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ABSTRACT: Approximately 150 billion cubic meters (BCM)
of natural gas is flared and vented in the world annually,
emitting greenhouse gases and other pollutants with no energy
benefit. About 7 BCM per year is flared in the United States,
and half is from North Dakota alone. There are few emission
measurements from associated gas flares and limited black
carbon (BC) emission factors have been previously reported
from the field. Emission plumes from 26 individual flares in the
Bakken formation in North Dakota were sampled. Methane,
carbon dioxide, and BC were measured simultaneously,
allowing the calculation of BC mass emission factors using
the carbon balance method. Particle optical absorption was
measured using a three-wavelength particle soot absorption
photometer (PSAP) and BC particle number and mass

concentrations were measured with a single particle soot photometer. The BC emission factors varied over 2 orders of
magnitude, with an average and uncertainty range of 0.14 + 0.12 g/kg hydrocarbons in associated gas and a median of 0.07 g/kg
which represents a lower bound on these measurements. An estimation of the BC emission factor derived from PSAP absorption
provides an upper bound at 3.1 g/kg. These results are lower than previous estimations and laboratory measurements. The BC
mass absorption cross section was 16 + 12 m?/g BC at 530 nm. The average absorption Angstrom exponent was 1.2 + 0.8,
suggesting that most of the light absorbing aerosol measured was black carbon and the contribution of light absorbing organic

carbon was small.

B INTRODUCTION

Petroleum deposits often have a gaseous component,
commonly called “associated gas”, that consists of methane
and other short chain hydrocarbons. Associated gas extracted as
a byproduct of oil production may be flared or vented if it is not
collected or used on-site.

One hundred and forty to one hundred and seventy billion
standard cubic meters (BCM) of associated gas is flared and
vented in the world annually."”> The United States contributes
about 7 BCM per year and about half of that is from North
Dakota.” The volume of natural gas flared in North Dakota
increased from 0.09 BCM in 2004 to 3.7 BCM in 2014, a 40-
fold increase in 10 years.” Horizontal drilling and high-volume
hydraulic fracturing has led to increased oil production in the
Bakken region, North Dakota. However, production wells have
preceded the development of gas transportation pipelines, so a
significant fraction of the gas produced is flared. About 30% of
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the gas produced in the Bakken was flared in 2014, down from
a peak of almost 50% in 2008, although the magnitude of
flaring has increased in that time period. In comparison, the rest
of the U.S. flares less than 1% of associated gas.’

From a global warming perspective, flaring is preferable to
venting. Flaring oxidizes carbon and creates CO,, but reduces
the overall global warming potential of the emissions by
destroying methane and other hydrocarbons. Fossil methane is
36 times more potent than CO, on a 100 year time-scale.””’
Flaring reduces emissions of flammable global warming gases,
but also creates other pollutants, such as NO,, CO, and black
carbon (BC).
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Black carbon is a combustion byproduct that contributes to
climate warming. BC absorbs solar radiation in the atmosphere,
influences cloud dynamics, and darkens ice surfaces and
accelerates melting. Including all known forcing mechanisms,
the current atmospheric radiative forcing of BC is estimated to
be +1.1 (+1.0/—0.93) Wm™>, relative to preindustrial values.®
BC radiative forcing is second only to CO,, which contributes
1.68 (+0.35) Wm™2°

The GAINS global emission inventory estimates that flaring
emits 4% of global BC emissions, at 230 Gg yr™}, a factor of 3
greater than on-road gasoline vehicles (80 Gg yrfl).g‘L) The
global emissions are relatively small, yet due to emissions at
high latitude, associated gas flares were modeled to be the
source of 42% of BC surface concentrations in the Arctic
atmosphere, where BC-induced ice melting is hypothesized to
occur.”

The BC emission factor, the mass of BC emitted relative to
the quantity of gas flared, is an important metric that facilitates
estimations of emissions from the industry. There are no
published field measurements of BC emission factors from
individual associated gas flares. Field and laboratory emission
testing of flares have reported combustion efficiency or
destruction efficiency of fuel components.'’~"* Ground-based
optical measurements have been used to estimate BC emission
rates from gas flares in the field,"*~'° but emission factors were
not reported in these studies. Schwarz et al. (2015)"
conducted aircraft sampling in the Bakken and determined an
average BC emission factor from the region that included BC
from flares and other sources, but they did not sample
individual flares. Laboratory studies that measure turbulent
diffusion flames have found that fuel gases and flame turbulence
affect emission factors,"* ™" so variability in individual emission
factors is likely.

