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ABSTRACT: In this study, a ground-based mobile measurement system
was developed to provide rapid and cost-effective emission surveillance of
both methane (CH4) and volatile organic compounds (VOCs) from oil and
gas (O&G) production sites. After testing in several controlled release
experiments, the system was deployed in a field campaign in the Eagle Ford
basin, TX. We found fat-tail distributions for both methane and total VOC
(C4−C12) emissions (e.g., the top 20% sites ranked according to methane
and total VOC (C4−C12) emissions were responsible for ∼60 and ∼80% of
total emissions, respectively) and a good correlation between them
(Spearman’s R = 0.74). This result suggests that emission controls targeting
relatively large emitters may help significantly reduce both methane and
VOCs in oil and wet gas basins, such as the Eagle Ford. A strong correlation (Spearman’s R = 0.84) was found between total VOC
(C4−C12) emissions estimated using SUMMA canisters and data reported from a local ambient air monitoring station. This finding
suggests that this system has the potential for rapid emission surveillance targeting relatively large emitters, which can help achieve
emission reductions for both greenhouse gas (GHG) and air toxics from O&G production well pads in a cost-effective way.

1. INTRODUCTION

Methane is a potent greenhouse gas (GHG) and is the second
most prevalent anthropogenic GHG after carbon dioxide.1 In
the United States, the oil and gas (O&G) sector is a large
anthropogenic methane emission source, representing 28% of
the total methane emissions in 2018.1 A recent study found that
methane emissions from the O&G sector were 60% higher than
the United States Environmental Protection Agency (U.S. EPA)
GHG inventory estimate, and the greatest discrepancy was in the
O&G production segment with a 2-fold difference.2 Meanwhile,
the O&G sector is the largest industrial source of volatile organic
compounds (VOCs) in the United States, contributing more
than 3 million tons per year according to a 2014 estimate by the
U.S. EPA.3 Some VOCs are hazardous air pollutants (e.g.,
benzene, toluene, ethylbenzene, and xylene, collectively known
as BTEX) and may have direct health impacts for residents
nearby O&G production sites.4−6 VOCs are also precursors of
ground-level ozone.7−9 TheU.S. EPA published theNew Source
Performance Standards (NSPS) in 2016, which included
regulations for VOCs and methane from the production and
processing segment of the O&G sector.10 In 2019, the U.S. EPA
rescinded the methane requirement in the policy amendment,
arguing that regulations for VOCs can simultaneously reduce
methane emissions.11 Some studies have found that methane
and VOCs may originate from different sources onsite a O&G
production well pad (e.g., separator and storage tank).12,13

Therefore, the effectiveness of achieving methane and VOC
emission reductions by only regulating VOC emissions remains
to be examined from additional field measurements. Also, only
regulating VOC emissions will be ineffective to reduce methane
emissions from dry gas wells.
Considering the presence of the fat-tail distribution for both

methane and VOC emissions13,14 and their spatiotemporal
variability of emissions,15,16 routine emission surveillance that
can quickly identify large emitters and prioritize mitigation can
be a cost-effective way to achieve efficient overall emission
reductions while providing complete coverage of all sites in a
region of study. A robust and cost-effective measurement system
with a short turnaround time is needed to perform such emission
surveillance. Airborne- and ground-based measurement systems
have been deployed to study methane and VOC emissions from
O&G production well pads. Airplanes equipped with high-
sensitivity real-time gas analyzers or imaging spectrometers can
measure methane and/or VOC emissions.17−20 Constrained by
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weather conditions and high operational cost, airborne
measurements are often limited to deployment in ad hoc field
campaigns. Drone-based systems are emerging as a relatively
low-cost and rapidly deployable monitoring approach.21−24

However, their deployment can be limited by payload capacity
as well as safety and regulatory-driven constraints on flight paths.
Leak detection and repair (LDAR) surveys following U.S.

EPA Method 2125 or using an optical gas imaging (OGI)
camera26 are ideal for component-level leak detection. However,
they cannot provide leak quantification and are very time and
resource intensive, thus tending to have infrequent return
periods that open the possibility of long-duration problems prior
to detection and mitigation. Ground-based mobile measure-
ment systems have shown great potential for identifying and
quantifying methane and VOC emissions from O&G
production wells.27−29 Ground-based mobile measurements
can host a wide range of equipment (from research grade to low-
cost) and provide emission detection and quantification with
high spatial resolution. The use of advanced real-time instru-
ments for speciated VOC measurements requires dedicated
personnel with specialized training,12,13,30 which becomes
prohibitively expensive to operate routinely. A less expensive
system was developed to make stationary downwind measure-
ment using an advanced methane analyzer to trigger sampling of
VOCs with SUMMA canisters.29 Such a paired approach relies
on favorable wind conditions and is most suited to situations
where themethane and VOCs are emitted from the same source,
which may not always apply to O&G production wells.12,13

This study addresses the development and demonstration of a
ground-based mobile measurement system that can perform
rapid emission surveillance of both methane and VOCs from
O&G well pads. Real-time measurements of methane and total
nonspeciated VOCs were made by an advanced methane
analyzer and a photoionization detector (PID), respectively.
Two methods were proposed to supplement the nonspeciated
PID measurements for VOC emission surveillance: one focuses
on emission quantification using SUMMA canisters to sample
air downwind from the individual well pads, the other one
focuses on rapid surveillance of multiple well pads using data
obtained from nearby ambient monitoring stations. Bayesian
inference was applied to estimate emission rates using repeated
downwind plume measurements.27,31,32 The system was first
tested in a series of controlled release experiments and then
deployed to measure O&G production well pads in the Eagle
Ford basin, TX. The Eagle Ford basin is one of the largest oil
fields in the United States; and the state of Texas emitted the
largest amount of VOCs among all 50 states according to the
2014 National Emission Inventory.3 Several studies have
quantified regional hydrocarbon emissions from the Eagle
Ford basin using monitoring towers or airplane,33−35 while only
a few studies estimated emissions from individual well pads.29

Elevated ambient BTEX mixing ratios were observed near
unconventional O&G production well pads in the Eagle Ford
basin; however, BTEX emission rates were not quantified.36

Here, we present methane and VOC emissions fromwell pads to
test the ability of rapid and cost-effective emission surveillance
for both methane and VOCs, to improve our understanding of
emissions in this region, and to discuss the implication for
reduction strategies for both methane and VOCs.

2. MATERIALS AND METHODS
A mobile measurement system was developed to measure
methane and VOC emissions from O&G production well pads

using a dedicated methane analyzer and a photoionization
detector (PID) supplemented by SUMMA canisters for VOCs.
A sport utility vehicle (SUV) was utilized as the mobile
measurement platform (MMP), outfitted with a roof-mounted
GPS unit (Trimble Geo 7X handheld from Trimble Inc.,
Sunnyvale, CA) to track its real-time position. The GPS unit
samples at 1 Hz frequency, with an accuracy of 5−15 cm for
>98% data points after postprocessing.
Two high-precision methane analyzers were used in this

study: a research-grade open-path analyzer37,38 was used in the
controlled release experiment and for development of methods,
while a commercial close-path analyzer was used in the
subsequent field campaign (Picarro G2301 from Picarro Inc.,
Santa Clara, CA). Both analyzers employ the laser-based cavity
ring-down spectroscopy (CRDS) technique, which is a laser
absorption method that derives improved sensitivity from a
high-finesse optical cavity. The research-grade open-path
analyzer has been quantitatively validated against a reference
instrument and has been successfully used in the field for
hundreds of hours.38 The commercial Picarro methane analyzer
has been successfully deployed in many vehicle-based field
studies with robust performance.31,39−41 A PID was used to
measure VOCs at the ppb level (Falco from Ion Science,
Cambridge, U.K). PID is nonselective and therefore responds to
a broad range of VOCs with different response factors.42 In this
study, a 10.6 eV lamp was used, which is fairly robust and
sensitive to many VOCs often found in O&G production
sites.12,39,43 According to the manufacturer, the detector used by
Falco (miniPID 2 PPB) has good linearity over its full range (0−
50 ppm) and can operate across a wide range of relative
humidity conditions (0−99%, noncondensing).44 However, it is
not responsive to ethane and propane, two commonly observed
VOCs from O&G productions.
To supplement PIDmeasurements, air samples were taken by

3.2 L SUMMA canisters to provide speciated mixing ratios of
VOCs from plumes emitted from the upwind O&G well pads.
For each sample, the field technician held the canister steady
with its position above and upwind of his/her head and kept the
valve open for approximately 1 min.39 For each sampled site,
mixing ratios of 61 nonmethane hydrocarbons (C2−C12) were
analyzed from the SUMMA canister by a commercial analytical
lab following the EPA’s TO-3method, with a sampling precision
within ±5% and a sampling accuracy within ±10%.45 It should
be noted that the reporting limits for C2−C12 VOCs are in the
range of 0.5−3 ppb (Supplemental Information B), which are
much higher than research grade labs (e.g., 3 ppt).39,46 Among
others, it includes speciated C4−C12 alkanes and C6−C9
aromatics. These VOCs are selected since they are mostly oil
and NG production-related compounds. A previous study
analyzed 58 nonmethane VOCs (56 of 58 are included in this
study) and found that the combined mixing ratio of unknown
compounds is <5% of the sum of the 58 nonmethane VOC
mixing ratios.29 Emissions of another two common VOCs,
formaldehyde and methanol, have been detected from O&G
production well pads.12,39 However, they are not selected for lab
analysis since they are not detectable by the PID using the 10.6
eV lamp. VOC mixing ratios from all of the SUMMA canisters
are summarized and included in the Supplemental Information
A (Table S1). For rapid emission surveillance, time-averaged
VOC data reported by local ambient air monitoring stations
using automated gas chromatography (auto-GC)was usedwhen
canister data were not available. Due to the difference in
sampling strategies, data from the local stations are used to
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understand regional VOC mixing ratios, whereas data from
canister samples can better capture emissions from individual
well pads. Time synchronization was performed to correct for
sampling line delay of the methane analyzer and the PID.
Before the onset of the field campaign, 53 candidate well pads

were selected following the criteria that they are less than 150 m
upwind of public roads and more than 150 m from other
potential emission sources (e.g., other well pads or processing
stations) using Google Earth. In addition, we ensured good road
access for all of the candidate well pads and scheduled field
sampling based on daily metrological and road conditions (e.g.,
well pads with accessible road on the east side would be sampled
with the prevailing wind from west). For each candidate well
pad, three downwind mobile passes were first performed with
GPS located methane and PID signals recorded. The MMP
drove as slow as 5 m/s to capture the spatial structure of the
downwind plume.47 The vehicle was moving almost perpendic-
ular to the prevailing wind direction, which was visually
determined by the windsocks installed on the well pads and
later confirmed using wind data collected by the sonic
anemometer. If elevated methane mixing ratios (>0.2 ppm
above background) were detected during the first three passes,
the well pad was then identified for further investigation. Out of
the 53 candidate well pads, a total of 28 well pads were identified
for further study. The identification process is designed to help
locate relatively strong sources and to improve the detectability
of speciated VOCs collected by the downwind canister samples.
However, it certainly excludes candidate well pads with small
emissions from further investigation and this must be considered
in the statistical interpretations (e.g., sampling roughly the top
half of the emitters).
For each of the 28 identified well pads, additional downwind

passes (at least 10) were conducted and a representative air
sample was taken using a SUMMA canister. Meanwhile, wind
speed, wind direction, and air temperature were measured near
the identified well pad using a two-dimensional (2D) sonic
anemometer (WindSonic 60 from Gill Instruments, Hampshire,
U.K.). The sonic anemometer was mounted on a portable
meteorological tower (∼1.6 m aboveground), which was
installed in a relatively flat and open location near the identified
well pad. In future applications, one could integrate the sonic
anemometer onto the MMP to evaluate wind speed in real time
and at the exact sensor location.48

2.1. Emission Rate Estimation. A previously developed
Bayesian inference approach was adopted to quantify the
emission rates of methane and VOCs from the identified well
pad.27,31,32 Following Bayes’ theorem, the posterior probability
density function (pdf) of the emission rate Q given the
observation of C (either measured methane mixing ratio CCH4

or
inferred mixing ratio of the ith VOC, Ci) and the ancillary
information including the prevailing meteorological conditions
(I) is

P Q C I
P Q I P C Q I

P C I
( , )

( ) ( , )

( )y
y

y
| =

| |
| (1)

where Cy [ppm × m] is the cross-plume integrated above-
ambient mixing ratios. Practically, Cy can be estimated as Cy =
∑CaΔx, where Ca is the above-ambient mixing ratios and Δx
[m] is the distance between the geo-referenced mixing ratio data
points corrected for nonperpendicular angle of traversal. Ca is
calculated as:Ca =C−Cb, whereC is the rawmixing ratios (CCH4

for methane and Ci for VOCs) and Cb is the background mixing
ratios. Cb was estimated as the fifth percentile of the ranked time
series of CCH4

(t) and Ci(t) for methane and the ith VOC,

respectively.27,28 Real-time methane mixing ratios, CCH4
(t), can

be readily measured by the onboard methane analyzer. Time-
resolved and speciated VOC mixing ratios can be inferred from
fusing the real-time PID readings and the SUMMA canister
sample, by assuming that the plume chemical composition
remains unchanged during the mobile sampling period (∼30
min), and most VOCs contributing to the elevated PID signal
were analyzed from the SUMMA canisters
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where t is the time, Ci(t) is the inferred mixing ratio for the ith
VOC, CP(t) is the total nonspeciated VOC mixing ratio
reported by the PID, CCi is the mixing ratio for the ith VOC in
the SUMMA canister, and RFi is the PID’s response factor for
the ith VOC provided by the manufacturer.42 RFi of VOCs are
referenced to isobutylene (RFi = 1). The greater the RFi is, the
less sensitive the PID is to the particular VOC.
Assuming that the prior knowledge ofQ is limited to its upper

and lower bound (Qmax and Qmin, respectively), a uniform
distribution is adopted for (P(Q|I)) as a noninformative prior.31

After the first sensor pass (with a valid measurement of Cy), eq
(1) is updated recursively such that P(Q|I) is replaced each time
by the posterior pdf P(Q|cy,I) derived from the previous sensor
pass.
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where j is a counter for successive sensor passes.
A Gaussian form of the likelihood function is adopted

following previous studies27,31,49
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where Cy
M(Q) is the modeled Cy as a function of the candidate

emission rate Q. σe is the “error scale” that represents a measure
of the uncertainty when comparing the modeled Cy

M(Q) against
the measurement Cy. The parameterization of σe is detailed
elsewhere.31 A simple passive scalar plume model is used for
Cy
M(Q) = Q/U̅Dz,

27 where U̅ is the plume advection speed and
Dz represents the plume vertical dispersion. Dz can be estimated

using the semianalytical relation50 ( )D expz
A
z

Bz
z

s
= −

̅ ̅

Ä
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ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑ, where

z [m] is the height of the sensor inlet, z ̅ [m] is the mean plume
height, and A, B, and s are unitless empirical parameters of
atmospheric stability and z.̅
By updating the prior term P(Q|I) with the posterior (P(Q|

cy,I)) derived from the previous sensor pass, P(Q|cy,I) is
calculated recursively to incorporate data collected after each
pass and reflect the total weight of the data collected up to that
point in time. After the final sensor pass, the estimated leak rate
and the associated uncertainty can be estimated by the mode
(Qe) and standard deviation (σQ) of P(Q|cy,I), respectively

31
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where QExp = ∫Q × P(Q|Cy,I)dQ is the expectation of the
posterior pdf.
The emission rates of VOCs that are not detected by PID but

are analyzed in the SUMMA canister air sample can be estimated
using a ratio method29,40

Q

Q
CC MW

CC MW
n

i i

n n

i i i

e,

e,∑
=

*
∑ * (6)

where MW is molecular weight and the subscript n denotes the
nth VOC that was not detected by PID but was later found from
the SUMMA canister sample. Although C2−C12 VOCs were
analyzed by the SUMMA canister, C2−C3 were either not
sensitive to PID (e.g., acetylene, ethane, and propane) or found
to be below detection limit (i.e., propene) from all of the
SUMMA canisters. Therefore, eq 6 will only be used to infer
C4−C12 VOCs.
Some of the observed well pads are quite complex with pump

jacks, separators, dehydrators, storage tanks, and flare stack,
while others have much less equipment on site. When multiple
O&G-related equipment were present on a well pad, they were
geo-located using Google Earth (later confirmed by field notes)
and P(Q|Cy,I) were estimated individually. Following Zhou et
al.,47 the probability of emissions was assumed to be equal for
each equipment group; the probability of emission rates for the
identified well pad can be estimated by integrating the P(Q|Cy,I)
over all of the equipment groups.
2.2. Controlled Release Testing. The Methane Emission

Technology Evaluation Center (METEC) at Colorado State
University (CSU) was purpose-built to represent typical O&G
facilities, such as production well pads, gathering facilities, and
underground distribution pipelines.51 On-site equipment is
outfitted with gas release point(s) to mimic real-world NG
emission scenarios, such as vented emissions (e.g., pneumatic
devices) and fugitive emissions (e.g., seals, fittings, flanges, etc.).
A central control system manages flowrates at all release points
allowing emissions to vary over time to meet the specification of
the test. Considering the slow chemical reaction rate of VOCs
and methane in ambient temperature and pressure compared to
the travel time from source to sensor, both can be considered as
conserved passive scalars during the downwind measurement
periods (typically <half an hour). Since they follow the same
principles of plume transport, we contend that the methodo-

logical performance for methane emission can be readily applied
to that for VOC emissions.
Meteorological data were obtained from two nearby weather

stations (both within 500 m from METEC) operated by the
Colorado Agricultural Meteorological network (CoAgMet).
More specifically, wind speed and direction were measured by a
wind anemometer and a wind vane (Wind Sentry from R.M.
Young Company, Traverse City, Michigan). The air temper-
ature was measured by a temperature and relative humidity
probe (HMP45C-L from Vaisala, Vantaa, Finland). Both
stations report time-averaged meteorological data once every 5
min. To better represent meteorological conditions at METEC,
the averaged meteorological data recorded by the two stations
are used here.
On August 30, 2017, a series of six controlled release

experiments were performed at METEC. Each experiment
lasted about 20 min, with emissions from the pressure release
valve (prv) of the separator and the thief hatch of the storage
tank. Two experiments were excluded due to low wind speed
(<1 m/s) and high turbulent intensity (the ratio of wind gust to
mean wind speed >2).32 Consequently, four experiments are
available for further analysis, and their experimental conditions
are summarized in Table 1.
We first evaluate results obtained from the controlled release

experiments. As shown in Table 1, emission rates estimated
using the Bayesian inference (Qe) are fairly close to the
controlled emission rate (Q0), withQ0 withinQe± σQ for all four
experiments. The percentage error (i.e., (Qe − Q0)/Q0) ranged
from−8 to 15% with an average of bias of 5%, suggesting a solid
model performance. The relatively large uncertainty for Qe is
partly due to the low-resolution wind data (5 min acquisition
frequency) that has increased the uncertainty in the plume
modeling. The same approach has been tested in multiple
controlled release experiments with simplified experimental
settings and showed good performance with averaged
percentage error <10%.27,32,47 A recent study showed a good
agreement between methane emissions of several fertilizer
plants measured by a MMP using the abovementioned Bayesian
inference31 and airborne mass balance approach.52 Another
study found that leaky well pads detected by an OGI camera,
which could not quantify emission rates, were all identified by a
MMP with emission rates quantified by the Bayesian inference
approach.47 The good agreements between the MMP and other
methods (i.e., airborne and OGI camera) in field measurements
further improve our confidence in the skills of the Bayesian
inference approach.

2.3. Field Campaign. A 1 week field campaign was
conducted fromMarch 17 to 24, 2018, to characterize emissions

Table 1. Summary of Controlled Release Experiments, Including the Experiment Number (Exp No.), Emission Source,
Controlled Emission Rate (Q0)±Uncertainty (σQ), Mean Downwind Distance (xm), Number of DownwindMobile Passes (NP),
Averaged Meteorological Data Reported by Two Nearby Weather Stations, Including the Mean Wind Speed (U̅), Mean Wind
Direction (θm) Clockwise from the North, and the Estimated Emission Rate (Qe) ± Uncertainty (σQ)

exp
no.

emission
source

controlled emission rate
(Q0 ± σQ), in scfh

mean downwind
distance (xm), in m

number of
downwind passes

(NP)
mean wind speed

(U̅), in m/s

mean wind
direction (θm), in

deg
estimated emission rate
(Qe ± σQ), in scfh

1 separator
prv

18.57 ± 1.79 103.5 10 1.97 131 21.5 ± 4.6

2 separator
prv

45.03 ± 4.71 87.4 13 1.51 102 50.1 ± 9.4

3 tank thief
hatch

62.53 ± 3.00 87.6 14 1.43 84 61.4 ± 15.4

4 tank thief
hatch

78.76 ± 2.53 92.4 15 1.35 73 71.8 ± 14.1
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ofmethane and VOCs from active horizontally drilledO&Gwell
pads located in Karnes andDeWitt County, which are part of the
Eagle Ford Basin, TX (Figure 1). All of the identified well pads
are in open and relatively flat shrubland/grassland. No other
knownmethane and VOC emission sources, such as dairy farms,
landfills, or non-O&G stationary combustion sources (e.g.,
boilers and heaters), were observed during the field campaign. In
addition, all measurements were conducted in the absence of
upwind mobile combustion sources (e.g., pick-up trucks) to
avoid VOC emission interference.

Sampling conditions of the 28 identified active O&G well
pads (out of the 53 candidate well pads) are provided in Table 2.
No field experiments were excluded due to low wind speed and
high turbulent intensity conditions since the mean wind speed
(U̅) > 1 m/s for all well pads in Table 2. A neutral atmospheric
condition was assumed based on climatological analysis of a
nearby flux tower, and sensitivity analysis showed that the
estimated emission rates were only slighted affected (<5%) by
typical variability of atmospheric stability in this region. For
future application, measurements of local atmospheric stability

Figure 1. Map of the identified O&G well pads and the local ambient air monitoring station.

Table 2. Summary of Sampled Well-Pad ID, Sampling Date, Time, Mean Downwind Distance (xm), Number of Downwind
Mobile Passes (NP), Mean Wind Speed (U̅), and Mean Wind Direction Clockwise from the North (θm)

a

well-pad
ID date

local standard
time

mean downwind distance
(xm), in m

number of downwind passes
(NP)

mean wind speed (U̅), in
m/s

Mean wind direction (θm),
in deg

1 03/17/2018 12:45−13:21 125 16 2.7 164
2 03/17/2018 14:15−14:44 132 18 3.8 149
3 03/17/2018 14:44−15:13 165 17 3.7 144
4 03/17/2018 15:14−15:42 210 17 3.3 138
5 03/17/2018 16:52−17:27 118 23 3.3 122
6 03/17/2018 17:28−18:02 81 23 4.3 139
7 03/18/2018 15:28−15:45 137 11 2.9 143
8 03/18/2018 16:36−17:04 155 12 3.9 132
9 03/19/2018 10:43−11:15 107 18 4.6 339
10 03/19/2018 11:47−12:16 141 17 2.3 316
11 03/19/2018 14:55−15:20 97 21 3.1 321
12 03/19/2018 16:09−16:32 50 16 2.8 315
13 03/19/2018 16:55−17:20 51 16 2.5 327
14 03/20/2018 12:04−12:43 90 16 2.8 347
15 03/20/2018 12:04−12:43 107 16 2.8 347
16 03/21/2018 11:04−11:33 240 12 3.4 106
17 03/22/2018 10:20−10:44 85 10 4.9 153
18 03/22/2018 10:44−11:07 43 12 4.9 153
19 03/22/2018 13:07−13:57 149 15 4.3 152
20 03/22/2018 16:48−17:18 115 10 6.3 144
21 03/22/2018 16:48−17:18 128 10 6.3 144
22 03/23/2018 10:50−11:19 89 17 5.0 152
23 03/23/2018 12:43−13:03 80 15 4.1 145
24 03/23/2018 15:10−15:38 120 13 4.2 144
25 03/23/2018 17:13−17:46 104 11 5.0 150
26 03/23/2018 17:13−17:46 192 10 5.0 150
27 03/24/2018 07:37−08:00 171 10 1.7 161
28 03/24/2018 08:00−08:23 95 10 2.1 161

axm, U̅, and θm are averaged from data collected when sampling each well pad.
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(i.e., using a three-dimensional (3D) sonic anemometer) would
readily remove this aspect of the uncertainty related to plume
dispersionmodeling. Sometimesmultiple well pads were located
along the same road and were sampled sequentially in a single
downwind mobile measurement (e.g., well pad #14 and #15 in
Table 2). For each well pad, at least one whole air sample was
collected using a 3.2 L SUMMA canister downwind from the
target well pads. All of the SUMMA canister sample data are
included in the Supplemental Information B.
To ensure the sensor performance, three-point calibrations

were performed every other day during the field campaign. The
isobutylene gas (1 and 10 ppm) was used to calibrate the PID as
recommended by the manufacturer.42 We found consistent and
satisfactory performance for the PID and the methane analyzer,
with little drift and good accuracy (<8% for PID and <1.5% for
methane analyzer at calibration points) during the field
campaign. Linear regression curves were established for both
sensors (with R2 > 0.95) to postprocess the data.
Ambient VOC data was reported by an auto-GC in a local air

monitoring station located in Karnes City, TX, which is within
50 km from most of the identified well pads (Figure 1). Hourly
averaged mixing ratios of 46 nonmethane VOCs were measured
at the station, 42 out of 46 were also analyzed by the SUMMA
canisters, omitting propylene, 1,3-butadiene, isoprene, and t-2-
butene from the overlap.53

3. RESULTS AND DISCUSSION
For C4−C12 VOCs, around 70% (39 out of 56) can be detected
by the PID with a measured response factor. The remaining 30%
C4−C12 VOCs could not be accurately measured by the PID,
and their emissions can only be inferred using canister data (eq
6). It was found that the combined mixing ratio of those
nondetectable VOCs was <2% of the total C4−C12mixing ratio
averaged over all canister samples. This result supports the use of
PID for VOC (C4−C12) measurements from the well pads in
oil and wet gas basins such as the Eagle Ford.
The average background methane mixing ratio found

throughout the study was 1.92 ± 0.02 ppm. In March 2018,
the monthly average methane mixing ratio at Mauna Loa,
Hawaii was 1.87 ± 0.02 ppm. The higher background methane
mixing ratio measured in the field is partly caused by the regional
enhancement, as found in previous studies.39 This also applies to

the estimated background VOC mixing ratios, which were
higher than the measured VOC mixing ratios from the local
ambient air monitoring stations. To test the hypothesis that the
plume VOC compositions remained relatively unchanged
during the mobile sampling period (∼30 min), multiple
SUMMA canister samples were taken consecutively downwind
from two well pads. It was found that the composition of various
VOCs (represented as the percentage of total mixing ratios)
sampled from the different canisters were very close (maximum
difference <5%), which provides support for the hypothesis.
More details about the tests can be found in the Supplemental
Information A (Section S2).

3.1. Emission Rate Estimation.We present an example of
the measurements made on March 17, 2018 in Figure 2 (Well
pad ID #1 from Table 2), showing the above-ambient mixing
ratio of methane and total nonspeciated VOCs measured along
two downwind passes. The start and end of the driving route
were determined such that the measured mixing ratios were
close to ambient mixing ratios, as shown in Figure 2. Methane
and total nonspeciated VOC plumes were both observed during
both passes, though plume centers were not entirely overlapped
(i.e., the location of the peak methane and VOC mixing ratios
were offset by 3 and 4 s for pass #1 and #2, respectively). We
postulated that small offsets may be caused by the difference in
response time (e.g., time to reach 90% of the actual mixing ratios
or t90) for the methane analyzer (<3 s) and the PID (<10 s). Due
to the meandering of the wind (as suggested by the
instantaneous wind directions θ1 and θ2 for passes 1 and 2,
respectively), the plume shifted between passes.
The inferred emission rates for methane and two examples of

VOCs (i.e., i-butane and toluene) are plotted in Figure 3. The
results for all of the detectable VOCs are included in the
Supplemental Information A (Section S3). For all three
compounds, the posterior pdfs P(Q|Cy,I) tend to “sharpen”
with additional downwind passes, from a relatively broad pdf
(e.g., the black dash lines representing the pdf after the first pass)
to a narrower pdf (e.g., the solid red lines representing pdf after
the final pass). Estimation uncertainty, which can be visually
interpreted as the width of the pdf, was gradually reduced
especially after the first several passes. This result clearly
illustrates the capability of the recursive Bayesian inference

Figure 2. Examples of above-ambient mixing ratios (Ca) for methane and total nonspeciated VOCs measured by the PID (multiplied by a factor of 30
for visual interpretation) at 1Hz sampling frequency. The vehicle drove from northeast to southwest (left to right on the figure) for Pass #1 at∼5.3m/s
and from southwest to northeast (right to left on the figure) for Pass #2 at∼5.7 m/s. Pass #1 and Pass #2 are collected on 03/17/2018, from 12:57:16
to 12:58:22 and from 13:10:20 to 13:11:21, respectively.
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model, which sharpens its lens on the underlying hidden
variables as successive measurement passes are obtained.
We compared the emissions estimated using VOC mixing

ratios obtained from the SUMMA canisters with those derived
from directly adopting the local ambient air monitoring station
mixing ratios (Figure 4). The station-based emissions were
estimated by replacing the term CCi (the mixing ratio for the ith
VOC in the SUMMA canister) in eq 2 with the mixing ratio of
the ith VOC reported by the local ambient air monitoring
station. As expected, the station-based estimates differed
somewhat from the canister-based estimates, since the latter
fail to capture well pad-specific VOCmixing ratios. The canister-
based emission estimates for VOCs will be used in the following
analysis, as they certainly reflect more accurate and localized
information. Considering the wide range of emissions for total
VOCs (C4−C12) and BTEX, their correlations were evaluated
using the Spearman’s rank correlation coefficient (Spearman’s
R), which were less affected by the large values. A strong
correlation was found between the station-based and canister-
based emission estimates for C4−C12 total VOCs (Spearman’s
R = 0.84), while the correlation becomes weak for BTEX
(Spearman’s R = 0.69). This result indicates that VOC mixing
ratios reported by local ambient air monitoring stations may be
useful to identify relatively large VOC emitters, thus enable
rapid surveillance for VOC emissions.
3.2. Emission Rate Distributions and Their Correla-

tions. The emissions of methane, total VOCs (C4−C12), and
BTEX from the 28 identified well pads are plotted in Figure 5.
Due to the fat-tail distributions for the emission rates, both

arithmetic and geometric means are reported and their 95%
confidence intervals (CIs) are calculated using bootstrapping.54

Since the arithmetic means are more affected by the large values
in the sample, it is generally higher than the geometric means as
shown in Figure 5. The overall measured emissions showed
variability ranging over several orders of magnitudes. Excluding
the three outliers, the methane emissions range from 0.6 to 12.9
kg/h, which is comparable to the methane emissions of 0.4−10
kg/h estimated previously from a small number of well-pad
measurements (N = 4) conducted in the Eagle Ford basin.28 The
three outliers (i.e., representing the largest emitters) are well
within the measured outliers in other studies ranging from 10 to
>300 kg/h, as summarized by Omara et al.55 The arithmetic
mean emissions (95% CI) of methane is 8.6 (5.3−12.9) kg/h,
which is higher than the site-level emissions found in other O&G
production basins in the United States, except for the Marcellus
Basin (∼9 kg/h).55 This is likely caused by the fact that we only
sampled the top ∼50% of well pads with relatively large
emissions (i.e., 28 out of the 53 candidate well pads), while
missing well pads would be expected to have much lower
emissions.
The total VOC (C4−C12) emissions exhibited the greatest

intersite variability (compared to methane and BTEX), ranging
from 0.1 to >100 kg/h. The geometric mean (95% CI) of the
total VOC (C4−C12) emission is 2.8 (1.6−4.6) kg/h, which is
close to the geometric mean emission of total VOCs (C2−C12)
in Anadarko, Barnett, and Permian Basin (2.5−10.6 kg/h)56 but
higher than the geometric mean emission of total VOCs (C3−
C12) found in the Barnett, Denver-Julesburg, and Pinedale
Basins (0.2−0.9 kg/h).29 Since C2−C3 VOCs are excluded
from our analysis, the total VOC (C2−C12) emission is
expected to be even higher considering that the averaged mixing
ratios of C2−C3 combined is ∼60% of the total mixing ratios in
canister samples.
The median BTEX emission is estimated to be 0.05 kg/h,

which is close to that found in Upper Green River Basin
(UGRB) (∼0.06 kg/h)13 and the Barnett Basin (0.05 kg/h).40

The geometric mean (95%CI) of BTEX emissions is 0.1 (0.03−
0.3) kg/h, which is also similar to the geometric mean (95% CI)
of 0.05 (0.03−0.08) kg/h from several O&G Basins.29 In
contrast, the arithmetic mean (95% CI) of BTEX emission is 0.4
(0.1−0.6) kg/h, which is much higher than the arithmetic mean

Figure 3. Posterior probability of emission rate Q, P(Q|Cy,I), derived
from the Bayesian inference for (a) methane, (b) i-butane, and (c)
toluene. The black dash lines represent the pdf(Q) after the first pass,
and the red solid lines are the pdf(Q) after the final pass.

