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ABSTRACT: Natural gas is a fossil fuel primarily comprised of
methane, a powerful greenhouse gas. As such, both combustion
and direct atmospheric emissions of natural gas contribute to
climate change. Natural gas supply chain methane emissions vary
substantially based on extraction region and processes, such that
natural gas end users experience very different lifecycle greenhouse
gas intensities even for similar uses. Methane emissions have
relevant implications for decarbonization pathways that use natural
gas to generate electricity (with or without carbon capture) or
remove carbon dioxide from the atmosphere. This Letter combines
state-specific estimates of the methane emissions intensity of
natural gas supplies with generator-level modeling to estimate the
contribution of methane emissions to the greenhouse gas intensity
of natural gas-fired electricity and carbon capture in the United States. For existing electricity generation, state-specific methane
emissions factors are matched to individual natural gas-fired generators to estimate the [minimum, maximum] range for the carbon
dioxide equivalent contribution of methane (100-year global warming potential = 29.8) relative to direct carbon dioxide emissions by
balancing authority ([15%, 48%]), utility ([13%, 48%]), and the North American Electric Reliability Corporation region ([16%,
36%]). Methane emissions constrain the greenhouse gas avoidance or removal potential of natural-gas-fired carbon capture.

■ INTRODUCTION

Decarbonization targets in the United States (U.S.) increasingly
include “net zero” language allowing for a combination of
positive- and negative-greenhouse gas (GHG) activities that
collectively result in zero overall GHG emissions.1,2 Net zero
emissions targets are particularly salient in the context of the
ongoing use of fossil fuels, especially natural gas, for limited
applications like flexible backup power.3 Natural gas currently
fuels about 40% of U.S. electricity generation,4 with ongoing
construction of new units,5 and future energy systems could be
designed to include natural gas with carbon capture and storage
(CCS)6,7 or natural gas-fired direct air capture (DAC).8 One
major challenge, however, is that natural gas is both a fossil fuel
that produces carbon dioxide (CO2) on combustion and is itself
primarily a GHG (methane, CH4) that contributes to climate
change if it enters the atmosphere.9 Research suggests that CH4
emissions are underestimated in official records10−14 and are
sufficiently high to make meaningful contributions to the GHG
intensity of natural gas use,10 though allocation remains
challenging.15

Decarbonization policy focused on combustion emissions16

misses climate-relevant natural gas supply chain CH4 emissions.
Although CH4 emissions could theoretically be mitigated17−19

with rapid climate benefits,20 understanding CH4’s role in GHG

intensity of natural gas-fired activities is decision-relevant when
committing to new natural gas facilities that could be stranded
by GHG policy21 without careful attention to emissions.
Particularly given regional variability in CH4 emissions from
the natural gas supply,13,14,22,23 natural gas’ role in decarbon-
ization could be highly context dependent. This Letter addresses
the research question: what are the implications of CH4
emissions for the GHG intensity of natural gas-fired electricity,
future natural gas with carbon capture, and natural gas-fired
DAC in the U.S.?

■ MATERIALS AND METHODS

U.S. methane emissions associated with natural gas-fired power
generation (with and without CCS) and DAC are modeled at
the unit level, based on basin-level estimates of the CH4 intensity
of natural gas supplies to industrial users, aggregated to the state
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or national level.10,22,24 Analysis focuses on two main outputs:
evaluation of supply chain CH4 as a proportion of GHG
emissions for (1) existing (2019) natural gas-fired electricity and
(2) hypothetical future natural gas-fired carbon capture
activities (CCS and DAC). This section describes the modeling
approach and analytical assumptions (see Supporting Informa-
tion for the full model).
For existing natural gas-fired electricity, GHG emissions were

modeled at the generator level using best-available CO2 and
CH4 emissions factors. Generator-level combustion CO2
emissions were taken from the 2019 Federal Emissions &
Generation Resource Integrated Database (eGRID)25 where
available (∼25% of modeled CO2 emissions) and estimated as
the product of the Energy Information Administration (EIA)’s
natural gas emissions factor26 and estimated generator-level fuel
consumption otherwise (∼75% of modeled CO2 emissions).
Some records suggest unusual ratios between natural gas
consumption and combustion emissions, potentially due to
interactions among gross and net generation. This work assumes
EIA and eGRID data are correct unless stated otherwise.
Supply chain CH4 emissions are not available as a federal data

product. Thus, as for the majority of the CO2 emissions
estimates, generator-level supply chain CH4 emissions were
estimated as the product of a best-available consumer-level
emissions factor and estimated generator-level fuel consump-
tion. Production-stage CH4 emissions factors were taken from a
data set generated using 2018 pipeline flows and trade
relationships to derive a basin-level natural gas supply fuel mix
for each state.22 Like electricity consumers (but unlike many
coal consumers), natural gas consumers draw from a blended
supply rather than one or a few specific production resources.
Underlying basin-level emissions intensity27 has a 2015 base
year; the 2.5% of natural gas consumed in the U.S. but produced
in Canada is assigned nearest-neighbor emissions intensity from
U.S. basins.22 See Burns and Grubert,22 especially Figure 3 and

the Data File, for details. Processing, transmission, and storage
CH4 emissions were estimated at 0.5% (mass emitted/mass
withdrawn).10,24

