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ABSTRACT

Unconventional oil and natural gas production in North Dakota’s Bakken
shale formation has caused a boom in the state’s production. As production in the
Bakken grows, wells flare one-third of their produced gas, valued at roughly $1
billion per year. Using a well-level panel of monthly production, I explore potential
determinants of flaring and provide insight into the decision to produce oil from
wells that are not connected to the gas gathering system. Through initial linear
regressions, I show that North Dakota Bakken wells flare twice as much, on average,
than Montana Bakken wells. Further, I find that unconnected wells flare nearly four
times as much as connected wells. I model the decision to connect wells through
duration analysis to show that connection timing varies between operators of
different sizes and that the threat of flaring penalties increases the hazard rate of
connection. Lastly, I exploit variation between field oil production rules in North
Dakota to find that the rate of rule compliance varies both by rule stringency and
the size of the operator.
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CHAPTER ONE

INTRODUCTION

Unconventional oil and natural gas development, including hydraulic

fracturing in low-permeability shale, has unlocked previously subeconomic energy

deposits in North Dakota and Montana. As indicated in figure 1, North Dakota

experienced rapid growth in natural gas production from 2007 to 2013, with much

of the state’s production coming from the Bakken shale formation.1 Oil production

followed a similar trend, increasing from roughly 100,00 barrels (bbls) per day in

2005 to over 1 million bbls of oil per day in 2013 (NDIC, 2015). North Dakota is

now second only to Texas in the quantity of oil produced each day (EIA, 2015).

With this rapid growth in oil and natural gas production, firms in the area

have been unable to capture all of the produced natural gas. Ideally, upstream firms

would collect the gas in gathering lines that ship it to processing and eventually to

downstream markets where the gas is sold to the end user. An alternative to

capturing and selling natural gas is flaring. Flaring is the process of combusting the

produced natural gas at the wellhead. Figure 2 shows that flaring in the North

Dakota Bakken grew proportionally with natural gas production over the same

period. As shown in figure 3, producers in the North Dakota Bakken flared 30.45

percent of the associated natural gas produced from their wells from 2007 to 2013,

with foregone revenues from flared gas around $1 billion in 2013 (NDIC, 2014).2

Meanwhile, the national average for flaring is around 1 percent of total production

(EIA, 2011).

1The Bakken shale formation is a geologic formation containing large deposits of unconventional
oil and natural gas (USGS, 2013a). Natural gas production in North Dakota’s portion of the Bakken
was below 5 million cubic feet per month in 2008. Production doubled by mid-2010 and quadrupled
by mid-2012. As is indicated in figure 1, production reached 30 million cubic feet per month by the
end of 2013.

2Forgone revenue does not necessarily reflect economic loss. The costs of gathering and marketing
the gas must be taken into account when considering the potential gains from collecting flared gas.
I do not calculate the economic benefits from collecting and selling flared gas in this thesis.
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Industry members, mineral rights owners, environmental advocates, and the

general public are expressing concern over this practice because foregone revenues

around $1 billion per year are just one of the consequences from increased flaring

(Dawson, 2014). Flaring also releases greenhouse gases into the atmosphere at

potentially higher levels than standard combustion and without creating energy.3

Flaring is also an eyesore and potential health concern to the residents of the land

on which flaring occurs.

Although extensive economic research exists on natural gas production

(Cummings and Kuller, 1974; Helmi-Oskoui et al., 1992; Chermak and Patrick,

1995), investment in petroleum production (Levitt, 2009; Kellogg, 2014), and even

unconventional oil and natural gas development (Patzek, Male, and Marder, 2014;

Covert, 2014; Fitzgerald, 2015), no economic research on flaring exists in the

academic literature. This thesis draws on the existing production literature and

adds institutional research on flaring to model decisions relevant to flaring. Using

monthly production data from individual North Dakota and Montana Bakken wells,

I first use fixed effects multiple linear regression to establish the determinants of

flaring. Next, I exploit similarities between North Dakota and Montana to compare

flaring from Bakken wells in each state to show that North Dakota wells flare more

than Montana wells. I also find that, while connecting a well to the natural gas

gathering system does not ensure zero flaring from that well, connected wells flare

significantly less than their unconnected counterparts. As connecting a well is an

investment choice made by the well operator, I use duration analysis to explore the

operator’s role in the probability of connection. Further exploring the operator’s

role in production, and therefore flaring, I exploit variation in North Dakota oil

3Boilers and generators (common ways to use natural gas) generally convert 99.9 percent of
natural gas into carbon dioxide (EPA, 1998). The unprocessed gas that is flared is not as clean as
processed gas and flaring seldom achieves a comparable combustion percentage (Bott, 2007). This
means more pollutants are released into the air. Another alternative to collecting gas is venting.
Venting involves the release of unburned unprocessed gas into the atmosphere. Methane is a more
effective greenhouse gas than carbon dioxide (Princeton University, 2013).
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production field rules to examine the impact of operator heterogeneity and well

production characteristics on the probability of violating production rules.

The thesis is organized as follows. The following chapter, chapter 2, presents

an institutional background on natural gas production and flaring in the Bakken.

Within the context of relevant literature, chapter 3 presents and motivates the

hypotheses to be tested. Chapter 4 presents and describes the data. Chapter 5

presents the empirical methodology and results. Lastly, chapter 6 provides the

concluding discussion.
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CHAPTER TWO

BACKGROUND

2.1 General Production and the Bakken

Producers drill wells to extract oil and natural gas from underground

reservoirs.4 Conventional production techniques access reservoirs by drilling a

vertical hole that allows oil and natural gas to flow to the surface. However, new

extraction technologies have caused a fossil fuel renaissance in the United States.

Unconventional production contributes largely to this renaissance. Unconventional

is an umbrella term used to describe wells, drilling techniques, or the gas and oil

retrieved from low-permeability source rock.5 Unconventional wells employ two

revolutionary extraction techniques.

Horizontal drilling involves drilling through, into and parallel to the

reservoir, rather than standard vertical drilling which often penetrates the reservoir

rock at a single point. Drilling parallel to the reservoir creates a larger contact point

from which gas, oil, and water can be extracted.6 Hydraulic fracturing uses pressure

and fluids after the well has been drilled to create fractures in the rock. Fluid and

gas then flow from the peripheries of the reservoir to the well bore (Raymond and

Leffler, 2006).7 Breakthroughs in these technologies have increased production from

4To access these reservoirs, producers drill anywhere from a few thousand feet to 20,000 feet into
the earth’s surface (Kellogg, 2014). A well can produce for decades if it is tapped into a fruitful
pocket in the reservoir.

5Source rock is the geologic strata in which oil and natural gas are formed. A conventional
reservoir is formed when oil and natural gas migrate from the source rock into other formations
(Fitzgerald, 2013). Permeability measures how much space is available to be occupied by petroleum
products and how easily these substances flow from the rock in which they are held. Empty space,
the path to the extraction point, and pressure all determine how much oil, gas, and water can be
extracted by producers (Chermak et al., 1999).

6Directional drilling was first used in the 1920s, but has only become commercially feasible since
the early 1980s (Raymond and Leffler, 2006).

7Raymond and Leffler (2006) provide in-depth institutional details on drilling and oil production.
Fitzgerald (2013) provides a condensed explanation of hydraulic fracturing processes and their eco-
nomic impact. It should also be noted that unconventional wells can be vertical and that horizontal
wells can be completed conventionally.
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low-permeability rock to the point that producers are flocking to previously

subeconomic plays like the Barnett shale play in Texas, the Marcellus shale play in

northern Appalachia, and the Bakken shale play in North Dakota, Montana, and

southern Canada.

The Bakken formation is a large deposit of shale rock, deep underground,

containing an abundance of unconventional oil and natural gas. The formation is

located in northwestern North Dakota, northeastern Montana, and across the

border in southern Canada.8,9 The formation was discovered in the 1950s, but has

remained an economically infeasible source of oil and natural gas until recent

advances in extraction technologies. These technologies have turned this play into a

formation estimated to yield 7.4 billion bbls of oil and over 6 trillion cubic feet of

gas over its lifetime (USGS, 2013a).10

2.2 Natural Gas Production and Flaring

Oil and gas exploration is the process of drilling and testing to determine

whether economically feasible wells are possible in the area. Seismic exploration also

involves surveying the land and underlying geology before any exploratory wells are

drilled. The well is then drilled by a drilling rig. A drilling rig is distinct from the

well in that the rig is transported to the site, drills, and leaves. The well,

meanwhile, is stationary and permanent. The newly drilled well is then fitted with

cement and pipe barriers to control the flow of oil, gas, and water. A well is

completed once it is properly prepared and ready for production. Operators may

choose not to produce right away, leaving the well shut in until the operator decides

to produce (Raymond and Leffler, 2006).

8Figures 4 roughly outlines the U.S. Bakken formation, the oil producing area, and the location
of each well considered in this study.

9I refer to the Bakken shale geological feature as the formation, an individual pocket of petroleum
products as a pool, and a group of pools as a field.

10This estimate has increased dramatically from the 2008 United States Geological Survey (USGS)
estimate of 3.65 billion bbls (USGS, 2013b).
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Associated natural gas is natural gas produced in conjunction with crude oil.

Gas comes from the wellhead as a mixture of hydrocarbon products.11 A component

of associated gas, methane is the lightest and most common of these products.

Methane produces around 1,000 British thermal units (Btu) of energy per thousand

cubic feet (Mcf) and is an important commodity in residential, commercial, and

industrial use. In addition to methane, associated gas from the wellhead also

contains heavier hydrocarbons such as ethane, propane, butane, and pentanes.

These distinct products are collected jointly at the wellhead, separated in

processing, and marketed separately. As a group, these products are called natural

gas liquids (NGLs) because of their heavier, liquid state at common pipeline

pressures and temperatures. NGLs have a multitude of uses in chemical production

(Bahadori, 2014).

Figure 5 depicts a flow chart of the upstream production process from the

decision to drill, to the decision to develop gas collection infrastructure or flare.

Upon completion, the operator may begin to extract oil and gas from the well.12 Oil

and natural gas are collected and processed separately. Gathering lines must be

installed to transport unprocessed gas from the well to large-scale processing plants.

There are 21 of these plants in the sample. These plants process up to 250 million

cubic feet per day (NDIC, 2014). Unprocessed gas is separated into multiple

products at the plant. For simplicity, I break these products into two groups: dug

gas that is comprised almost entirely of methane and NGLs.

Operators do not necessarily connect a well as soon as the well is completed.

Operators often produce oil from wells that are not connected. Connecting a well

does not insure that flaring from that well will completely cease. Flaring can still

occur from a connected well when the gathering line is at capacity or when

11A hydrocarbon is any organic compound made up solely of carbon and hydrogen, such as coal
or butane.

12Wells do not necessarily produce both oil and gas. They may also produce one or the other
exclusively.
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gathering lines or plants are shut down (Bahadori, 2014). From 2007 to 2013, 46

percent of flaring came from connected wells in the Bakken.

The operator does not directly invest in gathering lines that connect the well

to a processing plant. Some outside source of funding (a midstream firm) must

invest in gathering infrastructure in order to sell gas and collect revenues (EIA,

2006). Contracts between midstream firms and operators take three main forms.

With keep whole contracts, the midstream firm takes ownership of NGLs and pays

the operator for only the incoming quantity of dry gas. With percent of proceeds

contracts, the operator and the midstream firm each keep a portion of total revenue

or a mixture of revenues from dry gas and NGLs. Fee-based contracts involve a

fixed fee, paid to the midstream firm by the operator for the volume of processed or

demanded gas (Followill, Pursell, and Williams, 2008). The operator makes the

decision to enter into a contract and ultimately connect the well.

Completed connection project costs involve the cost of materials, labor,

obtaining the right-of-way for line installation, and payments for public damages.

These costs apply to the installment of gathering lines, compressing stations, and

whatever other components may be required to connect the well to the plant. Cost

estimates for completed well connection projects vary by region and by time in the

United States. The United States average completed projects cost was just over 9

million per mile in 2014. These estimates are up drastically from $2.2 million per

mile in 2009. In North Dakota, gathering line cost estimates assume 12 inch

diameter pipe and an average gathering line length of 79.3 miles per well. While no

completed project cost estimates are available, the actual cost of installing only

gathering lines was $2,119,243 per mile in 2013 and 2014 (Smith, 2014).

Flaring is a common practice in oil and gas exploration and production.

Flare stacks are gas combustion devices that ignite released gas for safe disposal.

They are used at the wellhead, natural gas processing plants, chemical plants, and
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landfills to burn off gas. The gas is ignited at the stack, combusting the mixture of

hydrocarbons into carbon dioxide and water. The resulting carbon dioxide is

released into the atmosphere. Gas is typically flared (a) to test a well’s production

potential and composition, (b) when gas is produced from a well that is not

connected to the gathering pipeline infrastructure, (c) when the gathering pipeline

or processing plant does not have enough capacity for all of the produced gas, or (d)

for any number of safety reasons that deal with mechanical failures or maintenance.