Figure 4. Estimated emission rates using SUMMA canisters and local ambient air monitoring stations for (a) total VOCs (C4−C12) and (b) BTEX.
The Spearman’s rank correlation coefficients (Spearman’s R) are estimated. The red lines are the 1:1 line.
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of 0.09 (0.003−0.38) kg/h found in UGRB.13 We hypothesize
that the great discrepancy is partly caused by the presence of
several large BTEX emitters found in this study since we focused
on the top ∼50% emitters. Previous work has found that the
mean methane emissions (both absolute and production-
normalized) were higher in the Eagle Ford Basin than that in
the UGRB.55 It is also possible that the variations between study
areas relate to composition oil and gas and the O&G production
for those well pads.
The cumulative fraction of total emissions was plotted as a

function of the cumulative fraction of the sampled well pads,
ranked from large to small emitters (Figure 6). For methane, the
top 20% of the total number of sampled well pads were
responsible for roughly 60% of total emissions. This is similar to
studies in the Barnett andMarcellus basin, where 20% of sources
were found to be responsible for 60−90% of emissions.57,58 A
similar pattern is observed for VOCs and BTEX, such that the
top 20% of the total number of sampled well pads represented
roughly 80% of total emissions. This is slightly more skewed
than the observed distribution in the UGRB, where the top 20%
of sites were responsible for 67% of BTEX emissions.13 Again,
the fact that this study focused on the top ∼50% emitters would
naturally reduce the skewness as compared to an unbiased

sampling.More importantly, an overlap was found between large
emitters, such that the top 20% well pads ranked according to
methane emissions were responsible for 79% of total VOCs
(C4−C12), 78% BTEX, and 60% methane emissions. This
finding showed that controlling the large emitters (i.e., the top
20%) could be a viable and cost-effective way to achieve
emission reductions for both GHG and air toxics (e.g., BTEX)
from O&G production well pads.
A good correlation was observed between methane and C4−

C12 total VOCs (Spearman’s R = 0.74), suggesting that
emission controls may help reduce both methane and C4−C12
VOCs in oil and wet gas basin such as the Eagle Ford Basin.
Relatively weak correlations were found between BTEX and
methane (Spearman’s R = 0.47) and between BTEX and total
C4−C12 VOCs (Spearman’s R = 0.35). We further explored the
correlation between BTEX emission and others by introducing
the combined C6−C10 VOCs, which are often considered to be
gasoline range organics (GRO) or volatile petroleum hydro-
carbons (VPH).59 A correlation of Spearman’s R = 0.64 was
found between VPH and BTEX, which is superior to the
correlations between BTEX and others shown in Table 3. Since
VPH are often related to crude oil extraction processes, this

Figure 5. Estimated emission rates (Qe) for methane, total VOCs (C4−C12), and BTEX across all of the sampled well pads. The results are presented
as boxplots, with red lines indicating medians, and the bottom and top edges of the boxes indicating the 25th and 75th percentiles, respectively. The
whiskers extend to the most extreme data points not considered as outliers, and the outliers are plotted as red crosses. The arithmetic means and
geometric means of Qe are shown in red and blue along with their 95% CIs, respectively.

Figure 6. Cumulative fraction of emissions for (a) methane, (b) total VOCs (C4−C12), and (c) BTEX as a function of the cumulative fraction of the
sampled well pads (rank ordered).
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result indicates that BTEX emissions are likely caused by the oil
production and processing on the well pads.

3.3. Sensitivity Analysis of Emissions Against Produc-
tion Data. Well-pad level production statistics were obtained
from the national database with data updated for the year
2018.55 A sensitivity analysis was performed to explore the
possible dependence of measured emission rates on daily NG
production (in thousands of cubic feet per day or Mcf/d), daily
liquid (combined oil and condensate) production (in barrels per
day, or bbl/d), and daily produced water (in bbl/d). The results
are included in Supplemental Information A (Section 4). Since
all of the sampled well pads are fairly new (production age ranges
from 0.9 to 8.3 years, with an average of 5.7 years), we do not
expect any correlation between the age of well pads and the
measured emissions. Little dependences were found between
the emissions and production statistics, with all R2 < 0.1. This
result is consistent with previous studies12,28,60 and suggests that
a considerable portion of emissions may be fugitive in nature.

4. DISCUSSION
A ground-based mobile measurement system was developed to
detect and quantify methane and VOC emissions from O&G
well pads using downwind plume measurements. The system
was validated in controlled release experiments and successfully
deployed to measure methane and VOC emissions from several
O&Gproduction well pads in the Eagle Ford basin, TX. A fat-tail
distribution was found such that a small fraction of well pads
were responsible for most emissions of methane and VOCs.
Meanwhile, a good correlation was found between methane and
total VOC (C4−C12) emissions (Spearman’s R = 0.74). More
importantly, ∼60% methane emissions and ∼80% VOC and
BTEX emissions can be reduced by controlling the top 20%
methane emitters. This finding showed that emission
surveillance using the proposed mobile measurement system
could be a cost-effective way to identify those large emitters and
maximize emission reductions for both GHG and air toxics. It
should be noted that the well-pad identification process
excluded well pads with relatively small emissions from further
investigation. Therefore, the measured emissions must be used
with caution when attempting to assess regional or basin-wide
emissions. Although total VOCs (C4−C12) emission rates
estimated using canisters and auto-GC data were somewhat
different, a strong correlation was found between them
(Spearman’s R = 0.84), suggesting that the local monitor data
can be used for rapid and low-cost surveillance targeting on
those large emitters. Such mobile surveillance could be used to
trigger a focused follow-up investigation of high emitters with
direct measurement techniques, such as an OGI camera, to
directly guide repair efforts.
The system has shown a strong ability to detect and quantify

emissions from O&G well pads, with the benefit of providing
rigorous quantification but noted limitations. First, the measure-
ments were conducted during a relatively short duration, which

limited its ability to capture temporal dynamics of emissions as
observed in other basins.14 Second, the success of the mobile
sampling approach depends on reasonable road access and
favorable meteorological conditions. To improve sampling
coverage to remote sites, other methods (e.g., airborne) may
be needed to supplement the ground-based approach. Third, the
system was tested in a limited number of controlled release
experiments during a short duration. A more extensive testing
program covering a full spectrum of environmental conditions
(e.g., wind speed and temperature) and source complexity
(single leak and multiple leak) is needed to fully evaluate the
system performance. Fourth, the uncertainties of estimating
speciated VOC mixing ratios by fusing the PID data and
downwind canister samples were not quantified in this study.
Future studies that compare the tracer gas releases or directly
measured VOC mixing ratios (e.g., using the proton-transfer-
reaction mass spectrometer or PTR-MS) and the PID-derived
VOC mixing ratios will be useful to evaluate this uncertainty.
Finally, the 10.6 eV lamp equipped with the PID is not sensitive
to ethane and propane, two of the major VOCs emitted from the
O&G production sites. Other types of methods or analyzers are
needed to help quantify emissions of ethane and propane.
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Embracing innovation and technology, the Environment Department 
identifies potential emissions violations 

 
The New Mexico Environment Department (NMED) identified potential emission violations of methane 
and other air contaminants from oil and gas operations throughout the state using forward-looking 
infrared (FLIR) cameras. The FLIR video footage collection is now included on the Department’s online 
interactive methane map. NMED created and periodically updates this map to provide the public with 
information on how oil and gas operations directly impact their communities. 
 
Footage available on the map now includes FLIR videos received from citizens the Department believes 
depict potential violations of existing state permits or regulations. The map also contains FLIR videos 
documenting significant emissions from the Department’s recent flyover compliance inspections. 
 
“The Department is addressing oil and natural gas emissions through innovative compliance assurance 
measures today as we invest in methane regulations for tomorrow,” said NMED Cabinet Secretary James 
Kenney. “The emissions documented in many of these videos are unacceptable to this Department and 
pose significant health and safety risks to New Mexico communities and employees of these companies.” 
 
In response to footage received from citizens that may depict potential violations, NMED is sending 
written notices to oil and gas operators seeking an explanation for and correction to the documented 
emissions within 14 days. If the operator does not reply in writing to the notice or document the 
corrections made, the Department may launch an investigation or proceed directly to civil enforcement, 
which may include the assessment of penalties.  
 
Also as part of NMED’s ongoing compliance assurance activities, helicopter flyovers were conducted in 
conjunction with the U.S. Environmental Protection Agency (EPA) in September and October of 2019. 
Using FLIR cameras, leaks were identified from flares, tanks and other types of oil and gas equipment. 
The Department is reviewing the footage to determine if facilities are in compliance with applicable 
permits and regulations. Of the approximately 5,340 storage tanks observed, 111 were emitting methane 
and other pollutants at the time of the flyover. Of the approximately 530 flares observed, 13 were unlit 
and emitting methane and other pollutants. 
 
NMED and EPA plan to conduct additional flyover inspections in the near future. 
 
Emissions from oil and gas operations contribute to climate change as well as the formation of ground-
level ozone. Several counties, including some in southeast New Mexico, are experiencing increased ozone 
levels. Aside from adverse public health effects, increasing ozone levels may result in more stringent 
federal sanctions, including more rigorous permitting requirements. 

The Environment Department’s mission 
is to protect and restore the 

environment and to foster a healthy 
and prosperous New Mexico for 
present and future generations. 

https://gis.web.env.nm.gov/oem/?map=methane
https://gis.web.env.nm.gov/oem/?map=methane


 
### 

 
NMED does not discriminate on the basis of race, color, national origin, disability, age or sex in the administration of its programs or activities, as 
required by applicable laws and regulations.  NMED is responsible for coordination of compliance efforts and receipt of inquiries concerning non-
discrimination requirements implemented by 40 C.F.R. Parts 5 and 7, including Title VI of the Civil Rights Act of 1964, as amended; Section 504 
of the Rehabilitation Act of 1973; the Age Discrimination Act of 1975, Title IX of the Education Amendments of 1972, and Section 13 of the Federal 
Water Pollution Control Act Amendments of 1972. If you have any questions about this notice or any of NMED’s non-discrimination programs, 
policies or procedures, you may contact: 

 
Kristine Yurdin, Non-Discrimination Coordinator | NMED |1190 St. Francis Dr., Suite N4050 | P.O. Box 5469 |Santa Fe, NM 87502 
(505) 827-2855 or nd.coordinator@state.nm.us 
 
If you believe that you have been discriminated against with respect to a NMED program or activity, you may contact the Non-Discrimination 
Coordinator. 

### 

mailto:nd.coordinator@state.nm.us
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20.2.50 NMAC Version Date: July 20, 2020  i 

Rule Preamble:  The New Mexico Environment Department has developed the following draft 
regulation pursuant to the directives of Section 74-2-5.3 of the New Mexico Air Quality Control 
Act. The objective of the proposed rule is to establish emissions standards for volatile organic 
compounds (VOC) and nitrogen oxides (NOx) for oil and gas production and processing sources 
located in areas of the State within the Environmental Improvement Board’s jurisdiction where 
ozone concentrations are exceeding 95% of the national ambient air quality standard.  
 
This is a preliminary draft being released for public input in advance of the Department filing a 
formal rulemaking petition with the Board and requesting a public hearing. The purpose of this 
initial, pre-petition comment period is to foster transparency and facilitate continued engagement 
from stakeholders, members of the public, and other interested parties. Specifically, the 
Department is seeking public input on the proposed rule language to assist in identifying 
potential regulatory and technical issues, and areas that require additional clarification or 
modification. Additional opportunities for public input and changes to the draft rule will occur 
through the formal rule-making process following the filing of the rulemaking petition. This 
initial, pre-petition process will help ensure that major issues or problematic areas are identified 
and can be addressed prior to the initiation of the formal process. 
 
NMED is soliciting specific review and public input on a number of proposed provisions and 
concepts in the draft rule. In particular, for the equipment standards section, NMED requests 
feedback on the following: 

1. The proposed definitions of stripper wells and marginal wells under the draft rule and the 
regulatory requirements that would apply to those wells under Section 20.2.50.25 
NMAC; 

2. Examples of technologies or regulatory programs utilizing non-combustion emission 
control technologies, like fuel cells, as a means of reducing or eliminating emissions for 
inclusion in Section 20.2.50.15 NMAC;  

3. Specific regulatory language regarding criteria necessary to demonstrate equivalency of 
alternative equipment leak monitoring plans in Section 20.2.50.16(C) NMAC; 

4. Specific regulatory language to establish a pre-approved equipment leak monitoring plan 
in 20.2.50.16(C) NMAC; 

5. For leak detection and repair requirements under Section 20.2.50.16 NMAC, specific 
standards to be used by NMED to determine if certain new or existing technologies (real-
time remote fence line and aerial surveillance, for example) or proposals are enforceable, 
effective, and equivalent. Specific feedback on data capture requirements, quality 
assurance, error rates, calibration requirements, training and certification, interference 
issues, quantification methods, and pollutant identification will assist the Department in 
exploring this option further; 

6. Regulatory requirements for oil and gas evaporative ponds in Section 20.2.50.26 NMAC, 
including whether to establish emission standards based on the pond’s potential to emit or 
throughput; and 

7. Opportunities for greater transparency. 
 

Comments or input on the draft rules may be submitted electronically to 
nm.methanestrategy@state.nm.us or via hardcopy to Liz Bisbey-Kuehn, NMED Air Quality 
Bureau, 525 Camino de los Marquez, Santa Fe, NM 87505 by 5 p.m. Aug. 20, 2020. 
 

mailto:nm.methanestrategy@state.nm.us
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Ozone Areas of Concern Counties

Red Zones Total Production (MMBtu) # Wells
San Juan 382634160.8 168813
Bernalillo 0 0
Lea 857778290.1 160027
Eddy 763690957.3 150014
Dona Ana 0 0

Yellow Zones
Rio Arriba 240968443.4 134663
Sandoval 20267048.26 4028
Valencia 0 0
Roosevelt 3225335.854 1688
Chaves 20256435.67 19407

Red Counties % of total state
Production (MMBtu) 2.00E+09 83.4%
Number of Wells 478,854
Emissions (metric tons) 120,110
Red and Yellow Counties % of total state
Production (MMBtu) 2.29E+09 95.2%
Number of Wells 638,640
Emissions (metric tons) 137,174

Red Counties
Percentage of state wells 72.9%
Red and Yellow Counties
Percentage of state wells 97.2%



County/Parish Production Year Oil Gas Wells Total Production (MMBtu)
CHAVES (NM) 2017 1023197 14013594 19407 20256435.7
COLFAX (NM) 2017 0 19530551 9858 19960223.1
EDDY (NM) 2017 67739955 362817239 150014 763690957
HARDING (NM) 2017 0 45172035 3713 46165819.8
LEA (NM) 2017 94997343 300189531 160027 857778290
MCKINLEY (NM) 2017 13476 107370 361 187892.94
RIO ARRIBA (NM) 2017 1428412 227674808 134663 240968443
ROOSEVELT (NM) 2017 251914 1726257 1688 3225335.85
SAN JUAN (NM) 2017 5018129 345918799 168813 382634161
SANDOVAL (NM) 2017 1363107 12094939 4028 20267048.3
UNION (NM) 2017 0 47074150 4128 48109781.3

Total 656700 2.40E+09
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2021 Regional Haze Planning
Summer 2020 Announcements:

The 2nd NMED and EHD Regional Haze Stakeholder Outreach Meeting will be August 25, 2020 starting at
10:00 A.M. Mountain Daylight Time.

Meeting link: https://nmed-oit.webex.com/nmed-oit/j.php?MTID=m14765658d0a21e1782b714236415695c
Meeting number: 133 382 9774
Password: kAZbdtDH532
Stakeholder Outreach webinar (8/25/2020): Webinar Slides

Input on New Mexico’s Regional Haze Planning can be sent to nm.regionalhaze@state.nm.usor sent to Mark Jones
at mark.jones@state.nm.us

VISIBILITY & REGIONAL HAZE IN NEW MEXICO

The blue skies and scenic vistas of New Mexico are considered some of the most beautiful in the United States. While
New Mexico’s residents and visitors frequently enjoy good visibility, air pollutants and natural phenomena interfering
with light transmission can impose limitations on aesthetic appreciation of scenery. Visibility is the term used to
characterize physical limitations in the atmosphere that affect our ability to see clearly. Human-caused pollution of
varied concentrations and sizes in the atmosphere can, along with natural events like dust storms and wildfires, impair
or reduce visibility. Widespread visibility impairment caused by anthropogenic pollutants from a variety of sources and
activities over a broad geographic area is known as regional haze.

EPA Requirements on Regional Haze

EPA’s Regional Haze program addresses reduced visibility in national parks and wilderness
areashttps://www.epa.gov/visibility/list-areas-protected-regional-haze-program. The map and table below show the
areas that are protected in NM and some in neighboring states near NM’s border. EPA refers to these areas as “Class I
Areas.”  There are 156 of these, 116 of which are in Western states.

https://nmed-oit.webex.com/nmed-oit/j.php?MTID=m14765658d0a21e1782b714236415695c
https://www.env.nm.gov/air-quality/wp-content/uploads/sites/2/2017/01/NMED_EHD-RH2_8_25_2020.pdf
mailto:nm.regionalhaze@state.nm.us
mailto:mark.jones@state.nm.us
https://www.epa.gov/visibility/list-areas-protected-regional-haze-program


Bosque del Apache (photo by Rhett Zyla)

New Mexico has 9 mandatory federal Class I Areas (CIAs):

Bandelier Wilderness Area
Bosque del Apache Wilderness Area
Carlsbad Caverns National Park
Gila Wilderness Area
Pecos Wilderness Area
Salt Creek Wilderness Area
San Pedro Parks Wilderness Area
Wheeler Peak Wilderness Area
White Mountain Wilderness Area

https://www.env.nm.gov/wp-content/uploads/sites/2/2017/01/Bosque-del-Apache-Sunrise-Flight-1.jpg
https://www.env.nm.gov/wp-content/uploads/sites/2/2019/02/NM_ClassIAreas_Map.jpg


Bandelier National Monument
(photo by Rhett Zyla)

Visibility-reducing haze is caused by natural and anthropogenic sources. Some haze-causing particles are emitted
directly into the air, such as dust and soot. Others, however, form from chemical reactions of other gases emitted into
the air. States must address visibility impairment that can be caused by such pollutants as particulate matter (PM),
sulfur dioxide (SO2) and nitrogen oxides (NOx). Pollutants that cause haze may also form ground-level ozone. The
Clean Air Act sets a goal of returning to “natural conditions” of visibility, by remedying human-caused visibility
impairment from Class I Areas by 2064. The United States Environmental Protection Agency’s (U.S. EPA) original
2003 Guidance for Tracking Progress Under the Regional Haze Rulewas based on the removal of anthropogenic
impairment on the 20% of days each year with the highest total haze (natural and anthropogenic). In the western
United States, these days regularly include large amounts of haze from wildfire smoke and windblown dust. Meeting
the Clean Air Act goals of addressing human-caused haze by focusing on days dominated by sources that are not
practically controllable is problematic.

EPA rule revisions and guidance published from 2016 and 2018 propose a new approach to track progress under the
Regional Haze Rule. The method selects 20% of the sample days from each year that have the highest anthropogenic
impairment. These represent the days each year that have the largest apparent change in visibility from what would
have existed with no anthropogenic haze and that are expected to be most sensitive to emissions control programs.

In the eastern United States, there is generally little difference between the haziest and most impaired days, with
similar temporal trends for both metrics. In the West, sites with insignificant or increased trends in the haziest days
metric show modest but steady reductions in haze with the impairment metric.

Visibility trends at New Mexico’s Class 1 Areas, using the new impairment metric, are shown in a series of
graphs: 2000-2017_trends in NM. Visibility trends in the Western states, using both the new and old metrics, are
available via links at the bottom of this page.

EPA’s Regional Haze Rule requires states to make reasonable progress over time toward the long-term goal of natural
visibility conditions. To make such progress, EPA requires submittal of Regional Haze State Implementation Plans
(SIPs) approximately once every ten years.

Introduction to Regional Planning Group

Because of the harm that regional haze does to visibility in Class I Areas, many efforts to control and reduce man-
made haze – and the air pollutants that cause it – are under way through national laws and regional collaboration.
Such a collaboration is the Western Regional Air Partnership (WRAP https://www.wrapair2.org/ ), under the auspices
of the Western Governors’ Associationhttp://www.westgov.org/ . WRAP is a voluntary partnership of states, tribes,
federal land managers, local air agencies and the US EPA. Its purpose is to understand current and evolving regional
air quality issues in the West and assist states in addressing those issues. New Mexico participates in the WRAP.

https://www.env.nm.gov/wp-content/uploads/sites/2/2019/02/2000_2017_trends-in-NM.pdf
https://www.wrapair2.org/
http://www.westgov.org/


WRAP States

The WRAP develops the technical and policy tools needed by the western states and tribes to comply with the EPA’s
Regional Haze regulations. WRAP activities are conducted by a network of forums and committees composed of
members and stakeholders who represent a wide range of viewpoints; public involvement is an integral part of the
Partnership. The purpose of the WRAP Regional Haze Planning Work Group (RHPWG)
(https://www.wrapair2.org/RHPWG.aspx) is to prepare the framework to support regional planning for the 15 western
states, so that needed elements will be available for submission of plans to EPA by the July 2021 deadline, as
explained further on this page and in the documents linked below.

NM Planning Process and Guiding Principles

New Mexico is required to develop and submit to EPA its own regional haze plans by July 31, 2021. To this end, the
New Mexico Environment Department (NMED) is cooperating with the City of Albuquerque Environmental Health
Department (EHD), which implements air quality regulations in Albuquerque and Bernalillo County. Because NMED and
EHD are separate jurisdictions, they will submit separate Regional Haze SIPs to EPA. But the two agencies will develop
two SIPs that function as an integrated whole, addressing regional haze for the entire state of New Mexico.

If New Mexico fails to develop its own regional haze plans, it will face the potential imposition of a Federal
Implementation Plan (FIP) by EPA. A FIP could entail emissions limitations for certain sources with less input provided
by New Mexico stakeholders.

Western regional haze issues differ significantly from eastern issues with natural events such as wildfires, high-wind
dust storms and international emission sources contributing to haze in western Class I Areas more often and more
significantly than in eastern Class I Areas. All visitors to Class I Areas deserve the beautiful vistas for which New
Mexico can boast. Lack of careful planning and decision making for a Regional Haze SIP revision could endanger the
experience that visitors expect and deserve. Additionally, many of the same pollutants that cause haze also have a
health standard, so regulating these pollutants benefits New Mexicans’ health.

NM has developed a set of guiding principles and a timeline for satisfying the EPA requirements. Guiding Principles and
the timeline are available at the following links:

Guiding Principles
Regional Haze 2021 State Implementation Plan timeline

For inquiries related to the development of the NM Regional Haze SIP, contact Mark Jones at (505) 566-9746
or mark.jones@state.nm.us.  For inquiries related to the Albuquerque – Bernalillo County Regional Haze SIP, contact
Ed Merta of the City of Albuquerque at (505) 768-2660 or emerta@cabq.gov.

https://www.env.nm.gov/wp-content/uploads/sites/2/2019/02/wrap-states-1.png
https://www.wrapair2.org/RHPWG.aspx
https://www.env.nm.gov/wp-content/uploads/sites/2/2019/02/RH-guiding-principles.pdf
https://www.env.nm.gov/air-quality/wp-content/uploads/sites/2/2017/01/RH-2021-SIP-timeline.pdf
mailto:mark.jones@state.nm.us
mailto:emerta@cabq.gov


If you or someone you know is interested in participating in or following the Regional Haze planning process, please go
to  https://public.govdelivery.com/accounts/NMED/subscriber/new  and register for the new AQB Regional Haze
Announcements topic. Although NMED is in the early stages of planning, announcements will begin soon and this email
alert system will be the best way to stay abreast of current events regarding Regional Haze.

Links to other information

Outreach:
New Mexico Environment Department outreach webinar on Regional Haze Planning was held on October 2,
2019 from 10:30 a.m.-noon. Presentation Slides
WRAP Overview of Regional Haze Planning (draft)
Stakeholder Comments Page

4-factor analysis resources:
Recommended Format for Four Factor Analysis_(8.16.19)
WRAP Reasonable Progress Source Identification and Analysis Protocol
EPA Air Pollution Cost Control Manual 6th ed
EPA Assessment of non-EGU NOx Emission Controls
RACT/BACT/LAER clearinghouse
List of facilities screened for Four-Factor Analysis (facility list 7.23.2019)
Example Four Factor Request letter
New Mexico Four Factor Analysis Submittals

EPA’s Regional Haze web page https://www.epa.gov/visibility.
The above web page provides access to extensive regulatory text and guidance, including the August 20,2019
updated Regional Haze Rule.
EPA has released their most current update on Regional Haze Planning Guidelines available at the
link: Guidance on Regional Haze State Implementation Plans for Second Implementation Period 8-20-2019. 
[additional webinar slides on guidance webinar_rh_slides_9_10_19]

Class I Area visibility trends http://views.cira.colostate.edu/tssv2
2018 Regional SO2 Emissions and Milestone Report (2018 Regional SO2 Emissions and Milestone Report)
NMED Regional Haze planning web page for the first implementation period: /air-quality/reg-haze/
WRAP Regional Haze Planning Workgroup: https://www.wrapair2.org/RHPWG.aspx

The Regional Haze archives page can be found here: /air-quality/reg-haze-archive/

https://clicktime.symantec.com/3WWu8aSSXfujMFMG9eTvRix7Vc?u=https%3A%2F%2Fpublic.govdelivery.com%2Faccounts%2FNMED%2Fsubscriber%2Fnew
https://www.env.nm.gov/wp-content/uploads/sites/2/2017/01/RH_Initial_Webinar_Final_9.30.2019.pdf
https://www.env.nm.gov/wp-content/uploads/sites/2/2019/02/Overview-of-RH-Planning-RHPWG-consensus-May7_2019.pdf
https://www.env.nm.gov/air-quality/rh-stakeholder-comments-2021/
https://www.env.nm.gov/wp-content/uploads/sites/2/2017/01/Recommended-Format-for-Four-Factor-Analysis_8.16.19.pdf
https://www.env.nm.gov/wp-content/uploads/sites/2/2017/01/final-WRAP-Reasonable-Progress-Source-Identification-and-Analysis-Protocol-Feb27-2019.pdf
https://www.env.nm.gov/wp-content/uploads/sites/2/2019/02/EPA-Air-Pollution-Cost-Control-Manual-6th-ed-1.pdf
https://www.env.nm.gov/wp-content/uploads/sites/2/2019/02/final_assessment_of_non-egu_nox_emission_controls_cost_of_controls_and_time_for_compliance_final_tsd-1.pdf
https://www.epa.gov/catc/ractbactlaer-clearinghouse-rblc-basic-information
https://www.env.nm.gov/wp-content/uploads/sites/2/2017/01/facility-list-7.23.2019.pdf
https://www.env.nm.gov/air-quality/wp-content/uploads/sites/2/2017/01/example-Four-Factor-request-letter.pdf
https://www.env.nm.gov/air-quality/four_factor_analysis-reports/
https://www.epa.gov/visibility
https://www.env.nm.gov/wp-content/uploads/sites/2/2017/01/8-20-2019_-_regional_haze_guidance_final_guidance.pdf
https://www.env.nm.gov/air-quality/wp-content/uploads/sites/2/2017/01/webinar_rh_slides_9_10_19.pdf
http://views.cira.colostate.edu/tssv2
https://www.env.nm.gov/air-quality/wp-content/uploads/sites/2/2017/01/2018-Regional-SO2-Emissions-and-Milestone-Report.pdf
https://www.env.nm.gov/air-quality/reg-haze/
https://www.wrapair2.org/RHPWG.aspx
https://www.env.nm.gov/air-quality/reg-haze-archive/


Exhibit 29 
  







Exhibit 30 
  



An official website of the United States government.

Health and Environmental Effects of Particulate
Matter (PM)

Health Effects

The size of particles is directly linked to their potential for causing health
problems. Small particles less than 10 micrometers in diameter pose the greatest
problems, because they can get deep into your lungs, and some may even get into
your bloodstream.

