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ABSTRACT: Natural gas flaring is a common practice employed
in many United States (U.S.) oil and gas regions to dispose of gas
associated with oil production. Combustion of predominantly
hydrocarbon gas results in the production of nitrogen oxides
(NOx). Here, we present a large field data set of in situ sampling of
real world flares, quantifying flaring NOx production in major U.S.
oil production regions: the Bakken, Eagle Ford, and Permian. We
find that a single emission factor does not capture the range of the
observed NOx emission factors within these regions. For all three
regions, the median emission factors fall within the range of four
emission factors used by the Texas Commission for Environmental
Quality. In the Bakken and Permian, the distribution of emission
factors exhibits a heavy tail such that basin-average emission factors
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are 2—3 times larger than the value employed by the U.S. Environmental Protection Agency. Extrapolation to basin scale emissions
using auxiliary satellite assessments of flare volumes indicates that NOx emissions from flares are skewed, with 20%—30% of the
flares responsible for 80% of basin-wide flaring NOx emissions. Efforts to reduce flaring volume through alternative gas capture
methods would have a larger impact on the NOx oil and gas budget than current inventories indicate.
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1. INTRODUCTION

Natural gas associated with the extraction of oil is commonly
flared to dispose of the gas in a controlled manner. The flare’s
combustion aims to destroy the mostly hydrocarbon waste gas,
converting it to carbon dioxide (CO,) and water (H,O), thus
reducing the safety concerns of the gas onsite, as well as its
climate impacts. In addition to CO,, unburned hydrocarbons
(e.g., methane), nitrogen oxides (NOx = NO + NO,), volatile
organic compounds (VOCs), soot, and products of incomplete
combustion (PICs) are released during the flaring process.'
NOx is a highly reactive oxidizer that leads to the formation of
tropospheric ozone under NOx-limited conditions, affecting
both regional air quality and the climate.” The main sources of
NOx are fuel combustion and agriculture soils, where the
relative importance of each sector varies regionally.”* Due to
its health and environmental impacts, in the United States
(US.), the Clean Air Act requires the U.S. Environmental
Protection Agency (EPA) to set National Ambient Air Quality
Standards (NAAQS) for NO,, the most prevalent form of
NOx.>

In the U.S,, studies have investigated NOx from the oil and
gas sector, deploying bottom-up accounting methods as well as
airborne, ground, and satellite measurements and found
regionally elevated NOx attributable to oil and gas (O&G)
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activities.””'" Dix et al. estimated that 7% and 11% of NOx
emissions in the Permian and Bakken were from flaring in
2015; however, the relative role was found to change
depending on the stage of operation (i.e., drilling versus
production).” While flaring is not the only source of NOx in
O&G regions, recent works aim to investigate the direct
impact of flaring on local air quality and human health."*~"
On larger scales, temporal trends in flaring have been explored
using various space-based data products. Gas volumes from
flares observable from space are estimated across the globe
using measurements from the Visible Infrared Imaging
Radiometer Suite (VIIRS) instrument.' '’ Using nitrogen
dioxide (NO,) as a proxy for NOx, flaring trends have also
been investigated using satellite retrievals in regions such as the
Artic,"® Mexico,"”® and Russia.”’ Investigations into the
relationships between flare performance and parameters such
as flare design, fuel composition, and crosswinds have been
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Figure 1. U.S. Flaring Trends. (a) Flaring locations as seen by VIIRS (red triangles) and FPUEL airborne sampling locations (black circles). The
domains of interest are indicated by the shaded boxes for the Bakken (purple), Eagle Ford (green), and Permian (yellow). (b) Flare volumes
estimated from VIIRS observations for the three study regions for 2012 to 2020. Compared to the U.S. total flare volumes (black line), these three
regions are responsible for the majority of US flaring activity and drive national trends. Domain definitions and annual VIIRS-based flare volumes

are provided in Table S1.

mostly conducted in laboratory and test facilities.”' ™’

