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Abstract

Although there is strong evidence that oil and natural gas development lead to decreases in local

ambient air quality, there is less evidence of a causal link between these activities and human health. We

estimate the e↵ect of flared natural gas on respiratory health by using quasi-random variation in upwind

flaring generated by the interaction of wind patterns and natural gas processing capacity. We combine

data on well location, flaring, weather, natural gas processing facilities, and patient-level hospital visits

with the five digit zip code and health diagnostic codes for each patient in North Dakota. We estimate

the causal e↵ect of increased upwind flaring on the monthly respiratory-related hospital visitation rate

for a zip code by using the number of upwind wells that are connected to a natural gas processing

facility with limited processing capacity as an instrument for monthly upwind flaring. We find that (1) a

1% increase in the amount of flared natural gas in North Dakota would increase the respiratory-related

hospital visitation rate by 0.0012 (0.7%), and (2) zip codes that were exposed to more than half of all

flared natural gas extracted less than 20% of all resource wealth during the sample time period. These

results inform current policy debates on the benefits of restrictions on natural gas flaring, the externalities

associated with oil extraction, and the distribution of those externalities. (JEL Q53, Q35, Q51, I18, L71)
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1 Introduction

Since 2008 the United States has experienced tremendous growth in oil production as a result of shale

development. In addition to oil, shale rock also contains natural gas and other impurities. Because it is

costly to capture, transport and process, this natural gas is often burned at the well in a process called

flaring. Flaring produces local air pollutants that are detrimental to local respiratory health.

Recently, state and federal policymakers have been divided over whether – and to what extent – to allow

flaring. At the federal level, previous restrictions on the venting and flaring of natural gas have been rolled

back (Environmental Protection Agency, 2019a). In contrast, the large quantity of flared natural gas – valued

at more than $1 billion in 2014 for North Dakota – has led to public pressure and regulatory responses at

the state level. Specifically, the North Dakota Industrial Commission (NDIC) passed Commission Order

24665 to reduce flaring, which resulted in a reduction in flaring (Lade and Rudik, 2019). In Texas, where the

value of flared natural gas exceeds $300 million annually, the Railroad Commission1 has instructed staff to

investigate flaring at wells already connected to natural gas pipelines (Holland, 2019). These recent policy

changes, as well as the continued upward trend in the level of flaring in the United States, indicate that

United States (U.S.) flaring policy and practices are likely be revisited in the coming years.

In this paper, we provide evidence of a causal link between natural gas flaring and human health. We

take advantage of a unique dataset on well locations, flaring, weather, natural gas processing facilities, and

patient-level hospital visits with the five digit zip code and health diagnostic codes for each patient in North

Dakota. Using an instrumental variables design, we estimate the impact of upwind flaring on the respiratory-

related hospital visitation rate for a zip code. We find that each unit of upwind flaring significantly increases

the monthly respiratory-related hospital visitation rate for zip codes up to 60 miles downwind from the

source. We further find that the damages from the flaring of natural gas are not concentrated amongst the

zip codes most likely to benefit from oil and natural gas activity, but are distributed across zip codes with

no oil and natural gas extraction.

We estimate that a one percent increase in upwind natural gas flaring causes a 0.0012 (0.7%) increase in

the downwind respiratory-related hospital visitation rate. This estimate indicates that if the 88% gas capture

rate of Order 24665 had been in place prior to 2007, health costs from respiratory-related hospital visits in

North Dakota would be reduced by up to $296.3 million USD (in 2018 dollars) over a nine year period.

Although this magnitude appears large, we show that it is consistent with engineering estimates from the

literature on the level and cost of the hazardous pollutants produced by flaring (Giwa et al. (2019), Holland

et al. (2016)). Furthermore, using satellite evidence, we show that our measure of exposure to upwind flared

1The Texas Railroad Commission is the regulator of the oil and gas industry in the state.
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natural gas is tied to measurements of local air pollutants. North Dakota is an ideal setting given the rapid

expansion in flared natural gas observed in Figure 1. Our results extend to other settings where flaring is a

concern. For example, the Permian Basin and Eagle Ford in Texas have a combined population three times

greater in this study and, in recent years, a higher level of flaring.

Identifying a causal relationship between the flaring of natural gas and respiratory health poses several

challenges. First, there could be measurement error since exposure to flared natural gas could be endogenous

to an individual’s avoidance behavior (Neidell (2009); Chay and Greenstone (2005)). Second, the oil activity

that coincides with flaring also corresponds to the presence of other activities that impact local ambient air

quality, such as vehicle traffic (Fershee, 2012). Finally, increases in oil and natural gas extraction, which are

associated with higher levels of flaring, may result in the migration of younger and healthier individuals for

employment opportunities to the area.

Our instrumental variables approach addresses these concerns by using the capacity at nearby gas pro-

cessing plants as an instrument for flaring. If a plant is near its processing capacity, then nearby wells are

more likely to flare, but it should not affect other sources of pollution that impact local health. A number

of considerations point to this being a good instrument. First, once a facility hits its processing capacity,

the process which determines which wells are forced to flare (gathering line pressure) is quasi-random. Sec-

ond, although wind directions have a seasonal pattern, there remains substantial month to month variation

and variation in the wind directions for each month across years. This variation, for the purposes of this

study, is effectively random. Third, differences in the planning and construction horizons for natural gas

processing and oil drilling infrastructure makes expansions in natural gas processing capacity exogenous to

contemporaneous drilling and extraction activity.

Estimates of the impact of flared natural gas on respiratory health prove robust in sign and significance

across a range of specifications. First, we report IV estimates based on a wide variety of controls included in

different combinations and across various geographic ranges. We also report the results of further robustness

and falsification tests. (1) Stronger effects for repeated patient hospital visits by long term North Dakota

residents as well as infants, which addresses concern about endogenous migration (Banzhaf and Walsh, 2008).

(2) To counter concerns that our instrument may correspond to contemporaneous oil activity and changes in

the composition of the downwind population, we examine the outcomes of car accidents, trauma incidents,

or the birth rate, and find no effect. (3) To address concerns that the instrumental variables strategy itself

may be generating the apparent causal effects, we report results for two different difference-in-differences

estimators based on geography and the timing of Order 24665.

In recent years, the literature on the externalities from oil and natural gas production has been expanding.

These include effects on education (Cascio and Narayan, 2015), public good provision due to the resource
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curse (Weber, 2014), and the impact of air, light, and water pollution (Boxall et al. (2005), Mason et al.

(2015), Muehlenbachs et al. (2015), Boslett et al. (2019)). While the public health literature has considered

the impact of air pollution from oil and natural gas development on health (e.g. McKenzie et al. (2012),

Hill (2018), Willis et al. (2018)), to our knowledge, ours is the first study to causally identify the impact of

flaring on health. In addition, our comparison of the distributional effects of local damages from flaring to

the local benefits from oil royalties is similar in spirit to recent work by Hausman and Kellogg (2015), Black

et al. (2018), and Bartik et al. that consider the distributional impacts of the costs and benefits of shale

development. Overall, our results regarding the impact of natural gas flaring on health and the distribution

of the associated damages, are timely and policy relevant in light of recent trends in the level of flared natural

gas in the United States.

The paper proceeds as follows. Section 2 describes the causes of flaring, its associated pollutants, and

engineering-based estimates of its health costs. Section 3 reports data sources, our definition of flaring

exposure, and satellite based association between harmful pollutants and flaring. Sections 4 and 5 discuss our

empirical strategy and results. Section 6 computes the health costs from flaring and examines distributional

implications and section 7 concludes.
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Figure 1: Increased Flaring in North Dakota

(a) Map of Flaring in North Dakota 2006

(b) Map of Flaring in North Dakota 2011
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2 Background

This section provides an overview of 1) natural gas flaring and reasons why operators may choose to flare a

valuable resource, 2) the pollutants associated with natural gas flaring, and 3) the potential health effects

and costs from these associated pollutants. We also highlight some key strands of the economics and public

health literature that motivate our study

2.1 Natural Gas Flaring

Flaring is the practice of burning the unprocessed “wet” natural gas byproduct from oil-well production.

This is typically done when the well operator is unable to transport the wet gas to a processing facility

that separates the methane from other natural gas liquids. The increased profitability of unconventional

oil development has resulted in substantial growth in oil production in North Dakota (Figure 2a), and a

corresponding increase in flared natural gas (Figure 2b). However, the practice of flaring is inefficient due to

the significant value of the foregone gas, which exceeded $1 billion dollars per year in North Dakota in 2014

(Fitzgerald and Stiglbauer, 2015). Critically, flaring also leads to noise, light and air pollution; the latter

has the greatest impact on human health and is the central focus of this study.

Figure 2: Oil Production Activity in North Dakota 2005 - 2015

40
00

60
00

80
00

10
00

0
12

00
0

14
00

0
Nu

m
be

r o
f W

el
ls

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Year

Total Number of Operarting Wells in North Dakota

(a) Number of Wells

0
50

10
0

15
0

Na
tu

ra
l G

as
 F

la
re

d 
(M

illi
on

s 
m

cf
)

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Year

Flaring in North Dakota

(b) Aggregate Flaring

There are several institutional reasons for why well operators choose to burn, rather than sell, a valuable

resource. First, oil is significantly more profitable to well operators than natural gas. The value of the

oil deposits far exceeds the value of the natural gas deposits within a typical North Dakota field, therefore

decisions are made with respect to oil (Kellogg, 2014). Additionally, the transportation cost for unprocessed

natural gas is significantly greater than that for crude oil. While oil may be transported to a refinery via

a truck or pipeline, unrefined natural gas must be transported from the well to a processing facility via
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gas-gathering pipelines. Second, oil wells produce more gas early in the well’s life cycle when a well is less

likely to be connected to a gas gathering system. Thus, many operators delay or forgo the installation of

systems to capture the well’s natural gas.2 Furthermore, alternatives to the use of gas gathering systems,

such as re-injection or on-site electricity generation are infeasible or cost prohibitive for most wells. Finally,

a lack of capacity at nearby processing facilities may force a well that is already connected to gas gathering

systems to flare regardless. It is this constrained natural gas processing capacity that provides the exogenous

variation in flaring that forms the basis of our analysis in section 4.

The third alternative to flaring or processing natural gas is to release it into the atmosphere without

combustion – a process termed venting in the industry. However, the warming potential of methane (a

major constituent of unprocessed natural gas) far exceeds that of the carbon dioxide emitted from flaring

(Ford et al., 2015). The release of methane may also impact local health as in the Aliso Canyon natural gas

leak (Barboza, 2015). Due to these health and environmental concerns, flaring of natural gas is preferable

to venting.

In an effort to reduce natural gas flaring, several states have implemented policies targeted at oil pro-

ducers. The North Dakota Industrial Commission passed Commission Order 24665 which established gas

capture goals. These were initially set at 74% for October 2014 and progressively increasing to 91% for 2020.