To associate emissions to generators, then to organizing units
relevant for grid planning and regulation, data from EIA Forms
860,28 861,29 and 92330 (2019 base year) were associated with
records for natural gas-fired generators operable as of 2019.
These data were the natural gas-based heat rate (natural gas
electricity fuel per net generation, based on fuel- and prime-
mover-level fuel consumption data by plant) and generation
(used to infer fuel consumption); ownership (whole and
partial); and organizing units [utilities, which sell electricity;
North American Electric Reliability Corporation (NERC)
regions, which oversee electricity reliability; and balancing
authorities, which manage power grid operations].
Given the importance of estimated fuel consumption for

assigning GHG emissions, records for which fuel consumption
estimates are not robust were removed. All records for natural
gas units with a 2019 production of less than 8760 megawatt-
hours (MWh)/year [i.e., continuous 1 megawatt (MW) output]
were removed (∼1500 units), as were records for units without
an identifiable heat rate (74 units). Combined cycle units share
fuel, so physically impossible heat rates were preserved for the
steam component of combined cycle units, but other heat rates
below 3412 British thermal units (btu) per kilowatt-hour
(kWh), the heat rate implying 100% thermal efficiency, were
eliminated (seven units). Other unusually low heat rates
(<6,824 btu/kWh, or 50% thermal efficiency) were spot
checked (607 units). The vast majority were combined heat
and power units not owned by utilities, suggesting that heat not
derived from new natural gas fuel inputs might have contributed
to generation and thus, under this work’s definition of heat rate
(natural gas fuel per net generation), such heat rates were
plausible. Records for Alaska and Washington, DC (44 units)
were removed due to a lack of CH4 emissions data.

Figure 1. Natural gas supply related CO2e (GWP-100 = 29.8) emissions from CH4 as a proportion of direct CO2 emissions by natural gas fleets by
balancing authority (note some balancing authorities overlap in space).
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Although data on generation and emissions were assigned at
the generator level where possible, many records needed to be
constructed from lower resolution data. For generation,
generators were associated with generator-specific EIA 923
data where possible and otherwise assigned a share of reported
plant-, fuel-, and prime-mover-specific generation proportional
to their capacity share of generators with the same character-
istics. For example, two equal-capacity natural gas combustion
turbines at the same plant would each be assigned half of the
natural gas combustion turbine-fired electricity generated at that
plant. Data for generators that produced at least 500,000 MWh
in 2019 were manually reviewed for inconsistencies in generator
ID between EIA 860 and 923 records (e.g., “1” vs “001”), leading
to 16 reconciliations. Total natural gas generation included in
this model is 1.56 billion MWh, versus 1.59 billion MWh in EIA
923 records (2019).
Estimates of CO2 and CH4 emissions (as CO2-equivalents,

CO2e) associated with natural gas generators that were operable
as of 2019 and not excluded from analysis due to one of the
above data cleaning interventions are presented in the
Supporting Information by utility (“Results-Utilities”), NERC

region (“Results-NERC Regions”), and Balancing Authority
(“Results-Balancing Authorities”). Unless stated otherwise, all
results presented in this Letter assume a 100-year global
warming potential (GWP-100) of 29.8 for fossil CH4 with
climate-carbon feedback;31 users can change this on the
“Assumptions” tab in the Supporting Information. Although
GWP is a contested32−35 and not completely stable24 metric, it is
commonly used in climate policy and thus selected as the most
immediately regulatory relevant characterization factor.
Estimated CO2e intensities of hypothetical CCS units are

based on EIA projections of heat rates for new natural gas units
with and without CCS.36 Estimated CO2e intensities of
hypothetical DAC units are based on assumptions in a recent
DAC publication focused on natural gas-fired DAC,37 assuming
power generation by a new-build natural gas combined cycle
(NGCC) plant with CCS.36 Where not otherwise stated, this
work assumes 90% capture for CCS36 and 1.9% (mass emitted/
mass withdrawn; national average) methane emissions from
production through delivery to an industrial consumer.10,22

Figure 2. Impact of natural gas supply related methane emissions on specific utility natural gas fleet emissions profiles (highest and lowest 10 U.S.
utilities by methane share of natural gas fleet greenhouse gas emissions, natural gas fleets with over 1 million tons CO2 emissions in 2019).
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■ RESULTS AND DISCUSSION

Estimated total CH4 emissions associated with the 2019 U.S.
natural gas fleet are about 8% higher using state-specific
emissions factors at the generator level than if the national

average emissions rate is universally applied,22 suggesting that,
on average, due to their locations, natural gas-fired power plants
receive higher-emission fuel than natural gas end users overall.
Figure 1 shows the CO2e contribution from natural gas supply

Figure 3. Impact of natural gas supply-related methane emissions on specific plant emissions profiles, comparing CO2e emissions [kilogram (kg)/
kWh; GWP-100 = 29.8] for (1) new-build NGCC units with and without CCS; (2) two existing natural gas-fired power plants with roughly equal
CO2e intensities but different heat rates and CH4 intensities; and (3) an existing natural gas-fired power plant with CO2e intensity roughly equal to the
CO2 intensity of the average U.S. bituminous coal-fired power plant, represented by Clifty Creek.

