Science Advances

RAVAAAS

advances.sciencemag.org/cgi/content/full/6/17/eaaz5120/DC1

Supplementary Materials for

Quantifying methane emissions from the largest oil-producing basin in the United
States from space

Yuzhong Zhang*, Ritesh Gautam*, Sudhanshu Pandey, Mark Omara, Joannes D. Maasakkers, Pankaj Sadavarte,
David Lyon, Hannah Nesser, Melissa P. Sulprizio, Daniel J. Varon, Ruixiong Zhang, Sander Houweling,
Daniel Zavala-Araiza, Ramon A. Alvarez, Alba Lorente, Steven P. Hamburg, Ilse Aben, Daniel J. Jacob

*Corresponding author. Email: zhangyuzhong@westlake.edu.cn (Y.Z.); rgautam@edf.org (R.G.)

Published 22 April 2020, Sci. Adv. 6, eaaz5120 (2020)
DOI: 10.1126/sciadv.aaz5120

This PDF file includes:

Texts S1 to S4
Figs. S1to S9
Tables S1 and S2
References



Supplementary Text
Text S1: Methods for estimating gas flaring volume

We use the nighttime fire and flare data observed by the Visible Infrared Imaging Radiometer
Suite (VIIRS) instrument onboard the Suomi National Polar-Orbiting Partnership satellite to
support our analysis (https://eogdata.mines.edu/download viirs_fire.html; data access: August
1, 2019). The product Nightfire V2.1 (CLASS) is available for the period from 2012 to 2017,
while the product Nightfire V3.1 (GRAVITE) is available for the period starting 2018. We
select the data with retrieved flame temperature between 1400-2500 K within the study
domain. Combustion in this temperature range is usually associated with gas flaring. The
spatial distribution of the flaring radiant heat in Permian is presented in Figure 3 and the
evolution of the flaring radiant heat is presented in fig. S1.

We also estimate the gas flaring volume in Permian between May 2018 and March 2019
following an empirical relationship with the radiant heat proposed by Elvidge et al. (55):

V =0.0274 RH'
where V is the gas flaring rate in 10° m® a™' and RH’ is the modified radiant heat in MW to
account for the observed nonlinear relationship between flared gas volume and radiant heat
(55). RH’ for individual flares are computed as 6T*S% where o is the Stefan-Boltzmann
constant (5.67x 10® W m?K™), T'and S are the temperature and the source area of the flare,
respectively, retrieved from VIIRS observations, and &« = 0.7 is the empirical calibration
exponent determined by Elvidge et al. (55). The average and the standard deviation of the
flaring rate during the study period is computed with daily basin-level flaring rates aggregated
from individual detected flares. We estimate a flaring rate of 5.9+1.2 billion m® a™' during May
2018 and March 2019. In comparison, the operator self-reported venting and flaring in the
Permian Basin is 4.5 billion m’ a™' for 2018, according to the New Mexico Oil Conservation
Division (www.emnrd.state.nm.us/OCD/statistics.html) and the Texas Railroad Commission
(www.rrc.state.tx.us/oil-gas/research-and-statistics/production-data/). Previous assessments
show that operator self-reported flaring data are consistently lower than satellite-based
observations (15).

We can further compute the mass of methane contained in the flared gas (M) as
vV

M = Men,Y
where v is 0.0224 m> mol™ under STP conditions, mcps 1s 16 g mol'l, and vy is the fraction of
methane in natural gas (~ 80% for the Permian Basin according to EPA Oil and Gas Emissions
Estimation Tool Version 1.5). Methane emissions from gas flaring can then be computed as
(1 — €)M and methane converted to CO, during flaring as eM, where € is the flaring
combustion efficiency. We thus estimate that 3.4+0.8 methane Tg a™ is sent to flaring.
Assuming a flaring efficiency between 95%-98%, this indicates direct methane emissions of
0.07-0.17 Tg a™ from gas flaring, less than 6% of the total methane emission estimate based on
TROPOMI data. 3.2-3.3 Tg a”' methane is converted to CO, during flaring.