Flaring occurs at the onset of a well’s life to determine well pressure and

composition, during compression to burn off excess vapors, or during maintenance

and system failures at wells, gathering lines, intermediate processing points, or

processing plants (Bahadori, 2014).13

As noted in the introduction, aggregate flaring has been on the rise in North

Dakota since 2006. Comparable average well flaring occurred recently across the

state line in Montana. Figure 7 shows that average monthly flaring levels as high as

the current North Dakota levels occurred in Montana in 2004 and 2005, as the

Bakken was being rediscovered. These levels continued in Montana until the

opening of the Sidney, MT gas processing plant in 2004.

2.3 Flaring Rules

The North Dakota Century Code section 28-08-06.4 sets the primary flaring

statute for the state, to be enforced by the North Dakota Industrial Commission

(NDIC). Under this statute, operators may flare associated gas from a well for one

year without paying taxes or royalties to the mineral owner on flared gas.14 After a

year, the operator must pay taxes and royalties on flared gas if the well is not either

connected to a gathering line, equipped with a generator that uses gas from the

13See Bahadori (2014) for a more detailed explanation of flaring processes and technology.
14This rule is contingent on operators following oil production rules. Oil must always be produced

within the Maximum Efficient Rate (MER) - the maximum economic rate at which oil can be
extracted without negatively affecting ultimate recovery (North Dakota. Legislative Branch, 2014a).
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well, equipped with a system that collects gas and NGLs from the well, or equipped

with some NDIC-approved “value added” system.15 The tax on gross natural gas

production is set as a flat rate based on the producer price index for gas. This rate

was 11.43 cents/Mcf in fiscal year 2013 (North Dakota Office of State Tax

Commissioner, 2015). Royalty percentages vary within the state. Fitzgerald (2014)

finds the North Dakota mean oil and natural gas lease royalty from 2000 to 2011 to

be 17.74 percent with a mean primary term of 46 months. Operators may apply to

the NDIC for exemptions on the grounds that it is either not economically feasible

to connect the well to the gathering system, it is not economically feasible to

connect the well to a generator, or “a market for the gas is not available” (North

Dakota Legislative Branch, 2014b).

The NDIC also regulates production, and one important tool is a rule

pertaining to each oil field, or a field rule. These are guidelines set in the North

Dakota Administrative Code to bolster extraction coordination and prevent waste

from overproduction within each field. They are enforced by the NDIC. Rules set

daily maximum oil production allowances for each well and are applied to all wells

in the oil field. Oil production allowances are set based on the age of the well, in

calendar days from the initial production date.16 Operators may apply to the NDIC

for exemptions for specific wells or entire fields. Exceeding allowable production

results in a deduction from the following month’s allowable maximum by the

amount exceeded. Another result of violations is that the well cannot flare, which is

addressed through reduced production from the well. Exemptions take the form of

well specific alternatives to the prescribed field rule, often increasing production

allowances based on well performance (North Dakota Legislative Branch, 2014a).

15The generator must use at least 75 percent of the gas from the well. The collection system must
use at least 75 percent of the gas from the well. The value added system must reduce flaring by at
least 60 percent.

16For instance, Rule B allows a well to produce oil at the MER for 60 days from initial production,
200 bbls/day for the following 60 days, 150 bbls/day for the next 60 days, then 100 bbls/day for the
remainder of the well’s life.
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Rules covering Montana flaring are set in section 36.22.1220 of the

Administrative Rules of Montana (ARM) and enforced by the Department of

Natural Resources and Conservation - Board of Oil and Gas Conservation (BOGC).

Wells that produce greater than 100 Mcf of gas per day that wish to flare must

submit a statement to the BOGC justifying the need to flare. This statement must

include a gas analysis, estimated gas reserves, proximity of the well to a market,

estimated cost of marketing the gas, and other production related materials. Upon

reviewing these materials, the BOGC may restrict production or set up a hearing

for the operator to show further need. Wells that produce less than 100 Mcf per day

may flare indefinitely (MT Secretary of State, 2013).
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CHAPTER THREE

CONCEPTUAL FRAMEWORK

This section presents and motivates the hypotheses that I test in this thesis.

I first establish the determinants of flaring. I then compare flaring in North Dakota

to flaring in Montana. Next, I consider the decision to connect a well to the gas

gathering infrastructure. Lastly, I narrow my focus to North Dakota production

regulation, exploring well characteristics that affect field rule compliance.

The processes of exploration, drilling, and oil and gas production are covered

extensively in the economic literature. My model of the determinants of flaring

adapts this body of literature to capture potential causes for changes in monthly

flaring levels. Flaring is a function of natural gas production, revenues from

production, connection to the gas gathering infrastructure, and heterogeneity

between wells, geology, and well operators. I explain the development of this model

below.

The economic literature stresses the need to consider differences in geology

when modeling well cost and production decisions because ultimate recovery, the

rate of production, the cost of production, and the quality of output may vary over

space. For example, Cummings and Kuller (1974) state that prediction of oil

extraction performance requires data on reservoir pressure, geological properties,

hydrocarbon composition, and production technology. Their optimal path for

production and investment considers factors including the number of wells

producing from the reservoir, current and future operator costs, initial stocks, and

extraction rates. Blackborby and Schworm (1982) further press the need to consider

geology, finding that the aggregation of wells may not be appropriate even between

spatial regions within a reservoir.

I adapt oil and gas production cost literature to the flaring model, as these
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costs are factored into the optimal production path. Eddy and Kadane (1982) stress

that the type of well and location impact well cost, among other well outcomes like

ultimate recovery.17 Helmi-Oskoui et al. (1992) use well-level data to allow for

unique optimal extraction paths for each well because each well and location has

unique attributes. For example, the horse power necessary to lift oil from wells of

different depths may vary. They also model labor and equipment costs as fixed costs

and state that operating costs (specifically the cost of lifting oil from the well) are

the only variable cost in the operator’s profit optimization problem. Anderson,

Kellogg, and Salant (2014) show that price incentives do not affect month to month

production decisions.

Further expanding economists’ ability to model production decisions,

Chermak and Patrick (1995) develop a well-level cost function for natural gas

production. They test these models to find that differences in accounting

procedures, operations costs, contracts, the number of wells owned, and firm

philosophy between operators affect well cost outcomes. They also find that field

and well characteristics impact well cost functions, attributing differences in

outcomes between fields and wells to variation in operation costs, production

technology, geologic characteristics, fracturing needs, pipeline contracts, previous

production, and extraction rates.18

Research specific to unconventional gas production is more recent. Patzek,

Male, and Marder (2014) develop generalizable optimal production curves and

production decline curves for horizontal shale gas wells from the Barnett shale

formation. These results are important to this study because Barnett shale is also a

low permeability play where new drilling technologies are implemented. Covert

17For instance, Hanson (1956) projects the cost of a standard vertical well (in 2006 Canadian
dollars) at roughly $500,000. In stark contrast, Goldman Sachs (2013) estimates the cost of a
standard Bakken well at $8.5 million. Goldman Sachs also stresses that unconventional well cost
varies from location to location.

18Chermak et al. (1999) apply the Chermak (1995) cost function in an optimal control model of
exhaustible resource production. These findings reinforce findings from Chermak (1995).
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(2014) uses well-level data from the North Dakota Bakken shale formation to study

input choices when implementing new technologies. He finds that firms make

passive production decisions in that they act to maximize expected profit and

minimize the standard deviation of profits. The result is that firms captured only 67

percent of possible profits at the end of 2011. Fitzgerald (2015) provides an analysis

of experiential gains in production from unconventional wells in the North Dakota

and Montana Williston Basin from 2011 to 2013. He finds that firms, well operators

especially, experience production gains over time as they become more experienced

with unconventional production. Specifically, most gains accrue to operators. This

result serves as a source of motivation for considering operator heterogeneity in

flaring models.

According to Bahadori (2014), flaring occurs when a well is not connected to

the gas collection infrastructure, when line capacities are not sufficient, and during

well testing. Given these reasons for flaring, it is reasonable to assume that

connection to the gas collection system is an important input into the flaring model.

Further, gathering lines may be more likely to exceed capacities when wells produce

more gas. High gas production from one well may even force other lower pressure

wells off the gathering grid, resulting in flared gas (NDIC, 2014). Additionally,

trends in gas production can be measured indirectly by tracking the age of well.

Figure 6 shows the relationship between well age and gas production. Specifically,

fractured wells experience a steep initial decline in production flow that levels off

over time (Fitzgerald, 2013).

I model flaring as a function of production, output price, connection to the

gas gathering infrastructure, and heterogeneity between wells, location, and

operators. The production controls included in the model are gas production, the

age of well, and oil production. Gas price is included as a price control. I also control

for heterogeneity between wells, oil fields, and operators with group-level fixed
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effects. Lastly, I distinguish between wells that are and are not connected to the gas

gathering system. I discuss this model in detail in equations (1) and (2) of section 5.

With this base understanding of the determinants of flaring, I turn my focus

to the difference in flaring levels between North Dakota and Montana Bakken wells.

As shown in figure 3, North Dakota Bakken flaring (as a percentage of gas

production) began a steep increase in 2006. Over the same period, North Dakota

flaring (as a percentage of gas production) greatly outpaced Montana. Figure 7 tells

the same story by comparing average flaring from each well between states during

each month. By depicting well-level flaring, figure 7 shows what may be a

fundamental difference between North Dakota and Montana wells.

Testing reveals that the average North Dakota well flares significantly more

than the average Montana well in each month from 2007 to 2013. Some portion of

this difference is driven by gas production, connection, well technology, and other

drivers of flaring that are controlled for in the flaring model. However, North

Dakota’s flaring laws are lenient relative to Montana’s. North Dakota allows MER

oil production and uninhibited flaring for one year, while all wells in Montana that

produce more than 100 Mcf of gas per day must appeal to the BOGC for the need

to flare. North Dakota oil production field rules do provide more stringent

production controls, but it is unclear whether they are strictly enforced. I

hypothesize that the difference in flaring between the two states does not stem from

the flaring determinants delineated in the flaring model. Rather, I expect that

differences in state-varying factors drive differences in flaring. These factors include

permissive production rules, coordination between rulemakers and industry

members, and tax structure. Ideally, I could pinpoint the permissive regulatory

regime as the driver of high flaring in North Dakota. However, unobserved factors

such as operation costs and tax rules that vary between the states do not allow for

precise identification of a regulatory effect.
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I then turn my focus to the decision to connect a well to the gas gathering

system, as connecting a well is a major mechanism through which flaring can be

reduced. Figure 9 emphasizes the difference in average monthly flaring between

connected and unconnected wells. Unconnected wells flare nearly all of the gas they

produce. Connected wells have the means to transport gas to processing plants, but

still may flare due to the reasons provided by Bahadori (2014). Figure 8 shows

average flaring from the 10 months before and after connection. While connecting a

well does not completely stop flaring, connected wells flare significantly less than

unconnected wells. In North Dakota, 20 percent of monthly observations are

unconnected, yet flaring from unconnected wells makes up 56 percent of total flaring

in the state. Connecting a well immediately after the completion of the well,

however, is not a foregone conclusion. On average, Bakken wells in North Dakota

remained unconnected for 20 percent of their observed active lives from 2007 to

2013.

Operators make contracts with third-party midstream firms to build

gathering lines and connect wells. To determine how operators make this decision to

enter into a contract with midstream entities, I examine the effect of well

characteristics like age, initial production level, and the cost of connection on the

time an active well remains unconnected. While no economic literature covers the

connection decision, substantial work has been done to model the optimal path for

investment in oil and natural gas production. Levitt (2009) uses data from over

400,000 wells to implement a structural model of oil and gas production that allows

for firm learning. He finds that learning is costly, highlighting the high-risk nature

of petroleum exploration, especially in the face of heterogeneity in geologic

characteristics in the area of interest.19 Kellogg (2014) observes the reaction of

investment in well-level drilling in Texas to changes in market expectations of the

19Levitt (2009) states that in Alberta, over 70 percent of wells failed during the main exploratory
period between 1930 and 1968.
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volatility of the future oil price. Kellogg finds that producers delay drilling decisions

when faced with expected price volatility. These results also highlight the high-risk

nature of production investments, like building gathering infrastructure, and the

potential impact of price incentives on the decision to invest.

I adapt this literature to model the probability of connection in North

Dakota. I control for production level with initial production and well age. I control

for aggregate production trends with a date trend. I also control for the cost of

connecting, using the distance to the nearest processing plant as a proxy for

development cost. I control for the previously mentioned one year flaring rule as

well. Finally, I differentiate between operators in the model. I discuss the specifics

of this model in equations (3) - (6) of chapter 5.

In accordance with findings in Chermak and Patrick (1995), I hypothesize

that differences between operators drive differences in connection timing.