Figure 4. Influence of CCS capture rate and methane emissions on total CO2e emissions per kWh at an NGCC unit with CCS. Labels show an
archetypical unit [90% capture, national average methane emissions; green (GWP-100) and blue (GWP-20)] and, for GWP-20, necessary process
improvements required to reach GWP-100 CO2e emissions as a guide (green), showing that emissions are more sensitive to methane emissions than
capture efficiency for expected ranges.
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CH4 emissions as a percentage of CO2 emissions from natural
gas-fired generation by balancing authority for the continental
U.S., assigned based on natural gas-fired generators participating
in that balancing authority as of 2019 (see Supporting
Information).
At the balancing authority level, CO2e from natural gas fleet

methane emissions is a maximum of 48% and minimum of 15%
of those fleets’ combustion CO2 emissions. For NERC regions,
this range (as [minimum, maximum]) is [16%, 36%]; for
utilities’ owned natural gas fleets, it is [13%, 48%].
Figure 2 shows the same value as presented in Figure 1, but for

the 10 utilities with the highest and lowest CH4 contribution to
their natural gas fleets’ CO2e emissions. Notably, many of these
utilities operate in states that have enacted or proposed zero-
carbon electricity targets, with unclear treatment of CH4
particularly for CH4 emissions originating out of state.
Figure 3 demonstrates the impact of CH4 emissions on

specific power plants. As Figure 3 shows, CCS lowers CO2
emissions but increases CH4 emissions for new NGCCs, based
on EIA heat rate assumptions.36 High CH4 emissions for
Arizona’s (AZ) natural gas supply render CO2e intensity for an
efficient NGCC (heat rate = 7600 btu/kWh) roughly equal to
that of a less efficient natural gas combustion turbine (NGCT)
(heat rate = 9780 btu/kWh) with a lower-CH4 natural gas
supply in Virginia (VA). A relatively inefficient NGCT (heat rate
= 13 100 btu/kWh) with a high-CH4 natural gas supply in
Kansas (KS) has a CO2e intensity roughly equal to that of the
bituminous coal (BIT) fleet, represented here by Clifty Creek, in
Indiana (IN).21 As of 2019, the U.S. generating fleet was 26%
NGCC, 13% NGCT, and 8% bituminous coal by nameplate
capacity28 (33%, 3%, and 7% by generation30); see the
Supporting Information for details on the natural gas fleet,
including steam turbines.
Natural gas-fired electricity is not GHG neutral even with

CCS (Figure 3), due both to incomplete capture and to CH4
emissions. Figure 4 shows a two-dimensional gradient of
emissions from NGCC with CCS, assuming EIA heat rate,36

varying CO2 capture efficiency from 80 to 100% (vertical axis),
andmethane emissions from 0 to 4% (horizontal axis), assuming
GWP-100 = 29.8 (left panel) and GWP-20 = 82.5 (right panel).
Note that this analysis does not account for increasing heat rate
penalty for high capture rates.38 Emissions for an archetypical
NGCC with CCS (90% capture, national average CH4
emissions) are highlighted, at 0.14 kg of CO2e/kWh (GWP-
100) and 0.30 kg of CO2e/kWh (GWP-20).
Natural gas-fired power plants with CCS could have CO2e

emissions rates ranging from 0 to roughly equal to CO2
emissions rates from a new unabated NGCC (assuming
GWP-100 for CH4) or a new unabated NGCT (assuming
GWP-20 for CH4), though note that such units would also have
CH4 emissions. The impact of CH4 emissions on total natural
gas-related GHG estimates illustrates the importance of creating
CH4-conscious GHG policy. For example, under a policy
requiring the use of GWP-20, as in New York State,39 90% CO2
capture and national average emissions suggest a CO2e footprint
for NGCCs with CCS roughly equal to CO2 emissions from an
NGCC without capture, with limited scope to reduce emissions
by improving CO2 capture rate. That is, meaningful emissions
reductions essentially require lowering CH4 emissions, which
power plant operators and even states might have limited ability
to do, particularly for states that do not have full jurisdiction over
their natural gas supply.

