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Time series of ozone design values (ODVs, solid lines) and median
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is indicated. The black lines indicate smooth fits to the respective

data; rootmeansquare deviations (RMSD) of the data from the fits
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Figure 410. Comparison (left) of time series of PM concenivas to oll
production in the Bakken O&G region in North Dakota, and map (right)
of the region showing the location of oil/gas wells and urban areas in
North Dakota. The PM data are thregonth means (JFM, AMJ, JAS,
and OND) of speciated and total PM centrations measured at the
two North Dakota IMPROVE sites, whose locations are given by the
green triangles onthe Map...........cooooo i 104

Figure4-11. PM,sconcentrations measured at twelve stations across Texas. Both
the annual averages (lower curves) and the 98th percentiles of the 24
hr averages (upper curves) are plotted. Gray and black lines indicate
the more urban areas: Houston (HoustBast and Deer Park), Dallas
(Hinton and Denton), San Antonio and El Paso. Green and blue lines
indicate more rural and nearoastal sites, respectively. The site
within the Haynesville O&G Basin (Karnack) is emphasized with
heavier gold lines and point$enerally the highest concentrations
are observed at the Houston East site (black lines). Two measures of
O&G activity in the Haynesville O&G Basin are included for
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Figure 412. Flight tracks of NOAA®aircraft during five field campaignsniinute
averages are shown for flight segments during daytime (51ANPM
CDT) and altitudes within the boundary layer (maxm 1500 m above
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Figure 415. Flight track of NOAA-B aircraft during ovethe Eagle Ford O&G basin
on 7 April 2015. Symbols ararin averages colecoded according to
measured ozone concentrations. The data shown are limiettie
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Figure 416. Observations of NOx and NOy mixing ratios in several western U.S.
O&G basins measured from the NOAA-BDPaircraft during the 2015
SONGNEX campaign. Dots denote mean concentrations. The box and
whisker symbols indicate median, 25" percentile ranges, and™
95" percentile ranges. In panels C and D, the observed mixing ratios
are normalized to a 1000 m boundary layer to improve comparability
DEIWEEN DASINS... ... 115

Figure 417. Calculated instantaneous ozone production rates along the P3 flight
tracks in the Haynesville shale region during the SONGNEX mission on
April 4,2015 and April 25, 2015. Gas wells are the denoted by the
white to blue gradient dots, with the darker blue representing greater
gas production as of 2014. Oil wells are denoted by white to magenta
gradient dots, with darker magenta representing greatiér o
production as of 2014. Urban areas are outlined in dark gray. Wind
barbs indicate the dominant wind direction and point in the direction
of wind flow. Bowtie markers indicate locations of power plants............. 117
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ABSTRACT

The past decade has seen expanded oil and natural@&&)resource development in Texas.
Advances in hydraulic fracturing and other drilling technolotgdgo intensive activity in areas
with existing development as well as previously unexploited areas of the. 8188
developmentand productionhave the potatial to affectair quality.

This reportprovides a scientific synthesis eécentstudy results pertaing to the air quality
impactsof O&Gdevelopment in TexasThis synthesis draws upon the results of aircraft and
surface measuremertampaigns, emgon inventory development and modeling studies

order to reflect the latest and most rigorous scientific findings availafilee Synthesisis

intended to ensure thathe results of recent field studies are made availablariaccessible

format to policy makers of the State of Texas as well as other interested partiesappheach

was modeled on the Rapid Science Synthesis that was conducted as part of the Second Texas
Air Quality Study (TexAQS Il). This Synthesis is organized around l-itgimliagtScience
Questions formulatedan consultation with the Texas Commission on Environmental Quality.
Findings in response to each of these questions address general areas:

1. Emissions,
2. Chemical transformation,
3. Transport and meteorology.
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EXECUTN&EIMMARY

This Synthesis is intended to addrddpolicy-relevant Science Questions formulated in
consultation with theTexas Commission on Environmental QUEIYEQ Answers to these
guestions are needed BYCEand otherpolicy makersn Texasn order to formulate

scientifically sound policies to simultaneously address concerns regarding air quality
degradationandi KS Ay ONXBIF aAy3d RSYFYR F¥2NJ SySNHe& I &

This Report provides statements of Findings in response to edble pblicy-relevant Science
Questions. These Questions and Findings addihess general areas:

1. Emissions,
2. Chemical transformation,
3. Transport and meteorology

The Executive Summary organizes the main scientific Findings for tiSsHgjnanagers and

other airquality decision makers and stakeholdersTieaxas It comprises a list of th&l policy
relevant Science Questions and a series of Findings that have been developed in response to
each of these questions. We emphasize that these Findings are based on analysis and
interpretation of results that have so far emerged; additional analgsescontinuing, and will

yield importantnew information in the future.

Each section of this report is structured as a Response to address one of the Science Questions,
including a numbered sequence of succinctly stated Findings in response to thabquest

Important references are given for publications upon which the Finding is baseditual

some Findings is an acknowledgment of the individual(s) whose analyses and data contributed
to that Finding, particularly if the analysis has not yet beenighbt. A brief discussion of
background and the evidence that supports each Finding is given.

As is common in scientific research, progress in addressing a given set of questions raises new
guestions suggesting additional analysis. Specific exampéaidfonal analysis suggested by
the Oil and Gas Synthesissults are collected in a concluding section.

The institutional affiliations of the scientists responsible for the field measurements and the
analyses leading to these Findings are given irCthitributors section, which follows the
discussion of the $mnce Questions and Findings.

ES.1 Overview of Main mdings

0O&G activityresults in direct emissions to the atmospherepoécursors of ozone and
particulate matter (PM¥yuch as/olatile organic compound®OQ andnitrogen oxidegNOx=
NO + N@). O&G activity also produces emissionsioftoxics (e.g., benzene and hydrogen
sulfide [HS]).

(0p))
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Ozone is not emitted directly into the atmosphere, but is formed from photochemical cecti

of precursor species in the presence of sunlight. The most important precursors of ground level
ozone are NOx and VOC. In Texas O&G basins, V@é€harallyreadily available and the

amount of ozone formedrom O&G emissionis determined by the amourof available NOx
(Findings F7, HSCompared to other anthropogenic NOx emission soudé€¥x emissions from
O&Gactivities are not dominant, even in relatively ru@&Gbasinshowever, O&G sourceto
provide emissions of NOx emissions in areas thatldotherwise have very small emissions
(Finding AG) Sgnificant enhancements in locakone production rates can occur near and/or
downwind of local NOx sourcé€sinding H5)

Each O& basin has its own characteristic VOC composition signature that depends upon the
composition of extracted oil and natural gas and the technologies employed in that field
(Finding B1)VOC measurements made in the vicinity of intensive O&G developmewt thlad

light alkanes consistent with O&G production are present at concentrations well above those in
most other U.S. areafiowever, he relative contribution of O&G VOC emissitmezone

formation isvariable and depersion the local influence of highhgactive biogenic VOCs

(Findings F2, F3Jhe alkaneshat comprisethe bulk of O&G VOC emissions are relatively
unreactive, as are theneaction productsand this limits their contribution to ozone formation
(Finding F4)VOC emissions in the Hayndl&/D&G Basin correlate much more closely with
drilling activity than with natural gas production (Finding C2).

The totalhydroxyl radicateactivity (OHRpf measured VOGsaried markedly betweeiiexas
O&G basinsAt a rural site adjacent to thEagle=ord Shale th©HRwas of similar magnitude
to that found in theHouston/Galveston Bay (HGB) ackaing TexAQS 20@Finding B2a) while
in the Permian Basimedian OHRvasmore similarto measurements in the coastal offshore
Gulf of Mexicaluring TexAQS®6 (Finding D2)

There are uncertainties in currefiexa€O&G emission inventorieBmission measurements
indicate that O&G methane and VOC emissions from-aighting sources contribute a large
fraction of O&G emissions; these emissions are incompyle@ptured bycurrentbottom-up
regulatoryemission inventories, leading to underestima{&nding E1)Uncertainty in NOx
emissions from O&G activities limits our confidenc®8Gozone concentration
enhancements predicted by photochemical modelingyerally, ozoneimpactsmay be
overestimated due tdottom-up emissioninventory overestimates dD&GNOx emissions
(Finding A5,E?2)

Analysis of Texas ground level ozone monitoring data shows #tatdadl scale ozone changes
in the Barnett, Eagle Ford drHaynesville Shale regioase notsignificantly correlatd with

0O&G production or drilling activity. This lack of correlation indicates that O&G development
does not have a major impact on ozone concentrations in Texgsafgbper billion ppb] on
ozonedesign values and median ozone seadaity maximum éour averageNIDA8 ozone
concentrationgFinding F1)
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This finding is consistent with resultstafo different photochemical modelingtudiesof Texas
O&G emission impact&ne study usethe T 9 vf@uie year 201 &missioninventoryand
showed ozone contributions fro®&Gemissions to East Texas regulatory monitor design
valueswere <5 ppb(Finding F6) The othemphotochemical modeling studgvaluated ozone
impacts of O&G emissions using ®2@11 National Emission Inventory aadecond inventory
in which the NEI NOx emission inventory over the Haynesville Shale was replacedopith a
down 2013NOxemission inventoryO&G emission impacts on Texas ozone reached a
maximum of3.5 ppbusing the2011 NEI and 1.5 ppisingthe top-down 2013NOx topdown
emission inventoras measured by 3 poreone values averaged over a one mogittne)
period.

AlthoughO&G emissions cancrease ozone in East Texas and @amtribute to nonattainment
of the National Ambient Air Quality Standartheir role is relatively minor and reductions in
0O&G emissions are unlikely to produce large declinezame design valuest regulatory
monitors in East TexdEinding J1)

In Texasgoncentrations of particulate niger less than 2.5 microns in aerodynamic diameter
(PMys)in urban areasO&G basinand other rural areaare of similar magnitude and show

similar decadal declines; there is no discernable indication that the O&G activities have affected
total PM, sconcentrations(Finding G3)

In the Haynesvilland Eagle For@&G Basig two different studies show thaglevated
ambient benzen&oncentrations are strongly associated with O&G soyrbasdo not exceed
0 KS ¢/ 9 vbaskd ldadernt air Konitoring corparison valuglAMCY of 1.4 ppb for
benzeneg(Finding Bh Benzene is a toxic chemical that is a carcinagahthe AMCYV is used to
assess risk to human health

ES.2 Findings Related to Study Questions

ES.21 Emissions
QuestionA

What are the emissions of ozone angrticulate matter PM) precursors fromO&G
development in Texas?

The Response to Questionigfocused on NOx emissionsvhile theResponse to Questidd
discusses VOC emissions. Here, several methods for quanhi@xgmissions from O&G
emissions are discussed and their results compared. With good confidence we find that NOx
emissions from O&G activities do riwminateover other anthropogenic NOx emission

sources but efforts to accurately quantif@&Gemissionsare confounded bythree issuestotal
O&Gemissiondrom a basirchange on relatively short time scal@sresponse to basin
development and economic forces; emissions from a particular sector of sources vary widely
depending upon operating conditions thfe particular source; and development is ongoing for
the techniques providing both bottorap activity based emissions estimates and-tlgwn,
observationally based emissions estimates. Preliminary comparisons indicate that NOx
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emissions from O&G actiwets have been overestimated in earlier work, but there is relatively
low confidence in this result. Further analysis should focuserdiscrepancy between the
inventoriesidentified in Finding Ao determine if it is solely due to the different basesays,

or if it reflects significant errors in the inventorigsit is the latter, then further efforts to
improve inventories may be justified.

Finding Al:Emissions fron®&Gactivities can change rapidly and systematically on time scales
of a year o less. In modeling or emissions comparisons, care must be taken to ensure that the
selected emission inventory matches the year under study.

Finding A2:Public fuel use data provide a basis to estimag&Gemissionsf nitrogen oxides
(NOx)

FindingA3: Mass balance calculations based on aircraft data can estimate total NOx emissions
from O&Gbasins.

Finding A4:Bayesian inverse modeling together with a flux ratio inversion technique can
separately estimate total NOx emissions &&GNOx emissionalone.

Finding A5: Three topdown and one bottorrup approaches are in reasonable agreement for

the quantification of NOx emissions from the Haynes@i&Gregion in June 2013; the NOx

emission estimates for th®@&Gsources in tha).S Environmental Pro® i A 2y | 3Sy 0@ Qa 6
2011National Emission InventoriNE) are a factor of 23 higher.

Finding A6:Compared to other anthropogenic NOx emission sourO&s>activities are not
dominant, even in relatively rur@&Gbasins; they do provide emissions of NOx in areas that
would otherwise have very small emissions.

Finding A7:Measurements of NOx, VOCs, and, @@wnwind of ative flares in the Eagle Ford

KIFES O2yFANNSR GKI 3 -42 farele8diFad@dssare Accura®a O dzZNNB y
although emissions can vary widely over short periods, producing at times either kighgte

organic compound\OQ emissions (low combustion efficiency), or higher NOx emissions (high
combustion efficiency).

Question B

How do the magnitude and composition of these emissions depend upon variables such as
composition of extracted oil and natural gas and technologies employed? What are the
important parameters controlling how these emissions vary over time and &#ea

The Response to Questidd isfocused on VOCemissionswhile theResponse to QuestioA

discusses NOx emissions. The analysis given in this Response to Question B has only begun to
scratch the surface of providing a definitimaswer Emissions of benzena,toxic VOC, are of
particular concern; the available measuremeimdicate that annual average benzene
concentrationsaway from the immediate vicinity of sourcase below thdongterm AMCYV so

that chronic exposure in these O&G basmaot expected to cause adverse headffects. The
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limited available data provide no evidence fehr average benzene concentrations exceeding
the shortterm AMCMn the Eagle Ford and Haynesvill&G basinsFuture analysis of long

term VOC data setsould focus on the very highest observed VOC concentrations, and thereby
providebetter guidance regarding the frequency and/or the probability dfrlaverage

benzene concentrations exceeding thieort-term AMCMn Texas O&G fieldOngoingmass
balanceanalysedased on aircraft datpromise to provide improved aantification of total

VOC emissions from individubéxas O&®asins.

Finding B1 Each O&G basin has its own characteristic VOC composition signature that depends
upon thecomposition of extrated oil and natural gas and the technologies employed in that

field; NOAA field studies provide systematic (albeit limited) characterization of these signatures
across U.S. O&G basins.

Finding B2aAt a rural site adjacent to thEagle Ford Shalen Floesville, Texaghe
mediantotal hydroxyl radical@H) reactivity of measured VO@siring 20132014was of similar
magnitude to that found in thélouston/Galveston Bay (HGB) adckaing TexAQS 2006.
However, the highest fraction of OH reactivity in the H&&a, which occurred in plumes of
highly reactive volatile organic compound#RVOQswasabout an order ofmagnitude larger
than the correspondindraction in the Eagle Ford Shale.

Finding B2b At a rural site adjacent to the Eagle Ford Shale, in Floresville, Texas, emissions
from O&G activities (including both evaporative and combustion sources}antially

enhanced median concentrations of aromatic VOCs above those expected in rural regions
without O&G activities. The combustion sources also enhanced alkene concentrations.

FindingB3: In the Haynesville O&G Basin, ambient propaoecentration measurementsirea
useful tracer for O&G sources that provides information different faombient methane
concentrations.

FindingB4: In the Haynesville O&G Basin, elevated ambient benzeneentrations are

strongly associated with O&G sourcbatd2 y 2 i S E OS S R-tefivkai® mobitorthg Qa 2y
comparison valueAMCV, which is used to assess risk to human health

Question C

How are these emissions divided between the various stages of fossil fuel extraction
(exploration and production; producgathering and transmission; gas processing) and specific
processe8

ThisResponse to Questiod providsonly threeexample analyses thagive preliminary
indications of howD&Gemissionsare divided between the various stages of fossil fuel
extraction andspecificextractionprocesses A comprehensive answer to this Science Question
awaitsresults fromadditional analysissome of which are currently being pursued by members
of the Working Groups that provided this synthesis
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Finding C1 Ratios of conentrations of VOCs from a "snapshot" provided by a NOAA/P
aircraft flight over the Haynesville O&G basin are in reasonable a¢agrdement within a
factor ofF ) with those from longterm canister measurements made at the Karnack, TX
surface site loated in that basin.

FindingQ: Longterm measurements at the Karnack, TX surface site indicate that VOC
emissions in the Haynesville O&G Basin correlate much more closely with drilling activity than
with natural gas production

FindingC3: Increase®f NG concentrations over three U.S. O&G basins have been identified in
satellite records; the time series of annual average concentrations correlate (at least
qualitatively) with drilling activity and oil/natural gas production

Question D

How do these enissions in Texas compare to other regions of the U.S.?

ThisResponse to Questidd discusses the difficulty of comparing emission inventories
between states, and provides a single, observatiodadlged analysis example thgitves a

"snap shot" indicatiorof howVOC OHR varies between three U.S. O&G basins, including the
Permian Basin in TexaBeveloping 1) observationallyased, quantitative descriptions of the

air quality impacts and 2) accurate O&G emissions inventories for all U.S. O&G basins would
provide a rich data set from which to seek correlations of the air quality impacts with the
magnitude and composition of the O&G emissions. Neither of these developments has yet
been completed.

Finding D1:Accurate comparison of regional botteap O&G dteria air pollutant emission
inventories for different states is confounded by the use of inconsistent O&G emission
inventory methodology.

Finding D2:The total rate of reactivity of hydroxyl radicals (OHR) has been calculated for three
O&G basins. The results are similar in magnitude to those setbe Bulf of Mexico, but the
alkene contribution is much smaller and alkane contribution is larger. This difference suggests
that ozone formation i¢essefficient in these O&G basins thanTihe Gulf of Mexico.

Question E

Are there gaps in our quantification of emissions that limit a full understanding of ozone and
PM formation from these emissioris

The Findings in the Response to this Question ideséferalshortcomings in our

understarding of the emissions from O&G activitiegstimating he magnitudes of the air

guality impacts associated with these shortcomimgk allow prioritization offuture research

efforts. It seems likely that improving our understanding of the impact sinall fraction of
high-emitting VOC sources (Finding E1) and improving the accuracy of NOx emissions from O&G
sources (Finding E2) are of greatest importance.
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Finding E1:Bottomup emission measurements indicate that O&G methane and VOC emissions
from highremitting sources contribute a large fraction of O&G emissions; these emissions are
incompletely captured by bottorup emission inventories, leading to underestimates.

Finding E2:Uncertainty in NOx emissions from O&G activities limits our confidenoeone
concentration enhancements predicted by photochemical modeling; generally they may be
overestimated due to inventory overestimates of these NOx emissions.