Exposure to such particles can affect both your lungs and your heart. Numerous
scientific studies have linked particle pollution exposure to a variety of problems,
including:

premature death in people with heart or lung disease
nonfatal heart attacks
irregular heartbeat
aggravated asthma
decreased lung function
increased respiratory symptoms, such as irritation of the airways, coughing
or difficulty breathing.

People with heart or lung diseases, children, and older adults are the most likely to
be affected by particle pollution exposure.

AirNow can help you monitor air quality near you, and protect yourself and
your family from elevated PM levels.

Environmental Effects

Visibility impairment

Fine particles (PM2.5) are the main cause of reduced visibility (haze) in parts of
the United States, including many of our treasured national parks and wilderness
areas. Learn more about visibility and haze

Environmental damage

Particles can be carried over long distances by wind and then settle on ground or
water.  Depending on their chemical composition, the effects of this settling may
include:

making lakes and streams acidic
changing the nutrient balance in coastal waters and large river basins

https://www.epa.gov/asthma
https://airnow.gov/
https://www.epa.gov/visibility


depleting the nutrients in soil
damaging sensitive forests and farm crops
affecting the diversity of ecosystems
contributing to acid rain effects.

Materials damage

PM can stain and damage stone and other materials, including culturally
important objects such as statues and monuments. Some of these effects
are related to acid rain effects on materials.

Further Reading

Particle Pollution and Your Health (PDF) (2 pp, 320 K, About PDF):
Learn who is at risk from exposure to particle pollution, what health effects you
may experience as a result of particle exposure, and simple measures you can take
to reduce your risk.

How Smoke From Fires Can Affect Your Health: It is important to limit your
exposure to smoke -- especially if you may be susceptible.

EPA research on airborne particulate matter: EPA supports research that provides
the critical science on PM and other air pollutants to develop and implement
Clean Air Act regulations that protect the quality of the air we breathe.

LAST UPDATED ON APRIL 13, 2020

https://www.epa.gov/acidrain/effects-acid-rain
https://www.epa.gov/acidrain/effects-acid-rain#materials
http://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P1001EX6.txt
https://www.epa.gov/home/pdf-files
https://www.airnow.gov/index.cfm?action=smoke.index
https://www.epa.gov/air-research
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An official website of the United States government.

Health and Environmental Effects of Hazardous
Air Pollutants

People exposed to toxic air pollutants at sufficient concentrations and durations
may have an increased chance of getting cancer or experiencing other serious
health effects. These health effects can include damage to the immune system, as
well as neurological, reproductive (e.g., reduced fertility), developmental,
respiratory and other health problems. In addition to exposure from breathing air
toxics, some toxic air pollutants such as mercury can deposit onto soils or surface
waters, where they are taken up by plants and ingested by animals and are
eventually magnified up through the food chain. Like humans, animals may
experience health problems if exposed to sufficient quantities of air toxics over
time. 

Health and ecological effects resources
The Health Effects Notebook for Hazardous Air Pollutants - Detailed
information about the health effects of hazardous air pollutants (HAPs) is
available in separate fact sheets, for nearly every HAP specified in the
Clean Air Act Amendments of 1990.
Mercury - Learn more about mercury and what is being done to protect
your health.
Risk Assessment - Learn about EPA Risk Assessments

LAST UPDATED ON FEBRUARY 9, 2017

https://www.epa.gov/haps/health-effects-notebook-hazardous-air-pollutants
https://www.epa.gov/mercury
https://www.epa.gov/risk


Exhibit 32 
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ABSTRACT: Black carbon (BC) emission rates from the Bakken
oil-producing region of North Dakota have been quantified with a
NOAA airborne single-particle soot photometer (SP2). Flights in
May 2014 led to six measurements of the BC emission rate in the
region. Oil and gas operations (associated flaring, diesel engines
associated with pumping and drilling, and oil production-related
transport), limited agricultural burning, and sparse urban/transport
sector activity contribute to these emissions. The BC emission rate
was 1400 ± 360 t year−1, implying that Bakken production activities
are unlikely to contribute to large-scale biases in estimates of BC
emissions. An upper limit on the BC emission factor from flaring
based on these observations is 0.57 ± 0.14 g/m−3. Flaring BC was not
associated with optically significant internally mixed non-BC material or with significant emissions of non-BC-containing primary
aerosol. BC in the outflow from the region was also generally externally mixed.

■ INTRODUCTION

The Bakken region extending over northwestern North Dakota
and southeast Saskatchewan hosts extensive fossil-fuel extrac-
tion activities, including both shale and tight-sand extraction of
crude oil and associated petroleum (natural) gas. Gas and oil
development in the region continues to see dramatic increases
initiated in the past decade. For example, between May 2013
and May 2014, the number of wells and the amount of oil and
gas production in the region increased by 30%.1 At present, the
mining activities in the region have outpaced the development
of typical infrastructure, and thus, there is considerable
associated flaring of gas. In May 2014, flaring consumed
28%1 of the total gas produced from operations.
The large-scale nature of development raises questions about

the emission of black carbon (BC), a product of incomplete
combustion that is a major anthropogenic forcer of climate2

and a focus for possible mitigation efforts to permit short-term
reductions in climate forcing and for health co-benefits.3

Modeling efforts suggest that flaring BC can have large impacts
on climate,4 but the emissions inventories they use are not yet
well constrained with measurements in the ambient atmos-
phere.
Here we present the results of black carbon measurements

made as part of a NOAA initiative to quantify oil production
emissions. The TOPDOWN 2014 (Twin Otter Projects:
Defining Oil/gas Well emissioNs) mission was based out of

Minot, one of two central cities in the Bakken region of North
Dakota, and involved flights in United States airspace. Figure 1
shows a map of the region in which the northwest corner of
North Dakota abuts the southern Canadian and eastern
Montana borders. Active oil and gas wells are shown with
small black dots.1 During the mission, in May 2014, some
periods of steady high wind provided an excellent opportunity
to evaluate the emission rate of black carbon from the area
indicated by cross-hatching, which contains 80% by number of
all ND wells. A single-particle soot photometer (SP2, Droplet
Measurement Technology Inc., Boulder, CO) quantified black
carbon atmospheric concentrations and also provided informa-
tion about the microphysical state of this aerosol material.
Experimental Methods describes the instrumentation, analysis,
and relevant flight details of the mission, while the observations
and contextual comparison to existing emissions inventories are
provided in Results and Discussion. The Supporting
Information provides relevant details.

■ EXPERIMENTAL METHODS

The SP2, its data products, and its operation have been
described extensively in the literature.5,6 Briefly, the SP2, as
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configured for TOPDOWN, quantifies the refractory black
carbon (rBC) content of individual aerosol particles in the mass
range of ∼0.7−160 fg [corresponding to an 80−550 nm
volume-equivalent diameter (VED) assuming 1 g/cm3 void-free
density]. The SP2 also measures the total optical size of rBC-
containing particles with 3−8 fg of rBC mass content,5,7 thus
allowing estimation of the amount of non-rBC material in an
individual particle.6 The size distribution of rBC observed here
was fit with a log-normal function to evaluate the fraction of the
accumulation mode rBC mass detected by the SP2. On the
basis of this analysis, the observed mass mixing ratios were
corrected upward to better represent the total accumulation
mode rBC mass in the air. The correction ranged from 15% on
most days to 30% on May 22. rBC in either smaller or larger
sized modes would not be reflected in the corrected SP2
measurement; there was no indication of significant mass in
such modes in the data set.
The SP2 was calibrated following community recommenda-

tions.8 “rBC” is the accepted term for the material quantified by
the SP2,9 and this material has been shown to be equivalent to
elemental carbon (EC), as measured under conditions
minimizing possible biases, at the level of 15%.10 “EC” is the
term associated with BC measurements performed with a
thermal decomposition technique that is often used for

emissions inventories.9 Details of the calibration, aircraft inlet,
and sampling line configuration are provided in the Supporting
Information.

■ RESULTS AND DISCUSSION
rBC mass emission rate from primarily the North Dakota
portion of the basin was calculated for flights on days with very
steady and relatively high winds (May 12−14 and 22). On
these days, the Twin-Otter flew in the boundary layer, with
occasional climbs well above the top of the mixed layer and into
the free troposphere to allow identification of the mixed layer
height, and to evaluate how well mixed the boundary layer was.
Mixed layer height was determined from analysis of vertical
profiles of high-signal tracers, including methane, water vapor,
ethane, ozone, and potential temperature, which were
consistent with a well-mixed layer, including a discernible
transition to the free troposphere. All flights reported here
occurred in the afternoons after the boundary layer had been
well established. Figure 1 shows the flight tracks for these
flights; on May 22, the wind was out of the south (with two
transects at different altitudes overlaid on the map), on May 12
out of the north, and on all other flights out of the north−
northwest. The heavy portions of the tracks indicate the
transects used here to determine BC emission rates; sampling
on different days with different winds provides confidence that
sources outside of the region explored are not strongly
contributing to the emission rates calculated here (two
transects on May 22 overlie each other). Transects were
oriented within a small angle α from orthogonally to wind
direction, and the average wind direction and wind speed (SW)
were averaged for each leg. Flight tracks were extended beyond
the areas influenced by outflow from the basin to allow
estimation of the mass flux that can be attributed to background
air (i.e., the mass flux of rBC into the basin from more distant
sources). The net rBC emission rate in the basin from each
transect (FrBC) was calculated using established mass balance
techniques,11,12 here presented in a simplified formulation:

α β= × −F S lh C Ccos( ) ( )rBC W O BG (1)

where l is the length of the flight track influenced by basin
emissions, CO is the average ambient concentration of rBC in
the outflow of that track length, CBG is the average
concentration of rBC in the background air not influenced by
local emissions, and h is the height over which emissions are
mixed. Hence, SW cos(α) × lh is the volume of air containing
the emissions that is swept over the region per unit time, and
CO − CBG is the enhanced concentration of rBC in that volume.
β is a correction factor to account for nonuniform mixing in the

Figure 1. Map of the Bakken region, showing (hatched area) the
region integrated in the NEI emissions inventory. The flight tracks on
May 12 (blue), 13 (green), 14 (orange), and 22 (red), with mass
balance transects in solid and other portions of the flights in dotted
lines, and the location of oil and gas wells (black dots). Winds were
from the north and northwest for May 12−14 and from the south for
May 22.

Table 1. Relevant Parameters for Six Transects Obtained with the NOAA Twin-Otter Aircrafta

2014 date local time (pm) transect altitude (m) α (rad) SW (m s−1) l (km) h (m) CO (ng m−3) CBG (ng m−3) β FrBC (g s−1)

May 12 5:45 1200 0.33 15.2 128 2308 30.4 18.1 0.89 49.5
May 13 3:30 1020 0.20 13.1 144 2271 50.1 35.7 0.91 58.2
May 14 4:10 1050 0.16 7.6 167 1956 65.5 46.5 0.96 47.5
May 14 5:30 1350 0.14 8.1 168 2022 65.9 46.1 0.97 47.0
May 22 4:45 1710 0.14 7.7 133 2112 80.1 49.5 0.91 39.2
May 22 3:30 1140 0.08 7.1 132 2068 63.9 46.1 0.92 36.9
mean 0.93 45.8 ± 3.5

aThe central columns provide parameters used in the mass emission rate calculation. The mean value of the rBC emission rate from the region is
shown at the bottom of the table, with its statistical uncertainty. The ground level varied over ∼600−800 m altitude. BC concentrations are corrected
to represent average ambient pressure and temperature in the mixed layer.
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transition from the fully mixed layer to the free troposphere
(further discussed in the Supporting Information). Here it
averaged 0.93. Table 1 shows the values of the various
parameters for the six transects suitable for emission analysis.
Observations of methane (a clear tracer of oil/gas

production) during the climbs to the free troposphere
mentioned above indicate that the layer was homogeneously
mixed vertically up to a transition layer with <10% variability;
hence, we simply use the average value observed in each track,
corrected for temperature and pressure, to reflect the
concentration throughout the layer, with the correction (β)
mentioned above to address the transition to air free of these
emissions. Flight tracks conducted at different altitudes within
the mixed layer (as shown in Table 1) produce very consistent
estimates for the emission rate.
On the first transect for May 22 shown in the table, the

contributions of a single exceptional burning source encoun-
tered were excluded from contributing to the average observed
rBC concentrations. The rBC particles in this plume were
substantially larger than those generated from flares or observed
in the outflow from the region; on the basis of characteristics of
individual flare emissions in the area, it is not possible that this
source was associated with a single “rogue” flare. If included, it
would have increased the average emission rate for the data set
by ∼10%. No other open burning plumes near this scale were
observed, and generally, agricultural activity, including burns
and field work with tractors, appeared to be very limited on the
basis of assessments made by scientists flying on the aircraft.
The largest uncertainty is in SP2 calibration, which has been

tied to ambient rBC sensitivity at the level of 15%.13 On the
basis of the sensitivities noted upon determination of mixed
layer height above ground level, average enhanced concen-
tration, and wind speed from the data, we conservatively
estimate their uncertainties at 10% each, with an additional 10%
to reflect uncertainty in the uniformity of the vertically mixed
rBC concentration. Uncertainties associated with the wind
angle and length of transect integration are negligible in this
analysis. Summing the systematic sources in quadrature
provides an overall relative systematic uncertainty estimate in
the measured rBC emission rate from the measured sources of
25%. The statistical uncertainty in the determination, as shown
in Table 1, is relatively small, only 8%, reflecting good
consistency between estimates from different days and wind
directions and providing confidence that the measurements do
a good job covering the hatched area of Figure 1 and rejecting
significant biases from other sources. After assumption of
constant emission rates throughout the day and night, implying
that diurnal emissions associated with agricultural activity and
other anthropogenic sources are unimportant here, the data
lead to an overall estimate of rBC emissions for the sampled
portion of the North Dakota Bakken region of 1400 ± 360 t/
year. To the extent that daily activities associated with non-oil/
gas sector activity do wane at night, these contributions are
overestimated.
The measurements bound the possible emission rate from

associated gas flaring. To this end, we pair the state estimate of
associated gas flaring for May 2014 in the region1 to the total
rBC emission rate that we measured here, scaled down by 20%
to estimate gas emissions only from the wells in the hatched
area of Figure 1. This generates an upper limit on the emission
factor from flaring: 0.57 ± 0.14 g of rBC/(m3 of gas flared) (at
STP).

The microphysical state of the rBC emitted specifically by
flaring, and generally from all sources in the region, was
determined. Figure S2 presents mass size distributions of rBC
observed (1) under nascent conditions produced by individual
flares and sampled within minutes of emission and (2) in the
outflows used to produce the FrBC estimate (excluding the
single outflow strongly influenced by open burning). The flare
distributions were corrected to remove background air
contributions concurrently sampled. The rBC mass median
diameters average 166 ± 2 nm in the outflow (excepting the
transect strongly influenced by open burning), which is larger
than the rBC produced in U.S. metropolises,14 and is more
consistent with uncontrolled biomass burning rBC emissions.15

This is consistent with substantial contributions to the total
rBC emissions from flaring, which, when specifically analyzed,
was associated with rBC with a mass median diameter of 192 ±
6 nm. However, unlike in uncontrolled biomass burning, the
rBC generated by flares was not associated with optically
detectable (by the SP2) amounts of non-rBC material, and
without accumulation-mode rBC-free aerosols. This indicates
that the flares produce nearly pure rBC that, on the basis of the
work of Bond et al.,2 exerts a positive climate forcing. The rBC-
containing particles exported from the basin showed very
similar characteristics, indicating that there was no substantial
secondary production of aerosol materials condensing or
coagulating with the rBC on time scales of hours and
supporting our assumption that open burning, which typically
produces and thickly coated rBC15 and copious amounts of
organic carbon aerosol, did not contribute substantially to the
net emissions during the observations.
The most recent inventories of BC emissions from the

Bakken region of North Dakota are provided by the
Environmental Protection Agency’s National Emissions In-
ventory Database (EPA NEI), which in 2013 released an
inventory appropriate for 2011 emissions (NEI-2011).16 The
inventory includes oil and gas production sources but associates
no EC with them in the Bakken, and hence obviously
underestimates them; ∼70% of the NEI EC emissions are
attributed to off-road diesel emissions from agricultural
activities (tractors), with ∼15% each from agricultural open
burning and on-road sources. The May EC emission rate in the
NEI is 800 t/year over the hatched area of Figure 1, a factor of
2 less than we observed in 2014. Bakken oil (gas) production
increased by a factor of 2.5 (2.9) between May 2011
(appropriate for the NEI estimate) and May 2014 (appropriate
for the observations here). Flaring increased by a factor of 3.3
over this time.1 Only limited agricultural activities were
observed during the flights, so if oil/gas production-related
sources are in fact the dominant emitters in this season, this
would suggest that NEI estimates were reasonably accurate in
2011 but misapportioned emission sources. On the other hand,
estimates of BC produced by gas flaring may be biased high.
The GAINS model17 has an emission factor of 1.6 g of rBC/
(m3 of gas flared) (STP), which is a factor of 2.6 higher than
the upper limit generated here. A more recent laboratory
estimate of flaring emission factors,18 which also was based on
laser-induced incandesce measurements, produced a reduced
estimate of 0.51 g of rBC/(m3 of gas flared); this was
referenced as an estimate of flaring that was still consistent with
Arctic flaring being significant for climate.4 This value is also
consistent with our upper limit. As we do not have
measurements in other fields, it is not clear how well our
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estimate will translate to flaring conditions in the rest of the
world.
Total anthropogenic and natural North American BC

emissions were estimated in the year 2000 at 380000 t/year;2

hence, the total yearly rBC emissions estimated here, which are
only partially due to the exceptional amount of gas flaring and
oil/gas production activities in the Bakken (nearly 40% of the
U.S. flaring total19), make up <1% of that total. It follows that
lack of accounting for oil/gas production sources does not very
significantly contribute to any large-scale underestimate of BC
emissions or BC direct radiative forcing from North America.
On global scales, North America makes up less than 10% of

total flaring.19 Thus, global-scale oil/gas production activities
and associated flaring may produce significant amounts of BC,
especially in the context of regional impacts.4
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Emissions of Black Carbon from
Flaring in the Bakken Oil and

Gas Fields

New NOAA-led study measures "soot" from North Dakota
flares

In the lonely reaches of northwestern North Dakota and across the border into

Saskatchewan, the vast Bakken oil field hosts extensive activities to extract both crude

oil and natural gas. Business is booming—production increased by 30 percent between

May 2013 and May 2014. More than a quarter of the total gas produced from the

Bakken operations can’t be processed fast enough, though, and the common industry

practice is to “flare” it—burn it off as it is vented to the atmosphere. Jutting 30 feet

upward like enormous lit matchsticks, the flares pose a new question for atmospheric

scientists: What do the flares put into the air? A new NOAA-led study has produced the

first direct measurements of how much black carbon—a major component of airborne

particles that are commonly referred to as “soot”—is emitted by the Bakken flaring

operations.

The answer? “The flaring releases about 4 tons of black carbon a day, which hasn’t

been previously accounted for,” said Joshua Schwarz, a research scientist at NOAA and

lead author of the study, published online September 8 in Environmental Science &

Technology Letters. “Fortunately, this amount is not significant for global climate

because it is less than 1 percent of all the black carbon emitted in North America."

WEDNESDAY, SEPTEMBER 9, 2015

http://pubs.acs.org/doi/full/10.1021/acs.estlett.5b00225


Researchers from NOAA, the Cooperative Institute for Research in Environmental

Sciences (CIRES) at the University of Colorado Boulder and the University of

Michigan measured the emissions of black carbon during six flights of the NOAA Twin

Otter research aircraft in May 2014. On board was the NOAA “Single Particle Soot

Photometer,” an instrument that measures black carbon atmospheric concentration and

microphysical properties. Black carbon is a product of incomplete combustion of fossil

fuels and biomass, and its absorption properties make it a warming influence on

climate. It is also harmful to human health when inhaled.

In the six flights, the research aircraft traversed the Bakken region during periods of

steady high winds, sampling to get a “background” reading of the black carbon levels

and then across the Bakken to measure the increases in black carbon resulting from the

flaring operations. Researchers were able to use their data to calculate the black carbon

emission rate for the region and estimate the amounts coming from the oil and gas

production operations, primarily flaring.

The bottom line from the new study? Assuming the May 2014 measurement period was

representative of yearly operations, the researchers find that an upper limit of 1400 ±

360 tons of black carbon are emitted each year from the flares at the Bakken region.

Total emissions of black carbon in North America were estimated to be 380,000 tons

per year in 2000.

The new study’s findings are likely indicative of North America, because about 40

percent of the total flaring that occurs in the U.S. is in the Bakken region. However, the

authors note that on the global scale, North America makes up less than 10 percent of

the total flaring, and they caution that the results may be different in other regions of the

world.

CIRES is a partnership of NOAA and CU Boulder.

http://www.noaa.gov/
http://www.colorado.edu/


Image: Flares burn at sunset in the Bakken oil and gas fields in North Dakota. Jeff
Peischl/CIRES and NOAA

Authors of “Black Carbon Emissions from the Bakken Oil and Gas Development Region”
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Comparing Natural Gas Leakage Detection Technologies Using an
Open-Source “Virtual Gas Field” Simulator
Chandler E. Kemp, Arvind P. Ravikumar, and Adam R. Brandt*

Department of Energy Resources Engineering, Stanford University, 367 Panama Street, Stanford, California 94305, United States
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ABSTRACT: We present a tool for modeling the performance of
methane leak detection and repair programs that can be used to evaluate
the effectiveness of detection technologies and proposed mitigation
policies. The tool uses a two-state Markov model to simulate the evolution
of methane leakage from an artificial natural gas field. Leaks are created
stochastically, drawing from the current understanding of the frequency
and size distributions at production facilities. Various leak detection and
repair programs can be simulated to determine the rate at which each
would identify and repair leaks. Integrating the methane leakage over time
enables a meaningful comparison between technologies, using both
economic and environmental metrics. We simulate four existing or
proposed detection technologies: flame ionization detection, manual
infrared camera, automated infrared drone, and distributed detectors. Comparing these four technologies, we found that over
80% of simulated leakage could be mitigated with a positive net present value, although the maximum benefit is realized by
selectively targeting larger leaks. Our results show that low-cost leak detection programs can rely on high-cost technology, as long
as it is applied in a way that allows for rapid detection of large leaks. Any strategy to reduce leakage should require a careful
consideration of the differences between low-cost technologies and low-cost programs.

■ INTRODUCTION

Fugitive methane (CH4) emissions from the natural gas system
are an important source of anthropogenic greenhouse gases
(GHGs),1 representing ≈25% of U.S. CH4 emissions. In
extreme cases, fugitive emissions could offset the climate
benefits of switching from other fossil fuels to natural gas.2,3

Leak detection and repair (LDAR) programs aim to reduce
fugitive CH4 emissions while providing additional revenue to
natural gas producers from the sale of recovered gas. LDAR is
an area of active research, and many proposed LDAR concepts
rely heavily on new technologies, including constant monitor-
ing of gas wells with high-precision methane sensors,4,5

automated surveys of natural gas fields based on infrared
(IR) camera technology,6 or remote sensing of methane plumes
using aircraft or satellites.7,8

While many LDAR concepts and technologies have been
studied in the literature, less work has been performed to
rigorously compare different proposed LDAR programs
regarding their effectiveness. For example, which LDAR
technology has the most potential to reduce the cost of CH4
mitigation, or how important is labor minimization in driving
cost reductions from a new LDAR concept? Rigorously
comparing proposed LDAR programs requires a model of
leakage from a gas facility as well as a model of how a LDAR
program would detect any given leak. Such a model must be
able to accurately simulate the evolution of leakage through
time under various proposed and implemented LDAR
programs. This model must also include all major costs of

LDAR programs, such as labor and technology costs. Because
no such model currently exists, we developed the Fugitive
Emissions Abatement Simulation Toolkit (FEAST) model to
explore the effect of various LDAR programs on long-term
leakage rates.
In FEAST, CH4 leaks in a computer-simulated gas field are

generated dynamically as the simulation proceeds. Dependent
upon the LDAR program under study, the repair rate is
calculated using a physics-based model: the concentration of
methane downwind of every leak is simulated using a Gaussian
plume model, and the specifications of a particular LDAR
program are applied to the simulated plume to determine
whether or not it is detected. LDAR programs in FEAST are
represented by a combination of technology parameters (e.g.,
survey sensitivity) and implementation parameters (e.g., survey
frequency). Given a LDAR program, FEAST finds and fixes
leaks appropriately. Integrating the leakage rate through time
yields the total amount of lost gas under a particular LDAR
program. From assignment of a value to the lost gas and
estimation of the cost of maintaining the LDAR program,
FEAST estimates the economic value of the LDAR program in
net present value (NPV) terms and LDAR program environ-
mental benefits.
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In this paper, FEAST is applied to four conceptual LDAR
programs. We first describe the FEAST methodology and
LDAR program representations. We then compare our
simplified LDAR programs to illustrate their strengths,
weaknesses, potential for improvement, and relative value. We
conclude with a description of future directions for research.

■ METHODOLOGY
FEAST is an open-source model programmed in the MATLAB
computing environment.9 FEAST model code and documenta-
tion are made open source as the Supporting Information and,
thus, can be downloaded and used as desired by the reader.
Markov Model. FEAST simulates leakage from a natural

gas field by modeling every potential leaking component in the
field using a two-state Markov process: a component may either
be in the “leaking” state or in the “robust” state. The simulation
time period is broken into discrete time steps, and every
component, whether leaking or not, is given a probability of
changing state in a given time step. This probability depends
upon the LDAR program being simulated and the behavior of
the natural gas infrastructure. Note that Markov processes (by
definition) do not depend upon behavior history, while in
reality, there is some evidence that the probability of leakage
from a component depends upon its type and age.10−13 This is
considered further in the Results and Discussion. With more
experimental and statistical data, future versions of FEAST
could be implemented using higher order Markov chains.
The FEAST Markov model is implemented in three basic

steps: gas field initialization, dynamic simulation, and results
storage (see Figure 1).
Gas Field Initialization. The initial condition is defined by

the number and size of leaks distributed throughout the natural
gas field as well as physical characteristics of the gas field that
affect the performance of LDAR programs. Physical character-
istics include distance between wells, number of potentially
leaking components per well, and area at each wellsite that
must be searched for leaks.
Several publicly available data sets exist that characterize the

leakage from existing gas fields (Table 1). As shown in Table 1,
the Fort Worth air quality study14 (henceforth FWAQS) offers
the largest sample of leaks that is publicly available. We
calculate the average number of leaks per well found in the
FWAQS (≈6) and apply a truncated normal distribution about
this average, approximated to the nearest integer, to initialize
leaks in FEAST. FEAST then randomly draws the size of each
leak from the leaks found in the FWAQS, which have a heavy-
tailed size distribution (i.e., log-normal like; large leaks are
proportionally more impactful than would be expected in a
simple Gaussian size distribution). The result is a randomly
generated set of leaks that is statistically similar to the empirical
FWAQS data. FEAST can also use other leak size distributions,
provided information from a user. It should be emphasized here
that there is growing evidence15,16 of highly skewed leak size
distribution in the natural gas infrastructure. The leak sizes used
in this model, derived from the FWAQS, represent one such
heavy-tailed distribution.
The distance between wells, number of components per well,

and other physical features were chosen to be within the range
of values found for U.S. natural gas fields (see Table S3.1 and
section S3.2.2 of the Supporting Information).
Atmospheric Conditions. The performance of LDAR

programs depends upon the environmental conditions
surrounding the gas field, such as the wind speed and

atmospheric stability. The wind speed is chosen from an
empirical distribution suggested by the Advanced Research
Projects Agency-Energy (ARPA-E) in the recent Methane
Observation Networks with Innovative Technology to Obtain
Reductions (MONITOR) challenge.4 For each time step, one
wind speed is selected from this data set at random. The wind
direction is chosen from a second empirical wind data set
collected at Fort Worth.21 Once the wind speed has been
selected, the stability class is chosen at random with equal
probability from the realistic classes associated with that wind
speed.22 See section S3.3 of the Supporting Information for
more details. In the absence of site-specific information, the
ARPA-E wind speed distribution can be used as a template
wind profile near production facilities. Users of this model can
input appropriate data sets specific to the infrastructure being
studied. It should be noted that meteorological conditions, such
as atmospheric conditions, time of day, etc., can play a
significant role in detection capability for different technologies.
While these can be included in the technology modeling, the
results presented in this paper assume daytime operation for all
technologies.

Dynamic Simulation. At each time step, a small fraction of
components in the robust state are changed to the leaking state
to emulate a non-zero leak production rate. No published
studies were found that directly estimate the leak production
rate; however, it is possible to use two existing studies to
estimate the rate of leak generation.
First, the Carbon Limits data set17 (henceforth CL) provides

one means for estimating the leak production rate. CL reports
data from thousands of wells, suggesting that, within the first

Figure 1. Flowchart of the FEAST model structure.
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year after a leak survey is completed, the average natural gas
well battery emits 1.8 tons of volatile organic compounds
(tVOC). The associated methane leak creation rate is
calculated on the basis of the following four assumptions: (1)
Leakage that persists after the LDAR survey is negligible (i.e.,
leaks that are found in a LDAR survey are fixed). (2) The rate
of leakage increases linearly throughout the year. (3) CH4 and
volatile organic compounds (VOCs) mole fractions are
consistent with the average values reported by technical
documents.20 (4) The number of leaks repaired between
LDAR surveys is negligible.
Using these assumptions, we derive eq 1 for the leak creation

rate, where EVOC is the estimated total VOC emissions between
surveys, Δt is the length of time between surveys (1 year, in this
case), and mCH4

/mVOC is the mass ratio of CH4 emissions to
VOC emissions (see section SA.2 of the Supporting
Information for the method used to estimate mCH4

/mVOC).
According to eq 1, the CL data suggest a leak creation rate of
3.8 × 10−4 g of CH4/s per well per day.

=
Δ

R
E

t

m

m
2

l
VOC

2
CH

VOC

4

(1)

Alternatively, FWAQS data14 can be used to estimate the leak
production rate. On the basis of the assumption that the rate of
leakage increased linearly from zero when the facility was first
built, the leak creation rate in the Barnett shale region can be
estimated by dividing the total leakage rate in the FWAQS
study by the average age of gas wells. This gives a leak
production rate of 1.8 × 10−4 g/s per well per day or ≈50% of
the CL value. FEAST defaults to the average value of 2.6 × 10−4

g/s per well per day. There are many possible explanations for
the discrepancy between the two results reported above,
including different types of infrastructure, different facility age,
different regulations, or different management practices in the
two regions studied. As noted below, more work is needed to
generate better estimates of the leak detection rate. To
compensate for the lack of reliable data on leak production
rates across the U.S. infrastructure, we have used a range from
1.8 × 10−4 to 3.8 × 10−4 g/s per well per day in the sensitivity
analysis. Because the model is open-source, these values could
be replaced with a more representative generation rate for a
particular set of gas wells.
The probability of a component switching from the robust to

the leaking state during a time step of duration δt is given by eq
2, where Rl is the leakage creation rate (g/s per well per day),
Nc/w is the number of components per well, and μl is the
average leak size (g/s).