Just as CH4 leakage has implications for the role of natural gas
CCS, the influence of CH4 leakage on the viability of natural gas-
fired DAC is substantial. Assuming energy requirements of 366
kWh of natural gas-fired electricity with CCS and 5.25 gigajoules
(GJ) of direct natural gas heat37 per tonne of captured CO2, net
CO2e emissions removal using natural gas fuel is only about 60%
of CO2 capture, assuming estimated U.S. average CH4
leakage.10,22 At this energy intensity and methane emissions
level, the 2019 U.S. natural gas supply could theoretically
remove about 3 gigatonnes of carbon-dioxide-equivalent
(GtCO2e) per year; unrealistically assuming transport and
storage requires no additional natural gas energy. For [0%, 4%]
methane emissions from the natural gas fuel supply chain, this
removal potential is estimated at [3.6 GtCO2e, 2.6 GtCO2e,].
For GWP-100 = 29.8, methane emissions need to be at least
13.2% for CO2e removal potential to be negative under these
energy intensity assumptions, which is much higher than
observed basin-level emissions rates in the U.S.13 For GWP-20
= 82.5, CO2e removal potential is negative at emissions of 5.2%
and above, which are observed for supplies sourced from places
like the San Joaquin basin13 after accounting for midstream
emissions.
Methane emissions pose a meaningful challenge for the GHG

intensity of natural gas-fired activities, including electricity and
potentially carbon removal. Climate policy should recognize
that natural gas supplies do not have uniform emissions profiles
and that natural gas-fired CO2 capture is likely to increase CH4
emissions due to increased fuel requirements.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.estlett.1c00531.

Data, assumptions, analysis, and original-format figures,
including state-level methane leakage assumptions;
generator-level methane analysis; utility, NERC region,
and balancing authority results for natural gas-fired
power; and detailed calculations for DAC and CCS
analysis (XLSX)

■ AUTHOR INFORMATION

Corresponding Author
Emily Grubert − School of Civil and Environmental
Engineering, Georgia Institute of Technology, Atlanta, Georgia
30332, United States; orcid.org/0000-0003-2196-7571;
Phone: 404.894.3055; Email: gruberte@gatech.edu

Author
Diana Burns − School of Civil and Environmental Engineering,
Georgia Institute of Technology, Atlanta, Georgia 30332,
United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.estlett.1c00531

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The authors received no specific funding for this work.

Environmental Science & Technology Letters pubs.acs.org/journal/estlcu Letter

https://doi.org/10.1021/acs.estlett.1c00531
Environ. Sci. Technol. Lett. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.1c00531/suppl_file/ez1c00531_si_001.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.1c00531/suppl_file/ez1c00531_si_001.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.1c00531/suppl_file/ez1c00531_si_001.xlsx
https://pubs.acs.org/doi/10.1021/acs.estlett.1c00531?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.estlett.1c00531/suppl_file/ez1c00531_si_001.xlsx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emily+Grubert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2196-7571
mailto:gruberte@gatech.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Diana+Burns"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.1c00531?ref=pdf
pubs.acs.org/journal/estlcu?ref=pdf
https://doi.org/10.1021/acs.estlett.1c00531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ REFERENCES
(1) Southern Company. Net Zero. https://www.southerncompany.
com/clean-energy/net-zero.html (accessed May 12, 2021).
(2) The White House. FACT SHEET: President Biden Sets 2030
