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ABSTRACT: A rapid increase in horizontal drilling and hydraulic fracturing in shale and “tight” formations that began around
2000 has resulted in record increases in oil and natural gas production in the U.S. This study examines energy consumption and
greenhouse gas (GHG) emissions from crude oil and natural gas produced from ~8,200 wells in the Eagle Ford Shale in
southern Texas from 2009 to 2013. Our system boundary includes processes from primary exploration wells to the refinery
entrance gate (henceforth well-to-refinery or WIR). The Eagle Ford includes four distinct production zones—black oil (BO),
volatile oil (VO), condensate (C), and dry gas (G) zones—with average monthly gas-to-liquids ratios (thousand cubic feet per
barrel—Mcf/bbl) varying from 0.91 in the BO zone to 13.9 in the G zone. Total energy consumed in drilling, extracting,
processing, and operating an Eagle Ford well is ~1.5% of the energy content of the produced crude and gas in the BO and VO
zones, compared with 2.2% in the C and G zones. On average, the WIR GHG emissions of gasoline, diesel, and jet fuel derived
from crude oil produced in the BO and VO zones in the Eagle Ford play are 4.3, 5.0, and 5.1 gCO,e/M]J, respectively.
Comparing with other known conventional and unconventional crude production where upstream GHG emissions are in the
range 5.9—30 gCO,e/M]J, oil production in the Eagle Ford has lower WIR GHG emissions.

1. INTRODUCTION Unlike conventional oil production where vertical wells

A rapid increase in horizontal drilling and hydraulic fracturing are drilled and oil (and a small amount of associated gas) are

(HF) in shale and “tight” formations in the United States that brought to the .surfac? via natlllral pressure, water drive, or
began around 2000 has resulted in record increases in oil and steam or C_:OZ s.tlmule.ltlons, HF 1s an 91} an('i gas well Fomple—
natural gas production. Most of this production is from seven tion technique in which horl_zontal drilling is used to increase
significant shale plays: the Bakken, Eagle Ford, Haynesville, the well-bore contact area with shale source rocks. Fracturing
Marcellus, Niobrara, Permian, and Utica plays. Oil and shale gas ﬂui_ds, Consisti_ng of wat.er. (>90%), a proppant n'laterie.d, and
produced from these low-permeability geological forma- various chemlcalf, are injected through perfor.atlons in the
tions are among the so-called “unconventional” or continuous borehole at sufficient pressure to promote fracturing of'the rock
reservoirs, which also include oil shale and coal bed methane. Or €xpansion and e).(tensmn of existing fractures. This allOWS
Oil and gas production in the Eagle Ford shale has steadily ﬂu¥ds toz ﬂow.out into the.fractures When HF pressure 1s
increased since 2010. The Eagle Ford (illustrated in section 1 of rehevefl. Studles have examme.d tl}i—gll e.\.nd ges production
the Supporting Information (SI)), is the largest tight oil p.otentlal.s in the Eagle Ford region, " climate impacts asso-
producing region in the United States since 2012. Compared ciated Wlth. methane lee%kage, 'and impacts on water use.’
with the other oil-rich shale plays such as the Bakken and However, little information exists about the. energy intensity
Permian, the Eagle Ford is gas-rich, producing almost equal ar?d uPstream greenhou.se &as (GHG) emissions assoc1at.ed
amounts of oil and gas on an energy basis." The Eagle Ford is with oﬂ.and &as Productlon in the Eagle Ford compared with
also highly heterogeneous, with different zones being highly C_mde oil producgtfgl from conventional and other unconven-
gas-rich or very oil-rich. By the summer of 2015, Eagle Ford oil tional reservoirs. . .

and gas production reached 1.7 million barrels per day (bbl/ The goal f’f the present study is to analyze oil apd shale gas
day) and 7.3 billion cubic feet per day (Bcf/day), respectively, production in the Eagle Ford play from the period of 2010

before production decreased due to low oil and gas prices

(Figure 1, left). New-well production has steadily increased for Received: November 8, 2016
oil since 2007 and almost doubled for gas production between Revised:  January 3, 2017
2012 and 2015 (Figure 1, right). Published: January 8, 2017
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Figure 1. Oil and gas production in the Eagle Ford play, 2007—2016. In each panel the primary and secondary y-axes have roughly the same total
energy content. Left: Total production. Right: New-well production and monthly rig counts. Data source: EIA"

through 2013 and to calculate energy consumption and GHG
emissions associated with oil and gas extraction. We summarize
our data collection and modeling methods in section 2. In
section 3, we present results of per-well productivities, energy
intensities, and GHG intensities. We discuss the results and
implications in section 4.

2. DATA AND METHOD

We first describe data sources and methods for estimating current
and future production volumes (section 2.1), well characteristics and
operation and liquids transport assumptions (section 2.2). In section 2.3,
we briefly describe the open-source drilling and fracturing energy
estimation tool, GHGfrack model'>'* and oil production greenhouse
gas emissions estimator (OPGEE) model,'® that estimates energy con-
sumption for drilling, operating, and processing, and fugitive and
flaring emissions. We describe in section 2.4 the greenhouse gases,
regulated emissions, and energy use in transportation (GREET) model
for modeling the life cycle GHG emissions of oil and shale gas
production in the Eagle Ford.

2.1. Liquids and Gas Production Methods and Volumes.
2.1.1. Production and Processing Methods. A stimulated reservoir, as
in the Eagle Ford formation, can produce liquids and gas via natural lift
“if reservoir pressure is higher than the pressure exerted by a full
column of a single-phase well-bore fluid, and the fluid flows to the
surface if the flow path is unobstructed.”'® As pressure in the forma-
tion decreases, liquids and gas are produced through downhole
pumping, gas lifting, and electric submersible pumps (ESPs).'™"*
Once liquids and gas are lifted out of the ground, a heater/treater is
used to break oil/gas/water emulsions in the oil wells."”” Condensate
liquids contain a relatively high percentage of light and intermediate
components, which can be separated from entrained water easily using
a stabilizer because of the lower viscosity and greater density difference
with water.”**!

Strict pipeline limitations on H,S, CO,, moisture, and N, require
operators to clean produced gas. Amine acid gas removal is performed
as part of gas processing to remove H,S and CO, from produced gas.
A glycol dehydration unit is used for moisture removal. Given maxi-
mum heat capacity limitations, operators must often apply a Joules—
Thompson unit to remove heavy components or natural gas liquids
(NGL). In addition, a nitrogen scavenginsg unit is used if needed for
nitrogen removal.”> Conder and Lawlor* suggest that the gas com-
position (mol %) for the Eagle Ford is ~66% methane, 16% ethane,
8.5% propane, and 2.7% butane, and the heating value is 1410 Btu/
(standard cubic feet (scf)).