μ
δ=P

R
N

tR,L
l

c/w l (2)

At each time step every robust component is given the
probability PR,L to begin leaking. Components that begin
leaking have leakage rates drawn from FWAQS empirical data,
as during initialization.
Choosing a PR,L that is constant through time implies that the

quality of gas infrastructure and maintenance does not change
during the simulation. It does not imply that the leakage
increases linearly through time. On the contrary, the stochastic
nature of FEAST allows for a different number of leaks to be
introduced at every time step and the size of each created leak
is chosen randomly, independent of PR,L. Super-emitters are
extremely large but rare leaks in the FWAQS, and their
frequency in FEAST follows the FWAQS distribution. When
FEAST happens to generate a super-emitter, a significant
discontinuity occurs in the total field leakage, just as the total
leakage from a real gas field suddenly increases if a tank hatch
cover is accidentally left open. Over sufficiently long time
scales, these discontinuities can be averaged out and the total
leakage will increase approximately linearly if PR,L is constant
(and repairs are neglected). A small modification to the Markov
model can allow for a variable PR,L if a change in the leak
production rate is expected. We explore one such scenario in
the Results and Discussion.

LDAR Programs. A LDAR program in FEAST includes the
combination of an applied LDAR technology and a LDAR
implementation. Technology parameters include factors such as
detector costs and sensitivities, while implementation param-
eters include factors such as frequency of surveys or repair
practices. The probability that a leaking component switches to
the robust state (PL,R) in a given time step requires a model of
the LDAR program being evaluated. By definition

= +P P PL,R L,R
null

L,R
LDAR

(3)

By default, all LDAR simulations include a “null LDAR
program”, which contributes PL,R

null to the probability of detecting
a leak. In the scenarios below, PL,R

nullNL
i = PR,LNR

i , where NL
i and

NR
i are the initial number of leaking and robust components,

respectively. That is, the background rate of leak creation
multiplied by the number of robust components equals the rate
of leak detection multiplied by the number of leaking
components without LDAR, and therefore, the number of
leaks is in steady state over long-time Markov simulation.
Adding a LDAR program on top of the null program increases
the value of PL,R by adding additional probability of finding and
fixing leaks PL,R

LDAR, such that a new, lower steady-state leakage

Table 1. Summary of Results from Leakage Studies of Natural Gas Production Facilities

name year detection method number of wells number of leaks leaks per well

Carbon Limits17 a 2014 IRb camera ≈5300 NR NR
Fort Worth14 c 2011 FIDd/IR camera 1138 2126e ≈2
Allen et al.18 2013 IR camera 292 769 ≈2.6
Kuo19 2012 spectroscopy 172 59 ≈0.3
API 458920 1993 FID 82 1513 ≈18
Fernandez11 2006 bubble test 12 132 11

aCarbon Limits reported the number of well sites and well batteries surveyed. We estimate the number of wells by assuming an average of three wells
per survey in the well sites and well batteries category. There were 39 505 leaks recorded in all facilities. bIR = infrared. cAll components were
surveyed with an IR camera. A total of 10% were also surveyed with a FID. dFID = flame ionization detector. eData on the number of wells and leaks
can be found in the Government of Fort Worth, TX website http://fortworthtexas.gov/gaswells/air-quality-study/final. Site-specific data can be
found in Appendix 3-B: Emissions calculations workbook of the Fort Worth, TX Air Quality Study.14
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rate is reached. Changing the settings of the null program
allows the user to explore scenarios in which the background
prevalence of leaks increases as the facility ages (i.e., PL,R

nullNL
i <

PR,LNR
i ).

Four simplified example LDAR programs are simulated here.
These LDAR programs include the following: (1) Flame
ionization detector (FID): Manual application of a flame
ionization detector technology, after which components with a
local CH4 concentration above a threshold are replaced. The
FID technology is the “default” first pass detection technology
used in many historical studies. (2) Distributed detector (DD):
Methane detectors are placed at intervals along the dominant
downwind direction characteristic of the location and alert
repair crews when local concentrations at a detector exceed a
threshold detection limit. After leaks are detected, repairs are
performed at a set repair interval. (3) Manual infrared (MIR):
A manual infrared imaging method, wherein an operator uses
an IR camera to visualize methane plumes and tags components
to be fixed. A manual IR technique is another very commonly
applied LDAR method. (4) Automated infrared (AIR): An
automated infrared technique where an IR-equipped aircraft
flies over natural gas sites and detects leaks from their IR
signature. After leaks are detected, images of each leak are sent
to repair crews to facilitate repair.

The most important parameters for each LDAR program are
given in Table 2. See Tables S3.5−S3.8 of the Supporting
Information for full details of LDAR parameters and default
settings for each LDAR program.
In the FID survey method, all leaks are found and repaired at

each time step when a survey occurs. Therefore, PL,R
LDAR = 0 at all

time steps, except at the time step of a survey when PL,R
LDAR = 1.

Such a detection certainty is justified because the underlying
data set used in FEAST was obtained using a FID-based leak
detection program.
FEAST uses a Gaussian plume model to compute PL,R

LDAR for
the DD, MIR, and AIR programs. Such a model accounts for
the buoyancy of emitted gas and reflection of the plume off the
ground. The effect of an atmospheric inversion is not
considered because we are interested in the behavior of plumes
within a few tens of meters of the ground. The concentration Φ
(g/m3) downwind of the plume is given by

π σ σ σ σ

σ

Φ =
− −

+
+

⎛
⎝
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Table 2. Notable Parameter Settings in the Base Case and Extreme Sensitivity Casesa

symbol name units base case high savings low savings

Markov Model
Rl leak production rate g/s per well per day 2.6 × 10−4 5.2 × 10−4 1.3 × 10−4

leak size data source FWAQS14 Allen18

Cg gas price $/mcf 5 8 3
RRD real discount rate % per year 8 5 10
A aging factor 1 2

FID
Ccap total capital $ 35000 20000 50000
λ lifetime years 10 20 5
RS survey speed components/hour 150 300 75
TSI survey interval days 100 200 50
TSU setup time hours 0.5

DD
Cdetector cost per detector $ 500 200 1000
Ns/W detectors per well 4 2 8
TLI repair interval days 50 25 100
Tsetup setup time hours 0.5
Φmin minimum concentration g/m3 10−2 10−3 10−1

MIR
Ccap capital cost $ 120000 60000 240000
λ lifetime years 10 5 20
RS survey speed components/hour 500 1000 250
Γmin minimum concentration path m-g/m3 0.4 0.2 2
FPD,min minimum fraction of pixels above Γmin for detection % 10 20 5
TSI survey interval days 100 200 50
TSU setup time hours 0.5

AIR
Ccap total capital cost $ 193000 100000 300000
FPD,min minimum fraction of pixels above Γmin for detection % 10 5 20
Γmin minimum concentration path m-g/m3 0.4 0.2 2
TSI survey interval days 14 7 28
vS survey speed m/s 5 10 2.5
Zcam camera height m 20 10 40
λ lifetime years 3 6 1.5

aSee the Supporting Information for a complete list of Markov model and LDAR program specifications.
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where x, y, and z are the coordinates at which the concentration
is to be calculated (m): x is measured downwind of the leak, z
is the vertical displacement from the ground, y0 is the position
of the leak source in the y direction. Q is the leak flux (g/s), and
u is the wind speed (m/s). σy and σz are the standard deviation
of the plume concentration (m), extracted using linear
interpolation to published curves22−24 based on the atmos-
pheric stability class. Finally, zM is the vertical position of the
middle of the plume as a function of x. zM accounts for the
plume buoyancy and follows the methodology suggested by
Beychok (see section S2.3 of the Supporting Information).25

The DD, MIR, and AIR programs use the Gaussian plume
model in different ways. For the DD detector, the
concentration of methane at the location of the plume is
compared to a predefined detection threshold. If the
concentration is greater than the threshold, the leak is detected.
The probability that the concentration exceeds the detection
threshold depends upon the size of the leak, the location of the
leak relative to the detector, and atmospheric conditions. The
location of the leaks are chosen randomly within a pad area
definition. Various placement patterns of DD sensors are
explored in prior work.26

The detection threshold for the IR camera methods requires
that a minimum fraction of the camera pixels be above a
minimum concentration path length.27 The signal in each pixel
is estimated by numerically integrating the concentration
calculated by the Gaussian plume model along the path imaged
by each pixel according to eq 5, where α is an implied constant
in the detection criteria and Λ is the path imaged by a pixel.

∫α= Φ
Λ

x s y s z s ssignal ( ( ), ( ), ( )) d
(5)

A simulation of this concentration path length, as seen by an IR
camera 30 m to the side of the leak source, for two different
leak rates, using the Gaussian plume model is shown in Figure
2.
Economic Analysis. The Markov model generates a time

series of leakage associated with each simulated LDAR
technology. Assigning a value to the gas saved by a LDAR
program in comparison to a status quo simulation (in this case,
the null LDAR program) enables a NPV analysis of each
modeled LDAR program and an estimate of the CH4 emitted.
We use a standard NPV analysis to compare the economic

value of various LDAR programs. The NPV is calculated
according to eq 6, where t is the set of all time steps, VL(ti) is

the value of the leakage lost during the ith time step, and C is
the cost of running the LDAR program in the ith time step. RRD
is the real discount rate (8%).

∑= −
+∈
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i i

t

L
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t

i

(6)

The price of natural gas for base-case analysis is fixed at $5/mcf
over the entire simulation period, while a range from $3 to 8/
mcf is used for sensitivity analysis. The cost of fixing leaks is
drawn at random from a comprehensive list of over 1600 leaks
from a 2006 United States Environmental Protection Agency
(U.S. EPA) study,11 with costs adjusted for inflation. There was
no correlation between the measured leak magnitudes in that
study and the estimated costs to fix each leak (see Figure S3.14
of the Supporting Information), thereby justifying randomly
selecting costs. It should be noted that the NPV analysis
performed here is only representative and is best used as a tool
to compare various LDAR technologies in terms of its cost-
effectiveness instead of absolute dollar terms. Further refine-
ment of this model would need to incorporate enterprise-level
information regarding captial structures and specific character-
istics of the business model in use.

■ RESULTS AND DISCUSSION

A FEAST scenario is defined by the user-defined settings,
inputs, and underlying data set provided to FEAST. We refer to
the results generated by running FEAST once as one realization
of a particular scenario. Because FEAST is stochastic, results
will change each time FEAST runs a particular scenario.
Numerous realizations must be analyzed to understand the
implications of a particular scenario.
Figure 3 shows the leakage time series of a single realization

of the default scenario in FEAST for different LDAR programs,
including the null program and a no-repair program. While the
time-series change in total leakage will be different for each
realization because of the stochastic nature of the model, the
general trends in Figure 3 are characteristic of the LDAR
programs. This simulation covers a 10 year time period;
therefore, the number of evaluation periods is large, and steady-
state behavior is always reached. The gas saved over the
duration of the simulation by a particular LDAR program is the
area between the null program time series and the LDAR
program time series.

Figure 2. Simulated concentration path length profile of natural gas leaks of (left) 1.5 g/s and (right) 0.15 g/s, at a wind speed of 2 m/s and stability
class C. Leaks are imaged by a camera 30 m to the side of the leak source. The color bar indicates the signal-to-noise ratio as imaged by the IR
camera.
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The null LDAR program is intended to emulate repairs that
occur in the field without any explicit LDAR program and is set
in this scenario as noted above (PL,RNL

i = PR,LNR
i ). These null

program repairs may occur during routine maintenance or
upgrades to equipment. We suggest that the null program be
used to represent the status quo, although users can choose
their own baseline. The no-repair program never removes any
leaks from the gas field, and the leakage increases indefinitely
(PL,R = 0). Because the null scenario repairs the majority of the
leaks compared to a no-repair scenario, it is only instructive to
compare any marginal advantages of a LDAR program to the
null scenario (i.e., no-repair results are not used to calculate
LDAR benefits below).
There are two types of variability in FEAST: the variability in

the mean behavior between different scenarios and the
stochastic variability between realizations. Figure 4 illustrates
both of these types of variability. The left panel shows the
difference in the mean behavior of the LDAR programs, broken
down into cost and benefit components. We can see that the
labor cost (a major component of “finding cost”) dominates in
some technologies (e.g., FID), while the capital cost dominates
in others (e.g., DD). The error bars represent the standard
error in the estimate of the mean NPV as a result of the limited
sample size employed here. The standard error was computed
as

σ
σ

=μ N
s

(7)

where σμ is the expected standard deviation of the mean in
similar samples, σs is the sample standard deviation, and N is
the number of samples (realizations). In this work, N = 100 for
each scenario. The variation between stochastic realizations is
shown in the right panel of Figure 4. We see that, while the
variation between realizations is large, the technologies are
different enough that clear trends can be discerned.
Considering the median NPV for all realizations, the AIR,
DD, and MIR LDAR programs have a positive NPV across the
range of inter-realization variability. In comparison to these
technologies, the intensive labor costs for a FID-based LDAR
program results in a negative median NPV.
Perhaps the most instructive results from FEAST are

illustrated by varying scenario settings, as shown in a tornado

diagram in Figure 5. The settings used to generate these
sensitivity cases are given in Table 2. They were chosen to
represent the realistic range of values for each parameter. Note
that simulating fields within the realistic range of leak
production rates given available data result in enormous
variability between scenarios. Clearly, improved data to quantify
the leak production rate of gas fields would mitigate the
primary driver of uncertainty in FEAST.
One of the base case assumptions in FEAST is a constant

leak production rate. Some evidence suggests that gas
infrastructure is likely to produce leaks at a greater rate as it
ages, although little data exist to quantify this effect in natural
gas wells.10−13 We allow for a variable leak production rate in
one sensitivity case: the leak production rate increases linearly
from 2.6 × 10−4 g/s per well per day to twice its value over the
10 year simulation period. It can be clearly seen from Figure 5
that any additional increase in the baseline leak creation rate
only increases the value of the LDAR programs.
Each LDAR program has unique characteristics that can be

adjusted in FEAST to explore their effects. The FID program
can be greatly improved by reducing the time required to
complete surveys and decreasing the frequency of surveys from
the default case. This is because the baseline FID cost is
dominated by the labor cost of this slow technology. This result
is intuitive because the FID program has no trouble finding
leaks and labor is the primary cost of the FID program;
reducing the frequency of surveys reduces labor costs more
than it decreases gas savings.
In either IR camera program, improving the sensitivity of

each camera pixel to methane increases the value of the LDAR
programs. However, the results are less sensitive to the number
of pixels that must be above the detection limit. Only the MIR
program is sensitive to the survey time and survey interval of
the program, while the value of the AIR program is largely
independent of these factors. In fact, the AIR program is only

Figure 3. Time series of a single realization of the default scenario in
FEAST for the four different LDAR programs, including the null and
no-repair programs. In the no-repair case, the total leakage doubles
within a few years, while it reaches a steady state in every other case.
The null repair scenario fixes the majority of the leaks compared to the
no-repair scenario, and therefore, any marginal advantage of the LDAR
programs is calculated when compared to the null scenario.

Figure 4. (Left) Variability in the mean behavior between different
scenarios of the various LDAR programs shown as a cost versus benefit
diagram. Note that the distribution of costs between capital, labor,
repairs, and maintenance are dependent upon the technology and
methodology adopted in the LDAR program. For example, while the
cost of implementing a DD program is dominated by the cost of the
detectors, the FID program effectively depends only upon labor costs.
(Right) Stochastic variability between different realizations of a
scenario for different LDAR programs. While the variation exceeds
50% of the mean in some cases, clear trends can be observed: the FID
program, highly dependent upon labor cost, has a significantly lower
NPV compared to other LDAR programs.
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sensitive to properties that affect the number and size of leaks
that it detects. This is because the amortized operating costs of
the AIR program are very small in comparison to the amount of
gas that it detects, as a result of the fact that the automated
airborne system can visit a large number of wells per unit time.
Reducing the amount of gas detected by 20% has a greater
effect on the cash flow of the AIR program than doubling its
operating expenses.
The DD program shares many traits with the AIR program:

it benefits from changes that increase the number of leaks
detected and is insensitive to the survey interval and survey
time required to pinpoint the location of leaks. However, the
distributed detector program is the only program simulated that
is significantly sensitive to the capital cost of the equipment. A
distributed detector program requires detectors to be placed at
every well, while a single piece of survey equipment for a FID,
MIR, or AIR program can service hundreds or even thousands
of gas wells, depending upon the survey frequency and time for
each survey. Low-sensitivity methane detectors can have
extremely low capital costs on the order of $1, but detectors
with parts per billion (ppb) scale sensitivity can cost $10 000−
100 000. In the base case, we simulated an intermediate
detector with a cost of $500 and a sensitivity of 15 ppm.
Notwithstanding the sources of variability in results outlined

above, the absolute values computed with FEAST are
encouraging. We found that the MIR, AIR, and DD programs
are likely to have positive NPVs. Under most scenarios we
considered, the AIR program has the greatest NPV, ranging up
to $15 000 per well over a 10 year period in the best case
sensitivity scenario (see Figure 5).
The most speculative of these scenarios is perhaps the AIR

program. Some AIR assumptions may ultimately prove
unrealistic. However, the basic characteristics of the program
that make it cost-effective are instructive: it allows for high-

speed servicing of wells and only identifies relatively large leaks.
Sacrificing some sensitivity for speed allows for the majority of
leakage to be found (when using realistic heavy-tailed leak size
distributions) while greatly reducing operating costs and
reducing the cost of fixing small leaks with small gas savings.
With these factors included, the capital cost of a drone and
high-performance IR camera system (estimated at $193 000 for
the purposes of this example) proved to be largely immaterial
to the project NPV. This clearly shows that there is a significant
divergence between low-cost LDAR technologies (“cheap
detectors”) and low-cost LDAR programs (“cheap detection”).
Low-cost LDAR programs can in fact rely on highly
sophisticated and high-cost technology, as long as this
technology is applied in a way that allows for rapid scanning
and robust detection of large leaks. The end member of such a
technology spectrum would be a high-resolution satellite-based
system, which would have very high capital costs but could, in
principle, detect leaks across a wide swath of the Earth’s surface
each day.
One of the big challenges in the methane leakage problem is

its magnitude; the vast variety in the infrastructure and skewed
leak size distribution makes direct measurements and
subsequent extrapolation costly (i.e., large sample sizes are
needed). Considering the costs associated with implementing
leak detection programs, it becomes vitally important to
develop tools to help businesses develop cost-effective
strategies. FEAST is general enough to allow for businesses
and others to tailor the model to specific sites/conditions as
they see fit. The results presented here should not be taken as
definitive but more as an example of the various possibilities
available to users
We emphasize that the economic analysis of various LDAR

programs presented here is only indicative of general trends
and should not be interpreted as a definitive analysis of the

Figure 5. Sensitivity of the NPV of the four simulated LDAR programs to various parameters of the natural gas field, detection technology, and
survey procedures. It should be noted that extrinsic factors such as the leak production rate and gas price play an out-sized role in determining the
NPV of various LDAR programs. In the case of FID, which has significantly lower NPV than other LDAR programs, we see that reducing the
intervals of leak detection will result in a greater cost reduction compared to the reduction in gas savings.
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cost/benefit ratio for a given technology. Also, FEAST NPV
calculations are operator-centric: they take into account the
additional revenue from the sale of recovered gas in its cost/
benefit analysis but neglect other important effects, such as the
social cost of carbon, a future carbon tax or carbon trading
market, health benefits associated with the reduction of VOCs,
and the avoided costs of climate change adaptation. In
proposing new regulations to reduce methane emissions from
the U.S. oil and natural gas industry by 40−45% from 2012
levels in 2025, the U.S. EPA has estimated net climate benefits
alone at $120−150 million.28 Adding benefits accrued from
reductions in health effects related to fine particle pollution,
ozone, and air toxics and improvements in visibility would only
incentivize support for a strong methane mitigation policy,
resulting in a much higher social NPV for various LDAR
programs.
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Stacy MacDiarmid, (512) 691-3439, smacdiarmid@edf.org
Matt McGee, (512) 691-3478, mmcgee@edf.org
(AUSTIN, TX) A new aerial survey reveals that the percentage of malfunctioning flares at oil and gas
facilities across the Permian region remains stubbornly high, at the same time that preliminary analysis of
federal satellite data shows flaring activity in the basin is on the rise. Together the results suggest that one
of the industry’s biggest challenges in the basin is poised for resurgence.

Researchers with Environmental Defense Fund’s PermianMAP initiative found that more than one in every
10 flares surveyed in June were either unlit — venting uncombusted methane straight to the atmosphere —
or only partially burning the gas they were releasing. This is consistent with two surveys done before the
price crash. Meanwhile EDF scientists evaluating data from the National Oceanic and Atmospheric
Administration’s VIIRS satellite instrument say that Permian flaring is on the rebound, with June volume up
50% after a steep slide from February through May.

One of the largest oilfields on Earth, the Permian straddles Texas and New Mexico, neither of which has
historically regulated flaring effectively.

“Malfunctioning and unlit flares are a longstanding problem for the industry and one of the largest sources
of methane emissions in the Permian,” said EDF scientist David Lyon. “The fact that we have not seen any
improvement in flare performance over three separate surveys tells us that industry and regulators need to
get much more serious about the problem. The best solution is to eliminate routine flaring altogether.”
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With Initial Data Showing Permian Flaring on the Rise
Again, New Survey Finds 1 in 10 Flares
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Persistent emissions problem requires urgent action by industry, regulators
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According to other satellite data, Permian operators sent 280 billion cubic feet of gas worth about $420
million up their flare stacks in 2019 — more than enough to supply every home in Texas. Historically, Texas
and New Mexico have not made flaring or methane a regulatory priority. But policymakers in both states
now have important opportunities to institute critical safeguards.

“It’s troubling to see methane pollution from flares persist at the same time it appears flaring activity is on
the rise again,” said Jon Goldstein, EDF director of regulatory and legislative affairs. “This data
underscores the need for New Mexico’s oil and gas regulators to implement rules that comprehensively
address methane waste and pollution. The drafts released this week are a good start, but must be
strengthened to close critical loopholes.”

Drafts of the two New Mexico rules can be found here and here. Photos, video, a map and other
images for media are available here.

Methane is a potent greenhouse gas, human sources of which are responsible for more than a quarter of
the warming we’re experiencing today. It’s also the main ingredient in natural gas. When methane escapes
into the atmosphere, it has over 80 times the warming power of carbon dioxide over the first 20 years.

Although flaring waste and localized emissions are a familiar problem by now, EDF’s helicopter surveys are
the first effort ever to assess the methane emissions associated with flaring in the region. It is the latest
product of EDF’s year-long PermianMAP initiative to measure methane emissions using aircraft, stationary
towers and ground-based mobile sensors.

The survey results come on the heels of satellite data released earlier this year showing total oil and gas
methane emissions in the Permian are more than two times higher than federal inventories indicate.

# # #

Environmental Defense Fund (edf.org), a leading international nonprofit organization, creates
transformational solutions to the most serious environmental problems. EDF links science, economics, law
and innovative private-sector partnerships. Connect with us on EDF Voices, Twitter and Facebook.
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The NM Political Report  (https://nmpoliticalreport.com/2020/01/16/nmed-discovers-more-potential-methane-emission-violations/)

NMED

The New Mexico Environment Department maintains an interactive online map of methane and
other air pollutants. Source: NMED

The New Mexico Environment Department (NMED) announced more possible emission
violations produced by oil and gas operations around the state. The department said it
acquired video footage collected by citizens using forward-looking infrared (FLIR) cameras
documenting methane and other air contaminants. NMED believes the emissions depicted
in the video footage are “potential violations of existing state permits or regulations,” the
department said in a statement.

RELATED: NMED issues first round of violation notices for methane emissions in
Permian Basin (https://nmpoliticalreport.com/2019/11/05/nmed-issues-first-round-of-violation-notices-for-

methane-emissions-in-permian-basin/)

NMED is sending written notices to oil and gas operators about the emissions. Oil and gas
producers will have 14 days to correct the issues. If those issues are not corrected within
that time frame, NMED said it may launch an investigation or initiate civil enforcement of the
violations, which could include assessing monetary penalties to producers who are in
violation.

NMED discovers more potential
methane emission violations
By Kendra Chamberlain

January 16, 2020ENVIRONMENTAL PROJECT

https://nmpoliticalreport.com/2019/11/05/nmed-issues-first-round-of-violation-notices-for-methane-emissions-in-permian-basin/
https://nmpoliticalreport.com/author/kendrachamberlain/
https://nmpoliticalreport.com/category/environment/


The FLIR footage has been uploaded to the state’s online interactive methane map
(https://gis.web.env.nm.gov/oem/?map=methane) . The map also contains FLIR footage documenting
“significant emissions” collected during two recent flyover compliance inspections
conducted by NMED and the EPA.

Emissions captured by Earthworks using a forward-looking
infrared camera. Source: Earthworks

During two flyover compliance inspections in September and October 2019, officials
identified and documented emissions leaks from flares, tanks and other types of oil and gas
equipment. Officials found 111 of over 5,300 storage tanks were emitting methane and other
pollutants, and 13 of the 530 flares observed were unlit and emitting methane.

NMED said the department is now reviewing that footage to determine if any violations had
taken place.

“The Department is addressing oil and natural gas emissions through innovative compliance
assurance measures today as we invest in methane regulations for tomorrow,” said NMED
Cabinet Secretary James Kenney in a statement. “The emissions documented in many of
these videos are unacceptable to this Department and pose significant health and safety
risks to New Mexico communities and employees of these companies.”

RELATED: Guv. announces ‘data refinery’ to track methane emissions by satellite
(https://nmpoliticalreport.com/2019/09/19/guv-announces-data-refinery-to-track-methane-emissions-by-satellite/)

Environmental group Earthworks praised NMED for enforcing emissions rules in oil and gas
activity in the state.

Earthworks’ Colorado and New Mexico field advocate Nathalie Eddy said NMED’s notices
“suggest that New Mexico is putting the public interest ahead of — or at least on equal
footing with — the oil and gas industry’s pursuit of profits.”

“NMED’s enforcement letters recognize that New Mexicans living with oil and gas
production — involuntarily and continuously monitoring it — are important allies in
protecting their own health & environment from oil and gas pollution,” Eddy said. “Today’s
news is a concrete validation that community and community-advocate complaints are a
vital tool to reign in dangerous oil and gas pollution.”

The New Mexico Oil and Gas Association (NMOGA) is supportive of NMED’s efforts to
enforce emissions compliance among oil and gas producers. 

“We are constantly working to reduce our emissions and environmental impacts, and data
collected by the EPA shows that we’re making progress while continuing to produce more
oil and natural gas,” NMOGA spokesperson Robert McEntyre told NM Political Report in an
email. “While operators strive to fully comply with the law, we respect the role NMED plays
to ensure a fair and level playing field for the industry.”

https://gis.web.env.nm.gov/oem/?map=methane
https://nmpoliticalreport.com/2019/09/19/guv-announces-data-refinery-to-track-methane-emissions-by-satellite/
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Quantifying methane emissions from the largest  
oil-producing basin in the United States from space
Yuzhong Zhang1,2,3,4*, Ritesh Gautam2*, Sudhanshu Pandey5, Mark Omara2,  
Joannes D. Maasakkers5, Pankaj Sadavarte5,6, David Lyon2, Hannah Nesser1, Melissa P. Sulprizio1, 
Daniel J. Varon1, Ruixiong Zhang7,8, Sander Houweling5,9, Daniel Zavala-Araiza2,10,  
Ramon A. Alvarez2, Alba Lorente5, Steven P. Hamburg2, Ilse Aben5, Daniel J. Jacob1

Using new satellite observations and atmospheric inverse modeling, we report methane emissions from the 
Permian Basin, which is among the world’s most prolific oil-producing regions and accounts for >30% of total U.S. 
oil production. Based on satellite measurements from May 2018 to March 2019, Permian methane emissions from 
oil and natural gas production are estimated to be 2.7 ± 0.5 Tg a−1, representing the largest methane flux ever 
reported from a U.S. oil/gas-producing region and are more than two times higher than bottom-up inventory- 
based estimates. This magnitude of emissions is 3.7% of the gross gas extracted in the Permian, i.e., ~60% higher 
than the national average leakage rate. The high methane leakage rate is likely contributed by extensive venting 
and flaring, resulting from insufficient infrastructure to process and transport natural gas. This work demonstrates 
a high-resolution satellite data–based atmospheric inversion framework, providing a robust top-down analytical 
tool for quantifying and evaluating subregional methane emissions.

INTRODUCTION
Methane is a potent greenhouse gas with a relatively short average 
atmospheric residence time of about a decade and is also a precursor 
of tropospheric ozone (1). The emission-based radiative forcing for 
methane (including effects on tropospheric ozone and stratospheric 
water vapor) is 0.97 W m−2 since preindustrial times, which is about 
60% of that for CO2 (2). Roughly a third of the contemporary 
anthropogenic methane emissions come from the fossil fuel energy 
sector worldwide (oil, natural gas, and coal) (~100 to 180 Tg a−1) 
(3, 4, 5). Curbing anthropogenic methane emissions, including those 
from the oil/gas sector, is considered an effective strategy to slow the 
rate of near-term climate warming (1). However, the rapid increase 
in oil and natural gas (O/G) production in the United States since 
around 2005, driven primarily by hydraulic fracturing and horizontal 
drilling, has led to major concerns about increasing methane emissions 
and adverse climate impacts (6). By upscaling data collected from 
field measurements in some of the largest O/G production basins in 
the United States, Alvarez et al. (7) estimated 13 Tg annual methane 
emissions from the national O/G supply chain for 2015, which is 
60% higher than the official estimates by the U.S. Environmental 
Protection Agency (EPA) (8). The largest discrepancy was found in 
the O/G production segment where the estimate by Alvarez et al. 
(7) (7.6 Tg a−1) was more than two times that by EPA, which relies 
on inventory-based estimates (3.5 Tg a−1) (8).

