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Energy Intensity and Greenhouse Gas Emissions from Crude
Oil Production in the Bakken Formation: Input Data and
Analysis Methods

Adam R. BrandtTim Yeskoq Scott McNally,Kourosh Vafi Hao Cai,Michael Q. Wang

ABSTRACT

The Bakken formation has contributed to the rapid increase in U.S. oil
production over the last five years. Crude oil is produced from the Bakken
formation using higkvolume hydraulic fracturing techniques to greatly increase
formation permeability. In this study, we estimate the energy intensity and
emissions associated with Bakken crude oil production. Using data from
7271wells, collected from the years 2006 to 2013, we utilize the Oil Production
Greenhouse Gas EmissionsiEsttor model, with some supplementary
calculations performed using decline curve fitting models and a recently
developed drilling and fracturing energy consumption model.

The total energy consumption is of order 1.7% of the energy content of
produced crue. Productiorweighted average energy intensities for natural gas,
diesel, and electricity consumption are appmately 13,200, 1,800, and
50 Btu/mmBtu respectively, computed on a monthly operating basis. Amortized
drilling and fracturing diesel energyeiadds a productieweighted mean
intensity of ~1900 Btu/mmBtu. Total consumption (productregighted mean) is
therefore 16,900 Btu/mmBtu. Fugitive emissions are not modeled onveefier
basis because of alack of wellp e ci f i ¢ dat a Bakkenwell theyr a
are estimated at 35 scf/bbl, or some 3% of the median Bakken gas produced.
Depending on the year, between 5% and 15% of the equivalent energy content of
the crude oil produced in the Bakken is flared as wasted natural gas. In 2013, the
productionweighted average flaring rate was ~500 scf/bbl for wells that flared at
least some gas. This rate equals about 14% of the energy content of the produced
crude oil, or 140,000 Btu/mmBtu.

Bakken wells produce a significant amount ofgoduct enegy along
with the reported crude oil production. In 2013, natural gas exports (after
deducting orsite natural gas use and gas flaring) equaled sorf@GBiu/
mmBtu crude oil, while export of natural gaguids was approximately
140,000Btu/mmBtu crudeoil.

At ypi



1 INTRODUCTION

In December 2014, thetate of North Dakot@roducedover1.2 million barrels of oil per
day @bl/day) [1], predominantlyfrom the Bakken formatiorOwing to the introduction of
horizontal drilling with highvolume hydraulic fracturing, production of oil in the Bakkeas
increased rapidly from under 100,0@bl/dayin 2005.

The Bakken formatioextends oveparts of North Dakota, Montana, South Dakota,
Saskatchewan and Manitoba. Most development to date has faxueslcore Bakken region
of northwesernNorth DakotaThe coe Bakken formation lies 1000to 11,000feet deep,
although the edges of the basin are much shalldRapid development of the basin now means
thatthousand®f wells are drilled per year inthe Bakkend..~ 26 00 new wel | Anspud

[2].

Little information exists about the greenhouse gas (GH@ppacts of oil production in the
Bakken A small number of modeling studies have examined Bakken crudgooiie work for
the California Air Resources Board has examined the GHG intensity of Bakken crude oil,
finding emissions ntheorder of 10.2 gCO2eq./MJ of crude oil produ¢dd Work by the
United States Department of Stassuggestdthatextraction oBakken crude oil may be 20%
more GHGintensive compared to the National Energy Technology Laborét.S. crude oil
baselinge which includes imported crude ¢4]. This figure was based in part on earlier work by
the California Air Resources BoarAn industry study prepared by IHS CER4sng the Oil
Production Greenhouse Gas Emissions Estim@BQEB model of Stanford Universitfpund
thatBakken crude oiemits9.1 gCO2eq./MJ of crude oil producfg] 6].

Empirical scientific studies in the Bakken region are r&mme remote sensing studies
have found elevated methane emissions over the region encompassing the Bakken fpfmation
while others have found no such sigfjl Recent airborne sampling work suggests that non
sputtering flares in the Bakken have high methane destruction efficiencies of aboy@] 99%

In order to improve the understanding of Bakken crude oil GHG intenisisypaper
outlines methods to collect data and model the energy intensity of Bakken crude oil production.
The life-cycle GHG intensity of the Bakken formation crudethencomputed usinghe
OPGEE model. Because horizontal drilling and hydraulic fracturing of the Baidtestitutea
new method of resource developmeme perform significant extensions of the OPGEE model to
estimate the energy requirements of drilling armdtinring these wells.

This reportis organizedas follows First, we outline the methodsr collecting and
analyzing information abowtells in the Bakken formation'We begin with an overview of the
process, then discuss data collection and processidghen discuss model developments
required to estimate energy use. Next, we illustrate and discuss festits energy intensity of
crude oil production in the BakkeWe conclude with needs for further work, remaining
uncertainties, andn overall assssment of the impacts of crude production from the Bakken
formation.



2 METHODS

This section outlines the methods of data collection and analysis, with extensive
discussion of methodsr gathering and cleaningatato prepae themfor use in the OPGEE
model.

2.1 Methods Overview

Data were collected from a variety of sources, with an emphasis on public datasets
produced by the State of North Dakofhese data come from the North Dakota Department of
Mineral Resources (henceforth DNIR hese data were collected on a monthly basis for all
relevant wells in the Bakken. Cleaning and compilation of the data resulted in the removal of
some datgoints from the sample segsulting in a final dataset of 72%&lls, nearly all related
to Bakken production (see below fdescription ottleaning method)Monthly operating data
were collected frondanuary2005 toMay 2014 Because we only haveur months of data for
2014 in our dataset, we end the analysis with the last available comple{2Q/&aYy. Because
few wells existed in 2005 and results from those months are highly erratic, we begin-all time
series analyess with January 2006.

Other technical data specific to Bakken drilling and production were collected from the
technical literature, with an emphasis on Society of Petroleum Engineers data where possible.
These data were incorporated into the OPGEE model. Each well/month ctorbimas
assessed separately, allowing study of the distribution of emissions within a given time period
across wells, or across the same well over time.

2.2 Data Collection

Data were collected from a variety of souraaslincludedwell-level property da;
well-level production dateand a variety of basiwide data on drilling efficiency, production
and processing practices, and land use impacts.

2.2.1 Well-Level Data

Detailed data were purchased fr@VIR [1, 2, 10, 11]. The data were delivered in July
2014 in.csv form. We purchased all data availabl® MR datasets, whiclveredelivered in
four files: wellmaster.cg, all_prod.csy geoprodtest.cs\andgeostimulations.csuotaling
approximately 400 MB of rawlata The largest dataset was the all_prod dataset, which
contained over 220,000 wathonth observations that were relevant to this study.
DMR datasets can be summarized as follows:

1. wellmaster.csvThis talbe contains basic information about each walih as the
well name, company, location, status, and type. The wellmaster file also contains



multiple records for each well describing casing types, depths [ft], and diameters [in.],
as well as drilling total depths [ft] and true vertical depths [ft]. Arialg§the well
geometries and casing design is discussed below. The entries in wellmaster.csv are
detailed inTablel.

2. all_prod.csv: The production dataset is a monthly dataset containing the following
information foreach well in North Dakota: oil produced [bbl/month], gas produced
[mcf/month], gas used on site [mafonth], gas flared [mcf/month], gas vented
[mcf/month], oil runs [bbl/month], and days of production [dag].runs represent
the oil volume sent to magk from onsite storage, which can be less than or greater
than the oil produceih a particular monthThe pool name that the well is completed
in (perhaps more accurately described as a well characteas@boveis also found
in this table The enties inall_prod.csvare detailed iTable 2

3. geoprodtest.csvT his table containdozens of pieces afformationaboutvarious
tests conducted in wells at vaus times and depthsformation of interest for this
sudy includes bottom hole pressure te$fssi], gas analyses [mol fraction], gas
ratio (GOR) tests [scf/bbl], initial production tests [flow ratéobl per daypressure
in psi] production testsandoil analyses [deg. APIWe do not include a tabular
listing of data from this datasbecaise ofthe largenumberof data columns (most of
which are not used in this study) and unclear definitions of some columns.

4. geostim.csv: The geostim table contains information about specific stimulations
performed oreachwell. The main fields include thiecation in the well where the
well was stimulated, the volume of fracturing fluid dsthe total weight of proppant,
the pressure at which the fluid was injected, and the number of stages. This file is
perhaps the least organized of all the fijegvided by DMR, with thefiCommenté
field containing various data that would more accurately be reported in other fields.
The entries igeostim.csware detailed in Table 3.