Contractual agreements with midstream companies may play a large role in the

decision to connect, as different contracts affect the revenue each party receives from

gas production. While I cannot directly observe contracts, I do differentiate between

operators in the model. Also, when thinking about the irreversible investment to

connect a well, the cost to connect may play a large role. Additionally, I

hypothesize that the distance to the existing gathering infrastructure (as a proxy for

the cost to connect) significantly affects the decision to connect.

Lastly, I narrow my focus to consider the impact that variation in regulation

within North Dakota has on oil production. Similar to connecting wells, reducing oil

production is a mechanism through which flaring can be reduced. As oil and gas are

jointly produced in the Bakken, increased oil production leads to increased gas

production. Figure 10 shows the strong and positive correlation between gas

production and flaring. Jin and Grigalunas (1993) study the economic impacts that

regulations governing production emissions like drilling fluid or air pollution have on
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offshore oil and gas firms. These regulations can either directly reduce production or

they can reduce the economic feasibility of development by increasing compliance

costs. Building on the basic tenant that these regulations shift the supply curve

inward, they find that these regulations can significantly reduce the present value of

firms and the distribution of economic rent within the industry. They also find that

more stringent regulations have bigger impacts, where stringency is measured by the

size of compliance costs.

Field rules govern maximum oil production for individual oil fields in North

Dakota. In Jin and Grigalunas’ model, firms are assumed to comply fully with set

regulations. However, preliminary analysis reveals that firms violate the applicable

field rule in one-third of well-months. This is important to flaring because field rule

compliance is a mechanism through which production, and therefore flaring, can be

reduced. Reducing oil production, however, decreases operator revenues. According

to the previous literature, operators differ over many different dimensions. Most

importantly in this context are operator differences in operation costs. I hypothesize

that these differences extend to field rule compliance, so that differences between

operators play a significant role in whether a well violates its field rule.

The model developed in equations (7) - (9) of chapter 5 predict the

probability that a well violates its field rule during a specific month. Many of the

controls are familiar from the previous two models. As field rules govern oil

production, I control for production levels with oil production and well age. I

control for price incentives with the oil price. I also control for flaring because

increased flaring may draw increased attention to the well’s production, which may

result in a higher likelihood of compliance. I also provide the same operator controls

for the reasons previously discussed in the literature. Lastly, I differentiate between

individual rules in the model to observe potential differences in each field rule’s

effect on the probability of compliance.
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I define stringency as a combination of each rule’s production constraints and

the time over which they are applied. More stringent rules enforce lower production

and less days for MER production. While no data are available on the rule

assignment method utilized by the NDIC, it is reasonable to assume that rules are

assigned based on the potential production of each well in the field. Rules, and

exemptions to rules, may also be decided through coordination between the NDIC

and well operators. I hypothesize that the NDIC successfully adapts the field rule to

the expected production potential of the field, and thus does not create rules that

are overly restrictive. If this is true, each rule would provoke the same probability of

being violated.
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CHAPTER FOUR

DATA

4.1 Well Characteristics and Production

North Dakota production data are available from the North Dakota

Industrial Commission, Department of Mineral Resources (DMR), Oil and Gas

Division. Montana production data are available from the Department of Natural

Resources and Conservation, Montana Board of Oil and Gas Conservation

(MBOGC). Both entities collect well-level production statistics from operators

through required monthly reports. This study utilizes these well-level data from the

Bakken formation from January 2000 to December 2013.20

In both states, well characteristics such as field, pool, type of well, county,

township, latitude and longitude, and estimated total depth are submitted by the

operator in the application for a permit to drill.21 In both states, monthly oil

production statistics including oil production (bbls), number of days produced, and

water produced come from monthly production reports.22,23 Wells are identified by

a unique American Petroleum Institute (API) identification number, generated at

the time the well is approved.

North Dakota monthly gas production statistics, including gas produced

(Mcf), gas flared, gas sold, and residual gas are reported in Gas Production Report -

20Wells from the Three Forks formation are also included. The Three Forks formation is located
just beneath the Bakken formation and some wells are drilled in areas where the Bakken and Three
Forks formations converge.

21Operators must obtain approval of drilling applications before any well-site preparation other
than surveying and staking may be performed. Appendix D figure 18 displays North Dakota’s
drilling permit application form and figure 19 displays Montana’s form.

22A barrel is defined as 42 gallons at 14.73 pounds per square inch (psi) and 60◦ Fahrenheit. All
volumes are rounded to the nearest complete barrel.

23Appendix D figure 20 displays North Dakota’s oil production reporting form and figure 21
displays Montana’s general (oil and natural gas) production reporting form.
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Form 5B.24,25 Montana reports many of the same gas production statistics at the

well level. However, Montana provides flaring and gas sold at the lease-level in a

separate dataset from the well-level production statistics. I assign flaring and sales

to individual wells in Montana based on the well’s proportion of total gas

production for its lease.26 This assignment method potentially introduces

measurement error into the Montana flaring data. However, the potential for this

measurement error to affect analysis is minimal because only 9.5 percent of all

Montana wells are on multi-well leases in the sample.

North Dakota and Montana data are combined into one well-month panel.

The binary variable Activeit is equal to one if well i produces, sells, or flares gas,

produces or sells oil, produces water, or is recorded as having a positive number of

production days during month t. I define the binary variable Connectit as equal to

one for well i for all months during and after the first month in which positive gas

sales occur, as the well must be connected to the gas gathering system to sell gas. I

also determine the age of well i during month t from the previously described

production statistics. Well age in month t is measured in active months from the

first active month.27

24A Mcf is a volumetric measure of 1,000 ft3 recorded at 14.63 psi and 60◦ Fahrenheit. As an
accounting measure, gas sold on the lease must equal the gas produced on the lease less the gas
used, flared, and residual on the lease in each month (Sell = Produce− Flare− Use− Residual).
Operators could potentially reclassify flared gas residual gas; however, this is indistinguishable in
the data.

25Appendix D figure 22 displays North Dakota’s gas production reporting form. Appendix D
figure 21 displays Montana’s general production reporting form.

26For example, consider a two-well lease where well A produces two-thirds of total lease gas
production and well B produces one-third of total lease gas production. Well A is assigned two-
thirds of total lease flaring and two-thirds of total gas sold. Well A is assigned one-third of both
lease-level metrics.

27For those 3 percent of North Dakota wells existing before January 2000, I calculate the starting
age as the number of months from the initial production date to January 2000. For those 2 percent
of Montana wells existing before January 2000, I use a mix of initial production and completion
dates from the Montana well index to make the same starting age calculation. Production records
are only available in Montana back to January of 1986. I use completion date as an approximation
for initial production date for the roughly 10 Montana wells that produce before 1986. I do not drop
these wells unless specified in the methodology of chapter 5.
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To restrict the focus of this study to the producing life of each well, I drop all

well months that are not active. I make this distinction between active and inactive

well-months because operators must report production statistics even for inactive

wells.28 These 4,406 inactive well-months that I drop make up 1.4 percent of data. I

also drop counties with less than 100 active well months for all owned wells,

eliminating Bottineau, Mercer, Renville, and Ward counties in North Dakota and

McCone and Daniels counties in Montana.29 These counties are on the fringe of the

Bakken.

Table 1 (a) records the number of wells that have ever produced gas or oil,

ever produced gas, and ever flared in each state. North Dakota wells make up 86

percent of the total 8,326 unique wells. Over 99 percent of wells produce gas for at

least one month and 89 percent flare for at least one month during the sample (93

percent of wells flare for at least one month in North Dakota, while 70 percent of

wells in Montana were on a lease that flared at least one month). In both states, 87

percent of wells are connected to the gas gathering infrastructure at some point

during the sample.30

Table 1 (b) provides counts at the well-month level. North Dakota

well-months make up 75 percent of the total 302,754 well-months. In North Dakota,

wells exist in the panel for an average of just under 32 months (2.7 years), compared

to roughly 65.6 months (just under 5.5 years) in Montana. Gas is produced in 95

percent of well-months and flared in 40 percent of well-months (49 percent of North

Dakota gas producing well-months flare, compared to roughly 15 percent in

Montana). Flaring during a well-month does not suggest that all gas produced by

28An inactive month (or a string of inactive months) may disrupt a well’s production. These
inactive months are not considered in estimation.

29The entire set of North Dakota counties with Bakken wells includes Billings, Bottineau, Burke,
Divide, Dunn, Golden Valley, McKenzie, McLean, Mercer, Montrail, Renville, Stark, Ward, and
Williams counties. The entire set of Montana counties with Bakken wells includes Daniels, McCone,
Richland, Roosevelt, and Sheridan counties.

30If wells that first produced after 2012 are dropped (these wells’ connection may be right cen-
sored), the percentage of wells that get connected rises to 91 percent.
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that well during that month is flared. Wells may flare a portion of produced gas.

Wells in both states are connected to the gas gathering infrastructure for 80 percent

of months (77 percent in North Dakota and 88 percent in Montana).

Table 2 provides summary statistics for oil production, gas production, and

gas flared at the well and well-month level. North Dakota has a significantly larger

mean in monthly oil production, gas production, and flaring.

4.2 Mapping

This thesis utilizes distance to other wells and gas processing plants as

proxies for the cost of installing gas collection pipelines. Distances are calculated in

miles, using latitude and longitude locations for reference. Well locations come from

the previously mentioned indices. North Dakota plant locations come from

DMR-provided geographic information system (GIS) files. The single plant location

for Montana is provided by the plant.

I calculate the distance from well i to the nearest connected well j in month

t. This distance is zero for connected wells. I also calculate the distance from well i

to the nearest existing gas processing plant p during month t. Plant p is determined

to be existing for each month during and after its first month of positive processing

capacity. Plant capacity data, provided by the North Dakota Pipeline Authority

(NDPA), are only available beginning in 2005.

Figure 4 maps wells and plants for all wells included in the study. Table 3

gives summary statistics for these distance measures by state at the well-month

level. North Dakota wells are, on average, further away from the nearest connected

well, though this result may be driven by the larger proportion of connected

well-months in Montana. Montana wells are, on average, further away from the

nearest gas processing plant. Each difference is statistically significant.
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4.3 Price Series

The monthly North Dakota Crude Oil First Purchase Price ($/bbl) and

Montana Crude Oil First Purchase Price are both provided by the United States

Energy Information Administration (EIA). According to the EIA, the first purchase

is an equity transaction associated with the physical removal of crude oil from a

lease for the first time. State crude first purchase prices are measured at the lease

and well level, then averaged within each state. From 2000 to 2013, the mean first

purchase price is $56.8/bbl in North Dakota and $56.3/bbl in Montana.

The dry gas price ($/Mcf) is the Henry Hub Natural Gas Spot Price. Avalos,

Fitzgerald, and Rucker (2015) find that natural gas markets in the U.S. are

cointegrated, suggesting that natural gas prices move proportionally between

regions. Thus, the Henry Hub price is used as a proxy for local dry gas price, as the

Henry Hub is a prominent United States hub. I test this by comparing the Henry

Hub price to the Watford City, North Dakota Delivery to Northern Border natural

gas price (NDIC, 2015). The correlation between these two prices from April 2010

to December 2013 is 0.967.

Appendix C figures 15 and 16 depict dry gas and NGL price series and

appendix C table 20 provides summary statistics for all prices from May 2007 to

2013. Table 20 also contains the unprocessed gas price calculated in appendix C.

Mean prices are increasing from the lightest product (methane) to the heaviest

product (pentanes). Changes in ethane and pentanes prices follow changes in

butane price by construction, but propane and dry gas prices are also highly

correlated with the butane series.
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4.4 Field Rules

North Dakota field-specific oil production rules are imposed and enforced by

the NDIC. As shown in table 4 (a), each of the 11 distinct rules (labeled A-K) sets a

maximum daily production amount (in bbls) and a period (in days) over which that

maximum applies. Rules are set for entire fields, but rules determine individual well

production maximums. Each rule starts by setting the production maximum as the

maximum efficient rate (MER). The MER period begins on the well’s initial

production date and is applied over consecutive calendar days. When the MER

period ends, daily oil production is compared to the daily production maximum to

determine if the rule is violated each day.

Figure 11 shows a graphical representation of the daily oil maximums for

rules A-D. For example, rule B sets the MER as the maximum for the first 60

calendar days from initial production, after which the maximum immediately drops

to 200 bbls per day. The maximum then drops to 150 bbls per day after 60 days of

200 bbls per day. After 60 days of 150 bbls per day, the maximum drops to allow

100 bbls per day for the remaining time that rule B is in effect.

Production statistics are recorded monthly. To compare monthly oil

production statistics to daily maximums, I divide monthly oil production by

calendar days in each month.31 I then compare the daily average to the rule in effect

during that calendar day. Rules sometimes change on a specific day during a month.