Quantifying NOx flaring emission rates as part of a Texas
Commission on Environmental Quality (TCEQ) 2010 study,
Torres et al. measured NOx formation from industrial flares
under low flow conditions (0.1%—0.25% of maximum flow),
ﬁnding emission differences between steam and air-assisted
flares.” More recently, Shaw et al. characterized flaring
efficiencies and NOx emission ratios for 58 plumes from
offshore facilities in the North Sea, with the largest from
floating production and offloading vessels.”®

For regulatory purposes, NOx from flares is inventoried in
the U.S. by the EPA using an emission factor (EF = 0.068 Ib of
NOx/10° BTU) in conjunction with reported activity data (A
= flow rate X heating value of flare gas). This emission factor
value was derived in a 1983 EPA study of air- and steam-
assisted flares.”’ The TCEQ framework applies four emissions
factors depending on the flare type and gas heating value, with
values ranging from 0.0485 to 0.138 Ib NOx/10° Btu.”’
Overall, few assessments of the real-world operation of flares
have been made due to the challenging nature of in situ
sampling of installed flares and the geographical spread of
flares across O&G regions.”**"™**

The limited observational constraints on assumptions used
to estimate the impacts of natural gas flares is one focus of the
Flaring & Fossil Fuels: Uncovering Emissions & Losses
(FPUEL) project. Through multiple measurement campaigns,
FPUEL aims to quantify two under-sampled parts of the O&G
sector: offshore emissions and real-world flare operation.
Across three years, 2020—2022, we conducted multiple
airborne campaigns to address these observational gaps.
Offshore measurements were made in the Gulf of Mexico,
Alaska, and California, representing the entire nation’s major
offshore infrastructure. Examination of emissions in the Gulf of
Mexico and their climate impact is the subject of a separate
study.”* To investigate U.S. flare performance, we sampled the
combustion plumes of real-world flares in the major U.S. oil
and gas basins responsible for more than 80% of national
flaring volumes: Bakken, Eagle Ford, and Permian, as shown in
Figure 1.

The FPUEL airborne data set represents a large collection of
in situ measurements of flare plumes, with more than 600
intercepts of plumes from an estimated 300 flares. In a separate

analysis we explored flare performance in terms of total
methane emissions using this airborne data set, finding that
flares in the major U.S. O&G basins emit around 5 times more
methane than the default flare methane destruction removal
efficiency assumption of 98%, due to a combination of
inefficient and unlit flares.>> In comparison to unburned
methane, NOx is produced through the flare’s combustion, and
therefore, flare NOx production is determined by the
performance of active flares. As a result, the occurrence of
unlit flares does not contribute to NOx flaring emissions. Using
in situ measurements of CO, and NOx, we estimate a NOx
emission factor of each airborne intercept of a flare plume. The
number of flare plume intercepts allows us to evaluate flare
NOx production on the basin scale.

2. MATERIALS AND METHODS

2.1. Airborne Sampling Methodology. We conducted
two airborne campaigns focused on flaring, sampling the Eagle
Ford and Permian in 2020 (August 25 through September 4)
and the Bakken in 2021 (June 28 through July 15). Using a
small aircraft (Scientific Aviation) equipped with high
precision instrumentation, we measured CH,, CO, (Picarro
G2401-m), NO (ECOphysics 88 NOe), NO, (Teledyne
TS000U), along with meteorological parameters such as wind
speed and direction,’® temperature, and relative humidity
(Vaisala). To sample a geographically wide set of flares, we
created an initial set of flares based on approximate locations
from the VIIRS annual product.'®'” For a given flight and
depending on the meteorological conditions (e.g., wind
direction), an initial subset of flares was targeted. As a
supplement to this initial list, the aircraft team pursued
additional flares they were able to identify during flight,
resulting in a combination of targeted and opportunistic flare
measurements which sampled the full range of flare temper-
atures and volumes observed by VIIRS at the basin levels (see
Figure S4 in Plant et. al’®). Upon visual identification of the
flare, the aircraft sampled downwind of the flare at low
altitudes (typically 200—1000 m) using the flame as a guide,
adjusting the altitude until a peak in CO, was observed
downwind, indicating that the flare plume was intercepted. An
example of a flare sampling flight track and the corresponding
CO,, NOx, and CH, time series is shown in Figure 2. Multiple
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Figure 2. FP'UEL airborne flare sampling. (a) Airborne sampling of a flare in the Permian on September 4, 2020, where the flight track is colored by
the observed CO, concentration (ppm). White squares indicated locations in the CO, time series where the peak has been attributed to a flare. (b)
Corresponding concentration time series (relative to the beginning of sampling start time for this site) for CO, (top), NOx (middle), and CH,
(bottom), where red squares indicate flare peaks derived from the CO, signal.

