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Agenda

1. Available data on natural gas and electric reliability

2. What we’ve learned about reliability of gas pipelines and gas-fueled electric generators

3. What we’ve learned about the reliability of all electric power generators and

a bit about what happened in Texas last month

how the power grid could better procure reliability resources

4. Final brief remarks about dependence of gas pipelines on electricity

What I’ll cover today



Our reliability research began with a workshop 20 years ago
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Terry Kelly, OSTP 



Available gas grid data



Operating natural gas pipelines 12” and larger

5 Source: ABB Velocity Suite



Operating natural gas electric generation units 100 MW and larger

6 Source: ABB Velocity Suite



Freeman, G. M., Apt, J., & Dworkin, M., (2018). The gas grid needs better monitoring. Issues in Sci. & Tech., 34 (4), 79‐84.

Spoiler alert



What data are out there for public assessments on the gas side?
Federal Energy Regulatory Commission (FERC) Forms

• 18 CFR § 284.262  FERC Form 588
• “Emergency transaction” reports from 

pipeline operators
o Emergency transaction – “an actual or 

expected shortage of gas supply [that 
forces] an interstate pipeline company, 
intrastate pipeline, local distribution 
company, or [pipeline that is not under 
FERC jurisdiction due to stipulations in 
the Natural Gas Act] to curtail deliveries of 
gas or provide less than the projected 
level of service to any customer.” 

• Should capture both complete and partial 
gas outages (system pressure reductions)

• No longer collected, but no loss

• 18 CFR § 2.55(b)(4)  Reports of Service 
Interruptions and Force Majeure

o Serious interruptions on 
interstate pipelines
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What data are out there for public assessments of gas?
Pipeline and Hazardous Materials Safety Administration (PHMSA)

• 49 CFR § 191.3: Reports of events that 
result in both a release of gas or 
hazardous liquid from the pipeline and at 
least one of the following:

1. “A death, or personal injury necessitating 
in-patient hospitalization;

2. Estimated property damage of $50,000 or 
more . . . excluding the cost of gas lost or;

3. Unintentional estimated gas loss of three 
million cubic feet or more.” 
This is far too large. A 200 MW NGCC 
consumes roughly 1 million ft3 per hour

• Or any event that is “significant in the 
judgment of the operator, even though it did 
not meet the [previous] criteria . . . of this 
definition”
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Source: PHMSA Natural Gas Distribution, Gathering, and 
Transmission Accident and Incident Database



What data are out there for public assessments of gas?
Pipeline Critical Notices

• Pipeline companies post critical notices 
on their information portal websites.

• Case study: Transcontinental Pipeline
• Looking at Operational Flow Orders 

(OFOs) – imbalance between inflows 
and outflows on the pipeline.

• 35 OFOs were issued between 8/2014 
and 8/2017. 6 had coinciding power 
plant failures.

• 292 power plant failure events 
occurred during these 6 OFOs.

• 14 events at 4 power plants 
representing 900 MW of capacity 
failed while holding firm fuel 
contracts on Transco at the time. 
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Sources: NERC-GADS 2012-2015, Williams Transcontinental Pipeline
Information Portal, 2015 EIA Form 860, EIA Shapefiles

Gas Power Plants on Transcontinental Pipeline 



What data are out there for public assessments of gas?
State Public Utility Commission (PUC) Reports
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• Gas service interruptions are often within the 
purview of the State PUCs, but mandatory reporting 
thresholds vary

• 2013 National Association of Pipeline Safety 
Representatives (NAPSR) Compendium

• 20 states require reports of outages affecting a 
specific number of customers, specific duration, or 
gas delivery pressure issues. 

• WY: all service interruptions
• PA: lesser of 2,500 customers and 5% of 

total customers
• FL: lesser of 500 customers and 10% of total 

customers
• WA: > 25 customers
• Only NH, RI, and WA report system pressure 

issues

Thresholds for mandatory reporting of service interruptions 
on the gas side vary greatly by state



What data are out there for public assessments of generators?
GADS – Generating Availability Data System

• Generator-level database recording anything 
affecting ability of a generator to produce 
electricity

• NERC GADS (2012-present):
• 8,500 generators (~85% of capacity in North 

America)
• ≥20 MW mandatory reporting threshold for 

conventional generators; no wind or solar

• PJM GADS (1995-present):
• 1,850 generators (~95% of capacity serving PJM) 
• All conventional generators participating in PJM 

markets; no wind or solar
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What else do we need for a public assessment?
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• Consistent reporting standards for pipeline events that would 
trigger a GADS report and level the regulatory playing field.