5. wellindex.xIsxThis is asupplemental table available on the DMR website that
containsadditional information, such as well geometryg(ehorizontal and vertical),
spud dateandlocation (latitude, longitude, township, range).

The four tables in flat file (.csv) format were imported into a SQL database so that the
information could be r&dily cleaned, organized, and queried for analysis. The common key for
connecting information from multiple tables for a single well was the WI_Permit identifier
allocated by thé&tate of North Dakota. This is a unique idemifakin to the well APl numbe

Tablel. Data fields in thevellmasteddatase{2]

Column Header Definition

API_WellNo Well number, API (unique) [-]

WI_Permit DMR well permit number (unique, North Dakota-specific) [-]
Well_Nm Well name [-]

CoName Company name [-]

Well_Typ Type of well (oil and gas, water injection, etc.) [-]




Table 1(Cont.)

Column Header

Definition

WI_Status
Wh_Lat
Wh_Long

DTD

TVD

Typ_Pipe

Bot

Dia

Top_
WellConfidential

Well status (operational, shut in, abandoned, dry) [-]
Wellhead latitude [deg.]
Wellhead longitude [deg.]

Drilling total depth (length of bore, including inclined and horizontal sections) [ft]

True vertical depth (depth of deepest part of well) [ft]
Type of casing in listed casing section [-]

Bottom of casing section [ft]

Diameter of casing (API standard in most cases) [in.]
Top of casing section [ft]

Is well confidential? [logical]

Table2. Data fields in théall_proddatase{]]

Column Header

Definition

API_WELLNO
WI_Pemit
Well_Nm
CoName
RPT_DATE
WELL_TYP
MCF_GAS

MCF_LEASE

FLARED
VENTED
MCF_SOLD

BBLS_OIL_COND

DAYS_PROD
OIL_RUNS
BBLS_WTR
Pool_Nm

Well number, API (unique) [-]

DMR well permit number (unique, North Dakota-specific) [-]
Well name [-]

Company name [-]

Reporting date for production data [day]

Well type (oil and gas, water injection) [-]

Thousand cubic feet of gas [mcf]

Thousand cubic feet of gas combusted on site ("lease use") in boilers and
engines [mcf]

Thousand cubic feet of gas flared [mcf]

Thousand cubic feet of gas vented [mcf]

Thousand cubic feet of gas sold [mcf]

Barrels of oil and condensate produced [bbl]

Days of production in the month [days]

Oil and condensate sold offsite [bbl]

Barrels of water produced [bbl]

Name of pool [-]

Table3. Data fields in thegeostinddatase{11]

Column Header

Definition

API_WellNo
WI_Permit
Well_Nm
Dt_Treat
Top_

Bot
Stim_Hole
OH_Top

Well number, API (unique) [-]

DMR well permit number (unique, North Dakota-specific) [-]
Well name [-]

Date of stimulation or treatment [day]

Well depth at top of treatment [ft]

Well depth at bottom of treatment [ft]

Type of casing in stimulated area (open-hole or cased) [-]
Depth at top of open-hole section [ft]




Table 3(Cont.)

Column Header

Definition

OH_Base
Frac_Acid
Units

Vol
Lbs_Prop
Acid_Con
MTPress
Cmmnt
Stages
PoolNo
MTRate_N
Pool_Nm
WellConfidential

Depth at bottom of open-hole section [ft]

Fracturing acid used (e.g., HCI; also includes "sand" for many modern wells.) [-]
Unit of fluid injection reported (e.g., gallons, barrels) [-]
Volume of fracturing fluid injected [varies]

Pounds of proppant injected [Ib]

Unknown (likely acid concentration)

Fracturing pressure applied [psi]

Comment [-]

Fracturing stages [-]

Number of pool []

Unknown (likely rate of injection)

Name of pool [-]

Is well confidential? [logical]

2.2.2 Creating a Representative Set of Bakken Wells

First, the data were cleaned to includgy wells in the Bakken formation. The criteria
used for inclusion were as follows:

1. The pool name field in the pradtion dataet includes the wordBakkenpalone or in
combination( Bakken/Three Forkép tdgepole/Bakkeh ) .

2. The well type field in the well maSheer t ab
following well typesareexl uded: O6AGDO® = acairdnjeggians di s p O s
60CBM6 = coal bed et hane; ODFO6 = dump fl o
injector/producer, GBAAB&LO6==dgpsgzoande@AAN
gas well; 0O06GI 6 = gas injection; 06GS6 = ga
stratigraphic test,; O6SWD6 = salt water di

source.

3. Thewell status in the wellmastéablei s 6 A6 (active), OPAG6 (pr
(imactive), O6ABOG e(mapboarnadroinleyd )a, b adgédimdd e d) , or
abandoned)We include abandoned wells so agtwidremovng wells that were
producing for a portion of thigme period of interedbut were abandoned at a later

time.Otherw e | | statuses, such as O6DRYO6 (dry)
cancelled), OEXP6 (expired permit), and 6
omitted.

4. The first month in which the well shows nonzero oil or gas productiondanoary
2005o0rlaterAOFi r st ProdDate6 field was added to
filled with the earliest report date i n w
0 MCF _ GA S éasgfeater thah zero. A Mont hPr od 6 céldulatédddo wa s t
be the age of the well.



5. The well i s | i ghewdlbor 8eldoflihe wahdextable.al 6 i n
Wel |l bores | isted asemtvreyd i arae 6omirt toehb.r i Who
re-entry well may represent+4@mpletion of an existing well into the Bakken
formation, these wells are very few inmberand wereconsidered non
representatie.

Herceforth, the wells meeting the above critéii@71 wells in totalwill be called
A B a k k e 10 Wehbelieve shathis numberepresents the vast majority of the wells reasonably
considered to be Bakkemells drilled in the study time period. Because no definitive list of
AfBakken wellso is published, we cannot be cert

2.2.3 Cleaning and Organization of Well Property Data

A number of steps were required to clean and orgamétieproperty data before input
into the OPGEE modeln cases where a central estimate is required, we use the following logic:

The productionveighted mean (or productiemeighted average) is used where an
intensive quantity of interest (e.g., volumegass flared per bbl of oil produced)

should not be averaged because of large differences in the denominator (normalizing
quartity).

The mean was used in cases whheedata did not appear to be highly skewed, while
the median was assumuxbea better masure of typical behaviaf the distribution
wasskewed.

2.2.3.1 Well Geometry and Casing Characteristics

The wellmaster file contains multiple records for a given well, each for a different well
segment tgpendpi Each reoofdmabomadiaeewdit 0p
segment. Bch record also enumerates the D(tlling total depth) ad, in some cases, the
TVD (true verticaldepth) for the well as a whol€&he wellmaster file was modified in MySQL
to combinefields for each well. Well segments were organized into fieldghe casing or
segmentnam&t SURF6 (surface casing); OPRODO6 (produc
casing);d.18 d.24 andd_36(laterals 12, and3)and 6 CSGO6 ( mi scell aneous

A small number of welltacked an entry for DTOf no informationwasgiven, median
DTD wasused.In other caseshe DTD was calculated bykeg the maximum value for the
A b ot &cooss@ll casing types.

In a small number of casedata enfiesfor top and bottonof casings appeared to have
been reversedr entered in errgresulting innegativecomputedcasing lengthAll entries were
corrected using other available informatitfira surface casing depth was not reported, the well
was adjustetb have asurface casingvith a casing bottom of 2076 feet and a diameter of 9.625
inches(mean values for reported surface casings)



The American Petroleum Institute (API) has defined standard casing diafdjeis
casng sectionsvhere the reported diameter deviated from an API standard, the casing was
adjused to the closest standard diameg8amewells were found to have a casing diameter of
zerofor some segments of casing. These instanege corrected to the most common casing
diameterfor thatsegmentusing API casing diameters and information from gineat majority
of wellsthatreported casing diametdik2].

OPGEE requires an input of the TVD of each welcompute the work of fluid lifting
Few wells(<100 wells)in DMR datasets reported TVD. Therefore, to complement the DMR
dataset, the FracFocus database was mined for both TVDaatdring water consumption
information[13]. Data were obtained using an automated script for all wells in our database that
were also avéable in FracFocus datasets.