downwind legs were attempted to increase the likelihood of
intercepting the plume and to provide repeat sampling. If no
plume was observed in real-time, the airborne team moved on
to the next possible flare location. This approach represents a
hybrid of previous airborne flare sampling methods previously
presented in the literature’””" and provides straightforward
attribution to the flare with a highly targeted flight path, as well
as a suflicient data for analysis resulting from sampling a well-
mixed combustion plume typically less than 2 km downwind.

To isolate the flare plumes in the airborne time series, we
identify the peaks of CO, that are less than 10 s in duration,
indicating that the source is nearby and that also surpass an
amplitude threshold such that there is sufficient signal-to-noise
to perform our analysis. Regional variability greater than the
temporal scale of the narrow combustion peaks is removed by
subtracting from the 1 s data a smoothed 10 s signal
(calculated using a moving average filter). From this
differential signal, CO, peaks are flagged and used to subset
the corresponding time intervals of CH, NO, and NO,.
Further details about the peak finding algorithm and methane-
focused analysis are presented in Plant et. al.>> Due to frequent
calibration of the NO, instrument and lower signal-to-noise of
the NO and NO, measurements, our data set includes over
480 flare intercepts from which we characterize NOx
production, compared to the 600 intercepts characterized for
CH, destruction removal efficiency. The sampling statistics per
basin are provided in Table S2. For the subsequent NOx
analysis, we equate the response times of the three
spectroscopic instruments, of which NO, is the slowest, with
a moving average filter of 6 s applied to the CO, and NO time
signals, where the length of the filter is chosen to maximize the
correlation between CO, and NO with NO, across the flare
intercepts. Intercepts of the flare combustion plumes after
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equating instrument response times are shown for the example
in Figure 2b.

Our sampling approach prioritized the collection of
population level statistics of flare performance at the basin
scale, inherently capturing flares of varying infrastructure and
operating conditions. Additionally, we sampled the flare
plumes under varying conditions (e.g., atmospheric transport,
aircraft altitude). Errors potentially exist for emission factors
calculated for individual flare intercepts, and thus, it is more
robust to interpret this data set as a population at the basin
scale. Attribution to particular flare locations on the ground
and their corresponding design, maintenance, etc. was not the
focus of this work. Nevertheless, we investigate possible
correlations of NOx flare production with potential drivers in
auxiliary data sets'> (see Supporting Information); however,
this analysis does not yield explanatory root causes in part due
to uncertainty in spatially linking the distinct data sets.

2.2. NOx Emission Factors. With simultaneous measure-
ments of NOx and CO, in the flare combustion plumes, along
with assumptions about the energy value of carbon in the gas,
we estimate the NOx production of each flare plume intercept.
Using in situ measurement of flare exhaust, we calculate NOx
emissions factors (EFyq,) following the formulization in
Torres et al.** and the EPA*' and presented in eq 1