To accommodate this, I create a daily data set of daily averages and rules and

analyze each day. I then convert the data back into a monthly panel. A well-month

is defined as violating its rule if oil production exceeds the set maximum for at least

one day during the month.

31Daily averages can be obtained by dividing monthly production either by calendar days in the
month or by the well’s active days during the month. Using calendar days to calculate daily average
production for each month provides a more conservative estimate.
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Due to field rule data availability, I restrict the time horizon for field rule

analysis to February 2006 to December 2013. Measuring days from initial

production requires accurate initial production dates in the well index. I

successfully match 4,489 initial production dates with the date the wells first appear

in the sample (63 percent of the original 7,206 North Dakota Bakken wells).32 Table

4 (b) depicts the composition of the wells, well-months, and rules used in the field

rule analysis.

Rule B applies to 60 percent of well-months in this subsample. Rule A

applies to 25 percent, rule C applies to 4 percent, and rule D applies to 4 percent of

well-months in the subsample. The remaining rules E-K each apply to less than 1

percent of well-months in the subsample. Of these subsample wells, 83 percent

violate their assigned field rule at some point during their life. On average, a well

violates its field rule in 8.3 months of its life. On average, the median first violation

month is the third month of a well’s life. Of the 113,652 total well-months, 33

percent experience a violation in their respective field rule. Rule B is the applied

rule in 82 percent of violations, rule C is the applied rule in 13 percent of violations,

and rule D is the applied rule in 3.5 percent of violations.

The presence of months where the rule changes mid-month presents the

potential for endogeniety, in that operators may adapt production decisions in

response to rule changes. Table 5 (a) and (b) present counts and summary statistics

for months where the field rule changes and for months where the rule does not

change. Table 5 (a) shows that months where the applied rule changes make up 14

percent of all months. The rule is violated during 67.25 percent of all months in the

sample. For months where the applied rule changes, this percentage is 63.31. Table

5 (b) shows that gas production, oil production, flaring, and the percentage of

32It is reasonable to assume that no pattern exists in well records that either match or do not
match. Wells most likely do not enter the production data on the same date as their initial production
date states due to recording errors, accounting errors, or if an old well has been recompleted.
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violations are all statistically higher in months where the rule is changed. However,

this difference between the proportion of violations in change-months is only 4

percentage points higher than in months where the rule does not change.
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CHAPTER FIVE

EMPIRICAL RESULTS

5.1 Linear Regression Methodology

In this section, I present reduced form linear regressions that identify factors

related to flaring. I report a series of fixed effects models and consider the

persistence of previous gas production’s effect on flaring. Beyond simply exploring

the determinants of flaring, the purpose of this section is two-fold: (a) determine the

average difference between flaring in North Dakota and Montana; and (b) highlight

the average difference in flaring between connected and unconnected wells.

The initial specification is as follows:

Ln(Flareit) = β0 + β1NDi + β2Connectit + β3AgeActiveit + β4Ln(OilProdit)

+β5Ln(GasPricet) + β6Ln(DistCit) +
J∑
1

γjLn(GasProdit−j) + εit (1)

Subscript i denotes the individual well, subscript s denotes the state, and subscript

t denotes the month. The dependent variable (Flareit) is flaring from well i during

month t. NDi is a binary indicator of whether well i is located in North Dakota.

This coefficient captures the average difference between flaring from wells in North

Dakota and flaring from wells in Montana, conditional on the included covariates.

Connectit is a binary indicator of whether well i is connected to the gas gathering

infrastructure at any time during month t. Connecting a well is the primary

mechanism through which gas is sold and should correlate with lower (but not

necessarily zero) average flaring. It should be noted that connection and flaring may

be simultaneously determined.33 GasProdit−j controls for J previous months of gas

33Increased flaring may also increase the likelihood of connection. I address endogeneity as an
opportunity for future research in chapter 6.
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production.34 AgeActiveit is well i’s age in active months up to and including

month t. I also include GasPricet. DistCit is the distance from well i to the nearest

well that is connected to the gathering infrastructure during period t. This is a

proxy for the cost of connecting a well. This information and predictions on how

each covariate will affect flaring are provided in table 6.

Table 7 provides a correlation matrix for the covariates. The correlation

between the binary connection variable and the distance to the nearest connected

well is -0.84 due to the construction of the connection variable. DistCit is only

nonzero when Connectit equals zero. Consistent with theory, AgeActiveit and

OilProdit are relatively highly correlated with each other and with GasProdit and

GasSoldit. Finally, the negative correlation between GasSoldit and DistCit reveals

that the amount of gas sold decreases as the distance from the nearest connected

well increases.

I estimate over active well-months. Flaring for these active well-months takes

on positive and zero values. I estimate with natural log transformations for flaring

and all non-binary independent variables.35 I estimate, but do not report, each

specification from this section with standard errors clustered at the operator, field,

and well level. While the significance of estimates is largely robust to these

clustering strategies, operator clustering provides sound institutional backing and

the most conservative inferences.

34GasProdit is Flareit +Sellit +Residualit. I also consider GasSoldit as an alternate production
control. GasSoldit is gas sold and residual gas for well i during month t.

35A Box-Cox test reveals that the λ values that respectively transform the dependent variable
and the set of independent variables into the most normal shape are λ = −0.097 for the dependent
variable and λ = 0.165 for the set of independent variables. Reestimating table 8 column (6) using
variables transformed according to these λ values yields slightly different results compared to the
log specification in table 8 column (6). When estimated with the Box-Cox transformed data, the
R2 value is roughly 0.10 lower than the log specification, distance to the nearest connected well is
no longer statistically significant, and well age is statistically significant.
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5.2 Initial Results

Columns (1) and (2) of table 8 show regression results for equation (1).

Production is included as GasProdit−1 in column (1) and GasSoldit in column (2).

Columns (1) and (2) both show that, on average, wells in North Dakota flare

roughly 150 percent more than wells in Montana each month. As expected, the

results show decreased average flaring from connected wells, decreased flaring as

wells age, increased flaring with greater oil production, decreased flaring with

increases in contemporaneous gas price, and increased flaring as the distance to the

nearest connected well increases. These specifications estimate that, on average,

unconnected wells flare between 150 and 320 percent more than connected wells.

The signs associated with the two production measures also conform with

expectations. The sign on GasSoldit is negative because GasSoldit is a measure of

how much gas is collected and sold, rather than total production. Conversely, higher

production in the previous period results in higher flaring in the observed period.

Finally, DistC is marginally significant in these specifications.

Group-level fixed effects are added to table 8 columns (3) - (6) to control for

time-invariant, group-specific determinants of flaring. Well technology, demand

shocks, and any number of time-specific determinants of heterogeneity between

months must be addressed. I include month-year fixed effects in columns (4) - (6) to

remove potential time-variant factors that affect all wells in each month. The fixed

effects equation is as follows:

Ln(Flareit) = β0 + β1NDi + β2Connectit + β3AgeActiveit

+β4Ln(OilProdst) + β5Ln(GasPricet) + β6Ln(DistCit)

+
J∑
1

γjLn(GasProdit−j) + δMonthY ear + γGroup + εit (2)



30

In column (3), with well fixed effects and no month-year fixed effects,

GasPriceit is not statistically significant. This result reflects the Anderson, Kellogg,

and Salant (2014) result that price incentives do not affect monthly production

decisions. Additionally, the effect of well age on flaring is positive and significant in

column (3). As this is an unexpected result, I explore well age further by estimating

the same specification from column (3) and separating well age into ten bins of

increasing age. Each bin contains roughly 30,000 well-month observations.36 The

exclusion group is the bin containing the first 4 active months. The coefficients and

95 percent confident intervals of each of the remaining bins are graphed in figure 14.

The figure shows that, after controlling for covariates like connection and gas

production, individual tests of significance indicate that wells 5-19 months old (bins

2-4) flare significantly less than well-months under 5 months, wells 20-69 months old

(bins 5-8) do not flare at significantly different levels, and the oldest wells in the

sample (bins 9 and 10) flare significantly more than well-months under 5 months old.

Table 8 columns (4) - (6) display results from specifications with month-year

fixed effects and separate well, field, and operator fixed effects. With the inclusion

of month-year fixed effects in columns (4) - (6), the dry gas price drops due to

perfect collinearity. Estimates of the effect of North Dakota are excluded from table

8 columns (3) - (5) because the North Dakota variable is perfectly collinear with

well and field fixed effects.

Including fixed effects in columns (3) - (6) does not substantially alter

individual estimates, with the exceptions that the coefficient on DistCit is now

almost three times larger and AgeActiveit is insignificant in the specification with

well and month-year fixed effects. The inclusion of month-year fixed effects and the

removal of the gas price does change the interpretation of the model. The model

36Well-months under 26 months old make up 50 percent of the sample, well-months under 57
months old make up 75 percent of the sample, and well-months under 134 months old make up 90
percent of the sample.
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now depicts the average effect of each of the determinants of flaring on all wells and

over the entire time horizon after accounting for time-invariant well effects and

within-month time effects. I use month-year fixed effects in all other specifications.

The estimate on the North Dakota variable in the operator fixed effects

specification in column (6) is highly significant and suggests that, on average, wells

in North Dakota flare 104 percent more than wells in Montana. This estimate

identifies the average difference in flaring levels between states for wells owned by

operators who own wells in both states. Of the 99 distinct operators in this sample,

22 own wells in both states. These operators own 69 percent of all the wells in the

sample. On average, these operators own 259 wells each, compared to an average of

83 in the entire sample. Average flaring for these wells is 600 Mcf per month, which

comprises only 16 percent of total gas production on average. These descriptive

statistics show that the operators identified by column (6) own more wells than the

average operator in the sample and the wells owned by these operators flare just

over half as much as the average well in the sample. Still, the column (6) estimate

identifies 69 percent of the wells in the sample.

Well fixed effects are the most flexible measure by which I control for

unobserved heterogeneity due to geologic and technology factors in the error term.

By considering only variations in flaring from individual well averages, the inclusion

of well fixed effects removes any omitted variable bias stemming from well-level

time-invariant factors. In table 8 column (4), unconnected wells flare, on average,

293 percent more than connected wells.37 I explore the operator’s decision to

connect in sections 5.4 and 5.5.

Including lagged gas production values creates the potential for

autocorrelation. As a robustness check, I estimate the specifications in this section

37Each of the estimates of the effect of connection in table 8 is statistically different from each
other. I present the column (4) estimate because I am most confident in this specification, due to
its flexibility.
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with Newey-West standard errors with specified maximum dependencies of 6 and 12

lag periods. Table 9 displays these standard errors clustered at the operator level

and the Newey-West standard errors. I find that robust errors clustered at the

operator level provide more conservative estimates (larger standard errors) than

Newey-West standard errors. This is most likely because Newey-West standard

errors impose a more rigid autocorrelation structure.

I regress the residuals from table 8 column (4) on the independent variable to

find that they share a statistically significant slope of 0.33. While this suggests that

some variable related to the amount flared has been omitted from these

specifications, this coefficient is small in magnitude. This relationship means the

point estimates slightly underestimate flaring at the smallest observed levels of

flaring and slightly overestimate flaring as observed flaring levels get larger.

5.3 Gas Production Lag Structure

With an established baseline of well and month-year fixed effects and

standard errors clustered at the operator level, I take a closer look at the lag

structure of gas production. I test finite distributed lag models of increasing order

to determine the persistence of the effect that previous gas production has on

contemporaneous flaring (Wooldridge, 2009). Results in table 10 reveal that

coefficients on lagged gas production remain jointly significant for 8 lags.38 Further

testing reveals that gas production is persistent for many periods beyond the 8

shown in table 10.

Table 10 shows production dependency for a number of periods, indicating

that the flaring model in table 8 should account for previous production. As an

alternative to including these numerous covariates, I account for this relationship by

including well age and one period of previous production. The magnitudes on each

38Table 10 provides F-statistics for tests of joint significance of coefficients on gas production lags.
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of these lags do not monotonically shrink as the lags get further from the current

period. Instead, there is a sharp decrease in coefficient magnitude after the first and

second lags, then coefficients vary between one-third and one-fifth of the size of the

coefficient on the first gas production lag. I log transform well age to estimate an

average decline parameter over time.

5.4 Connection Timing Methodology

This section explores the probability of connecting a well to the gas

gathering system. I use duration analysis to estimate the effect that well

characteristics have on the expected time until connection. When estimating the

duration model, the hazard rate gives the probability that well i will become

connected in month t, given that the well has remained unconnected leading up to

month t. According to Cameron and Trivedi (2005), the hazard rate is:

ht = P [C = ct | C ≥ ct] =
fd(ct)

Sd(ct)
(3)

The discrete probability of connection (C) in period t is represented by the ratio of

the probability mass function (fd) and the survival function (Sd).39

I estimate coefficients through parametrized maximum likelihood estimation.

I assume a Weibull distribution for the shape of the hazard function because I

expect that hazard rates increase as the operator has more time to connect the well.