Finding E3:Uncertainty regarding possible emissionsemivolatileorganic compounds
(SVOO=andintermediate volatility organic compoundB/OCEklimit our ability to accurately
modelsecondary (formed in the atmosphere, not directly emitted) organic aer@&0k
formation in Texa®©&Gfields.

Finding E4:Preliminary analysis of measurents of particle volume downwind @&Gfields
indicates that the associated emissions produce ljpeticulate matter less than 2.5 microns
aerodynamic diametefPM, s), at least locally (i.e., on a time scale of a few hours).

Finding E5:Uncertainty emains in isoprene emission inventories; the latest comparisons of

models and measurements indicate thaton averag& S | ®{ ® 9t ! Qa . A23SyA0
System ModelBEI$was lower andhe Model of Emissions of Gases and Aerosols from Nature
(MEGANwas higher than the measurements, with about a factor of 2 difference between the

two inventories.

Finding E6:High concentrations of a gguhase soluble chloride species (presumably
hydrochloric acid, HCllave been observed in the Barnett Shedgion. The enssion source(s)
of the chlorinecontaining precursor(s) to this species remain unidentified.

Finding E7:Environmental chamber experimentdicatethat evaporation of flowback
wastewaterfrom hydraulic fracturingan result in formation bPM and ozone. Assessithg
significance o&ir quality impactdrom this sourcenvould require quantification of wastewater
evaporating in O&G regions, which is currently lacking.

ES.22 Chemical Transformation
Question F

What are the contributions of emissions fro®&Gdevelopment to ambient ozone
concentrations at regulatory monitors in Texas

An observationally based analyssuld discern no impact of O&G activity on ozone
concentrationswithin or near Texas O&G basiitie smallest discernable impasestimated
as< 5 ppbbut could notbe morequantitatively defined;tishould be possible to develop a
more sophisticated multivariate analysis that would provéd®aore rigoroudimit for the
smallest discernable impacPhotochemical modelinfpund thatozone contributions from
O&Gemissions to East Texas regulatory monitor design valees X5 ppb. Possible
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overestimates of NOx emissions in the modeling (see Response to Question A) would cause an
overestimate in the model estimated&® emission impacts.

Finding F1 Decadal scale ozone changes in three Texas O&G basins can be quantitatively
descrbed as interannual variations about smooth, continuous declines; neither the variations
nor the declines significantly correlate with O&G production or drilling activity. This lack of
correlation indicates that O&G development does not have a major impaocizone
concentrations in Texas (g@rts per billion ppb] on ozonedesign values and median ozone
seasordaily maximum &our averageNIDA8 ozoneconcentrations).

Finding F2:VOC measurements made in the vicinity of intensive O&G development slabw t
light alkanes consistent with O&G production are present at concentrations well above those in
most other U.S. areas, and can make up a large fraction of the observed total VOC mass and
mixing ratio €.g. ~80% in the Denvdulesburg Bas)n

Finding F3Estimates of the relative contribution of O&G VOC emissions to the total OH
reactivity are variable and depend on the local influence of highly reactive biogenic VOCs.

Finding F4The relative contribution of O&G VOC emissions to photochemical ozomation
is smaller than their relative contribution to the total OH reactivity because of the relatively
small radical propagation potential of alkane20% in thédenverJulesburg Bas)n

Finding F5 In oneO&Gbasin, analysis of observations indicates that the ozone production
efficiency was 5.3 = 3.6 ppb ozone formed per ppb NOx oxidized.

Finding F6 Photochemical modeling of a 2017 future year seasonal episode showed that
projected ozone contributions fra O&Gemissions to East Texas regulatory monitor design
values(ODVsjvere 5 ppb or less.

Finding F7 The contribution to ozone at East Texas monitors from O&G NOx emissions is far
larger than the contribution from O&G VOC emissions

Question G

Are there significant differences in 0zoné0;) and PM formation mechanisms between the
major oil and natural gas basins in TeXas

Modeling and observational analysis agree that O&G emissions are responsible for only very
smallPM, s enhancements in Texas @&gas basins, at least in spring and summer. Modeling
that incorporates our current understanding of PM formation mechanisms finds only very small
PM, s enhancements from O&G emissioffsnding G1)Findings G2 and G3 examine ldegn
measurements of Pk in North Dakota and Texas as well as;Bbpeciation in North Dakota

to evaluate the impact that increasing O&G emissions have had on various metrics of ambient
PM, s concentrations. No discernible impact could be found in any of the analyses. More
sophisticated analyses of these measurement records that consider in detail different metrics
of ambient PM concentrations, as well as possible confounding factors such as the impacts of
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longterm changes in other emission sources, could reveal more ddtaiformation regarding
0O&G impacts on ambient Pidconcentrations.Although not discussed explicitly in the
Responses to any of the Science Questions, all investigations of ozone formation from O&G
emissions suggest that traditional photochemical maeukas involving NOx and VOC
precursors are adequate to account for the observed ozone enhancements.

Finding @.: Modeling utilizing current VOC emission inventories simshaézy small
summertimeSOAconcentrations from theil/gas sector. These simtilans may

underestimate SOA formation by a factor of ~4 due to emission uncertainties, but even so the
simulated O&G SOA contributions would be small.

Finding G2 In the BakkerD&Gproduction region in North Dakot#hat development has not
discernably ioreased seasonal mean concentrations of any PM constituent.

Finding G3 In TexasPM. s concentrations in urban areas and O&G basins are of similar
magnitude and show similar decadal declines; there idiacernibleindication that the O&
activities have affected total PM concentrations.

Question H

Are there important interactions between emissions from oil and natural gas development
and emissions from other sources such as urban, point source and biogenic, including crops
and animalhusbandry?

Ambient concentrations of secondary PM result from a variety of mechanisms that convert
several different precursors from two or more source sestio PM components. Findingd H

and H2 review some surface and aircraft studies, respectiveiyt, have identified generally

small PM enhancements from the interactions of emissions from O&G emissions wath oth
emission sectors. Findings H3, H4 abdokesent some preliminary results from analyses of

data collected on flights of thHOAAWR-3D aicraft during 2013 and 2015; the focus here is on
ozone production in air masses affected by VOC from O&G and NOx from urban or point source
emissions. Some evidence for synergistic ozone production is identified, but no general
conclusions can yet be draw

Finding H.: The impact of NOx emissions frad&Gdevelopment on fine particle and haze
formation can depend strongly on concentrations of other species, including sulfate and
ammonia, as well as the relative importance of different pathwaysdtal reactive oxidized

nitrogen (NOy) formation.

Finding H2 Ammonium nitrate formation potential can be evaluated from aircraft
measurements ofjfaseous ammonid\(Hs) andnitric acid HNQ); based on springtime data, this
potential is small over four Texa&G basins. However, at altitude or during colder times of
year the NHand HNQ@ product may exceed that required fparticulate ammonium nitrate
(NH:NG;) formation.

10
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Finding H3 An April 2015 flight over the Eagle Ford Basin reveals the largest costoems of
ozoneobserved over the basin were an urban plume transported through the area of O&G
emissions.

Finding H4 Overall, daytime NOx and NOy mixing ratios in Texas O&G basins are moderate
(NOx generally < 1 ppb), but meteorological condsiand norRO&G sources can lead to higher
concentrations.

Finding H5 Due to the relatively high VOC availability, Texas O&G basins are NOx sensitive and
significant enhancements in localized ozone production rates can occur near and/or downwind
of local NOx sources.

Question |

Are there gaps in our understanding of chemical transformations that limit a full
understanding of ozone and PM formation fro@&Gdevelopment emission?

Ozone and PM are formed bizemical transformationsf emissiondo the atmosphere. These
transformation mechanisms are complex, involving hundreds of chemical reactions and physical
transformations. Our understanding of these processes is certainly incomplete, but we have
not identified ary gapghat imply major uncertanties in our understanding of the air quality
impacts of emissions frof®&G development Recent research has narrowed some perceived
gaps, including the magnitude of atmospheric OH concentrations (Finding 12) and the
applicability of "lumped'themical mehanisms to O&G emissions (Finding y®ldingreduced
uncertainty in our understanding.

Finding L: In many oil and natural gas basins, isoprene plays a significant role in the
atmospheric chemistry; models must include detailed isoprene oxidatiochar@sms for
F OOdzN> 6S Y2RSfAy3a 2F A&a2LINBySQa NRfSo

Finding 12 Observations collected durirthe Southeast Atmosphere StudgA$indicate that

OH concentrations are accurately predicted by models, at least if they include detailed
chemistry. Previous wk has reported dramatically higher OH at low NOx concentrations than
current chemistry predicts; these reports were due to measurement interferences rather than
shortcomings in the model chemical mechanisms.

Finding I3 Fully defining the importance GOA formation from VOC precursors emitted from
O&Gexploitation requires a better general characterization of SOA formation mechanisms from
precursor VOCs.

Finding 14 High concentrations of a ggghase soluble chloride species (presumably HCI) have
beenobserved in the Barnett Shale region. The photochemical transformations that lead to the
formation of this species, and any effect on photochemical ozone production, remain uncertain.

11
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Finding I5 Chlorine radicals do play a significant but relativelyaniole in tropospheric
chemistry, likely in oil and natural gas basins as well as in urban areas; accurate photochemical
modeling requires inclusion of Cl reactions in the chemical mechanism.

Finding 16 Photochemical ozone formation the DenverJulesbug O&GBasinin Colorado

was modeled with both the "lumped" CB6r3 and the expMaster Chemical Mechanism

(MCM) chemical mechanisms. The total VOC OH reactivity and total ozone produced were very
similar in the two calculations, and bofinow similar NOx dependence of the total ozone
production

ES.23 Transport and Meteorology
Question J

What is the impact @ other regions of Texas from ozon®M and their precursors

transported from oil and natural gas development areas? How doesithpact from O&G
development compare to impacts from other sources, e.g., upwind cities, rural power plants,
and biogenic emissiors

Photochemical modelingf O&G emissionBnds modest impacten ozone concentrations
throughout Texas.These impacts decrsa with distance from the O&G basin, and in urban
areas are generally smaller than the impacts of emissions from other emission source sectors.
The accuracy of these model results depeadgheaccuracy of the underlying emission
inventories,whichhas been questioned. Comparisons of bottapmand topdown NOXx

emission inventories in O&G regions indicate that bottominventoies overestimate NOx
emissionsand that these overestimates may introduce bias into estimates of @ zmpacts

from O&G deelopment so thathe O&Gozoneimpactsfound here may overestimate the

actual ODV impacts. Future analysis aimed at resolving the emission inventory uncertainty
could potentially improve the accuracy of the model results and would increase our confidence
in them.

Finding : The ozone contribution at East Texas monitors from O&G emissions is greatest
within the O&G development areas, but can extend outward beyond them. Although the
contributions outside the development areas are relatively smally tten be large enough to
affect ozone design values

Finding J2 The magnitude of the O&G contribution relative to other emissions sources varies
RSLISYRAY3I 2y SIFOK Y2yAG2NRA LINRPEAYAGE (2 LRsS
areas

Finding J3 For all HoustorGalvestorBrazoria area monitors, the average and maximum
contribution from East Texas shale O&G emissions to the MDAS8 ozone was less than those of
onroad mobile, natural, andlectric generating unit§GU sources

12
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Finding J4 For alDallasFort Worth area monitors, the average and maximum contributions
from East Texas shale O&G emissions to the MDAS8 ozone were less than those of onroad
mobile source emissions

Question K
What gaps emain to accurately attribute ozonand PM formationto emissions source
sectors throughout the stat@

We have identified no major gaps in aumderstanding of transport and meteorologlyat
significantly impact our ability taccuratelyattribute ozone and PM formation to emissions
source sectors throughoufexas, although better characterization of ttistribution of NH
concentrationsvould improve our understanding &fHiNG; formation from O&G NOx
emissions.

Finding KL.: Uncertainy regarding the spatial and temporal distribution of gas phasg NH
concentrations limits our ability to predict O&G contributions ofsNB;to PM, 5
concentrations.

13
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1.0 INTRODUCTION

The past decade has seen expanded oil and natural gas (O&G) resource aerglopTexas.
Advances in hydraulic fracturing and other drilling technologies led to intensive activity in areas
with existing development as well as previously unexploited areas of the Gigiael-1).

Texas Well Count: 2000-2015 Natural Gas and Oil Production in Texas: 2000-2015
9
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Figurel-1. Trends in Texas stateide well count (left) andO&Gproduction (right). Data
from Texas Railroad Commissibn

Active areasnclude the Barnett Shale play near Fort Worth, the Eagle Ford play south of San
Antonio, the Haynesuville play in east Texas, as well as other formation€Jeagite Wash and
Permiar) throughout the State O&G development and production activities hdiie potential

to impact air quality Direct emissions to the atmosphere associated W&G activityinclude
precursors obzone and particulate matter (PM) (volatile organic compounds [VOC], nitrogen
oxides [NQ@]), and some air toxics (e.g., benzene dnydirogen sulfid¢H,S).

1.1 Recent Field Studies

Several recent field studies investigated the atmospheric impad@d@bemissions. A Dallas
Fort Worth (Barnett Shale) field campaign initiated in 2010 includes an augmented set of
measurements in and arourigagle Mourdin Lake in the summer of 201Allen et al.,2012].
The National Oceanic and Atmospheric Administration Chemical Sciences DNB&RA/CSP
used the WRBD aircraft to conduct the Southeast Nexus (SEXEXJlying the Interactions
BetweenNatural and Anthropogenic Emissions at the Nexus of Climate Change and Air Quality)
field study during the summer of 201SENEXcluded two flightsover the Haynesville
formation [Peischl et al2015]. The NOAA Global Monitoring DivisitdiJAA/GMD[Yacovitch

et al, 2014] conducted flights over the Barnett Shale region in spring 281l8n et al[2013]

of the University of Texas directly measured emissions wiitéitfields. The Houston
Advanced Research Cen{etfARCis working to analyze such essions and has conducted
modeling of air quality impacts in the Eagle Ford regidARC2015. Of particular interest is
the work ofPeischl et a[2015], who found much lower rates of natural gas leakage from the

! http://www.rrc.state.tx.us/oil-gas/researckand-statistics/productiondata/historicatproduction-data/
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fields they studied compared to othegrdier studies reported in the literature; notably, they
studied the three basins (including the Haynesville play) that account for over half of the
nation's shale gas production, while the earlier studies investigated basins with much smaller
production. Thus, previous estimates of the national average loss rate may have been high.

Additional field studies that have investigat@&Gemissions include the NOAA/CSD-BIFP
aircraftbased SONGNEX (Shale Oil and Natural Gas Netuaying the Atmospheric Effs of
Changing Energy Use in the United States (U.S.) at the Nexus of Air Quality and Climate Change)
during ApritMay 2015, and the FRAPPE (Front Range Air Pollution and Photochemistry
Experiment) campaign in Colorado during JAligust 2014. These camigns have involved

NOAAthe National €nter for Atmospheric ResearcNCAR the National Aeronautics and

Space AdministratiolNJASA.and many other organizations and agencies, and the rebalis

been andwill continue tobe presented in a wide rangef gournal publications and reports.

This synthesis draws upon the results from these and other relevant studies, in order to reflect
the latest and most rigorous scientific findings availal#lerecent paper byAllen[2016

provides an excellent overviewf the state of the science 0B&Gair impacts. Our aim is to

build on that work, synthesizing results not available at the time that paper was wréteh
expanding the discussion of results most relevant for Texas.

1.2 Emissions

In this section, we prode an overview of emissions of precursors of ozone and®Mell as
primary PM fromO&Gsources. Detailed descriptions of emissions filofGsources may be
found inMoore et al.[2014] andArmendariZ2009] amongnanyothers. The life cycle of an
O&Gfield can be divided into several phases [Bnosky2012;Moore et al.2014} (1)
preproduction; (2) production; (3) transmission, storage, and distribution; (4) end use; and (5)
well production endof-life. Here, ve focus orexploration and produdbn (upstream O&G

sources and describe emissions during thepreduction (well construction through

completion) and production (postompletion) phases in the life of a well. Emissions in the
transmission phase amomposedmainlyof methane[Moore et d., 2014], which is not
considered an ozone or PM precursor. While emissions of ozone and PM precursors occur in
the use phase (e.g. NOx emissions from naturaffigag power plants), that is not our focus in
this study. The interested reader may finadysis othis topic inPacsi et al[2015].

ThepreLINR RdzOG A2y LKIF&S 2F Fy 2Af 2N 3La ¢gStfQa
construction of the well pad and any required roadways and/or pipelines. Next, the well is

drilled and compleed so that it is prepared for production. Well completion can include

K& RNJ dzft A O ¥ NI O dabdk sudourdiaghtidielbpra tg Stishudate préduddida.S
Asection of the well bore is perforated, and hydradtacturingfluid, a mixture ofwater,

proppant solids (sand or engineered materials) and chemical additives, is pumped down the

well through the perforations into the rock. The water fractures the rock, releasing the gas. The
proppant keeps the fractures opeBome of thdracturingfluid then flows back to the surface

(frack flowback)
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NOx emissions fromthe pleIN2 RdzOG A2y LIKIF &S 2F GKS 4SffQa f Af
engines powering the construction, drilling and fracking equipment. NOx is also emitted by
heavyduty diesel truck transporting material and water to and from the well. If produced

water and frack flowback are not sent to a pipeline orsite surfacéampoundment, hundreds

of heavyduty truck trips are required to transport the water and fluid to a disposal site;

emissions of NOx from heaxguty truck traffic can be significant [e §JCTCO&2012;

DenBleyker et al2013].

VOC and hazardous air pollutants such as hydrogen sulfide) @&tise during the pre
production phase from offjassing as fluids and muds ugedubricate the drill bit return to the
surface from the well bore [e.dlacey ¢ al.,2014. During well completion, water and other
fluids used to fracture the well flow back to the surface; these liquids can contain dissolved
VOG and hazardous air pollutants (HAPs) such as benzene, ethylbenzenehamdne that are
emitted to the air at the lower pressure of the surfd&&PA2017. H,S can be emitted during
drilling from frack fluid flowback or from produced water.

PM emissiongrom the preproduction phase come from diesel exhaust as well as direct
emissions of fugitive dust from well pad construction and truck traffic on unpaved roadss VOC
are emitted from diesel exhaust, but the main sources are well completion venting, mud
degassing, frack fluid flowback, and produced water. Relatively small amounts afeSO

emitted by diesel engines but are otherwise minimal provided the well is not accessing a
formation containingsignificant amounts of 4% In this case, S{@an be emited from well
combustion processes, such as flaring.