Ib NOx
EE e
NOX[ 10° Btu]
1 1 1
= NOx:CO,| PP -XC{ br;“’ C]MW[ b NOx ]
ppm 10° Btu b mol NOx
(1)

where NOx:CO, is the observed tracer:tracer relationship
within the flare plume, X¢ is the heating value of the carbon
content in the flare gas, and MW is the molecular weight of
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NOx. We employ a Model II ranged major axis regression to
characterize the relationship between NOx and CO, and allow
for the presence of noise on each concentration signal.”® Due
to the lower signal-to-noise (SNR) of the NO and NO, signals
compared to that of CO,, we also require that the correlation
of NO,:CO, and NO:CO, are both greater than zero to
remove spurious negative slopes. The statistics summarizing
the observed NOx:CO, slopes by basin are provided in Table
S3. An alternative approach to characterize NOx:CO, is using
an enhancement ratio, which does not require a correlation
filtering scheme; however, the choice of analysis method yields
comparable results at the basin scale (see Figure S1).

The value of X depends on the chemical composition of the
gas and is calculated as the carbon content of the gas mixture
required to release 1 X 10° Btu of heat. The exact gas
composition burned by individual flares is not readily available.
Instead, we assume gas compositions based on the basin-
average CH, mole fraction reported in the Green House Gas
Reporting Program (GHGRP), along with values reported in
the literature to arrive at representative values for each
basin.””~*' While compositions can vary significantly, the
impact to the heating value of the carbon in the waste gas is a
fraction of a percent at the basin scale (see Figure S2). Our
basin-specific assumptions and values are provided in Table 1.

Table 1. Basin-Specific Gas Composition Assumptions and
Calculated Carbon Heat Content (X) and Overall Gas
Mixture Net Heating Value

Hydrocarbon Mole Fraction
(relative)

Net Heating Value??,

Btu/lb (Btu/scf) Bakken Eagle Ford Permian
Methane 21,433 (910) 0.55 0.76 0.67
Ethane 20,295 (1630) 025 0.14 0.17
Propane 19,834 (2371) 0.15 0.05 0.11
Butane 19,976 (2977) 0.04 0.03 0.04
Pentane 19,322 (3679) 0.01 0.02 0.01
Ib mol C
= - 321 311 3.16
10° Btu
NHV[%L - 45117 38,180 41,429

“Assumes 10% noncombustible gas by mole fraction (total gas = 10%
noncombustible +90% Hydrocarbons).

For each basin, we assume 10% of the flare gas is
noncombustible (e.g, CO,, N,) in order to encompass CO,
mole fractions reported to the GHGRP (see Figure S3). In the
absence of more granular flare gas composition information,
we use this conservative assumption in an effort to not
overestimate gas heating values and subsequently flare
emissions. We do not explicitly account for fuel-bound
nitrogen that might remain after processes to remove hydrogen
sulfide (H,S) from the gas due to a lack of abundance data;
however, the lower heating value of species such as ammonia
would reduce the overall heating value of the flare gas if not
already encompassed in our assumption of 10% noncombus-
tibles.

The true molecular weight of NOx is not constant and rather
depends on the percentage that is NO and NO,. Most
combustion sources initially emit in the form of NO, which
rapidly transforms to NO, under ambient conditions. As a
result, emission factors developed for inventory purposes
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typically report the molecular weight of NOx as 46 g/mol, the
value for NO,.”' We measure both NO and NO, in the flare
plumes and can therefore calculate a molecular weight based
on the observed NO:NO, for each intercept (see Figure S4).
Emission factors using an observationally derived molecular
weight for NOx are lower (by about 12%—16% depending on
the basin) than those calculated using only NO, (see Table
S4) due the linear relationship between NOx EF and molecular
weight as shown in eq 1. Conclusions drawn in this work do
not depend on the choice of molecular weight approach;
however, depending on the application, one method may be
more appropriate. Note that accounting for NOx in terms of
moles instead of weight would eliminate this distinction. The
results presented below correspond to emissions factors where
the weight of NOx is that of NO, such that they characterize
the source performance and are not dependent when during
the dynamic conversion from NO to NO, we intercepted the
flare plume.