None of these studies estimate BC emissions from flares as
operated, and field studies evaluate either one or two flares or
an average over an entire region. As a complement to these
studies that describes the emission behavior of individual flares,
this study reports measurements of BC emission factors from
individual associated gas flares. Individual gas flares were
sampled using both laser-induced incandescence and absorp-
tion-based BC measurements to provide lower and upper
bounds, respectively, on emission factors. Flare emissions were
measured in the Bakken region, North Dakota, in March 2014.

B MATERIALS AND METHODS

Measurements of BC, CO,, and CH, were conducted for 26 gas
flares in the Bakken formation, North Dakota using aircraft
sampling. The sampling campaign included 85 flight passes
through flare plumes in nine flights in March 2014. Individual
flares were sampled with 1—6 flight passes, and two flares were
sampled on multiple days. Each flight was limited by the fuel
and was about S h. The Purdue University’s Airborne
Laboratory for Atmospheric Research (ALAR), a Beechcraft
Duchess aircraft, flew into the plume from downwind. This
small aircraft was instrumented for wind and chemical species
measurements, and can fly relatively slowly (45 m/s) to enable
adequate sampling in a small plume.

Flares were sighted from the aircraft and then selected for
sampling. Both ground flares and elevated stack flares were
sampled and were distinguished by observation. Fuel
composition, instantaneous gas flow rates, and details about
flare designs were not known for the sites measured. However,
the monthly volume of gas flared in March 2014 was known for

2076

some of the well sites’ and an estimation of average gas
composition in the Bakken formation was available.”'

Aircraft and Instrumentation. The aircraft was equipped
with a Best Air Turbulence (BAT) probe for wind measure-
ments, a global positioning and inertial navigation system
(GPS/INS), and a microbead thermistor.”>** The BAT probe
is a nine-port pressure differential probe that extended from the
nose of the aircraft. It measured and recorded wind speed and
wind direction at S0 Hz. The measured pressure variations
across the hemisphere of the probe were combined with 50 Hz
inertial data from GPS/INS to obtain three-dimensional wind
vectors.

Ambient air was drawn into the nose of the aircraft and
through S cm diameter PTFE Teflon tubing at a flow rate of
1840 L min~" using a high-capacity blower located at the rear of
the aircraft. The sampled gases were drawn into three sampling
instruments from this central duct. There was a 20% particle
loss in the sampling system (including the inlet probe, duct and
sample line) as determined from ground measurements at
sampling flow rates. The particle loss was not a strong function
of particle size for the particle sizes measured (25—150 nm).
The sampling inlet was subisokinetic (duct velocity was about
18 m/s and the plane was traveling at about 45 m/s at the time
of sampling). There would be an enhancement of particle
sampling efficiency of 25% for particles of 0.1 pm diameter.

A cavity ring-down spectrometry system (CRDS, model
G2301-m, Picarro Inc.) was used for in situ, real-time
measurements of CO,, CH,, and H,0. The CRDS system
measured gas concentrations at 0.5 Hz at a flow rate of 850 mL
min~". The aircraft was equipped with an in-flight calibration
system for CH, and CO,, using two NOAA/ESRL reference
cylinders (cylinder 1:1785.85 nmol/mol and 377.857 pmol/
mol and cylinder 2:2656.83 nmol/mol and 441.898 ymol/mol
for CH, and CO,, respectively). The measurement precision
for CO, and CH, have routinely and consistently been found to
be 0.05% and 0.1%, respectively, and comparisons to NOAA
whole air samples support accuracies of 0.2% and 0.1%,
respectively, corresponding to 0.9 ppm for CO, and 3 ppb for
CH,.

