Polar Vortex Event
The resilience of the portfolios identified as desirable by the risk analysis was tested by subjecting the desirable portfolios
to a polar vortex event. Such an event may trigger higher-than-average unavailability rates for fuel types such as natural
gas, coal and solar. To determine these potential higher-than-average unavailability rates, generator performance data
from high load days during Winter 2014/2015 and Winter 2015/2016 were analyzed by fuel type. The maximum
unavailability rates during those days were applied to the portfolios in the desirable region. Reliability indices and
composite reliability indices were recalculated. Desirable portfolios with all four reliability indices greater than the baseline
reliability indices of 1.0 were deemed resilient to the impact of a polar vortex event.

Results
Only 34 of the 98 portfolios classified as desirable were resilient when subjected to a polar vortex event, which triggers
higher-than-average unavailability rates. Figure 21 shows the fuel composition of the resilient portfolios (primary y-axis) as
well as their composite reliability indices (secondary y-axis). Each vertical bar represents a resilient portfolio along the xaxis and is arranged in ascending order by their composite reliability indices.
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Figure 21. Portfolios Resilient to Polar Vortex Event

The share of natural gas in the resilient portfolios ranges from a minimum of 33 percent to a maximum of 66 percent. The
minimum remains at the same value determined by the risk analysis. The maximum value (or upper bound), however,
decreases from 86 percent to 66 percent as a result of higher unavailability rates of natural gas under a polar vortex event.
The upper bound for wind in the resilient portfolios remains at 14 percent, with no increases in unavailability rates for wind
under a polar vortex event (in fact, unavailability rates for wind are likely to decrease). The solar upper bound, in contrast,
decreases from 9 percent to 2 percent, due to higher unavailability rates.
The majority of the resilient portfolios in this polar vortex sensitivity preserve a high share of coal. The coal lower bound
occurs at 9 percent in which the majority of coal retirements are replaced by natural gas and, to a lesser extent, by wind.
The majority of the resilient portfolios preserve a significant share of nuclear as well.

Case Studies: Geographic Diversity vs Generation Output Risk for Wind and Solar Resources
Description
This section presents two case studies exploring the relationship between geographic diversity and generation output risk
for wind and solar resources. The overall analytical approach was identical for both wind and solar. However, six locational
deliverability areas were studied for wind, whereas seven U.S. states were studied for solar.

Geographic Diversity
Output of wind and solar resources is highly dependent upon meteorological conditions, which in turn are largely
determined by geographic location. Barring major breakthroughs in technology that would mitigate such dependencies, the
location and level of geographic diversity for renewable resources (solar and wind) is strategically important for an RTO.
To better understand the impact of diversity on the output of solar and wind, geographic diversity was explored at the
locational deliverability area (LDA) 100 level for wind and at the U.S. state level for solar. More granular geographic
100

Locational Deliverability Area” or “LDA” shall mean a geographic area within the PJM region that has limited transmission capability to import capacity to
satisfy such area’s reliability requirement, as determined by the Office of the Interconnection in connection with preparation of the Regional Transmission
Expansion Plan, and as specified in Reliability Assurance Agreement, Schedule 10.1
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representations are possible, but they increase the computational complexity of the approach and were not explored in this
study.

Generation Output Risk
As noted in the Feasibility of Alternative Portfolios section and described at length in PJM Manual 21: Rules and
Procedures for Determination of Generating Capability, the capacity credit of wind and solar resources (the megawatt
value at which they are rated for RPM purposes) corresponds to the average unit output during the most recent three
summer peak periods covering June 1-August 31, hours ending 3, 4, 5 and 6 p.m., relative to the unit’s nameplate rate.
Since the capacity credit value is an average, there are hours in which a unit’s output can be above or below the capacity
credit. Summer peak period hours in which the aggregated RTO output is below the aggregated capacity credit value can
be particularly concerning from an LOLE perspective, especially when wind and/or solar make up a large portion of the
reliability requirement. Therefore, the share of summer peak period hours in which the aggregated RTO output is below a
certain threshold can be used as a generation output risk metric. For this case study, the threshold is set at 80 percent of
the capacity credit for both, wind and solar.