2.3. Extrapolation to Basin-Level NOx Emissions.
Using our observationally derived NOx emission factors, we
estimate NOx flaring emissions following the methodology
utilized in the Fuel-Based Oil and Gas (FOG) Inventory.””
Based on the annual flare volumes provided by VIIRS (Vyrs)
in billion cubic meters (Bcm),'” the NOx emission calculation,
shown in eq 2, converts estimated volumes to NOx emissions
(metric tons/year) using an assumed heating value (HV) for
the gas and flare emission factor (EFye,). In the current
version of FOG, HV is assumed to be 26,700 + 14,000 Btu/m>
with EFyo, assigned to 0.065 + 0.038 Ib NOx/10° Btu (see
section S2 of Francoer et al.”).

NOx

metric tons ]

year

’ E
= Vool 10] 2|y 2] Efes [ 1oNOx .
Bcm m 10 Btu
4.54 e_4{M]
| ® ()

Our airborne data set produces distributions of NOx
emission factors for each basin, providing an observation-
based update to flaring NOx emissions calculated using eq 2.
To apply our observed EFy, data set to the basin level, we
randomly resample (with replacement) our emission factor
estimates to apply them to the population of flare volumes in
the annual 2020 VIIRS flare volume data set. Over 10,000
iterations of a nonparametric bootstrap analysis, we allow X
(eq 1) and HV (eq 2) to vary by +10% to introduce variability
at the individual flare intercept level comparable to the spread
of basin gas compositions assumptions (Table 1).

The emission estimate in eq 2 is also directly proportional to
the assumed heating value of the flare gas. The particular
composition of gas flared at each stack is not publicly available,
and therefore, we aim to assume representative gas
compositions for each basin. The gas produced in these
three predominately oil regions is rich in other hydrocarbons,
namely, ethane, propane, butane, and pentane,‘w’41 increasing
the heating value of the gas. Our assumed basin-specific gas
compositions are provided in Table 1.

Extrapolation to the basin-scale using this resampling
approach aims to incorporate uncertainty in the flare
measurements, emission factor assumptions, and flare volume
estimates in addition to temporal variability in flare perform-
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ance. Volume estimates from VIIRS carry their own
Y .

uncertainties,”” however, in aggregate have been shown to be

robust for offshore infrastructure.*” Onshore, VIIRS likely

misses smaller flares that are more challenging to quantify from

space. As such, in our calculation, total flare volumes have the

potential to be biased low.

3. RESULTS AND DISCUSSION

3.1. Skewed NOx Emission Factors. For each airborne
intercept of a flare plume, we calculate the corresponding NOx
emission factor, the distributions of which are shown for each
basin in Figure 3. Also shown in Figure 3 are vertical dashed
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Figure 3. Estimated NOx emission factors for the Bakken (top, N =
268), Eagle Ford (middle, N = 78), and Permian (bottom, N = 140).
The vertical dashed red line indicates the factor used by the EPA
(0.068 Ib NOx/10° Btu), and the vertical dotted lines indicate the
TCEQ values (0.0485, 0.0641, 0.068, 0.138 Ib NOx/10° Btu). Note
that one TCEQ value overlaps with the EPA value and is not visible
on the plot. For the Bakken and Permian, the occurrence of a few high
emission factors is shown in the respective insets.

lines representing the emission factor used by the EPA (0.068
Ib NOx/10° Btu)' and the four values used by the TCEQ for
steam-assisted flares (low heating value —0.068 b NOx/
MMBtu, high heating value —0.0485 Ib NOx/MMBtu) and
other flares, including air or unassisted flares (low heating
value —0.0641 Ib NOx/MMBtu, high heating value —0.138 Ib
NOx/MMBtu).”” For this categorization, low Btu corresponds
to waste gas with a neat heating value of 192—1000 Btu/scf,
while high Btu is for >1000 Btu/scf. The composition of the
gas in the O&G regions under investigation in this work have

considerable percentages of higher molecular mass hydro-
carbons,*”*" resulting in high overall gas heating value (see
Table 1).