Lade and Rudik (2019) find that regulation to restrict flaring in North Dakota reduced flaring by 4-17% in

the first year of operation. Nonetheless, oil well operators in North Dakota struggle to meet the standards

set by the regulation. In March 2019 oil producers flared about 20% of the natural gas produced in the state

– considerably above the contemporaneous limit of 12% (MacPherson, 2019).

2.2 Pollutants from Natural Gas Flaring

In addition to the lost sales revenue and increased greenhouse gas emissions, flaring is also responsible for

a number of local externalities. The most visible of which is light pollution that has made the western

plains of North Dakota comparable to the eastern seaboard at night (Krulwich, 2013; Boslett et al., 2019).

Wang et al. (2014) also find that the combustion of natural gas creates significant noise pollution distinct

from other well-site activity. Flaring also produces a number of criteria air pollutants that are known to be

detrimental to human health. These include particulate matter (PM), carbon monoxide (CO), and nitrogen

oxides (NOx). It is health damages from these air pollutants that comprise the main focus of our analysis.

Although natural gas is considered a relatively clean source of energy, relative to other fossil fuels such

as coal, this is so only for processed natural gas thats consists solely of methane. In contrast, unprocessed

2Although oil production at a well also decreases over time, the infrastructure for transporting oil from the well to processing
facilities is much more flexible than for natural gas. This, combined with oil being much more valuable than natural gas, results
in well operators having a strong incentive to capture all of the oil produced at the well.
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natural gas includes other hydrocarbons (natural gas liquids), as well as water vapor, carbon dioxide, hy-

drogen sulfide, nitrogen, oxygen, and helium (EIA, 2006). Natural gas processing separates the various

hydrocarbons (methane, ethane, propane, and butane) and removes the other contaminants. In contrast,

flaring of unprocessed natural gas combusts the hydrocarbons and other contaminants to produce several air

pollutants. Combustion of the hydrocarbons generates carbon dioxide, and incomplete combustion produces

carbon monoxide and soot, which contributes to particulate matter (EPA, 1983). Combustion of hydrogen

sulfide and other sulfur compounds creates sulfur dioxide, and combustion of nitrogen produces nitrogen

oxides (EPA, 2018).

In order to assess the health damages caused by a pollution source, it is necessary to first understand

how pollution is dispersed from that source. There is a vast discussion both within the atmospheric sciences

literatures and economics literature on the dispersion of – and distribution of damages from – local air

pollutants. Using integrated assessment modeling, Tong et al. (2006) demonstrate that surface level emission

of NOx can change ambient air quality between 60-120 miles downwind. Mauzerall et al. (2005) demonstrate

a similar phenomenon, where air monitors up to 108 miles away from the source detect changes in ambient

air quality. In the economics literature, a recent paper by Holland et al. (2016), finds that 57% of damages

associated with the pollution from gasoline automobiles (NOx, CO, and CO2) occur outside the county in

which the automobile is driven. Johnsen et al. (2019) consider a geographic range of 70 miles for assessing

the damages from electricity generation. These studies consider a variety of sources, ranging from vehicles

that are at ground level to coal-fired electricity generators whose flue stacks are over 500 feet tall (GAO,

2011). Natural gas flare stacks at oil wells, on the other hand, range from 30-450 feet tall (EPA, 2019b).

We therefore focus our analysis on a range of 30 and 60 miles from oil wells, and consider 90- and 120-mile

ranges for additional sensitivity analysis.

2.3 Air Pollution and Potential Health Costs from Flaring

There is substantial evidence within the economics and medical literatures that PM, NOx, CO, and volatile

organic compounds (VOCs) are detrimental to human health. Moretti and Neidell (2011) find significant

detrimental effects on adult respiratory health from exposure to ozone, which is mainly created from the

interaction of NOx with VOCs. Currie et al. (2009) also find pollution from CO, ozone and PM10 negatively

impact infant health. Currie and Walker (2011) and Anderson (2015) link vehicle emissions, which include

CO, NOx and PM, to negative health outcomes for infants and the elderly, respectively. There is also a

number of papers that find exposure to particulate matter results in increased infant mortality (Chay and

Greenstone, 2003; Knittel et al., 2016). Several studies have investigated the health impacts of unconventional
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natural gas development (Adgate et al., 2014; Werner et al., 2015). McKenzie et al. (2012), Whitworth

et al. (2018), Hill (2018) and Tustin et al. (2017) investigate the impact of air pollution from unconventional

natural gas development on cancer risk, infant health and respiratory health, respectively. Willis et al. (2020)

investigate pediatric asthma hospitalizations in Texas due to decreased air quality from flaring and other

aspects of natural gas development. However, they find “associations with flaring volumes are inconsistent.”

One explanation for this is that Texas data has significant discrepancies in reported flaring as compared to

North Dakota, making it difficult to isolate the impact of flaring (Collins, 2018). To our knowledge, this

paper provides the first estimate of the pollution and health costs from flaring separate from other sources

of pollution associated with unconventional natural gas development.

To further motivate our primary analysis, we provide an estimate of the potential magnitude of the health

costs from flaring in North Dakota. We combine the estimated emissions factors from Giwa et al. (2019) with

the county-specific marginal damage estimates for PM, NOx, SO2, and VOCs from Holland et al. (2016).3

The emissions factors are based on evidence derived from air quality measures and reported flaring levels in

the Niger Delta,4 while the pollution cost estimates are derived from various sources in the academic health

literature. Specifically, we first take the emissions factor per mcf of flared natural gas for CO, PM, NOx,

SO2, and VOCs and multiply them by the total amount flared in each county to get an estimate of the total

increase in these pollutants. Next, we combine these estimated county-specific pollution increases with the

county-specific marginal damages (in 2018 dollars) for each of these pollutants to get the total estimated

damages from flaring in North Dakota during our sample period. Column one of Table 1 provides estimates

of the total increase for each pollutant. Column two of Table 1 provides estimates of the potential dollar

costs from these pollution increases, with a total estimated potential health cost of $400 million USD over

our sample time period, or $44 million USD annually (in 2018 dollars).

These merely provide a rough estimate for the magnitude of the health costs from the flaring of natural

gas in North Dakota. However, the combustion efficiency of a flare determines the severity of its impact

on respiratory health. At 100% efficiency, all of the flared gas is converted into innocuous carbon dioxide

and water. However, wells generally flare at lower efficiencies, producing carbon monoxide and particulate

matter that adversely affect local respiratory health (Kleinberg, 2019). Thus, the emission factors in North

Dakota likely differ from those in Nigeria. In addition, the estimates from Holland et al. (2016) provide

a snap shot of the damages in 2011 and therefore fail to capture the demographic changes that occurred

in North Dakota during our sample period. Nonetheless, this exercise indicates the potential health costs

3To obtain county-level marginal damage estimates for CO we use the scale of local damage from CO to PM found in Litman
(2015).

4Other estimates of the emissions factors for the pollutants from flaring are from other countries or based on engineering
models.
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Table 1: Preliminary Estimates of the Health Costs from Flaring in North Dakota from 2007-2015

Pollutant Amount
(Tons)

Health Cost
($USD)

PM2.5 11,404 266,606,342
NOx 19,843 100,049,564
VOC 25,659 27,832,355
SO2 182 5,029,539
CO 89,528 1,360,446
Notes: This tables shows engineering estimates of the amount of

harmful pollutants produced by flaring (column 1) and the projected

health costs of those pollutants (column 2). Marginal damage es-

timates for PM2.5, NOx, VOC, and SO2 are from Holland et al.

(2016). Marginal damage estimates for CO are from Litman (2015).

Flaring from all wells in North Dakota between 2007 to 2015 is con-

sidered.

from flaring in North Dakota are significant. Additionally, Cushing et al. (2018) and Franklin et al. (2019)

leverage infrared satellite data to establish the extent of flaring in the Eagle Ford Shale region of Texas.

Given Texas’s substantially larger population and similar level of flaring, it is reasonable to expect the

magnitude of health costs from flaring is comparable to North Dakota’s. Therefore, this paper’s primary

contribution is through the investigation of a causal relationship between the flaring of natural gas and health

outcomes. The estimates provided by this analysis allow for an improved calculation of the overall cost of

flaring, in terms of the increase in medical expenses. This provides valuable information for policy makers

and contributes to the literature measuring the externalities associated with oil and natural gas extraction.

3 Data, Flaring Exposure, and Satellite Evidence

Estimating the effect of natural gas flaring on human health requires sufficient information on health outcomes

and extraction activity near affected populations. For our analysis, we construct a novel dataset of extraction

activity and individual health outcomes by combining a number of proprietary and publicly available datasets.

We use monthly well-level production data to determine both how much wells produce and how much natural

gas they flare. We combine this with information about nearby natural gas plant processing capacity to

establish each well’s ability to avoid flaring. We also use weather data to control for monthly trends in wind

direction; this allows us to aggregate a household’s monthly exposure to air pollution from flaring, as well

as other production activities, based on the frequencies of the prevailing winds. Finally, we utilize NASA’s

Ozone Monitoring Instrument satellite data to examine the relationship between our measure of exposure

and measurable air quality. We now explain our use of these datasets and provide a correlation between our

measure of exposure to flared natural gas and air pollution measured by the Ozone Monitoring Instrument.
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3.1 Data

Our well-site production and gas facility processing data comes from the North Dakota Department of Mineral

Resources (DMR) from the period of January 2005 to December 2015. In addition, we obtain a panel of

natural gas plant processing capacity over this time period from the North Dakota Pipeline Authority. The

DMR’s well data contains monthly information on oil production, natural gas production and sales, flaring,

and water use for 16,906 wells, giving us a total of 986,880 well-month observations. In addition, the DMR’s

“Gas Plant Volumes” database contains information on the level of wet natural gas received by each natural

gas processing plant for each month of our sample period. Since the majority of flared natural gas comes

from connected wells, a processing plant’s excess processing capacity – the difference between wet natural gas

received and gas processing plant’s capacity – will determine the amount of flaring that occurs at any given

time. Similar to Fitzgerald and Stiglbauer (2015), we assign connected wells to gas plants based on smallest

great circle distance. During the time period of January 2005 to December 2015, the number of active wells

in North Dakota increased from 2,000 to 14,000 (Figure 2a). This increase in active wells corresponds to

a 586% increase in annual processing capacity from 75,920,000 to 520,490,000 mcf, a 668% increase in the

amount of wet natural gas received by plants from 55,367,931 to 425,022,026 mcf, and a 708% increase in

the amount of dry processed natural gas sold from 45,699,000 to 369,242,000 mcf.

3.1.1 Hospital Data

To measure local health outcomes we use patient-level hospital data from January 2007 to October 2015

at sixteen ND hospitals. These data include all hospital visits at these hospitals which comprises over 90%

of hospital visits in North Dakota during the sample period. Each patient is assigned a unique identifier,

allowing us to track repeat visits by the same patient. We also observe the five digit zip code of residence for

each patient, as well as their age, sex, and time of visit. For each visit we observe the primary diagnosis code,

which represents the cause of the visit. The data also include the outcome of each patient’s visit: whether

they are discharged or deceased. These data allow us to calculate hospital visits and mortalities for different

diagnoses. We focus on hospital visits for specific respiratory diagnoses that we expect to be exacerbated by

air pollution. In particular, we focus on ICD9 codes associated with respiratory conditions due to external

agents, chemicals and fumes, pneumonia and influenza, respiratory infections, bronchitis, emphysema, and

other chronic obstructive pulmonary disease.5 We also use visits for pregnancy, vehicle trauma, and broken

bones as placebo tests. We aggregate these outcomes to the zip-month level for our primary analysis.