Two aerosol instruments were on-board the aircraft, a Single
Particle Soot Photometer (SP2, Droplet Measurement
Technologies)24_26 and a three wavelength Particle Soot
Absorption Photometer (PSAP, Radiance Research). The SP2
measures laser-induced incandescence of refractory BC-
containing aerosols. The incandescence signal is proportional
to BC mass and this relationship was determined in laboratory
calibrations using fullerene soot. The SP2 was used to
determine black carbon mass in individual particles, including
those internally mixed with other materials.””*® Only particles
with a mass of BC greater than 0.7 fg are detected with 100%
efficiency.” Although some particles were below this threshold,
less than 5% of the mass was undetected because the larger
particles contribute more to the BC mass. In addition,
coincident particle detection can cause undersampling of 5—
10% of the BC mass. Primary SP2 data were analyzed as in
Subramanian et al. (2010) and then resolved at 1 Hz for further
analysis.”® Leading edge scattering signals have been used to
predict scattering from BC particle coatings that are vaporized
in normal instrument use,”’ but the SP2 in this study was not
configured for this analysis. The BC particle size ranged from
0.005—0.8 um with a mass median diameter of 0.22 ym and is
not significantly different than the 0.188 ym found in Schwarz
et al. (2015)."7 Further details about the SP2 calibration,
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gure 1. Measurements taken during a single flare pass. The real-time data is shown in blue for the four signals: particle absorption from the PSAP

(top left), CO, (top right), CH, (middle right), and the BC mass from the SP2 (middle left). Gaussian peak fits are shown as dashed red lines. The
vertical black dashed lines show the width of the integration periods. The bottom left and right plots show the height and location of the of the
aircraft at the time of sampling. The red portion identifies the time period shown in the real-time plots.

coincidence analysis, and BC coating thickness estimation can
be found in the Supporting Information (SI).

The PSAP continuously detects light absorption by particles
at 467, 530, and 660 nm on a filter, including absorption by
non-BC particles. Absorption at each wavelength was recorded
every four seconds. Filter transmittance was maintained in the
acceptable range of 0.5—1.0 throughout the entire sampling
campaign. The flow through the instrument was measured with
a primary flow calibrator (mini-BUCK Calibrator M-S,A. P.
BUCK, INC.) before and after every day of sampling and was
used to calibrate an internal real-time flow sensor. The PSAP
signal was corrected for flow rate, spot size, and adjusted to
atmospheric pressure’” and a loading-dependent correction was
applied.

The study design included both SP2 and PSAP measure-
ments to provide constraints on emission factors given
uncertainties inherent in each technique. The SP2 is expected
to underestimate emission factors because it does not detect the
smallest BC particles and is subject to saturation in high
concentrations. On the other hand, the SP2 can be used to
analyze particle-level details. The PSAP can only capture
integral absorption over the entire plume and is not exclusively
selective for BC absorption. However, the PSAP does not have
the same size and saturation constraints as the SP2. Both
instruments produced good results; the SP2 shows little bias
due to missing particles and the PSAP is not strongly
influenced by non-BC absorption. The paired data are thus
useful to calculate another important characteristic of
emissions: the mass absorption cross-section, which is required
in order to infer the radiative effect of black carbon.

Data Analysis. Emission factors (in grams BC per kg
associated gas) were calculated using the ratio of BC mass to
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the total carbon mass measured in each flare pass. Emissions
were also reported in grams BC per volume associated gas
using gas composition data from the Bakken (see SI Table 1).
This carbon balance method is typical for emission factor
calculations for combustion emissions,”> > especially for
sources without stacks. Carbon, above background and
measured as CO,, CH,, and BC, in the plume was assumed
to be entirely from the combustion of associated gas, so that the
mass of excess carbon in the plume was equal to the mass of
carbon from the fuel. This calculation assumes that emissions of
other carbon-containing species are negligible. Carbon
monoxide and other hydrocarbon emissions are assumed to
be zero in this analysis. The CO/CO, ratio in a laboratory flare
has been measured as less than 0.002,%° suggesting that CO
forms a negligible fraction of carbon.

For each species, the carbon balance calculation requires the
concentration of excess carbon in the plume, which is obtained
by subtracting background from plume concentrations. Back-
ground concentrations were determined by assigning the lowest
10th percentile of each full flight data set as background. While
this cutoff value is arbitrary, use of the 70th percentile would
decrease the BC emission factors by less than 5% and the mass
absorption cross sections by less than 4%.