A summary of the estimated NOx emission factors is
provided on the basin scale in Table 2. For the Bakken and
Eagle Ford, the average emission factors observed are within
the range of TCEQ emission factors. For the Permian, the
mean emission factor observed is larger than the EPA and
TCEQ values; however, the median value agrees better with
TCEQ emission assumptions. An investigation into possible
driving factors (Supporting Information) did not yield clear
causes for variability in flare performance. The only statistically
significant trends we observe are between emission factor and
variability between multiple intercepts of the same flare for all
basins and a negative correlation between the NOx emission
factor and methane destruction removal efficiency in the Eagle
Ford, both of which suggest the occurrence of suboptimal flare
performance. The estimated emission factors are also
consistent with a study of flaring in Norway,** which reported
values of 1.16—2.36 g NOx/Sm> (0.057—0.119 b NOx/10°
BTU, assuming the American Petroleum Institute’s default gas
heating value for unprocessed natural gas of 1235 BTU/ scfé ).
Our emissions factors are more comparable with air-assisted
test flares sampled by Torres et al. (0.037—0.083 Ib NOx/10°
BTU) compared to steam-assisted flares (0.009—0.033 Ib
NOx/10° BTU) measured in that work.”* Field measurements
of NOx from flares in oil and gas production regions are
limited; however, recent airborne measurements of 58 flare
plumes in the North Sea found a mean NOx:CO, of 0.004
ppm/ppm (4 ppb/ppm),”® which is considerably higher than
our average observed signals, but within the range of our
measurements (see Table S3). This difference in average value
is possibly due to the high fractional methane content of the
gas in their study region (median of 0.845) compared to our
U.S. regions (Table 1), as well as the higher expected
temperatures of these large offshore flares. In the Eagle Ford,
our observed NOx:CO, slopes are consistent with combustion
plumes attributed to flares in Roest and Schade (mean values
of 0.33—1.47 ppb/ppm depending on the correlation and
uncertainty thresholds).'” Both recent field studies found
variability in observed flaring NOx emission ratios, with a
general skewness toward higher values, consistent with the
findings presented here.

The spread in emission factors observed within a basin, and
also between regions, suggests there is variability in flare NOx
production that is not captured with a single emission factor.
In the Eagle Ford, the average NOx emission factor is
comparable to the EPA value,' while the Bakken and the
Permian averages are closer to the largest TCEQ_ emission
factor, assigned to air-assisted flaring of high heating value
gas.”” Within an individual basin we observe skewed
distributions, particularly in the Bakken and Permian, such
that a nontrivial number of flares we sampled were producing
NOx at a factor of 2—S5 greater than the largest emission factor

Table 2. Observationally Derived NOx Emission Factors”

Mean Median 25th Quantile
Bakken 0.159 0.086 0.064
Eagle Ford 0.060 0.049 0.034
Permian 0.194 0.102 0.052

“lb NOx/10° Btu.
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75th Quantile Minimum Maximum N
0.123 0.011 8.74 268
0.073 0.011 0.334 78
0.295 0.020 1.92 140
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used by the TCEQ for air flaring and unassisted flaring of high
heating value gas. This heavy tail behavior has a direct impact
to the air quality of regions downwind of the highest NOx
emitting flares, and while not as densely populated as other
regions in the country, an estimated 500,000 people live within
S km of a flare in the Bakken, Eagle Ford, and Permian.*®
3.2. Basin-Level NOx Emissions Estimates. NOx flaring
emissions, calculated using our observationally derived basin-
specific emission factors and basin-specific heating value
assumptions are compared to analogous emissions calculated
using values employed by regulatory agencies and within the
FOG inventory (Figure 4). For this comparison, the FOG
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Figure 4. Basin-level flaring NOx emission estimates for 2020,
comparing the influence of the assumed emissions factor (x-axis) and
gas heating value (green: FOG value, 26,700 + 14,000 Btu/ m?>; blue:
basin-specific value used in this work, Table 1).

inventory has been updated to incorporate 2020 and 2021
annual flaring volume inputs from VIIRS. Our analysis yields
comparable flaring NOx emissions to those using the EPA and
FOG assumptions for the Eagle Ford. For the Permian and
Bakken, however, our emissions estimates are twice those
based on EPA and FOG values. The majority of flare plumes
we intercepted are within the range of emission factors
employed by the TCEQ (0.0485—0.138 Ib NOx/MMBtu’”);
however, the heavy tail in the distributions observed in the
Bakken and Permian (see Figure 2) result in basin-average
emission factors (EFyo, in eq 2) about 2—3 times larger than
values employed by the EPA and FOG inventory.