While field measurements provide in-depth information about a 
particular site or area, it is often challenging to expand the measure-
ment capacity to observe a diverse set of targets distributed globally 
over longer periods of time. Additional challenges exist for areas that 
are difficult to access for technical or proprietary reasons. On the 
other hand, global satellite observations of column atmospheric 
methane offer a unique vantage point to identify emission hot spots 
and quantify regional emissions (9). Using data from SCanning 
Imaging Absorption spectroMeter for Atmospheric CHartographY 
(SCIAMACHY) satellite observations averaged between 2003 and 
2009, Kort et al. (10) found large anomalous methane levels from 
the Four Corners region in the United States, with total methane 
emissions associated with natural gas, coal, and coalbed sources 
estimated as 0.59 ± 0.08 Tg a−1. While the SCIAMACHY data were 
fairly limited in spatial resolution (30 km × 60 km) and measure-
ment precision [30 parts per billion in volume or (ppbv)] (9), it was 
the first time that satellite observations were used to quantify a dense 
O/G-related methane emission hot spot. This finding also led to 
several dedicated airborne studies to better understand methane 
sources in the region (11, 12), which reported methane fluxes com-
parable to the satellite-based estimate (10).

Here, we demonstrate and exploit the capability of a recent space- 
borne sensor, the Tropospheric Monitoring Instrument (TROPOMI), 
to map atmospheric methane enhancements in the United States 
and quantify emissions from the Permian Basin (Fig. 1), which has 
become one of the world’s most prolific oil-producing regions in 
recent years due to advances in drilling technologies. Located in New 
Mexico and Texas in a region of ~400 km × 400 km, Permian is cur-
rently the largest oil-producing basin in the United States. In 2018, 
the Permian Basin produced 5.5 × 105 m3 (or 3.5 million barrels) 
of crude oil and 3.2 × 108 m3 (or 11 billion feet3) of natural gas every 
day (~30 and ~10% of the U.S. national totals, respectively), which 
was 4 and 2.5 times their corresponding levels in 2007 (around the 
time of SCIAMACHY observations) (Fig. 2) (13). While the surging 
production in the Permian Basin and its importance in the U.S. 
oil boom during the last decade have been widely covered in mass 
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media (14), the scale of associated methane emissions from this critical 
O/G basin is unknown, despite reports of increased flaring and 
venting activity (15).

Using 11 months of recent data acquired by TROPOMI during 
2018–2019, we focus on the distinct methane concentration anomaly 
over the Permian Basin and quantify the associated methane emissions 
with a state-of-the-art atmospheric inverse modeling framework. 
TROPOMI was launched in October 2017 onboard the European 
Space Agency’s Sentinel-5P satellite and provides column atmospheric 
methane measurements with higher spatial resolution (7 km × 7 km 
at nadir) and precision (0.6%) than was previously available (16), 
providing near-daily global coverage with its large 2600-km-wide 

swath (17). Our integrated satellite-based approach provides new in-
sights into the dynamic landscape of O/G-related methane emissions 
in the United States and should pave the way forward toward routine 
quantification, monitoring, and evaluation of methane emissions from 
source regions distributed globally.

RESULTS
Satellite observations of the Permian methane anomaly
Figure 1A shows a map of column-averaged dry-air methane mixing 
ratio over the conterminous United States, retrieved from TROPOMI 
measurements, with correction for the topography effect (denoted 

Fig. 1. Satellite observations of the Permian methane anomaly. TROPOMI satellite data derived elevation-corrected column methane mixing ratio for (A) the conterminous 
United States and (B) the Permian Basin containing the Delaware and Midland sub-basins. White shading represents missing data. Purple boundary in (A) indicates the 
study domain encompassing the Permian Basin. Methane averages are computed from monthly means of TROPOMI measurements during May 2018 and March 2019.

Fig. 2. Oil and gas production in the Permian Basin. (A and C) Time series of annual O/G production in black and the corresponding fractions of total U.S. production 
in blue [data from the Drilling Productivity Report by EIA (13)]. (B and D) Spatial distribution of oil and gas production for 2018 [data from Enverus Drillinginfo (50)]. Oil 
production includes both crude and condensate production. Gas production represents gross (before processing) gas production.
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as  XC  H 4  t   ; see Materials and Methods). The data are averaged from 
May 2018 to March 2019. Substantial enhancements of   XCH 4  t    rela-
tive to the surrounding background, up to ~30 ppbv, are found over 
the Permian Basin, indicating strong methane emissions. Other 
notable enhancements are observed in California’s central valley, 
coastal Southeast, and the Mississippi River Valley, likely associated 
with anthropogenic (agriculture, dairy) and natural (wetland) sources. 
The elevated methane levels in central California were also seen earlier 
in the SCIAMACHY analysis (10).

The methane enhancements over the Permian Basin show a 
characteristic two-branch pattern, which aligns with the two major 
O/G production sub-basins, the Delaware basin to the west and 
the Midland basin to the east (Fig. 1B). The enhancement over the 
Delaware basin, where extensive new exploitation has taken place 
during the last 5 years (18) (fig. S1), is larger than that over the Midland 
basin (Fig. 1B). Intensive O/G production activity in these two sub- 
basins is also captured by satellite observations of radiant heat from 
gas flaring [Fig. 3A; nighttime observations by the Visible Infrared 
Imaging Radiometer Suite (VIIRS)] a nd NO2 tropospheric column 
densities (Fig. 3B; daytime observations by TROPOMI). Flaring is a 
common practice in O/G operations to burn off unwanted or excess 
gas, and NO2 is a gaseous pollutant released during gas flaring and 
other combustion activities in O/G fields (19, 20). On the basis of 
measurements by the VIIRS instrument onboard the Suomi National 
Polar-orbiting Partnership satellite, we estimate an average flaring rate 
of 5.9 ± 1.2 billion m3 a−1 during the period of this study, about 4.6% of the 
gross gas production (see text S1). A fourfold increase in flaring intensity 
since 2012, observed by the VIIRS instrument, is indicative of the 
rapid growth in O/G production across the Permian Basin (fig. S1).

Methane emission quantification
We quantify the methane emission rate from the Permian Basin and 
its spatial distribution with atmospheric inverse modeling, which 
optimizes spatially resolved methane emission rates by drawing 
information from TROPOMI observations and the prior emission 
estimate following the Bayesian rule. The inversion seeks to optimize 
monthly methane emission rates resolved at 0.25° × 0.3125° horizontal 
resolution in a study domain containing the Permian Basin and the 
surrounding region (29°–34°N, 100°–106°W). The solution to the 

optimization is found analytically with closed-form characterization 
of the error statistics (3). An atmospheric transport model (a nested 
version of GEOS-Chem over North America with a 0.25° × 0.3125° 
horizontal resolution) (21) is used as the forward model to relate 
atmospheric methane columns with ground-level emissions in the 
study domain and the contributions from outside the domain. The 
optimization by the inversion significantly reduces the observation- 
model mismatch with decreased root mean square error (prior, 23 
ppbv; posterior, 14 ppbv) and increased correlation (R; prior, 0.30; 
posterior, 0.62) (fig. S2). See Materials and Methods for more details 
about the configurations of the inverse modeling including error 
accounting and prior information.

When aggregating monthly spatially resolved posterior emissions 
to the basin-level annual average, we find a methane emission flux 
of 2.9 ± 0.5 Tg a−1 from the Permian Basin (30°–34°N, 101°–105°W) 
(Fig. 4A; see Materials and Methods for the uncertainty analysis). 
This estimate is more than a factor of 2 larger than the bottom-up 
estimate based on an extrapolation of EPA greenhouse gas inventory 
data (EIBU, 1.2 Tg a−1; see Materials and Methods) (Fig. 4A), sug-
gesting that current methane emissions in the Permian are under-
represented in national bottom-up emission inventories (22). Our 
inversion result is in close agreement with a basin-level estimate 
based on extrapolation of limited ground-based site-level measure-
ments in the Permian (EIME, 2.8 Tg a−1) (Fig. 4A). It should be noted 
that these site-level measurements were primarily conducted in 
the New Mexico portion of the Permian Basin and covered only a 

Fig. 3. Satellite observations of gas flaring radiant heat and NO2 tropospheric 
column density over the Permian Basin. (A) Gas flaring radiant heat is the annual 
average of 2018 measured by the VIIRS satellite instrument, and (B) NO2 tropospheric 
column density is the 3-month average (June, July, and August of 2018) measured 
by the TROPOMI instrument, indicating colocated hot spots over the Delaware 
and Midland sub-basins.
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Fig. 4. Methane emission quantification for the Permian Basin. (A) Annual 
methane emissions from the Permian Basin from two prior emission inventories 
(EIBU and EIME), and TROPOMI satellite data–based atmospheric inversion and a 
mass balance method. The breakdown for Delaware, Midland, and non-O/G sources 
is shown in pink, red, and white for EIBU, EIME, and atmospheric inversion, respectively. 
The estimate for the Permian Basin is compared with total emissions from 11 U.S. 
basins reported in literature (7, 24, 25) (table S1). (B) Leakage rates for the Permian 
Basin and two sub-basins, in comparison with the average leakage reported for the 
entire United States (7).
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small fraction of production sites (see Materials and Methods and 
text S2). As a comparison, we also apply a fast mass balance method 
following Buchwitz et al. (23) to estimate basin-level emissions, which 
yields an annual mean emission rate of 3.2 ± 2.0 Tg a−1 for the 
Permian Basin. This result is consistent with that derived from a full 
atmospheric inversion. Despite the large uncertainty of the mass 
balance method, this data-driven approach provides an independent 
estimate of emissions derived primarily using TROPOMI data (see 
text S3 for more discussion).

Removing the non-O/G sources (0.2 Tg a−1) from the total flux 
obtained via the inversion (2.9 Tg a−1), we estimate the methane 
emissions related to O/G activity to be 2.7 Tg a−1 in the Permian 
Basin. Put in the context of national emissions, this value is approx-
imately one quarter of total emissions from all U.S. oil and gas produc-
tion areas in 2015 (10.9 Tg a−1, including emissions from production, 
gathering, and processing, which largely occur in the production 
areas) (7). Our estimated emission rate for the Permian is signifi-
cantly higher than those reported in the literature for other major 
U.S. O/G-producing basins. Table S1 summarizes methane emission 
estimates for 11 U.S. basins (7, 24, 25) from previous aircraft-based studies 
[i.e., Haynesville (24, 26), Barnett (24, 27), Northeast Pennsylvania 
(26, 28), Southwest Pennsylvania (25), San Juan (12), Fayetteville 
(26, 29), Bakken (24, 30), Uinta (31), Weld (32), West Arkoma (26), 
Eagle Ford (24), and the Denver Basin (24)]. Our estimate for the 
Permian (2.7 Tg a−1) is about a factor of 4 higher than the largest 
methane emissions from these previously reported O/G basins [i.e., 
Eagle Ford, 0.73 Tg a−1 (24)] and is even comparable to the 11-basin 
sum (3.7 Tg a−1) (Fig. 4A and table S1). This comparison with recent 
literature indicates that the Permian Basin is likely the largest observed 
methane-emitting O/G basin in the United States and a substantial 
contributor to national O/G-related emissions.

Distribution of methane emissions
High-resolution observations from TROPOMI enable us to resolve 
methane emissions at an unprecedented spatial and temporal reso-
lution, relative to the previous generation of satellite instruments 
such as the Greenhouse gases Observing SATellite (GOSAT) and 
SCIAMACHY (9). Figure  5 presents the spatial distribution of 
methane emissions in the Permian Basin at about a quarter-degree 
resolution derived from our atmospheric inversion. Compared to the 
prior inventory EIBU, our inversion finds larger methane emissions 
near the center of the Delaware and Midland sub-basins. Sensitivity 
inversions further show that this spatial pattern is robust against prior 
emissions of varied magnitudes and distributions (fig. S3), demonstrat-
ing that it is primarily informed by satellite observations.

The spatial distribution of methane emissions derived from inver-
sion is closely correlated with that of gross gas production (R = 0.78), 
but to a lesser degree with that of oil production (R = 0.53) and that 
of the well number density (R = 0.31) (fig. S4). Similarly, when we 
sum up the O/G-related emissions for two sub-basins, the ratio of 
methane emissions between Delaware and Midland (1.7/1.0 Tg 
a−1 = 1.7) is closest to the ratio of gas production (1.4), compared to 
that of oil production (1.0) and well number density (0.7). Because 
unconventional wells tend to have much higher production per well 
than conventional wells (33), the dependence of methane emissions 
on gross gas production rather than the well number density sug-
gests that unconventional wells and infrastructure associated with 
these wells (e.g., gathering stations), which have been developed re-
cently, are likely the major methane emitters in the Permian Basin.

In addition to the spatial distribution, our monthly inversion 
also provides information about the temporal variation of methane 
emissions during the 11 months of observation (fig. S5). Although 
the inversion’s ability to resolve the spatial distribution of emissions 
varies from month to month because of uneven monthly sampling 
of TROPOMI (fig. S5), our inversion ensemble (table S2 and fig. S5) 
generally results in consistent monthly basin-level emission esti-
mates (see also uncertainty analysis in Materials and Methods). We 
speculate that high emissions in December 2018 may be related to a 
very low in-basin gas price toward the end of 2018, resulting from 
insufficient gas gathering and transmission capacity in the Permian 
Basin (33,34). That said, we do not find an apparent increasing 
trend in methane emissions, although natural gas production from 
the Permian Basin increased steadily by ~20% during the over-
lapping 11-month period (fig. S6). Further investigation is required 
to delineate factors controlling the temporal variations of O/G-related 
methane emissions.

DISCUSSION
Using an inverse analysis of TROPOMI satellite observations, we 
estimate a total methane flux of 2.9 ± 0.5 Tg a−1 in the Permian 
Basin, with 2.7 Tg a−1 coming from O/G-related activity. Methane 
losses of this magnitude represent a waste of an important resource; 
for instance, this is enough natural gas to supply 7 million house-
holds in the state of Texas (35). Moreover, the 2.7 Tg a−1 methane 
emitted in Permian results in the same radiative forcing as ~260 Tg 
a−1 CO2 over a 20-year time horizon (86 Tg CO2 a−1 over a 100-year 
time horizon) (global warming potential of 96 for 20 years and 
32 for 100 years) (7, 36), about the same as annual CO2 emissions from 
the entire U.S. residential sector (290 Tg CO2 a−1 in 2017) (22).

Our estimate (2.7 Tg a−1) equates to a production-normalized 
(73 Tg CH4 a−1, derived from 127 billion m3 a−1 natural gas produc-
tion during the study period using 80% methane content by volume) 
emission rate (or methane leakage rate) of 3.7 ± 0.7%, which is 
~60% higher than the national average of 2.3 ± 0.3% (7) (Fig. 4B). 
The leakage rate is even higher for the rapidly developing Delaware 
sub-basin (4.1%). Comparable high leakage rates have also been re-
ported in other oil production–focused basins such as the Bakken 
(24) (table S1), but these basins produce much lower natural gas 
than the Permian Basin does. Previous studies summarized in table 
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Fig. 5. Spatial distribution of methane emission rates in the Permian Basin. 
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S1 show an inverse relationship between the basin-level leakage rate 
and gas production (24); however, the Permian Basin is an outlier with 
high oil production, high gas production, and a high leakage rate.

Overall, the high leakage rate in the Permian Basin appears to be 
associated with insufficient infrastructure for natural gas gathering, 
processing, and transportation (34, 37), leading to extensive venting 
and flaring (Fig. 3), which contributes to high methane emissions. 
The greater profitability of oil production contributes to a lack of 
investment in natural gas takeaway capacity, which, in turn, has 
resulted in excessive supply of associated gas and a very low in-basin 
gas price in the Permian (34). In addition, with the rescinding of 
U.S. federal requirements on gas capture and fugitive emissions in 
2018, current regulations on O/G methane emissions in the Permian 
Basin are less stringent at both federal and state levels (see text S4). 
All these factors may increase the incentive for operators to vent 
and flare their product. On the other hand, the higher-than-average 
leakage rate in the Permian Basin implies an opportunity to reduce 
methane emissions in this rapidly growing oil and gas–producing 
region, through better design, effective management, regulation, and 
infrastructure development.

MATERIALS AND METHODS
TROPOMI methane observations
We use daily column-averaged dry air column methane mixing ratio 
(XCH4) data retrieved from TROPOMI measurements (38) between 
May 2018 and March 2019. TROPOMI, onboard the polar-orbiting 
Sentinel-5 Precursor satellite, is a push-broom imaging spectrometer 
that provides near-daily global coverage with a swath width of 2600 km 
and a nadir ground pixel size of 7 km × 7 km at approximately 13:30 
local overpass time (17). The retrieval algorithm accounts for the 
“full physics” of the light path by simultaneously inferring methane 
concentrations and physical scattering properties, using the oxygen 
A-band in the near infrared (NIR) and the methane absorption band 
in the short-wave infrared (SWIR) (39). Only high-quality XCH4 
measurements retrieved under cloud-free conditions are used in this 
study (as indicated by the retrieval quality assurance flags in TROPOMI 
data product). These measurements are filtered for solar zenith angle 
(<70°), low viewing zenith angle (<60°), smooth topography (1 SD 
of surface elevation <80 m within 5-km radius), and low aerosol load 
(aerosol optical thickness <0.3 in NIR) (40).

The TROPOMI XCH4 product is further corrected for any known 
retrieval biases (40). The errors in the TROPOMI XCH4 measure-
ments have been assessed against GOSAT XCH4 data (38) and were 
found to correlate with surface albedo. A global bias correction 
linearly dependent on surface albedo was then derived and applied 
to the TROPOMI data (40). This bias-corrected TROPOMI XCH4 
product is used in this study. Negligible correlation of errors with 
other retrieved parameters (e.g., aerosol optical thickness) was found 
in the assessment. Validation with independent ground-based mea-
surements from the Total Column Carbon Observing Network shows 
that the bias-corrected TROPOMI XCH4 has a bias of −4.3 ± 7.4 ppbv, 
improved upon the uncorrected XCH4 product (−12 ± 11.5 ppbv) 
(40). In addition, we also examine the correlation between bias-corrected 
XCH4 and other retrieved parameters for the subset of TROPOMI 
data over the domain of this study. We find no correlation with 
albedo (R2 = 0.00) and a negligible correlation with aerosol optical 
thickness (R2 = 0.07), supporting the idea that the XCH4 enhance-
ment over the Permian Basin (Fig. 1B) is robust.

Figure S7A shows the average XCH4 over the conterminous 
United States and the Permian Basin between May 2018 and March 2019 
before the topographical correction. We derive the elevation-corrected 
methane column (  XCH 4  t   ) shown in Fig. 1 by applying a third-order 
polynomial correction fitted over the U.S. domain following Kort 
et al. (10). The mass balance method uses the elevation-corrected 
data (  XCH 4  t   ) for emission quantification, while the inversion method 
uses XCH4 (bias-corrected) directly obtained from the data product, 
because the topography effect is taken care of by the atmospheric 
transport model.

Atmospheric inverse modeling
We perform an inverse analysis of TROPOMI observations to 
derive optimized estimation of monthly methane emissions at 
0.25° × 0.3125° horizontal resolution in the Permian Basin. Quanti-
fication of emissions at this combination of relatively high spatial 
and temporal resolution, not achievable with previous generations 
of satellite observations such as from GOSAT or SCIAMACHY, is 
enabled by higher-resolution TROPOMI satellite observations (41). 
Figure S7B shows that the Permian Basin is well sampled by TRO-
POMI during the study period, likely because of frequent cloud-free 
conditions in the region. A total of ~200,000 TROPOMI XCH4 re-
trievals within the study domain (29°–34°N, 100°–106°W) between 
May 2018 and March 2019 are used for the inversion.

Let x be the state vector that we seek to optimize through inver-
sion, including a gridded ensemble of methane emissions and an 
additional element representing the regional model bias in XCH4. 
The regional model bias term (a monthly scalar uniform over the 
inversion domain) is necessary to account for spatially uniform 
biases caused by imperfect lateral boundary condition and emission 
errors outside the study domain. The inversion solves for an optimal 
estimate of x by minimizing the following cost function

  J(x ) =  (x −  x  A  )   T   S A  −1 (x −  x  A   ) +  (y − Kx)   T   S O  −1 (y − Kx)  (1)

where TROPOMI XCH4 observations are assembled in y, xA is the 
prior estimate of x, SA is the prior error covariance matrix, SO is 
the observational error covariance matrix, and K is the Jacobian 
matrix describing the sensitivity of XCH4 to emissions and the 
regional model bias (∂y/∂x).

Minimization of Eq. 1 at ∇x J(x) = 0 yields the posterior estima-
tion  ( ̂  x ) , the posterior error covariance matrix (  ̂  S  ), and the averaging 
kernel matrix (A) (42)

   ̂  x  =  x  A   +  S  A    K   T   ( KS  A    K   T  +  S  O  )   
−1

 (y − K  x  A  )  (2)

   ̂  S  =  ( K   T   S O  −1  K +  S A  −1 )   
−1

   (3)

  A =  I  n   −  ̂  S   S A  −1   (4)

Here, In is an identity matrix where n is the dimension of the 
state vector x. The trace of A, often called as the degrees of freedom 
for signal (DOFS), quantifies the number of pieces of information 
constraining the n-dimensional state vector.

To solve for Eqs. 2 to 4, the prior estimate (xA) for gridded methane 
emissions is required. Using different sources of information, we create 
two gridded emission inventories for the study region: one based on 
bottom-up information (EIBU) and the other based on extrapolation 

 on D
ecem

ber 14, 2020
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

http://advances.sciencemag.org/


Zhang et al., Sci. Adv. 2020; 6 : eaaz5120     22 April 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 9

of ground-based site-level measurements (EIME) (see below for 
descriptions of the inventories). Both emission inventories are time 
invariant. We use EIBU as the prior estimate in the base inversion, 
while we use EIME in a sensitivity inversion to evaluate the impact of the 
prior estimate (PI_EIME; see table S2). We perform further evalua-
tions using prior emissions constructed by disaggregating the total 
O/G-related emission flux from EIBU with varied spatial proxies 
(i.e., well count, PI_EIwell, natural gas production, PI_EIgas, and oil 
production, PI_EIoil) (table S2 and fig. S3).

The difference between the EIBU and EIME (Fig. 5A and fig. S3A) 
measures the uncertainty of our prior knowledge, and we thus specify 
prior errors (SA) for emissions as the absolute difference between 
EIBU and EIME. We also specify the prior error for the regional model 
XCH4 bias as 10 ppbv. To test the sensitivity to prior errors, we perturb 
SA in two sensitivity inversions by doubling (PE × 2) or halving 
(PE × 0.5) prior errors (table S2). SO is constructed with the residual 
error method (43), which results in an error averaged at ~11 ppbv. 
Both SO and SA are taken to be diagonal matrices. We also perform 
a sensitivity inversion to test the impact of error correlations with 
off-diagonal terms specified following Cusworth et al. (44) (OE_
Cor; see table S2).

A nested version of the GEOS-Chem chemical transport model 
(12.1.0) is used as the forward model in the inversion to link XCH4 
to surface emissions. To account for the vertical sensitivity of the 
satellite instrument, we compute simulated XCH4 by applying 
TROPOMI averaging kernels to simulated methane vertical profiles. 
We construct the Jacobian matrix K, column by column, with sim-
ulations perturbing each state vector element independently. The 
simulations are performed over North America and adjacent oceans 
driven by GEOS-FP–assimilated meteorological data from the NASA 
Global Modeling and Assimilation Office on a 0.25° × 0.3125° hor-
izontal grid and 47 vertical layers (~30 layers in the troposphere) 
(21). The boundary conditions for the nested-grid simulation are 
from a 4° × 5° global simulation from May 2018 to March 2019 
driven by GEOS-FP meteorological fields. Note that methane emissions 
and sinks used in this simulation are optimized with previous-year 
(2010–2017) GOSAT satellite data following Maasakkers et al. (3). 
Such generated boundary conditions may be biased (i.e., unable to 
capture the growth of global methane concentrations; see fig. S9), 
and we account for it by introducing a monthly regional model bias 
term in the inversion. The retrieved regional model biases may vary 
with the extent of the inversion domain. To test this sensitivity, we 
also perform an inversion with a larger spatial domain (27°–36°N, 
98°–108°W) (Bg_Large; see table S2).

Inversion uncertainty
The posterior error covariance matrix (  ̂  S  , Eq. 2) and averaging kernel 
matrix (A, Eq. 3) evaluate the uncertainty of an inversion solution 
given inversion parameters (e.g., SA, SO, forward model). Figure S5 
shows monthly posterior errors for basin-level emissions (derived 
from   ̂  S  ) and corresponding DOFS (trace of A) from our base inver-
sion. Overall, the posterior errors for basin-level emissions are <5% 
of the estimated emission flux, and the DOFS are between 5 and 30 
for the monthly inversion, indicating that the TROPOMI data are 
able to constrain basin-level methane emissions and partially resolve 
the spatial distribution on a monthly basis. The monthly variations 
in the posterior error and DOFS are mainly driven by uneven data 
coverage from TROPOMI sampling. For example, poor data coverage 

in November 2018 results in a large posterior error and a small 
DOFS (fig. S5).

We also perform an ensemble of sensitivity inversions by per-
turbing the configurations and parameters in the base inversion 
(table S2), aiming to characterize the uncertainties resulting from 
assumptions made in the inversion not captured by the analytical 
posterior error. Our results show that all these sensitivity inversions 
lead to consistent basin-level emission estimates. Annual mean fluxes 
from sensitivity inversions are within 0.5 Tg a−1 of that from our base 
inversion (table S2), with general agreement in monthly variations 
as well (fig. S5). Because the uncertainty resulting from sensitivity 
inversions are significantly larger than that deduced from posterior 
error covariance matrix (fig. S5), we report the uncertainty of our 
basin-level emission estimate (0.5 Tg a−1) as half of the range from 
the inversion ensemble (2.4 to 3.4 Tg a−1).

Furthermore, to assess the uncertainty due to model transport, 
we compare hourly GEOS-FP 10-m wind speed against measurements 
at the Midland Airport (MAF) in the Permian Basin during the period 
of May 2018 and March 2019. Airport wind measurements are not 
assimilated in the GEOS-FP reanalysis (45), so these observations are 
independent. We find that the GEOS-FP 10-m wind speed compares 
well with the airport measurements in both daytime and nighttime 
(fig. S8), with mean biases of less than 6% in the mean wind speed. 
We conclude that errors in the model wind fields are unlikely to be 
a major source of error in the inversion.

We introduced a regional model bias term in monthly inversions 
to correct for regional background biases in simulated methane 
concentrations, which result mainly from imperfect boundary con-
ditions. To check our estimate for this regional bias term, we sample 
the model simulation to compare with independent observations, 
i.e., surface measurements at the Mauna Loa Observatory (MLO; a 
Pacific free tropospheric site upwind of the North American conti-
nent) (46), tower measurements at Moody, Texas (WKT) (47), and 
aircraft measurements offshore Corpus Christi, Texas (TGC) (48). 
The latter two sites are geographically much closer to the Permian 
Basin (~400 km from WKT and ~700 km from TGC) than MLO, 
but can be affected by local emissions that are not optimized in our 
inversion. Our results show that the model simulation, when cor-
rected with monthly regional model biases (derived from monthly 
inversions over the Permian Basin), is able to capture the observed 
monthly variation in methane concentrations, notably the sharp in-
crease from August to October 2018 in MLO and WKT observations 
(fig. S9), supporting that it is necessary to optimize the regional 
model bias in the inversion. Better agreement is observed at MLO 
and TGC compared to WKT (fig. S9), likely because WKT is located 
closer to local sources that are not fully optimized in the inversion. 
Overall, most of the differences between the prior simulation and 
TROPOMI observations can be explained by the regional model 
biases, except for the mismatch in the vicinity of the Permian Basin 
(fig. S2). We further perform a sensitivity inversion with a varied 
spatial domain (Bg_Large). Compared to the base inversion, Bg_Large 
results in a lower regional methane background (by 3 ppbv on average) 
and a higher methane emission flux (3.4 Tg a−1) (table S2 and fig. S5), 
reflecting the error correlation between regional methane biases and 
methane emissions.

In addition, we note that the inversion cannot fully explain the 
methane enhancement extending outside the Delaware Basin in 
the northwest direction (near 33°N, 105°W), although the inversion 
overall substantially improves the agreement between observations 
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and model simulations (fig. S2). While our investigations do not 
attribute an obvious source of emissions causing the northwestern 
enhancement (whether oil/gas or other sources), the basin-level 
O/G emission estimates presented here are robust if this enhance-
ment is caused by non-O/G sources, but are conservative if it is 
caused by O/G sources.

Emission inventory based on bottom-up information
We create a bottom-up methane emission estimate (EIBU) for the study 
domain starting from the gridded version of the EPA anthropogenic 
greenhouse gas emission inventory for 2012 (49). Maasakkers et al. 
(49) developed a procedure to spatially and temporally allocate the 
national sectorial methane emissions reported in the U.S. Inventory 
of Greenhouse Gas Emissions and Sinks (GHGI) by U.S. EPA on a 
0.1° × 0.1° grid, using various databases at the state, county, local, 
and point-source level. The emission inventory includes methane emis-
sions from agriculture, coal mining, natural gas systems, petroleum 
(oil) systems, waste, and other minor anthropogenic sources.

To reflect the intensifying exploitation activity in recent years in 
the Permian Basin, we then make an extrapolation of the methane 
emissions from the oil and gas production sector, using 2018 Enverus 
Drillinginfo data on well count, well completion, and production 
(50). To account for the changes in the national average emission 
factors, we further scale the subsectorial production emissions 
using the ratio between the latest GHGI (22) and a previous GHGI 
that Maasakkers et al. (49) was based on (51) for 2013 emissions. 
The updates result in total methane emissions of 1.2 Tg a−1 in the 
Permian Basin (blue box in Fig. 5A), with 1.0 Tg a−1 coming from 
O/G-related emissions and the remainder mainly from agriculture. 
We use this updated gridded emission inventory (EIBU) as the prior 
emission estimate for the inversion. The resulting emissions inventory 
dataset (EIBU inventory) is publicly available for our study region 
encompassing the entire Permian Basin (https://doi.org/10.7910/
DVN/NWQGHU).