In cases where both FracFocus datalMdR data existed for TVDthe FracFocus value
was choserfFracFocus data were chosertlaesdefault because of poor reporting of TVD in
DMR datasetsThe remaining unreported TVD valuggreestimated via analytical methods.
For wells with reported TVDs robust trend watundbetween TVD, the coordinate of the top
of the laterakasing and the coordinate of the bottom of the production casing. Assuming that
the top of the lateral caginwas at the beginning of the curved well section, the radius of
curvature anbe estimated bthe following equatiorfseeFigurel):

i YOO [, 1)

where TVD is the true vertical depth ahbg,is the depth of the top of the first lateral
casing section (generally the only lateral casing sect®injilarly, assuming that the production
casing extenslithrough the curve to the beginginf the horizontal section, the radius of
curvaturecanbe esimatedas follows:

L [f, (2)

whereProdg, is the bottom of the production casirgeraging across all wellsith
complete informatiojusing both methodshe meanradius of curvature was found to be 616

Unreported TVD values were thedorecalculategdassuminga meanradius of curvature
of 616 feetvia both the methodsbove (production bottom and lateral toihle deeperof the
two values was the value used for TVD. Lastly, for the small subset of @éllsells)thatdid
not provide enough casingformation to calculate TVD, thmeanreported TVD value of
10,354 feet wasised.

For consistency, casing lengthere adjusted such that the production casing ended no
earlier than the beginning of the lmwhtal section and the lateral casings began no later than the
beginning of the turned section.



We show input distributions for computé®¥D andDTD in Figure2 andFigure3,
respectivelyDTD asa function of time is plotted iRigure4 for all wells in our dataseBecause
most wells have a TVD of about 10,000 ft, the plot of DTFigure4 can be used to understand
the changen lateral length over time. Subtracting 10,000 ft vertical depth from reported DTDs,
Figure4 showsa shift froma variety of lateral lengths (before January 2007) to an even mix of
5,000t and 10,006xt laterals (Jan2007 Jan 2010), to a situation dominated by 10,080
laterals (after Jar2010).

Top
Conductor
Cond. bottom

Surface casing

Surf. bottom

Production casing

Lateral top

Turn DTD
J- TVD

Lateral casing
Lateral bottom
Prod. bottom

Figurel. Bakken well diagram with key depth markers listed.
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Figure2. Distribution ofrue vertical dep#(ft) forBakkenwelk.
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Figure3. Distribution of dlling total depth (ft) forBakkerwelk.
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Figured. Drilling total depth for wells in database as a function of time.
Most wells have TVD of 10,000 ft, sol€¥B10,000 ft is the approximate
lateral length. Before J&007, a mix of lateral lengths prevailed. Between
Jan 2007 and Jar2010roughly equal numbedd wells withb 000ft

laterals (DTD ~ 15,000) and 1dt0&t&rals (DTD ~ 20,000) existedr Aft
2010, most new wells haldteral length of 10,000 ft (DTD ~ 20,000).

2.2.3.2 Fracturing Water and Sand Use

One valueof interest is the volume of water used in fractunvejls. We used
two primary sources fofracturingwater volume, th&MR geostimulationslatasetind the
FracFocus datasgt3]. Both of these datasets report diree fracturing water usage (as
compared to montiilproduced water volumes reported in DMR production datagetghe
reportedDMR and FracFocus water volumies the same welbften diverged, the larger of the
two values wsused to be conservatividowever, f one wlumevaluewas reporte@s over
20 million gallons, the smaller of the two values was used instead of the.[&igavalue of
20 million gallons was chosefior thisthreshold because it wdse maximum valughat was
reported consistently for the same well across both datasets. Whees daitdset reported water
consumption, theneanreportedvalue 0f2.614 million gallons was usedA total of 2840 wdk
were set equal to this mean valli@e rate of recycling of fracturing water is unknovihe
distribution of water use in Bakken wells (except those set to default) is plotted in Figure 5.
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The sand used dsctureproppant was reported in tBBMR geostinulationtable in units
of pounds To examine outliers or misreported data, the poundard injected was plotted
against the gallos of water used in fracturing on a Hugy scale Outliers were assigned
estimatedsand amounts using the average sand/wateragalid687[lb proppant/@l of watef.

If neithersandnor water data were repodghe average sand/water rati@sapplied to the
average water consumption above (284 webse set equal to this valud he distribution of
proppant use in Bakken wells (except those set to default) is plotkegure6.

The tacturing pressure gradient was calculated by takingahes of fracturingpressure
from the geostimlationsdataset (in psi) divided by the TVDas computed abové&he average
gradient vas found to be 0.78 psi/ithisfigurealigns well with data repcogtl in other sources
whichrange fron0.76 to 0.85 psi/ff14, 15]

Table 4gives a summary of the above well property data and characteristics of the
property distributions.

250

200 1

150 1

Well count

100 1

50 1

0 1 2 3 4 5 6 7 8 9 10
Water use in fracturing (million gallons)

Figureb. Distribution of ater use in hydraulfcacturing (million gallons
onetime usg. See above for methods of computation of average value and
removal of outliers. Some values are to the right of the edge of the plot.
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Figure6. Distribution of pppant use in hydraalfracturing (million Ib
of proppantonetime usg. See above for method of corapiah of
averagevalue

Table4. Well property input data summary

Property Median Mean Std. Dev. Units

API Gravity 41.90 41.93 2.05 [deg. API]
True vertical depth (TVD) 10,533 10,352 806 [ft]
Drilling total depth (DTD) 20,154 19,397 2,141 [ft]
Fracturing gradient 0.79 0.79 0.23 [psi/ft]
Fracturing pressure 8,315 8,149 2,519 [psi]
Fracturing sand consumption (one-time) 2,533,560 2,598,586 1,559,650 [Ib]
Fracturing water consumption (one-time) 2,280,096 2,615,134 1,816,970 [gal]

2.2.3.3 Gas Composition

Because gas compositisireported for only a fractiofx 10%9 of wells inthe dataset
and because the tests for gas composition that were repatederformedat different times
throughout a well 6s depletion profile, it
for each well. Thereforaye usethe meangas composition of all of the reported gas téstshe
gas compositionf all wellsin the Bakken. Thisamposition is shown iffableb. At this
compositionthe lower heating valu@gHV) of the @gsis 1500.3 BtuLHV/scf [16]. Less than
33% of the heating value of Bakk@noducedyasis provided bymethane (91®tu/scf CH,
multiplied by 0.492 scf Chiscf raw Bakken gas)
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Tables. Mean gas compositigraw gas before processirigyeporting wells

CO; N2 Ci C Cs I-C4 N-C4 I-Cs N-Cs Cs HS Oy, Ar

Mol %  0.70 3.67 4924 21.03 15.09 1.68 5.06 0.90 1.26 1.65 0.005 0.02

2.2.3.4 API Gravity

API gravity can be reported multiple times over the life of a well. For each Well, a
API gravity test resultseported weraveraged togetheFrst we convered API gravitiesto
specific gravity averagd the resultsthen calculatd the API gravityassociated with this mean
specific gravity. Similarly, the measpecific gravity was calculatddr all samples in allvells.
TheresultingmeanAPI gravity of 41.9 was used foall wellswith no APIgravity reported
(atotal of 1922 wells)The distribution of API gravityesults except those set to default value,
are shown irFigure?.
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Figure?. Distribution of API gravity of Bakken crud®pilerting wells
(wells set equal tmean API gravity are removed from distributBa®
above for method of contption ofaverage API gravity.

2.2.4 Estimation of Lifetime Well Productivity

Well productivity data are estimated using production decline models that are well
established for use in the Bakken formation. McNally et al. fit a total of 5773 wells in the
Bakken formation to tweoand threegpamameterversionsof theHyperbolic DeclingHD) and
Stretched Exponential (SEgpletion modelfl7, 18]. Leastsquares fitting methods were
appied to each well for each model type. The results of each model fit were compared using
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statistical model comparison tools (corrected AIC score). See prior work for details of this fitting

procesg17, 18]. An example fit is shown iRigure8.

Qil Prod. API # = 33007006660000, Hyper Results: EUR = 1.087952e+05, b=0.010, D=0.012
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Figure8. Example fit of oil productiondyis, bbl per day) as a function of month
of productior{(x-axis).