The assumed emission factor drives a large part of the
discrepancy between our emission estimates and those of the
FOG inventory for the Bakken and Permian; however, the
assumed heating value of the gas (HV in eq 2) also contributes.
The gas heating value in FOG is derived from the average of
values from the U.S. Energy Information Administration (EIA)
for the heating value of consumable natural gas (1037 Btu/ ft*)
and values in a study examining the gerformance of flares with
low heating value gas (475 Btu/ft®).”**” The average of these
two values results in a much lower assumed heating value

1514

(26,700 + 14,000 Btu/m?, see Section S2 of Francoer et al.”)
compared to our assumed values (see Table 1). There is
limited publicly available gas composition data; however, our
gas composition assumptions are chosen to be representative
of the unprocessed gas in the high-flaring regions that are the
focus of this work. Gas in these regions has a higher heating
value due to the higher percentage of other hydrocarbons
(ethane, propane, etc.) present in the associated gas.*”*' The
American Petroleum Institute (API) uses a standard of 1111
Btu/ft? (39,200 Btu/ m3) for the lower heating value of
unprocessed or raw natural gas,” which is on the upper edge
of the range used within FOG. Our assumptions are higher
than this API standard, particularly in the Permian and Bakken
(Table 1), due to the lower CH, gas content compared to the
81.6% assumed by the API. While our study does not provide
new observational constraints on gas composition in these
regions, we employ basin-specific assumptions derived from
reported and literature values, which results in assumed heating
values about 1.5 times those assumed in FOG.

Based on upward revisions to emissions factors and heating
values for the Bakken and Permian, NOx emissions from flares
using our estimated emission factors and assumed gas
compositions are about 4 times larger than estimated in the
FOG inventory in these regions. In the Eagle Ford, with the
lowest observed emission factor, our estimates show good
agreement with flaring emissions inventoried in FOG.
Uncertainties exist in observational assessments of total NOx
from these oil and gas regions.”” Francoer et al. notes that
emission factors used to calculate flaring emissions in FOG are
based on available measurements of industrial flares, which
may underestimate the NOx thermally produced by flares in
O&G production regions by about a factor of 2.” Our
estimates support this underaccounting and indicate that for
the Bakken and Permian flaring is responsible for a larger
portion of the NOx emissions in these regions than
represented in the FOG inventory.

4. IMPLICATIONS

The sensitivity of flaring NOx emission calculations to
assumptions of emission factor and gas composition highlights
a challenge bottom-up inventories face in accurately capturing
the heterogeneity present in this sector of the O&G supply
chain. The use of basin-specific emission factors and regional
gas composition assumptions better capture average NOx
flaring performance at the basin scale but would likely miss
high emitters in the heavy tail of the skewed distributions.
Given the wide range of estimated emission factors within a
basin, employing a distribution of emission factors that
encompasses high emitters would more accurately quantify
the variability of real-world flare performance at the basin-
scale.

Based on our estimates, flaring for these three regions in
aggregate results in 90.5 t/day of NOx, which is <1% of the
national estimate for total NOx emissions (21,578 t/day
according to the NEI 2021%). Undercounting for NOx from
individual flares does therefore not have a large impact on the
NOx budget at the national scale; however, very high NOx
emitting flares are especially relevant for the assessments of air
quality of the surrounding regions. In addition to workers in
the area, an estimated 17.6 million people in the U.S. live
within 1.6 km (~1 mile) of active O&G wells.*”*° In our study
region, an estimated 500,000 people live within S km of a
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flare,*® a distance that was found to be relevant for examining
the impact of flaring on birth outcomes.”"