Approach
Output data from the period June 1-August 31, 2016, hours ending 3, 4, 5, 6 p.m., were examined. Existing wind resources
were located for the most part in six LDAs while existing solar resources were located in seven U.S. states. Calculated
capacity factors using this data are shown in Table 11 and Table 12 below.
Table 11.

2016 Average Wind Capacity Credits by LDA

LDA

Capacity Credit

LDA 1

13.8%

LDA 2

15.5%

LDA 3

17.5%

LDA 4

14.9%

LDA 5

15.8%

LDA 6

10.9%

Table 12.

2016 Average Solar Capacity Credits by U.S. State

U.S. State

Capacity Credit

State 1

67.8%

State 2

55.9%

State 3

41.8%

State 4

41.6%

State 5

19.6%

State 6

58.5%

State 7

51.2%
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Note that this approach assumed that future wind and solar installations were restricted to these existing locations. It also
assumed that future installations will have the same variability in output as that was observed during summer of 2016.
Next, multiple geographic configurations using the above locations were examined. The geographic configurations were
determined by assuming that each of the six LDAs (in the case of wind) or seven U.S. states (in the case of solar) would
host a given share of the total nameplate installations. Shares were varied in increments of 5 percent. A total of 53,130
geographic configurations were examined for wind installations while 230,230 geographic configurations were examined
for solar installations. Examples of high-geographic diversity and low-geographic diversity configurations for wind and solar
are shown in the tables below.
Table 13.

Examples of High-Geographic Diversity and Low-Geographic Diversity Configurations for Wind

Geographic Diversity

LDA 1

LDA 2

LDA 3

LDA 4

LDA 5

LDA 6

High

15%

15%

15%

15%

20%

20%

Low

0%

0%

0%

0%

0%

100%

Table 14.

Examples of High-Geographic Diversity and Low-Geographic Diversity Configurations for Solar

Geographic Diversity

State 1

State 2

State 3

State 4

State 5

State 6

State 7

High

10%

15%

15%

15%

15%

15%

15%

Low

0%

0%

0%

0%

0%

0%

100%

Each configuration’s level of geographic diversity could be quantified by using a diversity index. The quantification took
advantage of the fact that the share of the nameplate installations in each geographic location could be seen as a
“resource type”. The Shannon-Wiener diversity index (S-W), described in the Diversity Index section, is suitable for this
geographic diversity quantification process.
The S-W values for regional configurations in Table 13 are 1.78, indicating high geographic diversity, and 0, indicating little
to no geographic diversity. Similarly, the S-W values for the regional configurations in Table 14 are 1.94 and 0.
The total hourly output at the RTO level was then calculated for each of the configurations. The hourly output at the RTO
level tended to be different across the configurations, since the hourly output and the capacity credit of each of the
geographic locations varied.
Since the generation output risk metric considered was the share of summer peak period hours in which the aggregated
RTO output is below 80 percent of the RTO capacity credit, an optimal regional configuration would minimize the share of
hours meeting that criterion. An optimal regional configuration would thus include geographic locations with high-capacity
credits during most of the hours alongside other geographic locations with high-capacity credits during hours in which the
former geographic locations’ capacity credits were low.
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Results
Wind
The geographic configurations that minimized the generation output risk metric (share of hours in which the aggregated
RTO output is below 80 percent of the RTO capacity credit) are presented in Table 15. Also included in the table are the
calculated RTO capacity credit, the generation output risk metric, the S-W index, and the geographic diversity rank (where
a rank equal to 1 represents the configuration with the highest geographic diversity and a rank equal to 53,130 represents
the configuration with the lowest geographic diversity).
Table 15.