5Specifically we classify these visits according to primary or additional diagnostic codes: 460 - 466, 480-488, 490 - 494, 496,
503, 504, and 506.
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3.1.2 Satellite Data

To provide a measure of air-quality in each zip code we incorporate a satellite dataset on pollution levels

from the Berkeley High Resolution Group (BEHR, (Laughner et al., 2018)). The use of satellite data allows

us to circumvent the lack of ground-level air quality monitors noted in the literature (Krupnick and Echarte,

2017). The BEHR data is based on the NASA Ozone Monitoring Instrument (OMI) satellite data and

contains NO2 estimates in .05x.05 degree cells (about 10 square miles) for the contiguous United States.

Figure 3 displays the fine level of detail provided by the satellite data; the small black dots are the OMI

grid, and the larger green dots are the centroid of each zip code in North Dakota.

Figure 3: OMI grid over North Dakota

The atmospheric sciences literature indicates that this data is a good approximation for ground-level NO2

(Bechle et al., 2013). We focus on NO2 since NOx, which includes NO2, are common byproducts of natural

gas combustion when the gas is flared at less than peak efficiency, which is the case at many wells (EPA,

2019b). The data presented significant computational challenges due to its 600GB size; we aggregate two

measures of monthly average NO2 readings for each North Dakota zip code from the daily data, removing

any observations with error codes. The main measure is the monthly average of all readings across grid cells

within a zip code. We also perform a robustness check using the monthly NO2 reading for the single cell

closest to a zip code’s centroid.

One additional challenge posed by the use of this satellite data is that NO2 measurements are presented

as column densities (molecules/cm2), while ground level pollution is usually measured as parts per billion

(ppb). To avoid converting the column densities to ground level units, which would require an atmospheric

model and data on local topography, we follow the literature (Grainger et al., 2016) and use localized z-scores.

Since we are interested in making local comparisons, observing how pollution in a given zip code compares to
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the surrounding region, a localized z-score provides a valid estimate of pollution for our analysis. Specifically,

the z-score for zip code i in month t is defined as zit = (bit−µrit)/σrit, where bit is the monthly average NO2

across zip code i in month t. µrit is the average value of bit across all zip codes in the county r and σrit is

the standard deviation of the bit values for the same county. For robustness, we also conduct a supplemental

analysis using the atmospheric column densities for each zip code, bit, as the pollution outcome, since these

provide an adequate approximation of ground level NO2 measurements according to the atmospheric sciences

literature (Goldberg et al., 2017).

3.1.3 Other Datasets

We supplement our analysis with data from the American Community Survey (ACS) and the U.S. Energy

Information Administration (EIA). We obtain zip code level demographic data for 2007, 2010, and 2013

from the ACS and interpolate between surveys to obtain measures for the intervening years. In addition, we

collect monthly average oil prices for North Dakota from the EIA’s First Purchase Price by Area dataset.

3.1.4 Weather

In order to calculate a measure of exposure to pollutants for an area, we use hourly weather data fromWeather

Underground from January 2005 to December 2015. These data are from thirteen stations throughout North

Dakota, shown as green diamonds in Figure 4. The weather stations are at airports that tend to be in the

more densely populated regions of the state. We use the hourly data for wind direction to calculate the

percent of time the wind is blowing from each octant for each month. Next, we use ordinary kriging to

interpolate the percent of time the wind is blowing from each octant for a grid spanning the entire state.

We use this interpolated map to determine the percent of time the wind blows from each octant for every

well and zip code centroid. We provide additional details as well as a discussion of seasonal wind variation

in the appendix. In the following subsection we discuss how this data is combined with our oil well data to

define a zip code’s exposure to flared natural gas.

3.2 Measuring Exposure

We use the kriged weather data together with well data to calculate a measure of exposure to flaring and air

pollution from other well activities at the zip code level. For each zip code centroid we calculate a weighted

average of the monthly upwind flaring at wells within 30, 60, 90 and 120 miles, weighted by the percent of

time the wind is blowing from each octant. Figure 5 shows a simple example where the black dashed lines

create the eight octants within the circle of a given radius, e.g. 30 miles. Each point represents a well within
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Figure 4: Location of gas processing plants (blue squares) weather stations (green diamonds) and oil wells
(small red dots) in North Dakota

the specified distance from the zip code centroid; for our measure of exposure, we consider the flaring from

all wells contained in the circle. The blue shaded area represents the proportion of time (frequency) that the

wind blew from each octant to the zip code centroid. The farther from the centroid that the area extends,

the more often the wind was blowing from that direction in that month.

Figure 5: Measuring Exposure to Pollution Sources
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We use the frequency as weights, Windiqt, to compute a weighted average of the zip code’s total exposure
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to upwind flaring in a given month as follows:

UpwindF laringit =
8∑

q=1

WindiqtFlaringiqt.

F laringiqt, is the total amount of natural gas flared from all wells in octant, q, within a radius of 30, 60, 90, or

120 miles from zip code i’s centroid in month t. We create similar measures, UpwindOilit, UpwindDrillingit

and UpwindWellsit for upwind oil production, wells that are being drilled, and operating wells, respectively.

These variables are meant to control for the health effects of air pollution from the oil production process,

the drilling of new wells and other well operations, respectively, separate from the healths effects of pollution

from natural gas flaring. We also compute the total oil production, total number of wells and the total

number of new wells drilled within the same radius, but without weighting by the frequencies, Windiqt.

3.3 Estimation Data

Table 2 presents a summary of the combined zip-month level data by exposure distance. Columns 1 and 2

present the mean and sample standard error for zip codes with at least one flaring well within 30 miles of

the zip code centroid. Columns 3 and 4 correspond to zip codes with a well within 60 miles, columns 5 and

6 extend this range to 90 miles, and columns 7 and 8 extend it to 120 miles. There are 11,550 zip-month

observations within 30 miles of an active well, 15,225 observations within 60 miles, 19,845 observations

within 90 miles, and 23,835 observations within 120 miles. The average zip code is downwind from about

41,704 mcf of monthly flared natural gas at a range of 30 miles and 240,952 mcf when the range is extended

to 120 miles. The average zip code is within range of 596 to 3,408 active wells. Each zip code has an

average population between 1,459 residents and 1,816 residents depending on the distance to an active well

considered. Across all geographic ranges, the average zip code’s hospital visitation rate is between 0.785 and

0.828 with roughly a fifth of those visits classified as respiratory-related.6 Overall, it is clear that we have

a significant population size and number of respiratory cases with a total population of 180,000 and more

than 32,000 total respiratory-related hospital visits for the 30 mile range alone. With the larger geographic

ranges encompassing both a larger sample population and total respiratory visits.

To show a suggestive relationship between upwind flaring and respiratory illness, Figure 6 plots the zip

code monthly average flaring exposure and respiratory-related hospitalization rate across years. There is an

evident upward movement between these two series. However, this relationship is only suggestive given the

evidence of possible confounding variables presented in panels B and C of Table 2.

6The visitation rate is one hundred times the number of hospital visits divided by the zip code’s population. Thus a value
of one corresponds to one percent of a zip code’s population visiting a hospital every month.
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Panels B and C of Table 2 break up the observations based on whether the zip-month observation has

a monthly level of flaring exposure that is in the top or bottom quartile of the distribution. Focusing on

observations within a range of 60 miles, we can see that patients from zip codes in the top quartile of exposure

were younger and more likely to be female than patients from areas in bottom quartile of exposure. This set

of healthier demographics likely explains why the high exposure zip-month observations exhibit a slightly

lower rate of respiratory-related hospital visits. We do not expect areas with higher levels of exposure to

have a higher mean rate of respiratory-related hospital visits if those high exposure areas have healthier

patients. However, we can see that zip codes in the top quartile of exposure have slightly higher levels of

atmospheric NO2 than observations in the bottom quartile, consistent with increased pollution from flared

natural gas.

In the following subsection, we further examine this relationship between flaring exposure and satellite

NO2 readings. In the following section, we present our instrumental variables strategy which addresses the

apparent endogeneity between the level of flaring exposure and local demographics, as well as other concerns.

Figure 6: Flaring and Respiratory Illness
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Table 2: Summary Statistics

30 Miles 60 Miles 90 Miles 120 Miles

Mean SE Mean SE Mean SE Mean SE

Panel A: Whole Sample
NO2 34.77 0.0041 34.79 0.0035 34.79 0.0031 34.78 0.0028
Respiratory Visit Rate∗ 0.166 0.0025 0.164 0.0022 0.168 0.0021 0.173 0.0020
Hospital Visit Rate∗ 0.788 0.0060 0.785 0.0056 0.808 0.0054 0.828 0.0051
Upwind Flaring (mcf)† 41,704.0 924.6 121,686.1 1,854.9 191,727.1 2207.2 240,952.0 2,281.4
Upwind Constrained Wells 39.52 0.54 104.0 1.13 159.8 1.40 210.8 1.54
Upwind Wells 73.16 0.83 201.4 1.92 309.4 2.49 399.2 2.71
Upwind Oil (bbls)† 144,763.0 2,782.5 439,835.5 5,901.2 686,067.7 7,221.0 851,837.0 7,525.8
Upwind Drilled Wells† 4.632 0.091 13.49 0.19 20.78 0.22 26.09 0.23
Wells in Range 596.5 6.47 1,667.0 14.8 2,609.2 19.4 3,408.5 21.6
Oil in Range (bbls)† 115,7370.9 21,658.2 3,588,319.6 45,158.7 5,752,105.9 55,676.9 7,295,336.8 59,415.1
Drilled Wells in Range 37.10 0.71 110.4 1.46 176.3 1.75 226.5 1.86
Population 1711.3 41.3 1459.4 31.7 1816.8 35.6 1613.5 29.8
Income 5.613 0.016 5.447 0.013 5.399 0.012 5.324 0.011
Observations 11,550 15,225 19,845 23,835
Panel B: Bottom Quartile of Exposure
NO2 34.83 0.0076 34.81 0.0072 34.76 0.0063 34.70 0.0060
Respiratory Visit Rate∗ 0.187 0.0051 0.158 0.0055 0.176 0.0052 0.190 0.0049
Hospital Visit Rate∗ 0.813 0.010 0.785 0.014 0.850 0.014 0.907 0.013
Avg. Patient Age 50.49 0.32 54.52 0.31 51.41 0.30 55.37 0.27
Patient is Male 0.464 0.0049 0.480 0.0055 0.465 0.0050 0.471 0.0049
Observations 2,888 3,807 4,962 5,959
Panel C: Top Quartile of Exposure
NO2 34.78 0.0081 34.83 0.0074 34.87 0.0059 34.88 0.0052
Respiratory Visit Rate∗ 0.149 0.0043 0.149 0.0036 0.155 0.0033 0.166 0.0034
Hospital Visit Rate∗ 0.745 0.011 0.760 0.0099 0.776 0.0085 0.793 0.0080
Avg. Patient Age 48.15 0.37 48.50 0.33 47.83 0.28 49.14 0.25
Patient is Male 0.460 0.0063 0.474 0.0056 0.473 0.0047 0.473 0.0042
Observations 2,887 3,806 4,961 5,958
Notes: This tables shows the summary statistics of the zip code month observations of our analysis. Columns (1) - (2) present the sample

mean and standard error for zip codes that are within 30 miles of an active well at least once during the sample period. Columns (3) - (4)

expand this range to 60 miles. Columns (5) - (6) expand this range to 90 miles. Columns (7) - (8) expand this range to 120 miles. ∗Hospital

visitation rates are per capita, where a value of 1.0 corresponds to 1% of the zip code’s population visiting the hospital. †Flaring and oil

production measures are monthly.
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3.4 Association Between Flaring and Pollution

