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Text:

New extraction technologies are making natural gas from shale and tight sand gas
reservoirs in the United States (US) more accessible. As a result, the US has become
the largest producer of natural gas in the world'. This growth in natural gas
production may result in increased leakage of methane, a potent greenhouse gas?,
offsetting the climate benefits of natural gas relative to other fossil fuels. Methane
emissions from natural gas production are not well quantified because of the large
variety of potential sources, the variability in production and operating practices,
the uneven distribution of emitters3’4, and a lack of verification of emission
inventories with direct atmospheric measurements. Here we determined gas
emissions to be 8.8+2.6% (10) of natural gas production in the Uintah County, Utah
(UT) natural gas field from atmospheric measurements made during aircraft
research flights in February 2012. This emissions estimate is 1.8 to 38 times
inventory-based estimates from this region5 and five times the US EPA nationwide
average estimate of leakage from the production and processing of natural gas°.
Although the emissions for Uintah reported here may not be representative of other
natural gas fields®, this study demonstrates the importance of verifying emissions
from natural gas production to enable an accurate assessment of its overall climate

impact.

As concern grows over the climate impact of increasing greenhouse gas (GHG) emissions
and expenditures for imported fuels, the US is looking to exploit natural gas as an
attractive domestic energy source. Natural gas is an efficient energy source because its

combustion produces more energy per carbon dioxide (CO,) molecule formed than coal
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or oil (177% and 140% respectively)’. Despite this efficiency, leakage of gas to the
atmosphere from the point of extraction to the point of consumption reduces its climate
(and economic) benefits. For example, previous research has suggested that if more than
3.2% of natural gas leaks to the atmosphere on its way from the point of extraction to a
gas-fired power plant, the electricity produced will have a larger GHG footprint than that

from a coal-fired plant’.

A critical gap in determining the climate impact of the recent increase in US natural gas
production is an accurate and reliable estimate of fugitive gas emissions. In particular, the
methodology used to account for methane (CH4) emissions during production is in
question. This is demonstrated by the recent change in natural gas-related CH4 emissions
reported by the US Environmental Protection Agency (EPA), which caused the estimated
national average production-sector leak rate to jump from 0.17% to 1.44% of
production®®. This substantial increase was driven largely by a change in EPA’s
inventory methodology for calculating emissions from liquid unloading, unconventional
completions, and work-overs of natural gas wells. The revised estimate has been
questioned by the oil and gas industry, which contends that methane emissions from

hydraulic fracturing of unconventional wells are half of the revised EPA estimate’.

The ongoing debate between the EPA and the gas industry highlights an important point:
most CH4 emissions from oil and gas operations are estimated from the “bottom-up”, a
method in which emission factors for multiple processes are multiplied by an inventory
of activity data. Most of the 80 different EPA emission factors associated with oil and gas
operations are based on a study done in the 1990s'® and assume consistency throughout

the industry in a variety of different regions. In reality, the distribution of emissions may



be highly variable from region to region’, and the uncertainty in the activity data and the
emission factors is not well represented in the bottom-up estimates. From this
perspective, there is an urgent need to assess the emission factors and extrapolation
approaches used in bottom-up inventories with independent measurements and
assessments of CHy emissions''. To date, a few studies have evaluated inventory

1213 Wwith direct measurements of

estimates of oil and gas production basin emissions
changes in the CH4 mole fraction (moles CH4 per mole of dry air). Although these studies
have demonstrated the utility of direct atmospheric measurements, their emissions

estimates rely on some factors that were not directly measured, such as transport of

emissions or gas composition profiles.

During February 2012 we calculate the CHy4 flux from the Uintah County oil and gas field
using a mass balance approach with direct measurements of CO,, CH4, water vapor
(H,0) and transport. The trace gas mole fractions were measured from a single-engine
turboprop aircraft and planetary boundary layer (PBL) depth, wind speed, and wind
direction were measured by High Resolution Doppler Lidar (HRDL) (Supplementary
Methods 2.1 - 2.3). The mass balance approach offers a transparent and verifiable
method, with quantifiable uncertainties, for estimating the total emission of a trace gas

released from a defined point'* or area source'”"”

(Methods Summary and
Supplementary Methods 2.4). The Uintah County oil and gas field is well-suited to this
approach for deriving CHy4 fluxes using measurements from aircraft, because the majority
of the 4800 gas wells and nearly 1000 oil wells are concentrated in a relatively small area

(40 x 60 km?, Fig. 1)'®; an aircraft travelling at 60 m s is able to make several transects

and profiles over this field during a single flight. Twelve flights averaging four hours



each were made over the basin during the month-long campaign. On February 3, 2012, a
well-defined boundary layer and steady winds led to ideal meteorological conditions for
the mass balance calculation. On February 7, 2012, low and variable winds allowed for

the confirmation of fluxes measured on February 3 but with much higher uncertainties.