2.1.2. lLiquids and Gas Production Volumes. We compiled,
corrected, and processed THS well-based monthly data for 11,314 wells
in the Eagle Ford. Production data included years 2009 through 2013
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(8,218 wells). HF water and proppant use was reported for 8,301
wells from 2009 to 2013. Well test data were compiled from 2009 to
2014 for initial tests (11,298 wells) and follow-up tests (3,430 wells).®
Data processing included several stages of cross-checking, outlier
removal, and analyses that are discussed in greater detail in Ghandi
et al.”* THS production data include monthly per-well production data
for liquids ((bbl/month)/well), gas (10° ft* or (Mcf/month)/well),
and water ((bbl/month)/well) for 2009—2013. All hydrocarbon
production in the liquid state at the wellhead is reported as liquids
(which includes crude and lease condensate), and all gas is reported as
unprocessed gas production (known as gross production, which
contains dry gas and condensate that is separated in subsequent
processing plants). The database also includes well characteristics, such
as depth—total driller (total length drilled), depth—true vertical, and
length of horizontal lateral section.

After a well is completed, initial well tests are conducted to measure
the initial flow rate of oil (bbl/day per well), condensate ((bbl/day)/
well) and gas (Mcf/day per well), and the properties of the fuels (e.g,
API gravity, a measure of specific gravity of crude oil or condensate
in degrees), etc. [Note that IHS defines condensate as “liquid
hydrocarbons that are separated from gas during production” (source,
https://penerdeq.ihsenergy.com/dynamic.splashscreen/documents/
USDC.pdf); note that the EIA defines lease condensate as “light liquid
hydrocarbons recovered from lease separators or field facilities at
associated and non-associated natural gas wells. They are mostly
pentanes and heavier hydrocarbons and normally enter the crude oil
stream after production” (source, http://www.eia.gov/tools/glossary/
index.cfm?id=Lease)] For a subset of wells, data on follow-up well tests
were collected, including flow rate and cumulative production of liquids
and gas after well completion over time periods ranging from 1 to
1719 days (~4.7 years). In all, 96% of wells reported initial test results
for oil API gravity. An additional 31 wells reported follow-up oil API
gravity, which is treated as initial oil API gravity; 33% of wells reported
gas gravity, and 24% (2754 wells) reported condensate gravity.

Water and proppant use are derived from IHS and FracFocus
databases after a comprehensive data verification process.*** These
data refer to the amount of water and proppant used for HF up to the
completion (before the start of production) of the wells in the Eagle
Ford.

2.1.3. Characteristics of Production Zones. We adopt the same
zone categorization scheme as that of Scanlon et al.” that separates the
Eagle Ford into four production zones: black oil (BO), volatile oil
(VO), condensate (C), and gas (G) zones. The initial gas-to-oil ratio
(GOR) is the ratio of natural gas that a well produces to oil, expressed
as thousand cubic feet per barrel—Mdcf/bbl—during production months
2 through 4572526 The range of GOR ratios and number of wells in each
of the four production zones are summarized in SI Table SI. Between
2009 and 2014, the majority of wells (79%) were located in oil-rich
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BO and VO zones with GOR < 10,000 due to more favorable eco-
nomics in liquids-rich regions.

2.1.4. Estimated Ultimate Recovery. As defined by the EIA,*” the
estimated ultimate recovery (EUR) is “the sum of actual past
production from the well, as reported in the data, and an estimate of
future production based on the fitted production decline curve over a
30 year well lifetime.” Significant variability exists for production
decline curves and the associated EURs for individual wells within
individual plays, and even within discrete sections of plays (ie.,
counties and the level of aggregation used by EIA as a basis for
projections of overall production totals both for oil and for NG).*” For
many wells in shale plays, nearly 50% of the EUR is produced within
3 years. EIA EUR estimates based on 2008—2013 oil and gas produc-
tion in Eagle Ford by county is presented in Tables S2 and S3.

Gong® and Gong et al.*® delineate eight production zones in the
Eagle Ford on the basis of geology, production indicators, and fluid
types. They used a Markov chain Monte Carlo method to develop
probabilistic decline curves to forecast reserves and resources in the
Eagle Ford. Individual well reserves and resources were estimated and
then aggregated probabilistically within each production zone and
arithmetically between production zones. The results are shown in
Figure S3. Compared with EIA’s estimated EURs, estimates of oil
EURs by Gong® are similar in oil producing zones but consistently
higher in gas-rich zones, and gas EURs estimates by Gong” are several
times higher than EIA’s in gas-rich zones.

EUR estimates represent one of the largest sources of uncertainty in
the overall characterization of a well.*** To be conservative, we adopt
Gon%’s estimates of EURs by matching the zone definition in Scanlon
et al.” with the locations of the wells (Table S4). Because the focus of
the study is on energy intensity of oil production, we only consider oil
EURs in this study. Note that EUR estimates are based on fitting
models to historical data, while the actual extraction decision, however,
is based on a combination of the geological factors plus economic
considerations. For example, if operators decide to stop producing
after well productivity declines below a certain level, then the well
would not reach its full oil and gas EUR potentials.

2.2. Liquids and Gas Processes and Transport. Here we briefly
review parameters related to flaring, venting, and extraction loss. We
also characterize transportation methods.

2.2.1. Flaring, Venting, And Extraction Loss. Once drilling and
other well construction activities are finished, a well must be com-
pleted in order to begin oil and gas production. The completion
process “requires venting of the well for a period of time to remove
mud and other solid debris from the well, to remove any inert gas used
to stimulate the well (such as CO, and/or N,), and to bring the gas
composition to pipeline grade.” (p 22 of ref 28). The Texas Railroad
Commission (RRC)*® reports data on flared/vented gas from 2013.
These include monthly total flared/vented gas from gas wells and
casinghead gas as reported for RRC Districts 1, 2, and 4, which
represent the three main Eagle Ford districts. [Casinghead (oil well)
gas is “natural gas produced along with crude oil from oil wells; it
contains either dissolved or associated gas or both.” (source, http://
www.eia.gov/dnav/ng/tbldefs/ng_prod sum_tbldef2.asp)] The aver-
age monthly flared/vented volume by the liquids production for oil
and gas wells were calculated separately, suggesting a flaring-/venting-
to-liquids ratio of 123 scf/bbl for oil wells and 90 scf/bbl for gas wells,
as summarized in Table S5. We apply the oil wells ratio to BO and VO
zones, and the gas wells ratio to C and G zones. In 2013, 81% of flared/
vented gas was casinghead gas. Variations in flaring-/venting-to-liquids
ratios are smaller between gas wells than between casinghead gas.