In this work,two-parameter HD and Séecline curvemodels are applied to estimate oil,
gas, and water production over the life of each viradl. each model and well, three projections
are madefor 15, 30-, and 60year well lifetimesrespedately. In this study, th&0-year well

lifetime isused as the default resutecause of the rapid decline of all fluid production from

these wellsthedifference between 1530 and 60yearvalues is noaslargeas might be
expected17, 18. McNally and Brand{17] found that the HD and SE models worked

approximately equally well using standard statistical methods of fit compddsmected AIC)

For this reason, in this study eagestimated ultimate recoveriZ(UR) is the average dhe

30-year HD and 3&ear SE model fits. The number of wells in the dataset in this study is larger

thanthenumber inthe datasedf McNally and Brand{17], and notevery wel in thatdatasets
represented in this datas@hereforefo all wellsin this studywith no fitted EUR(a total of

1995 wells), we assigiie median result from all fitted wellas shown in Table.@he median
was used in preference to theandecause othe large righttail in the EUR distribution, which

pul | s

t he

mean

well above the Atypical o

or

Figure9 shows the distribution of fitted crude and condensate EUR values in units of

1000 bbl. The distributio of fitted estimated lifetime GOR for each well is showiigure10.

The distribution of fitted estimated lifetime waiteit-ratio [bbl water/bbl oil] is plotted in

Figurell.
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Figure9. Distribution of estimated ultimate recovery of crude oil +
condensate (1000 bi#)total ofLl 14wellsare off the right side of the
plot, with greater than 1 million bbl EUR. See above for method of
computation oEUR.
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Table6. Estimated ultimate recoveries of oil, gas and water, along with estimated lifetime GOR and
WOR values. Each fitted model is the averageyeBlfetime estimated pration profilesbased
on anaverage of HD and SE modil® each time series

Oil EUR Gas EUR Water EUR GOR WOR
(bbl) (mcf) (bbl) (scf/bbl) (bbl/bbl)

Mean 279,080 355,165 215,935 1,524 1.13
Prod-weighted 279,080 355,165 215,935 1,273 0.77
mean

Median 226,088 252,973 139,305 1,119 0.62
5%-ile 72,768 52,877 24,730 330 0.08
25%-ile 166,481 168,295 92,252 77 0.39
75%-ile 308,347 364,499 205,873 1,423 1.01
95%-ile 697,062 1,009,919 702,208 3,861 3.76
Mode 226,088 252,973 139,305 1,119 0.62

2.2.5 Dirilling Model Inputs

A number of data inputs are required for use of the improved drilling and fracturing
module (described below). In order to estimate the drilling energy use from fundamental physical
relationships, the following data arequired:

The type of drilling equipment usgd
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The typical rates of penetratipn

The typical rates of torque applied to the drill string by thedope system
The typical rates of pressure drop through the downhole mud naoir
The typical rates adirilling-mud circulation

Each of these parameters can vary for the vertical and horizontal sections.

A number of sources suggest that the drilling equipment used in the Bakken has changed
significantly since the onset of modern development in 2G0%ent best practice involves the
use of a toglrive system for applying torque to tdgll string [19]. This topdrive system is
typically used to generate drill string rotation speeds of ~60 RPM (rang®& 53’ M) [20, 21]
In addition to rotation of the drill stringotationalenergyat the bitis supplied by the circulation
of drilling fluid (mud), which forces the drilling mud through a downhole motor, causing
additionalrotation of the drill bit beyond #t supplied by the drill string. Use of downhole
motors enables the steering required to shift from vertical to lateral drilling and to steer the (often
long) lateral of the well to maintain contact with the Bakken formation. Mud motor rotation
speeds argypically ~180 RPM (range 16@00 RPM)[20, 21] Therefore, total bit rotation
speeds are ~240 RPM (range PR05 RPM). Topdrives and mud pumps are driven by
electrical connectiasito large dieselor gasfired generator sets (e.g., Catilar oilfield
generator sets)

The rate of penetration (ROP) varies greatly along the length of the wellsihidace
penetration rates can exceed 500rft29)], dropping to 4080 ft/ir in the bottonpart of the
verticalsection[20, 22]. Penetration speed depends on rock type, bit wear, rig power, and
numerous other factors. Drillers aim to increase penetration rates, and have sucakssiudy
as theyhavebecome more expienced in the Bakken plaiROP in the lateral section tends to be
lower than vertical ROP, with highest ROPs reported at ~120 ft/hr, and more typical ROP
reported from 35 to 80 ft/hf22] [23] [24; Figures 78, 9] [25]. Thereforethe following ranges
are specified for ROP in the Bakken:

Vertical: basecase= 110 ft/hr (range = 5@20 ft/hr)
Horizontal: lase case = 80 ft/hr (range =i4@0 ft/hr)

Torque applied to the drill string supplies some of the energy for cuitivegbrque
applied can vary greatly over different portions of the well drilling process ¢sving to
sticking of string or stalling of drilling). A range of torques for Bakken dilhmere noted in the
literature[21, 24, 26, 27]. Using these data, the following base case and ranges fdritap
surface torque were applied:

Vertical: base case = 9000Ik (range = 800010000 ftlb)
Horizontal: base case =Q@0 ft-Ib (range = 900013000 ftlb)
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Pressure drop through the mud motor provides the rotational energy to the bit (in excess
of that applied by drill string rotation). The energy consumed by the mud motor can be
calculated using the mud pressure drop and the mud circulation volume r&ssdne drops are
reported in a variety of cases for Bakke&ells[20, 24]. Horizontatdrilling mud pressure drops
reported are higher than vertiagdlilling mud pressure drops. loig the® data, the following
base caseand ranges fomud pressure drop through thid motor were applied:

Vertical: base case = 500 psi (range =148D psi)
Horizontal: base case = 700 psi (range =i4@0D0 psi)

Rates of mud circulation, typically reportedgallons per minute (gpnvere derived
from multiple sourcef20, 24] Higher rates of mud circulation are required in laterals to
successfully remove rock fragments. Rates of mud circulation are as follows:

Vertical: base case = 200 gpm (range =480 gpm)
Horizontal: base case = 5@Pm(range = 420550 gpm)

2.2.6 Flowback of Hydraulic Fracturing Fluids

Hydraulic fracturing requires injection of fracturing fluids, which are primarily water and
sand, with small amounts of other chemicals added (bigaxdession inhibitors, lubricants,
viscosity-adjusting agentsfter hydraulic fracturing occurs, fracturing fluids are returned to the
surface in order to allow production of reservoir fluids to begire injected fluids are returned
to the surface, ahg with some gaseous and liquid hydrocarbons from the formation (increasing
during the flowback period). Flowbactikes a variable amount of time, from hours to weeks,
depending on the well and its characteristittewbackof produced gas can caudenate
impacts(GHG emissionsif not handled correctlj28, 29, 30]

Flowbackis performed witHow-pressure separation equipment in placeingto the
need to avoid backpressure on the wellh@ddch would retard the movement of the flowback
fluids to the surfaceéptions for managing flowback fluids (gases in particular) inchire
following:

Depositingfluids into atmospheripressure holding tanks and venting of associated
gas inthetank headspace;
Flaring of associated gas that is puodd with flowback fluigland

Use ofathreephase lowpressure separator that is able to handle produced materials
(e.g., produced sand) to sgmwducediowback gasto thesales line

Industry repoiihg to the EPAGreenhouse Gas ReportiRgpgram(GHGRP), as
analyzed by the Envonmental Defense Fur{&DF) [31], suggesithat flowback gases are
flared in the Bakken formation. A total of 88 completion events in McKenzie and Williams
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countieswere reported to the federal GHGRP prograrh@szontal wells (almost certainly
Bakken well3. All wells reported flaring of flowbacknethane. No wells reported use of
separator$or sales of flowback ga3hissuggesithat flaring of flowback gas is the most
common management scheme in the Bakken formation.

Flowbackvolumeshave been modeled in @ariety of sourcef31]. The most commo
approach, us ¢28, 30jandthe BD& ud td scale dwback emissions using initial
production.For exampleD6 Sul I i van assumes that fl owback
that production of gas increases linearly, resulting in 4.5 days of equivalent initial prodagction
flowback gasEDF, in contrasiassumes nolinear increasesf gas over 710 days Thismodel
results in an equivalent of 3 daysorth of initial gas production emitted during flowbd&].