Once a well is completed, it begins the production phase of its life. During the production
phase, NOx is emitted by artificial lift (pumpjack) engines, compressor engines, heater treaters,
process headrs, dehydrator tycol regeneratorboilersand flares or combustors in dehydrators,
tanks and pneumatic devices. Well workover equipment and truck traffic also produce NOx
emissions and truck traffic emissions produce emissions of PM. The main sour€S of V
emissions during the production phase are oil and condensate tanks, dehydrator flash vessels
and regenerator gnts, pneumatic devices and pumps, fugitives (leaks) and truck/rail liquid
hydrocarbon loading operations, well-oommpletion, wellhead blowdons, venting, produced

water and evaporation ponds.

Emissions across a hydrocarbmmducing field vary in space, with many well site sources that
are small individually, but large in the aggregate at basin scale. While individual wells share
many of the sme basic processes and emissions, when we con§ld@&producing regions as

a whole, the type and quantity of fielscale NOx and VOC emissions varies from field to field
within Texas. Two important factors controlling the magnitudes of NOx and VOCosmiase
the phase of development of the field as a whole and the composition of the hydrocarbons
produced.

2 North Central Texas Council of Governments
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The quantity and composition of emitted V&&hd HAPs in the production phase is dependent

on the composition of gas and liquids produced. Dry radtgas is composed almost entirely of
methane and is the end product supplied to transmission pipelines and end users. At the well
KSI R K2SOSNE ¢KIFIG Aa 2FG3Sy LINPRdAdzOSR Aa ae¢Si
hydrocarbons including ethane drother light alkanes such as propane, butane and pentanes
(natural gas liquids). The gas may also contain water vaper,n@gen and b5 as well as

other compounds. Natural gas is processed, either at well head or centralized processing sites,
to remove these impurities as well as natural gas liquids so that the gas is sufficiently dry to
enter transmission pipelines for delivery to end users. Wells with a larger amount of produced
liquidshave largeemissions oheavierVOGand HAPs than wells thatoduce dry gas

consisting nearly entirely of methane [e\yarneke et al 2014.

Within Texas, there is great variation from field to field in terms of the composition of produced
hydrocarbons. For example, the Haynesville Shale has no oil production and little condensate
production, while the Eagle Ford Shale wells range from deep#s that produce mainly dry

gas to shallower wells that produce mainly oil. There is far more liquid production from the
Eagle Ford Shale than the Haynesville. The Barnett Shale region falls in between these other
two Texas shales in terms of its ratibliquid to gas productioh

The composition of the produced hydrocarbons also affects the reactivity of the emissions from
the production phase. The reactivity is a measure of how likely emitted compounds are to
participate in ozone formation. Dry gas, which is composed almost §nofenethane, has

very low reactivity. Emissions from wells and processes producing wet gas and/or liquids have
a higher concentration of VO@&sg.Warneke et al.2014]and therefore a higher reactivity
However, the reactivity of the VOCs emittedrfr®&Gactivities overall is relatively lawhis is
because VOC emissions fr@&Gactivities are dominated by light alkanes, which have lower
likelihood of participating in ozone formation compared to those of highly reactive biogenic
species such as isame.However,0&Gemissions can play an important role in determining

the overall VOC reactivity irgions where the biogenic contribution is sm&ilman et al,
2013;McDulffie et al.2016].

The intensity of NOx and VOC emissions and their relatiaats is influenced by the phase

of production and the overall well count within a producing region. Production is driven by the
price of O&G(Figurel-2 upper panel)The price of natural gas, as measured by the annual
average of the Henry Hub Spot Pficexceeded 5$/MMBtu from 2003 to 2008, reaching a peak
of 8.9$/MMBtu in 2008. The price dropped sharply in 2009 due to the global recession and an
abundance of shaleag produced from formations across theSUThe annual average price has
remained below 5$/MMBtu since 2009 as natural gas production and supply have remained
strong. The price of crude oil, measured by the price of West Texas Intermediate Crude, rose
from 2002 through 2008, then dropped sharply during the recession. From2013), oil

® http://www.rrc.state.tx.us/ail-gas/majoroil-gasformations/
4 https:// www.eia.gov/dnav/ng/hist/rngwhhdA.htm
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prices rose and economics favored production of oil over production of natural gas. The price of
oil dropped sharply in 2015 due to strong global supply.

The lower panel oFigurel-2 shows recent drilling activity in three East Texas shales. Drilling in
the Barnett Shale increased @&Gprices rose between 2000 and 2008. Both natural gas and
liquid hydrocarbons are pduced in the BarnettDrilling activity began in the Haynesville Shale
in 2008. Haynesville wells were highly productive and overall production in the Haynesville
(including production from Texas and Louisiana wells) surpassed that of the Barnett fn 2010

The peak of drilling activity in the Haynesville occurred in 2010 and then dropped steadily as
the price of natural gas fell. Haynesvilkellsproduce mainly dry gasith little condensate, and

as the price of natural gas remained low while oil pridesled steadily during 2022015,

drilling activity in the Haynesville dropped dramatically. Meanwhile, drilling in the Eagle Ford,
which has much greater oil and condensate production, increased through 2014 and then fell
dramatically as the price of aleclined sharply in 2015.

® hitp://www.eia.gov/energyexplained/index.cfm?page=natural_gas where
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Oil and Natural Gas Prices: 2000-2015
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Figurel-2.  Upper panel: annual averagerige of West Teas Intermediate (WTI) Crude Oil
(left axis, $/Bbl, black) andhe Henry Hub Natural Gapot Price (right axis, $/MMBtu,red).
Lower panel: Drilling permits for the Eagle Ford and Barnett Shale (Haynesuville) plotted on
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® http://www.rrc.state.tx.us/oiFgas/researchand-statistics/productiondata/historicatproduction-data/
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Fieldwide emissions of NOx and VOC change over the life of the field. During the period of time
when exploration is occurring and many wells in a field are in thgoppwduction phase, NOx
emissions from drilling and fracking engines and truck traffic are impor@nte a field is

mature and the bulk of the wells are in the production phase, NOx emissions come mainly from
artificial lift engines, compression and flaring. Peak figide NOx emissions typically occur

while drilling and fracking activity are still @amse and many wells have entered the production
phase. Once drilling activity slows, NOx emissions remain relatively constant at a lower level.
Fieldwide VOC emissions are mainly driven by production emissions, which increase with the
well count. For a individual wellmaximum productiortypically occursmmediately after

drilling and then productivity decreases with time as the reservoir is draidasdhe pace of

drilling slows when the field becomes fully developed, the figide VOC emissions bego

decline as production from wells decreases over time.

During the production phase, the relative amountseaiitted NOx and VOC are influenced by

the hydrocarbon composition as well as emission controls. Natural gas can be produced in wells
that mainly produce liquids; this associated gas is-piogluct of the production of the liquids.

A pipeline may not be available to transport the gas from the well to market, so the gas may be
vented or flared at the wellsite. Flaring can also occur duringpteaance of gas lines or
compressorsvhen gas pipeline capacity is exceeded and during gas plant service interruptions.
When the gas is flared, a substantial fraction of VOC emissions is destroyed and NOXx is
producedas a result of high temperature combis. Natural gas flaring has become quite
prevalent in the Eagle Ford Shale, where associated gas is often produced along with the more
valuable liquids and extensive pipeline infrastructure has not yet been developed. New Source
Performance StandarfNS*S) OOO@romulgated by the EPA in 2Bfequired reduced

emissions completionand control of many VO@nmitting wellsite processe®r hydraulically
fractured wells by January 2015. This increased the use of combustors or flares to reduce
wellsite VOC emssons.Figurel-3 shows a sharp increase in flaring and venting of natural gas
coincident with the rapid development of the Eagle Ford as well as the promulgatidcaR$ N
OOO0OMost of the flaring permit requests received by the Texas Railroad Commission are for
flaringof associated gas from oil wellldncreased incidence of flaring is important because of

the emissions of NOaswell as the potentiafor uncombustedeactive hydrocarbons such as
formaldehyde to be present in flare plume Emissions of NOx and VOC in the same plume may
causeozone formaion downwind of the well sit¢Schade and Roes2016].

" http://www.rrc.state.tx.us/aboutus/resourcecenter/fags/oitgasfags/fagflaringrequlation/
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Gas Flaring/Venting in Texas: 2000-2014
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Figurel-3.  Trends in Texas stateide flaring and venting of natural gas. Data from Texas
RailroadCommissiofi.

As observed from space, NOx levels associated®&tBactivity (e.g., flaring and combustion
from O&Gextraction machinery and transport vehicles) have recently increased over the
Permian and Eagle Ford basjBsincan et al.2016]. These basins had minimal NOx emissions
and human activity prior to the onset @i&Gextraction activity, so that the increasn NOx
emissions can be directly linked @&Gsources. Night time satellite images show lights from
drilling equipment, man camps and flares in the Eagle Ford ShalencFease in night time
lightingcoincided with the location of enhanced NQRuncan et al, 2016]. That the increased
O&Gactivity in the Eagle Ford is visible from space indicates the scale of development and
importance of evaluating the impact Q@i&Gemissionon air quality in Texas.

1.3 Chemical Transformation

Ozone is not emitted dily into the atmosphere, but is formed from photochemical reactions

of precursor species in the presence of sunlight. The most important precursors of ground level
ozone are NOx and VOEnissionsof these speciefom O&Gsources have been shown to
contribute to the formation of ozone under a wide range of ambient conditions.

In 2005, high ozone was measured in the Upper Green River Basin (UGRB) of Wyoming during
winter. The phenomenon of winter high ozone under conditions with low sun angles and cold

8http://www.rrc.state.tx.us/aboutus/resourcecenter/fags/oitgasfags/fagflaringregulation/
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temperatures was novel, particularly because the UGRB is a rural area whose main source of
ozone precursoemissions wa®&Gexploration and production. High ozone levels were
recorded again in the UGRB in subsequent years as well as in the Uinta Basiimnregjiah
eastern Utah, where extensiv@&Gproduction is also occurring. Field studies were carried out
in the UGRB and in the Uinta Basin and the mechanisms for ozone formation under winter
conditions were determined through analysis of ambient d&ahpell et al, 2009; Oltmans et

al., 2014;Helmig et al.2014;Rappengliick et 312014] as well as modeling studi€after and
Seinfeld2012;Edwards et al.2013; 2014Ahmadov et al.2015;Field et al, 2015]. The
conceptual model for winter ozone foration that arose from this work is that the following
conditions are necessary: (1) shallow temperature inversion that limits vertical mixing; (2)
highly reflective snow on grourttiat enhances sunlight available for ozone formation and
facilitates develpment and maintenance of the temperature inversion; (3) few or no clouds;
(4) stagnant and/or recirculating slow surface witldat limit dispersion of pollutants; (5) high
precursor concentrations; and (6) high VOC/NOx emission ratio.

Winter ozone episodgoccur in rural regions whe(&) the only significant local sources of
ozone precursors ar®&Gexploration and production activities ar§@d) transport of ozone and
precursors is limited by stagnant winds and a strong temperature inversion. Summer ozone
episode conditions are extremely different: summer ozone is typically associategvarith
temperatures and abundant sunlight umban areas where there is an abundance of ozone
precursors from human activitiegher than O&G exploration and producti¢e.g. Trainer et

al., 2000;Ryerson et al2003]. The high angle of the summer sun means there is sufficient
sunlight available to drive the photochemical reactions that produce ozone. High summer
temperatures enhance VOC emissions and speed the chemical reactions that produce ozone
from its precusors, and light or stagnant winds typically limit dispersion. Under summer
conditions,0&Gemissions can increase ambient ozone concentrations, along with other
sources of precursor emissions.

Several studies have performed regioaall boxmodeling of smmer episodes and

determined that ozone production was positively influenced by emissions associate@&#h
activity in the Haynesvilleegion[KembaHCook et al 201Q and in the Eagle Ford regipRacsi

et al.,2015 as well as acrossuttiple westen U.S. locationfRodriguez et al 2009] and in the
Colorado Front Rang@&Gproduction regiofMcDuffie et al, 2016].Rutter et al[2015] found
that VOC fromD&Gsources had sufficient OH reactivity to increase ozone concentraiiche
Barnett Sha region A remaining policyelevant uncertainty is the magnitude of the ozone
increases due to th©&Gemissions, and how that magnitude varies spatially and temporally.

Recent work has suggested t@&Gassociated NOx emissions can contribute

disprgoortionally to summertime ozone production relative to VOC emissions. For example,
O&Gassociated VOC emissions only contribute 8% to ozone precursdrstilACt 2 Ny A | Qa
Joaquin Valle{Gentner et al.2014] and less than 20% and 7%, respectively, t@#ome

forming potential in the Barn¢tBasin near Fort Worth, TexfRutter et al, 2015] and

t Syyaet gl yail QSwasHolE &.20 Fz8imilarly, Zelighal éenodeling of the

Eagle Ford Basin in Texas showed that changes in regional summezbme concentrations
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were not driven byO&Gassociated VOCs but rather by emissions of NKagdi et al 2015].

The importance of the contribution to ozone formation frad&Gassociated NOx and VOCs is
affected by the magnitude and reactivity of regiobadgenic VOC emissiorB&GVOC

emissions are dominated by alkanes that have relatively low reactivity while the regional VOC
emission inventories for the rural Haynesville and Eagle Ford Shale regions are dominated by
highly reactive biogenic emissioresd. isoprene, monoterpenes) [e@rant et al, 2013]. The
contribution of O&Gemissions to ozone formation is therefore determined by the amount of
O&GNOx emissiongPacsi et al 2015]. The Barnett Shale region is far more urban than the
Haynesvilleand Eagle Ford Shale areas and biogenic emissions are a smaller component of the
Barnett Shale area VOC inventory. The background reactivity of the atmosphere is lower in the
Barnett than in the Haynesville and Eagle Ford Shale regions, so that lesssofoomesd from
O&Gemissions overalWllen 2016;Pacsi et al.2013].

1.4 Transport and Meteorology

In East Texas, tHack of majotopographicafeatures means that wind patterns are driven
primarily by synopticscale meteorological influences. Episodes of lgigiund level ozone
typicallyoccur between Marchand Octoberwhen the area isinder the influence of a semi
permanentsubtropical highpressure system, vertical mixing of pollutants in the atmosphere is
restricted, skies are clear to partly cloudy, temperatures are high, and windghat¢TCEQ
2009; TCEQ2016]. These conditions, which are conducive to ozone formation, can also be
produced by passage of a cold front or the presence of a stationary front. Bt Texas
ozone episodeare assoeated withlight nearsurface winds from the
north/east/south/southwest,with southerly directionsappearing lesfrequentlyon dayswith
highestozone Days duringhe ozone season with low ozongpicallyoccur during periods of
strong southerly winds that bringpmparatively less pollutecharitime air from theGulf of
Mexico northward into EasEexas.

Berlin et al[2013]define the regional bdground ozonei 2 theScondentration that would

be present if no ozone were produced from NOx and VOC precursors emitted locally on that day,
or emitted on preceding days and recirculated locally by mesoscale circudatdodsnote that

ozone measureat a particular location is the sum of the regional background transported into

the area by the largscale winds and ozone produced from local emissions of ozone

precursorsin their analysis obzone transport in TexaBanta et al[2005]describel how

ozone and precursors can be lofted above the boundary |assrsported far downwind

overnight and then mied downward to affect a downwind surface location the next day. In

this manner, ozone formed fro®&Gemissionsas well aother sources of ozongrecursors

can contribute to the regional background ozone and aHiact ozone in areafar downwind

KembaHCook et al[2010]used a photochemical model to evaluate potential changes in
regionalozone due to projectethcreases itHaynesville Shalengissions. The modeling
indicated thatHaynesvilleemissions increasesuld caus@®zone impactextendingwell
outside the immediate vicinity of the Haynesville Shale into other regions of Texas and
Louisiana due to ozone transpdry the modeled windsPacsi et al[2015]used a
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photochemical model to assess ozone impact®©&fGdevelopment in the Eagle Ford Shale.
Under the weather conditionsf their 2006 modeling episodé)e San Antonio and Austin
metropolitan areas were often downwind of the Eaflerd ShalePacsi et al[2015 calculated
the ozone impact of Eagle Fo@RGemissions on these two areas, and found they varied from
day to day during the montlong episode depending on the wilitection, with impacts on

the daily maximum &our average ozone that ranged from €215 ppb for San Antonio and
0.0-1.9 ppb for Austin.

Thesetwo studies indicate that ozone formed from emissions du®©&Gdevelopment can
affect Texagegions outside thexploration/productionarea and that evaluatioof air quality
impacts due tdO&Gdevelopmentshould include the surrounding regipespecially areahat
are downwind under wind conditions associated with high ozements
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2.0 SCIENCE QUESTIONS

The followindist of science questionsasdeveloped to guide this Report on the Atmospheric
Impacts of Oil and Gas Development in Texas. The questions are intended to 1) address the
issues of most importance to policy makers of the State of Texas, 2) be specifghdnou

provide a needed focus, and 3) be general enough to cover emerging scientific issues. These
guestions fall into three broad categories.

2.1 Emissions

A. What are the emissions of ozone and PM precorsfrom O&Gdevelopment in Texas?

B. How do the magnitude and composition
of these emissions dependpon variables
such as composition of extracted oil and
natural gas and technologies employed?
What are the important parameters
controlling how these emissions vary over
time and area?

Air quality impacts of oil and gas
development arise from emissions of
precursors of @and particulée matter
(PM), specifically hydrocarbons (VOCs,
primarily alkanes and aromatics) and
oxides of nitrogen (NOx). A more

o N thorough understanding of the
C. How are these emissions dividdaktween atmospheric impact of these precursor

the various stages of fossil fuel extraction| emissions is desired.
(exploration and production; product
gathering and transmission; gas processing) and specific pro@esses

D. How do these emissions in Texas compéaoeother regions of the U.S.?

E. Are there gaps in our quaification of emissions that limit a full understandingf ozone
and PM formation from these emissions?

2.2 Chemical Transformations

F. What are the contributions of emissions fror®@&Gdevelopment to ambient Q
concentrationsat regulatory monitors in Texe

G. Are there significant differences in £and PM
formation mechanisms between the major oil
and natural gas basins in Texas?

Critical uncertainties remain in ou
understanding of how the primary

emissions are transformed within
H. Are there important interactions between the atmosphere.

emissions from oil and natural gas
development and emissions from other sourcesach as urban, point source and biogenic,
including crops and animal husbandry?

I. Are there gaps in our understanding of chemical transformatsotihat limit a full
understandingof ozone and PM formation fro®&Gdevelopment emissions?
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2.3 Transport/Meteorology

J. What is the impacion other regions of Texas from ozon®M and their precursors
transported from oil and natural gas development areas? How does the impactG&®n
development compare to impacts from other sources, e.g., upwind cities, rural power
plants, and biogenic emissions?