We begin by documenting a positive correlation between monthly upwind flaring and satellite NO2 readings,

which is consistent with the atmospheric sciences and engineering literature that nitrogen oxides are a

common byproduct of natural gas flaring. The use of satellite data allows us to circumvent the lack of

ground-level air quality monitors noted in the literature (Krupnick and Echarte, 2017). These regressions

suggest a link between the flaring of natural gas and the spread of pollutants harmful to human health.

For this analysis, we analyze two measures of a zip code’s monthly NO2 as the outcome of interest, as

discussed in section 3.1.2. The first monthly measure of NO2 from satellite readings is the local z-score zit.

This measure mitigates concerns regarding mismatch between atmospheric column density and ground level

NO2 readings by focusing on within-county variation in NO2. The second is an average monthly measure of

NO2 from satellite readings across all grid cells within a zip code. Thus, we are including all of the readings

from each of the cells illustrated as black dots in Figure 3. Grainger et al. (2016) find that atmospheric NO2

readings explain a significant portion of the variation in ground level NO2 estimates, particularly in small

areas such as zip codes. This indicates that the second measure should provide a valid robustness check for

our analysis.

In both cases, we estimate the following specification:

zit = β0 + β1 · log(UpwindF laringit) + γi + δt + εit,

where zit is the measure of NO2 pollution for zip code i in month t. UpwindF laringit is the monthly flaring

exposure, γi is the zip code fixed effect and δt is the month of sample fixed effect. Standard errors are

clustered at the zip code level to account for zip code specific shocks.

The results are shown in Table 3. Each column corresponds to a different range, starting with zip codes

within 30 miles of an active well, and extending to zip codes within 120 miles of an active well. Panel A of

Table 3 presents results from regressions using the local z-score zit as the outcome. Panel B shows results

for the regressions using average NO2 readings across all grid points within a zip code as the outcome. In

both cases, there is a positive and statistically significant correlation between flaring 30 to 60 miles upwind

and atmospheric NO2 readings. The Panel B results in Column 3 for zip codes within 90 miles of an

active well indicate a smaller, but still positive, correlation between flaring and atmospheric NO2 that is

only statistically significant at the 10% level. Once the range is extended to 120 miles in Column 4, the

correlation is not statistically significant. Overall, there is a positive correlation between atmospheric NO2

and our measure of a zip code’s exposure to upwind flaring from wells within 30 to 60 miles. Furthermore,

the positive correlation disappears at farther distances, consistent with findings in the atmospheric sciences
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literature.

As a robustness check, Panels C and D present donut specifications that consider exposure from flared

natural gas from the last 15 to 30 miles of the geographic range. The natural gas flared in the inner portion of

the donut is included as an additional control. Results from Column 1 indicate that the correlation between

NO2 and natural gas flared 15 to 30 miles from the zip code centroid is both statistically significant and

of similar magnitude to the results in Panels A and B. Column 2 demonstrates a similar result, with the

estimated correlation between atmospheric NO2 and natural gas flared from wells 30 to 60 miles upwind

from a zip code being positive and statistically significant for average zip code NO2 readings. Finally, there

is no evidence of a statistically significant relationship between average zip code NO2 readings and flared

natural gas from wells 60 to 90 or 90 to 120 miles from the zip code centroid. In the appendix we provide

the same table using NO2 readings from the centroid of each zip code, rather than average readings across

zip codes, as a robustness check. The results are qualitatively similar.
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Table 3: OLS Estimates of Flaring and NO2 Readings

(1) (2) (3) (4)
30 Miles 60 Miles 90 Miles 120 Miles
b/se b/se b/se b/se

Panel A: Z-Score NO2 Reading
Log(UpwindFlaring) 0.027∗∗∗ 0.021∗∗ 0.002 -0.005

(0.009) (0.010) (0.012) (0.011)
N 9,498 12,528 16,344 19,911
R2 0.006 0.004 0.002 0.002

Panel B: Average Zip Code NO2 Reading
Log(UpwindFlaring) 0.018∗∗∗ 0.017∗∗∗ 0.009∗ 0.006

(0.003) (0.004) (0.005) (0.004)
N 9,509 12,545 16,362 19,930
R2 0.445 0.437 0.427 0.433

15-30 Miles 30-60 Miles 60-90 Miles 90-120 Miles
Panel C: Donut Specification Z-Score NO2 Reading
Log(UpwindFlaring) 0.027∗∗ 0.006 -0.012 -0.007

(0.010) (0.011) (0.012) (0.013)
N 9,498 12,528 16,344 19,911
R2 0.006 0.005 0.003 0.002

Panel D: Donut Specification Average Zip Code NO2 Reading
Log(UpwindFlaring) 0.014∗∗∗ 0.006∗ -0.003 0.001

(0.003) (0.004) (0.004) (0.004)
N 9,509 12,545 16,362 19,930
R2 0.445 0.439 0.430 0.434

Zip Code Fixed Effects Y Y Y Y
Month Fixed Effects Y Y Y Y

Notes: This table reports OLS regressions of upwind natural gas flaring on both the zip code NO2

z-score and average monthly atmospheric column density NO2 readings (molecules/cm2) for zip codes

in North Dakota from 2007 - 2015. Standard errors are clustered at the zip code level. The panel

is not balanced due to gaps in satellite coverage during the sample period. Panels C and D include

the log of the total upwind natural gas flared from wells within the inner portion of the donut as an

additional control. ∗∗∗ indicates significance at the 1% level, ∗∗ at the 5% level, ∗ at the 10% level.

Sample: Column (1) considers monthly observations from 110 zip codes that were within 30 miles of at

least one active well during the sample period. Column (2) considers monthly observations from 145 zip

codes that were within 60 miles of at least one active well during the sample period. Column (3) considers

monthly observations from 189 zip codes that were within 90 miles of at least one active well during the

sample period. Column (4) considers monthly observations from 227 zip codes that were within 120 miles

of at least one active well during the sample period.
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4 Methodological Challenges and our Empirical Approach

The goal of this study is to determine the impact of natural gas flaring on individuals’ health. However,

there are a number of challenges associated with estimating the causal impact of flaring on human health.

First, there is an issue of omitted variable bias as many other activities associated with natural gas flaring

can negatively impact ambient air quality. For instance, unconventional oil and natural gas development

(UONGD) can lead to an increase in vehicle traffic (Graham et al., 2015) and its corresponding pollutants.

In addition, activities such as drilling or accidents such as methane leaks could also worsen air quality

(Hausman and Muehlenbachs, 2019).

Second, there may be omitted variable bias related to changes in the population that coincide with natural

gas flaring. Job opportunities from UONGD could incentivize younger, healthier people to migrate to areas

with increased natural gas flaring (Cascio and Narayan, 2015). In addition, royalty payments or increased

incomes from UONGD could also induce people to spend more on their health.

A third concern arises about the potential endogeneity in individuals’ exposure to the pollution from

flared natural gas. People who are the most susceptible to the pollution may engage in avoidance behavior

to mitigate their level of exposure (Neidell, 2009). This may include staying indoors or even migrating away

from areas with high levels of pollution (Banzhaf and Walsh, 2008).

The following sections elaborate on how our main specification deals with these challenges in three ways:

(i) the use of natural gas processing capacity as an instrument for flaring, (ii) the use of a wide variety

of controls related to UONGD and demographics, (iii) estimation subsamples restricted to individuals who

never migrated or who are infants.

4.1 Empirical Approach

To address the challenges in the previous section we use 2SLS and estimate the following:

log(UpwindF laringit) = α0 + α1 · log(ConstrainedWellsit) +X ′
itα2 +W ′

itα3 + θi + φt + ηit, (1)

Healthit = β0 + β1 · log(UpwindF laringit) +X ′
itβ2 +W ′

itβ3 + γi + δt + εit. (2)

Equation 2 is the second-stage and equation 1 is the first-stage regression. The dependent variable Healthit

is the rate of hospital visits in zip code i in month t for a given condition, e.g. respiratory-related visits.

Focusing on the rate of respiratory-related hospital visits has several advantages. By using the per capita

rate we do not have to make any assumptions about zero valued observations. In addition, by focusing on a

broad range of respiratory-related ICD9 codes, the data provide sufficient variation for identification.
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As we discussed in section 3.4, our main independent variable of interest is a zip code’s exposure to

upwind flared natural gas. However, there are a number of other pollution generating activities that are

associated with higher levels of flaring, such as well drilling and vehicle traffic. Regarding these confounding

sources of pollution, the vector X ′
it includes a set of controls related to oil production and drilling to capture

trends in shale development and the resulting co-pollutants over time. In particular, we include both the

number of wells being drilled upwind, the total amount of oil produced upwind, and the number of upwind

wells within the specified geographic range. We also include the total number of wells being drilled, oil

produced, and active wells within range of a zip code.

With respect to increased incomes from UONGD, it is possible that individuals may utilize significantly

more health care after their incomes increase either from royalties or improved employment opportunities.

Ignoring this could lead us to under-estimate the impact of natural gas flaring on health. The vector W ′
it

includes controls for average income in the zip code as well as housing values, which can be a proxy for

royalties (Muehlenbachs et al., 2015).

We also include zip code and month fixed effects: θi and γi, and φt and δt. The zip code fixed effects

control for time invariant characteristics within a zip code and the month fixed effects capture seasonal

trends that affect health and upwind flaring. Finally, εit and ηit are the error terms that include all of the

other health and upwind flaring shocks in zip code i, month t that we have not controlled for.

4.2 First Stage Specification: Constrained Wells Upwind as an Instrument

Our coefficient of interest is β1, the coefficient on our measure of a zip code’s exposure to upwind natural gas

flaring. As discussed in the previous sections there are a number of challenges in using observational data

to estimate a causal relationship between flaring and human health. Our ideal experiment would randomly

assign different levels of flaring to different areas in order to be able to separate the effect of flaring from

other aspects of oil production. Of course this is not feasible, so we use an instrumental variables approach.