Emission inventory based on site-level emission measurements
An alternative prior estimation of methane emissions is obtained by 
extrapolating ground-based methane emission measurements from 
a limited sample of oil and gas production sites in the Permian Basin 
(primarily in the New Mexico portion of the basin) during July and 
August 2018 (52). The measurements found a wide range of site-level 
emission rates, which appear to be associated with the complexity 
of infrastructure, and were classified into emission rates for simple 
(with only wellheads and/or pump jacks) versus complex sites (also 
with storage tanks and/or compressors). Extrapolating these site- 
level emission rates to the entire Permian gave a basin-level methane 
emission rate of 2.3 Tg a−1 from O/G production. Additional emis-
sions from compressor stations and processing plants are estimated to 
be 0.22 and 0.14 Tg a−1, respectively, using activity data from Enverus 
Drillinginfo’s midstream infrastructure dataset, facility-level emission 
factors from literature (53, 54), and blowdown event emission factors 
from GHGI (22). We then disaggregate the basin-level O/G-related 
emissions to a 0.1° × 0.1° grid by the spatial distribution of gas pro-
duction (Fig. 2D). To complete the inventory, non-O/G anthropogenic 
methane emissions (0.2 Tg a−1) are taken from EIBU. This emission 
inventory (EIME), based primarily on extrapolation of limited site- 
level measurements, provides an alternative prior estimate for the 
inversion and is used to test the sensitivity of the results to the 
choice of prior information (fig. S3). See text S2 for detailed infor-

mation regarding the site-level measurements and the extrapolation 
procedure. The resulting emissions inventory dataset (EIME in-
ventory) is publicly available for our study region encompassing 
the entire Permian Basin (https://doi.org/10.7910/DVN/NWQGHU).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/17/eaaz5120/DC1
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DEPARTMENT OF PUBLIC HEALTH AND ENVIRONMENT 

Air Quality Control Commission 

REGULATION NUMBER 7 

CONTROL OF OZONE VIA OZONE PRECURSORS AND CONTROL OF HYDROCARBONS VIA OIL 
AND GAS EMISSIONS  
(EMISSIONS OF VOLATILE ORGANIC COMPOUNDS AND NITROGEN OXIDES) 

5 CCR 1001-9 
[Editor’s Notes follow the text of the rules at the end of this CCR Document.] 

_________________________________________________________________________ 

Outline of Regulation 

PART A Applicability and General Provisions 

I. Applicability 

II. General Provisions 

Appendix A Colorado Ozone Nonattainment or Attainment Maintenance Areas 

PART B Storage, Transfer, and Disposal of Volatile Organic Compounds and Petroleum Liquids 
and Petroleum Processing and Refining 

I. General Requirements for Storage and Transfer of Volatile Organic Compounds 

II. Storage of Highly Volatile Organic Compounds 

III. Disposal of Volatile Organic Compounds 

IV. Storage and Transfer of Petroleum Liquid 

V. Crude Oil 

VI. Petroleum Processing and Refining 

VII. Control of Volatile Organic Compound Leaks from Vapor Collection Systems and Vapor 
Control Systems Located at Gasoline Terminals, Gasoline Bulk Plants, and Gasoline 
Dispensing Facilities 

Appendix B Criteria for Control of Vapors from Gasoline Transfer to Storage Tanks 

Appendix C Criteria for Control of Vapors from Gasoline Transfer at Bulk Plants 

PART C Surface Coating, Solvents, Asphalt, Graphic Arts and Printing, and Pharmaceuticals 

I. Surface Coating Operations 

II. Solvent Use 



III. Use of Cutback Asphalt 

IV. Graphic Arts and Printing 

V. Pharmaceutical Synthesis 

Appendix D Minimum Cooling Capacities for Refrigerated Freeboard Chillers on Vapor Degreasers 

Appendix E Emission Limit Conversion Procedure 

PART D Oil and Natural Gas Operations 

I. Volatile Organic Compound Emissions from Oil and Gas Operations 

II.  (State Only) Statewide Controls for Oil and Gas Operations 

III. (State Only) Natural Gas-Actuated Pneumatic Controllers Associated with Oil and Gas 
Operations 

IV. (State Only) Control of Emissions from the Natural Gas Transmission and Storage 
Segment 

V. (State Only) Oil and Natural Gas Operations Emissions Inventory 

VI. (State Only) Oil and Natural Gas Pre-Production and Early-Production Operations 

PART E Combustion Equipment and Major Source RACT 

I. Control of Emissions from Engines 

II. Control of Emissions from Stationary and Portable Combustion Equipment in the 8-Hour 
Ozone Control Area 

III. Control of Emissions from Specific Major Sources of VOC and/or NOx in the 8-Hour 
Ozone Control Area 

IV. Control of Emissions from Breweries in the 8-hour Ozone Control Area 

PART F  Statements of Basis, Specific Statutory Authority and Purpose 

Pursuant to Colorado Revised Statutes Section 24-4-103 (12.5), materials incorporated by reference are 
available for public inspection during normal business hours, or copies may be obtained at a reasonable 
cost from the Air Quality Control Commission (the Commission), 4300 Cherry Creek Drive South, Denver, 
Colorado 80246-1530. The material incorporated by reference is also available through the United States 
Government Printing Office, online at www.govinfo.gov. Materials incorporated by reference are those 
editions in existence as of the date indicated and do not include any later amendments. 

PART A Applicability and General Provisions 

I. Applicability 

I.A. 

I.A.1. The provisions of this regulation shall apply as follows: 

http://www.govinfo.gov/


PART D Oil and Natural Gas Operations 

I. Volatile Organic Compound Emissions from Oil and Gas Operations 

I.A. Applicability 

I.A.1. Except as provided in Section I.A.2., this section applies to oil and gas operations that 
collect, store, or handle hydrocarbon liquids or produced water in the 8-hour Ozone 
Control Area (State Only: or any ozone nonattainment or attainment/maintenance area) 
and that are located at or upstream of a natural gas plant. 

I.A.2. Oil refineries are not subject to Section I. 

I.B. Definitions specific to Section I. 

I.B.1. “Affected Operations” means oil and gas exploration and production operations, natural 
gas compressor stations and natural gas drip stations, to which Section I. applies. 

I.B.2. “Air Pollution Control Equipment”, as used in Section I., means a combustion device or 
vapor recovery unit. Air pollution control equipment also means alternative emissions 
control equipment, pollution prevention devices, and processes that comply with the 
requirements of Section I.D.4. that are approved by the Division. 

I.B.3. “Approved Instrument Monitoring Method” means an infra-red camera, EPA Method 21, 
or other instrument based monitoring method or program approved in accordance with 
Section I.L.8. If an owner or operator elects to use Division approved continuous 
emission monitoring, the Division may approve a streamlined inspection, recordkeeping, 
and reporting program for such operations. 

I.B.4. “Atmospheric Storage Tanks or Atmospheric Condensate Storage Tanks” means a type 
of condensate storage tank that vents, or is designed to vent, to the atmosphere. 

I.B.5. “Auto-Igniter” means a device which will automatically attempt to relight the pilot flame in 
the combustion chamber of a control device in order to combust volatile organic 
compound emissions. 

I.B.6. “Calendar Week” means a week beginning with Sunday and ending with Saturday. 

I.B.7. “Commencement of operation” means when a source first conducts the activity that it was 
designed and permitted for. In addition, for oil and gas well production facilities, 
commencement of operation is the date any permanent production equipment is in use 
and product is consistently flowing to sales lines, gathering lines, or storage tanks from 
the first producing well at the stationary source, but no later than end of well completion 
operations (including flowback). 

I.B.8. “Condensate Storage Tank” means any tank or series of tanks that store condensate and 
are either manifolded together or are located at the same well pad. 

I.B.9. “Centrifugal Compressor” means any machine used for raising the pressure of natural 
gas by drawing in low pressure natural gas and discharging significantly higher pressure 
natural gas by means of mechanical rotating vanes or impellers. Screw, sliding vane, and 
liquid ring compressors are not centrifugal compressors. 

I.B.10. “Component” means each pump seal, flange, pressure relief device (including thief 
hatches or other openings on a controlled storage tank), connector, and valve that 



necessary, the Division may require use of an alternative emission factor 
that complies with Section I.C.2.b.(iii). 

I.C.2.b.(ii) (State Only) For storage tanks at natural gas compressor 
stations and natural gas drip stations, the source must use a site-specific 
volatile organic compound emission factor established pursuant to 
Section I.C.2.b.(iii). If the Division has reason to believe that the site-
specific emission factor is no longer representative, or if it deems it 
otherwise necessary, the Division may require use of an alternative 
emission factor that complies with Section I.C.2.b.(iii). 

I.C.2.b.(iii) (State Only) Establishment of or Updating Approved Emission 
Factors 

I.C.2.b.(iii)(A) (State Only) The Division may require the source to 
develop and/or use a more recent default basin-specific or site-
specific volatile organic compound emission factor pursuant to 
Section I.C.2.b., if such emission factor would be more reliable or 
accurate. 

I.C.2.b.(iii)(B) (State Only) For storage tanks at oil and gas exploration 
and production operations, the source may use a site-specific 
volatile organic compound emission factor for which the Division 
has no objection, and which is based on collection and analysis 
of a representative sample of hydrocarbon liquids or produced 
water pursuant to a test method approved by the Division. 

I.C.2.b.(iii)(C) (State Only) For storage tanks at natural gas 
compressor stations and natural gas drip stations, a source may 
use a volatile organic compound emissions factor that was used 
for reporting emissions from the source on APENs filed on or 
before February 28, 2003, or an alternative site-specific volatile 
organic compound emission factor established pursuant to 
Section I.C.2.b. 

I.C.2.b.(iii)(D) (State Only) A default basin-specific volatile organic 
compound emissions factor must be one for which the Division 
has no objection, and which is based on collection and analysis 
of a representative sample of hydrocarbon liquids or produced 
water or an alternative method, pursuant to a test method 
approved by the Division, except as otherwise provided in 
I.C.2.b.(i). 

I.C.2.b.(iii)(E) (State Only) A site-specific volatile organic compound 
emissions factor must be one for which the Division has no 
objection, and which is based on collection and analysis of a 
representative sample of hydrocarbon liquids or produced water 
pursuant to a test method approved by the Division. 

I.D. Storage Tank Emission Controls 

I.D.1. System-Wide Control Strategy for Condensate Storage Tanks 

I.D.1.a. Beginning May 1, 2011, through April 30, 2020, owners and operators of all 
atmospheric condensate storage tanks that emit greater than or equal to two tons 



per year of actual uncontrolled volatile organic compounds must employ air 
pollution control equipment to reduce emissions of volatile organic compounds 
from atmospheric condensate storage tanks by 90% from uncontrolled actual 
emissions on a calendar weekly basis May 1 through September 30 and 70% 
from uncontrolled actual emissions on a calendar monthly basis during October 1 
through April 30. 

Emission reductions are not required for each and every unit, but instead shall be 
based on overall reductions in uncontrolled actual emissions from all the 
atmospheric condensate storage tanks associated with the affected operations 
for which the owner or operator filed, or was required to file, an APEN pursuant 
to Regulation Number 3, Part A, due to either having exceeded reporting 
thresholds or retrofitting with air pollution control equipment in order to comply 
with the system-wide control strategy. 

I.D.1.b. The system-wide control strategy does not apply to natural gas-processing plants 
subject to Section I.G. or qualifying natural gas compressor stations subject to 
Section I.I. 

I.D.1.c. The system-wide control strategy does not apply to any owner or operator where 
the APENs for all of the atmospheric condensate storage tanks associated with 
the affected operations owned or operated by such person in calendar year 2019 
or January 1, 2020, through April 30, 2020, reflect a total of less than 30 tons-
per-year of actual uncontrolled emissions of VOCs in the 8-Hour Ozone Control 
Area. 

I.D.2. New and Modified Condensate Tanks 

I.D.2.a. Beginning February 1, 2009, through March 1, 2020, owners or operators of any 
new or modified atmospheric condensate storage tank at exploration and 
production sites shall collect and control emissions by routing emissions to and 
operating air pollution control equipment pursuant to Section I.D. The air pollution 
control equipment shall have a control efficiency of at least 95%, and shall 
control volatile organic compounds during the first 90 calendar days after 
commencement of operation of the storage tank, or after the well was re-
completed, re-fractured or otherwise stimulated. The air pollution control 
equipment and associated monitoring equipment required pursuant to Section 
I.C.1. may be removed after the first 90 calendar days as long as the source can 
demonstrate compliance with the applicable system-wide standard. 

I.D.3. Storage Tank Control Strategy 

I.D.3.a. Applicability 

I.D.3.a.(i) Owners or operators of storage tanks with uncontrolled actual 
emissions of VOCs equal to or greater than four (4) tons per year based 
on a rolling twelve-month total must collect and control emissions from 
each storage tank by routing emissions to and operating air pollution 
control equipment that achieves a VOC control efficiency of 95%. If a 
combustion device is used, it must have a design destruction efficiency 
of at least 98% for VOC, except where the combustion device has been 
authorized by permit prior to March 1, 2020. 

I.D.3.a.(ii) (State Only) Owners or operators of storage tanks with 
uncontrolled actual emissions of VOCs equal to or greater than two (2) 



tons per year based on a rolling twelve-month total and not subject to 
Section I.D.3.a.(i) must collect and control emissions from each storage 
tank by routing emissions to and operating air pollution control 
equipment that achieves a VOC control efficiency of 95%. If a 
combustion device is used, it must have a design destruction efficiency 
of at least 98% for VOC, except where the combustion device has been 
authorized by permit prior to March 1, 2020. 

I.D.3.b. Compliance Deadlines 

I.D.3.b.(i) A storage tank subject to Section I.D.3.a.(i) and constructed on 
or after March 1, 2020, must be in compliance by commencement of 
operation of that storage tank. 

I.D.3.b.(ii) (State Only) A storage tank subject to Section I.D.3.a.(ii) and 
constructed on or after March 1, 2020, must be in compliance by 
commencement of operation of that storage tank. 

I.D.3.b.(iii) A storage tank subject to Section I.D.3.a.(i) and constructed 
before March 1, 2020, must be in compliance by May 1, 2020, or by 
commencement of operation of the storage tank, whichever comes later. 

I.D.3.b.(iv) (State Only) A storage tank subject to Section I.D.3.a.(ii) and 
constructed before March 1, 2020, must be in compliance by May 1, 
2020, or by commencement of operation of the storage tank, whichever 
comes later. 

I.D.3.b.(v) A storage tank subject to Section I.D.3.a.(i) and not otherwise 
subject to Sections I.D.3.b.(i). or I.D.3.b.(iii) that increases uncontrolled 
actual emissions to four (4) tons per year VOC or more on a rolling 
twelve-month basis after March 1, 2020, must be in compliance within 
sixty (60) days of the first day of the month after which the storage tank 
VOC emissions exceeded four (4) tons per year on a rolling twelve-
month basis. 

I.D.3.b.(vi) (State Only) A storage tank subject to Section I.D.3.a.(ii) and not 
otherwise subject to Sections I.D.3.b.(ii) or I.D.3.b.(iv) that increases 
uncontrolled actual emissions to two (2) tons per year VOC based on a 
rolling twelve-month basis after March 1, 2020, must be in compliance 
within sixty (60) days of the first day of the month after which the storage 
tank VOC emissions exceeded two (2) tons per year on a rolling twelve-
month basis. 

I.D.3.b.(vii) If air pollution control equipment is not installed by the applicable 
compliance date in Sections I.D.3.b.(iii) or I.D.3.b.(v), compliance with 
Section I.D.3.a.(i) may alternatively be demonstrated by shutting in all 
wells producing into that storage tank by the date in Sections I.D.3.b.(iii) 
or I.D.3.b.(v) so long as production does not resume from any such well 
until the air pollution control equipment is installed and operational. 

I.D.3.b.(viii) (State Only) If air pollution control equipment is not installed by 
the applicable compliance date in Sections I.D.3.b.(iv) or I.D.3.b.(vi), 
compliance with Section I.D.3.a.(ii) may alternatively be demonstrated by 
shutting in all wells producing into that storage tank by the date in 
Sections I.D.3.b.(iv) or I.D.3.b.(vi) so long as production does not resume 



from any such well until the air pollution control equipment is installed 
and operational. 

I.D.3.b.(ix) This Section I.D.3. does not apply to storage tanks at natural 
gas-processing plants subject to Section I.G. or qualifying natural gas 
compressor stations subject to Section I.I. 

I.D.4. Alternative emissions control equipment and pollution prevention devices and processes 
installed and implemented after June 1, 2004, shall qualify as air pollution control 
equipment, and may be used in lieu of, or in combination with, combustion devices and/or 
vapor recovery units to achieve the emission reductions required by this Section I.D., if 
the following conditions are met: 

I.D.4.a. The owner or operator obtains a construction permit authorizing such use of the 
alternative emissions control equipment or pollution prevention device or 
process. The proposal for such equipment, device or process shall comply with 
all regulatory provisions for construction permit applications and shall include the 
following: 

I.D.4.a.(i) A description of the equipment, device or process; 

I.D.4.a.(ii) A description of where, when and how the equipment, device or 
process will be used; 

I.D.4.a.(iii) The claimed control efficiency and supporting documentation 
adequate to demonstrate such control efficiency; 

I.D.4.a.(iv) An adequate method for measuring actual control efficiency; and 

I.D.4.a.(v) Description of the records and reports that will be generated to 
adequately track emission reductions and implementation and operation 
of the equipment, device or process, and a description of how such 
matters will be reflected in the records and reports required by Section 
I.F. 

I.D.4.b. Public notice of the application is provided pursuant to Regulation Number 3, 
Part B, Section III.C.4. 

I.D.4.c. EPA approves the proposal. The Division shall transmit a copy of the permit 
application and any other materials provided by the applicant, all public 
comments, all Division responses and the Division’s permit to EPA Region 8. If 
EPA fails to approve or disapprove the proposal within 45 days of receipt of 
these materials, EPA shall be deemed to have approved the proposal. 

I.E.  Monitoring of Storage Tanks and Air Pollution Control Equipment 

I.E.1. Applicability 

I.E.1.a. The owner or operator of any storage tank that is being controlled pursuant to 
this Section I. (except storage tanks subject to Section I.D.3.a.(ii)). 

I.E.1.b. (State Only) The owner or operator of any storage tank subject to Section 
I.D.3.a.(ii). 

I.E.2. Monitoring Requirements 



II. (State Only) Statewide Controls for Oil and Gas Operations 

II.A. (State Only) Definitions 

II.A.1.  “Air Pollution Control Equipment,” as used in this Section II., means a combustion device 
or vapor recovery unit. Air pollution control equipment also means alternative emissions 
control equipment and pollution prevention devices and processes intended to reduce 
uncontrolled actual emissions that comply with the requirements of Section II.B.2.e. 

II.A.2. “Approved Instrument Monitoring Method,” means an infra-red camera, EPA Method 21, 
or other Division approved instrument based monitoring method or program. If an owner 
or operator elects to use Division approved continuous emission monitoring, the Division 
may approve a streamlined inspection and reporting program for such operations. 

II.A.3. “Auto-Igniter” means a device which will automatically attempt to relight the pilot flame in 
the combustion chamber of a control device in order to combust VOC emissions. 

II.A.4. “Centrifugal Compressor” means any machine used for raising the pressure of natural 
gas by drawing in low pressure natural gas and discharging significantly higher pressure 
natural gas by means of mechanical rotating vanes or impellers. Screw, sliding vane, and 
liquid ring compressors are not centrifugal compressors. 

II.A.5. “Class II Disposal Well Facility” means a facility that injects underground fluids which are 
brought to the surface in connection with natural gas storage operations or oil or natural 
gas production and that may be commingled with waste waters from gas plants which are 
an integral part of production operations, unless those waters are classified as a 
hazardous waste at the time of injection. Class II disposal well facilities do not include 
wells which inject fluids for enhanced recovery of oil or natural gas or for storage of 
hydrocarbons which are liquid at standard temperature and pressure. 

II.A.6. “Commencement of operation” means when a source first conducts the activity that it was 
designed and permitted for. In addition, for oil and gas well production facilities, 
commencement of operation is the date any permanent production equipment is in use 
and product is consistently flowing to sales lines, gathering lines, or storage tanks from 
the first producing well at the stationary source, but no later than end of well completion 
operations (including flowback). 

II.A.7. “Component” means each pump seal, flange, pressure relief device (including thief 
hatches or other openings on a controlled storage tank), connector, and valve that 
contains or contacts a process stream with hydrocarbons, except for components in 
process streams consisting of glycol, amine, produced water, or methanol. 

II.A.8. “Connector” means flanged, screwed, or other joined fittings used to connect two pipes or 
a pipe and a piece of process equipment or that close an opening in a pipe that could be 
connected to another pipe. Joined fittings welded completely around the circumference of 
the interface are not considered connectors. 

II.A.9. “Dump Valve” means a liquid-control valve in a separator that controls liquid level within 
the separator vessel. 

II.A.10. “Dump Event” means the opening of a dump valve allowing liquid to flow from a separator 
equipped with a dump valve to a storage tank. 



is subject to 40 CFR Part 60, Subpart OOOO (February 23, 2014) on that date or 
thereafter. The measurement of accumulated hours of operation (26,000) or 
months elapsed (36) begins on January 1, 2015. 

II.B.4. Oil refineries are not subject to Section II. 

II.B.5. Glycol natural gas dehydrators that are subject to an emissions control requirement in a 
federal maximum achievable control technology (“MACT”) standard under 40 CFR Part 
63 (December 17, 2006), a Best Available Control Technology (“BACT”) limit, or a New 
Source Performance Standard (“NSPS”) under 40 CFR Part 60 (December 17, 2006) are 
not subject to Section II., except for the leak detection and repair requirements in Section 
II.E. 

II.C. Emission reduction from storage tanks at oil and gas exploration and production operations, 
Class II disposal well facilities, well production facilities, natural gas compressor stations, and 
natural gas processing plants. 

II.C.1. Control and monitoring requirements for storage tanks 

II.C.1.a. (State Only) Beginning May 1, 2008, owners or operators of all storage tanks 
storing condensate with uncontrolled actual emissions of VOCs equal to or 
greater than twenty (20) tons per year based on a rolling twelve-month total must 
collect and control emissions from each storage tank by routing emissions to and 
operating air pollution control equipment that has a control efficiency of at least 
95% for VOCs. 

II.C.1.b. (State Only) Owners or operators of storage tanks with uncontrolled actual 
emissions of VOCs equal to or greater than six (6) tons per year based on a 
rolling twelve-month total must collect and control emissions from each storage 
tank by routing emissions to and operating air pollution control equipment that 
achieves a hydrocarbon control efficiency of 95%. If a combustion device is used, 
it must have a design destruction efficiency of at least 98% for hydrocarbons, 
except where the combustion device has been authorized by permit prior to May 
1, 2014. 

II.C.1.b.(i) (State Only) Control requirements of Section II.C.1.b. must be 
achieved in accordance with the following schedule: 

II.C.1.b.(i)(A) A storage tank constructed on or after May 1, 2014, 
must be in compliance within ninety (90) days of the date that the 
storage tank commences operation. 

II.C.1.b.(i)(B) A storage tank constructed before May 1, 2014, must be 
in compliance by May 1, 2015. 

II.C.1.b.(i)(C) A storage tank not otherwise subject to Sections 
II.C.1.b.(i)(A) or II.C.1.b.(i)(B) that increases uncontrolled actual 
emissions to six (6) tons per year VOC or more on a rolling 
twelve-month basis after May 1, 2014, must be in compliance 
within sixty (60) days of discovery of the emissions increase. 

II.C.1.b.(ii). Control requirements within ninety (90) days of commencement 
of operation. 



II.C.1.b.(ii)(A) Beginning May 1, 2014, through March 1, 2020, owners 
or operators of storage tanks at well production facilities must 
collect and control emissions by routing emissions to operating 
air pollution control equipment during the first ninety (90) 
calendar days after commencement of operation. The air 
pollution control equipment must achieve a hydrocarbon control 
efficiency of 95%. If a combustion device is used, it must have a 
design destruction efficiency of at least 98% for hydrocarbons. 
This control requirement does not apply to storage tanks that are 
projected to have emissions less than 1.5 tons of VOC during the 
first ninety (90) days after commencement of operation. 

II.C.1.b.(ii)(B) The air pollution control equipment and any associated 
monitoring equipment required pursuant to Section II.C.1.c.(i) 
may be removed at any time after the first ninety (90) calendar 
days as long as the source can demonstrate that uncontrolled 
actual emissions from the storage tank will be below the 
threshold in Section II.C.1.b. 

II.C.1.c. (State Only) Owners or operators of storage tanks with uncontrolled actual 
emissions of VOCs equal to or greater than two (2) tons per year based on a 
rolling twelve-month total must collect and control emissions from each storage 
tank by routing emissions to and operating air pollution control equipment that 
achieves a hydrocarbon control efficiency of 95%. If a combustion device is used, 
it must have a design destruction efficiency of at least 98% for hydrocarbons, 
except where the combustion device has been authorized by permit prior to 
March 1, 2020. 

II.C.1.c.(i) Control requirements of Section II.C.1.c. must be achieved in 
accordance with the following schedule 

II.C.1.c.(i)(A) A storage tank constructed on or after March 1, 2020, 
must be in compliance by commencement of operation of that 
storage tank. 

II.C.1.c.(i)(B) A storage tank constructed before March 1, 2020, that is 
not already controlled under Sections I.D. or II.C.1.b. must be in 
compliance by May 1, 2021. 

II.C.1.c.(i)(C) A storage tank not otherwise subject to Sections 
II.C.1.c.(i)(A) or II.C.1.c.(i)(B) that increases uncontrolled actual 
emissions above the applicable threshold in Section 
II.C.1.c.(i)(B) after the applicable date in Section II.C.1.c.(i)(B) 
must be in compliance within sixty (60) days of the first day of 
the month after which the storage tank emissions exceeded the 
applicable threshold based on a rolling twelve-month basis. 

II.C.1.c.(ii) If air pollution control equipment is not installed by the applicable 
compliance date in Sections II.C.1.c.(i)(A), II.C.1.c.(i)(B), or II.C.1.c.(i)(C), 
compliance with Section II.C.1.c. may alternatively be demonstrated by 
shutting in all wells producing into that storage tank by the date in 
Sections II.C.1.c.(i)(A), II.C.1.c.(i)(B), or II.C.1.c.(i)(C) so long as 
production does not resume from any such well until the air pollution 
control equipment is installed and operational. 



II.C.1.c.(iii) Owners or operators of storage tanks for which the use of air 
pollution control equipment would be technically infeasible without 
supplemental fuel may apply to the Division for an exemption from the 
control requirements of Section II.C.1.c. Such request must include 
documentation demonstrating the infeasibility of the air pollution control 
equipment. The applicability of this exemption does not relieve owners or 
operators of compliance with the storage tank monitoring requirements of 
Section II.C.1.d. 

II.C.1.d. (State Only) Beginning May 1, 2014, or the applicable compliance date in 
Sections II.C.1.b.(i) or II.C.1.c.(i), whichever comes later, owners or operators of 
storage tanks subject to Section II.C.1. must conduct audio, visual, olfactory 
(AVO) and additional visual inspections of the storage tank and any associated 
equipment (e.g., separator, air pollution control equipment, or other pressure 
reducing equipment) at the same frequency as liquids are loaded out from the 
storage tank. These inspections are not required more frequently than every 
seven (7) days but must be conducted at least every thirty-one (31) days. 
Monitoring is not required for storage tanks or associated equipment that are 
unsafe, difficult, or inaccessible to monitor, as defined in Section II.C.1.e. The 
additional visual inspections must include, at a minimum 

II.C.1.d.(i) Visual inspection of any thief hatch, pressure relief valve, or 
other access point to ensure that they are closed and properly sealed. 

II.C.1.d.(ii) Visual inspection or monitoring of the air pollution control 
equipment to ensure that it is operating, including that the pilot light is lit 
on combustion devices used as air pollution control equipment. 

II.C.1.d.(iii) If a combustion device is used, visual inspection of the auto-
igniter and valves for piping of gas to the pilot light to ensure they are 
functioning properly. 

II.C.1.d.(iv) Visual inspection of the air pollution control equipment to ensure 
that the valves for the piping from the storage tank to the air pollution 
control equipment are open. 

II.C.1.d.(v) If a combustion device is used, inspection of the device for the 
presence or absence of smoke. If smoke is observed, either the 
equipment must be immediately shut-in to investigate the potential cause 
for smoke and perform repairs, as necessary, or EPA Method 22 must 
be conducted to determine whether visible emissions are present for a 
period of at least one (1) minute in fifteen (15) minutes. 

II.C.1.d.(vi) Beginning May 1, 2020, or the applicable compliance date in 
Section II.C.1.c.(i), whichever comes later, visual observation of the 
dump valve(s) of the last separator(s) before the storage tank(s) to 
ensure the dump valve is free of debris and not stuck open. The owner 
or operator is not required to observe the actuation of the dump valve 
during this inspection; however, if a dump event occurs during the 
inspection, the owner or operator must confirm proper operation of the 
valve. 

II.C.1.d.(vii) Beginning May 1, 2020, or the applicable compliance date in 
Section II.C.1.c.(i), whichever comes later, a check for the presence of 
liquids in liquid knockout vessels that do not drain automatically, 
underground lines, and aboveground piping. 



II.C.1.d.(vii)(A) For liquid knockout vessels for which a procedure exists 
to check liquid level, check for the presence of liquids. If liquids 
are present above the low level indication point, drain liquids. 

II.C.1.d.(vii)(B) For liquid knockout vessels for which no procedure 
exists to check liquid level, drain liquids. 

II.C.1.d.(vii)(C) For underground lines and aboveground piping that is 
not sloped to a liquid knockout or tank and for which a procedure 
exists to check for the presence of liquids accumulation, check 
for the presence of liquids and drain liquids as needed. 

II.C.1.d.(vii)(D) For underground lines and aboveground piping that is 
not sloped to a liquid knockout vessel or tank and for which no 
written procedure exists to check for the presence of liquids 
accumulation, drain liquids quarterly. 

II.C.1.e.  (State Only) If storage tanks or associated equipment is unsafe, difficult, 
or inaccessible to monitor, the owner or operator is not required to monitor such 
equipment until it becomes feasible to do so. 

II.C.1.e.(i) Difficult to monitor means it cannot be monitored without 
elevating the monitoring personnel more than two meters above a 
supported surface or is unable to be reached via a wheeled scissor-lift or 
hydraulic type scaffold that allows access up to 7.6 meters (25 feet) 
above the ground. 

II.C.1.e.(ii) Unsafe to monitor means it cannot be monitored without 
exposing monitoring personnel to an immediate danger as a 
consequence of completing the monitoring. 

II.C.1.e.(iii) Inaccessible to monitor means buried, insulated, or obstructed 
by equipment or piping that prevents access by monitoring personnel. 

II.C.2. (State Only) Capture and monitoring requirements for storage tanks that are fitted with air 
pollution control equipment as required by Sections I.D. or II.C.1. 