Greenhouse Gas Pollution Reduction Target Aimed at Creating Good-
Paying Union Jobs and Securing U.S. Leadership on Clean Energy
Technologies. https://www.whitehouse.gov/briefing-room/
statements-releases/2021/04/22/fact-sheet-president-biden-sets-
2030-greenhouse-gas-pollution-reduction-target-aimed-at-creating-
good-paying-union-jobs-and-securing-u-s-leadership-on-clean-energy-
technologies/ (accessed May 10, 2021).
(3) Williams, J. H.; Jones, R. A.; Haley, B.; Kwok, G.; Hargreaves, J.;
Farbes, J.; Torn, M. S. Carbon-Neutral Pathways for the United States.
AGU Advances 2021, 2 (1), e2020AV000284.
(4) EIA. Electricity data browser - Net generation for all sectors.
https://www.eia.gov/electricity/data/browser/#/topic/0?agg=
2,0,1&fuel=vtvv&geo=g&sec=g&linechart=ELEC.GEN.ALL-U.S.-99.
A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.
GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.
WND-U.S.-99.A~ELEC.GEN.TSN-U.S.-99.A&columnchart=ELEC.
GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-
U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.
A~ELEC.GEN.WND-U.S.-99.A&map=ELEC.GEN.ALL-U.S.-99.
A&freq=A&ctype=linechart&ltype=pin&rtype=s&maptype=0&rse=
0&pin= (accessed May 13, 2021).
(5) Ray, S. Renewables account for most new U.S. electricity
generating capacity in 2021. https://www.eia.gov/todayinenergy/
detail.php?id=46416 (accessed May 13, 2021).
(6) Davis, S. J.; Lewis, N. S.; Shaner, M.; Aggarwal, S.; Arent, D.;
Azevedo, I. L.; Benson, S. M.; Bradley, T.; Brouwer, J.; Chiang, Y.-M.;
Clack, C. T. M.; Cohen, A.; Doig, S.; Edmonds, J.; Fennell, P.; Field, C.
B.; Hannegan, B.; Hodge, B.-M.; Hoffert, M. I.; Ingersoll, E.; Jaramillo,
P.; Lackner, K. S.; Mach, K. J.; Mastrandrea, M.; Ogden, J.; Peterson, P.
F.; Sanchez, D. L.; Sperling, D.; Stagner, J.; Trancik, J. E.; Yang, C.-J.;
Caldeira, K. Net-Zero Emissions Energy Systems. Science 2018, 360
(6396), eaas9793.
(7) Dowling, J. A.; Rinaldi, K. Z.; Ruggles, T. H.; Davis, S. J.; Yuan, M.;
Tong, F.; Lewis, N. S.; Caldeira, K. Role of Long-Duration Energy
Storage in Variable Renewable Electricity Systems. Joule 2020, 4 (9),
1907−1928.
(8) Baker, S.; Stolaroff, J.; Peridas, G.; Pang, S.; Goldstein, H.; Lucci,
F.; Li, W.; Slessarev, E.; Pett-Ridge, J.; Ryerson, F.; Wagoner, J.;
Kirkendall, W.; Aines, R.; Sanchez, D.; Cabiyo, B.; Baker, J.; McCoy, S.;
Uden, S.; Runnebaum, R.;Wilcox, J.; Psarras, P.; Pilorgé, H.;McQueen,
N.; Maynard, D.; McCormick, C. Getting to Neutral: Options for
Negative Carbon Emissions in California; LLNL-TR-796100; Livermore
Lab Foundation, 2020.
(9) Weyant, J. P.; de la Chesnaye, F. C.; Blanford, G. J. Overview of
EMF-21: Multigas Mitigation and Climate Policy. Energy J. 2006, 27,
1−32.
(10) Alvarez, R. A.; Zavala-Araiza, D.; Lyon, D. R.; Allen, D. T.;
Barkley, Z. R.; Brandt, A. R.; Davis, K. J.; Herndon, S. C.; Jacob, D. J.;
Karion, A.; Kort, E. A.; Lamb, B. K.; Lauvaux, T.; Maasakkers, J. D.;
Marchese, A. J.; Omara, M.; Pacala, S. W.; Peischl, J.; Robinson, A. L.;
Shepson, P. B.; Sweeney, C.; Townsend-Small, A.; Wofsy, S. C.;
Hamburg, S. P. Assessment of Methane Emissions from the U.S. Oil
and Gas Supply Chain. Science 2018, eaar7204.
(11) Brandt, A. R.; Heath, G. A.; Kort, E. A.; O’Sullivan, F.; Pétron, G.;
Jordaan, S. M.; Tans, P.; Wilcox, J.; Gopstein, A. M.; Arent, D.; Wofsy,
S.; Brown, N.; Bradley, R.; Stucky, G.; Eardley, D.; Harriss, R. Methane
Leaks from North American Natural Gas Systems. Science 2014, 343
(6172), 733−735.
(12)MacKay, K.; Lavoie,M.; Bourlon, E.; Atherton, E.; O’Connell, E.;
Baillie, J.; Fouger̀e, C.; Risk, D. Methane Emissions from Upstream Oil
and Gas Production in Canada Are Underestimated. Sci. Rep. 2021, 11
(1), 8041.
(13) Omara, M.; Zimmerman, N.; Sullivan, M. R.; Li, X.; Ellis, A.;
Cesa, R.; Subramanian, R.; Presto, A. A.; Robinson, A. L. Methane