As a form of background information, there are 154,540 active wells with 6,555 new wells (< 1
year old) in the Permian Basin during the study period (May 2018 — March 2019), according to
Enverus Drillinginfo (50). Here, active wells are defined as wells that either reported their



oil/gas production for at least six months during the study period or reported non-zero oil/gas
production at the end of the study period (March 2019). While information regarding permits
in the New Mexico portion of the Permian Basin is unavailable, we estimate a total of 3,364
venting and flaring permits are effective for the Texas portion of the basin during the study
period, based on the data from the Texas Railroad Commission.



Text S2: Site-level emission measurements and extrapolation to the Permian Basin

We provide here details of recent ground-based measurements and their extrapolation that were
used to construct an alternative measurement-based bottom-up inventory for the Permian
Basin, as an input to the atmospheric inversion modeling. The methodology and results were
made publicly available in April 2019 via Environmental Defense Fund’s New Mexico oil and
gas pollution study (52). The resulting emission inventory dataset (Elvg inventory) is publicly
available for our study region encompassing the entire Permian Basin (DOI:
https://doi.org/10.7910/DVN/NWQGHU).

Here, we provide a summary of the measurements, methodology and results. Ground-based
site-level methane emission measurements at 93 oil and gas production sites in the Permian
Basin were performed in July and August 2018 with a stationary downwind plume
measurement technique (OTM-33A) (52), in which methane concentration measurements were
taken downwind of target sites at 0.5 Hz using a Picarro cavity-ring down spectrometer (Model
G2204). OTM-33A is a well-established emission rate quantification method that utilizes
stationary downwind measurements coupled with Gaussian plume dispersion modeling to
estimate site-level methane leak rates. Previous controlled release tests indicated a 95%
confidence interval of +/-56% on mean site-level emissions quantified using the OTM-33A
methodology (with a -10% bias) (56).

The sampling was carried out predominantly in the New Mexico portion of the Permian Basin,
following a stratified random sampling approach to account for the wide diversity of well age
within the oil producing fields. Final site selection at a particular field was determined by local
meteorology on the day of measurements as well as access to public roads downwind of target
sites. A FLIR optical gas-imaging camera is used to identify major emission sources such as
storage tanks and to facilitate positioning of the vehicle within the plume.

In this study, sites were recorded as below the detection limit (BDL) if no clear plume was
detected downwind. The BDL was estimated at 0.04 kg/h based on previous work (56). In
total, 52 sites were reported to have BDL emissions while 41 sites had emissions that were
above the detection limit. The detectability of emissions from a site are found to be closely
associated with the complexity of infrastructure. Emissions were below the detection limit
(0.04 kg/h/site) for over 90% of “simple” sites (with only wellheads and/or pump jacks), but
were detectable for most (78%) “complex” sites (also with storage tanks and/or compressors).
We determine the site-level emission factor for “simple” sites to be 0.04 kg/h/site and that for
“complex” sites to be 5.2 kg/h/site. For the latter, a lower bound estimate following the
procedure described in Zavala-Araiza et al. (57) (5.2—79 kg CH4/h/site) is used here for a
conservatively low estimate.

To extrapolate to basin-level emissions based on the above measurements, we need to estimate
the number of “simple” vs. “complex” sites in Permian. We used satellite imagery data from
Google Maps to perform manual classification (“simple”, “complex”, or “unknown’) of 25,000
well sites in the New Mexico portion of the Delaware Basin. Human classification of well site
images was achieved via a crowdsourcing marketplace—Amazon Mechanical Turk
(https://www.mturk.com/). Depending on the observed equipment on site, each image
representing a well site location was manually classified by five workers as either a “simple”

site, a “complex” site, or a site of “unknown” configuration. A site’s final classification was



determined based on at least a 60% agreement among the workers. On average, 33% of the
sites were classified as “complex” sites and 58% were classified as “simple” sites, with the
remainder (8.6%) being sites of “unknown” configuration. We assume this distribution for the
New Mexico portion of the Delaware Basin applies to the whole Permian Basin and count the
“unknown” category as “simple”. We therefore estimate that the numbers for “simple” and
“complex” sites are 97,000 and 48,600, respectively. Combining site classifications with
corresponding site-level emission factors leads to an estimate of 2.3 Tg a™ for methane
emissions from O/G production in the Permian Basin.