II.C.2.a. Owners or operators of storage tanks must route all hydrocarbon emissions to air 
pollution control equipment, and must operate without venting hydrocarbon 
emissions from the thief hatch (or other access point to the tank) or pressure 
relief device during normal operation, unless venting is reasonably required for 
maintenance, gauging (unless the use of a storage tank measurement system is 
required pursuant to and the operator compiles with Section II.C.4.), or safety of 
personnel and equipment. Compliance must be achieved in accordance with the 
schedule in Section II.C.2.b.(ii). 

II.C.2.a.(i) Venting is emissions from a controlled storage tank thief hatch, 
pressure relief device, or other access point to the storage tank, which: 

II.C.2.a.(i)(A) Are primarily the result of over-pressurization, whether 
related to design, operation, or maintenance; or 

II.C.2.a.(i)(B) Are the result of an open, unlatched, or visibly unseated 
pressure relief device (e.g., thief hatch or pressure relief valve), 



V.C.2.u.  Produced water storage tanks. 

V.C.2.v. Produced water loadout. 

V.C.2.w. Reciprocating compressor leaks or vents, aggregated per facility. 

V.C.2.x. Separators (e.g., two-phase separators, three-phase separators, high/low 
pressure separators, heater-treaters, vapor recovery towers, etc.). 

V.C.2.y. Stationary combustion turbines. 

V.C.2.z. Stationary compression ignition internal combustion engines. 

V.C.2.aa. Stationary spark ignition internal combustion engines. 

V.C.2.bb. Temporary completion and/or workover equipment (e.g., tanks). 

V.C.2.cc. Thermal oxidizing units, where not otherwise reported in the emissions of 
another emissions source category. 

V.C.2.dd. Well completions (includes flowback). 

V.C.2.ee. Well workovers. 

V.C.2.ff. Wellhead bradenhead. 

VI. (State Only) Oil and Natural Gas Pre-Production and Early Production Operations 

VI.A. Definitions 

VI.A.1. “Commencement of operation” means when a source first conducts the activity that it was 
designed and permitted for. In addition, for oil and gas well production facilities, 
commencement of operation is the date any permanent production equipment is in use 
and product is consistently flowing to sales lines, gathering lines, or storage tanks from 
the first producing well at the stationary source, but no later than end of well completion 
operations (including flowback). 

VI.A.2. “Drill-out” means the process of removing the plugs placed during hydraulic fracturing or 
refracturing. Drill-out ends after the removal of all stage plugs and the initial wellbore 
clean-up. 

VI.A.3. “Drilling” or “drilled” means the process to bore a hole to create a well for oil and/or 
natural gas production.  

VI.A.4. “Flowback” means the process of allowing fluids and entrained solids to flow from a well 
following stimulation, either in preparation for a subsequent phase of treatment or in 
preparation for cleanup and placing the well into production. The term flowback also 
means the fluids and entrained solids flowing from a well after drilling or hydraulic 
fracturing or refracturing. Flowback ends when all temporary flowback equipment is 
removed from service. Flowback does not include drill-out. 

VI.A.5. “Flowback vessel” means a vessel that contains flowback. 

VI.A.6. “Hydraulic fracturing” means the process of directing pressurized fluids containing any 
combination of water, proppant, and any added chemicals to penetrate tight formations, 



VI.C.3. Owners or operators must notify the Division and the local government with jurisdiction 
over the location of the operations, using the contact provided in Section VI.C.1.b.(iv), 
within forty-eight (48) hours of responsive action(s) taken as a result of recorded values 
in excess of the response level. 

VI.D. Emission reduction from pre-production flowback vessels 

VI.D.1. Control 

VI.D.1.a. Owners or operators of a well with flowback that begins on or after May 
1, 2021, must collect and control emissions from each flowback vessel on and 
after the date flowback is routed to the flowback vessel by routing emissions to 
and operating air pollution control equipment that achieves a hydrocarbon control 
efficiency of at least 95%. If a combustion device is used, it must have a design 
destruction efficiency of at least 98% for hydrocarbons. 

VI.D.1.a.(i) Owners or operators must use enclosed, vapor-tight flowback 
vessels.  

VI.D.1.a.(ii) Flowback vessels must be inspected, tested, and refurbished 
where necessary to ensure the flowback vessel is vapor-tight prior to 
receiving flowback. 

VI.D.1.a.(iii) Owners or operators must use a tank measurement system to 
determine the quantity of liquids in the flowback vessel(s). 

VI.D.1.a.(iii)(A) Thief hatches or other access points to the flowback 
vessel must remain closed and latched during activities to 
determine the quantity of liquids in the flowback vessel(s). 

VI.D.1.a.(iii)(B) Opening the thief hatch or other access point if required 
to inspect, test, or calibrate the tank measurement system or to 
add biocides or chemicals is not a violation of Section 
VI.D.1.a.(ii)(A). 

VI.D.1.a.(iv) Combustion devices used during pre-production operations must 
be enclosed, have no visible emissions during normal operation, and be 
designed so that an observer, by means of visual observation from the 
outside of the enclosed combustion device, or by other means approved 
by the Division, determine whether it is operating properly. 

VI.D.1.a.(iv)(A) Combustion devices must be equipped with an 
operational auto-igniter upon installation of the combustion 
device. 

VI.D.2. Monitoring 

VI.D.2.a. Owners or operators of a well with flowback that begins on or after May 
1, 2021, must conduct daily visual inspections of the flowback vessel and any 
associated equipment. 

VI.D.2.a.(i) Visual inspection of any thief hatch, pressure relief valve, or 
other access point to ensure that they are closed and properly seated. 



VI.D.2.a.(ii) Visual inspection or monitoring of the air pollution control 
equipment to ensure that it is operating. 

VI.D.2.a.(iii) Visual inspection of the air pollution control equipment to ensure 
that the valves for the piping from the flowback vessel to the air pollution 
control equipment are open. 

VI.D.2.a.(iv) If a combustion device is used, visual inspection of the auto-
igniter and valves for piping of gas to the pilot light to ensure they are 
functioning properly. 

VI.D.2.a.(v) If a combustion device is used, inspection of the device for the 
presence or absence of smoke. If smoke is observed, either the 
equipment must be immediately shut-in to investigate the potential cause 
for smoke and perform repairs, as necessary, or EPA Method 22 must 
be conducted to determine whether visible emissions are present for a 
period of at least one (1) minute in fifteen (15) minutes. 

VI.D.3. Recordkeeping 

VI.D.3.a. The owner or operator of each flowback vessel subject to Section VI.D.1. 
must maintain records for a period of two (2) years and make them available to 
the Division upon request, including 

VI.D.3.a.(i) The API number of the well and the associated facility location, 
including latitude and longitude coordinates. 

VI.D.3.a.(ii) The date and time of the onset of flowback. 

VI.D.3.a.(iii) The date and time the flowback vessels were permanently 
disconnected, if applicable. 

VI.D.3.a.(iii) The date and duration of any period where the air pollution 
control equipment is not operating. 

VI.D.3.a.(iv) Records of the inspections required in Section VI.D.2. including 
the time and date of each inspection, a description of any problems 
observed, a description and date of any corrective action(s) taken, and 
the name of the employee or third party performing corrective action(s). 

VI.D.3.a.(v) Where a combustion device is used, the date and result of any 
EPA Method 22 test or investigation pursuant to Section VI.D.2.a.(v). 

PART E Combustion Equipment and Major Source RACT 

I. Control of Emissions from Engines 

I.A Requirements for new and existing engines. 

I.A.1. The owner or operator of any natural gas-fired stationary or portable reciprocating 
internal combustion engine with a manufacturer's design rate greater than 500 
horsepower commencing operations in the 8-hour Ozone Control Area on or after June 1, 
2004 shall employ air pollution control technology to control emissions, as provided in 
Section I.B. 
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ENVIRONMENTAL IMPACT PREVENTION 
900 SERIES 

 
901. GENERAL STANDARDS 

 

903. VENTING OR FLARING NATURAL GAS  
 

Venting and Flaring of natural gas represent waste of an important energy resource and pose safety 
and environmental risks. Venting and Flaring, except as specifically allowed in this Rule 903, are 
prohibited. 

 
a. Notice to Local Governments and Emergency Responders.  

 
(1) Prior Notice. As soon as practicable prior to, but no later than two hours before, any 

planned Flaring of natural gas allowed pursuant to this Rule 903, Operators will provide 
verbal, written, or electronic notice to the Relevant and Proximate Local Governments and 
to the local emergency response authorities.  

 
(2) Subsequent Notice. In the event of Flaring due to an Upset Condition, Operators will 

provide verbal, or electronic notice as soon as possible, but no later than 12 hours, to the 
Relevant and Proximate Local Governments and to the local emergency response 
authorities. 

 
(3) Waiver. Relevant and Proximate Local Governments and local emergency response 

authorities may waive their right to notice under this Rule 903.a at any time, pursuant to 
Rule 302.f.(1).A. 

 
(4) Recordkeeping. Operators will maintain records of notice provided pursuant to this Rule 

903.a, and provide the records to the Director upon request. 
 

b. Emissions During Drilling Operations. 
 

(1) Operators will capture or combust gas downstream of the mud-gas separator using best 
drilling practices while maintaining safe operating conditions.  

 
(2) If capturing or combusting gas would pose safety risks to onsite personnel, Operators may 

Vent and will provide verbal notification to the Director within 12 hours and submit a Form 
4, Sundry Notice within 7 days. The Operator need not seek a formal variance pursuant to 
Rule 502. A Form 23, Well Control Report may also be required if the criteria in Rule 428.c 
are met. If Venting pursuant to this Rule 903.b.(2) exceeds 24 hours, the Operator will seek 
the Director’s approval to continue Venting. 

 
(3) Combustors will be located a minimum of 100 feet from the nearest surface hole location 

and enclosed. 
 

c. Emissions During Completion Operations. 
 

(1) Reduced Emission Completions Practices. Operators will adhere to reduced emission 
completion practices as specified in 40 C.F.R. § 60.5375a, as incorporated by reference in 
Rule 901.b, on all newly Completed and re-completed oil and gas Wells regardless of 
whether the Well is hydraulically fractured, unless otherwise specified in this Rule 903.c. 
 

(2) Flowback Vessels. Operators will enclose all Flowback vessels and adhere to the AQCC 
Regulation No. 7 standards for emission reduction from pre-production Flowback vessels 
as specified in 5 C.C.R. § 1001-9:D.VI.D, as incorporated by reference in Rule 901.b. 
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(3) Operators may Flare gas during completion operations with specific written approval from 

the Director under any of the following circumstances: 
 
A. The Operator obtains the Director’s approval to Flare through an approved gas capture 

plan pursuant to Rule 903.e; 
B. The Operator submits, and the Director approves, a Form 4 allowing the Operator to Flare 

gas that would otherwise not be permitted pursuant to Rule 903.c. 
 

i. On the Form 4 the Operator will explain why Flaring is necessary to Complete the 
Well, and will protect and minimize adverse impacts to public health, safety, 
welfare, the environment, and wildlife resources. 

 
ii. On the Form 4 the Operator will estimate anticipated Flaring volume and duration. 
 
iii. On the Form 4 the Operator will explain its plan to connect the facility to a 

Gathering Line or otherwise utilize the gas in the future. 
 

iv. The Director may approve a Form 4 requesting permission to Flare during 
completion if the Director determines that the Flaring is necessary to Complete the 
Well and will protect and minimize adverse impacts to public health, safety, 
welfare, the environment, and wildlife resources; or 
 

C. The Operator may direct gas to an emission control device and combust the gas if 
necessary to ensure safety or during an Upset Condition for a period not to exceed 24 
cumulative hours. If Flaring pursuant to this Rule 903.c.(3).C exceeds 24 hours, the 
Operator will seek the Director’s approval to continue Flaring. Within 7 days of the 
Flaring event, the Operator will submit a Form 4 reporting the Upset Condition or safety 
issues that resulted in the Flaring event and include the estimated volume of gas 
Flared.  

 
d.  Emissions During Production. 

 
(1) After the Commencement of Production Operations at an Oil and Gas Location, Venting or 

Flaring of natural gas produced from any Completed Well is prohibited except under the 
following circumstances: 

 
A. Gas Flared or Vented during an Upset Condition is allowed for a period necessary to 

address the upset, not to exceed 24 cumulative hours. Operators will maintain records 
of the date, cause, estimated volume of gas Flared or Vented, and duration of each 
Upset Condition resulting in Flaring or Venting, and will make such records available 
to the Director upon request.  

B. Gas Vented during and as part of active and required maintenance and repair activity, 
including pipeline pigging, as long as the Venting is not prohibited by AQCC Regulation 
No. 7, 5 C.C.R. § 1001-9, as incorporated by reference in Rule 901.b. Operators will 
use operational best practices to minimize Venting during maintenance and repair 
activity. 
 

C. If approved by the Director on a Gas Capture Plan pursuant to Rule 903.e, gas Flared 
during a Production Evaluation or Productivity Test for a period not to exceed 60 days.  

 
D. Gas Vented during a Bradenhead test pursuant to Rule 419. 
 
E. Any event of Well liquids unloading, as long as the Well liquids unloading employs best 

management practices to minimize hydrocarbon emissions as required by the AQCC 
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Regulation No. 7, 5 C.C.R. § 1001-9, as incorporated by reference in Rule 901.b. 
Operators will capture or Flare gas escaping into the air during liquids unloading if the 
escape of the gas poses a risk to public health, safety, or welfare due to the risk of a 
fire, explosion, or inhalation. Pursuant to Rule 405.s, all Well liquids unloading, 
including swabbing, will be reported to the Director. The Operator will submit a Form 
42, Field Operations Notice – Notice of Well Liquids Unloading, no less than: 
 

i. 48 hours prior to conducting Well liquids unloading; or 
 

ii. As soon as possible prior to conducting Well liquids unloading if 48 hours notice 
would require an alternative or extended Well liquids unloading practice that 
increases emissions. 

 
F. Flaring or Venting approved pursuant to Rule 903.d.(3) or on a Form 4 prior to January 15, 

2021. 
 

(2) For any instance of Venting or Flaring permitted pursuant to Rules 903.d.(1).A–E for a 
period that exceeds 8 consecutive or 24 cumulative hours, the Operator will submit a Form 
4 reporting: 
 

A. The estimated or measured volume and content of gas Vented or Flared; 
 

B. Gas analysis of the gas Vented or Flared, including hydrogen sulfide;  
 

C. Explanation, rationale, and cause for the Venting or Flaring event; and 
 

D. A description of any operational best practices used to minimize Venting during 
maintenance and repair activity. 
 

(3) At Wells that have Commenced Production Operations prior to January 15, 2021 and that 
are Venting or Flaring natural gas because they are not connected to a natural gas 
Gathering Line or putting the natural gas to beneficial use, the Operator may request 
permission from the Director to Flare or Vent by submitting a gas capture plan via a Form 
4 no later than the date the Operator’s previously approved Form 4 expires and in no case 
later than January 15, 2022. If an Operator loses access to a Gathering Line after January 
15, 2021, the Operator will submit a gas capture plan via a Form 4 within 30 days of losing 
the Gathering Line access. The Operator may not Flare or Vent pursuant to this Rule 
903.d.(3) unless and until the Director approves the Form 4. The Director may approve a 
one-time request to Flare or Vent for a period not to exceed 12 months, if the Director 
determines that Flaring or Venting is necessary to produce the Well, will minimize waste, 
and will protect and minimize adverse impacts to public health, safety, welfare, the 
environment, and wildlife resources. For any such Form 4 submitted prior to January 15, 
2022, the Director will not approve the one-time request to Flare or Vent to any date after 
January 15, 2022. The gas capture plan on the Form 4 will describe: 

 
A. The estimated volume and content of the gas to be Flared or Vented; 

 
B. Gas analysis including hydrogen sulfide for the subject Well; 

 
C. For requests based on lack of available infrastructure, the Operator will state why the Well 

cannot be connected to infrastructure; 
 

D. When the Well(s) will be connected to infrastructure, why the Operator commenced 
production of the Well before infrastructure was available, and whether the mineral 
Owner will be compensated for the Vented or Flared gas; and 
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E. Options for using the gas instead of Flaring or Venting, including to generate electricity, 
gas processing to recover natural gas liquids, or other options for using the gas. 

 
 

(4) Measurement and Reporting. 
 

A. Operators will measure the volume of all gas Vented, Flared, or used at an Oil and Gas 
Location by direct measurement or by estimating the volume of gas Vented, Flared or 
used. The volume of gas Vented, Flared, or used will be reported on a per Well basis 
on the Form 7, Operator’s Monthly Report of Operations. 

 
B. Operators will notify all mineral Owners of the volume of oil and gas that is Vented, Flared, 

or used on-lease. Operators will maintain records of such notice and provide the 
records to the Director upon request. 

 
(5) All Flared gas will be combusted in an enclosed device equipped with an auto-igniter or 

continuous pilot light and a design destruction efficiency of at least 98% for hydrocarbons.  
 

(6) Pits.  
 

e. Gas Capture Plans. 
 

(1) Gas Capture Plan Submission. 
 

A. On a Form 2A, Oil and Gas Location Assessment the Operator will commit to connecting 
to a gathering system by the Commencement of Production Operations, or submit a 
gas capture plan as an attachment to their Form 2A, pursuant to Rule 304.c.(12). 

 
B. Gas capture plans will demonstrate compliance with the requirements of Rules 903.b–d 

and include the following information: 
 

i. A description and map of the location of the closest or contracted natural gas 
gathering system or point of sale. 

 
ii. The name of the company operating the closest or contracted natural gas 

gathering system. 
 

iii. The Operator’s plan for connecting their facility to a natural gas gathering system 
or otherwise putting gas to beneficial use, including: 

 
aa. Discussion of potential rights of way issues; 

 
bb. Construction schedules;  

 
cc. Date of availability of the gas Gathering Line; 

 
dd. Whether the nearest or contracted gas gathering system has capacity to accept 

the anticipated gas to be produced at the location at the time of application; 
and 

 
ee. Options for beneficial use of natural gas that are alternatives to Flaring during 

production operations prior to connection to gas Gathering Lines, including, 
but not limited to: onsite use, natural gas liquid processing, electrical power 
generation, gas to liquid, reinjection for enhanced oil recovery, or other 
options. 
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iv. For a Wildcat (Exploratory) Well or if the Operator anticipates conducting a 
Production Evaluation or Productivity Test, a description of the planned Production 
Evaluation or Productivity Test and any issues related to the Operator’s ability to 
connect to a gas Gathering Line.  

 
v. Any anticipated safety risks that will require the Operator to allow gas to escape, 

rather than being captured or combusted during drilling operations, pursuant to 
Rule 903.b.(2). 
 

vi. A description of operational best practices that will be used to minimize Venting 
during active and planned maintenance allowed pursuant to Rule 903.d.(1).B. 
 

vii. Procedures the Operator will employ to reduce the frequency of Well liquids 
unloading events. 
 

viii. Anticipated volumes of liquids and gas production and a description of how 
separation equipment will be sized to optimize gas capture. 

 
(2) Verification. Operators will verify that their facility has been connected to a gathering line 

by submitting a Form 10, Certificate of Clearance pursuant to Rule 219.   
 

(3) Compliance. If an Operator does not connect its facility to a gathering line or otherwise 
put gas to beneficial use as described in the Operator’s Form 2A or gas capture plan, the 
Director may require the Operator to shut in a Well until it is connected to a Gathering Line 
or the gas is put to beneficial use. The Operator may request a Commission hearing 
pursuant to Rule 503.g.(10), however, the Well will remain shut in until the Commission’s 
hearing occurs. 
 



Exhibit 41 
  



Projecting the Temporal Evolution of Methane Emissions from Oil
and Gas Production Sites
Felipe J. Cardoso-Saldaña and David T. Allen*

Cite This: Environ. Sci. Technol. 2020, 54, 14172−14181 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Many recent studies have reported methane
emissions from oil and gas production regions, often reporting
results as a methane emission intensity (methane emitted as a
percentage of natural gas produced or methane produced). Almost
all of these studies have been instantaneous snapshots of methane
emissions; however, total methane emissions from a production
site and the methane emission intensity would be expected to
evolve over time. A detailed site-level methane emission estimation
model is used to estimate the temporal evolution of methane
emissions and the methane emission intensity for a variety of well
configurations with and without emission mitigation measures in
place. The general pattern predicted is that total emissions
decrease over time as production declines. Methane emission
intensity shows complex behavior because production-dependent
emissions decline at different rates and some emissions do not decline over time. Prototypical uncontrolled wet gas wells can have
approximately half of their emissions over a 10 year period occur in the first year; instantaneous wellsite methane emission intensities
range over a factor of 3 (0.62−2.00%) in the same period, with a 10 year production weighted-average lifecycle methane emission
intensity of 0.79%. Including emission control in the form of a flare can decrease the average lifecycle methane emission intensity to
0.23%. Emissions from liquid unloadings, which are observed in subsets of wells, can increase the lifecycle methane emission
intensity by up to a factor of 2−3, between 1.2 and 2.3%, depending on the characteristics of the unloadings. Emissions from well
completion flowbacks raise the average lifecycle methane emission intensity from 0.79 to 0.81% for flowbacks with emission
controls; for flowbacks with uncontrolled emissions, lifecycle methane emissions increase to 1.26%. Dry gas and oil wells show
qualitatively similar temporal behavior but different absolute emission rates.

■ INTRODUCTION
Methane is a greenhouse gas with a global warming potential
28−34 times higher than carbon dioxide over a 100 year
period.1 Anthropogenic sources represent around 60% of
methane emissions on a global scale, and fossil fuel production
and use account for approximately one-third of the
anthropogenic methane emissions,2 with most of the emissions
from fossil fuels coming from natural gas supply chains. Of the
methane emissions attributed to natural gas supply chains,
between 40 and 60% have been attributed to production
sites,3,4 and a significant amount of data has been collected on
methane emissions from production sites.
Sampling has been done on individual components or

processes occurring on production sites,5−7 downwind of
production sites,5,8−12 and using an aircraft to sample
emissions from production sites.13,14 While these studies
sampled emissions from wells with diverse characteristics
[location, gas-to-oil ratio (GOR), age of wells, etc.], the
measurements have only captured a snapshot of emissions and
have not tracked the evolution of emissions in time as the wells
aged. Because the production of natural gas is projected to

continue for decades,15 it will be important to be able to
project how emissions will evolve as wells age.
Most of the new production in the United States is from

low-permeability reservoirs, and production from these
reservoirs is characterized by having a fast falloff in the
production of hydrocarbons,16 with production falling to 50−
80% of the initial level during the first year.17,18 To the extent
that emissions scale with production or change as the
operational practices at wells change in response to decreasing
production, emissions at wellsites are also expected to change
over time. Some sources of emissions, such as flashing from
storage tanks, would be expected to scale nearly directly with
the production and would be projected to decline as wells age.
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Other activities resulting in emissions, such as liquid
unloadings, may increase as wells age. These time-varying
emissions will vary from region to region, depending on the
reservoir characteristics and types of equipment at sites. A
systematic understanding of the temporal evolution of
emissions from wellsites is lacking.
Most of the limited understanding of how emission rates

might change at production sites over time has been focused
on leaks. Kemp et al.19 developed a model [(the fugitive
emissions abatement simulation toolkit (FEAST)] that
generates a time series of methane emissions from leaks at
an ensemble of production sites over many years of well
operation, where leaks randomly appear and disappear over
time. In the FEAST model, the effect of leak detection and
repair (LDAR) programs on emission reduction can be
assessed by assuming a success rate in identifying leaks and a
success rate in repairing leaks.19,20 While this type of model
begins to address the temporal evolution of emissions for leaks,
data from a variety of sources indicate that leaks constitute
only a small fraction of total emissions at production sites. For
example, leaks represented 13 and 7% of the methane
emissions at production sites based on estimates for the year
2013 in the Barnett Shale and Eagle Ford Shale production
regions, respectively.21,22 At a national level, leaks accounted
for 16% of methane emissions of the production segment of oil
and gas systems, based on 2018 data from the Environmental
Protection Agency (EPA) Greenhouse Gas Reporting
Program23 and 7% of methane emissions in the production
sector of petroleum systems in 2017, based on the EPA’s
Inventory of U.S. Greenhouse Gas Emissions and Sinks.24

More comprehensive data on the temporal evolution of
methane emissions from production sites are limited.
Englander et al.25 analyzed methane emissions from
production sites in the Bakken that were surveyed for 2
consecutive years with an infrared camera from a helicopter
and reported that sites with detected emissions during the first
year were far more likely to be emitting in the second year than
would be expected by chance, but the reasons and sources for
this persistency were unknown. Johnson et al.26 reported the
results of six discrete measurements of all emissions at a single
production site in the Marcellus Shale, with dry gas
characteristics, taken over a period of 2 years and found
temporal variation that is largely driven by emissions from
water tank flashing.
While these temporal studies provide some guidance on

expected emission variation over time in limited situations, an
overall assessment of the temporal pattern of wellsite emissions
is not available for a variety of wells with different
characteristics. This paper will map the predicted temporal
evolution of methane emissions for each source on
prototypical wellsites and the temporal evolution of the ratio
of methane emissions to natural gas production (methane
emission intensity) on a volumetric basis. The methane
emission intensity evolution over time will be compared to a
production weighted-average of the methane emission
intensity over a 10 year well lifetime. The methane emission
intensity averaged over a decade of simulated operation is used
to illustrate the importance of the early stages of a well’s
operation, when total production is the highest, in determining
the total projected emissions. The time integrated intensity
also illustrates the importance of certain types of operations,
such as liquid unloadings, in determining total projected
emissions. Future work will analyze the changes in emissions

and methane emission intensity with respect to time for wells
aggregated over entire production basins, based on historical
production and activity data.

■ METHODOLOGY

The development of site-scale emission time series involves
generating prototypical well configurations, which include the
specification of wellstream compositions, production decay
curves, equipment types, equipment emission rates, operational
practices, and the effects of emission mitigation methods. A
flow diagram showing how prototypical sites are constructed is
shown in Figure S1. Emissions included originate from water
flashing, condensate flashing, leaks, pneumatic controllers, and
chemical injection pumps. Production sites can also have
emissions originating from dehydrators and compressors;
however, the number of dehydrators per well and compressors
per well across basins in the United States, based on US EPA
GHGRP 2018 data,23 are 0.012 and 0.044 (Table S1),
respectively. Thus, emissions from these two sources are not
included in this analysis of individual wells; however, their
emissions should be included when ensembles of multiple
wells are simulated. The wellsite specifications and the
calculations used to estimate emissions from each source
type are described in the following sections. All prototypical
production sites are assumed to have one well and are modeled
for a period of 3600 days (∼10 years) starting from the onset
of production.

Production Decay Curves. Wells in basins with low
permeability experience a rapid decrease in production,
followed by a period of slower decrease in production. This
behavior is typically characterized by fitting empirical
production data to exponential or hyperbolic decline curves
to generate production decay curves. In this work, production
decay curves are taken from the US Energy Information
Administration (EIA),27 for production representative of the
Eagle Ford Shale, which includes oil, wet gas, and dry gas
decays. Decay curves from the EIA are hyperbolic and are of
the form

= + * *Q Q b D t/(1 )t
b

i i
1/

(1)

where Qt is the production in month t, Qi is the initial
production rate, Di is the initial decline rate, t is the time in
months, and b is the degree of curvature of the decay rate.
Production decay curves from the EIA are subdivided into
productivity categories: wells among the top 15% in
production for the Eagle Ford Shale, wells among the middle
70% in production, and wells among the bottom 15% in
production. These categories of decay based on production are
referred to as “top decay”, “middle decay”, and “bottom decay”,
respectively. The parameters for the decay curves used to
create site configurations are provided in Table S2.
Wells with hydrocarbon production tend to produce water

as a byproduct. Water production follows a similar decay
behavior as hydrocarbons. Water decay curves are not available
from the EIA, or from other studies in the Eagle Ford Shale, to
the authors’ knowledge. Thus, water decay rates are taken from
Bai et al.28 which reports water decay curves for wells in the
Denver-Julesburg basin. Bai et al.28 divided the production of
water into three periods: initial flowback from fracturing, with
high water production during the first days of production,
followed by a transition period, and finally a produced water
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period. Parameters for this hyperbolic decay are given in Table
S3.
Production decay curves lead to estimates of bulk hydro-

carbon production rates over time as standard cubic feet of
natural gas or barrels of condensate produced. However, to
estimate methane emissions, it is necessary to speciate the bulk
hydrocarbons into individual species and to estimate the
GORs. In oil and gas production facilities, a mixture of
hydrocarbons and water coming out of the wellhead is sent to
separators, which split the mixture into a produced gas stream,
a liquid hydrocarbon stream, and a water stream,21 each with a
characteristic composition; the water and condensate streams
are further sent to atmospheric storage tanks releasing
emissions. This process is modeled using the Peng−Robinson
equation-of-state (PR-EOS) and Henry’s law, starting from a
wellstream composition, in order to find the compositions of
individual species in the produced gas, the hydrocarbon liquid
stream leaving the separator, the water stream leaving the
separator, the mass of emissions flashed per barrel produced in
the atmospheric tanks, and GORs.22 Four different types of
wellstream compositions, which span a wide range of
hydrocarbon types encountered in oil and gas production
basins, were modeled. The produced hydrocarbon types are
referred to as black oil, volatile oil, wet gas, and dry gas (Table
S4). It is assumed that separators achieve thermodynamic
equilibrium at all points of time in the well’s lifetime. On wells
simulated with an oil decay curve (volatile oil and black oil
compositions), the oil production is determined directly from
the decay curve, while the gas production is calculated by
multiplying the oil production by the GOR. On the other
hand, for wells simulated with a natural gas decay curve (wet
gas and dry gas compositions), the gas production is
determined directly from the decay curve, while the liquid
hydrocarbon production is calculated by dividing the gas
production by the GOR.
In some jurisdictions, the reported produced gas of a

particular well needs to include the salable produced gas plus
any emissions occurring on the production site, which can
include emissions not only from the condensate and water
flashing but also from leaks or other fugitive sources.29 On the
other hand, the hydrocarbon liquid production is estimated
under standard conditions, representative of the condensate
remaining in the stock-tank after flashing at atmospheric
pressure. In this work, the quantity of produced gas is assumed
to include both salable gas and emissions and is the amount
calculated directly with a gas decline curve or indirectly with an
oil decline curve and its GOR.
Change in Composition versus Time. Within reservoirs,

most oil and gas are stored in kerogen, an organic portion of
rock mass.30 The kerogen contains pores where hydrocarbons
are stored either in the pore spaces of the rock (“free gas”) or
adsorbed onto the pore walls. In conventional reservoirs, most
of the hydrocarbons exist as free gas and flow from the pores to
the wellbore to surface production facilities. However, in
unconventional reservoirs, a large fraction of hydrocarbons
(20−85%) is adsorbed onto the walls,30 requiring hydraulic
fracturing to artificially create fractures in the rock that allow
hydrocarbon flow.
The primary driver of change in composition in unconven-

tional reservoirs is believed to be absorption: as the pressure
decreases due to depletion of the reservoir, gas which is
adsorbed onto the walls desorbs to the bulk and flows to the
wellhead,31 changing the composition reaching the wellhead.32

However, complex behavior can originate because of the small
pores acting as a molecular sieve for large molecules, only
allowing the small molecules to flow30 and because individual
components have different mobilities; for example, methane is
more mobile than ethane and propane.33 Pressure decline in
the reservoir altering the thermodynamic equilibrium of
hydrocarbons can also lead to hydrocarbon composition
variability as a function of time, as is the case for conventional
reservoirs.
Rigorously determining the compositional change in the

produced hydrocarbons as a function of time, accounting for
complexities in unconventional reservoir behavior, is beyond
the scope of this work. Thus, the approach is to use empirical
data to account for the temporal evolution of composition.
Hyperbolic functions are fitted to changes in the molar fraction
of individual species with respect to their initial molar fraction
using data reported by Freeman et al.34 to model the changes
in the composition of individual species and is applied to all
hydrocarbon types (wet gas, dry gas, volatile oil, and black oil).
The overall pattern is an increase in the fraction of methane in
produced gas over time (see the Supporting Information
sections S.2.2 and S.3.1). The results are reported both
assuming a constant composition throughout the well’s lifetime
and a changing composition.