Emissions fromNatural Gas Production Sites in the United States: Data
Synthesis andNational Estimate. Environ. Sci. Technol. 2018, 52, 12915.
(14) Robertson, A. M.; Edie, R.; Field, R. A.; Lyon, D.; McVay, R.;
Omara, M.; Zavala-Araiza, D.; Murphy, S. M. New Mexico Permian
Basin Measured Well Pad Methane Emissions Are a Factor of 5−9
Times Higher Than U.S. EPA Estimates. Environ. Sci. Technol. 2020, 54
(21), 13926−13934.
(15) Allen, D. T.; Chen, Q.; Dunn, J. B. Consistent Metrics Needed
for Quantifying Methane Emissions from Upstream Oil and Gas
Operations. Environ. Sci. Technol. Lett. 2021, 8, 345.
(16) CEC. SB 1368 Emission Performance Standards. http://www.
energy.ca.gov/emission_standards/ (accessed March 19, 2018).
(17) Hopkins, F. M.; Ehleringer, J. R.; Bush, S. E.; Duren, R. M.;
Miller, C. E.; Lai, C.-T.; Hsu, Y.-K.; Carranza, V.; Randerson, J. T.
Mitigation of Methane Emissions in Cities: How New Measurements
and Partnerships Can Contribute to Emissions Reduction Strategies.
Earth's Future 2016, 4 (9), 408−425.
(18) Ravikumar, A. P.; Roda-Stuart, D.; Liu, R.; Bradley, A.;
Bergerson, J. A.; Nie, Y.; Zhang, S.; Bi, X.; Brandt, A. R. Repeated
Leak Detection and Repair Surveys Reduce Methane Emissions over
Scale of Years. Environ. Res. Lett. 2020, 15, 034029.
(19) Ravikumar, A. P.; Brandt, A. R. Designing Better Methane
Mitigation Policies: The Challenge of Distributed Small Sources in the
Natural Gas Sector. Environ. Res. Lett. 2017, 12 (4), 044023.
(20) Ocko, I. B.; Sun, T.; Shindell, D.; Oppenheimer, M.; Hristov, A.
N.; Pacala, S. W.; Mauzerall, D. L.; Xu, Y.; Hamburg, S. P. Acting
Rapidly to Deploy Readily Available Methane Mitigation Measures by
Sector Can Immediately Slow Global Warming. Environ. Res. Lett.
2021, 16 (5), 054042.
(21) Grubert, E. Fossil Electricity Retirement Deadlines for a Just
Transition. Science 2020, 370 (6521), 1171−1173.
(22) Burns, D.; Grubert, E. Attribution of Production-Stage Methane
Emissions to Assess Spatial Variability in the Climate Intensity of U.S.
Natural Gas Consumption. Environ. Res. Lett. 2021, 16 (4), 044059.
(23) Lyon, D. R.; Hmiel, B.; Gautam, R.; Omara, M.; Roberts, K. A.;
Barkley, Z. R.; Davis, K. J.; Miles, N. L.; Monteiro, V. C.; Richardson, S.
J.; Conley, S.; Smith, M. L.; Jacob, D. J.; Shen, L.; Varon, D. J.; Deng, A.;
Rudelis, X.; Sharma, N.; Story, K. T.; Brandt, A. R.; Kang, M.; Kort, E.
A.; Marchese, A. J.; Hamburg, S. P. Concurrent Variation in Oil andGas
Methane Emissions and Oil Price during the COVID-19 Pandemic.
Atmos. Chem. Phys. 2021, 21 (9), 6605−6626.
(24) Grubert, E.; Brandt, A. R. Three Considerations for Modeling
Natural Gas System Methane Emissions in Life Cycle Assessment. J.
Cleaner Prod. 2019, 222, 760−767.
(25) EPA. Emissions & Generation Resource Integrated Database
(eGRID). https://www.epa.gov/egrid (accessed May 11, 2021).
(26) EIA. Carbon Dioxide Emissions Coefficients. https://www.eia.
gov/environment/emissions/co2_vol_mass.php (accessed May 13,
2021).
(27) Omara, M.; Zimmerman, N.; Sullivan, M. R.; Li, X.; Ellis, A.;
Cesa, R.; Subramanian, R.; Presto, A. A.; Robinson, A. L. Methane
Emissions fromNatural Gas Production Sites in the United States: Data
Synthesis and National Estimate. Environ. Sci. Technol. 2018, 52 (21),
12915−12925.
(28) EIA. Form EIA-860 detailed data with previous form data (EIA-
860A/860B). https://www.eia.gov/electricity/data/eia860/ (accessed
May 11, 2021 2021).
(29) EIA. Annual Electric Power Industry Report, Form EIA-861
detailed data files. https://www.eia.gov/electricity/data/eia861/ (ac-
cessed May 11, 2021).
(30) EIA. Form EIA-923 detailed data with previous form data (EIA-
906/920). https://www.eia.gov/electricity/data/eia923/ (accessed
May 11, 2021).
(31) IPCC Sixth Assessment Report; Intergovernmental Panel on
Climate Change, 2021.
(32) Allen,M. R.; Shine, K. P.; Fuglestvedt, J. S.; Millar, R. J.; Cain,M.;
Frame, D. J.; Macey, A. H. A Solution to the Misrepresentations of CO
2 -Equivalent Emissions of Short-Lived Climate Pollutants under