Text S3 Mass balance method for emission quantification

As an independent comparison of our inverse modeling results, we apply the mass balance
method of Buchwitz et al. (23) to derive the average methane emission rate over the Permian
Basin (30-34 °N, 101-105 °W). This data-driven approach does not require prior emissions and
atmospheric transport model, and therefore is a fast algorithm, compared to atmospheric
inversion. With large amount of high resolution observations delivered by satellite instruments
such as TROPOMI, the method has potential as a quick screening and assessment tool for
quantifying regional annual methane emissions.

Here, we apply the method to the elevation corrected methane column XCHY data from May
2018 — March 2019 regridded to 0.2° x 0.2° (Figure 1). The emission rate (O, Tg yr'') is
computed by applying a conversion factor (CF) to the XCH} enhancement (AXCHY, ppbv,
computed as mean XCH}, in the source region minus mean XCH} in the surrounding
background) as follows (23):

Q = AXCHiXCF
CF = LXVXM gy, XM XC

where L is the effective length of the source area (computed as square root of the source area,
375 km) through which wind of effective speed ¥ (17 km hr™') ventilates the air parcel carrying
emitted methane, M,,, is the ratio of average surface pressure in the region (898.32 hPa for
Permian) and standard surface pressure of 1013.25 hPa, M is a constant to convert mole
fraction to mass change per area (5.345 kg CH4 km™ ppb™) in standard atmospheric conditions,
and C is a dimensionless factor chosen to be 2.0, derived by Buchwitz et al. (23), based on the
concentration difference of the air parcel before and after entering the source area. The
surrounding background is defined as a rectangular box centered at the Permian Basin. We
vary the width and length of the surrounding background from 8 to 24 degrees at a 2-degree
interval. Wind speed V' is taken from the average horizontal boundary layer winds over the
source region from ECMWF ERAS data at 20:00 UTC, which is close to TROPOMI overpass
time over Permian basin. Using the mass balance method, we estimate an annual average
methane emission rate of 3.2 Tg a” from the Permian Basin.

The uncertainty of the method (o) is computed as ’UAZXCHQ + 0é; to account for

contributions from both AXCH}, and CF. The uncertainty due to AXCHY (O-AXCHEL ), dominated

by the variations in the background XCHY, is estimated by varying the size of surrounding
background region. The uncertainty due to CF (o¢g), primarily contributed by the uncertainty
in wind speed, is computed using the empirical equation derived in Buchwitz et al. (23) We

find 0y, to be 2.0 Tga™ (GAXCHQ =0.5Tga ' and ocp=19Tg a’!) in this work.



Text S4 Current status of regulation in the Permian Basin

Oil and gas production on federal lands occur only on the New Mexico portion of the Permian
Basin. These lands accounted for 9.6% (398 Bcf) and 8.9% (18 Bcf) of total Permian gas
production (https://www.enverus.com/) and gas flaring
(https://eogdata.mines.edu/download global flare.html), respectively. With the rescinding of
the gas capture and fugitive emissions requirements in the BLM’s 2016 Methane Waste
Prevention Rule, Permian Basin operators with assets on both federal and state lands are now
required to meet the state standards only. Both New Mexico and Texas do not have associated
gas capture targets and both states permit associated gas flaring in the Permian Basin.
Additionally, both states currently do not directly regulate oil and gas methane emissions.