Geographic Configuration of Wind Resources and Generation Output Risk

LDA 1

LDA 2

LDA 3

LDA 4

LDA 5

LDA 6

Risk Metric

Capacity Factor

S-W

Rank

0%

45%

0%

5%

40%

10%

0.495

16.0%

1.1

43,505

0%

40%

0%

10%

40%

10%

0.495

15.9%

1.2

39,125

0%

50%

0%

0%

35%

15%

0.495

15.8%

1.0

47,885

0%

35%

0%

10%

40%

15%

0.495

15.6%

1.2

34,925

15%

10%

0%

30%

35%

10%

0.495

15.0%

1.5

14,548

5%

25%

10%

15%

20%

25%

0.495

14.9%

1.7

1,519

5%

25%

5%

15%

25%

25%

0.495

14.9%

1.6

3,772

10%

15%

0%

25%

30%

20%

0.495

14.7%

1.5

8,068

0%

25%

10%

15%

15%

35%

0.495

14.5%

1.5

10,924

Nine configurations minimized the wind generation output risk metric. The share of summer peak period hours in which the
aggregated RTO output is below 80 percent of the RTO capacity credit in these configurations is equal to 0.495. The RTO
capacity factor is different for the configurations, however. If the secondary objective is to maximize the capacity factor, it
could be that the first configuration in Table 15 is the best of the group. The geographic diversity of the nine configurations
as measured by the S-W covers a wide range of values. Accordingly, the best geographic diversity rank for the
configurations in Table 15 is 1,519 while the worst geographic diversity rank is 47,885. The largely different levels of
geographic diversity of the nine configurations in Table 15 can be explained by the high degree of correlation between the
hourly outputs in some of the LDAs.
Figure 22 depicts the S-W index value against the generation output metric for the 53,130 configurations examined. The
median values for the S-W and the generation output metrics are represented by the red lines. The share of configurations
in each of the four quadrants determined by the medians is also shown.

PJM ©2017

www.pjm.com

44 | P a g e

Appendix to PJM’s Evolving Resource Mix
and System Reliability
Figure 22. S-W Diversity Index vs Generation Output Risk Metric for Wind Geographic Configurations

There seems to be a positive correlation between high geographic diversity and low output risk since the largest share of
configurations occurs in the upper-left and lower-right diagonal quadrants (29.9 percent are high-geographic diversity and
low-generation output risk while 28.5 percent configurations are low-geographic diversity and high-generation output risk).
The relationship is rather weak, however, because a significant number of configurations are in the other two quadrants.
Solar
The geographic configurations that minimized the generation output risk metric for solar are presented in Table 16. Also
included in the table are the calculated RTO capacity credit, the generation output risk metric, the S-W index, and the
geographic diversity rank (where a rank equal to one represents the configuration with the highest geographic diversity and
a rank equal to 230,230 represents the configuration with the lowest geographic diversity).
Table 16.

Geographic Configuration of Solar Resources and Generation Output Risk

State 1

State 2

State 3

State 4

State 5

State 6

State 7

Risk
Metric

Capacity
Factor

S-W

Rank

60%

20%

0%

0%

10%

10%

0%

0.196

59.7%

1.1

212,599

40%

0%

0%

25%

0%

20%

15%

0.196

56.9%

1.3

167,259

Two configurations minimize the solar generation output risk metric. The share of summer peak period hours in which the
aggregated RTO output is below 80 percent of the RTO capacity credit in these configurations is equal to 0.196. If the
secondary objective is to maximize the capacity factor, there is the argument that the first configuration in Table 16 is the
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better of the two. The geographic diversity level of the two configurations is on the low side. Both configurations rank in the
lower half of geographic diversity level as shown by the geographic diversity rank.
Figure 23 depicts the S-W index value against the solar generation output metric for the 230,230 configurations examined.
The median values for the S-W and the generation output metrics are represented by the red lines. The share of
configurations in each of the four quadrants determined by the medians is also shown.
Figure 23. S-W Diversity Index vs Generation Output Risk Metric for Solar Geographic Configurations

Despite the fact that the two configurations minimizing the solar generation output risk metric show relatively low
geographic diversity, there seems to be a weak relationship between high-geographic diversity and low-generation output
risk and vice versa (similar to what was found for wind). The quadrants in the upper-left and lower-right diagonal
concentrate the largest share of configurations: 30.5 percent are high-geographic diversity and low-generation output risk,
while 28.5 percent configurations are low-geographic diversity and high-generation output risk.
Thus the results of this analysis indicate that, for both wind and solar resources, a slightly positive correlation exists
between high-geographic diversity and low-resource output risk.
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