Each signal peak was integrated to determine the amount of
pollutant captured in a single pass. The aircraft typically
sampled the flare plume for about two seconds, but due to the
different response times and sampling rates of the instruments,
the peaks they generated ranged from 3 to 10 s. Alignment of
the signals for a point-by-point analysis, as in the gas-phase
measurements of Caulton et al. (2014),"" was not feasible. For
each signal separately, 20 seconds of data around each peak was
run through a bootstrapping routine that minimized the
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residuals between a Gaussian fit and the data, and identified a
Gaussian curve that best fit the data®” (Figure 1). The width of
the Gaussian peak was used to determine the integration period
for each signal. An exception was CH,, which was measured
with the same instrument as CO,. Methane can be emitted
from leaks on the well pad in addition to the flare. An
assumption was made that CH, within the CO, peak originated
from the flare plume itself, while CH, outside that peak came
from leaks. This assumption was implemented by integrating
CH, over the same time period as the CO, peak.

Passes for which the maximum CO, peak was greater than 10
times the standard deviation of the background (10 &) above
the average background were included in the data set. When
BC mass, aerosol absorption, or CH, were below the detection
limit (3 ¢ above background), they were assigned a value of half
the detection limit for the emission factor calculation. Other
combustion emission sources may be present near the flare,
including vehicle emissions, diesel engines, and small flares on
storage tanks. The contributions from these unquantified
sources may appear in both the background and in the
plume. The 10 o cutoff identifies flare plumes sampled that are
clearly elevated above background. Only five passes were
omitted due to this constraint. Two were small flares and for
three, the flight was too far from the source.

The emission factor for BC was determined using eq 1.

Cac
Cco, + Ccn, + Cae

EE,. = 1000F
1)

Cpc Cco, and Ccy, are mass concentrations of carbon in each

species in g/m> and F is the carbon mass fraction of the gas in
grams carbon per grams of hydrocarbons in the fuel gas. The
carbon content of the fuel was not measured, but has little
variation (0.77—0.75) over a wide range of fuel mixtures (see SI
Table 1). A value of 0.77 was used, which is based on reported
gas composition in the Bakken.”' Associated gas can contain
significant amounts of inert gases such as N,, CO, or He. The
emission factors given here are in grams BC per kg of
hydrocarbons in associated gas, which connects emission
measurements to a quantity that is easily measured and closely
connected to energy content of the flared gas. Any CO, present
in the fuel gas would bias BC emission factors low. Associated
gas in the Bakken typically contains less than 1% CO,”'(see SI
Table 1).

The mass absorption cross-section of BC (MACyc in m?/g
BC) is the ratio of the absorption coefficient (b) in m™ (m?/
m?®) to Cyc and indicates the strength of the absorption per
mass of BC in m®/g BC. The absorption Angstrdm exponent
(AAE) is a measure of the wavelength dependence of the
absorption. AAE values of about 1 are typical for graphitic
carbon, whereas values of 3.5—7 are found for light absorbing
organic aerosols.® Here, AAE is determined between the 467
and 660 nm wavelengths using eq 2.

— _ In(bggo/ bys7)

In(660/467) ()

Reported mass absorption cross-section and AAE do not
include values in the denominator below the detection limit.

B RESULTS AND DISCUSSION

Black Carbon Absorption. The magnitude of BC mass
peaks was strongly correlated with the magnitude of the
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absorption peaks for all passes (R 0.89), suggesting
consistency in the absorption of the BC emitted from this
source. The average and standard deviation of the mass
absorption cross-section of BC for all the passes was 22 + 16,
16 + 12, and 14 + 10 m*/g BC at 467, 530, and 660 nm
wavelengths, respectively. A histogram of MACgc (530 nm)
showing all flare passes is shown in Figure 2. MACy¢ at 530 nm
for individual passes ranged from 3.1—41 m?/g BC, and the
median was 16 m*/g BC at 530 nm.
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Figure 2. Distribution of MACgc at 530 nm. Top: histogram of all
passes through a flare plume. The average and uncertainty range for all
passes was 16 + 12 m?/g BC and are shown in the figure as the red
and blue dashed, vertical lines. The box and whisker plot shows the
range of MACyc for each flare. The centerline of each box is the
median, the box represents the 2S5th through 75th percentile, the
whiskers represent the most extreme value within 1.5 times the
interquartile range, and the points beyond the whiskers are values
outside this range.

