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•  Background!

•  Field!measurements!in!Pennsylvania!
– What!is!the!methane!emission!rate?!!
!

•  Oil!and!gas!wells!in!California!
!



Methane!Emissions!and!Oil!&!Gas!
Industry!

•  Methane!emissions!esMmates!are!uncertain!
– Gap!in!“boOomPup”!and!“topPdown”!esMmates!
(e.g.,!Miller!et!al.,!PNAS,!2013)!

– Missing!sources!(e.g.,!Natural!gas!systems!P!Brandt!
et!al.,!Science,!2014)!

•  Methane!emissions!from!the!oil!&!gas!industry!
– U.S.!Environmental!ProtecMon!Agency!proposed!
new!regulaMons!(August,!2015)!

– Numerous!onPgoing!measurement!studies!



Methane!Emissions!from!Natural!Gas!
Systems:!Measurement!Studies!!

Jackson!et#al.,!2014;!McKain!et#al.,!2015;!Gallagher!et#al.,!2015!

Helicopter!and!airplane!
flights!across!6!regions!(in!
collaboraMon!with!EDF),!
including!the!Bakken.!

Pipeline!leaks!
in!

Washington,!
DC,!Boston,!

MA,!
ManhaOan,!

NY,!CincinnaM,!
OH,!Durham,!

NC.!

Natural!Gas!ProducMon! Natural!Gas!DistribuMon!



PotenMal!ContribuMons!to!Total!U.S.!CH4!
Emissions!Above!EPA!EsMmates!From!Natural!

Gas!Systems!
(Brandt!et#al.,!Science,!2014)!!
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ronmental Protection Agency (EPA) national 

GHG inventory (GHGI). Atmospheric stud-

ies use aircraft ( 1,  5– 8), tower ( 3,  6), and 

ground ( 3,  7– 10) sampling, as well as remote 

sensing ( 7,  11,  12). All such studies observe 

atmospheric concentrations and must infer 

fl uxes by accounting for atmospheric trans-

port. The various inference methods have 

strengths and weaknesses (see SM). The 

greatest challenge for atmospheric studies 

is attributing observed CH4 concentrations 

to multiple potential sources (both anthropo-

genic and natural).

Results from bottom-up studies (gener-

ally <109 g CH4/year) and atmospheric CH4 

studies at regional scale and larger (above 

1010 g CH4/year) are shown in the fi rst chart. 

We also include studies that do not focus on 

NG systems, in order to place NG emissions 

in context with other CH4 sources. Across 

years, scales, and methods, atmospheric 

studies systematically fi nd larger CH4 emis-

sions than predicted by inventories. EFs were 

also found to underestimate bottom-up mea-

sured emissions, yet emissions ratios for bot-

tom-up studies are more scattered than those 

observed in atmospheric studies ( 13– 16).

Regional and multistate studies focusing 

on NG-producing ( 1– 3,  9) and NG-consum-

ing regions ( 2,  7,  10– 12) fi nd larger excess 

CH4 emissions than national-scale stud-

ies. This may be due to averaging effects of 

continental-scale atmospheric processes, 

to regional atmospheric studies focusing 

on areas with other air quality problems ( 1, 

 3), or simply to methodological variation. 

Atmospheric measurements are constrained 

in spatial and temporal density: Regional 

studies cover 0.5 to 5% of NG production 

or consumption with dense measurements, 

although often limited to short-duration sam-

pling “campaigns” ( 3,  7); national studies 

cover wide areas with limited sample density 

( 6) (table S5).

To facilitate comparison, the inset in the 

first chart normalizes atmospheric studies 

(>1010 g CH4/year) to baselines computed 

from the most recent (2011) EPA GHGI esti-

mates for the year and region in which study 

measurements were made ( 17). After nor-

malization, the largest (e.g., national-scale) 

atmospheric studies (>1012 g CH4/year) sug-

gest typical measured emissions ~1.5 times 

those in the GHGI ( 5,  6,  8,  9).

Why might emissions inventories be 

underpredicting what is observed in the 

atmosphere? Current inventory methods rely 

on key assumptions that are not generally sat-

isfi ed. First, devices sampled are not likely 

to be representative of current technologies 

and practices ( 18). Production techniques 

are being applied at scale (e.g., hydraulic 

fracturing and horizontal drilling) that were 

not widely used during sampling in the early 

1990s, which underlies EPA EFs ( 18).