K. What gaps remain to accurately attributezoneand PMformation to emissions source
sectors throughout the state?
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3.0 SYNTHESIS OF RESIUENVESSIONS
3.1 Response to Question A

What are the emissions of ozone and PM precursors fro&G
development in Texas?

3.1.1 Working Group
David Parrish David.D.Parrish, LLC
Yuyan CuiNOAA/ESRL/CSD
Sue KembalCook- Ramboll Environ
Brian McDonald NOAA/ESRL/CSD
Stuart McKeen NOAA/ESRL/CSD
Jeff PeischiNOAA/ESRL/CSD
Geoffrey Roest Texas A&M University
Tom RyersoANOAA/ESRL/CSD

Gunnar SchadeTexas A&M University

3.1.2 Background

Precursors of ozone and PM emitted from the processes involve&{adevelopment include
VOCs and NOx. In this Response to Question A, we focus on NOx emissions. The Response to
Question B addresses VOC emissions.

A variety of methods for&imating NOx emissions fro@&Gbasins are in various stages of
development and application. THECEQ 2012 Mod&eady Emission InventofseeFigure3-1

for example of these emissions) and the National Emidsieentory (NEI) use traditional
activity data and emission factors to provide emission estimates; this approach will be
generically$ F SNNB R (1 21zZL)¥ & & & 3/ ( (i WE 20015l bé2uged & a basis
for comparison with NOx emission estimates derived through other approaches. Research
conducted in the Uinta Basin in northeastern Utatnjnadov et al.2015] indicated thathe
bottom-up emission inventory overestimated NOx emissions by a factor of ~4 in that basin.
One important focus of this Synthesis is to investigate if this overestimate is confined to that
particular basin, or if it is characteristic OB&Gemissionsn general.

Findings AA5 review and compare some NOx emission estimates from four alternative
emission estimates for the Haynesville Shale region in northeastern Texas/northwestern
LouisianaKigure3-1). These estimates include a botteup fuel based inventory and three
top-down estimates: a total NOy mass balance determination from aircraft data, and two
mesoscale Bayesian inversion techniqutree first for totd NOx emissions and the second for
0&G NOx emissions alone. The results from these alternative estimates are compared with
those from the NEI 2011 inventory.
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Figure3-1.  NOx emissions in the Haynesvili@&Gproduction region from theTCEQ 2012
Model-Ready4 km x 4 kmEmission Inventoryor June 29, 2012 at 7 am(Upper panelPoint
sources of NOx emissions are shown as circles with radii that indicate the magnitude of the
NOx emissiongn metric tons perday (tpd) Facilities with NOx emissions (during standard
operations in 2012) of greater than 4 tpd are labelled. The catoded grid represents low
level (i.e. nonrpoint) emissions from urban areas, emad mobile sources and rural areas

with O&Gproduction. Stars indicate the location of TCEQ monitors. (Lower panel) €olor
coded grid showing lowevel O&Gproduction sources only.
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3.1.3 Findings

Finding A1 Emissions fron©@&Gactivities can change rapidly and systematically on time
scales of a year or less. In modeling or emissions comparisons, care must be taken to ensure
that the selected emission inventory matches the year under study

Analysis: Sue Kemb&lbokRamboll Bviron

O&Gproduction can change rapidly in response to economic forces as well as the normal
evolution of the field.Figure3-2 shows the evolution of dry shale gaoduction in the

Barnett, Haynesville and Eagle Ford Shales. All three regions have had periods of rapid increases
in production when intensive drilling activity occurred gretiods ofdeclining production

when drilling slowed. For example, Haynesvillal& gas production increased sharply following
the onset of drilling in 2008. In 2011, low natural gas prices and a glut of shale gas resulted in a
25% decrease in Haynesville drilling activity relative to 2010 (IntroduEtgurel-2, lower

panel). The reduced level of drilling caused Haynesville natural gas production to decline
substantially in 2012. Production continued to decrease through 2015. Production ti@nds

liquid hydrocarbons (sum of produced oil and condensate) also show large changes from year
to year Figure3-3).

Dry Shale Gas Production

o

Eagle Ford (TX)

[~ —#—Barnett (TX)
=@~Haynesville (LA & TX)

~

~
L

~~a

Annual Average Production (bcf/day)

\

2000 2001 2002 2003 2004 2005 2006 2007 2008 2008 2010 2011 2012 2013 2014 2015 2016

Figure3-2.  Annual average production rate of dry shale gas from the Barnett, Haynesville
and Eagle Ford Shales. Haynesville data includes production from Texas counties and
Louisiana parishes. Data from the US Energy Information Adstiation (EIA.

Bottom-up estimates of NOx and VOC emissions are proportional to the product of an emission
factor and an activity metric. The activity metric for many-preduction phase emissions
categories (e.g. drilling and completion) is the numbkewells drilled. For production phase
categories such as dehydrator or tank emissions, the activity metric is the quantity of gas or
liquid hydrocarbon produced. During periods of rapid change in drilling activity and production,

® http://www.eia.gov/energyexplained/index.cfm?page=natural_gas where#shaledata
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formation-wide bottomup emissions estimates also change quickly. When modeling
photochemistry in artD&Gproducing region, it is critical to use a botteup emission inventory
developed for the year of interest. Comparisons of-thgwvn emission estimates with bottom
up inventoies must also be done using the same year.

Liquid Hydrocarbon Production

30,000

Eagle Ford

| === Bamett L 25000
4

| == Haynesville (TX only) f\\ |

/ \ I 20,000

/ \ 15,000
/‘\/ \ L 10,000
’// - 5,000

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Barnett, Haynesville Production [Bbl/day)

Figure3-3.  Annual average total liquid hydrocarbon (oil plus condensate) production from
the major Texas shale formations. Production from the Eagle Ford éi) is much larger
than for the other two formations, which are plotted against the right axis. Data from the
Texas Railroad Commissith

Finding A2 Public fuel use datprovide a basigo estimate O&Gemissions ofNOX.
Analysis: Brian McDonaldIRE/NOAA

Motor vehicle emissions have been effectively estimated using fuel sales as a measure of
vehicle activity, and emission factors derived from a variety of ambient atmospheric
measurements [e.gHarley et al.2001 and references therein]. An anabog approach has

been developed to estimate NOx emissions fro&Gexploration and production activity. In

this approach, the activity data are derived from the amount of fuel used in a given process,
and the emission factors are the amount of the species emitted per unit of fuel burned in each
process. Emissions fromxploration activity (e.g., drilling, hydraulic fracturing) astimated

from off-road diesel fuel sales data, which are available from the U.S. Energy Information
Administration (EIA). Emissions from production activity (e.g. dehydrators, heaters,
compressors) are estimated from esite natural gas fuel use, which is also available from the
EIA. Emissions from larger point sources such as natural gas processing plants are estimated
from thefacility levelCQ emissions reported by the U.S. EPA; theseéssions are directly
measured by Continuous Emission Monitoring Systems (CEMS). Combining émeig3@ns

with NOXto CES YA da A2y NI (A 2a OBl NCESRIngERal.2010)add 9t ! Q&
mobile van experimentsjoetz et al.2015] allows he NOx emissions to be derived. These

10 hitp://www.rrc. state.tx.us/oikgas/researckand-statistics/
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emissions can be spatially mapped onto the NEI 4 km x 4 km grid using drilling locations
(exploration activity emissions), well locations (production emissions), and processing plant
locations. This approach has besgplied to the Uinta Basin in northeastern Utah to give a
preliminary estimate of 4.9 x #ons NOx/day, which is in excellent agreement with 4.2% 10
tons NOx/day estimated bixhmadov et al[2015], but is much lower than the 18.2 x*16ns
NOx/day gien by the NEI 2011 v2 inventory.

A preliminary fuebased NOx emission inventory has been completed for the Hayned¥ilk
region. TotaNOxemissions fromO&Gactivities are estimated to have been 1.3 (95%
confidence limit range: 0.42.2) tons/hr inJune 2013.

Finding A3 Mass balance calculations based on aircraft datnestimate total NOx
emissions fromO&Gbasins

Analysis: Jeff PeiseBIRES/NOAA

Aircraft measurements of ambient methane concentrations have been utilized to quantify the
total emissions of methane from most of the majo&Gbasins in the U.S. through a mass
balance of the fluxes of methane into and out of each basin [Bajschl et al2015; 2016 and
references therein]. Exactly the same approach can quantify the total NMi»siens from

those same basins by analyzing NOy measurements made on the same aircraft flights.
Considerable effort is saved, since the wind fields lamahdarylayer heights have already

been analyzed for the quantification of the methane emissions. A preliminary NOx emission
estimate has been completed for the Haynesv@i&Gregion using this method. Total NOx
emissions from all sourcem¢ludingO&Gactivities) are estimated to have been 7.6 + 2.8
tons/hr in June 2013.

A related approach allows NOx emissions from@&Gactivities to be separately estimated by
multiplying the total methane emissions from these activities by the observed NOy to methane
ratio. This approach gives an estimate of 1.4 metric tons/hr in June 2013 fotatyreesville

region. The large difference between the totamhissionsand the emissions due to tH@&G
activities alone emphasizes that that t@&.Gactivities are not the dminant NOx emission

source even in the relatively rural Haynesville basin.

Finding A4 Bayesian inverse modelingpgether with a flux ratio inversion techniquean
separately estimate total NOx emissions a@&GNOXx emissions alone

Analysis: Yuyan CGIRES/NOAA

Mesoscale inverse modeling based on aircraft measurements has been utilized to optimize
spatially resolvedanethane CH) and NOx emissions in the Haynesvid&Gproduction region,
and to provide a separate estimate for the spatially resolvedsOdOx emissions alone. At this
time only preliminary results from analysis of data from the 10 June 2013 NOAZDWIight
over that region are available. Two Bayesian inversions optimized emissions from prior
spatially resolved emission inventories. é)based on the NE2011 inventory, gave an
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estimate for total NOx emissions, and the second, basea bottom-up inventory formethane
(provided byMaasakkers et a[2016]), gave an estimate for totalethaneemissions.
Meteorological variables playsagnificant role in the mesoscale inversion, so six different
transport models were investigated to evaluate the uncertainty in the inversion estimates.
Finally, a flux ratio inversion technique was utilizediésive NOx emission estimates from only
the O&Gsources; this approach usedethaneas a tracer species multiplied by the measured
ratios of NOy tanethanemixing ratios. This inversion was based onrtieghaneemission
inventory.

Within the uncertainties, thenethaneemission estimates for theaynesville region within the
red rectangle irFigure3-4 from the inverse modeling (96 = 19 metric tons/hr) are consistent
with the mass balance estimate ofethaneemissions derived biyeischl et a[2015] (80 + 27
metric tons/hr). The inversioderived estimate is on average ~40% larger than the monthly
mean for June of the prior (67 metric tons/hr), whietasdesigned to be consistent with the
2016 US EPA Inventory o8JGreenhouse Gas Emissions and Sinks (GHGI) for 2012.

Figure3-4 shows the Bayesian inversion results for total NOx emissions (left panel), and the flux
ratio inversion for NOx emissions frad@&Gsources only (right panel). The Bayesiarergion
estimated that the total NOx emissions from all sources in the region were 7.8 £ 1.6 metric
tons/hr in June 2013, of which 2.5 metric tons/hr were from &Gactivity. These results are

in excellent agreement with themass balance results dissesl in the previous finding

Ongoing work aims to provide quantitative uncertainty estimates for the NOx emissions from
the Haynesvill®©&Gactivity.

Comparison of the two maps Figure3-4 shows some expected features, and some that are
puzzling. As expectethe interstate highways {30 passing from northeast Texas into
Arkansas, and20 passing west to east from Texas into Louisiana) are discernable in dhe tot
NOx emissions map, but do not appear in @&Gemissions only map. However, there are
some grid cells where the estimated O&G emissions are larger than the total emissions; this
physically unrealistic result arises from inconsistent spatial distobstof the O&G NOx and
methaneemissions between the NE2D11 NOx emission inventory and tiveethaneemissions

in the GHG emission inventorin the total NOx emissions map, the Martin Lake power plant is
not as prominent as might be expected (see disiss Finding A6); this results from the color
scale selected for the map, where this large point source simply saturates the color in a single
grid cell.
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Figure3-4.  Map of NOx emission estimates for the Haynesvil&Gproduction region
optimized by the Bayesian inverse modeling together with a flux ratio inversion technique.
Total emissions are on the left, and the emissions fr@&Gactivities alone are on the righ
Units arergy mi?s™.

Finding A5 Three topdown and one bottomup approaches are in reasonable agreement for
the quantification of NOx emissions from the Haynesville O&G region in June 2013; the NOx
emission estimates for the O&G sources in the LB $2011NEI are a factor of-3 higher.

Analysis: Yuyan Cui, Stuart McKeen, Brian McDonald, Jeff Peischl, Tom-QRESINOAA

Findings A224 introduce three topdown (the mass balance approach, Bayesian inversion, and
a flux ratio inversion techniqyeand one bottoraup (fuel based approach) methods to quantify
NOx emissions fror®@&Gexploration and development activities in apgrticularbasin, at

least when the required fuel use data are available and meteorological conditions are
favorable. Prelinmary results from each of the four approaches for the HayneW#l&
production are given in those Findings, dfigure3-5 compares those three results with the
emissions derived from the NEI 2011 bottarmp inventory. As noted in Finding Al, this
comparison is not ideal since the four approaches discussed herfea2013, and the NEI

2011 is optimized for two years earlier, but a newer NEI inventory is not available. The mass
balance approach and the Bayesian inversion give results for total NOx emissions, and the mass
balance approach, the flux ratio inversitechnique, and the fuel based method also give
results for NOx emissions from tli&Gsources alone. The total emissions of the two-top

down approaches are in excellent agreement with each other (7.8 + 1.6 and 7.6 = 2.8 metric
tons/hr for Bayesian invesion and mass balangceespectively), but are significantly smaller

than the bottomup NEI 2011nventory (12.1 metric tons/hr). The three estimates of the NOXx
emissions from th®©&Gsources are in reasonable agreement (1.4, 2.5, and 1.3 metric tons/hr
from mass balance approach, the flux ratio inversion technique, and the fuel based method,
respectively), but are all a factor of 1.7 to 3.2 smaller than the corresponding emissions in the
bottom-up inventory (4.2 metric tons/hr). If the total emissionsrtdhe NEI 2011 inventory
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are adjusted downward (i.e., the Hybrid bar on the lefEigure3-5) to correct for the
overestimate (from the graph on the right) of tl@&G emissions, better agreement is found
with the total emissions from the inversion techniques and mass balancddom approach.

The comparison discussed above and illustrateéigure3-5 must be considered preliminary,

as the topdown estimates are still preliminary, and because the NEI 2011 inventory is not
directly applicable to 2013Figurel-2 shows a steep decline in drilling in the Haynesville Shale
between 2011 and 2013, along with a decline in gas production showigime3-2. Consistent
with this change in O&G activity, area source oil and gas emissions estimates decreased from
2011 through 2014 in the Haynesville Basin; NOx emissions from the 10 county Heynesvi
Shale area were estimated to be 22,500 ton$ipr2011 and 19,000 tons yin 2013 [Michael

Ege, TCEQ, private communication] corresponding to a 16% éission rate Comparing

the 2013 topdown results to the 2014 NEI or to the TCEQ 2013 dilgas emissions inventory
would be preferredThe preceding paragraph discusses how changing O&G activity makes it
difficult to directly compare toglown estimates from observations taken during a particular
period with available bottorrup inventories. Té evolution of the information that goes into
developing bottormup inventories also adds additional difficulty. For example, the EPA oil and
gas estimation tool has recently been updated with new compressor engine factors (updated
fraction of compressormgines per gas well; and updated compressor engine horsepower
sizes).These updated factors result in a 49% decrease in NOx emissions estimates from
wellhead compressor engines in the East Texas Basin where the Haynesville Shale is located
compared to theprevious factors. [Michael Ege, TCEQ, private communication]. Future work
focused on more direct comparisons of tdpwn and bottomup results may lead to further
inventory improvement.

NO, emissions (All sources) NO, emissions (O&G sources)
—r—  Bayesian inversion Bayesian inversion
-—- Mass balance Mass balance +CH,/NO,
Hybrid Fuel based estimate

NEI2011

10 15 (tons/hr)

NEI2011
5 10 15 (tons/hr)

o
o

Figure3-5. Comparison of NOx emission estimates for the Haynesvl&Gproduction
region from the three topdown approaches discussed in the text with the botteop NEI
2011 inventory. The comparison is shown for all sources (left) and for@&G sources only

(right).
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Finding A6 Compared to other anthropogenic NOx emission sourcé@&Gactivities are not
dominant, even in relatively ruraD&Gbasins; they do provide emissions of NOx in areas that
would otherwise have very small emissions.

Andysis: Yuyan Cui, Stuart McKeen, Brian McDonald, Jeff Peischl, Tom-RYRESMNOAA

The comparison ifigure3-5 indicates that the emissions fro@&Gactivities ae a small

fraction of the total in the Haynesvill@&Gbasin. This is a relatively rural region, but the
population on the Louisiana side (primarily Shreveport) is about 490,000 and on the Texas side
(primarily LongviewMarshall) is about 370,000. Thegren is also crossed byi® and 420
Interstate highways, and contains the Martin Lake power plant. This point source alone
accounted for 1.6 metric tons/hr of NOx emissions on the day of the flight analyzed in the top
down mass balance and Bayesian nsi@n analyses discussed above; the emissions from this
one sourceare approximately equal to all of th©@&GNOXx emissions estimated by the top

down approaches (see Finding ABJowever, the impacts from a power plant point source
(NOx emission plume) Whe spatially and temporally different from an area source (O&G NOXx
emissions.
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Finding A7 Measurements of NOx, VOCs, and £&lownwind of active flares in the Eagle

FordK | £ S O2yFANNSR GKI (3 -B)flaré anBdih AckoEsar@t | Qa  OdzND
accurate, although emissions can vary widely over short periods, producing at times either

higher VOC emissions (low combustion efficiency), or higher NOx emissions (high combustion
efficiency).