A typical value for MACy. for pure BC is 7.5 + 1.2 m*/g BC
at 550 nm,*** about half the median value found here. This
high value of MACp( is not fully explained. However, many
sources, including flares, were not included in the assessment of
MACj in Bond and Bergstrom (2006), and 7.5 m*/g BC does
not represent a conclusive value from all sources. Absorption of
BC can be enhanced when BC particles are coated with non-
BC aerosol components, such as water or organic material.”*
However, the relative humidity in the plume was low in these
experiments (48 + 25%) so the presence of condensed water is
unlikely. Some condensation of heavy hydrocarbons onto BC
particles is possible. If the associated gas contained 0.08 g
condensable hydrocarbons per gram methane,”' at environ-
mental temperatures, sufficient heavy hydrocarbons (3 g
condensable hydrocarbons per gram BC) could condense on
the BC to increase the absorption by a factor of 1.4 (see SI).*
The SP2 did not detect the mass in very small particles, an
underestimation that would make the measured MACpy higher
than the true value. Additional absorption by non-BC material
can occur but is not consistent with these measurements as
shown in the next section or the coating thickness analysis in
the SP2 (see SI).

If the absorption measurements, along with a typical MACpc
of 7.5 m*/g BC are used to approximate the BC mass, the
resulting BC mass emission factors would be 2.2 times higher
than measured by the SP2. This possible increase represents an
upper bound on the emission factors in this study.
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Absorption Angstrom exponent. The average AAE
measured for all the flare passes was 1.2 + 0.8 (Figure 3).
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Figure 3. Histogram of the absorption Angstrém exponent (AAE)
between the 467 and 660 nm. The gray bars show flare passes with low
levels of absorption (below 100 m™'s integrated absorption) and the
maroon bars are passes above this threshold. The vertical lines
represent the mean and uncertainty range (1.2 = 0.8).

There was greater variability in passes with low absorption
(below 100 m™'s integrated peak). For low absorption
measurements, AAE ranged from —0.6 to 3.3, and for high
absorption the AAE was 0.9 to 2.3. However, this variability
does not affect the average, which was 1.4 + 0.33 when low
absorption peaks are excluded. This result suggests that most of
the light absorbing aerosol measured is black carbon and the
contribution of organic carbon is small. Using the method
suggested in Lack et al. (2013), and assuming the AAE of pure
BC is 1, an estimated eight percent of the absorption is
predicted to be from non-BC absorbing aerosols. However, the
contribution of non-BC aerosol is not statistically different from
zero.” AAE is uncorrelated with MACgc, suggesting that
organic carbon does not affect the MACy.

Black Carbon Emission Factor. Figure 4 shows the
distribution of BC emission factors for all the passes, including
a separation by individual flare. Black carbon emission factors
ranged over 2 orders of magnitude. The average BC emission
factor was 140 mg/kg hydrocarbons in associated gas with an
uncertainty range of of 120 mg/kg and a median of 68 mg/kg
(median absolute deviation: 53 mg/kg). Several observations
were above 500 mg/kg and the histogram of all the BC
emission factors is right-skewed.

Average BC emission factors for individual flares varied from
2.3 to 330 mg/kg associated gas. Individual flares can be
grouped into three statistically different categories: low,
medium, and high emitters, with averages of 5.0, 53, and 270
mg/kg (p < 0.01). This suggests that there are differences in
combustion conditions or gas composition that cause variability
in BC emission factors. Emission factors from ground flares (74
+ 46 mg/kg gas, n = 7) were smaller than stack flares (200 +
280, n = 64), but the difference was not statistically significant
(p > 0.1).