It has been suggested that, in the Eagle Ford, gas vented during the
completion process is usually flared (p 22 of ref 28). To obtain a more
precise estimate of flared vs vented gas, we extracted data from EPA
GHG Reporting Program Data Sets.”” These data for 2013 well com-
pletions include flaring-related CO, as well as methane emissions for
oil and gas wells. The results are shown in Table S6; we found that, in
oil wells, 87.3% of methane was flared, whereas, in gas wells, 99.6% of
methane was flared. The total flaring and venting CO, and methane
emission rates per completion are shown in the far-right column in

Table S6.
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We do not have estimates of operations-related fugitive emissions.
EIA defines “extraction loss” as shrinkage of volume due to removal of
natural gas plant liquids (NGPL), which is not lost but removed and
sent to market. The reduction in volume of NG is due to the removal
of NGPL constituents (e.g., propane, and butane) at NG processing
plants. The average extraction loss-to-liquids ratio across the districts is
1127 scf/bbl using the data from the Railroad Commission of Texas™”
Table S7 shows extraction loss in the Eagle Ford districts and the
overall extraction loss to liquids ratio.

2.2.2. Transport. Below we briefly describe the modes of
transportation and the average transport distance for Eagle Ford
liquids production. These assumptions are summarized in Table S10,
and detailed documentation of specific transportation routes and
distances can be found in Ghandi et al.**

Barge. Barges are used to transport crude or refined products along
the following routes: Corpus Christi—Houston, Victoria—Houston,
and Corpus Christi—U.S. Northeast. The weighted average distance is
568 miles. About 20% of Eagle Ford crude oil is transported via barge.

Pipeline. The total distance covered by the currently existing
pipeline from the Eagle Ford, on the basis of a combination of data
from the EIA Energy Mapping System and Sternberg and Kovacs," is
462 miles, and pipeline transport accounts for about 65% of local Eagle
Ford production. We are uncertain about the average pipeline trans-
port distance; therefore, 462 miles is used as a conservative estimate.

Rail. The average distance that Eagle Ford crude is transported by
rail is assumed to be 200 miles; rail accounts for about 35% of local
production.

Truck. The average distance that Eagle Ford crude is transported
by truck is assumed to be 90 miles; 100% of local production is
transported via truck to nearby refineries, or to pipeline terminus or
other transportation sites.

2.3. Modeling of Energy Use, Energy Intensity, And Fugitive
Emissions. OPGEE version 1.1 Draft D'> was used as the basis for
the Eagle Ford upstream production energy intensity and GHG emis-
sion analysis. OPGEE is an engineering-based life cycle assessment
(LCA) tool for estimating GHG emissions from production, pro-
cessing, and transport of crude petroleum. The system boundary of
OPGEE extends from initial exploration to the refinery entrance gate.
More detailed documentation of the OPGEE model is given by
El-Houjeiri et al,'® and an updated version of OPGEE for tight oil
production is discussed in greater detail in Brandt et al."*

The following well-specific data are taken from the above-described

input variables for each well-month combination: completion date
and production month; true vertical depth of well; liquids production
(crude + lease condensate, per month); gas production (as producing
GLR); water production (as percent water); and crude API gravity.
A total of 144,924 runs in OPGEE were performed, with one model
run performed for each well-month combination in the data set. A
total of 11,314 unique well identifiers were included in the data set,
though obviously not all wells reported data for all months.
Drillin% energy requirements were computed using the GHGfrack
model*** for a typical Eagle Ford casing plan and the given well
geometry in the THS data sets. GHGfrack reports results as energy use
(diesel fuel) for top-drive torque, mud pump work, and fracturing
water pumps. Drilling and development diesel energy use is diesel fuel
use in drilling and fracturing, divided by EUR for the well. Production
and extraction energy use represents a sum of all on-site energy use for
lifting of fluids from the formation. Surface processing uses thermal
energy from natural gas for crude separation (heater/treater) and
stabilization, amine reboiler, glycol reboiler, and demethanizer. Surface
processing also uses electricity for amine treater pumps and air coolers,
glycol pumps, and water treatment.

Fugitive emissions were calculated once for a typical Eagle Ford
well, and all wells have fugitive emissions set equal to this value for all
operating months. Lack of well-specific data on parameters relevant to
fugitive emissions suggests that performing well-specific fugitive
calculations is not justified. The fugitive emissions rate was assumed
to be 36.5 scf/bbl across all wells (or 1.3% of the median GLR of
>2500 scf/bbl) using the default value in OPGEE"® which is based on
standard emissions factors from the U.S. EPA as well as some data
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Table 1. Eagle Ford Liquids and Gas APIs and Well Property Summary (Averages Across All Zones and All Years, 2009—2013)

property obs median mean
oil API gravity 11314 46.2 48.0
condensate gravity 2754 58 577
gas gravity 3420 0.73 0.73
depth total driller 11314 15560 15580
proppant used 11314 4290 4770
depth true vertical 11314 10050 9980
water used 11314 4304 4680
fracture pressure 11314 9040 8980

std dev min max units
8.59 27 94 (deg API)
5.46 34.8 794 condensate gravity
0.07 0.56 144 gas gravity
1750 5330 21910 ()
1900 341 19800 (1000 1b)
1760 2760 15600 (£)
1820 s3 22600 (1000 gallon)
1590 2480 14000 (psi)

from California. The venting rate due to flowback emissions (which is
computed in addition to the operational well-default fugitive emissions
rate above) was 13% of the flowback gas volume, apportioned per
barrel of EUR (median value is very small at ~1 scf/bbl) (Table S8).

Fracturing flowback gas volumes are either flared or vented in the
Eagle Ford, and these represent possible emissions sources. Flowback
volumes are computed using a modified version of the method of
O’Sullivan and Paltsev.*® Initial production test results from the above
data sets report initial gas production rates. This initial gas production
rate (per day) is multiplied by an effective flowback period of 3 days.
Flowback volumes increase as the well bore clears, and O’Sullivan and
Paltsev®® assume 4.5 days of effective flowback (9 days of flowback,
linearly increasing from O to the initial production rate). Later analysis
by the Environmental Defense Fund®* suggests that 3 days of effective
flowback may be more appropriate. We selected a 3 day flowback
period so as to not overestimate impacts, though flowback volumes are
small enough that this is not a material driver of emissions (Table S7).