To instrument for log(UpwindF laringit) in equation 1, we use a weighted sum of the number of wells

whose nearest gas processing plant is near its processing capacity:

Log(ConstrainedWellsit) = Log(
8∑

q=1

ConstrainedWellsiqt ·Windiqt). (3)

ConstrainedWellsiqt is the number of wells in octant q within a radius of zip code i’s centroid in month t

whose nearest gas processing plant is above 60% of its processing capacity.7 Windiqt is the percent of time

7As an alternative specification, in the appendix we raise the threshold to whether the gas processing plant is above 70% of
its processing capacity.
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in month t that the wind in zip code i’s centroid is blowing from octant q, as shown in Figure 5.

The influence of natural gas processing capacity on flaring is well recognized. To quote Dave (2009),

“Even after the oil and gas well has been connected to a gas-gathering pipeline and processing facility, there

are still times when the well may flare intermittently, this is generally due to excess line pressures” from a lack

of processing capacity at the facility to which the well is connected. During our sample period, the majority

of the natural gas flared came from wells connected to a natural gas processing facility. In addition, wells

that were connected to a facility that we define as constrained had significantly higher levels of flared natural

gas and were 30% more likely to flare all of the gas they produced. There are a number of characteristics

that make the number of upwind wells connected to a constrained natural gas processing plant valuable for

our analysis.

First, we argue that for a given constrained processing plant, the determination of which wells are forced

to flare is quasi-random. The line pressure that forces a well to flare is determined by a combination of

whether there is pooled natural gas liquid in the portion of the line near the well, a function of when the well

operator last cleared the line, and the productivity or pressure from other wells connected to the constrained

processing facility.

Second, there is significant variation in the maximum capacity of natural gas processing facilities over

time. Figures 7a and 7b demonstrate how many natural gas processing facilities either opened or expanded

their capacity during our sample period. It is important to note that the timing of these openings and

expansions should be random conditional on the overall level of drilling activity. This is because drilling

decisions are made with respect to oil because “producers see the associated gas as a less valuable byproduct

of crude oil production, which can be sacrificed” (Ehrman, 2014). Furthermore, the planning and timing of

these facilities is significantly longer than that of wells. For example, the Hess Tioga expansion completed

in 2014 was originally announced in 2011 OGJ (2011). This makes it unlikely that the owners of processing

facilities would time the expansion of processing capacity with the production of new wells, which are

typically drilled in two to three months.

Third, our instrument for flaring exposure is a function of the number of these wells connected to a

constrained plant that are upwind from a zip code. North Dakota is subject to significant seasonal variation

in wind direction; the wind blows predominantly from the west to north and from the south during summer

(Enz, 2003). Any such seasonality in weather patterns is of course captured by our month fixed effects,

making the identifying variation in our instrument the variation in wind direction within a month interacted

with the expansions in processing capacity. Figure 8 demonstrates that there is substantial variation in wind

direction within a month across years.

The validity of our instrument requires that, after controlling for UONGD activities and demographics,
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Figure 7: Natural Gas Processing Capacity Over Time
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the only link between the number of constrained upwind wells and a zip code’s respiratory health is via flared

natural gas. After controlling for the overall level of UONGD activity in the region, the variation in wind

direction interacted with the expansion of natural gas processing capacity and the manner in which connected

wells are forced to flare should be quasi-random. Given our rich set of controls for upwind production, total

production in the zip code’s geographic region, and other zip code characteristics, it is difficult to think of

any additional link to either co-pollutants from oil production activities or changes in zip code demographics.

Therefore, we consider monthly variation in the number of upwind wells connected to a constrained natural

gas processing facility as plausibly exogenous to other short-run determinants of respiratory health in a zip

code.
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Figure 8: Frequency of time the wind blew toward† and the average speed in each octant for April 2005-2015
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†Note that this is reversed from the standard convention of the direction from which the wind is blowing.
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5 Results

5.1 OLS Results

Table 4 presents the OLS results from estimating equation (2). The four columns correspond to estimation

for zip codes within the specified distance from an active well during the sample period. The four geographic

ranges considered are circles with a radius of 30, 60, 90, and 120 miles. Focusing on zip codes within 30

miles of an active well in Column (1), the coefficient of interest is the log of upwind flared natural gas from a

zip code with a value of 0.0019. The interpretation of this coefficient is as follows: other things equal - a 1%

increase in the amount of flared natural gas exposure will result in 0.000019 additional monthly respiratory

hospital visits per capita. In all four specifications the coefficient is positive but not statistically significant.

We attribute this lack of statistical significance to the presence of endogeneity as discussed in section 4.

Specifically, the presence of younger, healthier individuals in areas with higher levels of flaring, noted in

Panel C of Table 2, likely biases us from finding positive correlation in this OLS analysis. Overall, this

preliminary OLS analysis necessitates our instrumental variables research design estimated in the following

subsection.

Table 4: OLS Estimates of Impact on Respiratory Health

(1) (2) (3) (4)
30 Miles 60 Miles 90 Miles 120 Miles
b/se b/se b/se b/se

Panel A: OLS Analysis

Log(UpwindFlaring) 0.0019 0.0012 0.0005 0.0022
(0.002) (0.002) (0.002) (0.002)

Zip Code Fixed Effects Y Y Y Y
Month Fixed Effects Y Y Y Y
Additional Controls - - - -
N 11,550 15,225 19,845 23,835
Notes: This table reports OLS regressions of upwind natural gas flaring on the rate of respiratory-related

hospital visits for zip codes in North Dakota from 2007 - 2015. Standard errors are clustered at the zip code

level. ∗∗∗ indicates significance at the 1% level, ∗∗ at the 5% level, ∗ at the 10% level, and + at the 15% level.

Sample: Column (1) considers monthly observations from 110 zip codes that were within 30 miles of at

least one active well during the sample period. Column (2) considers monthly observations from 145 zip

codes that were within 60 miles of at least one active well during the sample period. Column (3) considers

monthly observations from 189 zip codes that were within 90 miles of at least one active well during the

sample period. Column (4) considers monthly observations from 227 zip codes that were within 120 miles

of at least one active well during the sample period.
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5.2 Instrumental Variables Analysis

5.2.1 First Stage Results

Panel A of Table 5 reports the first stage estimates, shown in equation (1) for the geographic ranges of 30,

60, 90, and 120 miles. The impact of the number of wells connected to a constrained processing facility on

the amount of natural gas flared is statistically significant for all geographic distances with the expected

sign. This confirms our understanding of natural gas flaring in North Dakota: the majority of flared natural

gas comes from wells that are connected to a processing facility that is capacity constrained. The estimates

in columns (1) to (4) of Table 5 indicate that a 1% increase in the number of upwind constrained wells

from a zip code will result in a 0.338% - 0.398% increase in flared natural gas exposure. Across all four

specifications, the first stage F statistic exceeds 10, which indicates that the number of wells connected to a

constrained natural gas processing facility meets the criteria for a strong instrument outlined in Staiger and

Stock (1994).

5.2.2 Second Stage Results

Panel B of Table 5 reports the second stage results. Column (1) reports the estimated effect of exposure to

flaring from upwind wells within 30 miles on the zip code’s respiratory-related hospital visitation rate. The

estimated coefficient indicates that a 1% increase in exposure to flared natural gas will correspond to a 0.0001

unit (0.0006%) increase in respiratory-related hospital visitation rate for a zip code. Column (2) reports a

similar estimate for the effect of exposure to flaring from upwind wells within 60 miles of a zip code. In both

of these cases, the results are statistically significant and differ from the OLS estimates. The IV estimates

are an order of magnitude greater than the OLS estimates which is consistent with two of our endogeneity

concerns in the OLS estimation: individual avoidance behavior (Neidell, 2009) and the migration of younger

and healthier individuals to areas with significant oil activity (Cascio and Narayan, 2015).

Columns (3) and (4) of Panel B in Table 5 report the second stage estimates of the effect of exposure to

flaring from 90 and 120 miles from a zip code. In both specifications, the estimated effect of upwind flaring

is statistically indistinguishable from zero. This finding is consistent with Johnsen et al. (2019) who found

the pollutants associated with natural gas flaring, but in the context of coal-fired generators, do not travel

beyond 70 miles. Due to the lower height of natural gas flare stacks relative to the flue stacks of coal-fired

generators, we expect pollutants from natural gas flaring to not travel as far (GAO, 2011; EPA, 2019b).

Therefore, we focus on results for flaring within 30 and 60 miles of a zip code for the rest of this analysis.

Table 6 presents the IV results at the geographic ranges of 30 and 60 miles with an extensive set of

control variables. Columns (1) and (4) add the number of currently active wells in the range to the more
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Table 5: IV Estimates of Impact on Respiratory Health for All Ranges

(1) (2) (3) (4)
30 Miles 60 Miles 90 Miles 120 Miles
b/se b/se b/se b/se

Panel A: First Stage

Log(ConstrainedWells) 0.381∗∗∗ 0.338∗∗∗ 0.398∗∗∗ 0.393∗∗∗

(0.052) (0.044) (0.045) (0.040)
Panel B: Second Stage

Log(UpwindFlaring) 0.010∗ 0.011∗ 0.002 -0.004
(0.006) (0.006) (0.006) (0.005)

Zip Code Fixed Effects Y Y Y Y
Month Fixed Effects Y Y Y Y
Additional controls - - - -
N 11,550 15,225 19,845 23,835
Notes: This table reports IV regressions of upwind natural gas flaring on the rate of respiratory-related

hospital visits for zip codes in North Dakota from 2007 - 2015. Panel A corresponds to the first stage of the

estimation, which uses the log of the number of wells connected to a constrained processing plant upwind

from a zip code as an instrument for that zip codes exposure to flared natural gas. Panel B corresponds

to the second stage estimates of the impact of flared natural gas on the rate of respiratory-related hospital

visits in a zip code. ∗∗∗ indicates significance at the 1% level, ∗∗ at the 5% level, and ∗ at the 10% level.

Sample: Column (1) considers monthly observations from 110 zip codes that were within 30 miles of at

least one active well during the sample period. Column (2) considers monthly observations from 145 zip

codes that were within 60 miles of at least one active well during the sample period. Column (3) considers

monthly observations from 189 zip codes that were within 90 miles of at least one active well during the

sample period. Column (4) considers monthly observations from 227 zip codes that were within 120 miles

of at least one active well during the sample period.

parsimonious specification in Table 5. The parameter estimates are larger than the results in Table 5, but

the differences are not statistically significant at the 5% level. Columns (2) and (5) also control for the

number of active wells, oil extracted, and wells drilled both upwind and the total number of wells drilled

within range of the zip code. These additional controls account for all pollution sources from oil development

activity near the zip code. Finally, columns (3) and (6) of Table 6, which is our preferred specifications,

also control for demographics including the average house size, home value, and household income. The

Kleibergen-Paap first stage Wald F statistics presented in Table 6 indicate that despite the inclusion of

these additional controls, the instrument still meets the criteria for being a strong instrument (Staiger and

Stock, 1994). In addition, the relative stability of our coefficient of interest across the specifications in Table

6 provides evidence that we have sufficiently controlled for economic and demographic factors that could

impact the respiratory health for a zip code.