The Weibull distribution assumes a monotonic, but not necessarily constant,

relationship between well age and the likelihood of connection. As a robustness

check, I also estimate using an exponential distribution, which assumes a constant

relationship between the hazard rate of connection and well age.40 The

39The survival function is 1− F d, where F d is the cumulative mass function of connection.
40I also consider (but do not report) a Cox proportional hazard model.
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parameterized hazard rate for the Weibull model is then:

h(t) = λρtρ−1, where λ = exp(x′β) (4)

The size parameter for the hazard function is λ and is determined by

observation-specific covariates. The shape parameter is ρ. Additionally, t denotes

the age of the well and x denotes the set of controls. The general function is:

P (Connectit) = f(AgeActiveit, Datet, DistP lantit,

dTaxit, GasPricet, InitialGasProdi) + εit (5)

Wells are removed from the sample after connection. DistP lantit is the distance to

the nearest natural gas processing plant in each month. As in the initial linear

regression specifications, distance serves as a proxy for the cost to connect.41 Date

is a monthly linear time trend. I include AgeActiveit to control for both the decline

rate of production and the time the operator has had to connect the well. Having

already controlled for the production decline with AgeActiveit, InitialGasProdi

controls for the initial level of production for each well. Lastly, dTaxit is a binary

variable equal to 1 if well i is over one year old and the operator must pay royalties

and taxes on flared gas (per North Dakota law).

Coefficient estimates are then estimated using the likelihood function:

lnL =
∑
i=1

{x′iβ + lnρ+ (ρ− 1)lnci − exp(x′iβ)cρi } (6)

In addition to the controls specified above, I include operator fixed effects and

month-year fixed effects. I also restrict the data in three ways: (a) I only consider

41I do not use distance to the nearest connected well in duration analysis, as maximum likelihood
estimation does not converge when distance to the nearest connected well is used.
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wells from North Dakota, (b) plant processing availability requires data to be

truncated to the time-frame from January 2005 to December 2013, and (c) I only

consider wells producing before 2012 and wells whose production begins after 2005

to minimize left and right censoring. The resulting sample contains 3,442 distinct

wells. Of these wells, 92 percent are connected between 2005 and the end of 2013,

implying right censoring of 8 percent of the sample.

5.5 Connection Timing Results

Table 11 presents results from the duration model.42 All specifications

include well age, the distance to the nearest plant, the tax indicator, and initial gas

production. Column (1) displays results from a specification including a date trend,

the gas price, and operator fixed effects. Column (2) displays results from a

specification with operator and month-year fixed effects. As a robustness check,

column (3) estimates the same specification as column (2), assuming an exponential

distribution. The gas price and the date trend do not vary within month-year fixed

effect groups and are removed from column (2) and (3) specifications.

Estimated coefficients are consistent across the three specifications. In

column (1), a one month increase in the date trend is significant. Increase in the gas

price correlates with a relatively small, but statistically significant decrease in the

hazard rate. In specifications (1) - (3), older well age correlates with a statistically

significant reduction in the hazard rate. The size of the estimated effect in columns

(1) and (2) is twice as large as in column (3), where an exponential distribution is

assumed. The ρ value in columns (1) and (2) indicate that the hazard rate is

increasing in well age. This negative coefficient on the well age covariate indicates

that the size parameter on the hazard function decreases with increasing well age.

This result may reflect that, even though the hazard rate is monotonically

42Coefficient estimates represent increases and decreases in the size of the hazard function. A
positive coefficient coincides with a greater probability of connection.
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increasing as operators have more time to connect, the magnitude of the sizing

parameter decreases with increasing well age. This may be because operators are

less willing to connect wells as they age and decrease in productivity. The hazard

rate size parameter does, however, undergo a relatively large and statistically

significant increase after a well is over one year old. Although operators wish to

connect younger wells, conditional on controlling for the tax indicator, results show

that operators respond to the threat of having to pay taxes and royalties on flared

gas. These fines (defined in section 2) may outweigh the cost of building

infrastructure less gains from selling flared gas.43 The effect of dTaxit, however, is

not significantly different from zero when an exponential distribution is assumed.

Longer distances to the nearest plant correlate with a statistically significant

reduction in the hazard rate. This result supports the hypothesis that the

probability of connection decreases as costs to connect the well increase. Finally,

higher initial gas production correlates with an increase in the size parameter of the

hazard function. The size of the effects of distance to the nearest plant and initial

gas production are of roughly equal magnitudes and they are the same across all

three specifications.

Column (4) includes dummy variables for operator size defined by the

number of wells each operator owns. Small operators are defined as those who own

less than 50 wells in the sample, medium operators own between 50 and 150 wells,

and large operators own more than 150 wells. Large operators collectively own 2,931

wells, medium operators own 415 wells, and small operators own 96 wells. Using

large operators as the exclusion group, I estimate the same specification as in table

11 column (2), except I now include operator size indicators instead of individual

operator fixed effects. Coefficient estimates on the controls are unchanged from

column (2). The coefficients on the small and medium operator groups indicate that

43See chapter 2 for an anecdotal overview of the cost of connecting wells and the tax and royalty
rates.
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small and medium operators are significantly less likely to connect than large

operators. The coefficient for medium operators is -0.326, while the coefficient for

small operators is -0.811. A Wald test confirms that these coefficient magnitudes are

significantly different from one another.44 This result may indicated that small and

medium operators are subject to a capital constraint, in that they are unable or

unwilling to connect the well. Alternatively, this result may indicate that operators

are subject to a contracting constraint, in that they are unable to coordinate

agreeable contracts with midstream gathering firms.

5.6 Field Rule Compliance Methodology

As shown through the initial linear regression specifications, North Dakota

wells flare more, on average, than Montana wells. One explanation for this is a

permissive North Dakota regulatory regime. One mechanism through which the

NDIC governs the amount flared is field oil production rules. These rules are meant

to reduce flaring and prevent overproduction that may reduce the ultimate

productivity of each field. However, they are violated in roughly one-third of the

well-months in this sample.

This section uses a linear probability model (LPM) and a logit model to

explore the effects that well and operator characteristics have on field rule

compliance in North Dakota. The linear probability model is:

V iolateit = β0 + β1OilProdit + β2OilPricet + β3AgeActiveit

+β4Flareit + δRule + γOper + eit (7)

V iolateit is a binary indicator of whether the rule has been violated by well i for at

least one day during month t. I include many of the same variables as in the OLS

44Testing the equivalence of the two coefficients yields a χ2 statistic of 12.35, suggesting that the
two coefficients are not equal to one another.
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and duration models. These variables include oil production, oil price, well age, and

the flaring level.

Higher oil production correlates with a higher probability of a rule violation.

Higher oil price should lead to higher oil production. While Anderson, Kellog, and

Salant (2014) find that price incentives do not affect monthly production, I include

oil price to account for the potential positive effect that increased price may have on

production. As the well gets older, production declines from its initial level and the

probability of violation should decrease. Higher levels of flaring may bring more

NDIC scrutiny onto the well and may associate with a lower probability that the

operator of well i will violate the well’s rule. Field rule fixed effects are notated as

δRule and operator fixed effects are notated as γOper. I also consider a specification

with operator size fixed effects to observe differences in the probability of violation

between operators that own many wells and those that own few. I also present

cluster robust standard errors clustered at the operator level in all specifications in

this section.

According to Wooldridge (2009), the response probability is then:

P (V iolateit = 1|x) = β0 +
K∑
1

βkxk (8)

where the coefficients in x indicate percentage point changes in the probability that

a field rule will be violated when a given covariate changes by one unit.

I also implement a logit model as a robustness check to the LPM results.

Consider the following index equation, containing the same control variables (x) as

in the LPM:

P (V iolateit = 1|x) =
exp(x′β)

1 + exp(x′β)
(9)
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Coefficients are estimated through maximum likelihood estimation.45

This section compares field rules based on stringency. I determine stringency

by comparing the number of days the rule allows unlimited flaring with MER oil

production, the oil production maximums, and the period lengths after the initial

MER period. However, there is no absolute formula for stringency. For example,

rule H is the most stringent because it allows MER production for only 10 days.

Alternatively, rule A is the least stringent because it allows unlimited flaring during

MER production for an unspecified number of days. The next least stringent rule is

rule K, which allows MER production for 270 days, then dictates high production

maximums over long periods of time.

As indicated in the data description in chapter 4, rules change mid-month

during 14 percent of total well-months in the sample. The presence of mid-month

rule changes introduces the potential for endogeneity, because operators may make

different production decisions in response to the different rules during the month. In

response to this potential issue, I estimate specifications in this section over: (1) the

sample of well-months that do not experience a rule change, (2) the sample of well

months that do experience a rule change, and (3) the entire sample.

5.7 Field Rule Compliance Results

Results from LPM estimation are reported in tables 12, 13, and 14. Table 12

estimates a specification with operator and field rule fixed effects, where A is the

excluded rule. Table 13 estimates a specification with operator and field rule fixed

effects, but B is the excluded rule. Table 14 estimates a specification that considers

field rule fixed effects and operator sizes rather than individual operator fixed

45The simplified logit log-likelihood function is:

lnL(yi|x;β) =

N∑
i=1

{yi[x′
iβ − ln(1 + exp(x′

iβ))]− (1− yi)ln(1 + exp(x′
iβ))}.
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effects. Small operators and rule A are the excluded groups in this specification.

Columns in each table indicate the sample over which each specification is run.

Increases in the oil price have a questionable effect in terms of statistical

significance in each of the specifications in this section. While columns (2) and (3)

in each table do not precisely identify the effect of an increase in oil price,

estimating over months with no rule change in column (1) of tables 12 and 13 yields

that the probability of violation increases by 1.7 percentage points with each $10

increase in the price per barrel of oil. The production covariates (oil production,

well age, and flaring) each have a statistically significant effect. A 100 bbl increase

in monthly oil production results in a 0.3 to 0.4 percentage point increase in the

probability that well i will violate its field rule in month t. Conversely, an increase

of 100 Mcf in monthly flaring results in a 0.1 to 0.2 percentage point decrease in the

probability that well i will violate its rule. A one month increase in the production

age results in a 0.3 to 0.4 percentage point decrease in the probability of violation.

This estimate is significantly different from zero in columns (1) and (3), but not for

the sample of well-months that experience a change in rule in column (2).

Rule A is the most permissive of the field rules. Using rule A as the excluded

group means that estimates of the coefficients on rule variables measure the impact

(in percentage points) that the inclusion of each rule has relative to the absence of a

restrictive production rule. Table 12 provides results from the specification where A

is the excluded rule. In columns (1) and (3), every rule B-K significantly increases

the probability of violation. Rules D, J, and K do not have a statistically significant

impact in column (2). Column (3) estimates on rules B-D each indicate that the

introduction any of these rules results in a roughly 45 percentage point increase in

the probability of violation. F-tests reveal that the effect of B is not statistically

different from C or D and the effect of C is not statistically different from D. The

result that each of these rule effects are indistinguishable is interesting because 45



41

percent of all months where rule B is the active rule experience violations. In

comparison, 31 percent of all rule D months and 40 percent of all rule C months are

broken. This suggests either some unique characteristic that rule B imposes on wells

or that wells receiving rule B have on the probability of violation.46

To determine if the most or least stringent rules significantly impact the

probability of violation, I now use rule B as the excluded group. Table 13 provides

this specification.47 Now, coefficients on field rule fixed effects measure the change

in the probability of violation, compared to the rule that experiences the most

violations (as a percentage of total observations). Table 13 provides these estimates.

I identify rules I, J, and K as the least stringent rules. Each results in a significantly

decreased probability of violation. Column (1) estimates the effect of rule I to be a

25 percentage point decrease in the probability of violation.48 The effects of rules J

and K are statistically indistinguishable from one another. Both result in between a

28 and 41 percentage point decrease in the probability of violation. I identify rule H

as the most stringent rule. Column (3) indicates that rule H results in a 45

percentage point increase in the probability of violation, relative to rule B. These

results provide evidence against the hypothesis that field rules are assigned to fields

in a way that spreads violations evenly between rules. Instead, the rules that apply

to the majority of observations (rules B-F) essentially have the same probability of

being violated, while the fringe rules (rules I, J, and K) provoke significantly

different responses based on their stringency.

Many of the operator fixed effects coefficients in tables 12 and 13 are

significant and have economically significant magnitudes relative to the excluded

operator.49 F-tests confirm that coefficients on individual operator fixed effects are

46I do not determine if enforcement is the same across rules.
47This is the same specification from table 12, except now the excluded group is different.
48Rule I drops from columns (2) and (3) due to collinearity.
49The excluded operator is Abraxas Petroleum Corporation.
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significantly different from one another.50 To provide a more intuitive sense of how

operators affect the probability of rule violation, I separate operators into 3 bins by

size. As in the duration results, small operators are defined as operators that own

less than 50 wells in the sample, medium operators own less than 150 wells, and

large operators own more than 150 wells. Table 14 estimates a specification where

large operators are the excluded group. The resulting statistically significant

coefficient on small operators in columns (1) and (3) indicates that well-months for

wells owned by small operators are 11 or 12 percentage points less likely to violate

their rule than well-months for wells owned by large operators.51 One possible

explanation for this result is that the average small operator owns fewer wells and

receives less revenue from production. The impact from the decreased production

that would result from being penalized for violating the applicable field rule has a

greater impact on small operators relative to large operators. The coefficient on

medium operators is not significantly different from zero. This indicates that there

is no difference in the probability of violation between medium and large operators.