Studies have shown that oil and gas emissions have degraded
air quality in surrounding regions through increases in ozone
concentrations, at times resulting in exceedances of EPA
National Ambient Air Quality Standards (NAAQS).”>™°
Pozzer et al. found that oil and gas emissions contributed to
increased ozone in 90% of the contiguous U.S., with the
highest summer enhancements seen in the central U.S,
coincident with areas in nonattainment with ozone
NAAQS.> NOx is an important precursor of tropospheric
ozone; however, the efficiency of its generation varies
depending on other conditions (e.g, VOC/NOXx ratio, solar
radiance). In NOx-limited regions, such as Carlsbad Caverns
National Park, NAAQS exceedances have been attributed to
emissions, particularly NOx, from the nearby Permian basin.”
In addition to the contribution to ozone generation, NOx also
has a direct impact on air quality.*>*” Buonocore et al. found
that 2016 oil and gas emissions resulted in considerable health
impacts (e.g., 410,000 asthma exacerbations), with NO, as the
highest contributor to those adverse outcomes compared to
ozone and PM2.5. They also found the influence of NO, was
the most constrained spatially, while the influence of ozone
was more dispersed, with the largest health impacts coincident
with regions of high oil and gas activity (e.g, Texas).”’

Flares are not the only sources of NOx in oil and gas
production regions. According to the source breakdown in the
FOG inventory (see Table S6), flaring accounts for 23.6%,
4.2%, and 4.1% of total production NOx emissions in the
Bakken, Eagle Ford, and Permian, respectively. Our flaring
emissions estimate is comparable to the FOG inventory in
Eagle Ford. In the Bakken, our estimate places flaring as the
largest production source of NOx in the basin, assuming that
all other sources are represented accurately in FOG. It is
important to note that the FOG inventory does not include
mobile sources. Underestimates of flaring in the Bakken could
potentially explain some of the discrepancy between FOG and
top-down estimates observed by Francouer et al,” although
that comparison was made for 2015. In the Permian, our
flaring estimate is comparable to accounting for artificial lift in
FOG, behind emissions from wellhead compressors and drill
rigs. While the precise attribution of NOx emissions to
individual source categories in these oil and gas regions
remains uncertain, source breakdowns in FOG wused in
conjunction with our flaring-specific estimate suggest that the
reduction of flaring represents an opportunity for NOx
reduction.

Extrapolation of the 2020 annual flare volume distribution
observed by VIIRS to the basin scale (see Materials and
Methods) using the EPA emission factor (0.068 Ib NOx/10°
Btu) indicates that approximately 30%, 32%, and 35% of flares
account for 80% of basin-wide flaring NOx emissions in the
Permian, Bakken, and Eagle Ford, respectively. Applying our
observationally derived emission factor increases the skew
further with fewer flares accounting for more of the total
emissions, with 80% of basin-wide flaring NOx emissions from
approximately 19.2% (+1.2%; 1o), 21.2 (+4.1%), and 29.7
(£1.3%) of flares in these regions. Our observation-based
assessment of NOx production from flares suggests that efforts
to reduce overall flaring volumes as well as those to identify
and address the highest NOx emitting flares would have a
larger air quality impact that was previously assumed using the
default EPA assumptions.
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Data Availability Statement

The airborne data presented in this work are available publicly
on the University of Michigan Deep Blue Data Repository
(2020 campaign: https://doi.org/10.7302/1xjm-3v49; 2021
campaign: https://doi.org/10.7302/6tgq-e116). Daily VIIRS
data are available at https://eogdata.mines.edu/products/vnf/,
and annual data are available at https://eogdata.mines.edu/
download_global_flare html. FOG flaring emissions updated
with 2020 and 2021 VIIRS flaring volumes are at https://csl.
noaa.gov/groups/csl7/measurements/2015songnex/
emissions/.
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