Overall, the instrumental variables results in Tables 5 and 6 indicate that upwind flared natural gas has a

significant effect on the respiratory health of individuals who reside within 60 miles of wells. In the following

subsection we explore the robustness of these results for sub-sample populations and perform a number of

falsification tests that examine the validity of our research design.
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Table 6: Primary IV Results of Impact on Respiratory Health

30 Miles 60 Miles

(1) (2) (3) (4) (5) (6)
b/se b/se b/se b/se b/se b/se

Panel A: First Stage
Log(ConstrainedWells) 0.122∗∗∗ 0.102∗∗∗ 0.099∗∗∗ 0.065∗∗∗ 0.058∗∗∗ 0.059∗∗∗

(0.024) (0.018) (0.017) (0.019) (0.015) (0.015)
Panel B: Second Stage
Log(UpwindFlaring) 0.031 0.049+ 0.052∗ 0.076∗ 0.111∗∗ 0.117∗∗

(0.025) (0.031) (0.031) (0.045) (0.052) (0.052)

Zip Code Fixed Effects Y Y Y Y Y Y
Month Fixed Effects Y Y Y Y Y Y
Active Wells Controls Y Y Y Y Y Y
Oil Production Controls - Y Y - Y Y
Demographic Controls - - Y - - Y
K.P. Wald F Statistic 26.443 31.803 32.231 11.973 14.480 15.178
N 11,550 11,550 11,550 15,225 15,225 15,225
Notes: This table reports IV regressions of upwind natural gas flaring on the rate of respiratory-related hospital visits for zip codes in North

Dakota from 2007 - 2015. Panel A corresponds to the first stage of the estimation, which uses the log of the number of wells connected to a

constrained processing plant upwind from a zip code as an instrument for that zip codes exposure to flared natural gas. K.P. refers to the

Kleibergen-Paap first stage Wald F statistic. Panel B corresponds to the second stage estimates of the impact of flared natural gas on the rate

of respiratory-related hospital visits in a zip code. Columns (1) and (4) add controls for the number of active wells within the specified range

to capture the trend in shale development over time. Columns (2) and (5) also add total oil extracted upwind, oil extracted within range, the

number of upwind wells drilled, total wells drilled within the specified range, and total upwind wells of the zip code as additional controls.

Columns (3) and (6) further add controls related to the average house size, value, and income for the zip code as demographic controls. Standard

errors are clustered at the zip code level. ∗∗∗ indicates significance at the 1% level, ∗∗ at the 5% level, ∗ at the 10% level, and + at the 15% level.

Sample: Columns (1) - (3) consider monthly observations from 110 zip codes that were within 30 miles of at least one active well during

the sample period. Columns (4) - (6) consider monthly observations from 145 zip codes that were within 60 miles of at least one active well

during the sample period.

5.3 Robustness and Falsification Tests

The estimated effects of exposure to flared natural gas on respiratory health are conditional on choices about

the impacted population and the appropriate medical outcome of consideration. In this section, we explore

the estimates’ sensitivity to these sample choices and conduct a series of falsification exercises. The purpose

of these exercises is to determine if our primary results are driven by: (i) residential sorting from UONGD;

(ii) our definition of exposure to flared natural gas being a proxy for other sources of air pollution; or, as

intended, (iii) our research design.

5.3.1 Robustness

We estimate equation 2 for a number of alternative sub-populations and outcomes in order to examine

whether there is something specific about our results for respiratory-related hospital visits from the general

population of a zip code. Columns (1) and (4) of Table 7 report the results of our analysis when restricting

the sample to patients who are long-term residents – defined as being observed prior to 2010 and after. The

impact of exposure to flared natural gas is positive and statistically significant at both geographic ranges.

Point estimates are smaller than in our primary specifications, which is consistent with attenuation due to
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the subset of long-term residents being smaller than the general population. These results indicate that our

results are not explained by residential sorting; residents who lived in North Dakota prior to the oil boom

were still susceptible to health impacts from exposure to flared natural gas.

Next, we explore the sensitivity of our results to the choice of respiratory-related hospital visits as the

outcome variable of interest. Previous studies have found an association between air pollution and a number

of outcomes beyond respiratory health. These include infant mortality, cardiovascular health, and other

cancers (Schlenker and Walker (2015), Currie et al. (2009)). Given the rarity of these outcomes and the

limited size of our population, we instead focus on the aggregate rate of hospital visits with the understanding

that it will reflect the accumulation of these additional health outcomes from flared natural gas. Columns (2)

and (5) report the results of our preferred specifications when considering the rate of all hospital visits from

a zip code. The effects are positive and statistically significant for both geographic ranges. This suggests

that exposure to flared natural gas leads to a general decrease in health outcomes and that our primary

results are not entirely explained by the choice to focus on respiratory-related outcomes.

Finally, we examine the respiratory health of infants, which has been studied before in the context of

UONGD (Hill, 2018). Focusing on infant health has a number of advantages in terms of identification.

First, there is less of a concern about sorting and avoidance behavior by infants due to their inherent

immobility. Furthermore, mothers with respiratory health complications, whose children are more likely to

be sensitive to air pollution, are prone to relocate away from areas with unconventional oil and natural gas

development. Additionally, it is unlikely that unobserved variation in mothers’ socio-economic characteristics

is tied to within month variation in the number of upwind wells connected to a capacity constrained natural

gas processing plant. Columns (3) and (6) of Table 7 report the results of our preferred specifications

when considering the percentage of all respiratory-related infant hospital visits (those with a primary Major

Diagnostic Category code of four) from a zip code. The expansion of the definition of respiratory-related

hospital visits in these specifications is due to the fact that, unlike with the general population, we do not

need to distinguish between short term and long term respiratory-related issues for infants. The ICD9 codes

used in our primary analysis better ensure the respiratory-related visit observed was due to an external

agent and not an issue that developed internally over a long period of time. We believe it is not necessary

to make this distinction for infants since such concerns do not apply. Both point estimates are positive

and statistically significant, providing additional evidence that our primary results are not explained by

unobserved demographic changes or residential sorting.
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Table 7: IV Results: Robustness

30 Miles 60 Miles

(1) (2) (3) (4) (5) (6)
Long-term All Visits Infants Long-term All Visits Infants
b/se b/se b/se b/se b/se b/se

Panel A: Second Stage
Log(UpwindFlaring) 0.026∗ 0.191∗∗∗ 0.017∗∗ 0.042∗ 0.274∗∗ 0.030∗

(0.014) (0.072) (0.008) (0.024) (0.117) (0.017)

Zip Code Fixed Effects Y Y Y Y Y Y
Month Fixed Effects Y Y Y Y Y Y
Active Wells Controls Y Y Y Y Y Y
Oil Production Controls Y Y Y Y Y Y
Demographic Controls Y Y Y Y Y Y
N 11,550 11,550 11,550 15,225 15,225 15,225
Notes: This table reports IV regressions of upwind natural gas flaring on various outcomes to examine the robustness of our main results.

Columns (1) and (4) show results for the rate of respiratory-related hospital visits per zip code by long term residents in North Dakota.

Columns (2) and (5) show results for the hospital visit rate per zip code. Columns (3) and (6) show the percentage of all respiratory-

related infant hospital visits per zip code. All specifications include both the number of active wells, oil extracted, and wells drilled both

upwind and total within the specified range of the zip code, along with average house size, value, and income as additional controls. Stan-

dard errors are clustered at the zip code level. ∗∗∗ indicates significance at the 1% level, ∗∗ at the 5% level, and ∗ at the 10% level.

Sample: Columns (1) to (3) consider monthly observations from 110 zip codes that were within 30 miles of at least one active well during

the sample period. Columns (4) to (6) consider monthly observations from 145 zip codes that were within 60 miles of at least one active well

during the sample period.

5.3.2 Sensitivity Analysis and Falsification Tests

Identification in this study hinges on the assumption that, conditional on controlling for the local oil related

economic activity and demographics, the number of upwind wells from a zip code that are connected to a

constrained facility is as good as randomly assigned. There are two ways in which this assumption could

fail. One is if there are still changes in population demographics that correspond with the variation in the

number of constrained upwind wells. In practice, this would result in our estimation strategy predicting

health outcomes associated with different population groups that are unrelated to air pollution. The second

is if the number of upwind wells connected to a constrained processing facility, conditional on our controls for

oil development, still predict increases in other sources of air pollution. Previous work has indicated that oil

development in North Dakota has led to increases in vehicle traffic (Fershee, 2012) and thus decreasing local

ambient air quality (Knittel et al., 2016). In this case, it is important to examine our primary result with a

robust set of controls regarding local UONGD, as well as to test our empirical framework with an outcome

associated with non-flaring sources of emissions. Table 8 thus estimates relationships between outcomes

related to changes in demographics and non-flaring sources of air pollution to exposure to flared natural gas.

Table 8 presents 2SLS results for estimating equation 2 with outcomes that should be unrelated to

exposure to flared natural gas if our research design is valid. Columns (1) and (4) estimate our preferred

2SLS specification in which the dependent variable is a zip code’s vehicle-related hospital visitation rate. The

estimates for both geographic ranges are not statistically significant at conventional levels. This indicates
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Table 8: IV Results: Falsification Tests

30 Miles 60 Miles

(1) (2) (3) (4) (5) (6)
Vehicle Pregnancy Trauma Vehicle Pregnancy Trauma
Visit Rate Visit Rate Visit Rate Visit Rate Visit Rate Visit Rate

Panel A: Second Stage
Log(UpwindFlaring) 0.001 0.023 0.002 0.001 0.016 0.007

(0.001) (0.017) (0.003) (0.001) (0.031) (0.005)

Zip Code Fixed Effects Y Y Y Y Y Y
Month Fixed Effects Y Y Y Y Y Y
Active Wells Controls Y Y Y Y Y Y
Oil Production Controls Y Y Y Y Y Y
Demographic Controls Y Y Y Y Y Y
N 11,550 11,550 11,550 15,225 15,225 15,225
Notes: This table reports IV results of various falsification tests of our primary analysis using alternative outcomes. Columns (1)

and (4) show results for the rate of vehicle related hospital visits per zip code. Columns (2) and (5) show results for the num-

ber of pregnancy related hospital visits per zip code. Columns (3) and (6) show results for the rate of trauma related hospital vis-

its per zip code. All specifications include both the number of active wells, oil extracted, and wells drilled both upwind and to-

tal within the specified range of the zip code, along with average house size, value, and income as additional controls. Standard er-

rors are clustered at the zip code level. ∗∗∗ indicates significance at the 1% level, ∗∗ at the 5% level, and ∗ at the 10% level.