We adopta similar approach here, using 3 and 4.5 days to brackketviteend high
estimates oflowback volumes. Two approaches could be used to estutadteprodiction.One
approachwould be to takeéhe first montld seported gaproduction and dividéhis amounby
the number of daysf production in the first month. However, operators in the Bakken also
report initial production test (IPT) results for oil, watand gas volumes produced. A total of
5505 wells were found in IPT databaslest were also included wur subset of modeled Bakken
wells. The largest estimated flowback volume in the dataset was removed as an outlier before
computing summary statisticghis outlier well reported flowbackO timeslargerthan the next
largest volume reportednd amountingo over$27 million worth of gas (84 times the drilling
cost of a typical Bakken well). We therefarensiderthis resultto be a data entry error.

In our basecaseanalysiswe assume that 3 IPT da@ysorth of production is produced
during flowback. The resulting distribution of flowback volumes is showFfignrel2.
Distribution characteristics are reportedliable 7 The impied daily volumedased onPT test
results tend to be higher throse based diirst-month produced volumes prorated by operating
days (mean multiple = 4.5).

For analysis in OPGEE, we generate flowback volumesareellproduced by dividing
our estimate of flowback gas based on IPT data by the volume of oil(g&fRvell, modeled as
described aboveWhen prorated over all barrels of oil produced over the life of the well,
Bakken flowback flaring volumetend to be smhtompared to operationiaring in the Bakken
formation Distribution characteristics for pébl flowback volumes are reportedTiable 8
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Figurel2 Distribution oflbwback gas volumes based on initial
production test datfor 5505 reporting Bakken wells.

Table7. Flowback volume distribution information for reporting
IPT wells (n=5505, less one outlier)

Flowback Volume (mcf)

Mean
Median
Std. Dev.
Min

Max
5%-ile
25%-ile
75%-ile
95%-ile

3-day-equivalent

4-day-equivalent

3007
1763

4362

0
133704
93

759
3727
10195

4510
2644
6543

0
200556
140
1139
5590
15292

Table8. Flowback volume per bbl produced (EUR) for reporting
IPT wells (n=5505, less one outlier)

Flowback Volume per bbl (scf/bbl)

Mean
Median
Std. Dev.
Min

Max
5%-ile
25%-ile
75%-ile
95%-ile

3-day-equivalent

4-day-equivalent

15
7
22
0
752

16
47

22
11
33

0
1128

24
71
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2.2.7 Other Emissions Data

Few data are available on direct emissions from Bakken operations that are not associated
with energy use or process operations that can be modeled. There is some evidence that sources
of methane emissions might be important in the Bakken region. For exaairplanebased
sampling in the Bakken hatownthe existence of methane plumes separate from plumes
associated with flare combustion prody&s32]. The source of these methane plunses
unknown.

Possible sources of direct emissions incltidefollowing:

Standing and working losses from crude oil and hydrocarbon storage tanks
Standing and working losses from produseater tanks

Leaks and fugitive emissions at the wellhead

Leaks and fugitive emissions from process equipment, gathering systems,
Leaks and fugitive emissions from field compressarsl

Incomplete combustion in flares

Becausao experimentatlataareavailable on these emissions sources @naspecific to
the Bakken regiorthe OPGEE default values are used unless othemated For OPGEE v1.1
draft D, as set to OPGEE default values in all other characteristics, the venting and fugitive
emissions leakage rate amounts to 3sfbbl. This loss rate equals about 3.1% of the median
Bakken GOR of 1118cfbbl. Owingto lackof more specific data, this venting and fugitive
emissions rate is applied to all Bakken wells.

2.3 Analysis Methods

This section describes the methods by which collected data were input into the OPGEE
model and drilling modelOPGEEv. 1.1draftD is used33]. Each section below describes
model modifications and any remaining data sources.

2.3.1 Drilling

OPGEE v. 1.1 draft D contains only a simple relationship for energy to drill a well as a
functionof well depth[33]. It does not include any treatment of horizontal wells. In order to
address these shortcomings, OPGEE is augmented in the following ways:

1. The function to compute energy use in drilling a well is replaced with aspetlific
energy consumption value computedhgsan auxiliary model, GHGFrac (see below)

2. TheOPGEEdefault lifetime productivityn bbl of oil per well iseplaced with a
well-specific EUR computed usirapovedescribed decline curvaethods.
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3. These resultare used to compute the fractional energy consumption in drilling, in
Btu consumed fodrilling per Btu of oil EUR.

To estimate the energy used in drilling and hydraulically fracturing wells in the Bakken,
we use the GHGFrac model. GHGFra@n open source model for estimating &G
emissions from hydraulic fracturing. This moaelsdeveloped by Vafi and Brandt at Stanford
University[34]. GHGFrac addresses the significant sosiafeon-site emissionsncluding
drilling of wells andinjection offracturing fluid. The model covers drilling of vertical and
directional wells, mud circulation, cementing, and draw work, as well as injection of water for
fracturing. The model can handle arbitrary well geometfoeswvells that congt of many
sections with different inclination angles.

The energy used for drilling is consumed partly to rotate the drill string and partly to
circulate mud during drilling. The user has the option to seleetltime rotation, downhole
motor, ora combination as the sourceratational motion of the drill bit. The rotational drilling
model has three modes: empirical, udefined torque, and automatic torque factor cotagon.
The empirical modalises a torque factor as suggested by Azar and 848%). In the user
defined torque mode, the user can define the torque value for each section of the wéll to dril
which is useful for situations where applied torque is available from collected data. The
automatic torque computation moddandWliskd sa fisoft
method to calculate the required torque for directional driflirj. GHGFrac models mud
circulation as the mud pump is a signifitasource of energy consumption. Mud is a-hon
Newtonian fluid; GHGFrac considers the rheology of mud to calculate the pressure drop of mud
flow dueto pipe friction. GHGFrac includes thi@ingham plastio andfipower lawd models to
describe the rheology ofiud. The model automatically computes the critical velocity required
for effective removal of the drill bit cuttings and then can calculate the required flow rate of mud.

The hydraulic fracturing model uses the fracture gradient of the formation asuén inp
variable. The fracture gradient is measured in [psi/ft] and represents the pressure required to
fracture rock as a function of well depth. Using the fracture gradient and a hydraulic model,
GHGFrac calculates the required discharge pressure of theinjatgion pumps. Given the
volume of the injected water, the total energy required to apply the required pressure is
calculated. This model considers variable diameters of different sections of the well as the water
flows from the surface to the horizohtection of the well, and includes fluid flow into the
reservoir. The hydrostatic pressure of water in a deep wellbore reduces the required discharge
pressure of the pump, which is included in GHGFrac.

Cementing is a dynamic operation in which the Isweélcement and mud chaawith
time.Owingto the differing densiésandotherproperties of mud and cement, cementing is a
more complicated phenomenon to model than mud circulation. The cementing model
approximates cementing energy by splitting the dyinar@menting problem into six steadtate
snapshots to reflect the positions of the mud and cement levels in the well. The well geometry
can consider the different sections with different inclination anglee result of the model is
compared with fieldlata and the classic model of Slafé]. Energy consumption during
cementing is small because of the short time for injection of cement compared with the drilling
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operation. The order of magude of energy required for tripg out the drill string haalso
beenfound insignificant compared withahfor hydraulic fracturing, drilling, and mud
circulation.

For the detailed mathematical description and verification of the noldelse see Vafi
and Brand{34].

2.3.2 Production Methods

Bakken crude oil is first produced via pressure depletion (primary production) and
flowback of fracturing fluid Owing to rapidpressure declingsee below)Bakken wellaise
artificial lift to increase production. Typical implementations use downhole pumps (sodger
We assume for simplicity that glroducing wells use artificial lift, although many wells will
require little to no energy for lift in the early portions of production gitree high initial bottom
hole flowing pressur@,. All artificial lift is assumed to be supplied by downhole pumps rather
than gas lift.

While some experimentation is currently being performed ogni@j@ction for enhanced
recovery in the Bakken formatn [37, 38] we assume that no fluids are reinjected into the
surface (e.g., no gas or water reinjectioo gas, water or steam floodin@MR datasets support
this assumptioywith a lack of reported injection infmation for Bakken wellgl].

Table 9shows the default OPGEE inputs for productioethods as well as the assumed
OPGEE inputs for the Bakken case.