AnalysisGunnar Schadé&eoffrey Roestexas A&M University

In 2015, a suite of VOCs, @O, ozone and G@ere measured in Dimmit County in the Eagle
Ford Shale region, several miles downwind of @Gexploration activity. During periods of
favorable winds, numerous plumes from nearby flaring activity wetected, using the
[NOX)/[Og] ratio as an indicator of nedreld combustion plume impactgrigure3-6 depicts the
observed correlation between excess carbon dioxdd excess NXdn combustion plumes

from flares active during the measurements as confirmed by using Visible Infrared Imaging
Radiometer Suite (VIIRS) satellite data. The analysis showed tR&nN§3ions constituted

0.26 + 0.03 x18 (95% C.1. of bivate slope analysishol per mol C@produced in combustion.
Assuming thatX) flare combustion consists of natural gas producing 117 lbsp&Gnillion

Btu (http://www.eia.gov/tools/fags/faq.cim?id=73&t=1l and(2)dza Ay 3 9t ! Q& SYA a & A
of 0.068 Ibs. N®(as NO) per million Bu, the expected NQ/CQ, emission ratio is 0.56x b

mol per mol CQ@ Thus, in this example, the observed H{TO;] ratio in \arious plumes was a
factor of two smaller than what is currently assumdd.contrast, during another period the
observed [N@/[CO,] ratio was twice the expected value. Since the measurements were
limited to one field location, we can concludaly that the currently used AB2 emission

factor for NG agrees with observations within a factor of 2 for the limited observations
available from the Eagle Ford.

A similar analysis was carried out for VOCs observed in the same combustion plumes. In this
casethe observed [VOC]/[CPratio (considering only dominant €37 hydrocarbons) was 3.1
+0.7x18molpermolCg@> ¢ KS NBALISOGABS SELISOGSR @t dzS dza
Ibs. of hydrocebons (as methane) per milliortBis 3.3x16° mol per molCQ. Hence, similar

to NOx, the Eagle Ford field measurements support the existing emission factor, albeit with a

higher variability. Notably, neither the EPA emission factor, nor the field measurements

included oxygenated species such as formaldehydeametaldehyde, which may be a

significant component of flare VOC emissidksifhton et al 2012;Pikelnaya et a) 2013], and

should be evaluated in future work.

Gvakharia et al[2017] studied emissions of light alkanes and black carbon from flares in the
Bakken region of North Dakota. They reach conclusions broadly consistent with the Eagle Ford
study discussed above.
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Figure3-6.  Combustion plume excess N@ersus excess GQa) for flares upwind of the
monitoring site in Dimmit County, TX (b) during July and August 2015. The dashed line shows
an ordinary linear regression forced through the origin, while the solid line isivariate

regression with an intercept indistinguishable from zero. In (a) there are two data clusters:
one below the regression lines, representing low combustion efficiency (higher VOC
emissions), and one above representing high combustion efficienaghier NG« emissions).

The flare directly upwind of the field site (9 km to the SE) was detected on multiple days, and
displayed both low and high combustion efficiencies.

3.1.4 Summary andRecommendations for Further Analysis

This Response to Question Adsused on NOx emissions, while the Response to Question B
discusses VOC emissions. Here, several methods for quantifying NOx emissions from O&G
emissions are discussed and their results compared. With good confidence we find that NOx
emissions from O&@ctivities do not dominate over other anthropogenic NOx emission

sources (Finding A6). Efforts to accurately quantify these emissions are confounded by three
issues. First, total O&G emissions from a basin change on relatively short time scales (Finding
Al) in response to basin development and economic forces. Second, emissions from a
particular sector of sources vary widely depending upon operating conditions of the particular
source (Findings A7 and E1). Third, development is ongoing for the techpoueading both
bottom-up activity based emissions estimates (Findings A2 and A5) artbtop,

observationally based emissions estimates (Findings A3, A4 and A5). Preliminary comparisons
indicate that NOx emissions from O&G activities have been overattd in earlier work

(Finding Ab), but there is relatively low confidence in this result. Further analysis should focus
on the discrepancy between the inventorigtentified in Finding A5to determine if it is solely

due to the different basis yearsr @ it reflects significant errors in the inventorieK.it is the

latter, then efforts to improve inventories may be useful if it is judged that the uncertainty of
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NOx emissions from O&G emissions justifies that effdviass balance calculations aftal

NOy emissions based &WOAA WRBDaircraft dataare in progress for all of the Texas O&G
basins; it is hoped that comparison of these results with bottom up emission inventories will
help to quantify this discrepancy.
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3.2 Response to Question B

How do the magnitude and composition of these emissions depend upon
variables such as composition of extted oil and natural gas and
technologies employed? What are the important parameters controlling
how these emissions vary over time and area?

3.2.1 Working Group
David Parrish David.D.Parrish, LLC
Jessica GilmarNOAA/ESRL/CSD
Geoffrey Roest Texas A&l University

Gunnar SchadeTexas A&M University

3.2.2 Background

Precursors of ozone and PM emitted from the processes involved in O&G development include
VOCs and NOx. In this Response to Question B, we focus on VOC emissions. The Response to
Question A ddresses NOx emissions. In all of the results presented here, emissions of

methane are not included when discussing the magnitude, reactivity and ozone formation
potential of VOC emissions. Methane emissions have only minimal impacts on local ozone
production [e.g., see Table 1 bfcDuffie et al, 2016].

Research conducted in the Uinta (also called Uintah) Basin in northeasternAbitaiadiov et

al., 2015] indicates that the bottornp emission inventory underestimated VOC emissions by a
factor of ~2 in thé basin. An important question is whether this underestimate is confined to
this particular basin, or if it is characteristic of O&G emissions in general. At this point, to our
knowledge, there is no analysis that provides a clear answer to this gonesidifficulty in this
regard is that any intensive field study provides only a "snap shot" of emissions at the particular
time of the study. Longeterm, yearround data collected at surface sites provide essential
complements to data from intensiveefd studies.

Over the 20142015 period, NOAA conducted five surfdmesed field studies (in the Denver
Julesburg Basin in 2011 and 20&2inan et al. 2013] and the Uintah Basin in winters 2012,

2013, 2014 Edwards et aJ 2014]) and 23 research flightser O&G basins (5 during SENEX in

2013 Warneke et al.2016] and 18 during SONGNEX in 2015). The research flights

characterized VOC concentrations over O&G basins throughout the U.S. Findings B1, B3 and B4
are based on analyses of these data. Théoregsurveyed in these NOAA studies accounted

for > 70% of U.S. shale gas production and > 83% of U.S. shale oil production in April 2015.
Informative data sets are also being collected from VOC measurements spanning multiple years
at sites within or neafexas O&G basins; Finding B2 is based on analyses of theset®nger

data sets.
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3.2.3 Findings

Finding B1 Each O&G basin has its own characteristic VOC composition signature that
depends upon thecomposition of extracted oil and natural gas and the teablngies

employed in that field; NOAA field studies provide systematic (albeit limited) characterization
of these signatures across U.S. O&G basins.

Analysis: Jessica GilmAIDAA

Emissions fron®&Gactivities change rapidly and systematically on time saafl@syear or less
(Finding Al). These changes are driven by changes in many variables associated with the
progressive development of the field, and the economic climate of U.S. and world energy use
(See the Introduction for a complete discussjomheNOAA ground and airborne field

programs were conducted over the 262015 period. Figure3-7 and Figure3-8 show some of

the O&G activity metrics during the periods of the field studies. The drill rig ¢®ant

indicator of new well drilling activity.
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Figure3-7.  Shale playdrilling and production statistics in the eight O&G basins
investigated during the SONGNEX field campaign in 2015.
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Figure3-8.  Shale play drilling and production statistics in six O&G basins during NOA# fi
campaigns in 20112015. The Niobrara and the Denvdulesburg refer to the same basin.

Here we examine [VOC]/[GJHenhancement ratios to characterize the unique VOC source
signature for each O&G basin. Each ratio is calculated from the slope adrtedation of

measured concentrations of a particular VOC with those af Eigure 3-9 illustrates two

example correlations, with the derived enhancement ratios. (the slope of the linear

regression) annotated in each graph. The enhancement ratios minimize the effects of air mass
mixing and dilution on the original emission ratios; they give a robust measure of the relative
rate of emissions of VOCs to £ Bt least for VOCs that are lodiged with respect to the time
between emission and measuremerftigure3-10 summarizes the results of thmolar

emission ratios of four alkanes relative to methane in fourteen U.S. O&G basins. Analogous
results have been derived for a great many VOC species.
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Hgure3-9.  Correlation of VOC and Gldoncentrations measured on four flights over two
O&G basins. The slopes derived from linear regressions, with correlation coefficients, are

annotated.
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Figure3-10. Comparison of VOC/CHinolar enhancement ratios in fourteen O&G basins
investigated during NOAA ground and airborne field campaigns.

The source signature for each air basin is characterized by all of thedenmission ratios.
Figure3-11 summarizes the emission ratios for four families of VOCs emitt€o&sy

production activities. Here the emissions ratios are normalized by dividing by the maximum
[VOC]/[CH] ratio measuredn any basin for each of the VOC groups; fofcait VOC families

46



RAMBGLL gayiiiielN

the Bakken Basin yielded this maximum ratio. The #igintd column irFigure3-11
summarizes th&OC signatures observed in the different basimgyeneral therelative
contributions from the heavier VOC familig35+ alkanes, cycloalkanes, and aromatics)
correlate with the contribution of the G4 alkanebetween basins, although there are some
significant discrepancies from a perfect correlation.

W6 QEO C2-C4 Alkanes C5+Alkanes Cycloalkaines Aromatics
0 o Q Nat. Gas. Plant Liquids Liquid Condersates (‘Napther@s() BTEX and Air Toxics
(NGPL3
Bakken, ND | | [ | N - 1 argest collective enhancement
Permian, NM - ratios for flightonatural gas
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Figure3-11. Comparison of normalized VOC/GEnhancement ratios in fourteen O&G
basins investigated during NOAA ground and airborne field campaigns.

The location of the fourteen basins are indicatedrigure3-12 with symbols color and size

coded according to the mole fraction of the total VOCs contributed by species heavier than CH
There is a wide range in these mole fractions: from 1.6% in disetwith the "driest" gas, to

46% in the basin with the "wettest" hydrocarbon mixture. There is no obvious correlation of
this mole fraction with geographic location. Of the four Texas basins irtlodbis analysis,

the Permian represents the secoiettest” emissions of the fourteen basins, while the other
three are near the migange.
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Figure3-12. Map comparing of mole fractions of VOC to total VOC + (DHourteen O&G
basins investigated durinlOAA ground and airborne field campaigns.

Finding B2a At a rural site adjacent to thé&agle For®&hale, in Floresville, Texas, the median
total OH reactivity of measured VOCs during 262314 was of similamagnitude to that
found in theHouston/Galvesbon Bay (HGB) areduring TexAQS 2006. However, the highest
fraction of OH reactivity in the HGBrea, which occurred in plumes of HRVOCssabout an
order of magnitude larger than the correspondinigaction in the Eagle Ford Shale.

Finding B2b At a rual site adjacent to theEagle For&hale, in Floresville, Texasmissions
from O&Gactivities (including bothevaporative and combustion sourcgsubstantially

enhancedmedianconcentrations of aromatic VOGCabove those expected in rural regions
without O&G activities. The combustion sources also enhanced alkene concentrations.

Analysis: Gunnar W. Schade, Geoffrey Rbesas A&M University

Schade and Roest [2016] analyzed the first year (July 2013 2014y of measurements from
aY2yAG2NAYy 3 aAdsS Fd GKS OSYyidNrt y2NIK SR3IS 27
Continuous Air Monitoring System (CAMS) station 1038). They discuss the abundances, diurnal
variation and meteorological dependea of the dominant hydrocarbons, and compare them to

other shale areas and the Houston Galveston Bay (HGB) area. They also carried out a factorial
analysis to determine thdominant sources contributing to the observed VOC composition, and
calculated theatmospheric OH radical reactivi@HR- this quantity is discussed in more detail

in the Responses to Questions D, F andBsed upon median concentrations, the totalRuf

the VOC mixtures were similar at HGB (2\)Las derived from Table 1 Gilman et al.[2009],

and at the Eagle Ford Shale area (1 :éhssummer). However, the relative contributions of
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different classes of VOUsigure3-13) differed markelly between the two sitesAlthough the
OHRmetric provides a simple assessmeoit the relative contribution of different VOCs to
photochemical reactivity, they do not incorporate information about radical propagation or
photochemical NOx dependence, bathwhich are important for predicting the efficiency of
ozone production.Additionally, the highest OR(~95th percentile) in high concentration
plumes of HRVOCs in HGB was about an ordeiaghitude larger than the same percentile in
the Eagle Ford She it is such plumes that form the highest ozone concentrations observed in
HGB.

The factorial analysis consistently produced two dominant factors. The first factor dominated
the variability, and based on the dominance of alkanes in its loadings cadioppsias

assigned t@&Gactivity emissions. Alkenes and acetylene, with large contributions from NOx
and aromatic compounds, dominated the second factor, and was thus assigoethtmustion
emissions. The time dependence of these two derived parametiwed a prediction of the
NMHC concentrations at the monitoring site usidgutane and ethene as the predictors in a
multi-linear model similar t&ilman et al[2013].

100

oxygenates estimate

80
1

oxygenates

60

40

contribution to total VOC reactivity

20

1

Houston ship channel Eagle Ford all Eagle Ford summer

Figure3-13. Comparison of relative, median contributionsf different VOC classes to OH
radical reactivity in the HGB (in 2006) vs. the Floresville monitor (in 2013/14). The estimated
oxygenated VOC contributioto the total at the latter site was ~10%, equivalent to
approximate median mixing ratios of 0.6 ppb formaldehyde and 0.3 ppb acetaldehyde.

Other factors in the factorial analysis indicated that emissions from flares play a significant role
in determining the observed VOC and NOx concentrations. A subsegpenegative matrix
factorization (NMF) revealed five consistent anthropogenic factors (and biogenic isoprene): an
evaporative source, traffic, a second combustion source, an oil (as opposed to natural gas), and
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a mixed source. These associations of fiectaith sources were chosen based on a comparison
with another NMF analysis of 2015 VOC data acquired further south near the center of the
Eagle Ford shale in Karnes City, TX, described in the next fiffidiag.ompositional breakdown
of these factors preides the absolute contributions to mean benzene, toluene, ethylbenzene
and xylene (BTEX) concentrations in Floreswigufe3-14).

08
1

= evaporative
traffic
other combustion
® il field source
mixed source
data

06
I

BTEX (ppb)
04

02
I

0.0
1

hour of day

Figure3-14. Diurnal cycle of mean BTEX abundances measured afFthessville site
(dashed line) compared to the NMPBased source apportionment (colored swaths).

Finding BB: In the Haynesville O&G Basin, ambient propas@ncentration measurementsire
a useful tracer for O&G sources that provides information different frambient methane
concentrations.

AnalysisJessica GilmaNOAA

Characteristic VOC composition signatures for the various O&G basins are discussaidgn F

B1. Figure3-10 showsthat propane is a light NMHC that is enhanced in the emissions in these
basins; it constitutes approximately 3% of the O&G VOC emidsidins Haynesville Basin.
Figure3-15shows the 10 June 2013 flight track of the \BIP aircraft over the Haynesville

Basin, with color and size coded symbols indigatire magnitude of the measured propane
concentrations and the location of each measurement. The box and whisker plots indicate the
degree to which propane concentrations are elevated during the transport of boundary layer
air over the Haynesville Basig the prevailing sout-southwest winds. There are modest (~1
ppb) elevations of mean and median concentrations, with a maximum enhancement of ~6 ppb.
Figure3-16 shows a similar plot with propane concentration measurements indicated by the
open symbols, and the continuous methane concentration measurements indicated by the
color-coding of the flight track. Generally propane and methane are both enhanced by O&G
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emissons, but the relatively poor correlation? 0.33) indicates that there are significant
differences in the emissions sources of methane and propane.
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Figure3-15. (right) Map of propane measurements madi#uring the 10 June 2013 WBD

flight over the Haynesville O&G Basin. Each data symbol is colored and sized according to the
propane concentration, a marker for O&G emissions. (left) Summary of measured propane
concentrations on the indicated upwind andownwind legs of the flight path.
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Figure3-16. (right) Map of propane as ifrigure3-15, with the flight track cola-coded
according to the continuous methane measurements. (left) Correlation between measured
propane and methane concentrations with the square of the correlation coefficient
annotated.

Figure3-17 shows one reason for the poor propangethane correlation. The locations of two
natural gas processing plants are indicated in relation to the flight track of the NOAZOWP
aircraft. The plume from these two plants wiatercepted on two flight segments (nearest to
the plants on the easivest segment, and further downwind on the norflouth segment).

Both methane and propane were enhanced in these plume intercepts, but the propane
enhancement was relatively larger thémat of methane. Airborne sampling of VOC plumes in
O&G fields offers the potential for detailed characterization of the sources of VOC emissions.
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Figure3-17.  (right) Enlargement of a section of theap from Figure3-16, with the location
of natural gas processing plants indicated. Google Earth images of two of those plants are
included. Wind barbs are included on the flight track.

Finding B In the Hayesville O&G Basin, elevated ambient benzecmncentrations are

strongly associated with O&G sourcgs dziT R2 y 2 (G SE OS&mairiminBorig/ 9 v Q&
comparison value (AMCYV), which is used to assess risk to human health

AnalysisJessica GilmaNQOAA

Benzene is a toxic VOC species that is of particular concern due to its negative health impacts.
It is released from a wide variety of sources: combustion sources that are predominately found
in urban areas (e.g., amad and offroad vehicle fleetsjndustrial sources (e.gefineries and
petrochemical plants), and O&G activity. During the-3ZPflight over the Haynesville Basin
discussed in Finding3Bbenzene and acetylene concentrations were measured in the same
whole air samples that provideth¢ propane measurementszigure3-18 shows the correlation
between benzene and acetylene. This correlation is useful because acetylene is emitted
predominately by tle combustion sources that also emit benzene at an approximately constant
ratio [e.g.,Fortin et al. 2005]. The "urban signature” line included kigure3-18indicates this

ratio, and the points that are well approximated by this line represent air parcels with benzene
concentrations predominately from combustion sources. However over the Halladzasin

the largest benzene concentrations are observed in air parcelsreldtively lowacetylene
concentrations. The largenhancements ifbenzene concentrations therefore are dominated

by O&G emissions, a conclusion confirmed by the relativedye laropane concentrations that
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accompany the highest benzene concentrations, as indicated bgaloe andsize of the
symbols irFigure3-18. To provide context foFigure3-18, the¢ / 9 v Q &-bakef lorigériid
air monitoring comparison value (AMC) benzene is 1.4 ppb and the shaerm AMCV is
180 ppb.Thelongterm and slort-term AMCVs are ambierbncentrations below which no
adverse health effects are expectémt continuous and shour inhalation exposures,
respectively Aircraft whole air sampleneasurements of benzene shownhkigure3-18 and
groundlevel ambientBTEXoncentrationsn Figure3-14 are much lower than thdong-term

AMCYV of 1.4 ppb

e SENEX flight data | @ **
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Figure3-18. Relationship between ethyne (acetylene) and benzene measured during the 10
June 2013 WRD flight over the Haynesville O&G Basin during the SENEX field campaign.
Each data point is from analysis of a single whole air sample, and is colored and sized
according to the propane concentration, a marker for O&G emissions.