The flaring rate is derived from an aggregate of reported per-bbl
flaring rate, which is determined each month, along with 87% of the
flowback gas, apportioned per barrel of EUR. A single per-bbl flaring
intensity of 123.5 scf/bbl was generated using the above reported
regional data for the Eagle Ford region, because well-specific or
monthly flaring data were not available. The flowback flaring volumes
are, in comparison, small over the life of the well, with a median rate of
10.7 scf/bbl and a mean rate of 16.6 scf/bbl. For both flowback and
per-bbl flaring, a default flaring methane destruction efficiency of 99%
was used in all cases.

Based on the above-described inputs, OPGEE generates the fol-
lowing output variables, and the results are summarized in section 3:
NG net sale (MMBtu/day); NGL net sale (MMBtu/day); drilling and
development (diesel, MMBtu/day); production and extraction (NG,
MMBtu/day); surface processing (NG, MMBtu/day); surface pro-
cessing (electricity, kWh/day); flaring rate (MMcf/day); flaring effi-
ciency (%); fugitives rate (constant for all wells, scf/bbl).

2.4. Modeling of GHG Emissions and GHG Intensity. To
model GHG emissions associated with oil and shale gas production in
the Eagle Ford with the GREET model, process fuel consumption by
fuel type, flaring intensity of produced gas, flaring efficiency, fugitive
produced gas emissions, and chemical composition of produced gas
were calculated from the OPGEE model and used as input values in
the GREET model.*®

We allocate process fuel consumption, flaring, and fugitive emis-
sions to energy products by assuming that the utility of the energy
embedded in oil, NG, and NGL is the same for their respective end
users, as shown in eq 1. There is no universally mandated allocation
method. Other allocation methods, such as market-value-based alloca-
tion, could be used to allocate energy use, GHG emissions, and water
use to the energy products on the basis of their market values.

P;Jj - /Ejrx
E i + Eng + Eina (1)

where i = process fuel consumed (Btu or MMBtu); j = well iden-
tification; x = energy product as oil, NG, or NGL; F;;, = fuel i
consumption rate (Btu or MMBtu/(MMBtu of product x)) for well j
and energy product x; F;; = monthly fuel i energy consumed (Btu or
MMBtu/month) for well j; and E;, = monthly energy production

E

Lj)%
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of x (MMBtu of product x/ month) for well j where x is either oil, net
NG sale, or net NGL sale calculated from OPGEE.

Note that F;, is the same regardless of the energy product (oil, net
NG sale, or net NGL sale) produced, and F;; is simply the sum of
the fuel i consumption rate multiplied by the energy produced, i.e.,
F;=Y.(F,;.XE,) or F;=F, . >E_ The equation is identical for
calculation of flaring and fugitive emission rates (in scf/(MMBtu of
product x)).

The equation for water consumption is slightly different as, unlike
fuel use, flaring, and fugitive emissions, the HF water use has not been
normalized to total lifetime production. Thus, the water consumption
rate is shown in

W, =W,
J J EUR.

j,0il

EUR

jrx

/EUR;
+ EUR, \q

@)

where W, = water consumption rate (gal/(MMBtu of product x)) for
well j and energy product x; W, = HF water use (gal) for well j; and
EUR,, = EUR of energy product x (MMBtu of product x) for well j
where «x is either oil or NG.

Note that the NG in EURyg; in eq 2 is the raw unprocessed NG that
is technically recoverable from each well, whereas the net NG sale and
net NGL sale in eq 1 are energy products calculated from OPGEE on
the basis of the reported monthly production of raw NG.

We report the fuel consumption rate, flaring, and fugitive emission
rate, and water consumption rate for oil production zones (BO and
VO zones) and gas production zones (C and G zones) separately.

Wide variations in energy use and production among the thousands
of wells are observed. To account for the effect of this variability on the
estimation of GHG emissions with GREET, we developed probability
distribution functions (PDFs) for the major parameters, using 104,345
well-month observations for wells located in the BO and VO zones
and 27,889 well-month observations for wells located in the C and
G zones. The approach is described in section 9 of the SI. We apply
the regression formula developed for estimating the overall refinery
energy efficiency and the relative refinery energy requirements for
specific petroleum products by Elgowainy et al.” to calculate the GHG
emissions associated with refining of crude oil from the Eagle Ford.

3. RESULTS

We report results from analyzing the data including production
rate and characteristics of liquids and gas (section 3.1), well char-
acteristics, and water use (section 3.2). We then report our
model estimates of energy use and GHG emissions (section 3.3).

3.1. Liquids and Gas Production and Characteristics
of Products. Table 1 includes a summary of key Eagle Ford
fluid properties well characteristics. The annual liquids and gas
production volumes are reported in Table S11. In 2013, liquids
production reached 0.93 million bbl/day and gas production
reached 3.86 Bcf/day. We calculate “producing gas-to-liquids
ratio (GLR)” as the monthly produced gas ((scf/well)/month)
to monthly produced liquids ((bbl/well)/month) for each well.
The monthly well-based GLR (scf/bbl) is shown in Figure 2.
The drastic reduction of GLR is consistent with the suggestions
that oil and gas production in the Eagle Ford region has shifted
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Figure 2. Box plots of monthly gas-to-liquids production ratios (scf/
bbl) for each well in the Eagle Ford 2010—2013. The box plots show
the median, the first, and the third quartile (boxes), and fifth and 95th
percentile (whiskers) values, except for the values in 2010, where the
95th percentile values are off-scale.

. . g . 82
from “gas-rich regions” to “oil-rich regions” over the years.”>**

The monthly GLRs based on monthly production data for each
well by zone are shown in Figure SS. The slopes of the linear
regressions represent the average monthly GLR (Mcf/bbl) by
zone. The annual liquids and gas productions by zone are
reported in Table S12.

The oil flow rate ((bbl/day)/well) from the initial test
increased over the years (Figure S4, bottom), whereas the
initial gas flow rate decreased over time (Figure S4, top) and
the initial condensate flow rate ((bbl/day)/well) remained
relatively stable (Figure S4, middle). Between 2009 and 2013,
the initial test data indicate that between 27 and 62% of liquids
is condensate, and the ratio has remained at ~30% since 2011.