Second, measurements for generating EFs 

are expensive, which limits sample sizes and 

representativeness. Many EPA EFs have wide 

confi dence intervals ( 19,  20). And there are 

reasons to suspect sampling bias in EFs, as 

sampling has occurred at self-selected coop-

erating facilities.

Third, if emissions distributions have 

“heavy tails” (e.g., more high-emissions 

sources than would be expected in a normal 

distribution), small sample sizes are likely to 

underrepresent high-consequence emissions 

sources. Studies suggest that emissions are 

dominated by a small fraction of “superemit-

ter” sources at well sites, gas-processing 

plants, coproduced liquids storage tanks, 

transmission compressor stations, and dis-

tribution systems (see table S6 and fi g. S2). 

For example, one study measured ~75,000 

components and found that 58% of emissions 

came from 0.06% of possible sources ( 21).

Last, activity and device counts used in 

inventories are contradictory, incomplete, 

and of unknown representativeness ( 17,  22). 

Data should improve with increased report-

ing requirements enacted by EPA ( 23,  24).

Source Attribution in Atmospheric Studies

Does evidence suggest possible sources of 

excess CH4 emissions relative to official 

estimates within the NG sector? A key chal-

lenge is attribution of atmospheric observa-

tions to sources. Isotopic ratios ( 7,  11) and 

prevalence signatures of non-CH4 hydrocar-

bons ( 3,  6– 8) can be used to attribute emis-

sions to fossil sources rather than biogenic 

sources. Evidence from regional studies sug-

gests that CH4 emissions with fossil signa-

tures are larger than expected ( 3,  6,  7,  9,  11), 

whereas national-scale evidence suggests a 

mix of biogenic and fossil sources ( 6). Atmo-

spheric studies that control for biogenic CH4 

sources ( 1,  2,  7) are dependent on biogenic 

source estimation methods that also have 

high uncertainties ( 6). Natural geologic seeps 

could confound attribution (see the second 

chart and SM).

 Studies can attribute emissions to liquid 

petroleum and NG sources rather than coal 

by sampling in places with little coal-sector 

activity ( 2,  3,  6,  7,  9). Attributing leakage 

to the NG system, as defi ned by EPA indus-

try sector classifi cations, is more challeng-

ing. Alkane fi ngerprints may allow attribu-

tion to oil-associated NG ( 9), although NG 

processing changes gas composition, which 

may complicate efforts to pinpoint leakage 

sources. Geographic colocation of facilities 

and sampling, along with geographically 

isolating wind directions ( 2,  3,  7), can allow 

attribution of emissions to NG subsectors. 

Without spatial isolation, sector attribution 

can require assumptions about gas composi-

tion that introduce signifi cant uncertainty ( 2, 

 3,  25).

We plotted results of a thought experiment 

(see the second chart) in which we estimated 

emissions ranges of selected possible sources 

within the NG sector, as well as sources that 

could be mistaken for NG emissions owing to 

chemical and isotopic signatures. Although 

such an analysis is speculative given current 

knowledge, it illustrates ranges of possible 

source magnitudes.
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Potential contributions to total U.S. CH4 emissions above EPA estimates. EPA estimate in blue, based 
on central estimate and uncertainty range from large-scale studies from the inset in the fi rst chart. Both NG 
sources and possible confounding sectors are included. NG production, petroleum production, and NG dis-
tribution emissions are based on regional empirical studies ( 1,  2,  6), which estimate emissions rates from 
high-emitting sources but do not estimate prevalence. Scenarios (a) to (c) correspond to 1, 10, and 25% of 
gas production or consumption from such high-emitting sources. Ranges (d) to (g) correspond to estimates 
for fl owback emissions rates during hydraulic fracturing (HF) of all gas wells and shale gas wells, relative to 
EPA estimates. Ranges (h) to (m) refl ect sources not included in EPA CH4 inventories but which could be mis-
taken for NG emissions by chemical or isotopic composition. See SM for details.
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Methane!Emissions!from!Abandoned!
Oil!and!Gas!Wells!

•  4!million!abandoned!wells!in!the!
U.S.!alone!(Brandt!et#al.,!Science,!
2014)!!

•  Abandoned!wells!are!pathways!
for!fluid!migraMon!to!overlying!
aquifers!and!gas!emissions!to!the!
atmosphere!

•  Not!included!in!any!GHG!
emissions!inventory!