Wind speeds on February 3, 2012 peaked in the early morning (9:00 GMT, 2:00 local
time (LT)) at 13 ms™ (averaged throughout the PBL) flushing out the basin before
decreasing to a steady 5-6 m s from the northeast in the three hours before the
downwind transect was flown (22:25 GMT, 15:25 LT). The PBL height (1700 m above
ground level [magl]) was determined from three aircraft vertical profiles (Supplementary
Fig. 1) and HRDL measurements. The rest of the flight measurements were made within

the PBL between 100 and 1000 magl (Fig. 1).

The flight transect downwind of the gas field, along its southern and western edges and
between 400 and 600 magl, showed elevated CH4 mole fractions averaging 56 parts per
billion (ppb) greater than the average upwind value of 192145 ppb, with a peak
enhancement of ~150 ppb (Fig. 2). Winds (averaged throughout the PBL) from HRDL
measurements were used to construct a back trajectory of the air mass sampled in this
plume (Fig. 1, red arrow). The trajectory indicates that the source of enhanced CHy is
primarily the region containing the gas field in Uintah County, and that the air mass
traveled in a consistent southwesterly direction through the gas field in a ~3 hr period
prior to being sampled. We integrated the methane enhancement above the background
value (derived from measurements made upwind of the location of oil and gas wells)
along the flight path to calculate the flux from the oil and gas basin (Fig. 2 and Methods

Summary). We are able to derive an appropriate uncertainty in each term in the mass
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balance equation, producing a total uncertainty of 28% (10) on the total CH4 flux derived

on this day: 56+15x10° kg hr'' (Supplementary Table 1 and Supplementary Methods 2.4).

On February 7, low winds (0.5 — 1.5 m s™") from the south and a shallower PBL led to
large CH4 enhancements above background (245 ppb on average) in the plume downwind
of the same gas field (Supplementary Fig. 3a). The CH,4 flux calculated for this plume
using the direct mass balance approach is 30+19 x10° kg hr'' with a high overall
uncertainty of 62%, primarily from the variability in wind speed (Supplementary Table 2
and Supplementary Methods 2.5). We also implement a tracer ratio approach using CO,
emitted by a nearby power plant as a tracer for air mixing and dilution. This approach
uses data from two flight transects across a plume of CO, downwind of the Bonanza
Creek Power Plant (Supplementary Fig. 3b), whose CO, emissions are monitored by a
Continuous Emissions Monitoring System (CEMS) and reported hourly'”. We use the
ratio of the two plume integrals (Supplementary Fig. 4), along with the known power
plant emissions, and estimate the CH, flux from the field to be 53+36x10° kg hr' and
66+50x10° kg hr' for the two transects (Supplementary Table 3 and Supplementary

Methods 2.5).

The low uncertainty in the emission derived on the February 3, 2012, flight is the result
of steady winds, consistent boundary layer height, and low measurement uncertainties.
The derived emissions estimate from this day is our best estimate of emissions from the
basin. Although the uncertainties for the flight on February 7, 2012 are high, this flight
provides a second independent assessment of the CH4 emissions and indicates that the
result from February 3 was not anomalous (Table 1). While inconsistent meteorological

conditions on the ten other flight days prevent direct mass balance analysis of CHy
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emissions, we note that CH4 enhancements were large on all days and that the
enhancements observed on February 3 and 7 were representative of those measured in the

basin throughout the month of February (Supplementary Fig. 5).

Although no hydrocarbon measurements were made on the February 3, 2012 flight,
analyses of 67 discrete air samples collected over Uintah County aboard the aircraft
throughout the month of February 2012 show excellent correlations of propane and
butane with CH4 (R > 0.85, Fig. 3). Correlations of CH, with carbon monoxide (CO), a
tracer for vehicle exhaust, are weak (R*= 0.28, increasing to 0.52 when a single outlier
with high CO is removed from the analysis). The strong correlations of CH,4 with propane
and butane point to these CH4 enhancements being primarily the result of emissions from

oil and gas operations'.