Figure 3 is a plot of the ratio of follow-up to initial liquids
or gas flow rates as a function of days after well completion.
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Figure 3. Box plots of follow-up test to initial test gas (top) and liquids
(bottom) flow rate ratio as a function of days after completion. The box
plots show the median, the first and the third quartile (boxes), fifth and
95th percentile (whiskers), and the min and max values (lines).
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The liquids flow rate shows rapid declines immediately after well
completion and eventually drops to below 10% of the initial flow
rate in less than 3 years after well completion (bottom panel).
The gas flow rate, however, has not markedly decreased but
remains roughly the same as or higher than the initial flow rate
(top panel). This finding is consistent with the observa-
tions that, for each well, oil production tends to steadily
decrease during production, and the GLR increases over the
production lifetime.”

Figure 4 shows the cumulative liquids and gas groduction to
date compared with the estimated EUR by Gong.” On average,
per-well cumulative production to date is about 30% of the
estimated oil EUR and 14% of the estimated gas EUR. The
cumulative oil and gas production to date vs estimated EUR by
well zone (Figure S6) also shows similar findings: for each
producing zone, a greater proportion of oil had been produced
to date compared to the estimated oil EUR than gas. As
mentioned above, the EUR estimates are based on the geology
and the technical assessment of the field properties and tech-
nology, while actual extraction also includes economic con-
siderations.

The proportions of the products (oil, condensate, and gas,
measured by energy) by producing zone are shown in Table 2.
In the BO zone, almost all of the liquids produced are oil
(99%). The oil/condensate split is about 60/40 in the VO
zone, whereas the majority of the liquids produced in the C and
G zones are condensate (98% and 91%, respectively). Because
liquids production declined more rapidly than gas production
(Table 2), the overall breakdown over the entire production
period between 2009 and 2013 is about 52—80% liquids in the
BO and VO zones vs 8.5—21% liquids in the C and G zones.

The average API gravity of Eagle Ford liquids is higher
(which means lower density, lighter) than that of typical crudes
in the U.S. Figure S9 shows the range of API gravity values of
Eagle Ford liquids produced by zone type and the cor-
responding heating values. The API values of liquids are lower
in BO and VO zones (with mean values of 42 and 50, respec-
tively, compared with 62 and 58 in C and G zones), with higher
corresponding heating values (5.2 MMBtu/bbl in BO and
VO zones, compared with 5.0—5.1 MMBtu/bbl in C and G
zones). Liquids produced from the oil zone have higher heating
values, whereas liquids produced from the condensate zone
have the lowest heating values, though the variation is quite
small, less than 3%.

3.2. Well properties and Water Use. The average length
of wells increased ~50% between 2009 and 2013 (3570 to
5,310 ft/well), while the average depth decreased slightly
(10,100 to 9840 ft/well) (Table S13). The average total length
drilled has been constant through all years at 15,500 ft, and the
average true vertical depth of wells is about 10,000 ft for all
years (Table S14).

Table S16 includes the distributions of water use per hori-
zontal lateral length (gal/ft) and proppant use per horizon-
tal lateral length (Ib/ft) by year. As shown in Table S16 and
Figure S14, water use and proppant use per horizontal lateral
length have remained stable in the past several years.

3.3. Energy Intensity and GHG Emissions. Figure S
presents the well-based energy balance of Eagle Ford wells
by zone, showing the mean values. Natural gas balance shows
the breakdown of NG fugitive emissions, flaring, self-con-
sumption, and NG and NGL net sales calculated by OPGEE.
These numbers are listed in Table 3, which shows the mean
and median well-based NG production and NG balance
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Figure 4. Cumulative production to date vs estimated EUR for oil (left) and shale gas (right) production in the Eagle Ford, based on data from

Gong.3

Table 2. Relative Contributions of Qil, Condensate, and
Gas-to-Energy Content in Initial Test Sampling and Relative
Contributions of Liquids and Gas in Total Production

energy (initial test data) (%) total production (%)

zone type oil condensate gas liquids gas
black oil (BO) 84 1 15 79 21
volatile oil (VO) 37 26 37 52 48
condensate (C) 0.5 21 79 21 79
gas (G) 0.4 4.6 95 8.5 92

(including flaring, fugitive emissions, self-consumption for pro-
duction and extraction and surface processing, NG net sale,
and NGL sale) calculated by OPGEE. In the BO zone, about
20% of the NG produced is either flared, emitted, or used for
self-consumption, and only about 80% is sent to the market;

2500 _ ,
1 @ Oil production
E NGL net sale
2000— @@ NG net sale
1 @ Self-consumption
] Fugitive emissions
- 1500— @@ Flaring
3 ]
g ]
S 1000
500
0 —_— =
BO vOC Cc G

Figure S. Well-based average fossil energy balance of Eagle Ford wells
by well zone (2009—2013).

Energy intensity
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0.020— 0.021
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0.010

0.005 —|
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Figure 6. Well-based total energy use for oil and shale gas production
by zone type. Whiskers show the fifth and 95th percentile values.

whereas over 94—98% of the NG produced in the VO, C, and
G zones is sent to the market as pipeline NG and NGL.
Energy intensity is defined as MMBtu of energy (including
diesel, NG, and electricity) used for production, extraction, and
surface processing per MMBtu of energy produced (including
liquids, net NG sale, and net NGL sale). The recovery energy
efficiency (1 - energy intensity), process fuel consumption,
flaring and fugitive intensities, and water use in the oil zone
showed little variation over time between 2010 and 2013
(Figure S15). The same holds for the production in the gas
zone. Figure 6 shows that energy intensity tends to increase
with higher gas production, as gas production requires more
energy use for lifting and processing. The total energy con-
sumed in drilling, extracting, processing, and operating an Eagle
Ford well is approximately 1.5% of the energy content of the

Table 3. Mean and Median Well-Based Oil and Natural Gas Production (MMBtu/d/well) and Natural Gas Balance Calculated

by OPGEE and the Shares (in Parentheses) of NG Balances

OPGEE calculation

monthly oil production  monthly gas production flaring

median

BO 594 148 17 (12%)

VO 556 586 15 (2.7%)

C 312 1410 10 (0.7%)

G 59 1760 1.5 (0.1%)
mean

BO 884 233 26 (11%)

VO 932 868 26 (3.1%)

C 489 1860 16 (0.8%)

G 226 2450 4.5 (0.2%)

1445

fugitive emissions  self-consumption NG net sale NGL sale
2.1 (1.5%) 8.1 (5.7%) S1 (36%) 63 (44%)
2.0 (0.3%) 18 (3.2%) 258 (45%) 282 (49%)
1.1 (0.1%) 35 (2.5%) 659 (47%) 703 (50%)
0.1 (0.0%) 42 (2.4%) 831 (47%) 882 (50%)
3.1 (1.3%) 12 (5.2%) 87 (38%) 102 (44%)
33 (0.4%) 27 (3.1%) 386 (45%) 420 (49%)
1.7 (0.1%) 48 (2.6%) 866 (47%) 925 (50%)
0.5 (0.0%) 58 (2.4%) 1160 (47%) 1230 (50%)
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produced crude and gas in the BO and VO zones, compared
with 2.2% in the C and G zones (Figure 6).