Explanations for the large variability in the BC emission
factor were sought. Environmental factors measured were not
predictive; the BC emission factor was not correlated (r < 0.4, p
= 0.05) with the ambient temperature, pressure, or humidity.
High wind speeds at the time of sampling could increase the
turbulence of the flames and influence particle emissions, but
wind speed was not correlated with BC mass emission factor
(R* = 0.02), although the range of wind speed during sampling
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1000

100
BC emission factor (mg/kg)

Figure 4. Histogram of black carbon emission factors (mg/ kg
associated gas) for all passes and a box and whisker plot grouped by
individual flare. Both panels use the same data and are on a log scale.
The box and whisker plots are calculated as in Figure 2. The red
dashed lines represent the mean and the blue dash-dot lines represent
the median of all of the passes.

was low (3.5-6 m/s). Caulton et al. (2014) reported a
correlation of methane emission factor with wind speed, but
over a much greater range (5—15 m/s)."" Elevated methane in
the plume could imply a lower combustion efficiency, which is
sometimes correlated with BC emissions. However, CH, and
BC mass emissions were not correlated (R* < 0.01). A
relationship between the BC emission factor and the reported
volume of gas flared per month at the well pad was investigated.
The monthly volume of gas flared was available for a subset of
the measured flares and varied by 2 orders of magnitude
(1500—108 000 m*/month). BC emission factors tended to be
higher and more variable at wells with greater flare volumes, but
the correlation was weak (R* = 0.1, SI Figure SI).

The two flares that were resampled on different days did not
maintain consistent BC emission factors. In one flare (#16), BC
emission factors on different days were statistically different (p
< 0.1) with values of 57, 699, and 64 mg/kg. Emission factors
were in the high range for 1 out of 3 days of sampling and in
the low range on the other two. Another flare (#18) also had
different emission factors on two separate days (p < 0.01) and
were in the medium group on 1 day and the low group on the
other. Variability in BC emission factors may be influenced by
gas flow rates and gas composition, which can vary from day to
day. This information is not available for the flares in this study.

Implications. BC emission factors measured in this study
are lower than previous measurements and estimates. The
average emission factor in the study, using the SP2 measure-
ments, is 0.14 + 0.12 g/kg associated gas, or 0.13 + 0.36 g/m’,
assuming a gas density of 0.9 + 0.2 kg/m’ (SI Table 1). If the
absorption measurements are used to predict an emission factor
instead of the SP2, an upper bound on the emission factor
would be 0.31 g/kg associated gas (0.28 g/m*). Laboratory
measurements of flares with specific composition in Becker et
al. (1982) gave 1.12 g/kg for pure methane fuel and higher
values for heavier hydrocarbons.18 McEwen et al. (2012)
measured emission factors in flares with fuel mixtures typical in
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the oil and gas industry and found an average emission factor of
0.74 g/kg,2 six times higher than the average found in this
study. Schwarz et al. (2015) measured an upper bound
emission factor of 0.57 + 0.14 g/m3 from flares in the Bakken,
and is consistent with the lower emission factors measured
here."” Stohl et al. (2013) used an estimated BC emission
factor of 1.6 g/m? to calculate an emission inventory, reasoning
that field emissions would be higher than laboratory measure-
ments.” The Canadian Association of Petroleum Producers
reports 2.5632 g PM/m3,4[ based on measurements of PM
from a landfill flare, where composition is expected to contain
lighter hydrocarbons on average. The U.S. Environmental
Protection Agency compendium of emission factors lists values
for PM concentrations in exhaust gases from flares from a study
of refinery flares which are not representative of associated gas
ﬂaring.42

If the emission factors measured in this study are
representative spatially and temporally, then flaring from the
Bakken formation emits approximately 0.36 Gg BC per year.
Global emissions of BC would be 20 + 6 Gg BC per year,
assuming a global flared volume of 155 + 15 billion cubic
meters and the emission factors measured here. This estimate
for the flaring contribution to the global BC burden is 11 times
lower than the 228 Gg-BC/year given in Stohl et al. (2013).°
This magnitude of global flaring emissions would be similar to
that of other low-BC emitting sectors, such as global aviation
and power plant emissions of BC (20 Gg BC).® In contrast, BC
emissions from diesel engines are 2 orders of magnitude higher
(1300 Gg BC).*

These emission values provide an estimate of the global BC
emissions from associated gas flares, given the available data.
However, BC emission factors from flares in other regions,
including Russia, which dominates global emissions from
flaring," may have substantially different emission factors and
characteristics. In addition, none of the flares measured in this
study had visible, high-density smoke. Visibly smoking flares
have been described in the literature™** suggesting that the
highest emitters may not have been captured. The measure-
ments reported here characterize emission quantities and
properties from flares without visible smoke.
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