Table9. Production method inputs

OPGEE Bakken Freq. of

Data Input Default ~ Value Variation Source Notes

Downhole pump 1 1 No change Downhole sucker-rod pump

Water reinjection 1 0 f [1] No water injection reported in DMR dataset
Gas reinjection 1 0 f [1] No gas injection in DMR dataset

Water flooding 0 0 f [1] No water injection in DMR dataset

Gas flooding 0 0 f [1] No gas injection in DMR dataset

Gas lifting 0 0 f No gas lift technology assumed

Steam flooding 0 0 f [1] No steam injection in DMR dataset

2.3.3 Reservoir Properties

The field locationisi US Condo i aedt aahe nfBiakikdehma@ meeips h
well is the TVD (as computed above). The production volume is the oil production volume for
each month (as computed above). The well diameter is the reported production tubing diameter
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North Dakota Bakkemitial reservoir porgressure gradientange from (68 to
0.8 psi/ft[15]. The initial pressurgradientin all Bakken wells isssumed to b@.7 psi/ft where
the depth of the well is defined by the well TVBressure declines over time, resulting in the
need for additional energy input the form of artificial lift.

The productivity indeXP1) of Bakkenwells is not widely reported. THel is the amount
of oil produced per unit time per unit of pressure dtawn between fafield reservoir pressure
and the flowing bottormole pressure. It is a measure of the resistance of the formation to flow.
ThePlis difficult to characterize for a formation like the Bakkand will vary significantly
with the effecivenessof the fracturing procesfeported values range frogffectively 0 to
0.2 bbl/day-psi[39]. Because ofincertainty about the Pan approach based on a simple model
of bottomhole flowing pressure, rather than a model relying on reservoir pressure and
productvity index, is used

Pressures over time are not reporteD MR datasets. Pressure decline curves are only
published fora limited number oexampleof Bakken well437, 40, 41, 42]Tabatabaegt al.
[40, Figure 3 show a decline from initialP,s to a plateau 82000 psi Tran[41, Figure 4.P
shows a declinto 1000 psi followed by a plateakiurtoglu[37, Figure 8.F shows pressure
startingat 6000° 8000psi anddecliningto 2000psi over 450 daysYu et al.[42, Figure 4
developa synthetidog-linear modelbf Pyt as a function of timeThis model was developed as a
synthetic pressure trend for reservoir simulation, but is thoughtteasenalyl representativef
behavior in the Bakker©On the basis ahis mode] we assume thdhe initial bottomhole
flowing pressurdy:;is 500 psi less than the initial reservoir pressBressurehen declines
over time as a linear function of the krgnsformedday of production until a minimug,; of
1000 psi is reached and maintained for the Iffehe well. Fittingthe plotted result®f Yu et al.
[42], we find that

0 Q a®® 5 couvml 1 ¢CQ pnnn POE (3)

Depending on the initial reservoir pressure, tesults ina decline irthe initial reservoir
pressure to 1000 psever approximately 1 yea@f course, any given well will differ from this
simple model, but this is believed to be a reasonable approxiniatiartypical Bakken well
Figurel3 shows the results for this equatifor an example well using linear and logarithmic
time axesTable 10Tableshows the default OPGEE inputs for field properties as well as the
assumed OPGEE inputs for the Bakken case.
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Figurel3 Pressure (bottofnole flowingPu) as a function of time for example well starting at
Pwi= 7000 psLeft: Time in monthdinear scaleRight Time in dayslog scale.

TablelQ Field properties inputs

OPGEE Bakken Freq. of

Data Input Default Value Variation Units Source  Notes

Field location Generic  US No change - -

(country) Continental

Field name Generic  Bakken i - -

Field age 35 Well age f [v] [2] Well age in months divided by 12

Field depth 7240 Well TVD f [ft] [2] Well TVD computed using
method noted above

Qil production 1500 Well prod. f [bbl/d] [1] Well oil production computed

volume using method noted above

Number of 8 1 f - [2] Per well

producing wells

Number of water- 5 0 f - [2] No water injection

injecting wells

Well diameter 2.75 2.75 f [in] [2] All production tubing same
diameter

Productivity index 3 - f [bbl- - Not used. Instead, use above

d/psi] method to compute Py directly
Reservoir pressure 1557 - fi [psi] - Not used. Instead, use above

method to compute P directly

2.3.4 Hydrocarbon Properties

Tablell shows the default OPGEE inputs for fluid properties as well as the assumed
OPGEE inputs for the Bakken cateincludes API gravity of the produced crudes, as well as
typical Bakken gas compositipim mol% gqual tovol%).Of particular interest ifable 11is the
mediancomposition of produced gé&sormed so that percentages sum to 10@P& Bakken
producedgas composition is very heavy, and the fraction of, Gthpgoximately50%. This
finding implies the production of significant amountsnaftural gas liquidsNGLs) from the
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demethanizer unit in OPGEE (see processing practices discussior).délevdetailed
distributions of gas sample compositions are givehable12 andFigurel4. Thepipeline
specification gasompositionproduced by the OPGEE Bakkeefault processing configuration
after gas processing occysee discussion above) is givenTiablel13.

Tablell. Producedléid propertiegnputs

OPGEE Bakken Freq. of

Data Input Default Value Variation Source Notes

API gravity 30 Well API Well-by-well [10] For wells without reported API gravity,
mean across all wells of 41.90 deg.
APl is used.

Gas comp: N2 2% 3.3% No change [10] Median Bakken composition across all
wells in reported test database.

Gas comp: CO; 6% 0.7% f [10] fi

Gas comp: Cy 84% 50.8% f [10] A

Gas comp: C, 4% 21.1% f [10] A

Gas comp: C3 2% 14.6% f [10] fi

Gas comp: Cys 1% 9.6% f [10] fi

Gas comp: H2S 1% 0.0% f [10] fi

Tablel2. Composition of gas for n = 710 gas samples from Bakken wells. All results in mol%.

C, C, C3 iC4 nC, iC5 I"IC5 Ce Oz/AI’ CO» N> H,S

Mean 47.1 199 141 1.6 4.7 0.8 1.3 1.7 0.1 1.2 76 0.18
Median 49.2 205 141 1.5 4.5 0.8 1.1 14 0.0 0.6 3.2 0.00
Mean (norm to 100%) 47.0 198 140 1.6 4.7 0.8 1.3 1.7 0.1 1.2 75 0.2
Median (norm to 100%) 50.8 21.1 14.6 1.6 4.6 0.8 1.2 1.4 0.0 0.7 33 0.0

5%-ile 175 8.9 53 0.5 1.7 0.2 0.4 0.2 0.0 0.3 0.6 0.00
25%-ile 42,9 18.7 110 1.2 3.5 0.5 0.8 0.8 0.0 0.5 2.1 0.00
50%-ile 49.2 205 141 1.5 4.5 0.8 11 14 0.0 0.6 3.2 0.00
75%-ile 553 220 164 1.8 5.7 11 1.6 2.1 0.0 1.0 54 0.00
95%-ile 63.7 273 214 2.7 8.5 1.6 2.9 3.8 0.8 41 448 0.04
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Tablel3. Pipeline gasomposition (mol%r vol%)for default Bakken gas composition after assumed OPGEE gas
processing scheme.

Data Input

OPGEE Bakken Freq. of
Default Value Variation Notes

Pipeline gas comp:

Pipeline gas comp:
Pipeline gas comp:
Pipeline gas comp:
Pipeline gas comp:
Pipeline gas comp:
Pipeline gas comp:

N2 2.4% 6.6% Nochange OPGEE fiGas Bal anceo
Result for average Bakken composition,
post-gas-processing composition.

COz 0.0% 0.0% f

Ci 97.2% 89.4%

C: 0.5% 3.9%

Cs 0.0% 0.0%

Cs+ 0.0% 0.0%

H,S 0.0% 0.0%

ju 1 S e ! S | S | S 1§
o ? B S ! S | S | S |

2.3.5 Processing Practices

Processing practices for Bakken crude oil and natural gas are selected to be typical of
applications in the Bakken formation. Separatiooibfvater emulsioathrough heatings a
common processing practice, and is used in the Bakken fornjd8pr-or this purposeg gas
fired heater/treater is assumed to be used at all Bakken[d8|lpp. 38335]. Temperatures
reported in Bakken heater/treatgesy significantly[43, Appendix $. The high range of
reported Bakkemeater/treatetemperatures aliggwith the OPGEE default temperatyf65°F),
so we use the OPGEE default valliés not clea how operator separation temperatures are
chosen, so no ruleet is used to assign temperatures to wells.
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Further treatment of Bakken crude in a stabilization column is not expeatechtaonly
occurin practice[43, p. 3¢, sowe assume no use astabilization columnn OPGEE

The @as processing configuration isoateledgenerallyafter theHess IncTioga gas plant,
the largest gas processing plant in the Bakken play (250n@0per day of capacity|i4, 45]
The Tioga gas plardonfiguration includeacid gas removal, gas dehydration, angbgenicgas
fractionaton to remwoe higher hydrocarbong our modelingacid gas removal is modeled
using the OPGEE default configurationmobnoethanolamineMEA) based amine acid gas
scrubbing Because Bakken gas tends to be sweet (le®/&hd CQ concentrations), MEA
basedacid gas removaloesnot constitutea significant energgemand. Gadehydration is
assumed to occur widtnOPGEEdefault glycol dehydratoBecause¢he Bakken gas
composition is very rich in higher hydrocarbons, fractionation is assumed to be agplied t
recover valuabléquefied petroleum gasekRPG9 and to lower the heating value of the gas to
pipeline specifications. The OPGEE cryogenic demethanizer option is thus used, vemaitais
to the cryogenic separation technolaggtuallyapplied at thédessTioga gas plant.