Table 4 summarizes the recovery energy efliciency, pro-
cess energy use by fuel type, the flaring intensity, the fugitive
intensity, water use, oil API gravity, GLR, and the O/T ratio for
oil or shale gas production in the oil Eagle Ford play from 2010
to 2013.

Table S summarizes the well-to-refinery (WTR) GHG emis-
sions and water consumption of gasoline, diesel, and jet fuels.

Table S. Well-to-Refinery (WTR) GHG emissions, in
gCO0,e/M], of Gasoline, Diesel, And Jet Fuels Derived from
Crude Oil Produced in the BO and VO Zones in the Eagle
Ford Play

WTR

GHG emissions (gCO,e/MJ)

gasoline blendstock 4.3

diesel 5.0

jet sl
water consumption (gal/MMBtu)

gasoline blendstock 2.5

diesel 3.0

jet 3.0

Figure 7 summarizes the detailed breakdown of upstream WTR
GHG emissions for gasoline derived from crude oil produced

5
4
3
2

g CO2e/MJ

1
0 I

Gasoline Blendstock
= Dieseluse u Electricity use

= Naturalgas use

Flaring emissions = Fugitive emissions  ® Crude transportation

Figure 7. Detailed breakdown of well-to-refinery (WTR) GHG
emissions for gasoline derived from crude oil produced in the BO and
VO zones in the Eagle Ford play.

in the BO and VO zones. The largest contribution to WIR GHG
emissions comes from fugitive emissions (38%), followed by
flaring (26%), crude transport (18%) and natural gas use (16%).

4. DISCUSSION

The WTR GHG emissions associated with crude oil and gas
production in the BO and VO zones (which constitute 79% of
the wells and 90% of total liquids production between 2009 and
2013, inclusive) is 4.3 gCO,e/M] for gasoline, and 5.0 gCO,e/
MJ and 5.1 gCO,e/M]J for diesel and jet fuel, respectively. Oil
production from Bakken has slightly higher WTR emissions
(typical value, 8—10 gCO,e/MJ, 637 consisting of nonﬂaring
wells of 3.5 gCO,e/MJ and 13 gCO,e/M]J for flaring wells).”

Comparing with WTR GHG emissions associated with con-
ventional and unconventional crude production, including the
U.S. average of 6—8 gCOze/M],?’g’39 California of #15 gCO,e/
MJ,"** Canadian oil sands in situ production of 15—30 gCO,e/
M]J, and mining projects of ~12—25 gCO,e/MJ,*'~* oil pro-
duction in the Eagle Ford has relatively low WTR GHG emis-
sions (Figure 8). In Figure 8, we only report single estimates
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Figure 8. Comparison of well-to-wheel GHG emissions (gCO,e/MyJ,
LHV) for gasoline from selected conventional and unconventional
crude fuel pathways, including Eagle Ford (this study) and Bakken oil
production,37 U.S. average crude, ! California crude,*® and Canadian
oil sands.'! WTR, well to refinery; RTP, refinery to pump; PTW,
pump to wheel.

from these studies since the reported ranges across studies are
not directly comparable: some report ranges using scenarios
based on different assumptions; others use Monte Carlo sim-
ulations to represent ranges of uncertainties. Compared with
the other stages of the life cycle, which include refinery, trans-
port, and combustion emission, WTR emission is only 5—6% of
the total emissions for conventional crude.'"**

Figure 9 compares water use from oil extraction/HF with
and without the consideration of EUR and the consideration of

12
10.6
vol water/vol oil production 1
10 @ vol water/vol EUR oil 5.4-24.7
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Figure 9. Comparison of water use for crude oil extraction (vol/vol
oil production or vol/vol oil EUR) from various sources, including
Eagle Ford from this study and Scanlon et al.® (SRN), Bakken,*’
U.S. conventional crude (cited in Tiedeman et al.®), and California
crude” (including total water use and net water use where recycled
produced water is deducted from the total water use).

net water use when a large amount of produced water has been
reused to reduce the overall water use. In general, water use
intensities are lower for HF oil production compared with
conventional oil production.

The largest uncertainty in this study results from the EUR
estimates. Average per-well cumulative production to date is
about 30% of the estimated oil EUR and 14% of the estimated
gas EUR from Gong et al” (Figure 4). If we allocate energy
use and GHG emissions to actual production as opposed
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to EUR, then the values would be at least 3 times higher (1/0.3,
as we ignore gas EUR) than our estimates here.

A future extension could be to perform spatially resolved
GHG intensity measurements. For example, high-resolution
nighttime flaring data are now available for the Eagle Ford
region.”*” With effort toward designing spatial alignment
algorithms, these images of flares could, in principle, be aligned
with producing wells to provide much more detailed and
granular flaring estimates. This would be a major improvement
over the current state-of-the art in remote-sensing-based flaring
analysis.

Flaring and fugitive emissions currently constitute over 64%
of the upstream emissions from oil producing wells (Figure 7).
In June 2016, the U.S. Environmental Protection Agency (EPA)
published proposed regulations aiming to reduce methane
emissions from oil and gas production and operations (known
as Subpart O000a).”® The new rules will include methane
emissions from hydraulically fractured oil well completions and
fugitive emissions at oil well sites and compressor stations (gas
well completions and fugitive emissions are already regulated),
and pneumatic pumps and controllers. The proposed regula-
tions, though still yet to be adopted at the time of the publica-
tion, can potentially reduce upstream emissions.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acs.energyfuels.6b02916.

Additional information regarding Eagle Ford geographical
location, EUR, flaring, venting and extraction loss, trans-
port distances, oil and gas producing volumes, product
and well characteristics, water and proppant use, energy
consumption, and lifecycle GHG emissions (PDF)

B AUTHOR INFORMATION

Corresponding Author
*E-mail: sonia.yeh@chalmers.se.

ORCID

Sonia Yeh: 0000-0002-4852-1177
Adam R. Brandt: 0000-0002-2528-1473

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Funding for this work was provided to University of California,
Davis by Argonne National Laboratory through Grant
AF-30841. We thank IHS for access to their database through
the University of Texas at Austin, Bureau of Economic

Geology.