According to Wooldridge (2009), potential issues with LPM estimates are

that predicted probabilities of violation are not bounded between 0 and 1.

Predicted probabilities are between 0 and 1 for 83.2 percent of table 12 column (1)

estimates, 98.7 percent of table 12 column (2) estimates, and 83.9 percent of table

12 column (3) estimates. The potential for the usual problems associate with LPM

estimation decreases as the percentage of predicted probabilities fall within the unit

interval (Horrace and Oaxaca, 2006). With above 83 percent of predicted

probabilities falling between 0 and 1, the potential for bias and inconsistency is low.

A third potential issue is that errors in LPM cannot be normally distributed

50F-statistics from two-operator tests of equivalence and from a joint F-test confirm that these
fixed effects are different at the 0.1 percent confidence level.

51This coefficient is not significantly different zero when estimated over just months where the
rule changed. This drop in significance is due to increased standard errors, not decreased coefficient
magnitude.
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because the dependent variable has a binomial distribution. While this potentially

confounds hypothesis tests on coefficient estimates, the significance of estimates in

tables 12, 13, and 14 are high enough that this is not a concern. The LPM

framework also forces regressors to have a constant effect on the probability of

violation. Given the construction of the field rules, it is reasonable to expect

diminishing effects on the probability of violation from increases in covariates like

oil production. For example, a change from 0 to 50 bbls of produced oil may have a

different effect on violation than a change from 400 to 450 bbls. To test this, I

estimate the same specification from table 12 column (3), except I separate oil

production into 50 bins of progressively higher values. Figure 14 shows a scatter

plot of the coefficient estimates on each bin that mimics the logistic shape.

Logit estimations are provided for the entire sample and the sample of

well-months that experience rule changes. Maximum likelihood estimation does not

converge for the sample of well-months that do not experience a rule change. This

confounds attempts to check the robustness of LPM results with the logit model. I

do, however, provide estimates for those specifications that did converge in tables

15, 16, and 17. Logit estimates for the whole sample (provided in column (2) of

tables 15, 16, and 17) are consistent with LPM estimates.
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CHAPTER SIX

DISCUSSION

This thesis provides one of the first empirical analyses of flaring determinants

and the decision to flare. I first establish the determinants of flaring through fixed

effects multiple linear regression. In doing so, I show that North Dakota Bakken

wells, on average, flare twice as much as Montana Bakken wells. This result

confirms that flaring levels in North Dakota do not stem from fixed factors like

geology or well technology. Rather, it suggests that some unchanging trait (or

combination of traits) in North Dakota correlates with higher flaring. Without

implying causation, this result provides evidence supporting the hypothesis that

permissive regulation in North Dakota allows operators to dismiss the negative

impacts of flaring as they rapidly increase oil production.

I also show that unconnected wells, on average, flare nearly 4 times more

than connected wells. With over half of total flaring in the North Dakota Bakken

coming from the 20 percent of unconnected wells, this result highlights the impact

of operators’ decisions to connect wells. Exploring this decision through duration

analysis, I find that increases in proxies for connection cost have a relatively small

negative impact on the probability of connection. I also find a positive impact of

having to pay royalties and taxes on flared gas, although this effect is identified by a

crude one year binary variable. Further, I find that the probability of connecting a

single well increases as the number of wells an operator owns increases, suggesting

that larger operators may have some advantage in coordinating the connection of a

well. This advantage may be the ability to overcome capital constraints or the

ability to overcome the friction involved in entering into a contract with midstream

gathering infrastructure firms.

Lastly, I explore the determinants of oil production field rule compliance in



45

North Dakota. These rules set maximum oil production limits and serve as a means

to limit flaring, yet they are violated in one-third of the monthly observations used

in this thesis. Through linear probability and logit models, I find that production

measures have a small effect on field rule compliance. Rule stringency and operator

size, however, have large and statistically significant effects. Relative to the most

lenient rule, introducing the most common rules increases the probability of

violation by 45 percentage points. I also show that smaller operators (those owning

less than 50 wells) are significantly less likely to violate the applicable rules than

operators who own more than 50 wells.

This thesis adapts previous economic literature on oil and natural gas

production, investment, and regulatory compliance to explore the flaring

phenomenon. Results here are largely consistent with the previous literature.

Concerning production literature, I show that Chermak and Patrick’s (1995) result

that oil and natural gas prices have a tenuous affect on production decisions also

applies to monthly flaring decisions. Chermak and Patrick also find that lagged gas

production affects contemporaneous production. Results from finite distributed lag

models in this thesis show that previous gas production also has a persistent affect

on contemporaneous flaring.

Additionally, the literature widely recognizes the impact that differences in

operator characteristics have on petroleum production and investment decisions

(Blackborby and Scholes, 1982; Chermak and Patrick, 1995). I provide evidence

that operator heterogeneity also affects connection investment decisions. I find that

operator heterogeneity also affects field rule compliance. Additional analyses on

field rule compliance support Jin and Grigalunas’ (1993) result that more stringent

regulations have greater negative impacts on production than less stringent

regulations. While Jin and Grigalunas measure stringency by compliance cost, I

measure stringency by the timing and production allowed by oil production
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regulations to find that more stringent regulations have a greater probability of

being violated.

The probability of field rule violation also varies by operator size. It is

important to remember, however, that field rule analysis covers both months that

do not experience a rule change and months where the rule changes during the

month. I address this by providing estimates from specifications over months with

no rule change, months with rule changes, and the entire sample. While estimates

are consistent between months with no change and the entire sample, estimation

over months with rule changes yield slightly less precise results. The presence of

endogeneity when estimating over the whole sample suggests the need for

instrumentation in future research.

The decision to connect could be further explored through cost benefit

analysis. Comparing the costs of connecting a well to the benefits from gas sales,

however, is not possible with the data used in this thesis. Cost benefit analysis

requires extensive data on the costs of each of the components of the gathering

process and the specifics of contracts that determine the split of gas revenues

between well operators and midstream firms. Another opportunity for future

research concerns using instrumental variables to determine the causal impact that

connecting a well may have on flaring. Operators may react to high flaring levels by

connecting the well. As the decision to connect and the amount that is flared are

most likely simultaneously determined, I do not argue for a direction of effect in

OLS specifications. The analyses in this thesis should serve as a springboard for

these future research efforts.

Taken together, these results highlight the need for reconstructed flaring

regulation and redoubled enforcement efforts in North Dakota. Current rules allows

for MER oil production and unlimited flaring during the first year of a well’s life.

Considering that well production declines sharply as the well ages, connecting wells
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earlier would capture the initial boom of production from new wells. Imposing

shorter periods of allowable flaring may help North Dakota reduce flaring, but none

of the empirical tests here suggest North Dakota regulation alone drives the

difference in flaring between North Dakota and Montana Bakken wells. The effect

captured by the North Dakota variable could also stem from state-specific

time-invariant factors that also affect flaring. For example, North Dakota’s mindset

on flaring may systematically differ from Montana’s. These types of confounding

factors are possible, though few factors relate to flaring that do not change over

time and that are not related to a well’s connection to the gathering system.

Further, 45 percent of total flaring in the North Dakota Bakken comes from

connected wells. These connected wells account for 85 percent of the observations in

this thesis. Even though unconnected wells flare more than connected wells,

aggregate flaring from connected wells almost matches flaring from unconnected

well. While I do not provide in-depth analysis of the gathering infrastructure, these

statistics indicate that connecting wells may not be the end-all solution to flaring.

Beyond connecting wells, North Dakota may need to also focus on the existing

infrastructure to reduce flaring from connected wells.

Regulation addressing these exact issues is currently being implemented in

North Dakota. Effective in 2014, the NDIC requires a gas capture plan (GCP) as

part of each drilling permit application. According to the GCP, the producer must

identify who the gas gathering company will be, provide the gathering company

with drilling and production plans, provide a detailed gas gathering map, provide

capacity and throughput information from the pipeline the producer wishes to use,

provide a flowback strategy with estimated production levels and dates, and provide

the amount the producer is currently flaring on all wells (NDPA, 2014). Production

can be reduced to 100 bbls/day if requirements are not met. These requirements

will increase compliance cost, which may slow drilling and curb the rate of
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production in the Bakken. Additionally, GCPs will force coordination between well

operators and midstream gathering firms by mandating that they plan out the

connection plan before the well is approved by the NDIC. Increased coordination

will hopefully result in wells that get connected faster and less flaring from

gathering lines that are pushed beyond capacity.

This dramatic rule change provides a natural experiment that future

researchers may exploit. The GCPs required by the new rule will also provide

economists with data on the costs of connecting wells to the gas gathering system in

the North Dakota Bakken. With these data, cost-benefit analysis may be done to

determine whether operators have been acting optimally since the beginning of the

boom. Other potential research on flaring, especially in the fast-growing Bakken, is

limitless. This paper serves not only as an initial attempt to explore flaring in

economics, but as a baseline for this crucial research on the effectiveness of the 2014

rule change in North Dakota.
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Table 1: Well and Well-Month Counts

(a) Well Counts

MT ND Total

All Wells 1,120 7,206 8,326

Ever Produced 1,120 7,206 8,326

Ever Produced Gas 1,096 7,181 8,277

Ever Flared 771 6,652 7,423

Connected 968 6,319 7,287

Wells are identified by unique API number.

(b) Well-Month Counts

MT ND Total

All Well-Months 75,236 231,924 307,160

Produced 73,485 229,269 302,754

Produced Gas 70,379 216,789 287,168

Flared 10,439 111,540 121,979

Connected 66,813 179,060 245,873

Wells are identified by unique API number. All counts are
on well-month basis and thus do not represent individual
wells.
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Table 2: Active Well-Month Summary Statistics

Montana North Dakota
Count Mean SD Min Max Count Mean SD Min Max

Oil Production 73,462 2,044 2,234 0 43,534 229,269 3,519 4,291 0 68,116

Gas Production 73,485 1,782 1,754 0 35,578 229,269 3,453 4,966 0 133,550

Gas Flared 73,485 102 623 0 28,268 229,269 1,071 3,212 0 90,938

Oil production are measured in bbls. Gas production and flaring is measured in Mcf. Montana flaring is recorded as
flared and vented. All means are significantly different from each other from state-to-state.

Table 3: Nearest Distance Summary Statistics

Montana North Dakota
Count Mean SD Min Max Count Mean SD Min Max

Dist Nearest Connected Well 73,485 0.235 1.608 0.000 45.317 229,269 0.701 2.366 0.00 35.087

Dist Nearest Existing Plant 69,960 17.454 9.517 0.971 69.463 215,055 13.840 7.684 0.194 45.663

A plant is determined to be existing if that plant has ever been on-line. A well is determined to be connected if that well has ever
sold gas. Distance to Nearest Connected Well is equal to 0 if that well is connected. Otherwise, a 0 distance to nearest well suggests
multiple wells on a single pad. Distance to nearest plant is only possible back to 2005 due to data availability.
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Table 4: North Dakota Field Rules

(a) Rule Descriptions

Rule Description

A Maximum Efficient Rate (MER)
B MER (60), 200 (60), 150 (60), 100
C MER (30), 100
D MER (60), 100
E MER (180), 200 (60), 150 (60), 100
F MER (180), 100
G MER (120), 150 (60), 100
H MER (10), 0
I MER (30), 200 (60), 150 (60), 100
J MER (90), 200 (30), 150 (60), 100
K MER (270), 200 (60), 150 (60), 100

Maximum Efficient Rate is maximum oil produc-
tion that does not result in loss to ultimate extrac-
tion. Numbers in parentheses are periods defining
the number of days during which the corresponding
maximum daily oil production (bbls) apply. The first
period begins the day of initial production.