3.2.4 Summary ad Recommendations for Further Analysis

ThisResponse to Questidd isfocused on VOCemissionswhile theResponse to Questiofy

discusses NOx emissions. The analysis given in this Response to Question B has only begun to
scratch the surface of providiregdefinitive description of howhe magnitude and composition

of VOCemissiondrom O&G activitieslepend upon variables such as composition of extracted

oil and natural gas and technologies employaddthe important parameters controlling how

these emssions vary over time and area

From a health perspective, emissions of benzene, a toxic VOC, are of particular cdarieern.
analy®s supporting Finding82,B4 and C2 reporambient benzene concentrations in Texas
0O&G fields. Theeanalyses indicatéhiat annual average benzene concentrati@vgay from

the immediate vicinity of sourceme below thelongterm AMCYV so that chronic exposure in
these O&G basins not expected to cause adverse headffects. This result is consistent with
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TCEQnonitoring of longterm ambient benzene concentrations in the Barnett Shikbfidge
et al., 2015] which found no exceedances of the lelggm AMCYV for benzene, consistent with
grouping the Barnett into the shale areas with low aromatics contributiiggufe3-11).

Theanalysesupporting Findings B2, B4 and &@2not addresshe short term AMCYsince

very rare events thatvere notinvestigatedduring these studismay result in larger ambient
concentrations thararereflected in the figuresEthridge et al[2015]INE GA Sg SR ¢/ 9v Q&
extensive, multiyear HAP monitoring efforts in the Barnett Shale and reported a single
exceedance of the shosterm AMCYV for benzeneut of 1,299 samples taken in locations
accessible to the public (i.e. outside restricted access areas of O&G operations such as a well
pad or gas plant). The applicability of the Barnett results to the Eagle Ford and Haynesville
basins is not explicitlynown, butFigure3-11 does indicate that emissions of aromatic VOCs
relative to methane are higher in these two basins than in the Barnett Shale regiwome F

analysis of longterm VOC data sets collectedtire Eagle Ford and HaynesviD&G basins

could focus on the very highest observed VOC concentrations, and thereby may provide
guidance regarding the frequency and/or the probability dfrlaverage benzene

concentrations exceeding thehortterm AMCMn these twobasirs.

Finding B2 discusses analyses of VOC measurements at a monitoring site adjacent to the Eagle
Ford Shale region. These analyiselicatethat emissions from natural gas flaring in that region
areimportant not only to the reactivity of the VOC emissions, but also to the magnitude of the
NQ, emissions in this region. More complete characterization of the emissions from the
relatively low temperature flares found i@&Gregions is important becausgbe ozone

formation potential of emissionsn theseregions depends strongly on both the magnitude of

the emissions, especially the Némnissions, and the reactivity of the VOC emissions. Finding B1
discusses VOC composition signatures that characterize each of the O&G basins, and Findings
B3 and B! give some example analyses that use these characterizations tdigatesvOC

emission surces. Awide range of such analyses can be envisioned; productive future research
findings could follow from careful consideration of important polielevant questions that

could be addressed by such analyses.

Additional analyses currently underwaylivgrovide a more complete answer to this Science
Question, but results are not yet availablklass balance calculations based on aircraft data
haveestimatead total emissions from O&G basifte NOx (see Finding A3) and foethane
[e.g.,Peischl et al2015; 2016 and references thereinlhe same approach can quantify the

total VOCemissionsdy combining the methane results with measured ambient ratios of VOC to
methane concentrationsJessica GilmamNOAA.
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3.3 Response to Question C

How are these emissions divided between the various stages of fossil fuel
extraction (exploration and production; product gathering and
transmission; gas processing) and specific processes?

3.3.1 Working Group
David Parrish David.D.Parrish, LLC

Bryan Duncar NASA
Jessica GilmarNOAA/ESRL/CSD
Lok LamsalNASA

3.3.2 Background

Each of the many different processes involved in fossil fuel extraction has its own characteristic
emissions of VOC and NOx. Examination of how ambient concentrations of these species vary
asthe activity ofany of the different processes increase or d&ge may provide methods to
guantify various characteristics of the associated emissions. Findings C1 and C2 discuss the
correlation of longterm variations of VOC concentrations in the Haynesville Basin with drilling
activity, and Finding C3 examinesderrm variations of NOx concentrations as measured by
satellite over three O&G basins.

3.3.3 Findings

Finding C1Ratios of concentrations of VOCs from a "snapshot" provided by a NOAASIYVP
aircraft flight over the Haynesville O&G basin arergasonable accord (agreement within
factor of f 2) with those from longterm canister measurementsade at the Karnack, TX
surface site located in that basin

Analysis: Jessica GilmAIDAA

Flights across O&G basins by the NOWA3D aircraftprovide verydetailed information

regarding the ambient chemical concentrations of a wide variety of species, including primary
emissions and the intermediates and products formed during the photochemical processing of
those emissions. However, the flights are perfedhon time scales of a few hours or less,
RdZNAYy 3 RIBGAYSD CKSNE Aa | O2yOSNYy GKIF G &adzOK
longerterm chemical environment of the O&G basins. Here we present a comparison of the
relative concentrations of VO@stermined on a single flight over the Haynesville O&G Basin
on 10 June 2013 and the March to August 2013 measuremerite &arnack TX(CAMS 85)
surface site located in that basfmdicated by a green diamond in the magHigure3-15). It

should be noted that both the aircraft and the surface measurements are based on whole air
samples collected in canisters and analyzed later after shipment to home laboratories.
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The method selected to compare the VOC concentration signatures between the airborne and
surface measurements is illustratedrigure3-19. Enhancement ratios arealculated for each

VOC species relative to propane from orthogonal distance linear regression slopes; agreement
between these enhancement ratios is expected if each platform accurately characterizes the
VOC concentration signature in the HaynesvillerBaSionsideration of enhancemeratios
minimizesthe effects of air mass mixing and dilutio®ystematic differences between the

derived slopes are larger than their confidence limits, but the agreement is within a factor of
F2. The excellent correlatis (r is 0.90 to 0.98) indicate that there is little variability in the
ambient enhancement ratios, and that the disagreement between the data sets may arise from
calibration differences.
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Figure3-19. Comparisons of the correlations between the concentrationstbfee alkanes
with propane measured by the NOAA WED aircraft (Haynesville, red symbols) and at the
Karnack surface site (green symboldjnesof the respective colorgndicate the results ofthe
linear regressions; the slopes with confidence limits and tb@relation coefficientsare

annotated.
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Figure3-20 compares the enhancement ratios for 7 alkaaesl 2 aromatics measured at the
surface and from aircraft. All derived ratios agree within a factérZyfand the ambient
enhancement ratios of the alkanes agree with those measurasdmples of Haynesville raw
natural gas, suggesting that emissiorisioprocessed natural gas is the dominant source of
these alkanes to the atmosphere over the Haynesville Badiese comparisons indicate that
the enhancement ratios derived fromither data set can be used to investigate the identity and
relative imporeance of emission sources.
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Figure3-20. Enhancement ratios of nine VOCs relative to propane measured by the3DP
aircraft and the Karnack, TX surface site in the Haynesville O&G Basin in 2013. The relative
concentrations of four alkanes measured in samplgf Haynesville raw natural gaglata from
USGS Energy Geochemistry Database, accessed in Novemberat@libyluded for

comparison.

Finding C2Longterm measurements at the Karnack, TX surface site gad¢ that VOC
emissions in the Haynesville O&G Basin correlate much more closely with drilling activity
than with natural gas production

Analysis: Jessica GilmAIDAA

The VOC concentration data set collected atktaenack, TX surface speovides the bais for
guantifying changes in VOC emissions in the Hayne®4&l(@é Basifrigure3-21illustrates an
analysis of 3 NMHCs: propane, benzene and ethyne (acetyleneprifitegy emission sources

for these three species are expected to be natural gas production in the Haynesville Basin for
propane, regional vehicular traffic for ethyne, and both of these sources for benzene. The time
series inFigure3-21 provide confirmation of these expectations, and a clear indication of how
the VOC emissiordepend uporthe various stages of fossil fuel extractioRerhaps
surprisingly, none of #time series of the VOC emissions (as reflected by the ambient
concentrations) correlate with the total natural gas production in the basin; instead annual
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average propane and benzene correlate wélE(0.97 and 0.87, respectively) with the annual
averagge number of drilling rigs active in the basin. Average ethyne concentrations remained
nearly constant over the-§ear period, with only a weak?( 0.17) correlation with drilling

activity; this weak correlation may result from a correlation of vehicle traffic supporting the

drilling activity. This analysis demonstrates that the active drilling of natural gas wells plays a
dominant role in VOC essions, at least in the Haynesville Basin. However, the situation in this
basin may be particularly simple in that dry natural gas production dominates here (as well as in

the Barnett Basin). In basins with significant production of natural gas liquddensate

and/or oil (e.g., the Eagle Ford Basin), there are additional sources, such as venting of storage

tanks and flares, that likely complicate the VOC source dependence.
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Figure3-21. (left) Time seies of concentrations of three VOC species measured in the

Haynesville O&G Basin at the Karnack, TX surface monitoring site. The annual average
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number of active drilling riggfrom BakerHughes)nd the natural gas productioffrom U.S.
ElA)are includedfor comparison. The box and whisker symbols indicate mean, mediaff, 25
and 78" percentiles, and minimum and maximum concentrations measured in each year.
(right) Correlations of the annual mean VOC concentration with the annual mean number of
active dilling rigs, with the correlation slopes and intercepts with confidence limits indicated,
as wellasthe square of the correlation coefficients.

Finding C3: Increases of N@oncentrations over three U.S. O&G basins have been identified
in satellite recods; the time series of annual average concentrations correlate (at least
gualitatively) with drilling activity and oil/natural gas production

Analysis: Bryan Duncan, Lok Larm$@AA

Duncan et al[2016] discuss spatially resolved (0.1° latitude. ¥° longitude) changes irglobal
NG; concentrationsover the2005-2014period measured btyhe satelliteborne Ozone
Monitoring Instrument (OMI). N{&roncentrations generally decreaseuer the U.S.; the only
significant exceptions identified, namely spatialNi@reases, were over three rural O&G
basins- the Permian and the Eagle Ford in Texas, and the Bakken in North Dakota. Such
increases could not be identified over other U.S. O&G basins, but those basins (e.g., the
Barnett) have urban populations or majpoint sources with decreasing NOx emissions large
enough to obscure possible increases from Qk@elopment. Figure3-22 through Figure3-24
compare the satellite observed increasing trends irp B@centrations in these three basins
with their trends of drilling activity and A& production. The correlations identify O&G
production activities as a significant NOx emission source, and may provide the basis for
guantifying the NOx emissions and/or providing information regarding the specific O&G
production sector that dominates #se NOx emissions.
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Figure3-22. Time series of (top) annual average OMI NO2 data (10152com left, % on
right) relative to the year 2005, and (bottom) U.S. Energy Information Administration

(https://www.eia.gov/petroleum/drilling/ ) monthly statistics of production plus drilling

activity in the Permian O&G basin
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Figure3-23. Time series of (top) armal average OMI Ngdata (10° cm? on left, % on right)
relative to the year 2005, and (bottom) U.S. Energy Information Administration
(https://www.eia.gov/petroleum/drilling/ ) monthly statistics of production plus drilling
activity in the Eagle Ford O&G basin.
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Figure3-24. Time series of (top) annual average OMI Neata (10° cm? on left, % on right)
relative to the year 2005and (bottom) U.S. Energy Information Administration
(https://www.eia.gov/petroleum/drilling/ ) monthly statistics of production plus drilling
activity in the Bakken O&G basin.

3.3.4 Summary andRecommenadations for Further Analysis

ThisResponse to Questiod@ provide only three sample analyses tgate preliminary

indications of howD&Gemissionsare divided between the various stages of fossil fuel
extraction and specifiextractionprocesses A comprehensive answer to this Science Question
awaits much additional analysi®©ne can envision many avenues for examination ef co
variation of emissions with metrics that quantify the activities of different oil and gas
production processes; perhapise biggest challenge is to prioritize these avenues to maximize
the policyrelevant information obtained. In particular it may be useful to conduct a
guantitative correlation analysis of the satellite N@easurements with the metrics of drilling
and oil and gas productiorSurveys by an instrumented van of individual well pads and O&G
processing facilities in O&G basins in Utah and Colorado have collected much detailed
information regarding VOC emissioas a function of well development phase (e.qg., "fracking”,
flowback, liquid unloading, production); analysis of these data are undedemsgica Gilman
NOAA. Similar observational surveys could provide equivalent information for Texas O&G
basins in ordr to evaluate regional differences.
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3.4 Response to Question D
How do these emissions in Texas compare to other regions of the U.S.?

3.4.1 Working Group
Sue KembalCook- Ramboll Environ

Amnon Baillan- Ramboll Environ
Jessica GilmanNOAA/ESRL/CSD

John Grant Ramboll Environ

3.4.2 Background

For a full understanding of the air quality impacts of O&G emissions, it would be very helpful to
compare the air quality impacts between all of the U.SEJ#asins. Such a comparison would
provide a rich data set from which to seek correlations of the impacts with the magnitude and
composition of the O&G emissions. However, it is not yet possible to conduct this effort
becauseat presentneither the air qality impacts nor the O&G emissions are accurately
guantified Finding D1 discusses the difficulty of comparing emission estimates based upon
emission inventories. Finding D2 presents an observdiased comparison of one measure of
the potential impacs of O&G VOC emissions on photochemical ozone formation.

3.4.3 Findings

Finding D1 Accurate comparison of regional bottomp O&G criteria air pollutant emission
inventories for different states is confounded by the use of inconsistent O&G emission
inventory methodology.

Analysis: John Grant, Amnon Blan-Ramboll Environ

State and federal agencies develop regional O&G criteria air pollutant emission inventories for
use in air quality planning. Comparison of regionstatelevel emission inventories could
potentially provide information on topics such as the effect of reggpecific control programs

on emissions, the effect of regiespecific O&G development histories on emissions, and
differences in emissions &Gformation'*. However, comparisons ofg®nal O&G

inventories are often confounded by differences in emission inventory development
methodology. Here we analyze the 2014 National Emission Inventory (NEI) in order to illustrate
some of these methodology differences.

The U.S. Environmental Proten Agency (EPA) compiles a comprehensive national criteria air
pollutant emission inventory for anthropogenic sources in the triennial NEI. We focus our

" Typical oil and gas production phase equipment configuration, vent and flash gas compogiiica drill rig
andhydraulic fracturingequipmentconfigurationare examples oémission inventorynput factors thatare
expected to vary by oil and gas formation
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discussion on the 2014 NEI (versioff §)nce it is the most recent compilation of national O&G
criteria air pollutant emissions and incorporates the results of several state and regional
emission inventory efforts. Nonpoint O&G emissions in the 2014 NEI are based on a
combination of O&G emissions submitted to the EPA by state, local, and tribal @jefncjes;
for area/source category combinations which are not submitted to EPA by S/L/T agencies,
emissions are based on the O&G TOHEPA2016]

To illustrate differences in regional nonpoint O&G emission inventory estimbddsde3-1

compares emissions for select source categories in Texas and Louisiana border counties that are
within the Haynesville Shale formation. There are substantial differencessourge-category
emissions per surrogatébetween the Texas counties and Louisiana parishes for compressor
engines and heaters.

Table3-1. Nitrogen oxides (NOx) emissions, O&G activity, and emissions per surrdgate
nonpoint compressor engines and heaters in Haynesville Shale counties and parishes at the
border of Texas and Louisiana.

Caddo De Soto | Harrison Panola
Parameter Parish, LA | Parish, LA| County, TX| County, TX
Wellhead Compressor Engines
2014 NEI (v1) NG&missions (tpy 1,073 2,287 2,458 6,156
Percent of Nonpoint O&G Emissions 25% 42% 89% 90%
2014 Gas Production (MMCFiyr 178,843 629,226 | 139,732 358,458
NOx Emission Rate (Ib/MMCF 12.0 7.3 35.2 34.3
Lateral Compressor Engines
2014 NEI (v1) NGxmissions (tpy) 702 1,496 - -
Percent of Nonpoint O&G Emissions 16% 28% 0% 0%
2014 Gas Production (MMCF/yr) 178,843 629,226 | 139,732 358,458
NOx Emission Rate (Ib/MMCF) 7.8 4.8 - -
Wellhead + Lateral Compressor Engines
2014 NEI (v1) NOx Emissidtpy) 1,775 3,783 2,458 6,156
Percent of Nonpoint O&G Emissions 41% 70% 89% 90%
2014 Gas Production (MMCF/yr) 178,843 629,226 | 139,732 358,458
NOx Emission Rate (Ib/MMCF) 19.8 12.0 35.2 34.3
Heaters
2014 NEI (v1) NOx Emissions (tpy) 332 89 0.1 0.1
Percent of Nonpoint O&G Emissions 8% 2% 0.005% 0.002%
2014 Well Count (no. of active wells) 10,695 2,849 2,834 5,504
NOXx Emission Rate (Ib/wé)| 62 63 0.10 0.04

tons per year

2 million cubicfeet per year

% pounds per million cubiéeet
* pounds per well

12 hitps://www.epa.gov/airemissionsinventories/2014nationatemissionsinventory-nei-data

13The O&G Tool is a database which estimates U.S. nonpoint source O&G emissions by county and source category
based on countyevel O&G production, well count, and drilling activity combined with colewgl, source

category specific input facter(e.g. device counts and bleed rates for the pneumatic controller source category).

14 A surrogate is the O&G activity statistic (e.g. active well count, gas production) most closely related to emissions
from a given source category (e.g. the surrogateiieaters is well count, the surrogate for drill rigs is spuds).
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Emissions from wellhead and lateral compressor engines are estimated in the 2014 NEI (version

1) by the O&G Tool for Louisiana; Louisiana O&G Tool compressor engine inputs (i.e. engine
prevalence, engine average horsepower, engine loatbfaand the fraction of engines that are

rich burn and lean burn) are based [ENVIRON and Eastern Research Gi2a4®) and

emission factors are based on EPA4®Ryuidanc®. [ENVIRON and Eastern Research Group

2012 compressor engine inputs are basewl industry surveys. Quality ratings for compressor

engine inputs assigned [ENVIRON and Eastern Research G2 6 SNBE SAGKSNJ af 2 4
OAYLIzia o6FaASR 2y NBIAZ2YIEkylFGA2y I f RSTFlLdzZ G0 @I
based on limited surveyata). Compressor engine emission inventory inputs for Texas are

based on data derived from two sources. The fraction of emissions by compressor engine
configuration (i.e. rich burn versus lean burn and horsepower range) and emission factors by

engine conifjuration were taken from the 2011 Barnett Shale Area Special Invéfitirgta on
compressor engine energy required per unit of gas production was taken frofiikieC,

2005]study. The 2011 Barnett Shale Area Special Inventory was based on survey eiatedrec

from operators in the Barnett Shale Area; participation in the survey effort was required by the
TCEQ, so the Barnett Shale data set is highly det&l&BC[2005] estimated compression

energy required per unit of gas production based on field sys\conducted circ2005 of 66

compressor engines located in Texas.