Environmental Science & Technology Letters pubs.acs.org/journal/estlcu Letter

https://doi.org/10.1021/acs.estlett.1c00531
Environ. Sci. Technol. Lett. XXXX, XXX, XXX−XXX

F

https://www.southerncompany.com/clean-energy/net-zero.html
https://www.southerncompany.com/clean-energy/net-zero.html
https://www.whitehouse.gov/briefing-room/statements-releases/2021/04/22/fact-sheet-president-biden-sets-2030-greenhouse-gas-pollution-reduction-target-aimed-at-creating-good-paying-union-jobs-and-securing-u-s-leadership-on-clean-energy-technologies/
https://www.whitehouse.gov/briefing-room/statements-releases/2021/04/22/fact-sheet-president-biden-sets-2030-greenhouse-gas-pollution-reduction-target-aimed-at-creating-good-paying-union-jobs-and-securing-u-s-leadership-on-clean-energy-technologies/
https://www.whitehouse.gov/briefing-room/statements-releases/2021/04/22/fact-sheet-president-biden-sets-2030-greenhouse-gas-pollution-reduction-target-aimed-at-creating-good-paying-union-jobs-and-securing-u-s-leadership-on-clean-energy-technologies/
https://www.whitehouse.gov/briefing-room/statements-releases/2021/04/22/fact-sheet-president-biden-sets-2030-greenhouse-gas-pollution-reduction-target-aimed-at-creating-good-paying-union-jobs-and-securing-u-s-leadership-on-clean-energy-technologies/
https://www.whitehouse.gov/briefing-room/statements-releases/2021/04/22/fact-sheet-president-biden-sets-2030-greenhouse-gas-pollution-reduction-target-aimed-at-creating-good-paying-union-jobs-and-securing-u-s-leadership-on-clean-energy-technologies/
https://doi.org/10.1029/2020AV000284
https://www.eia.gov/electricity/data/browser/#/topic/0?agg=2,0,1&fuel=vtvv&geo=g&sec=g&linechart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A~ELEC.GEN.TSN-U.S.-99.A&columnchart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A&map=ELEC.GEN.ALL-U.S.-99.A&freq=A&ctype=linechart&ltype=pin&rtype=s&maptype=0&rse=0&pin=
https://www.eia.gov/electricity/data/browser/#/topic/0?agg=2,0,1&fuel=vtvv&geo=g&sec=g&linechart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A~ELEC.GEN.TSN-U.S.-99.A&columnchart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A&map=ELEC.GEN.ALL-U.S.-99.A&freq=A&ctype=linechart&ltype=pin&rtype=s&maptype=0&rse=0&pin=
https://www.eia.gov/electricity/data/browser/#/topic/0?agg=2,0,1&fuel=vtvv&geo=g&sec=g&linechart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A~ELEC.GEN.TSN-U.S.-99.A&columnchart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A&map=ELEC.GEN.ALL-U.S.-99.A&freq=A&ctype=linechart&ltype=pin&rtype=s&maptype=0&rse=0&pin=
https://www.eia.gov/electricity/data/browser/#/topic/0?agg=2,0,1&fuel=vtvv&geo=g&sec=g&linechart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A~ELEC.GEN.TSN-U.S.-99.A&columnchart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A&map=ELEC.GEN.ALL-U.S.-99.A&freq=A&ctype=linechart&ltype=pin&rtype=s&maptype=0&rse=0&pin=
https://www.eia.gov/electricity/data/browser/#/topic/0?agg=2,0,1&fuel=vtvv&geo=g&sec=g&linechart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A~ELEC.GEN.TSN-U.S.-99.A&columnchart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A&map=ELEC.GEN.ALL-U.S.-99.A&freq=A&ctype=linechart&ltype=pin&rtype=s&maptype=0&rse=0&pin=
https://www.eia.gov/electricity/data/browser/#/topic/0?agg=2,0,1&fuel=vtvv&geo=g&sec=g&linechart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A~ELEC.GEN.TSN-U.S.-99.A&columnchart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A&map=ELEC.GEN.ALL-U.S.-99.A&freq=A&ctype=linechart&ltype=pin&rtype=s&maptype=0&rse=0&pin=
https://www.eia.gov/electricity/data/browser/#/topic/0?agg=2,0,1&fuel=vtvv&geo=g&sec=g&linechart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A~ELEC.GEN.TSN-U.S.-99.A&columnchart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A&map=ELEC.GEN.ALL-U.S.-99.A&freq=A&ctype=linechart&ltype=pin&rtype=s&maptype=0&rse=0&pin=
https://www.eia.gov/electricity/data/browser/#/topic/0?agg=2,0,1&fuel=vtvv&geo=g&sec=g&linechart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A~ELEC.GEN.TSN-U.S.-99.A&columnchart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A&map=ELEC.GEN.ALL-U.S.-99.A&freq=A&ctype=linechart&ltype=pin&rtype=s&maptype=0&rse=0&pin=
https://www.eia.gov/electricity/data/browser/#/topic/0?agg=2,0,1&fuel=vtvv&geo=g&sec=g&linechart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A~ELEC.GEN.TSN-U.S.-99.A&columnchart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A&map=ELEC.GEN.ALL-U.S.-99.A&freq=A&ctype=linechart&ltype=pin&rtype=s&maptype=0&rse=0&pin=
https://www.eia.gov/electricity/data/browser/#/topic/0?agg=2,0,1&fuel=vtvv&geo=g&sec=g&linechart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A~ELEC.GEN.TSN-U.S.-99.A&columnchart=ELEC.GEN.ALL-U.S.-99.A~ELEC.GEN.COW-U.S.-99.A~ELEC.GEN.NG-U.S.-99.A~ELEC.GEN.NUC-U.S.-99.A~ELEC.GEN.HYC-U.S.-99.A~ELEC.GEN.WND-U.S.-99.A&map=ELEC.GEN.ALL-U.S.-99.A&freq=A&ctype=linechart&ltype=pin&rtype=s&maptype=0&rse=0&pin=
https://www.eia.gov/todayinenergy/detail.php?id=46416