What!is!the!emission!rate?!
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Legend
Measured Wells

Counties
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DEP Abandoned List
DEP Orphan List
DEP Plugged List
Allegheny National Forest

"

#

PA State Game Lands

Kilometers0 5 10
      Number of Wells On PA 

DEP List Location County Ownership Unplugged Plugged 
Allegheny National 
Forest McKean Public 2 3 1 

City of Bradford McKean Private 1 0 0 
  Public 1 0 0 
Otto Township McKean Private 7 2 0 
Hebron Township Potter Private 3 0 0 
Total     14 5 1 

 

Land 
Cover 

Number of Locations 
Wells Controls 

Forest 9 23 
Grassland 5 10 
River 1 1 
Wetland 4 8 
Total 19 42 

 

Field!Sites!in!Pennsylvania!

Kang!et#al.,!PNAS,!2014!



Abandoned!
Wells!in!
Pennsylvania!

Unplugged' Plugged'

Plugged'

Unplugged' Unplugged'

Unplugged'

Unplugged'



Focusing!on!emissions!at!the!surface!

Groundwater+
Aquifer+

Oil+and/or+
Gas+

Forma6ons+

Abandoned+Well+

Plug+ Annulus+Area+

Inside+Casing+

Gas+Emissions+

Version+without+using+any+clipart!+

Kang!et#al.,!ES&T,!2015!



Measurement!/!
Analysis!
•  Air!samples!from!flux!

chambers!analyzed!for:!
–  Flame!ionizaMon!gas!

chromatography:!CH4,!C2H6,!
C3H8,!nPC4H10!!

–  ConMnuous!wavePcavity!ringP
down!spectrometer:!!δ13CPCH4!

•  Mass!flow!rates!of!
methane!determined!by:!

ṁ =
dC

dt
V
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More!methane!is!emiOed!at!abandoned!wells!
(even!if!plugged)!than!in!the!surrounding!natural!

environment.!!!
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Methane!emiOed!from!wells!more!likely!to!
be!of!deeper,!thermogenic!origin!
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Scaling!up!methane!emissions!
•  Abandoned!wells!may!represent!4!to!7%!of!total!statewide!

annual!anthropogenic!methane!emissions!in!Pennsylvania!!
•  High!emiOers!govern!the!cumulaMve!emissions!rate!
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FollowPUp!Measurements!in!Pennsylvania!

Kang!et#al.,!2014!

Number of AOG Wells
By County

Counties with 

2 - 71
72 - 188
189 - 497
498 - 2920
2921 - 4273

No AOG Wells



Oil!and!Gas!Wells!in!California!
•  ~223,000!oil!and!gas!wells!on!the!DOGGR!database!
•  45%!(~130,000)!are!“Plugged!&!Abandoned”!

Wells!per!1000!
km2!



Hydraulic!Fracturing!in!California!
•  Depths!are!shallow!(relaMve!to!U.S.Pwide)!
–  918!wells,!of!which!804!(88%)!are!<!1!mile!deep!!

•  Water!use!is!low!(relaMve!to!U.S.Pwide)!

0!

1000!

2000!

3000!

4000!

5000!

6000!

7000!

8000!

1%
!

5%
!

10
%
!

25
%
!

50
%
!

75
%
!

90
%
!

De
pt
h'
(=
)'

Percen@le'

RB!Jackson,!ER!Lowry,!A!Pickle,!M'Kang,!and!DC!DiGiulio,!ES&T,!2015!

Mean!

0!

50000!

100000!

150000!

200000!

250000!

300000!

350000!

1%
!

5%
!

10
%
!

25
%
!

50
%
!

75
%
!

90
%
!

W
at
er
'U
se
'(g
al
lo
ns
)'

Percen@le'

Mean!



Thank!you!!
•  Funding:!!

–  NaMonal!Science!and!Engineering!Research!
Council!of!Canada!

–  Princeton!Environmental!InsMtute!
–  NaMonal!Oceanic!and!Atmospheric!

AdministraMon!

•  Collaborators:!
•  Robert!B.!Jackson,!Sally!Benson,!Stanford!University!
•  Denise!L.!Mauzerall,!Michael!A.!Celia,!T.C.!OnstoO,!

Yuheng!Chen,!Xin!Zhang,!Peter!Jaffe,!Princeton!
University!

•  MaOhew!C.!Reid,!now!at!EPFL!
•  Cynthia!M.!Kanno,!now!at!Colorado!School!of!Mines!
•  Shanna!ChrisMan,!Alana!R.!Miller,!Ejeong!Baik,!

Daniel!Z.!Ma,!Princeton!University!
•  Markus!Bill,!Mark!Conrad,!Lawrence!Berkeley!

NaMonal!Laboratory!
!

Abandoned#oil#well#in#
California#