A flux of 2x10° kg CH4 hr'' (< 4% of our best estimate of 56 kg CH4 hr'') was subtracted
from the total we derived to account for emissions from cattle and natural seepage, as

. . . 20-22
estimated from inventories™

(Supplementary Methods 2.6), to give a total CHy
emission from natural gas that is 8.8+2.6% (10) of the average hourly February gas
production in Uintah County, UT* (Table 1). Based on production data and publically
available activity data, there is little evidence that emissions on either February 3 or 7

might be abnormal relative to other days in January, February or March 2012

(Supplementary Discussion 4.1, Supplementary Fig. 6 and 7)

Given the large greenhouse warming potential of CHa, an 8.8% leak rate of natural gas
during production negates any climate benefit of natural gas from this basin for electricity

generation compared to coal and oil>*. An inventory analysis by the US Government



Accountability Office (GAO) suggests, however, that the emissions from Uintah may be
significantly higher than in other Western US basins. Using the Western Regional Air
Partnership (WRAP) phase III** inventory and production numbers for 2006 from federal
leases, the GAO estimates that the proportion of Uintah natural gas that is flared or
vented is much higher (5% of production) than in surrounding regions, including the
Denver-Julesburg (2.1%), Piceance (2.5%), N. San Juan (0.34%) and S. San Juan

(1.13%) Basins".

While the WRAP IlI-based analysis concluded that 5% of production was lost to venting
and flaring in the Uintah Basin, operators in this basin reported annual production losses
of only 0.24% to the US Department of Interior Oil and Gas Operations Report (OGOR)’.
Our independent measurement-based estimate of 8.8+2.6% is nearly twice the WRAP
and almost 38 times the OGOR reported volumes (possibly more, as those include both
flaring and venting). This discrepancy highlights the value of our study, which provides
the first atmospheric measurement-based estimate of CH4 emissions from a producing
gas and oil field to date that does not rely on atmospheric transport models or bottom-up
inventory information. Such independent verification of inventory-based estimates is
essential for evaluating inventory methodologies, quantifying the effectiveness of future

regulatory efforts, and accurately determining the climate impact of natural gas over

other fossil fuels.
Methods Summary

Mass balance approach



In the mass balance approach for flux estimation, the mole fraction enhancement, relative
to the upwind mole fraction, is integrated across the width of a well-defined plume in the
PBL downwind of the source'®. When the wind is steady during the transit of an air mass
across an area, the resulting calculated flux is equal to the surface flux between upwind

and downwind measurements. The CH4 flux is derived by:

fluxey, = Vf_bb AXcy, (fZPBL nairdz) cosOdx. (1)

Zground

In equation (1), fluxcsy represents the molar flux (moles s™) of CH, from the basin. V is
the mean wind speed over the region, averaged over the altitude between the ground and
the top of the PBL, and over the time an air mass transits the basin. The angle 8 is the
angle between the mean wind direction and the direction normal to the aircraft track
downwind, so that cos @dx is the flight track increment perpendicular to the prevalent
wind direction. The CH4 enhancement over the background mole fraction, AXczy, is
integrated over the width of the plume (-b to b) along the flight track, and multiplied by
the integral of the molar density of air (#4;;) from the ground (zg.ouna, @ function of path

distance, x) to the top of the PBL (zps;, here assumed constant).
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Table:

Table 1. Summary of methane flux calculated from the aircraft flights on February

3 and February 7.

Flight day Method CH, flux % of average
a0 ke hr) February
production
February 3 Mass balance 56+15% 8.8+2.6*
February 7 Mass balance 30£19 4.6+£2.9
February 7 Ratio mass balance 53+36 8.3£5.7

(Transect 1)

February 7 Ratio mass balance 6650 10.5+8.0
(Transect 2)
WRAP Inventory Projected 2012 emissions 36%* S**

* Best estimate of CHy4 flux

**Calculated using WRAP III-projected®” VOC emissions for 2012 and the WRAP III

. .. 2
vented conventional gas composition profile®.
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Figure Legends:

Figure 1. CH4 plume measurements, February 3, 2012. Aircraft flight track overlaid
on natural gas (black dots) and oil (blue dots) well locations along with color-coded CHy4
mole fraction. Bold red arrow shows the 3-hr trajectory of the downwind air mass. The
locations of two vertical profiles over Horse Pool (red X) and one northwest of Horse

Pool (green X) are also indicated.

Figure 2. CH4 mole fraction measured in the downwind plume (red line) as a
function of distance perpendicular to the wind direction. The CH4 mole fraction in the
upwind transect is in light blue, and its average (1921 ppb) is represented by the dark

blue dashed line.

Figure 3. Mole fractions of trace gases measured in discrete air samples collected
over the Uintah Basin in February 2012, shown as functions of CH4 mole fraction.

Correlation coefficients (R?) are shown in each figure.
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