Sample: Columns (1) to (3) consider monthly observations from 110 zip codes that were within 30 miles of at least one active well during

the sample period. Columns (4) to (6) consider monthly observations from 145 zip codes that were within 60 miles of at least one active well

during the sample period.

that there is no evidence that our measure of exposure to flared natural gas corresponds to increased vehicle

traffic. Columns (2) and (5) report estimates from our preferred specification using a zip code’s rate of

pregnancy related hospital visits as the outcome variable. The value of examining this outcome is that

any increases would be associated with a younger and healthier population, those of child bearing age,

moving to where there are high levels of oil related activity. The coefficients for this test are statistically

insignificant, which provides evidence that our research design is not picking up any demographic changes in

the population. Columns (3) and (6) report point estimates using the rate of trauma related hospital visits

for a zip code, a health outcome that should be completely unrelated to exposure to flared natural gas, but

would correspond to a trend toward riskier activities in the population. In both cases, we fail to reject the

null hypothesis that our research design is not picking up other health trends unrelated to the air pollution

from flared natural gas.

5.3.3 Additional Analaysis

We provide additional results regarding falsification tests and the robustness of our main result in the

appendix. These include (i) testing the statistical significance of the main IV results using heteroskedastic

consistent standard errors and standard errors clustered at the county level; (ii) testing for whether the

respiratory health effect is the result of cumulative exposure to flared natural gas or contemporaneous

exposure to flared natural gas; (iii) testing for the consistency of the main result with both leads and lags of
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monthly exposure to flared natural gas; (iv) testing the sensitivity of the main results to the definition of a

constrained natural gas plant; (v) examining the importance of being downwind from newly producing wells,

(vi) testing the importance of the functional form by estimating a log-log specification; and (vii) estimating

two different difference-in-differences estimators based on geography and the timing of Order 24665. These

analyses confirm both the nature of our primary result and the validity of our research design.

6 Economic Costs and the Distribution of Damages

6.1 Economic Costs: Back of the Envelope Calculation

We now use our regression estimates of the impact of exposure to upwind flaring on respiratory health to

compare two back of the envelope calculations over our sample period. Here, we describe the scenarios and

discuss our findings.

Our first back of the envelope calculation considers the health costs that could have been avoided if the

2018 flaring standards of Commission Order 24655 were in place at the beginning of our sample period. The

order mandated that 88% of all natural gas produced must be captured as of November 2018. In reality only

72.6% of all gas produced was captured during the sample period. Leaving the total amount of natural gas

produced during our sample time frame constant, meeting this standard would have required a reduction in

the amount of natural gas flared by about 310 million thousand cubic feet (mcf). The preferred IV estimates

at a range of 60 miles (Column 6 of Table 6) show that if this reduction occurred during the sample period,

the rate of respiratory-related hospital visits would decrease by 5.23 (31.96%).8 This corresponds to roughly

11,554 fewer respiratory-related hospital visits over the nine year sample period.

Putting a dollar value to an average respiratory-related hospital visit is a challenging task. Schlenker and

Walker (2015) use an average Medicare reimbursement for respiratory-related diagnoses of $2,702 in 2006

dollars, which corresponds to $3,377 in 2018 dollars. Using this estimate of an average respiratory-related

hospital visit, the hypothetical scenario of having an 88% capture rate in place prior to 2007 would have

resulted in a $39 million reduction in health care costs over the sample period – roughly $4.3 million per

year. Pfuntner et al. (2006) put the cost of a respiratory-related hospital stay at $25,422 in 2018 dollars.

Because not all hospital visits result in a hospital stay, this serves as an upper bound on the total decrease

in health costs. Under the 88% capture rate, this would have reduced health care costs by $296.3 million or

roughly $32.9 million per year.

Our second back of the envelope calculation limits this analysis to only the respiratory health impacts

8Since this is a level-log specification a p% change in flaring corresponds to a β̂1 · log(1 + p/100) level change in the hospital
visitation rate.
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for zip codes within 30 miles of an active well during our sample period. Using the smaller IV estimates at a

range of 30 miles (Column 3 of Table 6), we predict that the rate of respiratory-related hospital visits would

decline by 2.32 (13.98%). This corresponds to 4,553 fewer respiratory-related hospital visits and a health

cost reduction of $15.4 million over the entire sample period based on the respiratory-related hospital visit

cost of $3,377.

Focusing on the $39 million estimate for a range of 60 miles, this result is economically significant for

a few reasons. First, using estimates from Lade and Rudik (2019), our counterfactual reduced respiratory

health costs from flaring is equivalent to 2.1% of the entire amount spent in North Dakota on gas gathering

lines and well connections in the first 18 months that Commission Order 24665 was in place. Since many wells

would have been profitable to connect to gas processing infrastructure in the absence of the regulation, this

percentage is a lower bound on the percentage comparison of the health costs to the additional connection

costs from Commission Order 24665. Second, these health cost estimates represent a significant proportion of

the engineering based cost estimates of flaring described in section 2.3. Third, these estimates are based on a

capture rate of 88%, thus if the 91% capture rate set to take effect by Commission Order 24665 in November

2020 were in effect at the start of our sample, the reduction in health costs would be greater. Fourth, as

indicated previously the $39 million estimate doesn’t account for the higher costs from a respiratory related

hospital stay.

6.2 Geographic Distribution of Damages

The literature on the welfare consequences of shale development is concerned with heterogeneity in the ben-

efits for the local population (Bartik et al.), while the literature on environmental inequality often considers

inequality in the exposure to various pollutants (Boyce et al., 2016). In this section, we ask whether the

areas with the highest levels of extracted oil revenue also experienced the largest levels of exposure to flared

natural gas. Our previous results indicate that exposure to flaring causes an increase in health costs for

exposed individuals. We now investigate whether the health cost burden is felt more or less by areas with

low levels of local resource development.

Figure 9 displays the disparity between extracted oil revenues and exposure to pollution from flaring

for the geographic ranges of 30 and 60 miles. Zip code oil revenue is defined as the total amount of oil

extracted from wells within the zip code multiplied by the monthly oil price, over the sample period.9 The

percentage of revenue is then determined by dividing the total revenue for a zip code by the combined sum

of revenue across all sample zip codes. A zip code’s proportion of pollution is defined in a similar manner,

9We use the monthly average price at the wellhead across North Dakota from the EIA’s “First Purchase Prices by Area”
data.

34



where pollution is exposure to upwind flared natural gas during the sample period.

Figure 9: Inequality in the Distribution of Pollution from Flaring
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Results from Figure 9 indicate a modest amount of inequality in exposure to flared natural gas at a range

of 30 miles with a Gini coefficient value of 0.663. This measure of exposure inequality increases to 0.796 once

we expand the geographic range to include zip codes that were within 60 miles of an active well at any time

during the sample period.10 Focusing on the least productive zip codes, that combined to extract 20% of

the oil revenues during the sample period, this group was exposed to more than 31.8% of the total upwind

flared at a range of 30 miles and 62% of the total at a range of 60 miles. Moreover, using the $3,377 cost

of a respiratory-related hospital visit and our preferred IV estimates (Column 6 of Table 6), we find that

the estimated reduction in health costs under the 88% capture rate of Commission Order 24655 exceeds the

oil revenues for 30.9% of zip codes at a range of 30 miles and 48.3% of zip codes at a range of 60 miles.

Therefore, there is evidence that many zip codes exposed to flared natural gas did not extract significant

amounts of oil during the sample period.

There are a number of caveats to this analysis. First, it is important to note that our use of a Gini

coefficient is only a measure of inequality on the basis of oil revenues and exposure, not on any other

measure such as minority status. Second, there is significant variation in oil prices across wells in North

Dakota that could impact our revenue estimates. However, we obtain similar results if we restrict our

analysis to the distribution of oil barrels extracted. Third, due to high rates of absentee mineral ownership

in the Bakken, there is no guarantee that the residents of a zip code that extracts a significant amount of oil

receive substantial benefits (Brown et al., 2019). Therefore, this analysis only shows a disparity in geographic

flaring exposure and oil extraction, not necessarily the distribution of royalties. Nonetheless, this analysis is

10The Gini coefficient lies in the interval between zero and one, with higher values denoting greater levels of inequality.
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important because the value of the oil extracted represents an upper bound on the local benefits of resource

development and for many areas this value is less than the estimated health costs from flaring exposure.

7 Conclusion

The primary contribution of this paper is to identify a causal relationship between flared natural gas exposure

and respiratory health. Our approach exploits variation in exposure to flared natural gas induced by naturally

occurring changes in wind direction interacted with the upwind well’s constrained natural gas processing

capacity. In the quasi-experimental design, treatment is defined as a zip code being downwind from a well

that is constrained in the amount of natural gas it can sell. The analysis provides suggestive evidence of a

causal link between the amount of flared natural gas up to 60 miles upwind from a zip code and the percent

of that zip code’s population that experiences a respiratory-related hospital visit within a given month. As a

secondary contribution, we document that a significant portion of the damages from flaring are distributed

to zip codes with little to no shale development.

The size of the estimated effect of flared natural gas exposure and respiratory health is substantial. In

our preferred specification, a 1% increase in upwind flared natural gas within 60 miles leads to an increase of

0.12 in the the zip code’s respiratory-related hospital visitation rate for a given month. If flaring had been

reduced by 54% during our nine year sample period, this would reduce the total number of respiratory-related

hospital visits for individuals who live within 60 miles of an active oil well by 11,554, which is roughly valued

between $39 million and $296.3 million USD.

While we believe that this analysis provides substantial evidence that the flaring of natural gas had a

significant impact on respiratory health in North Dakota, the damages from flaring could be greater in other

settings. Specifically, the Permian Basin and Eagle Ford in Texas flared roughly 160 million mcf of natural

gas in 2018 (OGJ, 2019). This is more than double the annual average observed in North Dakota during

our sample period. Furthermore, the population of the Permian Basin and Eagle Ford is roughly triple the

180,000 North Dakota residents that lived within 60 miles of an active well during our sample (Emerging,

2017). This indicates that the costs of flaring could be much greater in other settings.

To our knowledge, this is the first paper to document a causal relationship between exposure to flared

natural gas and changes in respiratory health. From a policy standpoint, the analysis points to an additional

social cost from oil and natural gas extraction that may be potentially mitigated by firms’ response to

regulation. More generally, our work contributes to the growing recognition that there are significant negative

externalities associated with shale development that are difficult to quantify, but economically significant.
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A Appendix

A.1 Supplementary Tables, Figures, and Analysis

A.1.1 Wind Patterns Across Months

Figure A1 shows the proportion of wind direction for each month in 2005. The prevailing wind is from

the east, blowing to the west. However there is variation across months, with a southerly wind, blowing to

the northwest in November and December. Overall, Figure A1 and Figure 8 indicate significant within and

across month variation in wind direction.