(b) Preliminary Analysis

Unit Total Selected % Violated

Well 7,206 4,489 83
Well-Month 229,269 113,652 33

Rule % Sample % Tot Breaks

A 25 0
B 60 82
C 4 13
D 4 3.5
E-K 7 11.5

Field rules set daily maximum oil production. A month is de-
fined as a violation month if the oil maximum is exceeded for
at least one day by the given well in the given month. Total
presents North Dakota totals. Selected presents observations
included in field rule analysis. % Broken presents the percent of
selected well-month observations that experience violations. %
Tot Breaks presents the make up of applied rules at the time
of violation.
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Table 5: Rule-Change Month Composition

(a) Counts and Makeup

Rule Change Count Percent

No 97,585 85.86%
Yes 16,067 14.14%

No Break Break

No Change 67.90% 32.10%
Change 63.31% 36.69%

All 67.25% 32.75 %

(b) Summary Statistics

Variable No Change Change

Gas Production 4,256 5,120
(5,282) (6,757)

Oil Production 4,406 6,354
(4,332) (6,162)

Flare Production 1,247 2,556
(3,308) (5,509)

Break Months 0.321 0.367
(0.467) (0.482)

N 97,585 16,067
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Table 6: Covariates and Predicted Effects on Flaring

Variable Description Prediction

North Dakotai (Binary) Equals 1 if well i’s surface location is in North Dakota. > 0

Connectit (Binary) Equals 1 if well i is connected to gas gathering infrastructure
during month t.

< 0

Gas Prodit−j (Mcf) Lagged gas production. > 0

Oil Prodit (bbls) Well i oil production in month t. > 0

Age Activeit (months) Well i age in active months during month t. Age is calcu-
lated from the first production month and only increases during
months in which well i is active.

< 0

Gas Pricet ($/Mcf) Henry Hub 1,000 Btu gas price. This price applies to processed
natural gas and does not include NGLs.

> 0

DistCit (Miles) Distance from welli to the nearest connected well. > 0
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Table 7: Covariate Correlations by Well-Month

ND Conn Age Ln(Oil) Ln(GasP) Ln(DistC) Ln(Sold) Ln(Prodt−1)

ND 1.0000
Connect -0.1347 1.0000
AgeActive -0.0091 -0.0965 1.0000
Ln(OilProd) 0.0307 0.1711 -0.5132 1.0000
Ln(GasPrice) -0.2326 -0.0274 0.1413 -0.1030 1.0000
Ln(DistC) 0.1303 -0.8358 0.0396 -0.1409 0.0527 1.0000
Ln(GasSold) -0.0848 0.6342 -0.2365 0.5602 -0.0215 -0.5278 1.0000
Ln(GasProdt−1) 0.0574 0.2872 -0.4231 0.6725 -0.1078 -0.2296 0.5978 1.0000

Abbreviations in column headings correspond to row headings and previous covariate names and descriptions. Most
importantly, Ln(Oil Prod) is abbreviated Ln(Oil) and Ln(Gas Price) is abbreviated Ln(GasP).
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Table 8: Initial Results OLS

(1) (2) (3) (4) (5) (6)
Ln(Flare) Ln(Flare) Ln(Flare) Ln(Flare) Ln(Flare) Ln(Flare)

North Dakota 1.520∗∗∗ 1.570∗∗∗ 1.040∗∗∗

(0.2079) (0.1892) (0.1251)

Connect -3.288∗∗∗ -1.500∗∗∗ -2.887∗∗∗ -2.927∗∗∗ -2.765∗∗∗ -3.214∗∗∗

(0.3663) (0.4029) (0.3522) (0.3482) (0.3581) (0.3784)

Age Active -0.005∗∗∗ -0.005∗∗∗ 0.012∗∗∗ 0.011 -0.004∗∗∗ -0.003∗∗∗

(0.0008) (0.0009) (0.0030) (0.0091) (0.0006) (0.0008)

Ln(Oil Prod) 0.367∗∗∗ 0.779∗∗∗ 0.396∗∗∗ 0.411∗∗∗ 0.369∗∗∗ 0.377∗∗∗

(0.0414) (0.0479) (0.0419) (0.0415) (0.0389) (0.0406)

Ln(Gas Price) -1.406∗∗∗ -1.332∗∗∗ -0.258
(0.2858) (0.2844) (0.1954)

Ln(DistC) 0.221 0.261∗ 0.800∗∗∗ 0.792∗∗∗ 0.639∗∗∗ 0.533∗∗∗

(0.1346) (0.1193) (0.1571) (0.1621) (0.1450) (0.1475)

Ln(Gas Prodt−1) 0.284∗∗∗ 0.122∗∗∗ 0.126∗∗∗ 0.208∗∗∗ 0.233∗∗∗

(0.0293) (0.0223) (0.0210) (0.0235) (0.0224)

Ln(Gas Sold) -0.350∗∗∗

(0.0522)

R2 0.3858 0.4003 0.6644 0.6698 0.5122 0.5091
N 292,744 292,744 292,744 292,744 292,744 292,744

Month-Year FE No No No Yes Yes Yes
FE Group No No Well Well Field Operator

Only active well-months are included. Standard errors in parentheses are clustered by
operator. A constant term is estimated, but not reported. ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗

p < 0.001
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Table 9: Alternate Standard Errors

Cluster Newey-West Newey-West
(Operator) (6 lags) (12 lags)

North Dakota (0.1251) (0.0205) (0.0256)

Connect (0.3784) (0.0422) (0.0528)

Age Active (0.0008) (0.0001) (0.0002)

Ln(Oil Prod) (0.0406) (0.0055) (0.0065)

Ln(DistC) (0.1475) (0.0297) (0.0374)

Ln(Gas Prodt−1) (0.0224) (0.0047) (0.0054)

N 292,744 292,744 292,744

Month-Year FE Yes Yes Yes
FE Group Operator Operator Operator

Standard errors from the specification in table 8 column (6). Only active
well-months are included. Newey-West standard errors specify maximum
gas production lag dependencies of (6) and (12).
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Table 10: Finite Distributed Lag OLS

(1) (2) (3) (4) (5) (6) (7) (8)
Ln(Flare) Ln(Flare) Ln(Flare) Ln(Flare) Ln(Flare) Ln(Flare) Ln(Flare) Ln(Flare)

Ln(Gas Prodt−1) 0.094∗∗∗ 0.074∗∗∗ 0.071∗∗∗ 0.070∗∗∗ 0.068∗∗∗ 0.067∗∗∗ 0.067∗∗∗ 0.066∗∗∗

(0.0243) (0.0184) (0.0177) (0.0172) (0.0169) (0.0167) (0.0166) (0.0165)

Ln(Gas Prodt−2) 0.035∗∗ 0.021∗∗ 0.020∗∗ 0.019∗ 0.018∗ 0.018∗ 0.017∗

(0.0122) (0.0077) (0.0073) (0.0071) (0.0071) (0.0070) (0.0070)

Ln(Gas Prodt−3) 0.028∗∗ 0.014∗ 0.013∗ 0.012 0.011 0.011
(0.0105) (0.0065) (0.0063) (0.0061) (0.0061) (0.0060)

Ln(Gas Prodt−4) 0.028∗∗ 0.016∗∗ 0.015∗∗ 0.014∗∗ 0.014∗∗

(0.0086) (0.0055) (0.0052) (0.0051) (0.0050)

Ln(Gas Prodt−5) 0.023∗∗ 0.010∗ 0.009 0.008
(0.0076) (0.0050) (0.0049) (0.0047)

Ln(Gas Prodt−6) 0.025∗∗ 0.014∗ 0.013∗

(0.0090) (0.0057) (0.0054)

Ln(Gas Prodt−7) 0.021∗ 0.011
(0.0083) (0.0057)

Ln(Gas Prodt−8) 0.021∗

(0.0084)

F 14.78 7.99 5.52 4.56 3.83 4.21 3.97 3.49

R2 0.6552 0.6554 0.6555 0.6556 0.6556 0.6557 0.6558 0.6558
N 239,364 239,364 239,364 239,364 239,364 239,364 239,364 239,364

Only active well-months are included. Cluster robust standard errors are in parentheses. All specifications include month-
year and well fixed effects. F-statistics from tests of joint significance of the coefficients are provided in the final row. The
highest critical value for the 95 percent confidence interval is 2.03. ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001
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Table 11: Connection Duration -
Coefficient Estimates

(1) (2) (3) (4)
P(Conn) P(Conn) P(Conn) P(Conn)

AgeActive -0.149∗∗∗ -0.159∗∗∗ -0.078∗∗∗ -0.169∗∗∗

(0.0080) (0.0084) (0.0047) (0.0085)

DistPlant -0.012∗∗∗ -0.013∗∗∗ -0.012∗∗∗ -0.014∗∗∗

(0.0026) (0.0026) (0.0026) (0.0022)

dTax 0.512∗∗∗ 0.448∗∗∗ 0.088 0.466∗∗∗

(0.0924) (0.0963) (0.0911) (0.0965)

InitialGasProd 0.017∗∗∗ 0.017∗∗∗ 0.017∗∗∗ 0.016∗∗∗

(0.0019) (0.0019) (0.0020) (0.0018)

Gas Price -0.035∗∗

(0.0117)

Date 0.000
(0.0009)

Medium -0.326∗∗∗

(0.0566)

Small -0.811∗∗∗

(0.1297)

Distribution Weib Weib Exp Weib
ρ 1.356 1.400 - 1.352
N 30,871 30,871 30,871 30,871

Operator FE Yes Yes Yes No
Month-Year FE No Yes Yes Yes

This model only considers the dates from January 2005 to De-
cember 2013. Only active well-months are included. Coefficient
estimates represent increases and decreases in the size of the
hazard function. For specifications where a Weibull distribu-
tion is used to parameterize the survival function, the shape
parameter (ρ) indicates that the hazard function is increasing.
The constant is suppressed in each specification. Column (4)
Medium and Small indicate operator size by number of wells
owned. ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001



66

Table 12: LPM Field Rule Compliance - Rule A Excluded

(1) (2) (3)
LPM LPM LPM

P(Violate) P(Violate) P(Violate)

Oil Price 0.017∗ -0.018 0.011
(0.0073) (0.0160) (0.0098)

Oil Production 0.004∗∗∗ 0.002∗∗∗ 0.003∗∗∗

(0.0005) (0.0003) (0.0003)

Age Active -0.004∗∗∗ 0.001 -0.003∗∗∗

(0.0006) (0.0011) (0.0007)

Flare -0.001∗∗∗ -0.002∗∗∗ -0.002∗∗∗

(0.0002) (0.0004) (0.0002)

B 0.486∗∗∗ 0.291∗∗∗ 0.465∗∗∗

(0.0267) (0.0290) (0.0256)

C 0.506∗∗∗ 0.167∗∗∗ 0.475∗∗∗

(0.0236) (0.0379) (0.0229)

D 0.474∗∗∗ 0.109 0.431∗∗∗

(0.0555) (0.1649) (0.0581)

E 0.412∗∗∗ 0.361∗∗∗

(0.0845) (0.0693)

F 0.306∗∗∗ 0.281∗∗

(0.0783) (0.0830)

H 0.961∗∗∗ 0.763∗∗∗ 0.914∗∗∗

(0.0497) (0.0792) (0.0507)

I 0.238∗∗∗

(0.0338)

J 0.132∗∗∗ 0.008 0.090∗∗∗

(0.0190) (0.0248) (0.0238)

K 0.127∗∗∗ -0.119 0.096∗∗∗

(0.0204) (0.0757) (0.0238)

Sample No Change Rule Change All
N 97,585 15,988 113,453
R2 0.364 0.134 0.300

Operator FE Yes Yes Yes

Rule A is the excluded group. Rule G and empty rule estimates
are omitted due to collinearity. Oil production is scaled to 100
bbls. Flaring is scaled to 100 Mcf. Oil price is scaled to $10.
Robust standard errors clustered by operator are in parentheses.
∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001
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Table 13: LPM Field Rule Compliance -
Rule B Excluded

(1) (2) (3)
LPM LPM LPM

P(Violate) P(Violate) P(Violate)

Oil Price 0.017∗ -0.018 0.011
(0.0073) (0.0160) (0.0098)

Oil Production 0.004∗∗∗ 0.002∗∗∗ 0.003∗∗∗

(0.0005) (0.0003) (0.0003)

Age Active -0.004∗∗∗ 0.001 -0.003∗∗∗

(0.0006) (0.0011) (0.0007)

Flare -0.001∗∗∗ -0.002∗∗∗ -0.002∗∗∗

(0.0002) (0.0004) (0.0002)

A -0.486∗∗∗ -0.291∗∗∗ -0.465∗∗∗

(0.0267) (0.0290) (0.0256)

C 0.020 -0.124∗∗ 0.010
(0.0170) (0.0364) (0.0184)

D -0.013 -0.182 -0.033
(0.0575) (0.1688) (0.0605)

E -0.074 -0.104
(0.0813) (0.0662)

F -0.181 -0.184
(0.0933) (0.0976)

H 0.475∗∗∗ 0.472∗∗∗ 0.449∗∗∗

(0.0452) (0.0754) (0.0490)

I -0.248∗∗∗

(0.0164)

J -0.354∗∗∗ -0.282∗∗∗ -0.375∗∗∗

(0.0118) (0.0063) (0.0136)

K -0.360∗∗∗ -0.410∗∗∗ -0.369∗∗∗

(0.0118) (0.0607) (0.0143)