The flaring rate for each well taken fromthe DMR production datset(as reported
above). The ventingnd leakageate is set equal tthe OPGEE defaultowingto lack of
information onthesepractices in the Bakken. No diluentrexjuired for Bakken crude transport,
nor is onsite nonintegrated upgrading performed.

Table14 shows the default OPGEE inputs fmocessing practicess well as the assumed
OPGEE inputs for the Bakken case.

Tableld. Processing practices inputs

OPGEE Bakken Freq. of

Data Input Default  Value Variation Source Notes

Heater/treater 0 1 No change [43] OPGEE defaults estimate
heater/treater temperature of 165°F.

Stabilizer column 1 0 fi [43] Bakken crude does not appear to be
stabilized.

Application of AGR unit 1 1 fi [45] Based on Tioga gas plant.

Gas dehydration unit 1 1 fi [45] Based on Tioga gas plant.

Demethanizer unit 1 1 f [45] Based on Tioga gas plant, cryogenic
fractionation.

Flaring-to-oil ratio 181.5 Well flaring  Monthly for  [1] Each well reports flaring by month.

rate each well

Venting-to-oil ratio 0 0 No change [1] All wells report venting of
0 mcf/month.

Vol. frac. of diluent 0 0 fi 2 Bakken crude is not diluted.

Non-integrated upgrader 0 0 f - Bakken crude is not upgraded.

& Symbol [-] indicates no information required.
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2.3.6 Land Use Impacts

Land use impacts araodeledn OPGEE using two variables: crude ecosystem richness
and field development intensity. The options for crude ecosystem richness correspond to various
levels of carbon emissions possible upon disturbaheeil and standing biomass carbbaow
carbon ritinesgepresentarid or semiarid grasslands, while high carbon richness is defined as
heavily forested land. Moderate carbon richness is an intermediate classification.

The options for field development intensity relate to the amount of land disturpance
unit of oil producedExample development intensities used to derive OPGEE intenargefrom
Yeh et al[46] and range between dispersed ndtgas drilling in conventional formations (low
di sturbance) to intensive tQemdralViadely(hipghecovery dri
disturbance)

The carbon richness for the portion of North Dakota overlying the Bakken formation is
chosen to be moderate, as the land is commonly used as productive agricultural land (e.g., not
arid) while it is also not generally forested. The level of land distudbanclassified as low,
owingto the use of mukwell pads with long laterals that allow contact with large reservoirs
using small surface footprints (sEgurelb5).

Tablel5 shows the default OPGEE inputs for land use impacts as well as the assumed
OPGEE inputs for the Bakken case.

Figurel5 Example of land disturbance due to oil drilling in the Bakkemagg.taken from north of Fort
Berthdd Reservation. Wellpads are cleared brown areas near roads.
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Tablel5. Land use impact inputs

OPGEE Bakken Freq. of
Data Input Default Value Variation Notes

Ecosystem carbon richness: Low No change

Farmland

ot

Ecosystem carbon richness: Moderate

ot

Ecosystem carbon richness: High
Field development intensity: Low
Field development intensity: Moderate

ot

See Figure 15 above.

o r O O L O
o O+ O+ O
ot

ot

Field development intensity: High

2.3.7 Crude Qil Transport

Crude produced from the Bakken is generally trucked fromitenstorage tanks to
terminals for longdistance transpolty pipeline and railThere are currently6 rail loading
terminals in the Bakken regioalong withthreepipeline and refinery loading arept/]. Given
the aproximate area of the dth DakotaBakken (of order 200 mi by 100 mi), evenly spaced
terminalscould ideallybeplaced on a grid~25 miles apartWe therefore conservatively
estimate a trucking distance of 25 milBsil shipment began in August 2008, defore this
time period all crude was refined locally, exported by pipeline, or trucked to Canadian pipelines.
As of the end of 201348], North Dakota had 515,000 bb#gof pipeline capacity in three
major export pipeline$8,000bbl/day of local refinery capacity, anil loading capacityf
1,150,000 bbl/dy. As these capacities in total (1.733 M bbldexceed theutput of the
Bakken formation, not all modes are currently useflill capacity.

We estimate shipmebreakdown usingnonthlydata provided by the North Dakota
Pipeline Auhority (NDPA)[49]. For February 2012 to May 2014, the disposition and crude
shipment by modés reported directly by the NDPA as a fraction of total Williston Basin crude
output.For months up tdanuary of 2012, the NDPA estimatasnthlyrail shipment volumes
(in mostmonths with a highow range) and yearend capacities for each mode are also
computedoy pipeline and rail terming#8]. No informaton is availabldor the periodorior to
founding of theNDPA in early 2007.

The following method is used to compute disposition fractions:

From February 2012 to May 2014, fractions of shipments are used directly as
reported.

From 2007 to January 2012, wssume that local refining is the preferred option. If
production volumes exceed local refinery capaa@tylias been the case sieagly
2008), then the remainder is assumed shipped by rail (as reported by NDPA) or
pipeline (remainder). No truck trangpof crude is assume@hese values are
smoothed with &-month rolling average to remove large shifts that apfebedue

to irregularities in theeportedrail shipping data.

Before 2007, all crude is assunmedchave beenefined locally (volumes areery
small).
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The resulting shares of Bakken crude transport over &ire plotted ifrigurel16.
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Figurel6 Fraction of crude shipped inglicatednode (pipeline, ralil,
or truck to Canadian pipeline)awally processed (refinery).

The destinations for Bakken crude will vary over tibeeause ofeasonal demand,
regional price differentials, and refimee abibty to take Bakken crude.

Recent rail destinatiorfsave beemeportedwith volumetricoffloading capacity47]. We
define four regionsGulf coast mid-continent, west coast, and east coast. Using these definitions
recent rail capacitiesere as follows

Gulf coast (Houstonl X; Port Arthur, TX; St. Jamed.A) = 400,000bbl/day

Mid-continent (HaytiMO; HennepinlIL; St Louis, MO; Stroud OK; Cushing OK;
Tulsg OK) = 164,00(bl/day

West coast (VancouveWA; Bakersfield CA; AnacortesWA; Ferndale WA,
Portland OR) = 265,00(bl/day

East coast (AlbanNY; Delaware CityDE; Saint JohnNB) = 340,000bbl/day

Representing thedeur regiors bythe largesvolumeoff-take locations (Houston,
Cushing, Vancouver/Portland, and Albangspectively, we get estimated distances from
Williston, ND, as follows[50]:

Gulf coast: 1345 mipy shortestpath 1585 mi by road
Mid-continent: 911 mby shortestpath 1128 mi by road
West coast: 917 niby shortestpath 1206 miby road
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East coast: 1489 nhy shortestpath 1851 mi by road

It is expected thatad distances are a better proxy for rail distance than shp&ist
distancesWeighting these distances by the volumetapacity of eachegion gives a weighted

avergye of1512 mi. We therefore assume that crude travels 150 mail.

No information was found on final destinations of pipelined Bakken crude, as the crude

first makes its way to regional hubs in Bashing OK, Chicagq IL, andKansas CityMO,

regiors, after whichthe crudesnay presumablpetraded to a variety afonsuming refineries
around North AmericaBecause such shipments are not reported in public datageasswme

that theaverage distance of pipeline transperidentical to rail, i.e.1500 mi.

Tablel16 shows the default OPGEE inputs for crude transport as well as the assumed

OPGEE inputs for the Bakken case.