As described above, the methodology for determining compressor engine activity differs for
Louisiana and Texas. For Louisiana, wellhead and lateral compressor engine activity is based on
the number of wellhead and lateral compressor engines per well combined with representative
engine characteristics. Texas compressor engine activity is based on-spgicific

horsepowerhours per unit of gas production combined with the distribution ofnpressor

engine activity by engine configuration.

Similar to compressor engines, emissions from heaters in Louisiana are estimated in the 2014
NEI (version 1) by the O&G Tool; Louisiana O&G Tool inputs for heaters (i.e. heater size, number
of heaters pemvell, average annual hours of operation, and average fuel heat content) are
basedon [ENVIRON and Eastern Research G2’ and emission factors are based on

EPA AR2 guidanc®. [ENVIRON and Eastern Research G204 heater inputs are based

on Barllan et al.[200§, which developed calendar year 2002 emission inventory
improvements based on limited operatorrseys. Texas heater emission inventory inputs (i.e.
heater size, number of heaters per well with liquids production, average annual hours of
operation, and average fuel heat content) are based on a Tgp@sific emission inventory
study[Eastern ResearcBroup,2013, which developed heater inputs based on operator
surveys.

As described above, the methodology for determining heater activity differs for Louisiana and
Texas. For Louisiana, heater activity is based on an average estimate of the numbders hea

15 https://lwww.epa.gov/airemissionsfactorsand-quantification/ap-42-compilationair-emissionfactors

18 https:/www.tceg.texas.gov/airquality/barnettshale/bshaldata

" The numier of heaters per well is the only input not derived from ENVIRON and Eastern Research Group (2012);
this input is based on EPA Subpart W data.
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per well combined with heater size, average annual hours of operation, and average fuel heat
content. Texas heater activity is based on an average estimate of the number of heaters per
well with liquids production (wells without liquids production aassumed not to include a
heater) combined with heater size, average annual hours of operation, and average fuel heat
content.

The substantial differences in emissions per surrogate for these nonpoint source categories
could be an artifact of different erssion inventory input assumptions/methodology and/or

could result from real operational differences for O&G sources in Texas and Louisiana for these
counties and parishes.

Point source O&G emissions are typically developed based on féiélreportirg. For the

NEI, S/L/T agencies report facHigwel point source emissions for facilities that are classified as
Title V facilities; some S/L/T agencies also report emissions at facilities that are not classified as
Title V but meet a stateefined emissin threshold. O&G facility reporting thresholds for select
states are listedn Table3-2 below[Grant and Bailan, 2017.

Table3-2. 2014 NEI point source reporting for select states.

Title V Minor
State Sources | Sources Minor Sources Threshold(s)
Arkansas \% -
Louisiana v v Attainment Areas: 15 tpy voc
Nonattainment Areas: 10 tpy VOC, 25 tpy NOx
NewMexico Vv -
40 tpy actual or 100 tpy potential of any criteria air
Oklahoma Vv Vv pollutant, 10 tpy potential .emiss_ion.s of any hazardous
pollutant, or 25 tpy potential emissions of total hazardo
air pollutants
Texad Vv Vv Actual:_ 10/100 tpy (VOQ5/100 tpy (NOX)
Potential: 25100 tpy (VOC), 2500 tpy (NOx)

! Reporting thresholds in Texas vary by county depending on ozone attainment status

ZA facility would also be included if it is required to obtain a construction permit to allow the ingiallaitany emission unit

that is subject to an emission limit, equipment standard, or work practice standard required by any New Source Performance
Standard (NSPS) or National Emission Standard for Hazardous Air Pollutants (NESHAP)

% volatile organic compounds

Depending on S/L/T agency specific point source emissions reporting, point source O&G
emissions from facilities that are not classified as Title V may be missing from the NEI O&G
inventory. It is unclear whether emissions framitted facilities would be captured as
nonpoint sources.

Reliable comparisons of regional criteria air pollutant emission inventories cannot be developed
at this time as a result of (1) inconsistent nonpoint emission inventory development inputs
and/or methodology by region and (2) inconsistent characterization of point source facility

O&G emissions.
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Finding D2 The total rate of reactivity of hydroxyl radicals (OHR) has been calculated for
three O&G basins. The results are similar in magnitude to thesen in the Gulf of Mexico,

but the alkene contribution is much smaller and alkane contribution is larger. This difference
suggests that ozone formation is less efficient in these O&G basins than in The Gulf of
Mexico.

Analysis: Jessica GilmAiDAA

Asdiscussed in Findings F3 and F4, the total rate of reactivity of hydroxyl radicalsGBR)
provides one (albeit incompletesee Finding F4) measure of the potential rate of
photochemical ozone production [e,dsilman et al.2009]. Figure3-25 shows median OHR for
three O&G basins that contain only very limited urban development. The pie charts in this
figure show how the total OHR in each basidivided between contributions from VOCs,CH
plus CO and NOx, two other species emitted by anthropogenic activities. The total OHR is
similar in these basins (~1 to 2)s For comparisoGilman et al[2009] show that average total
OHR varied from Bw of ~1 & in the central Gulf of Mexico, to ~10 & the HGB arealt

should be appreciated that FigureZ® was derived from a very limited number of aircraft
flights over each basin: one over Raton, two over the Bakken and three over the PeBmaas.
median OHR values are dependent on ambient conditions (i.e., wind speed, boundary layer
evolution), these values may be unrepresentative of the general photochemical environment in
these basins. However, the comparison of the relative contribstioithe different species to
the total OHR will be much less affected.

In the O&G Basins includedhigure3-25, three of the OH reactant categories make significa
contributions, while N@contributes only 3 to 6% of total OHR. The primary difference
between the three basins is due to the differing contributions from VOCs. This difference is
even greater than indicated by the differing percent OHR contribu®@r 65%), since the
larger fractional VOC contribution is seen in the basins with the larger median EgiRRe3-26
shows that the median OHR due to VOCs variesfagtor of ~5 (0.29 to 1.5'%
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Total OH Reactivity:
VOoC + +CO + NO,

Bakken, ND

: 1.36s?
6%

Permian, NM & TX

65%
Median: 2.2 s1

Raton, CO

3% Median: 0.92 s*
40%

Figure3-25. Median total OHR in three O&G basins based upon measurements made
during the SONGNEX field campaign in 2015. The median total OHR is annotated, apieé the
charts show how VOCs, CH4, CO and NO2 each contribute to that reactivity.

The median contributions of four families of VOC species to OHR are quantifiguiia3-26.

In all basins, oxygenated VOCs (OVOCSs) account for the majority of median OHR.

Formaldehyde, which accounts for the majority of the OVOC contribution, is formed during the
oxidation of many VOC species, including,@slwell as CO. Hence this@d/contribution to

OHR does not reflect solely O&G emissions. In all basins, the contributions from biogenic VOCs
FNE avlFft oX m:r 2F xh/ G2GFrt02 gKAOK O2Yy G NI Al
make much larger OHR contributions (see FindB)g F

It is informative to compare the pie chartskigure3-26 with Figure 6 ofsilman et al[2009],

which shows similar plots calculated for contrasting regiogeariHouston TX. The Raton Basin
results are generally similar, both in magnitude and partitioning between VOC families, to
measurements in the central Gulf of Mexico, except that in the Raton Basin the contribution
from alkenes is much smaller and thabrn alkanes is much larger. The Bakken and Permian
Basins are more similar in magnitude and VOC family partitioning with measurements in the
coastal offshore Gulf of Mexico, again with the contributions from alkenes much smaller and
from alkanes much large The bottom line here is that the ambient VOC concentrations in
these three O&G basins give total OHR similar to that seen in the Gulf of Mexico. However, in
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the O&G basins, the alkene contribution is much smaller and alkane contribution is largger. Th
difference is important, because ozone formation is much less efficient in the oxidation of
alkanes compared to other VOCs (see Finding F4).

VOC OH Reactivity:
OVOC+Alkane+Cyclic+ ne+BVOC
Bakken, ND 2%

28%

Median: 0.58 s1

Permian, NM & TX

41%
51%

\S

3% 2%  Median: 1.5t

Raton, CO 2%6%
4%

Median: 0.29s1

Figure3-26. OHR due to VOCs in the three G&asins included ifigure3-25. The median
VOC OHR is indicated, and the pie charts show how four VOC families each contribute to that
reactivity.

Figure3-27 compares the median contributions of £&hd four NMHC families tine
enhancement irOHR(i.e., OHR above that due to nominal, observed background
concentrations ofCH andthe NMHG). The totals of thesenhancementyary over a factor of
~50 (0.02 to 0.987Y, and this variation correlates with the characteristic VOC concentration
signatures discussed in Finding B1. Of the fourteen basins incluééglire3-10 and Figure
3-11the Bakken and the Permian Basins produce thettest" hydrocarbon mixture, and the
Raton Basin produces the "driegt'e., low NMHC emissions relative to methanédjkanes
dominatethe NMHC contribution to OHR in all basins, with,Gfomatics, cycloalkanes and
alkenes making only small contributgirthe apparently larger contributions from these groups
in the Raton Basin is due to the very small total OHR contribution from the NMHCs in that
basin, which allows NMHCs from sources other than O&G to make relatively larger
contributions to OHR.
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Hydrocarbon OH Reactivity Enhancement:
+ Alkane + Aro. + + Alkene

Bakken, ND 6% 5%4% Median OH reactivity
Enhancement: 0.21 s1

14% of Total OH react

\

84%

Permian, NM & TX Median OH reactivity
Enhancement: 0.98 s'1

36% of Total OH react

32%8%10/

88%

Raton, CO Median OH reactivity
Enhancement: 0.02 s

2% of Total OH react.

Figure3-27. OHRenhancements above nominal background Od&e to NMHCs in the
three O&G basins included iRigure3-25. The median NMHC OHRhancementis indicated,
and the pie charts show how Grnd four NMHC families (alkanes, aromatics, cycloalkanes
and alkenes) each contribute to that reactivity.

3.4.4 Sunmary andRecommendations for Further Analysis

ThisResponse to Questidd discusses the difficulty of comparing emission inventories
between states, and provides a single, observatiodadlged analysis example thgitves a

"snap shot" indication of howWQC OHR varies between 3 three U.S. O&G basins, including the
Permian Basin in TexaBeveloping 1) observationallyased, quantitative descriptions of the

air quality impacts and 2) accurate O&G emissions inventories for all U.S. O&G basins would
provide arich data set from which to seek correlations of the air quality impacts with the
magnitude and composition of the O&G emissions. Neither of these developments has yet
been completed.

3.4.5 References

BarLf 'y SO Ffd® OonHnny 0 & CNYLYLINESARWIIYYG awv SIC2 YUYKSS/ |
O&GOYAAdaA2ya LYOSYyli2NRASaédd t NBLI NSR F2N (KS
November 2008https://www.wrapair.org//forums/ogwg/documents/2008
11 CENRAP_O&G_Report-1Blpdf
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Environmental Protection Agencyidc 0> aHnmn bl GA2Yy It 9YAaairzya
¢ SOKYAOIt {dzLJI2 NI 520dzySyidéao | o{ ® 9y FANRBYY
Quiality Planning and Standards Air Quality Assessment Division Emissions Inventory and
Analysis Group. December 2016. httpgww.epa.gov/sites/production/files/2016
12/documents/nei2014v1_tsd.pdf
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Prepared for the Texas Commission on Environmental Quality. August 2013.
https://www.tceq.texas.gov/assets/public/implementation/air/am/contracts/reports/ei
/5821199776FY131Z013083%erg-upstream_oil_gas_heaters_boilers.pdf

9b+Lwhb YR 9Fa0SNYy wSaSIkNOK DNRdAzZLJ HAMHOZ d4H
O9YKIFIYyOSYSyYyld tNR2SOU F2NJ/Sy{!w! {GlFIdSa¢od t
Resources Agencies (CenSARA). December 2012.
http://www.censara.org/filedepot?fid=14

Gilman, J. B., et al. (2009), Measurements of volatile organic compounds during the 2006
TexAQS/GoMACCS campaign: Industrial influences, regional characteristics, aad diur
dependencies of the OH reactivity, J. Geophys. Res., 114, DOOFO06,
doi:10.1029/2008JD011525.

GrantandBat. f 'y O6HAMTOX aaSY2NI yRdzYY !ylrfeara 2F i
LYG@SY(i2NRED wlYoz2ff 9YODBANRYD CSONHzE NBE HAMT
https://www.wrapair2.org/pdf/NatOG_Anlys Memo_06Feb2017post.pdf
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NOx Emissions at Ga2PR dzOUi A2y CIF OAf AGAS&aé d t NBSLI NBR 0¢
August 2005.
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3.5 Response to Question E

Are there gaps in our quantification of emissions that limit a full
understanding of ozone and PM formation from these emissions?

3.5.1 Working Group
Sue KembalCook- Ramboll Environ

Ravan AhmadovNOAA/ESRGSD

David Allenr Universityof Texas, Austin

Chuck Brock NOAA/ESRL/CSD

Lea Hildebrandt RuidJniversity of Texas, Austin
John Grant Ramboll Environ

Stu McKeen NOAA/ESRGSD

Carsten WarnekeNOAA/ESRGSD

3.5.2 Background

The Responses to the preceding four Science Questionsshawmarized some recent

advances in our understanding of emissions flo&Gactivities, with a particular focus on
O&Gfields in Texas. Here we identify some remaining uncertainties that could potentially be
reduced through further research. In generag have found that the impacts of O&G activities
on ambient ozone and PM concentrations are small (see Findings A8, F1 and G2) and the
uncertainties in quantifying these emissions constrain our ability to quantify upper limits for the
magnitudes of thes impacts.

3.5.3 Findings

Finding E1Bottom-up emission measurements indicate that O&G meitie and VOC
emissions from higkemitting sources contribute a large fraction of G&emissions; these
emissions are incompletely captured by bottomp emission inventories, leading to
underestimates.

AnalysisJohn GranRamboll Environ

Bottom-up inventories estimate emissions at the source or facility level over a defined time
periodand geographical area based on the product of emission factors (e.g. emissions per
device) and activity factors (e.g. number of devices). In contrastiéeyp studies estimate
emissions from multiple sources at an entire facility or from multiple feesliacross a region.
Brandt et al[2014] summarize results from recent t@own studies that indicate higher
methane emissions than are estimated in bottarp emission inventories, with tedown
studies indicating excess methane emissions that are 25745 times U.S. Environmental
Protection Agency (EPA) botteap greenhouse gas emission inventory estimates. A major
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challenge is to determine which sources (O&G or otherwise) are missing from or
underrepresented in the bottorup inventory.

Analyses obottom-up O&G hydrocarbon emissions measurements collected in 18 studies
across the U.S. (including six studies in Texas) show that a small percentage of O&G sites
contribute a large fraction of hydrocarbon emissioBsgndt et al, 2016]. Based on the salts

of 18 bottomup measurement studies-{gure3-28), the largest 5% of emission sources
contributed a median of 57% of total methane emissions. In the Barnate$agion of Texas,

2% of O&G facilities were estimated to be responsible for 50% of O&G methane emissions and
10% of facilities were responsible for 90% of methane emissaglaAraiza et al.2015].
Bottomrup O&G emission inventories typically da mclude adequate representation of
emissions from high emitters because (1) there is insufficient data on high emitter emissions
factors and high emitter prevalence to accurately estimate high emitter emissions in boghom
inventories and (2) bottorup measurements cannot always identify which process is the cause
of high emissions. Since VOC and methane are emitted together from fugitive and vent sources
at O&G sites, VOC emissions are also likely under predicted in bofiegmission inventories;

Roes and Schad§2016] reach a similar conclusion.
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Figure3-28. Fractional contribution of top 5% of emitters in each of 18 reference studies
(red) and 34 devicespecific categories of data from single stedi (orange). [Figure from
Brandt et al.2016].

High emitters have been determined to result from persistent or episodic abnormal process
conditions rather than routine operations in both O&G production and procesZiagp]a
Araiza et al. 2017] andlares Schade and Roeg016]. Results of helicoptdrased infrared

76



RAMBGLL gayiiiielN

surveys of more than 8,000 O&G well pads across several O&G areas in the U.S. (including the
Barnett Shale and Eagle Ford Shale in Texas) showed that 4% of all surveyed O&G well pads
were high emitters with over 92% of high emitters due to tank vents and hatches and the
remaining high emitters due to dehydrators, separators, trucks unloading oil from tanks, and
unlit or malfunctioning flareslyon et al.2016].

Several studieHrandtet al.,2016;Lyon et al 2016; andMitchell et al.,2015] suggest that leak
detection and repair (LDAR) surveys of O&G sites could reduce high emitter emiZsivaka
Araiza et al[2017] suggest frequent or, if possible, continuous monitoring to diebégh

emitter emissions.Allen[2014] suggests that control programs to reduce high emitter
emissions may be developed based on smart sensing devices, aircraft, satellite, or-ground
based monitoring. Additional research is needed to characterize theggsoconditions and
other factors associated with high emitters and to develop and test high emitter control
strategies.

Finding E2Uncertainty in NOx emissions from O&G activities limits our confidence in ozone
concentration enhancements predicted by pkachemical modeling; generally they may be
overestimated due to inventory overestimates of these NOx emissions.

Analysis: Ravan Ahmadov, Stu MckBEPAA

Ahmadowet al.[2015] investigated wintertime ozone formation in the Uinta Basin in Utah.
They showd that the EPA NE2011 (version 1) emission inventory overestimated the Uinta
Basin O&G NOx emissions by a factor of 4 and underestimated VOC emissions by a factor of
more than 2. These conclusions were based upordimpn comparisons of observations Wit

the modeled precursor emissions. Model runs based on the2REL inventory did not show
significant ozone production; however, when the inventory was modified to match the top
down determinations, the model well reproduced the observed ozone conceotraivhich
exceeded 130 ppb (see their Figure 3).