B REFERENCES

(1) EIA. Drilling Productivity Report: For Key Tight Oil and Shale Gas
Regions, Dec. 12, 2016; U.S. Energy Information Administration:
Washington, DC, USA, 2016, 2016.

(2) Tiedeman, K; Yeh, S.; Scanlon, B. R.; Teter, J.; Mishra, G. S.
Recent Trends in Water Use and Production for California Oil
Production. Environ. Sci. Technol. 2016, S0 (14), 7904—7912.

(3) Gong, X. Assessment of Eagle Ford Shale Oil and Gas Resources;
Ph.D. thesis; Texas A&M University, College Station, TX, USA, 2013.

(4) Eagle Ford Shale Task Force Report; Railroad Commission of
Texas: Austin, TX, USA, 2013.

1448

(5) EIA. Eagle Ford production increasingly targets oil-rich areas.
Today in Energy, Feb. 10, 2014; http://www.eia.gov/todayinenergy/
detail.cfm?id=14951 (accessed Sep. 13, 2014).

(6) Schneising, O.; Burrows, J. P.; Dickerson, R. R;; Buchwitz, M,;
Reuter, M.; Bovensmann, H. Remote sensing of fugitive methane
emissions from oil and gas production in North American tight
geologic formations. Earth's Future 2014, 2 (10), 548—558.

(7) Nicot, J.-P.; Scanlon, B. R. Water Use for Shale-Gas Production
in Texas, U.S. Environ. Sci. Technol. 2012, 46 (6), 3580—3586.

(8) Scanlon, B. R; Reedy, R. C.; Nicot, J. P. Comparison of Water
Use for Hydraulic Fracturing for Unconventional Oil and Gas versus
Conventional Oil. Environ. Sci. Technol. 2014, 48 (20), 12386—12393.

9) Elgowainy, A.; Han, J.; Cai, H.; Wang, M.; Forman, G. S.; DiVita,
V. B. Energy Efficiency and Greenhouse Gas Emission Intensity of
Petroleum Products at U.S. Refineries. Environ. Sci. Technol. 2014, 48
(13), 7612—7624.

(10) Brandt, A. R; Yeskoo, T.; Vafi, K. Net energy analysis of Bakken
crude oil production using a well-level engineering-based model.
Energy 2015, 93, 2191-2198.

(11) Cai, H; Brandt, A. R; Yeh, S; Englander, J. G; Han, J;
Elgowainy, A.; Wang, M. Q. Well-to-Wheels Greenhouse Gas
Emissions of Canadian Oil Sands Products: Implications for US
Petroleum Fuels. Environ. Sci. Technol. 2015, 49 (13), 8219—8227.

(12) Englander, J. G.; Brandt, A. R; Elgowainy, A.; Cai, H,; Han, J;
Yeh, S;; Wang, M. Q. Oil sands energy intensity assessment using
facility-level data. Energy Fuels 2015, 29, 5204—5212.

(13) Vafi, K; Brandt, A. R. GHGfrack: An open-source model for
estimating greenhouse gas emissions from combustion of fuel during
drilling and hydraulic fracturing. Environ. Sci. Technol. 2016, 50, 7913—
7920.

(14) Brandt, A. R; Yeskoo, T.; McNally, S.; Vafi, K; Yeh, S.; Cai, H;
Wang, M. Q. Energy intensity and greenhouse gas emissions from
tight oil production in the Bakken formation. Energy Fuels 2016, 30,
9613—9621.

(15) El-Houjeiri, H. M.; Vafi, K; Duffy, J.; McNally, S.; Brandt, A. R.
Oil Production Greenhouse Gas Emissions Estimator OPGEE v1.1 Draft
D. User guide & Technical documentation; Department of Energy
Resources Engineering, Stanford University: Stanford, CA, USA, 2014.

(16) Presley, J. Selecting the Right Technology is Vital in Horizontal
Wells; The American Oil & Gas Reporter; National Publishers Group:
Derby, KS, USA, 2012.

(17) Ferguson, H. C. K, III; Narvaez, D. A. System Solution
Overcomes Artificial Lift Challenges. System Optimizes Recovery in
the Liquids-Rich Eagle Ford Shale. E&P; Hart Energy: Houston, TX,
USA, 2013.

(18) ProductionWave Solution Replaced Gas Lift and Increased Daily
Revenue USD 4,600; Baker Hughes: Houston, TX, USA, 2014.

(19) Lange, B.; Pring, M.; Treimel, S. Upstream Oil and Gas Heaters
and Boilers; Eastern Research Group: Morrisville, NC, USA, 2013.

(20) Conway, G. E.; Perkins, K. Processing Key To Success In Shales.
The American Oil & Gas Reporter; National Publishers Group: Derby,
KS, USA, 2011.

(21) EIA. Technical Options for Processing Additional Light Tight Oil
Volumes within the United States; U.S. Energy Information Admin-
istration: Washington, DC, USA, 2015.

(22) Oil and Gas Docket No. 01-0291838; Railroad Commission of
Texas: Austin, TX, USA, 2015.

(23) Conder, M. W,; Lawlor, K. A. Production Characteristics Of
Liquids-Rich Resource Plays Challenge Facility Design. The American
Oil & Gas Reporter; National Publishers Group: Derby, KS, USA, May
2014; http://www.aogr.com/magazine/sneak-peek-preview/
production-characteristics-of-liquids-rich-resource-plays-facility-design
(accessed Aug. 17, 2016).

(24) Ghandi, A; Yeh, S;; Brandt, A. R; Vafi, K; Cai, H.; Wang, M,;
Scanlon, B.; Reedy, B. Energy Intensity and Greenhouse Gas Emissions
from Crude Oil Production in the Eagle Ford Region: Input Data and
Analysis Methods; Institute of Transportation Studies, University of
California at Davis: Davis, CA, USA, 2015.

DOI: 10.1021/acs.energyfuels.6b02916
Energy Fuels 2017, 31, 1440—1449


http://pubs.acs.org
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.energyfuels.6b02916
http://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.6b02916/suppl_file/ef6b02916_si_001.pdf
mailto:sonia.yeh@chalmers.se
http://orcid.org/0000-0002-4852-1177
http://orcid.org/0000-0002-2528-1473
http://www.eia.gov/todayinenergy/detail.cfm?id=14951
http://www.eia.gov/todayinenergy/detail.cfm?id=14951
http://www.aogr.com/magazine/sneak-peek-preview/production-characteristics-of-liquids-rich-resource-plays-facility-design
http://www.aogr.com/magazine/sneak-peek-preview/production-characteristics-of-liquids-rich-resource-plays-facility-design
http://dx.doi.org/10.1021/acs.energyfuels.6b02916

Energy & Fuels

(25) Gong, X; Tian, Y; McVay, D. A; Ayers, W. B; Lee, ]J.
Assessment of Eagle Ford Shale Oil and Gas Resources, SPE-167241-MS,
SPE Unconventional Resources Conference Canada, Nov. 5—7, 2013,
Calgary, Alberta, Canada; Society of Petroleum Engineers: Richardson,
TX, USA, 2013; DOL: 10.2118/167241-MS.