Tablel6. Crude oil transport inputs

OPGEE Bakken Freq. of
Data Input Default  Value Units Variation  Notes
Fraction transported: Ocean tanker 1 0 [bbl/bbl] None
Fraction transported: Barge 0 0 [bbl/bbl] None
Fraction transported: Pipeline 1 Var. [bbl/bbl] Monthly
Fraction transported: Rail 0 Var. [bbl/bbl] Monthly
Transport distance: Ocean tanker 5082 0 [mi] None One-way
Transport distance: Barge 500 0 [mi] None One-way
Transport distance: Pipeline 750 1500 [mi] None Assumed equal to rail
distances
Transport distance: Rail 800 1500 [mi] None One-way
2.3.8 Small-Source Emissions
An additional fsmal lincleledunrO&EKto irclode allssouces s

that are too small to be enumerated or modeled in dd&fault = 0.5 gCO,eq./MJ) We
maintain this default value for the Bakken gamsingto ladk of other information.
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3 RESULTS

3.1 Production and Productivity Results

Input data for the productivity of each well in the dataset were analyzed to determine the
characteristics of our population of wells. Because our populatioodtled wells magliffer
from ot her ,detfhenittatoanls pewell diuBcatkikoem
productivities, and other production statistics might differ slightly from those seen elsewhere.

slightly

First, we show the amount of oil produced by thélsvie ourdataset for eactmonth
from 2006 to 2013 (sefigure17). We note that production reached over 1%il6l/dayby the
end of the dataset. By the end 6f13, nearly 8x10bbl/daywere produced from wells with
some flaring occurring. The fraction of oil produced from wells that flared azaomamount of
gas increased over the time series, reaching ~75% by the end of 2013.

Next, we show the gas production over time (Sigeire18). We see that gas production
reached over 100@imscfday by the end of 2013, and that the flaring rate varied betwe#n 20
and 50% of gas produced over the tigegies, with the trend in the most recent months being

toward reduced flaring.
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Figure19 shows the distribution of pevell productivities across all months in the
dataset (January 20@® April 2014). Across the 7,271 wells in the dateessad 112 months of
observations, a total of 211,725 observations ofvpedl daily prodictivity weregenerated.
Figure20 shows a time series plot of these results fore2@013 inclusive The shaded region
bounds the intequartile range (ZBto 75" percentile), while the dotteclirvesbound the range
in which 90% ofobservations fell (8to 95" percentile). Both median and mean are presented as
measures of central tendency. We can see that this distribution is skewed, with the mean value
approaching the ?5percentile in many months. We see thatywel productivity increased in
the early years of Bakken production, and has decreased slightly since reaching a peak of about
200 bbl/weltdayin mid-2008. Productivities hovered around 150 bbl/vdaly at the end of the
data series.

We next generatksimilar resultdor two ratios of interest: WOR ar@OR. Because
these vales are ratios, some wellsth a month of very small (nearero) reported oil production
will yield an outlier value many orders of magnitude larger than typical values. For this reason,
thefigures belowpresent mean results computed after removing the largest 0.01% of
observations. Median and percentile computations are unaffected by such outliers, and so are
computed using the full dataset.

Figure21 andFigure22 showanalogousesults for the WOR, measured in bbl of
produced water per bbl of crude plesise condensate productlte that all DMR statistics
reported above and el sewhere in this reapor:t
condensateAgain, our time series shows a skewed distribution, with produgtgighted mean
observations approaching the™ercentile. Th&/OR declined in early years of production,
but has increased since r#A09 to about 1 bbl/bbl on a prodisect-weighted mean basis at the
end of 2013.
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Figure23 andFigure24 showanalogousesults for the GOR, measured in scf of
produced ravgas per bbl of crude + lease condensate. This distribigtisomewhat less skewed
than the WOR distribution, with the productiareighted mean value resting in most years
between the median and"7percentile. The GOR has been relatively constant over the time
period of analysis, with 90% of observation¥ (6 95" percentile)falling between 250 and
2500scf/bbl, and productiocmveighted mean values of around 1000 scf/bbl in most months.

Tabular results for productivity, WQRnd GOR are presentedTiablel7, Tablel8, and
Table 19respectively. Because the small number of months with outlier effects noted above are
not material in computing yearly averages, the produatieighted average WOR and GOR
statistics are computed for all dataints in the year of intesg
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Figurel9 Distributiorof oil well productivity, glears. n= 211,725
observations. Units: bbl per well per day.
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Figure2Q. Distribution of oil well pradtivity over time, January
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Figure23 Distibution of gasil-ratio, alyears. n =211,725
observations. Units: scf gas per bbl.
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Tablel7. Well productivity summary statisti@ly observations for complete years are ctedpiemoving Jad
April 2014)Observations for 2005 are not recordedause of themall number of wells operating in this time period.

2006 2007 2008 2009 2010 2011 2012 2013 All Years  Units
Avg. number of 61.6 178.7 458.8 920.1 1505.9 2418.0 4016.0 5807.7 - [num wells]
operational wells
Total crude + 5703 22457 85147 154410 268914 422724 706261 917732 - [bbl/day]
condensate
production
Mean per-well 93 126 186 168 179 175 176 158 168 [bbl/well-day]
prod.
Median per-well 57 68 97 104 110 116 121 106 111 [bbl/well-day]
prod. (50%)
5%-ile 11 10 11 13 14 16 19 20 17 [bbl/well-day]
25%-ile 26 27 41 51 54 58 61 58 57 [bbl/well-day]
75%-ile 120 144 212 211 227 222 218 188 206 [bbl/well-day]
95%-ile 280 435 715 548 570 525 515 464 511 [bbl/well-day]
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Tablel8. Wateroil ratiosummary statistic©Only observations for complete years are computed (removiddypdin
2014). Observations for 2005 are not recbet=iise of themall number of wells operating in this time period.

2006 2007 2008 2009 2010 2011 2012 2013 All Years Units

Mean 0.774 0.973 0.637 0.519 0.651 0.803 1.011 1.041 0.912 [bbl/bbl]

Prod-weighted 0.353 0.298 0.296 0.298 0.453 0.570 0.685 0.718 0.614 [bbl/bbl]
Mean

Median (50%) 0.408 0.366 0.237 0.216 0.266 0.356 0.51 0.59 0.456 [bbl/bbl]
5%-ile 0.0000 0.0000 0.0180 0.0184 0.0223 0.0278 0.0481 0.0628 0.035 [bbl/bbl]
25%-ile 0.1465 0.1309 0.1078 0.0944 0.1197 0.1657 0.2416 0.2931 0.203 [bbl/bbl]
75%-ile 0.9191 0.8474 0.5741 0.4970 0.6196 0.7793 0.9790 1.0949 0.935 [bbl/bbl]
95%-ile 2.5824 2.8884 2.2154 1.7254 2.0187 2.1651 2.4322 2.5961 2.400 [bbl/bbl]

Tablel9 Gasoil ratio summary statistioc®nly observations for complete years are computed (removidgpiin
2014). Observations for 2005 are not recbetalise of themall number of wells operating in this time period.

2006 2007 2008 2009 2010 2011 2012 2013 All Years Units

Mean 1218 1072 927 903 949 984 1223 1322 1166 [scf/bbl]
Prod-weighted 874 782 630 688 752 887 999 1062 944 [scf/bbl]
mean

Median (50%) 906 896 713 717 714 778 849 934 847 [scf/bbl]
5%-ile 0 0 11 230 193 205 263 288 240 [scf/bbl]
25%-ile 508 429 402 434 464 536 588 632 562 [scf/bbl]
75%-ile 1315 1359 1250 1191 1143 1203 1313 1392 1302 [scf/bbl]
95%-ile 2348 2376 2231 2073 2038 2156 2370 2455 2327 [scf/bbl]

3.2 Dirilling Results

Thecalculateddiesel fuel use for drillingig top drive (torque applied to top of drill
string) and mud pump circulation (pumpingrk to overcome friction, nozzle loss, and mud
motor) are shown ifrigure25 andFigure26, respectively. The resulting diesel fuel use for
fracturing pump work (pumping work to force fluids int@llbore) is Bown inFigure27. These
amounts of drilling energy are input into the OPGEE model (as noted above) and amortized over
the life of the well using the modeled EUR (as noted abdwe).resulting input distributions for
energy use in dfing as a function of time are plotted igure28 and are presented irable 20
for all years.
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Figure25 Distribution of @esel use for powering drilling top drive
using computatiomethoddescribedabove.

Figure26 Distribution ofdel useby mud pump to drive drilling
mud circulation.
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