Emissions from Condensate and Water Flashing. The
PR-EOS thermodynamic model is used to calculate the
compositions of the condensate stream leaving the separator
and going to atmospheric storage tanks and is also used to
perform a flash calculation at atmospheric pressure simulating
the flashing in the condensate tank. The flash under
atmospheric conditions leads to an estimate of methane
emitted per barrel of condensate produced, which can then be
coupled with the production time series of liquid hydrocarbons
to construct a time series of emissions from condensate tank
flashing. Henry’s law is used to estimate the methane emissions
per barrel of water produced and is coupled with water
production calculated with the decay curve to construct a time
series of emissions from water flashing. The operating
conditions (temperature and pressure) of the wellsite
separators affect the amount of methane present in the liquid
streams exiting the separator, which then flash in atmospheric
pressure storage tanks and release emissions. Details on
operating conditions selected are shown in the Supporting
Information section S.2.3.
Scenarios with mitigation of emissions from the condensate

and water flashing were included by assuming that flaring
reduces emissions by 98%. While measurements of methane
destruction removal efficiency at flares on production sites
have reported median efficiencies lower35 (∼97%) and
higher36 (>99.97%) than this value, 98% is selected given
that this value is commonly used by operators when reporting
emissions. It is assumed that when there is control on tanks,
both the water and condensate tanks will share the same
control device if there is both water and condensate
production. Installation of high- and low-pressure separators
in series, rather than a single separator, is also included as an
emission mitigation strategy.37 Well configurations with two
separators are used for wet gas and oil production, while dry
gas is assumed to have only one separator as methane
emissions from water tanks are generally much lower than
from condensate tanks.

Pneumatic Devices. Emissions from pneumatic devices
are due to pneumatic controllers and pneumatic chemical
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injection pumps. The prototypical wellsites presented in this
work are assumed to have one chemical injection pump, one
wellhead pneumatic controller, and pneumatic controllers on
separators. For oil and wet gas wells, two pneumatic controllers
on separators are assigned, while for dry gas wells one is
assigned. In scenarios with two separators, an additional
pneumatic controller is included. Emissions of pneumatic
devices are assumed to be constant throughout the lifetime of
the well. This assumption is made even though intermittent
controllers might actuate less frequently as production
declines, because studies have found that malfunctioning
controllers account for the majority of emissions and emissions
from malfunctioning controllers are not expected to correlate
directly with numbers of actuations. Emission measurements
for chemical injection pumps are taken from Allen et al.5 and
are assumed to be constant. Mitigation scenarios assuming
electrification of pneumatic devices are included; whenever
electrification is used, emissions from pneumatic devices are
set to zero.
Leaks. The methane emission rate from leaks at a

production site is expected to change over time given that
the number of leaks will vary as new leaks emerge, and leaks
are fixed during LDAR programs or by operators detecting
them during routine visits to the site. Little data are available
on rates of leak generation and repair.20 For simplicity, in this
work, emissions from leaks are simulated assuming that the
number of leaks and emission rates of individual leaks remain
constant throughout the lifetime of the well. The number of
leaks is randomly selected from a distribution of leaks per well
observed at production sites by Allen et al.5 The emission rate
is selected from the same distribution. It should be noted that
this is a simple and limited way of modeling the contribution of
leaks throughout the lifetime of the site, and it is based on
extrapolating snapshots of emissions observed in field
campaigns for a longer period of time. However, as a separate
sensitivity analysis, time series generated by the FEAST model
with and without LDAR programs are coupled with emissions
rates from the other sources at production sites to analyze the
effect of a temporally variable behavior of leak emission rates
on the methane emission intensity (see the Supporting
Information section S.3.5.5).
Completions/Refracturing/Recompletions. Well com-

pletions occur after a well has been drilled and before it is
brought into production. Well completions remove fluids
injected during hydraulic fracturing and are a source of
methane emissions. Emissions from well completions occur
before the start of production. Methane emissions from
completions are analyzed with and without emission controls
(reduced emission completions) using emission factors from
the EPA of 40.6 Mg of methane per event for wells that do not
perform reduced emission completions, 3.2 Mg of methane per
completion for wells that have reduced emission completions,
recovering gases, and 5.9 Mg of methane per event for wells
that have reduced emission completions, flaring gases.38

Completion emissions are also modeled with an emission
factor of 124 Mg of methane per event for wells that have
completions without controls, which is the average potential
emission per event measured by Allen et al.5 EPA emission
factors indicate the total methane emissions per event but not
the potential emissions (methane that would have been
emitted but is recovered or flared); however, potential
emissions are required to estimate the total methane produced,
which is used in the average lifecycle methane emission

intensity calculation, by adding the potential emissions to the
methane produced during the production phase of the well. In
all scenarios, it is assumed that the potential to emit is the
average reported by Allen et al.5 of 124 Mg per event and is
added to the methane produced during the production phase
to estimate the total methane produced.
Refracturing might be used to stimulate a well after

production has declined,39 or the same vertical well bore
might be used to access different source rocks at different
depths (recompletion). Oruganti et al.39 analyzed wells with
refracturing in the Bakken and Eagle Ford Shale production
regions and found that refracturing is usually performed within
the first few years of a well’s lifetime. Production after
refracturing can be higher, equal to, or lower than the initial
production of the well, and the decay could be faster or slower.
In this work, scenarios with and without refracturing/
recompletion are analyzed. When refracturing is assumed, the
time when refracturing takes place is randomly selected from a
distribution based on data from Oruganti et al.39 in the Eagle
Ford Shale (18.7 months, SD = 9.4 for oil wells; 27.6 months,
SD = 15.8 for gas wells). It is assumed that the decay, level of
production, and composition profile are the same as the
original decline. Emission factors and duration for well
refracturing are assumed to be the same as those for well
completions.

Liquid Unloadings. As the gas moves out of the reservoir
and ascends through the wellbore, its pressure decreases,
causing condensation and forming liquid droplets. These
droplets will continue to flow upward if the velocity of the fluid
moving upward is higher than a critical velocity,40 which is
dependent on the density and surface tension of the fluid. If
the velocity of the fluid is below the critical velocity, droplets
will start accumulating in the wellbore leading to liquid
loadings. As time progresses, production will decrease leading
to a decrease in the velocity in the wellbore. Wellbore velocity
falling below the critical velocity leads to the onset of liquid
unloadings. After the onset, liquid unloadings will be required
periodically to remove liquids from the wellbore. To construct
a time series of emissions from liquid unloadings, it is
necessary to first determine when the onset of liquid unloading
occurs and then model the emissions from unloadings.
While there are models that allow prediction of the onset of

liquid unloading by combining decline curves with wellbore
models,41 a full characterization of the wellbore (diameters,
lengths of vertical and lateral segments, and angles) is needed
to generate accurate results. Here, the approach to predict the
onset of liquid unloadings is based on randomly selecting the
time of onset from a distribution based on empirical data,
taken from Brito et al.41 (31.3 months average; 10.2 months
SD).
The most common types of unloading for gas wells are as

follows: manual unloading without a plunger (generally used
when unloadings are infrequent), manual unloading with a
plunger and automated unloading with a plunger (generally
done when frequent unloadings are required).7,42 Here, various
time series of emissions from liquid unloadings are
constructed, and they all include a period without liquid
unloadings followed by the onset of liquid unloadings after
which emissions appear. During the period with liquid
unloadings, a variety of scenarios for the selection of unloading
methods are possible. In this work, the scenarios considered
include (i) emissions from manual liquid unloadings only; (ii)
manual liquid unloadings during a period equivalent to the
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time from the start of production to the onset time followed by
automated unloadings; (iii) manual liquid unloadings during a
period equivalent to twice the time from the start of
production to the onset time followed by automated
unloadings, and (iv) only automated unloadings. Additional
details on how the time series of emissions from liquid
unloadings are constructed are provided in the Supporting
Information section S.3.7.
Techniques to prevent loading of the wellbore, such as

adding tubing to the casing to delay the onset of liquid loading
and adding a compressor that provides gas lift, foams, or
pumps in the wellbore,40 are not analyzed in this work, as they
generally do not result in venting. Liquid loadings can also
occur in oil wells, where the most common approach to unload
the wellbore is the use of jack pumps. Unloading of oil wells is
not analyzed in this work.

■ RESULTS

A time series of emissions during production (without
emissions from completions, recompletions, and refracturing)
and without episodic emissions (without emissions from liquid
unloadings) for selected prototypical wet gas sites and
prototypical dry gas sites, assuming changes in the wellstream
composition, are reported in the following subsections. The
temporal evolution of the methane emission intensity and how

it is affected by the various mitigation strategies are also
reported. The results assuming a constant wellstream
composition are reported in Supporting Information sections
S.3.5.1 and S.3.5.2. The time series of prototypical volatile oil
and prototypical black oil hydrocarbons are shown in the
Supporting Information section S.3.5.3. Changes in the molar
fraction of individual species with respect to their initial molar
fraction, changes in the gas to oil ratio, and changes in the light
alkane emission rates of the hydrocarbons modeled in this
work are reported in the Supporting Information sections
S.3.1−S.3.3, respectively. A summary of emissions from all the
prototypical well configurations constructed for the production
phase is reported in the Supporting Information section
S.3.5.4. A sensitivity analysis of LDAR programs, based on the
FEAST model, on methane emission intensity is reported in
the Supporting Information section S.3.5.5. Emissions from
completions and liquid unloadings are analyzed separately in
following subsections and also in the Supporting Information
sections S.3.6 and S.3.7.
Uncertainties in emission estimates are characterized using

Monte Carlo simulations. Each wellsite simulation is
performed 1000 times. In each instance of the Monte Carlo
analysis, emissions from individual pieces of equipment (e.g.,
pneumatic controllers) are randomly selected from emission
measurements. The uncertainty in the emission estimates is

Figure 1. Time series of (a) absolute emissions and gas production and (b) relative contribution of emissions from a wet gas site. The time series
assumes changes in the wellstream composition over time, no mitigation measures, and middle decay curves on the gas production.

Figure 2. (a) Methane emission intensity time series and average lifecycle methane emission intensity for the wet gas composition modeled with
top, middle, and bottom decay curves of gas production without mitigation strategies and assuming a change in the wellstream composition. (b)
Methane emission intensity time series of the wet gas composition modeled with a middle decay curve of gas production under various mitigation
scenarios and assuming a change in the wellstream composition.
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characterized by reporting the 2.5th and 97.5th percentiles of
emissions.
Emission Time Series during Production. Wet Gas

Sites. An emission time series of a prototypical production site
with wet gas characteristics is shown in Figure 1. This time
series represents a well modeled with a middle decay curve and
changes in the wellstream composition over the lifetime of the
well. No emission mitigation measures and no emissions from
well completions, recompletions, or liquid unloadings are
included, as they are analyzed later in this work. Emissions are
the highest during the initial production, dominated by
condensate flashing and water flashing (Figure 1a). During
the first year, ∼48% of emissions occurring throughout the 10
year production period are released; during the first two years,
∼65% of the total emissions take place; and during the first half
of the period, ∼85% of the total emissions occur. As time
progresses, emissions from condensate and water flashing
decrease because of the decay in condensate and water
production. As hydrocarbon and water production decrease,
the relative source contribution of emissions from pneumatic
controllers, chemical injection pumps, and leaks increase
(Figure 1b), even though emissions from these sources remain
constant. The 2.5th and 97.5th percentiles of emissions from
all sources reported in Figure 1a are reported in the Supporting
Information section S.3.5.1.
A common metric to characterize methane emissions from

natural gas supply chains is the emission intensity.43 The time
series of methane emission intensity for the wet gas wells with
the bottom, middle, and top decay curves are shown in Figure
2a, for scenarios where the wellstream composition is assumed
to change as a function of time and without mitigation
strategies implemented. Here, the methane emission intensity
is reported as methane emissions divided by natural gas
production, in volumetric units. A sensitivity analysis
comparing various intensity metrics (methane emissions
divided by methane produced and methane emissions divided
by gas produced, on a mass basis) is provided in the
Supporting Information section S.3.5.7. The methane emission
intensity has a complex behavior, initially decreasing, then
increasing. The decrease is because the wellstream composi-
tion is changing and because the water production, and thus,
emissions from water flashing, are simulated with a more rapid
decay than the gas production. As time progresses, the

production decreases and emissions from the condensate and
water flashing decrease while those from chemical injection
pumps, pneumatic devices, and leaks remain constant, leading
to an increase in the methane emission intensity. The
estimated methane emission intensity using a top decay
curve is initially 1.02% and has a range of 0.53−1.02%. The
integrated 10 year emissions are 0.60% of the integrated 10
year production (lifecycle average). The methane emission
intensity estimated with a middle decay curve is initially 1.06%
and has a range of 0.62−2.00% and a lifecycle average of
0.79%. The methane emission intensity estimated based on a
bottom decay curve is initially 1.25% and has a range of 0.75−
14.49% and an average lifecycle of 1.38%. These results
illustrate that because most emissions occur early in the well’s
lifetime, the lifecycle methane emission intensity over 10 years
is closer to the initial methane emission intensity than the final
methane emission intensity.
Mitigation strategies affect the temporal profile of emissions,

and thus, the temporal profile of the methane emission
intensity. Figure 2b shows the effect of mitigation strategies
implemented using the middle decay curve in a scenario with
tank flash control, a scenario with electrified pneumatic
devices, and a scenario with two separators instead of one;
these results represent the cases where the composition of
hydrocarbons is assumed to change as a function of time.
Implementing electrification of the pneumatic devices leads to
the greatest reductions in the methane emission intensity at
later times in a well’s life. Having two separators reduces the
intensity early in the well’s life but increases the emission
intensity late in the 10 year period because of the addition of a
pneumatic controller on the second separator. In contrast,
adding a flare significantly reduces the methane emission
intensity at all times. As studies measuring emissions from
production sites suggest that some tank control systems are not
able to handle the flashing emissions completely leading to
emissions upstream of tank control units,44,45 a sensitivity
analysis on emissions with thresholds on the emissions that can
be controlled is provided in the Supporting Information
section S.3.5.6.
Figure 2 suggests that the methane emission intensity

changes as a function of time both under normal operating
conditions and when mitigation strategies are implemented,
thus this metric should be interpreted carefully if it is employed

Figure 3. (a) Time series of absolute emissions from a dry gas site modeled with a middle decay curve on the gas production. (b) Methane
emission intensity time series and average lifecycle methane emission intensity for the dry gas composition modeled with the top, middle, and
bottom decay curves of gas production. All time series assume changes in the wellstream composition and no mitigation measures.
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in assessing the performance of methane mitigation strategies.
Further work is needed to determine a metric that better
captures the reductions in emissions due to the implementa-
tion of mitigation strategies. Methane emission intensity
calculated with the mean, 2.5th percentile, and 97.5th
percentile of emissions from all sources of Figure 2 is reported
in the Supporting Information section S.3.5.1.
Dry Gas. An emission time series of a production site with

dry gas characteristics is shown in Figure 3a. This time series is
constructed with a middle decay curve, assuming changes in
the wellstream composition and without mitigation strategies.
During the first year, 13% of the emissions in the 10 year
period occur; during the first two years, 23% of the emissions;
and during the first half, 53% of the emissions occur. The
decay of water emissions on the dry gas site (Figure 3a) is
faster than the decay in condensate emissions in the wet gas
site (Figure 1a). While this general predicted pattern is
expected to be reliable due to the relatively rapid decay of
flowback water early in a well’s life and a slower decay of
produced formation water, the precise timing of the decay
should be viewed with caution because of the limited data on
water decay curves. The variability in emissions of the dry gas
site is smaller than that of the wet gas site due to the lack of
condensate tank flashing, which accounts for the majority of
uncontrolled emissions in a wet gas site. The variability in
emissions for the dry gas site is dominated by emissions from

water tank flashing, which is consistent with measurements at a
single dry gas production site taken over a period of 2 years by
Johnson et al.26

The time series of the methane emission intensity in the dry
gas site also has a complex behavior (Figure 3b). The emission
intensity initially declines as emissions from water flashing
decay faster than the natural gas production and because
composition changes; however, it later increases as methane
emissions decline less rapidly than production. The scenario
modeled using a middle decay of gas production has an initial
methane emission intensity of 0.16%, a range of 0.04−1.51%,
and an average lifecycle methane emission intensity of 0.21%.
The scenario modeled using a bottom decay curve of gas
production has an initial methane emission intensity of 0.30%,
a range of 0.09−7.91%, and an average lifecycle emission
intensity of 0.67%. The scenario that uses a top decay curve
has an initial methane emission intensity of 0.12%, a range of
0.02−0.34%, and an average lifecycle intensity of 0.07%. The
methane emission intensity ranges and the average lifecycle
methane emission intensity of the dry gas site are lower than
those in the wet gas site. The mean, 2.5th and 97.5th
percentiles of emissions from all sources of Figure 3 are
reported in the Supporting Information section S.3.5.2.

Effect of Well Completions. Emissions from completions
are episodic and have relatively large emission rates for a short
period of time. Table 1 shows the increases in the average

Table 1. Lifecycle Average Methane Emission Intensity for Wet Gas and Dry Gas Hydrocarbons Modeled with the Medium
Decay Curve, One Separator, with Pneumatic Devices, and Assuming That Composition Changes as a Function of Time under
Various Completion Typesa

lifecycle average methane emission intensity [C1/gas produced in vol %]

hydrocarbon
modeled

without including
completion
emissions

including completion that
flares, EPA emission factor

including completion that
recovers the gas, EPA emission

factor
including completion that
vents, EPA emission factor

including completion that
vents, emission factor from ref.

26

wet gas no
tank control

0.79 (0.53−1.63) 0.81 (0.55−1.64) 0.80 (0.54−1.63) 0.94 (0.68−1.77) 1.26 (1.00−2.10)

wet gas flare
tank control

0.23 (0.10−0.97) 0.25 (0.12−0.98) 0.24 (0.11−0.97) 0.38 (0.25−1.12) 0.70 (0.58−1.44)

dry gas no
tank control

0.21 (0.09−0.78) 0.23 (0.11−0.80) 0.22 (0.10−0.79) 0.35 (0.23−0.91) 0.63 (0.50−1.19)

dry gas flare
tank control

0.20 (0.08−0.77) 0.22 (0.10−0.79) 0.21 (0.09−0.78) 0.34 (0.22−0.90) 0.62 (0.50−1.18)

aThe 2.5th and 97.5th percentiles are shown in parenthesis.

Table 2. Lifecycle Average Methane Emission Intensity for Wet Gas and Dry Gas Hydrocarbons Modeled with the Medium
Decay Curve, One Separator, without Emissions from Completions, with Pneumatic Devices, and Assuming That
Composition Changes as a Function of Time under Various Scenarios of Liquid Unloading Time Seriesa

lifecycle average methane emission intensity [C1/gas produced in vol %]

hydrocarbon
modeled

without
including
liquid

unloadings

only manual
liquid unloadings

after onset

manual liquid unloadings for 2 times the
length of period before onset, followed by

automatic unloadings

manual liquid unloadings for the same time as the
length of the period before onset, followed by

automatic unloadings

only automatic
unloadings after

onset

wet gas no
tank
control

0.79
(0.53−1.63)

1.22 (0.96−2.06) 1.40 (1.14−2.23) 1.90 (1.64−2.73) 2.28
(2.02−3.11)

wet gas flare
tank
control

0.23
(0.10−0.97)

0.66 (0.53−1.40) 0.84 (0.71−1.57) 1.34 (1.21−2.07) 1.72
(1.59−2.45)

dry gas no
tank
control

0.21
(0.09−0.78)

0.59 (0.46−1.15) 0.74 (0.62−1.30) 1.17 (1.05−1.74) 1.50
(1.38−2.06)

dry gas flare
tank
control

0.20
(0.08−0.77)

0.58 (0.46−1.14) 0.73 (0.61−1.29) 1.16 (1.04−1.73) 1.49
(1.37−2.05)

aThe 2.5th and 97.5th percentiles are shown in parenthesis.
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lifecycle methane emission intensity when emissions from
completions are included along with the emissions that are part
of the production period (not including liquid unloadings).
Completions with controls lead to a relatively small increase in
the average lifecycle methane emission intensity compared to
scenarios when emissions from completions are not consid-
ered. However, vented completions (no control) will have a
significant impact on the lifecycle average methane emission
intensity. The absolute value of the methane emission intensity
can increase by 0.02−0.15% when the EPA emission factor is
used and up to 0.5% if the potential emissions reported by
Allen et al.5 are used (more than doubling the 10 year average
methane emission intensity in some cases of uncontrolled
emissions). Scenarios of prototypical wells modeled with top
and bottom decay curves are reported in the Supporting
Information section S.3.6. For wells modeled with bottom
decay, the effect of any completion on the methane emission
intensity will be larger compared to medium or top decay
because the lifecycle natural gas produced is lower.
Emission Time Series of Liquid Unloadings. Table 2

shows the increase in the average lifecycle methane emission
intensity when liquid unloadings are considered for selected
scenarios (no completions included). Additional scenarios are
included in the Supporting Information section S.3.7. Details
of the increases in the emission intensity depend significantly
on the assumptions made about the unloading frequency and
type (see the Supporting Information section S.3.7), but as
shown in Table 2 for representative results, it is not unusual for
unloadings to double a well’s average lifecycle methane
emission intensity, and increases of up to an order of
magnitude are possible compared to cases without unloadings.
However, these results should be viewed with caution. Overall,
unloading emissions reported in the US Greenhouse Gas
Inventory (GHGRI) represent a relatively small fraction of
total upstream methane emissions because only a small fraction
of wells has venting associated with liquid unloading. When
these emissions occur, however, the analyses presented in this
work indicate that liquid unloadings will have a significant
impact on a given well’s average lifecycle methane emission
intensity.

■ IMPLICATIONS

The analyses presented in this article show that methane
emissions and the methane emission intensity from a wellsite
can change significantly and in complex ways over a well’s
lifetime as the production and operations change. Emissions
from liquid unloading can have a particularly large impact on
the total emissions and emission intensity, but these emissions
do not occur on all wells. Reconciliations of emission estimates
with atmospheric measurements at production sites should
account for this evolution in wellsite behavior. The analyses
also demonstrate that the commonly used methane emission
intensity metrics will change over a well’s lifetime and that a
well’s lifecycle methane emission intensity is generally
dominated by the first few years of a well’s life when emissions
and production are the greatest. Changes in the methane
emission intensity over time and the variation in absolute
values of the intensity depending on how it is defined suggest
that this metric should be used with caution.
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1332 Landfall Drive 
Wilmington, NC 
(910)256-7814 
(479)409-6495 
 
 
EDUCATION_____________________________________________________________________________ 
 
*  University of Denver, Denver, Colorado 
 Master of Arts, Environmental Policy and Management, completed all coursework, 1994 
 
*  South Dakota School of Mines and Technology, Rapid City, South Dakota 

  Master of Science, Mining Engineering, 1981 
 Bachelor of Science, Mining Engineering, 1981 

  
*  Duke University, Durham, North Carolina 
 Post-graduate work in chemistry and genetics, 1973 
 
*  Wake Forest University, Winston-Salem, North Carolina 
 Bachelor of Arts, Psychology, 1973 
 Athletic Scholarship (golf), 1969-1973 
 
*  Oil & Gas Industry Courses, including but not limited to reservoir, economics, production, drilling, safety,                       

                           cementing, directional wells, hydraulic stimulation, conformance, facilities, pressure analysis. 
 

RELEVANT WORK EXPERIENCE_____________________________________________________________ 
Over 39 years of comprehensive technical, operational and HSE experience in the oil and gas industry; 
recognized as an industry expert in unconventional resource development. 

   Assisted in development of leading edge regulatory frameworks within Southwestern Energy, New 
   Brunswick and North Carolina. 
   Exceptional understanding of varying social, economic, regulatory, and political interests. 
   Excellent experienced communicator with multiple levels of understanding. 
   Very comfortable with all forms of media, live and otherwise. 
   Demonstrated composure in the most difficult public relations situations. 
   Adept at building consensus amongst multiple stakeholders. 
 
EMPLOYMENT HISTORY___________________________________________________________________ 
July 2016-present           Environmental Defense Fund – Technical/Regulatory Consultant 

Assisting with several key projects involving underground natural gas storage, 
flaring/venting, conventional regulation reviews, underground gas storage in China, 
IOGCC regulatory project, Illinois and Oklahoma gas storage regulation comment, 
white paper covering HSE Management Systems, Risk Management, Emergency 
Response Planning, policy, process, procedure, corporate culture and water 
management.    
 

 Jan 2017-Mar 2018 Independent Energy Standards Corporation - Consultant 
Assisted in the development of rubrics to evaluate companies’ HSE management 
systems, risk management programs, corporate culture, emergency response plans, 
upstream engineering and operations. Assisted as well in developing an HSE 
management system for IES itself. Helped evaluate IES clients in underground natural 
gas storage operations and upstream independent oil and gas operations in the mid-
continent. 
 

Oct. 2012-Apr. 2016 Southwestern Energy Company – Vice President Health Safety & Environment 
Managed staff of over 60 HSE professionals assisting full breadth of company 
operations. Worked closely with federal and state government and regulatory 
agencies to insure safe and responsible development of company’s oil and natural gas 
assets. Led team efforts that reduced company and contractor injury rates by over 
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50%. Managed all aspects of the cultural conversion to behavior based safety. Retired 
April 1, 2016. 
 

May 2010-Sep. 2012 SWN Resources Canada – General Manager, New Brunswick, Canada     
 Managed company’s initial international exploration project covering 2.5 million 
 acres. Worked closely with provincial government, regulators, First Nations, and the 

                                       public on a daily basis. Delivered well over 100 presentations and consultations, 
                                       including numerous media events (live television, radio, scrums, and print). Served 
                                       on Board of Directors of the Canadian Society of Unconventional Resources. Served 
                                       on Board of Atlantica Centre for Energy, and was Treasurer for newly-formed New 
                                       Brunswick Oil and Natural Gas Association. 
 
          
Mar. 2007-Apr. 2010 Southwestern Energy Company, Houston, Texas – Fayetteville Shale Completion  
                                       Manager 
                                       Managed a team of up to 75 professionals and was responsible for the completion of
   over 1200 horizontal wells. Annual completion budgets were in excess of  
   $500,000,000. Team coordinated activity with drilling, geology, geophysics, land, and 
   production. Shared technical and operational expertise at numerous industry  
   conferences. Served on initial committee that ultimately developed our Model 
   Regulatory Framework. 
 
 
Apr. 2004-Feb. 2007 Southwestern Energy Company – Team Lead Fayetteville Shale Project 
   Promoted to Team Lead for Fayetteville Shale Project and managed multidisciplinary 
   staff. Responsible for drilling, completion, and production of some 50 vertical and 90 

horizontal wells during the initial phases of the project. 
 
Jan. 2001-Mar. 2004 Southwestern Energy Company, Fayetteville, Arkansas – Staff and Senior Staff 
                                       Production Engineer               
   Reviewed well performance of over 200 wells. Prepared commingling of 90 to 100 wells  
   and identified 40-50 candidates for artificial lift. Directed the field work to accomplish  
   these installations and comminglings. Identified over 30 stimulation candidates,  
   designed the refracs and supervised their execution. Responsible for the completion
   design and execution of over 20 new wells each year. 
 
Dec. 1997-Nov. 2000 New Prospect Company, Fort Smith, Arkansas – Production/Reservoir Engineer 
   Responsible for all production and reservoir aspects of over 200 wells, 
                                       Consulted to Southwestern Energy 12/1998 – 12/2000 regarding production,  
                                       operations, and artificial lift. 
 
Nov. 1996-Nov. 1997 Oil and Gas Consulting Engineer, Fort Smith, Arkansas 
 
June 1994-Nov. 1996 Revere Corporation, Fort Smith, Arkansas – Operations/Engineering Manager 
   Designed and executed all drilling, completion, and production, including artificial lift,  

recompletions, workovers, and safety and environmental concerns. Supervised and 
trained field and office personnel, provided expert testimony at state and local levels. 

 
Sep. 1989-Jun. 1994 Habersham Energy Company, Englewood, Colorado – Vice President Operations  
   Managed all phases of an independent operating oil and gas company.  Supervised 8 
   employees, served on board of directors, executed the annual budget. 
 
Jul. 1998-Sept. 1989 Southwest Operating, Incorporated, Tyler, Texas – President   
   Acquired and invested in producing oil and gas properties. 
 
Aug.1984-Jul. 1988 Altair Energy Corporation, Tyler, Texas – Senior Vice President Operations 
   Involved in all phases of drilling, production, property acquisition and divestiture.  
 
Aug. 1981-Aug. 1984 Schlumberger Offshore Services, Houston, Texas – Field and Sales Engineer 
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   Performed petrophysical logging services for offshore oil and gas companies.  
Involved 
   personnel supervision, equipment logistics, nuclear sources and explosives control, log 
   interpretation, electronic equipment maintenance, calibration, trouble-shooting and 
   repairs. Sold logging products, petrophysical evaluations, and new technologies. 
 
Mar. 1975-Jun. 1981 United States Air Force – B-52H Navigator and Radar Navigator 
   SAC B-52H crew member.  Consistently rated top in class and operations in all phases 
   of performance and training.  Honorably discharged with the rank of Captain. 
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