It has not been definitively established that similar overestimates of NOx emissions are present
in bottom-up inventories for O&G basins other than the Uinta; howedsieding ASof this

Synthesis Reporugigests that an important overestimate is present in the NEI 2011 inventory
for the NOx O&G emissions in the Haynesville Basin. To investigate this isstvedtner

Research and Forecasting (WRF) coupled with Cherifl8R¥Chen) model with the EPA NEI

2011 inventory was utilized to simulate surface ozone concentrations in two calculations: one
with and one without the O&G emissions throughout the UF®jure3-29 shows the difference

in the resulting afternoon ozone concentrations in Texas and the surrounding states. The

Y EAYdzY RATTSNBY OScentra U.B. islsield aver the/Haynésdlle &®&Cdaésko.
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Figure3-29. Difference in nearsurface ozone concentrations simulated with and without
O&G emissions. Results are for 3 pm EDT averaged over June 2013.

Figure3-30 shows the results of a similar WARIRem simulation with and without the O&G
emissions in five O&G basins only, including the Haynesville and Fayetteville basins in the
region shown. The grapon the left, which is based on the NEI11 inventory, shows that the
maximum difference (3 to 3.5 ppb) in the sowtbntral U.S. is again seen over the Haynesville
O&G basin. The graph on the right shows the result when the O&G emissions of NOx are
reduced to be consistent with emissions quantified by the-tlipwvn techniques discussed in

the Response to Question A of this report. The maximum difference over the Haynesville O&G
is now much smaller (1 to 1.5 ppb) than found in either simulation basddeoNEI 2011

emissions. No definitive conclusion can be drawn from these comparisons, but it is apparent
that the small differences seen with the modeling based on the smalledtopn NOx

emissions are more consistent with the investigation of kergn ozone trends over O&G

basins in Texas, which are described in the Response to Question F of this report. Modeling of
East Texa®&Gozone impacts done for this study (see Response to Question F) is based on
bottom-up emission inventories for 2017. Ozdoemation over most of East Texas is NOx
limited, and overestimates in the bottomp O&GNOXx emissions may cause the modeling to
overstate the ozone impact @&Gemissions.

78



RAMBGLL gayiiiielN

o | ] R

05 1 15 2 25 3 35 4 45 5

Figure3-30. Difference in nea-surface ozone concentrations simulated with and without
0O&G emissions in the Haynesville, Fayetteville and three other basins outside this region.
The left map is calculated with the N2D11 inventory, and the right map is calculated with
NOx emissionseduced to match the topdown evaluations discussed in the response to
Question A of this report. Results are for 3 pm EDT averaged over June 2013.

Finding E3Uncertainty regarding possible emissions of SVOCs and IVOCs limit our ability to
accurately malel SOA formation in Texad&Gfields.

Analysis: Ravan Ahmadov, Stu MckBEMAA

During the Deepwater Horizon oil spill, sevolatile compounds (SVOCs) and intermediate
volatility compounds (IVOCs) were identified as the predominant precursors of SOAiforme
downwind of the spilldle Gouw et a).2011]. Mining of Canadian oil sands releases these same
classes of species, and they digectly responsible for the majority of the large concentrations
of SOA PM mass observed to form downwind of thogerations [iggio et al. 2016].

Significant concentrations of organic PM were observed in the Uinta O&G Basin in Utah during
the winter of 2013during the time periods that ozone concentratiossceedingL30 ppb were
observed. This correlation with ptexhemical production of ozone indicates that this PM is
predominately of secondary origin. WRRem modeling that included mechanisms for organic
aerosol formation has been conducted to investigate these observatiSmsulations that

included only the bserved VOC species could explain less than half of the observed organic PM
concentrations.It has been speculated th&VOCs and IVOE&m possibly account for this
difference

The emissions of SVOCs and IVOCs @&@operations in Texas have not (@oir knowledge)

been investigated. The Deepwater Horizon oil spill and the Canadian oil sands represent
petroleum sources very different from those encountered in Texas tflaa@missions of IVOCs

and SVOCs will certainly depend strongly on the composititine O&Gproduced as well as

the physical setting in which emissions are released. The photochemical production of organic
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PM in the Uinta Basin may be more relevant to Texas. The composition of the emissions of gas
phase organics (VOCs, IVOCs, SM@@systorage tanks and other sources is not well known,

and this lack of knowledge may impact our ability to accurately model SOA formation in Texas
O&Gfields.

Finding E4Preliminary analysis of measurements of particle volume downwindd:.Gfields
indicates that the associated emissions produce little Pilat least locally (i.e., on a time
scale of a few hours).

Analysis: Charles BreblOAA

Airborne, in situ measurements were made aboard the NOAA3YRircraft on flight legs

upwind and downwind ofhe Haynesville O&G basin during the Mayly 2013 Southeastern
Nexus of Air Quality and Climate (SENEX) mission. The instrumentation measured patrticle
volume Brock et al.2016] as well as a wide variety of gas phase speEigsire3-31 compares

the particle volume measurements with those of methane, a tracer of the O&G emissions, and
SQ, a tracer for the emissions from the Martin Lake electrical generatiort phdrich is

located in the Haynesville region. The methane concentrations are clearly enhanced in the
downwind leg;Peischl et a[2015] analyzed these data to derive their tdpwn estimate of

the total methane emissions from this O&G basin. Howeverd is no clear correlation of the
particle volume enhancements with the methane concentration enhancements, and generally
the particle volume is similar on the upwind and downwind flight legs. The only clear increase
in particle volume is in the Martihake power plant plume, which is clearly identified by the
large S@enhancement during the downwind leg. The time required to transport an air parcel
between the locations of the upwind and downwind flight legs is calculated as 5.5 hours (from
measured wnd speeds) and 5 hours (from HYSPLIT trajectory calculations); thus, over these
time scales the emissions from the O&G activity in the Haynesville Basin do not enhangce PM
concentrations by a discernible amount.
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Figure3-31. In situ, airborne measurements upwind and downwind of the Haynesville O&G
basin. Time series of particleolume in pm?* cmi® (approximately equal to 70% of P in g
m®) are compared to those of methane and S&ncentraions.

Finding E5Uncertainty remains in isoprene emission inventories; the latest comparisons of
models and measurements indicate that on average BEIS was lower and MEGAN was higher
than the measurements, with about a factor of 2 difference between thedwnventories.

Analysis: C. WarnekKeOAA

Biogenic VOCs can contribute significantly to, or even dominate, the VOC reactivity in some air
basins [e.g. in the Barnett Shale regi®utter et al. 2015]. Previous studies suggest that
isoprene emissions badenthe Model of Emissions of Gases and Aerosols from Nature
(MEGAN[Guenther et al.2012]canbe twice those based atie Biogenic Emission Inventory
System(BEI$[Bash et al.2015]over the Eastern US [e.§Varneke et al.2010]. Durindghe
Southeast Atmosphere Study (SA$, isoprene emissions were measured onboard two aircraft
using different techniques. The two methods of estimating isoprene emissions agreed within
their uncertainties. Isoprene emissions were estimated along the flighksrasing different
versions of the BEIS and MEGAN models (BEIS3.12, BEIS3.13, MEGAN2.0, MEGANZ2.1, and
MEGAN_v2015) with meteorological data measured on the aircraft as input. The
measurements and model estimates were compared and showed that on ay&@&{e was

lower than the measurements and MEGAN was higher than the measurements. MEGAN2.1
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predicted isoprene emissions in the Southeast US were again about twice as high as those from
BEISNao et al.,2016].

Landcover characteristics including LeafaAedex (LAI) and tree species composition data are
critical driving variables for MEGAN isoprene and monoterpene emission factors. The isoprene
and monoterpene emission factors were estimated using the airborne flux measurements. It
was found that thesoprene emission factors agreed well with MEGANZ2.1 for landscapes
dominated by high isoprene emitting species, but landscapes that had the high isoprene
emitters in the understory showed emissions lower than expected by the model. The isoprene
emission fator was linearly correlated with the high isoprene emitter plant species fraction in
the landscape data set. This shows the need for models to include canopy vertical
heterogeneity othe isopreneemitting fraction [Yu et al. submitted]

Isoprene mixingatios were modeled witd) WRFChem using BEIS and witithe
Comprehensive Air Quality Model with Extensio@aix [Ramboll Enviror2017])using
MEGAN and the results were consistent with the measurerr@regntory comparison: WRF
Chem was biased loand CAMx biased highMarneke et al.in preparation].

Wang et al[2017] simulated ambient isoprene concentrations with tdemmunity Multiscale
Air Quality Mode([CMAQAppel et al, [2017])using biogenic emissions estimated by MEGAN
andseveral diferent gridded isoprene emission factor (EF) fields. They found unbiased
agreement between model and ambient measurements at mostumdian monitors using
isoprene emission estimation from the MEGBHEIS361, one of the EF fields.

Finding E6 High conentrations of a gagphase soluble chloride species (presumably HCI)
have been observed in the Barnett Shale region. The emission source(s) of the chlorine
containing precursor(s) to this species remain unidentified.

Analysis: C.B. Faxon and DiAllenU. Texas at Austin

During the Dallagort Worth (Barnett Shale) field campaidariifin et al.,2011] measurements

at the TCEQ Eagle Mountain Lake site revealed large concentrations (as high as ~2 ppb) of a
soluble gas phase chloride speciEg(ire3-32). This species is believed to be hydrochloric acid
(HCI). The species' diurnal cycle and its relationships to other measured species indicate that
the HCis a product of photochemical transformations in the atmosphere (see further
discussion ifrinding 14. Faxon[2014] present detailed investigations of emissions of chlorine
containing species that could act as HCI precursors, but none were identifiedduld account

for such large ambient HCI concentrations. This work considered both gaseous and particulate
phase precursors associated both with the Barnett SR#&exploitation activities and the

nearby Dallag-ort Worth urban area. Importantly apticle measurements were limited to the
sub-micron size range. Understanding the HCI precursor emissions is potentially important,
since the photochemical processes expected to be involved in forming HCI are also involved in
forming ozone. The discusgiofFinding 14oes indicate that these emissions are not solely
associated witltO&Gdevelopment, and instead may be common to urban areas, such as the
DallasFort Worth area.
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Figure3-32. Soluble chlorile concentrations observed during June 2011 at the TCEQ Eagle
Mountain Lake measurement site [Figure frofraxon,2014].

Finding E7 Environmental chamber experimeniadicatethat evaporation of flowback
wastewater from hydraulic fracturingcan result information of PM and ozone. Assessitite
significance ofair-quality impactsfrom this sourcewould require quantification of
wastewater evaporating in O&G regions, which is currently lacking.

Analysis: J.K. Bean and L. Hildebrandt-Buikexas at Austin

Experiments conducted at the University of Texas at Austin queshémissions from samples

of hydraulic fracturing flowback wastewater collected in the Permian Basthjnvestigated

the photochemical processing of these emissions leading to the foomaf particulate matter
and ozoneBean,2016]. The amount of total volatile carbon (TVC, hydrocarbons evaporating
at room temperature) averaged 29 milligrams per liter (mg/L) and the TVC evaporation rate
averaged 1360 mg Gt?-min. After photochemidaoxidation under high Nonditions the
amount of organic particulate matter formed per milliliter of wastewater evaporated averaged
24 micrograms (ug); the amount of ammonium nitrate formed averaged 260 pg. A simple
scaling analysis suggests thatlie tstate of Texas, the estimated potential formation of PM
from evaporated flowback wastewater is similar to the estimated PM emissions from oil rigs,
emphasizing the need to further understand these emissions and their atmospheric processing.
In an expeiment at moderate NQconditions (approximately 1:1 VOC:jIO@zone production

was observed, which was in line with amounts predicted by the SAPRC model for the photo
oxidation of decane using théarbonBond 6 chemical mechanism [revision 2, CB&i&wood

et al.,2010]
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It is not yet possible to assess the potential of flowback wastewater to influence air quality.
Additiond measurements would be required to quantify the extent of evaporation, which is
difficult to estimate for complex and uncharacterized mixtures such as flowback wastewater.
Ventilated storage tanks further complicate estimates of evaporation. Knowledipe of
wastewater composition and tank parameters and condition are needed to correctly estimate
evaporation from flowback wastewater, atide resulting formation of ozone and particulate
matter.

3.5.4 Summary andRecommendations for Further Analysis

The Findings in the Response to this Question ideséferalshortcomings in our

understanding of the emissions from O&G activitidsstimating he magnitudes of the air

quality impacts associated with these shortcomimgl allow prioritization offuture research

efforts. It seems likely that improving our understanding of the impact of a small fraction of
high-emitting VOC sources (Finding E1) and improving the accuracy of NOx emissions from O&G
sources (Finding E2) are of greatest importance. .

Findings E6, 14 and I5 discuss large measured concentrations of HCI at the TCEQ Eagle Mountain
Lake site during the Dalldort Worth (Barnett Shale) field campaign. The emission sources
that provide the initial chlorine containing species have not beemiified; one possible source
that was not considered blyaxon[2014] is supemicron particulates containing chloride. The
chemical transformations responsible for forming the HCI and the effect of those
transformations on ozone formation are also natderstood. For example, if HCI results from
acid displacement from reaction of Hi@ H,SQ with soilderived particles or seaalt, there

would be little impact on ozone concentrations, but if the HCl is formed from the reaction of
chlorine atoms with @Cs, then a significant impact on the ozone budget would be expected. A
clear understanding of these issues would strengthen our understanding of the atmospheric
transformation processes, both @&Gbasins and in urban areas.
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4.0 SYNTHESIS OF RESUCHEMICAL TRANSFORNDN
4.1 Response to Question F

What are the contributions of emissns from O&G development to
ambient Q; concentrations at regulatory monitors in Texas?

4.1.1 Working Group
Sue KembalCook- Ramboll Environ

DavidParrish- David.D.Parrish, LLC
Erin McDuffie NOAA/ESRL/CSD

4.1.2 Background

Multiple peerreviewed studies have characterized and quantified NOx and VOC emissions from
O&Gbasins across the US, including multiple basins in eastern TexaR[dtgr,et al. 2015;

Schade and Roes2016]. There have been relatively few studiesybver, that address the
influence of these emissions on local and regional ozone produdtiempaHCook et al.2010;

Pacsi et al.2013; 2015Rutter et al. 2015 Ahmadi and Johr2015 Evans and Helmj@017,

Roohani et a).2017. Due to the comptiated nature of ozone production, multiple metrics
(observation and modelbased) have been developed to assess and quantify the influence of
various precursor emission sources on ozone formatiarthis Response, the contribution of

0O&G emissions to ope formation has been addressed through analysis of ambient
measurements and multiple modeling techniques.

Statistical analysis of lortgrm ozone observations from Texas state monitors provides the
basis for Finding FComparison of longerm trends at nonitors located near O&G fields, to
those near urban emissions, can possibly help elucidate an influence from recent increases in
0O&G activities. Findings 5 are based on an analysisMgDuffie et al[2016] that used

multiple metrics to assess and quéy the influence of O&G VOC emissions on ozone
production in theDenverJulesburg Basiof Colorado DJB. This region is an appropriate case
study for understanding the photochemical environment @xds as there are many pertinent
similarities betwen theDJBand O&G basins throughoiiexas.First, O&G activity in the
Wattenberg Field of the greatédJBhas increased dramatically over the last few years
[Colorado Oil and Gas Conservation Commission (C(XBCE]) similar increases have been
observal in the Eagle Ford, Barnett, and Haynesville fields Kgparel-2 of the Introduction).
Second, the proximity of the Wattenberg field to the city of Denver idairto that of the

Barnett, Eagle Ford, and Haynesville fields to the cities of EredlddNorth, San Antonio, and
Longview, TX/Shreveport, LA, respectively. All four regions have large urban populations with
~3 million in the Denver metropolitan areayer 6 million in Dallasort Worth, 1.5 million in

San Antonio, and 0.9 million in the Longvi&hreveport regiofu.S. Census Burda&indings

F6 and F7 are supported by CAMx photochemical grid modeling with source apportionment,
conducted byRamboll Envirortp assess the contributions of O&G and other emissions sources
to ozone concentrations throughout East Texas.
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4.1.3 Findings

Finding F1 Decadal scale ozone changes in three Texas O&G basins can be quantitatively
described as interannual variations about smdgtcontinuous declines; neither the variations
nor the declines significantly correlate with O&G production or drilling activit¥his lack of
correlation indicates that O&G development does not have a major impact on ozone
concentrations in Texas (<5 ppn design values and median ozone season MDA8
concentrations).

Analysis: David ParridbavidD Parrish, LLC

Figure4-1to Figure4-4 compare the recent history of ambient ozone concentrations to the
history of O&G production activity in fo@&Gbasins, one in North Dakota and three in Texas.
Figure4-5 shows a similar analysis for the AusiiilleenrWaco region, an area with much less
O&G development activity. Maps showing the location of the ozone monitoring sites in relation
to the basirs well locations are included. In all four of the O&G basins there is little indication
of gradients across the regions, except that more urban sites (blue symbols) in the Barnett and
Eagle Ford basins have somewhat higher concentrations than the otloee, rural sites.

Ozone concentrations are not noticeably higher where active wells are concentrated.

80 1t 1200 . B , .
. . Saskatchew: 7 { Manitoba .,
" [ODVs (1999-2016) [Bakken Oil & Gas Basm] : -~ - o o
RMSD = 1.9 ppb e i
1000 = * 3 W, N. Dakota
60 ZZNS x o
NSO E
800 2 &
'!_J‘
g
a - § 100 km
& 40 S 600 S ' 1
S ; =
S 2
> | § A,
400 3 3
medians (2000-2015) @ |
20 RMSD = 3.2 ppb §
-
= Active Oil/Gas Well
<09 A A PA O: mon?tosring sites’
]
PO, L X e | |
2000 2005
Figured4-1.  Time series of ozone design values (ODVs, solid lines) and median MDAS8 ozone

concentrations (dashed lines) for the Ma$eptember ozone season in the Bakken O&G basin
in North Dakota. Ozone data are colapnded according to the site map that also shows the
location of oil and natural gas wells. The history of oil production in th&sin is indicated.

The black lines indicate smooth fits to the respective data; reaean-square deviations
(RMSD) of the data from the fits are annotated.
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Figure4-2.  Time series of ODMsolid lines) and median MDAS8 ozone concentrations
(dashed lines) for the AprDctober ozone season in the Haynesville O&G basin. Figure is in
the same format ad=igure4-1. The histories of drilling and gas production in the basin are
indicated.

Figure4-3.  Time series of ODMsolid lines) and median MDA8 ozone concentrations
(dashed lines) for the AprDctober ozone sason in the Barnett O&G basin. Figure is in the
same format ad~igure4-1. The history of gas production in the basin is indicated.
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