In 2016, the Bureau of Land Management’s Methane Waste Prevention Rule
(https://www.regulations.gov/document?D=BLM-2016-0001-9126) imposed limits on
associated gas venting, flaring and fugitive leaks from new and existing sites operated on
federal lands. The BLM’s 2018 revision (https://www.govinfo.gov/content/pkg/FR-2018-09-
28/pdf/2018-20689.pdf) of the 2016 rule rescinded these requirements, arguing that these rules
were unnecessary because the EPA had analogous requirements for fugitive leaks, and venting
and flaring are regulated under state requirements. However, the EPA fugitive emissions
requirements are less stringent—they focus only on new or modified facilities commissioned in
September 2015 and later and do not address gas waste from other existing sites. Furthermore,
the EPA recently proposed to revise these requirements
(https://www.federalregister.gov/documents/2018/10/15/2018-20961/oil-and-natural-gas-
sector-emission-standards-for-new-reconstructed-and-modified-sources), loosening the leak
detection and repair frequency and allowing more time to perform repairs of detected leaks.
Thus, the vast majority of Permian operations (i.e. existing sites) on both federal and state
lands are now required to meet the state standards only.

Both New Mexico and Texas do not have associated gas capture requirements analogous to the
requirements in the 2016 BLM rule, and both states currently permit associated gas flaring in
the Permian Basin. The Texas Railroad Commission’s Statewide Rule 32
(https://texreg.sos.state.tx.us/public/readtac$ext. TacPage?sl=R&app=9&p dir=&p rloc=&p tl
oc=&p_ploc=&pg=1&p tac=&ti=16&pt=1&ch=3&r]|=32) grants administrative flaring
permits that can be renewed for 180 days. Operators can apply for extension to flare beyond
the first 180 days and provide additional information on progress made “toward establishing
the necessary infrastructure to produce gas rather than flare it.” These extensions are routinely
granted, primarily because “the operator is waiting for pipeline construction scheduled to be
completed by a specified date.” Similarly, The New Mexico Administrative Code
19.15.18.12A (http://164.64.110.134/parts/title19/19.015.0018.html) permits venting and
flaring of casing-head gas in unlimited quantities within the first 60 days following completion.
Exceptions may be granted beyond the first 60 days when venting/flaring appears “reasonably
necessary to protect correlative rights, prevent waste or prevent undue hardships on the
applicant.”



Supplementary figures

400

s | Delaware
=300 Midland

100+

Flaring radiant hea

(&)}
(@

2012 2013 2014 2015 2016 2017 2018
Year

Fig. S1 Annual mean gas flaring radiant heat over the Permian Basin observed by VIIRS
from 2012 to 2018. Error bars represent the standard deviation of monthly variations. The blue
shading represents the Midland Basin and the green shading the Delaware Basin.
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Fig. S2 Observed and simulated XCH,4 over the Permian Basin. The top panels show
TROPOMI observations, GEOS-Chem prior simulation, and GEOS-Chem posterior simulation
respectively. The bottom panels show the difference between simulations (prior simulation,
prior simulation with regional biases corrected, and posterior simulation) and observations.
Data are averaged from May 2018 to March 2019.
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Fig. S3 Spatial distribution of methane emission rates in the Permian Basin in alternative
prior emission inventories (A, C, E, G) and the corresponding posterior estimates (B, D,
F, H). A, B are for Elvg, C, D for Elen, E, F for Elgas, and G, H for Eli. The solid blue box
encloses the Permian Basin with the two sub-basins to the left (the Delaware) and the right (the
Midland) of the dashed line.
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Fig. S4 Spatial correlation between the posterior methane emission rates and O/G
production activities for each grid cell. Data for well count, oil production, and gas
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basin-level methane emission estimates by the base and sensitivity inversions (table S2). Blue
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Fig. S7T TROPOMI XCH4 observations over the conterminous U.S. (A) Average column
methane mixing ratio (XCHy4) over the conterminous U.S. during the study period. The 11-
month average is derived from monthly mean XCH4 from TROPOMI. (B) Number of days
with successful retrievals on the 0.2°x0.2° grid from May 2018 to March 2019.
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Fig. S9 Regional model biases inferred from the TROPOMI inversion and evaluation
with independent observations. (A) monthly regional model biases for the simulated methane
column (XCHy) from the base inversion. (B-D) Evaluation with surface measurements at MLO
(B), tower measurements at WKT (C), and aircraft vertical profile measurements ~ 250-8000
m at TGC (D). The bias corrected model results (blue) are computed as the sum of original
model results (red) and model biases inferred from the inversion (regional model biases
derived from our inversion times a factor of 1.25 to convert the column bias to the free
tropospheric bias). We show monthly averages for MLO and WKT, and flight averages above
and below 4 km altitude for TGC. This comparison suggests that the regional model bias term
introduced in the inversion is effective for correcting background biases resulting mainly from
imperfect boundary conditions.
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Supplementary tables