• A pipeline failure event that causes an:
• Unanticipated reduction in ability to serve customers of the 

pipeline by 25,000 standard cubic feet per hour (scf/h) 
should be reported by pipelines with firm contracts to fuel 
plants of nameplate 20 MW or more

• 900 scf/h should be reported by pipelines with firm 
contracts to fuel plants of nameplate 20 MW or less

• These data should be collected by a central reliability agency, 
like NERC, and made available for third-party reliability 
assessments.
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Recommendation 3.2: Congress should build 
off of the example it set in the electric power 
system when it established in the Energy Policy 
Act of 2005 an Electric Reliability Organization 
with responsibility to set and enforce reliability 
standards for the electric industry, and 
authorize FERC to designate a central entity to 
establish standards for and otherwise oversee 
the reliability of the nation’s natural gas 
delivery system. Congress should also 
authorize FERC to require greater transparency 
and reporting of conditions occurring on the 
natural gas delivery system to allow for better 
situational awareness as to the operational 
circumstances needed to help support electric‐
system reliability.



Despite the gas data limitations, 
we can learn quite a lot
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Results

1. Gas shortages caused correlated failures of 
plants using both firm and spot gas pipeline 
contracts (“non-firm”) for their fuel supplies.

2. Physical disruptions of the pipeline network 
accounted for no more than 5% of the MWh lost 
to fuel shortages. 

3. Unsurprisingly, plants with non-firm fuel 
contracts were more likely to experience fuel 
shortages than those with firm contracts.

4. But firm contract plants also were cut off.
5. Non-firm plants in parts of the Midwest and Mid-

Atlantic may have avoided fuel shortage 
outages if they held firm contracts.

17



Data mapping power plants to pipelines

1. NERC Generating Availability Data System 
(GADS)

Sample: 1/2012 – 3/2018 (6 years)
• 6,505 events at 328 natural gas plants 
• Only unscheduled fuel shortage or fuel 

conservation causes (9130, 9131, 9134)

2. Generator characteristic data (EIA-860)
• To group events by pipeline

3. Fuel receipt and contract status data (EIA-923)
• To group events by contract type

4. Pipeline scheduling and pricing data (EIA-857, 
ABB Velocity Suite)

• To examine capacity and spot market gas 
availability on pipelines
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Time series plot of gas plant fuel shortage 
and conservation interruption failure 
magnitude as a fraction of nameplate 
capacity in RFC, indicating the pipeline 
fueling the plant. Each color represents an 
individual pipeline system. 



Pipeline failures explain very few fuel shortage failures

Transmission pipeline force majeure events explain only 
a maximum* of 9% of unscheduled fuel shortage events 
(5% of MWh lost).
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*This upper bound is constructed by considering force majure events that occurred anywhere along the pipeline



Gas plants were affected by fuel shortages 
regardless of their pipeline contract statuses
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Fuel shortages  at gas plants with firm pipeline contracts

Fuel shortages at all gas plants (plot is overlaid by firm plot)

• During some hours, firm 
contract plants made up all 
fuel shortages (a firm contract 
is not a cure-all)

• In some regions, the peaks in 
the gas fuel shortage time 
series were at times made up 
mostly of capacity on firm 
pipeline contracts
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Peaker, shoulder and sometimes baseload plants in 
each pipeline contract grouping were all affected by 
gas shortages in just the 6-year study period.

Notes: Bars are weighted by gas-fired power plants’ maximum nameplate capacity over the study period. Capacity factors were 
constructed from EIA-923 data over the study period. Plots show initial grouping of plants by contract using majority of quantity of 
gas consumed over the study period. “Affected” means that the plant reported one or more fuel shortage failures of any magnitude
over the study period. 



There was available pipeline capacity during fuel 
shortage events in many places
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• 60% of all MWh lost to fuel 
shortages occurred at plants near 
four hubs: MichCon, Dominion 
South, Demarc, and Chicago 
Citygates

• These hubs were under-utilized 
(flowing gas at <60% demonstrated 
peak) during the majority of days 
with fuel shortages at nearby power 
plants using non-firm pipeline 
contracts.

• So, there was space to move gas 
through the hub but, was there gas 
supply to be had?



Was there gas to be had?
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1. Was there both gas commodity and 
transportation available on the hub 
spot market?
• We see modest gas hub prices** at 

Chicago, Demarc, and Dominion South 
during days with fuel shortages at non-
firm plants

2. Could we have diverted gas from 
other customers?
• Between 0.1-9% of statewide gas 

delivered to C&I could have supplied all 
of the MWh lost to fuel shortages

**Hub spot price < third quartile price of overall study period
distribution for >80% of non-firm events



Where were the areas with underutilized 
hubs and modest spot prices?
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Note: MichCon displayed here for informational purposes only.