https://www.eia.gov/todayinenergy/detail.php?id=46416
https://doi.org/10.1126/science.aas9793
https://doi.org/10.1016/j.joule.2020.07.007
https://doi.org/10.1016/j.joule.2020.07.007
https://doi.org/10.5547/ISSN0195-6574-EJ-VolSI2006-NoSI3-1.WIEBE
https://doi.org/10.5547/ISSN0195-6574-EJ-VolSI2006-NoSI3-1.WIEBE
https://doi.org/10.1126/science.aar7204
https://doi.org/10.1126/science.aar7204
https://doi.org/10.1126/science.1247045
https://doi.org/10.1126/science.1247045
https://doi.org/10.1038/s41598-021-87610-3
https://doi.org/10.1038/s41598-021-87610-3
https://doi.org/10.1021/acs.est.8b03535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b03535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b03535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c02927?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c02927?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c02927?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.0c00907?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.0c00907?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.0c00907?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://www.energy.ca.gov/emission_standards/
http://www.energy.ca.gov/emission_standards/
https://doi.org/10.1002/2016EF000381
https://doi.org/10.1002/2016EF000381
https://doi.org/10.1088/1748-9326/ab6ae1
https://doi.org/10.1088/1748-9326/ab6ae1
https://doi.org/10.1088/1748-9326/ab6ae1
https://doi.org/10.1088/1748-9326/aa6791
https://doi.org/10.1088/1748-9326/aa6791
https://doi.org/10.1088/1748-9326/aa6791
https://doi.org/10.1088/1748-9326/abf9c8
https://doi.org/10.1088/1748-9326/abf9c8
https://doi.org/10.1088/1748-9326/abf9c8
https://doi.org/10.1126/science.abe0375
https://doi.org/10.1126/science.abe0375
https://doi.org/10.1088/1748-9326/abef33
https://doi.org/10.1088/1748-9326/abef33
https://doi.org/10.1088/1748-9326/abef33
https://doi.org/10.5194/acp-21-6605-2021
https://doi.org/10.5194/acp-21-6605-2021
https://doi.org/10.1016/j.jclepro.2019.03.096
https://doi.org/10.1016/j.jclepro.2019.03.096
https://www.epa.gov/egrid
https://www.eia.gov/environment/emissions/co2_vol_mass.php
https://www.eia.gov/environment/emissions/co2_vol_mass.php
https://doi.org/10.1021/acs.est.8b03535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b03535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b03535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.eia.gov/electricity/data/eia860/
https://www.eia.gov/electricity/data/eia861/
https://www.eia.gov/electricity/data/eia923/
https://doi.org/10.1038/s41612-018-0026-8
https://doi.org/10.1038/s41612-018-0026-8
pubs.acs.org/journal/estlcu?ref=pdf
https://doi.org/10.1021/acs.estlett.1c00531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Ambitious Mitigation. npj Climate and Atmospheric Science 2018, 1 (1),
1−8.
(33) Collins, W. J.; Frame, D. J.; Fuglestvedt, J. S.; Shine, K. P. Stable
Climate Metrics for Emissions of Short and Long-Lived Species
Combining Steps and Pulses. Environ. Res. Lett. 2020, 15 (2), 024018.
(34)Hausfather, Z. Bounding the Climate Viability of Natural Gas as a
Bridge Fuel to Displace Coal. Energy Policy 2015, 86, 286−294.
(35) Lynch, J. M.; Cain, M.; Pierrehumbert, R. T.; Allen, M.
Demonstrating GWP*: A Means of Reporting Warming-Equivalent
Emissions That Captures the Contrasting Impacts of Short- and Long-
Lived Climate Pollutants. Environ. Res. Lett. 2020, 15, 044023.
(36) Assumptions to the Annual Energy Outlook 2021: Electricity Market
Module; EIA, 2021.
(37) McQueen, N.; Gomes, K. V.; McCormick, C.; Blumanthal, K.;
Pisciotta, M.;Wilcox, J. A Review of Direct Air Capture (DAC): Scaling
up Commercial Technologies and Innovating for the Future. Prog.
Energy 2021, 3 (3), 032001.
(38) Mletzko, J.; Ehlers, S.; Kather, A. Comparison of Natural Gas
Combined Cycle Power Plants with Post Combustion and Oxyfuel
Technology at Different CO2 Capture Rates. Energy Procedia 2016, 86,
2−11.
(39) NYSERDA. New York’s Climate Leadership and Community
Protection Act (CLCPA). https://climate.ny.gov/ (accessed January 7,
2021).

Environmental Science & Technology Letters pubs.acs.org/journal/estlcu Letter

https://doi.org/10.1021/acs.estlett.1c00531
Environ. Sci. Technol. Lett. XXXX, XXX, XXX−XXX

G

https://doi.org/10.1038/s41612-018-0026-8
https://doi.org/10.1088/1748-9326/ab6039
https://doi.org/10.1088/1748-9326/ab6039
https://doi.org/10.1088/1748-9326/ab6039
https://doi.org/10.1016/j.enpol.2015.07.012
https://doi.org/10.1016/j.enpol.2015.07.012
https://doi.org/10.1088/1748-9326/ab6d7e
https://doi.org/10.1088/1748-9326/ab6d7e
https://doi.org/10.1088/1748-9326/ab6d7e
https://doi.org/10.1088/2516-1083/abf1ce
https://doi.org/10.1088/2516-1083/abf1ce
https://doi.org/10.1016/j.egypro.2016.01.001
https://doi.org/10.1016/j.egypro.2016.01.001
https://doi.org/10.1016/j.egypro.2016.01.001
https://climate.ny.gov/
pubs.acs.org/journal/estlcu?ref=pdf
https://doi.org/10.1021/acs.estlett.1c00531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