(26) EIA. Drilling Productivity Report: Report Background and
Methodological Overview; U.S. Energy Information Administration:
Washington, DC, USA, 2016.

(27) EIA. Oil and Gas Supply Module of the National Energy Modeling
System: Model Documentation 2014; U.S. Energy Information
Administration: Washington, DC, USA, 2014.

(28) Oil and Gas Emission Inventory, Eagle Ford Shale, Technical
Report; Alamo Area Council of Governments: San Antonio, TX, USA,
2014.

(29) Monthly summary of Texas natural gas; Railroad Commission of
Texas: Austin, TX, USA, 2013.

(30) US. EPA. GHG Reporting Program Data Sets; https://www.
epa.gov/ghgreporting/ghg-reporting-program-data-sets (accessed Sep.
2015).

(31) Sternberg, C.; Kovacs, A. Eagle Ford Infrastructure an Overview &
the Implications; Genscape: Louisville, KY, USA, 2012.

(32) Vafi, K; Brandt, A. R. GHGfrack: An open-source model for
estimating greenhouse gas emissions from combustion of fuel during
drilling and hydraulic fracturing. Environ. Sci. Technol. 2016, S0, 7913—
7920.

(33) O’Sullivan, F.; Paltsev, S. Shale gas production: Potential versus
actual greenhouse gas emissions. Environ. Res. Lett. 2012, 7, 044030.

(34) EDF. Co-producing wells as a major source of methane emissions: A
review of recent analyses, White Paper, March 2014; Environmental
Defense Fund: Washington, DC, USA, 2014.

(35) GREET: The Greenhouse Gases, Regulated Emissions, and Energy
Use in Transportation Model, Version 1.8c; Argonne National
Laboratory: Argonne, IL, USA, 2010.

(36) Laurenzi, 1; Bergerson, J.; Motazedi, K. Life cycle greenhouse
gas emissions and freshwater consumption associated with Bakken
tight oil. Proc. Natl. Acad. Sci. U. S. A. 2016, 113 (48), E7672—E7680.

(37) Brandt, A. R; Yeskoo, T.; McNally, M. S.; Vafi, K.; Yeh, S.; Cai,
H.; Wang, M. Q. Energy Intensity and Greenhouse Gas Emissions
from Tight Oil Production in the Bakken Formation. Energy Fuels
2016, 30 (11), 9613—9621.

(38) Skone, T. J.; Gerdes, K. J. Development of baseline data and
analysis of life cycle greenhouse gas emissions of petroleum-based fuels,
DOE/NETL-2009/1346, Nov. 26, 2008; Office of Systems, Analyses
and Planning, National Energy Technology Laboratory: Pittsburgh,
PA, USA, 2008.

(39) Gerdes, K. J.; Skone, T. J. Consideration of crude oil source in
evaluating transportation fuel GHG emissions, DOE/NETL-2009/1360,
Mar. 20, 2009; National Energy Technology Laboratory: Pittsburgh,
PA, USA, 2009.

(40) ARB Low Carbon Fuel Standard. Final Regulation Order, Title 17,
California Code of Regulations; http://www.arb.ca.gov/regact/2015/
1cfs2015 /Ictsfinalregorder.pdf.

(41) Englander, J.; Brandt, A. R.; Elgowainy, A.; Cai, H.; Han, J.; Yeh,
S.; Wang, M. Q. Oil Sands Energy Intensity Assessment Using Facility-
Level Data. Energy Fuels 2015, 29, 5204—5212.

(42) Cai, H,; Brandt, A. R;; Yeh, S.; Englander, J.; Han, J.; Elgowainy,
A; Wang, M. Q. Well-to-Wheels Greenhouse Gas Emissions of
Canadian Oil Sands Products: Implications for U.S. Petroleum Fuels.
Environ. Sci. Technol. 2015, 49, 8219—8227.

(43) Bergerson, J. A.; Kofoworola, O.; Charpentier, A. D.; Sleep, S.;
Maclean, H. L. Life cycle Greenhouse gas emissions of current Oil
Sands Technologies: surface mining and in situ applications. Environ.
Sci. Technol. 2012, 46 (14), 7865—74.

(44) Charpentier, A. D.; Bergerson, J. A; MacLean, H. L.
Understanding the Canadian oil sands industry’s greenhouse gas
emissions. Environ. Res. Lett. 2009, 4, 01400S.

(45) Charpentier, A. D.; Kofoworola, O.; Bergerson, J. A.; MacLean,
H. L. Life cycle greenhouse gas emissions of current oil sands

1449

technologies: GHOST model development and illustrative application.
Environ. Sci. Technol. 2011, 45 (21), 9393—404.

(46) McKellar, J. M.; Charpentier, A. D.; Bergerson, J.; MacLean, H.
L. A life cycle greenhouse gas emissions perspective on liquid fuels
from unconventional Canadian and US fossil sources. International
Journal of Global Warming 2009, 1, 160—178.

(47) Gordon, D.; Brandt, A.; Bergerson, J.; Koomey, J. Oil-Climate
Index. http://oci.carnegieendowment.org/.

(48) U.S. EPA. Oil and Natural Gas Sector: Emission Standards for
New, Reconstructed, and Modified Sources; Final Rule (Environmental
Protectin Agency), 40 CFR Part 60, Jun. 3, 2016; Federal Register:
Washington, DC, USA, 2016.

DOI: 10.1021/acs.energyfuels.6b02916
Energy Fuels 2017, 31, 1440—1449


http://dx.doi.org/10.2118/167241-MS
https://www.epa.gov/ghgreporting/ghg-reporting-program-data-sets
https://www.epa.gov/ghgreporting/ghg-reporting-program-data-sets
http://www.arb.ca.gov/regact/2015/lcfs2015/lcfsfinalregorder.pdf
http://www.arb.ca.gov/regact/2015/lcfs2015/lcfsfinalregorder.pdf
http://oci.carnegieendowment.org/
http://dx.doi.org/10.1021/acs.energyfuels.6b02916