Source: ABB Velocity Suite

What would the cost of on‐site fuel storage at gas‐fired power plants be
to mitigate historically observed natural gas fuel shortages in New England?

Freeman, G.M., J. Apt, S. Blumsack, and T. Coleman, 
Could on-site fuel storage economically reduce power plant –
gas grid dependence in New England? In review.
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How long are the observed New England gas outages?

26 Freeman, G.M., J. Apt, S. Blumsack, and T. Coleman, Could on‐site fuel storage economically reduce power plant –
gas grid dependence in New England?. In review.

Unpublished results, do not distribute without permission of the authors
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Gas/oil dual fuel

Supply curve for gas/oil dual fuel and on-site CNG storage

On-site CNG storage

Unpublished results, do not distribute without permission of the authors

Freeman, G.M., J. Apt, S. Blumsack, and T. Coleman, Could on-site fuel storage economically reduce 
power plant – gas grid dependence in New England?. In review.



Electric power 
generator reliability



Six years ago, we began a project with NERC that uses a generator-by-
generator record of outages, partial outages, and failures to start
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GADS: “Generating Availability Data System”
• 8,500 generating units in all 8 NERC regions
• Covers 85% of installed capacity in the U.S. and Canada
• 4 year study period (2012-2015) for our initial work
• 2012- March 2018 for our work on natural gas interruptions you just saw

In parallel, we worked with PJM, 
analyzing the same sort of data covering 23 years
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Figure A.3

Image source: NERC
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Start Failures (SF)

Derates (D)



Figure A.8

Image source: NERC

Generator outage duration



Aggregating generator time series
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Time series of unscheduled unavailable capacity
for each region
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Outages
Derates
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If generator failures are time-dependent,
what affects them?

Gaver et al. (1964): 
environmental conditions 
can elevate failure 
probabilities

January 7, 2014 (Polar 
Vortex): 22% of PJM’s total 
capacity was unavailable

PJM (2014): relationship 
between cold weather and 
outages

Figure 6, PJM 2014

U
na

va
ila

bl
e 
ca
pa

ci
ty
 

(G
W
)

2012 2013 2014 2015 2016

35



We modeled the relationship between temperature
and unavailable capacity

Unit type key:
CC: combined cycle gas
CT: simple cycle gas
DS: diesel

HD: hydroelectric
NU: nuclear
ST: steam turbine (coal)

Median load
90th percentile load

Temp‐dependent FORs

Temp‐invariant FOR
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Temperature dependence still present for gas generators 
when ignoring fuel events

Key:
O Open circles: including all unscheduled events
• Solid circles: excluding fuel unavailability events
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Consistent temperature dependence for coal generators 
when segmenting by generator age
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To summarize:
• Correlated failures of NERC electric power generators occurred in 2012–2015.
• Correlated failures happen in most NERC regions even when major storms are 
removed.
• Correlated outages should be considered in defining resource adequacy 
requirements.
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Gas combined cycle Gas combustion turbine



Which brings us to 
Texas







Generation that failed 2/15-18/2021
(ERCOT has 107 GW. A large nuclear plant is approx. 1 GW)

15 GW of natural gas
4 GW of coal
3 GW of wind 
1 GW of nuclear
1 GW of solar
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https://www.entergynewsroom.com/article/entergy‐texas‐storm‐update‐2‐15‐21‐5‐p‐m/

https://www.powermag.com/wp‐content/uploads/2014/10/PWR_1014_SR_OM_WinterGas_Fig3.jpg
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Astrape’s latest ERCOT analysis, released 1/15/2021, 
does not consider temperature in estimating generator failures.



49



50



51



52



Deicing for coal conveyor belts
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https://midwestind.com/anti‐icing‐and‐deicing/conveyor‐belt‐deicer/



Wind turbines

• Not only blades (can buy heated blades)
• Gearboxes
• Cold-temperature packages are available
• But Canada was surprised a few years ago
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Evidently, the prospect of $9,000/MWh for electricity or $200/mmcf natural gas
was not enough to induce winterization in either system.



What this temperature-dependence 
means for procuring reserves





The largest single contingency in PJM is 1.4 GW
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Is it possible to procure less reserves
without increasing resource adequacy risk?

Logistic regression
Current practice

More accurate quantification of generator loss‐of‐load probabilities
leads to a more accurate operating reserve valuation, increasing social welfare

by $17.1 million in a cold weather week.



Finally, there is clearly a dependence of electric generation on natural gas…

…What about the reverse?
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Unpublished results, do not distribute without permission of the author



Thank you!
Jay Apt
apt@cmu.edu
www.cmu.edu/electricity

Scan the QR code below for my full contact information