Sample No Change Rule Change All
N 97,585 15,988 113,453
R2 0.364 0.134 0.300

Operator FE Yes Yes Yes

Rule B is the excluded group. Rule G and empty rule estimates
are omitted due to collinearity. Oil production is scaled to 100
bbls. Flaring is scaled to 100 Mcf. Oil price is scaled to $10.
Robust standard errors clustered by operator are in parentheses.
∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001
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Table 14: LPM Field Rule Compliance -
Operator Size

(1) (2) (3)
LPM LPM LPM

P(Violate) P(Violate) P(Violate)

Oil Price 0.019∗ -0.022 0.013
(0.0075) (0.0157) (0.0102)

Oil Production 0.004∗∗∗ 0.002∗∗∗ 0.004∗∗∗

(0.0005) (0.0003) (0.0003)

Age Active -0.004∗∗∗ 0.002 -0.003∗∗∗

(0.0006) (0.0011) (0.0006)

Flare -0.001∗∗∗ -0.002∗∗∗ -0.002∗∗∗

(0.0002) (0.0003) (0.0002)

Medium -0.002 -0.011 -0.004
(0.0272) (0.0472) (0.0303)

Small -0.115∗∗ -0.067 -0.111∗∗

(0.0329) (0.0471) (0.0315)

Sample No Change Rule Change All
N 97,585 15,988 113,453
R2 0.354 0.111 0.289

Rule FE Yes Yes Yes

Rule A is the excluded group. Rule G is omitted due to collinearity.
Medium and Small indicate operator size by number of wells owned.
Oil production is scaled to 100 bbls. Flaring is scaled to 100 Mcf. Oil
price is scaled to $10. Robust standard errors clustered by operator are
in parentheses. ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001
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Table 15: Logit Field Rule Compliance -
Rule A Excluded

(1) (2)
Logit Logit

P(Violate) P(Violate)

Oil Price -0.088 0.038
(0.0713) (0.0465)

Oil Production 0.011∗∗∗ 0.032∗∗∗

(0.0023) (0.0035)

Age Active 0.006 -0.015∗∗

(0.0052) (0.0048)

Flare -0.015∗∗∗ -0.017∗∗∗

(0.0038) (0.0024)

B 1.737∗∗∗ 7.357∗∗∗

(0.2994) (0.9901)

C 1.074∗∗ 7.524∗∗∗

(0.3698) (0.9797)

D 0.751 7.325∗∗∗

(0.9855) (1.0364)

E 6.599∗∗∗

(0.9390)

F 6.254∗∗∗

(1.0216)

H 4.314∗∗∗ 10.398∗∗∗

(0.5980) (1.0318)

I

J 0.344 4.639∗∗∗

(0.2800) (0.8487)

K -1.836 4.864∗∗∗

(1.6342) (1.0477)

Sample Rule Change All
N 15,988 113,453

Operator FE Yes Yes

Rule A is the excluded group. Rule G and empty rule es-
timates are omitted due to collinearity. Oil production is
scaled to 100 bbls. Flaring is scaled to 100 Mcf. Oil price is
scaled to $10. Robust standard errors clustered by operator
are in parentheses. ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001
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Table 16: Logit Field Rule Compliance -
Rule B Excluded

(1) (2)
Logit Logit

P(Violate) P(Violate)

Oil Price -0.088 0.038
(0.0713) (0.0465)

Oil Production 0.011∗∗∗ 0.032∗∗∗

(0.0023) (0.0035)

Age Active 0.006 -0.015∗∗

(0.0052) (0.0048)

Flare -0.015∗∗∗ -0.017∗∗∗

(0.0038) (0.0024)

A -1.737∗∗∗ -7.357∗∗∗

(0.2994) (0.9901)

C -0.663∗∗ 0.167∗

(0.2152) (0.0786)

D -0.985 -0.032
(0.9613) (0.2819)

E -0.758∗∗

(0.2869)

F -1.103∗

(0.5402)

H 2.577∗∗∗ 3.041∗∗∗

(0.5511) (0.3734)

I

J -1.393∗∗∗ -2.718∗∗∗

(0.0326) (0.2013)

K -3.572∗ -2.493∗∗∗

(1.4451) (0.1181)

Sample Rule Change All
N 15,988 113,453

Operator FE Yes Yes

Rule B is the excluded group. Rule G and empty rule es-
timates are omitted due to collinearity. Oil production is
scaled to 100 bbls. Flaring is scaled to 100 Mcf. Oil price is
scaled to $10. Robust standard errors clustered by operator
are in parentheses. ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001
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Table 17: Logit Field Rule Compliance -
Operator Size

(1) (2)
Logit Logit

P(Violate) P(Violate)

Oil Price -0.101 0.056
(0.0697) (0.0479)

Oil Production 0.012∗∗∗ 0.034∗∗∗

(0.0020) (0.0036)

Age Active 0.009 -0.013∗∗

(0.0050) (0.0041)

Flare -0.015∗∗∗ -0.017∗∗∗

(0.0034) (0.0023)

Medium -0.031 -0.028
(0.2180) (0.1789)

Small -0.333 -0.700∗∗∗

(0.2477) (0.1969)

Sample Rule Change All
N 15,988 113,453

Rule FE Yes Yes

Rule A is the excluded group. Rule G is omitted be-
cause of collinearity. Medium and Small indicate op-
erator size by number of wells owned. Oil production
is scaled to 100 bbls. Flaring is scaled to 100 Mcf. Oil
price is scaled to $10. Robust standard errors clus-
tered by operator are in parentheses. ∗ p < 0.05, ∗∗

p < 0.01, ∗∗∗ p < 0.001
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APPENDIX B

FIGURES
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Figure 1: North Dakota Bakken Natural Gas Production

Figure 2: Bakken Mcf Flared by State

Figure 3: Bakken Flaring as Percentage
of Total Production



74

Figure 4: Sample of Wells Used in Study
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Figure 5: Upstream Production

Figure 6: Well-Month Gas Production by Age
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Figure 7: Bakken Well-Month Flaring by State (Means)

Figure 8: Average Flaring Before and After Connection

Only the roughly 1,000 wells that produced for at least 10 months
before connection are considered in (c).
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Figure 9: Average Well-Month Flaring by Connection

Figure 10: North Dakota Bakken Flaring by Gas Production
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Figure 11: North Dakota Field Rules - Example

Figure 12: Well Age Bins - Coefficient Estimates

Coefficient estimates from table 8 estimated with 10 well age bins.
Bin 1 is not reported, as it is the exclusion group.
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Figure 13: Average Time to Connection by Operator

Figure 14: Oil Production Bins - LPM Coefficient Estimates

Coefficient estimates from table 12 LPM estimation
with 50 oil production bins.
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APPENDIX C

UNPROCESSED GAS PRICE
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High NGL content distinguishes Bakken associated natural gas as more

valuable than than dry gas (NDPA, 2014). Because unprocessed gas comes from the

wellhead as products that are sold in separate markets, few sources estimate the

dollar value of unprocessed Bakken natural gas. I have constructed a time-series of

the value of unprocessed Bakken gas from January 2007 to March 2014. First, I

explain the composition of the average unit of Bakken gas. Second, I construct a

price index for NGL components. Third, I outline assumptions and calculate the

price series.

Natural gas is drawn from the wellhead as a mix of several hydrocarbons. I

identify five separately marketable components of unprocessed gas. From lightest to

heaviest, these are: methane, ethane, propane, butane, and pentanes. The total

price of unprocessed gas in each period (Pt) is some function of the proportion each

hydrocarbon makes up of the whole (αi) and the price of each each hydrocarbon in

each period (wt):

Pt = f(αt, wt) (10)

I assume the following:

(1) The value of unprocessed gas in each period is linearly homogeneous in

component prices, meaning that the value of the whole unprocessed gas unit is the

sum of the value of all components:

P unprocessed
t =

I∑
i=1

αi · wit 3
I∑
i=1

αi = 1 (11)

(2) The average composition of gas in the Bakken is representative of Bakken gas

over the entire time horizon and space within the formation. Gas composition

estimates state that the average composition is drawn from a cross-section of

Bakken wells (Lutz, 2013).

(3) Price discovery for methane at the Henry Hub distribution hub in Erath,
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Louisiana and price discovery for all other hydrocarbons at the Mont Belvieu, Texas

natural gas liquids (NGL) facility are similar to price discovery at the wellhead in

North Dakota (Avalos, Fitzgerald, and Rucker, 2015).

Concerning the composition of unprocessed gas in the Bakken, I use three

reports to determine the average content of Bakken gas. Table 18 displays each

breakdown. The NDPA states that the average Mcf of unprocessed natural gas from

the Bakken produces 1500+ Btu (NDPA, 2014a). The NDPA publication uses a

July 2012 BENTEK natural gas study to state that processors extract between 8

and 12 gallons of NGLs per Mcf of unprocessed gas. Of this 8 to 12 gallons, 41.64

percent is ethane, 28.33 percent is propane, 16.53 percent is butane, and the

remaining 13.51 percent is pentanes (NDPA, 2014a). Tudor Pickering Holt & Co.

corroborates this composition (Followill, Pursell, and Williams, 2008). Hess states

that Bakken wellhead gas composition is 55 percent methane, 22 percent ethane, 13

percent propane, 5 percent butane, and 5 percent pentanes (Lutz, 2013).52

Cubic feet per Mcf, pricing units, chemical formulas, and conversion factors

are recorded for each component in table 19. Pricing for methane is in $/Mcf, so no

conversion is necessary. Pricing for the remaining NGLs is in cents/gallon.

Conversion factors are unique to each NGL, because each has its own density at

standard line pressures.53 While ethane, propane, and butane have specific

structures, pentanes are loosely defined as a mix of hydrocarbons with greater than

5 carbons. Thus, its conversion factor from cubic feet to gallons is imputed as the

remainder necessary to make up 1,000 cubic feet after accounting for all other

components.

Estimation requires the dry gas price and prices for propane, butane, ethane,

52Based on the fact that a Mcf is 1,000 cubic feet, a Mcf of gas will contain 550 cubic feet of
methane, 220 cubic feet of ethane, 130 cubic feet of propane, 50 cubic feet of butane, and 50 cubic
feet of natural gas.

53See chapter 4 for standardized pressure and temperature. Conversion factors from cubic foot to
gallon are as follows: ethane 34.27, propane 35.65, butane 30.81, and natural gas 115.5.



83

and pentane. The propane price is the Mont Belvieu, TX Propane Spot Price

($/gal). The butane price is the Mont Belvieu, TX Normal Butane Spot Price

($/gal).54 Ethane and pentane spot prices are not available. I interpolate these

prices from their respective August 2014 price, with monthly changes equal to the

percent change from the butane series.

Price data are displayed in figures 15 and 16. Figure 17 depicts the price

series for unprocessed gas, as derived in this section, relative to the dry gas series.

While the two prices are highly correlated in their movements (because methane

price makes up 55 percent of the total price), the composite gas price is 174 percent

higher on average. The composite unprocessed gas price provides a conservative

upper-bound to be applied to gas being flared in the Bakken. Using this price series,

I estimate that flared gas in just the Bakken in 2013 was worth just under $1 billion.

54This price is only available back to May of 2007 through Quandl Inc. While butane is extracted
from the wellhead as a mix of normal and iso-butane in roughly equal proportions, this calculation
uses normal butane price because it provides a more conservative estimate.
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Table 18: Composition Possibilities

Product Hess Tudor NDPA

Methane 55 - -
Ethane 22 40-45 41.64
Propane 13 25-30 28.33
Butane 5 15-20 16.53
Natural Gasoline 5 10-15 13.51
Hess provides a breakdown of all components, while
Tudor and NDPA break down only NGL content.

Table 19: NGL Unit Conversions

Product Formula cf Per Mcf Price Units Conversion Factor

Methane CH4 550 $/Mcf -
Ethane C2H6 220 cts/gal 34.27
Propane C3H8 130 cts/gal 35.65
Butane C4H10 50 cts/gal 30.81
Natural Gasoline C5+ 50 cts/gal 115.5

Table 20: All Prices 2007-2014

Variable Mean Std. Dev. Min. Max.

Unprocessed Gas 12.112 2.971 7.071 21.637

Methane 4.826 2.098 1.95 12.69
Ethane 7.793 1.934 4.091 12.489
Propane 32.591 8.089 17.111 52.23
Butane 49.027 11.065 22.395 74.489
Pentanes 21.107 5.239 11.082 33.826
All prices are in $/Mcf.
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Figure 15: Dry Gas Prices Series

Figure 16: NGL Price Series

Figure 17: Composite Dry Gas
Price Comparison



86

APPENDIX D

DATA FORMS
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Figure 18: North Dakota Drilling Permit Application
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Figure 19: Montana Drilling Permit Application
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Figure 20: North Dakota Oil Production Reporting Form
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Figure 21: Montana Production Reporting Form
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Figure 22: North Dakota Gas Production Reporting Form
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