Table S1. Estimates of O/G-related methane emissions reported in previous aircraft-based
studies for 11 U.S. O/G producing basins. *

Ref. Date NG CH, O/G- Production
Sampled production fraction related normalized
(Month/year) (10°m’ a™) in NG emissions emission rate
(%) (Tga™) (%)

Haynesville (26) 6/2013 80 86 0.63 1.3
Barnett (27) 3 & 10/2013 61 89 0.53 1.4
NE PA (28) 5/2015 60 95 0.16 0.4
NE PA (26) 7/2013 N/A 95 0.11 0.3
San Juan (12) 4/2015 29 83 0.50 3.0
Fayetteville (29) 10/2015 26 97 0.24 1.4
Fayetteville (26) 7/2013 N/A 97 0.31 1.9
Bakken (30) 5/2014 20 47 0.24 3.7
Uinta 31 2/2012 12 89 0.48 6.6
Denver Basin (32) 5/2012 10 79 0.17 3.1
West Arkoma (26) 7/2013 4 96 0.23 9.1
Bakken (24) 4/2015 13 47 0.25 5.4
Barnett (24) 4/2015 44 87 0.40 1.5
Denver Basin (24) 3/2015 14 77 0.16 2.1
Eagle Ford ° (24) 4/2015 56 N/A 0.73 25

west 32 77 0.36 2.0

east 24 68 0.37 3.2
Haynesville (24) 4/2015 54 90 0.37 1.0
SW PA (25 8 & 9/2015 29 88 0.19 1.1
11-basin sum ° 322 N/A 3.71 1.9
Permian This 5/2018- 128 80 2.7 3.7

study 3/2019

* Data are taken from a summary by Alvarez et al. (7) except for those from Peischl et al.

(24) and Ren et al. (25).

® Emissions from Eagle Ford are reported separately as west and east sub-basins (24), based
on which we compute the data for the entire basin.

¢ 11-basin sum is computed with latest measurements if multiple studies exist for a specific
basin. Therefore, shaded rows are excluded in calculating the 11-basin sum.
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Table S2. Total basin-level methane emission estimates from an ensemble of sensitivity
inversions perturbing a variety of inversion parameters.

Inversion Basin methane
emissions
(Tga')

Base inversion * 2.9

Sensitivity inversions perturbing prior emissions °

PI_EI,;: El,; as prior emissions 32
PI_EIL El; as prior emissions 2.7
PI_EI,,, EI,, as prior emissions 2.7
PI_EIL,.; El,., as prior emissions 29

Sensitivity inversions perturbing the size of spatial domain

Bg Large 27°-36°N, 98°-108° W 34

Sensitivity inversions perturbing error covariance specifications

PEx2 Double prior error 32
PEX*0.5 Halve prior error 2.5
OE_Cor Specify observational error correlations © 2.4

* Base inversion is performed over a domain in 29°-34°N, 100°-~106° W and uses Elgy as prior
information. Both Sp and S, are taken to be diagonal. Prior errors are specified as the absolute
difference between Elgy and Ely. Observational errors are specified following the residual
error method (43).

® Spatial distributions of these prior emission inventories and corresponding posterior estimates
are shown in fig. S3.

¢ So is specified following Cusworth et al. (44) by assuming 4 ppbv model errors with a spatial
correlation length of 40 km and independent instrument errors.
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