Figure A1: Frequency of time the wind is blowing toward and the average speed in each octant for 2005
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A.1.2 Robustness of Satellite Analysis

In Table A1 we re-estimate the specifications in Table 3 using an alternative measure of NO2. Specifically,

we use the NO2 reading from the grid point closest to the zip code centroid, rather than the average of all

satellite readings within the zip code. This alternative is consistent with the fact that exposure to flared

natural gas for a zip code is measured at the zip code’s centroid. Results are qualitatively similar to the

results in Table 3, consistent with the understanding that our measure of exposure to flared natural gas

corresponds to measures of harmful pollutants.

Table A1: OLS Estimates of Flaring and Zip Code Center NO2 Readings

(1) (2) (3) (4)
30 Miles 60 Miles 90 Miles 120 Miles
b/se b/se b/se b/se

Panel A: Z-Score Center NO2 Reading
Log(UpwindFlaring) 0.026∗∗∗ 0.019∗ -0.002 -0.003

(0.009) (0.011) (0.012) (0.011)
N 8,545 11,329 14,876 18,175
R2 0.004 0.003 0.002 0.001

Panel B: Zip Code Center NO2 Reading
Log(UpwindFlaring) 0.024∗∗∗ 0.023∗∗∗ 0.010∗ 0.005

(0.003) (0.004) (0.006) (0.004)
N 8,554 11,345 14,896 18,196
R2 0.382 0.382 0.370 0.378

15-30 Miles 30-60 Miles 60-90 Miles 90-120 Miles
Panel C: Donut Specification Z-Score Center NO2 Reading
Log(UpwindFlaring) 0.030∗∗∗ 0.005 -0.015 -0.001

(0.010) (0.011) (0.013) (0.013)
N 8,545 11,329 14,876 18,175
R2 0.004 0.003 0.003 0.001

Panel D: Donut Specification Center Zip Code NO2 Reading
Log(UpwindFlaring) 0.020∗∗∗ 0.011∗∗∗ -0.004 -0.001

(0.004) (0.004) (0.005) (0.004)
N 8,554 11,345 14,896 18,196
R2 0.382 0.385 0.373 0.378

Zip Code Fixed Effects Y Y Y Y
Month Fixed Effects Y Y Y Y

Notes: This table reports OLS regressions of upwind natural gas flaring on both the zip code centroid

NO2 z-score and monthly atmospheric column density NO2 reading (molecules/cm2) for zip code cen-

troids in North Dakota from 2007 - 2015. Standard errors are clustered at the zip code level. The panel

is not balanced due to gaps in satellite coverage during the sample period. Panels C and D include

the log of the total upwind natural gas flared from wells within the inner portion of the donut as an

additional control. ∗∗∗ indicates significance at the 1% level, ∗∗ at the 5% level, ∗ at the 10% level.

Sample: Column (1) considers monthly observations from 110 zip codes that were within 30 miles of at

least one active well during the sample period. Column (2) considers monthly observations from 145 zip

codes that were within 60 miles of at least one active well during the sample period. Column (3) considers

monthly observations from 189 zip codes that were within 90 miles of at least one active well during the

sample period. Column (4) considers monthly observations from 227 zip codes that were within 120 miles

of at least one active well during the sample period.
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Table A2: Primary IV Results with Different Standard Error Estimates

30 Miles 60 Miles

(1) (2) (3) (4) (5) (6)
b/se b/se b/se b/se b/se b/se

Log(UpwindFlaring) 0.031 0.049 0.052 0.076 0.111 0.117
Zip Code Clustered SE (0.025) (0.031) (0.031) (0.045) (0.052) (0.052)
County Code Clustered SE (0.020) (0.028) (0.028) (0.050) (0.062) (0.064)
Huber-White SE (0.019) (0.024) (0.025) (0.037) (0.043) (0.044)

Zip Code Fixed Effects Y Y Y Y Y Y
Month Fixed Effects Y Y Y Y Y Y
Active Wells Controls Y Y Y Y Y Y
Oil Production Controls - Y Y - Y Y
Demographic Controls - - Y - - Y
N 11,550 11,550 11,550 15,225 15,225 15,225
Notes: This table reports IV regressions of upwind natural gas flaring on the rate of respiratory-related hospital visits for zip codes in

North Dakota from 2006 - 2015. The estimation uses the log of the number of wells connected to a constrained processing plant upwind

from a zip code as an instrument for that zip codes exposure to flared natural gas. The estimates are of the impact of flared natu-

ral gas on the rate of respiratory-related hospital visits in a zip code. Columns (1) and (4) add controls for the number of active wells

within the specified range to capture the trend in shale development over time. Columns (2) and (5) also add total oil extracted up-

wind, oil extracted within range, the number of upwind wells drilled, total wells drilled within the specified range, and total upwind wells

of the zip code as additional controls. Columns (3) and (6) further add controls related to the average house size, value, and income

for the zip code as demographic controls. The first set of standard errors are clustered at the zip code level. The second set of stan-

dard errors are clustered at the county level. The third set of standard are White-Huber or Heteroskedastic consistent standard errors.

Sample: Columns (1) - (3) consider monthly observations from 110 zip codes that were within 30 miles of at least one active well during

the sample period. Columns (4) - (6) consider monthly observations from 145 zip codes that were within 60 miles of at least one active well

during the sample period.

A.1.3 Alternative Standard Errors

In Table A2 we estimate alternative sets of standard errors for our primary point estimates in Table 6. In

addition to estimating standard errors clustered at the zip code level, we estimate standard errors clustered

at the county level, as well as Huber-White robust standard errors. For the geographic range of 30 miles,

both sets of alternative standard errors are smaller than the original standard errors clustered at the zip

code level. At a range of 60 miles, the standard errors clustered at the county level are slightly larger

than the zip code level ones. However, our primary estimate in column (6) is still statistically significant

at conventional levels. Overall, this analysis demonstrates that the statistical significance of our primary

results is not specific to the choice of standard errors clustered at the zip code level.

A.1.4 New Wells

If newly producing wells have higher emissions factors for each unit of flared natural gas, then failing to

account for these wells may bias our primary estimates. Column (1) of Table A3 adds the log of the number

of wells in their first production upwind from the zip code as an additional control. With the additional

control, the new point estimate of the impact of flared natural gas on respiratory health is larger than our

primary result in Column (6) of Table 6.
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Table A3: Primary IV Results 60 Miles: Robustness and Alternative Analysis

(1) (2) (3) (4) (5) (6)
b/se b/se b/se b/se b/se b/se

Log(UpwindFlaring) 0.133∗∗ 0.328∗∗ 0.096∗∗ 0.104∗∗ 0.075∗ 0.142∗

(0.061) (0.147) (0.044) (0.044) (0.044) (0.083)
Log(New Wells) -0.043∗

(0.024)
Log(UpwindFlaringi,t−1) -0.221∗∗

(0.100)
Healthi,t−1 0.090∗∗∗

(0.022)
Log(CumulativeUpwindFlaring) -0.052∗∗

(0.026)
Log(Zip Code Population) 0.126

(0.081)

Zip Code Fixed Effects Y Y Y Y Y Y
Month Fixed Effects Y Y Y Y Y Y
Active Wells Controls Y Y Y Y Y Y
Oil Production Controls Y Y Y Y Y Y
Demographic Controls Y Y Y Y Y Y
N 15,225 15,225 15,225 15,225 15,225 15,225
Notes: This table reports IV regressions of upwind natural gas flaring on the rate of respiratory-related hospital visits for zip codes in

North Dakota from 2006 - 2015. The estimation uses the log of the number of wells connected to a constrained processing plant upwind

from a zip code as an instrument for that zip codes exposure to flared natural gas. The estimates are of the impact of flared natural gas

on the rate of respiratory-related hospital visits in a zip code. All specifications include both the number of active wells, oil extracted,

and wells drilled both upwind and total within the specified range of the zip code, along with average house size, value, and income as

additional controls. Column (1) adds the log of the number of wells in their first month of production upwind as a control. Column (2)

adds the lag of the log of upwind flaring from the previous month as a control. Column (3) adds the lag of the log of upwind flaring

from the previous month as a control. Column (4) adds the log of cumulative upwind flaring exposure up to that point as a control.

Column (5) raises the restriction for a natural gas processing plant to be considered constrained up to 70%. Column (6) changes the

primary outcome to the log of one plus the count of respiratory-related hospital visits and the log of the zip code population as a control.

Standard errors are clustered at the zip code level. ∗∗∗ indicates significance at the 1% level, ∗∗ at the 5% level, and ∗ at the 10% level.

Sample: Columns (1) - (6) consider monthly observations from 145 zip codes that were within 60 miles of at least one active well during the

sample period.
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A.1.5 Leads, Lags, and Cumulative Exposure

To address concerns that there is serial correlation in respiratory health outcomes over time that is impacting

our results, Columns (2) to (4) of Table A3 allow for lagged effects of flaring and respiratory health. As

shown, although there is autocorrelation in health and flaring, the point estimates of the coefficient of interest

is not disturbed. The negative correlation between cumulative (since the beginning of the sample period)

exposure to flared natural gas and health is consistent with some harvesting of cases that would have occurred

in subsequent months. However, the consistent magnitude of our coefficient of interest in these specifications

indicates there is a contemporaneous relationship between flaring and health.

A.1.6 Sensitivity to Instrument and Outcome Definition

To examine the sensitivity of our main results to the choice of a 60% ratio between wet natural gas received

and plant processing capacity to define a plant as constrained, we re-estimate our primary specification

with a 70% threshold. Although the point estimate in Column (5) of Table A3 is smaller under this more

restrictive definition, the difference between the two point estimates is not statistically significant. Therefore,

we do not believe our primary results are driven by the choice of the 60% threshold for defining a plant as

constrained. Column (6) presents the results of our primary specification, with the log of one plus the count

of respiratory-related hospital visits, as the alternative outcome. We also include the log of the zip code

population as an additional control in this specification. The estimated impact of exposure to upwind flared

natural gas on respiratory health is similar under this alternative health outcome, indicating that our results

are not driven by the choice of using a population rate as the primary outcome of interest.

A.1.7 Sensitivity to Wind Power and Monitor Choice

To test for the effect that wind speed also impacts the concentration of pollutants from upwind flared natural

gas, we adjust our definition of exposure as follows:

UpwindF laringit =
8∑

q=1

Windiqt · Flaringiqt ·
Speediqt

Avg.Speedit
.

This allows us to give a higher weight to flaring from octants with higher wind speeds, which may carry

more pollutants to the zip code centroid. In Column (1) of Table A4 we re-estimate our primary specification

using this speed adjusted measure of exposure for upwind flaring, constrained wells, oil production, drilling,

and total wells. In addition, we test for the sensitivity of our main results to the construction of zip code

weather from kriging between weather monitors by re-estimating our primary specification using only one

47



Table A4: Results 60 Miles: Additional Robustness

IV OLS

(1) (2) (3) (4) (5) (6)
b/se b/se b/se b/se b/se b/se

Log(UpwindFlaring) 0.106∗∗ 0.122∗∗ 0.118∗∗ 0.160∗∗ -0.001 -0.001
(0.048) (0.054) (0.052) (0.080) (0.004) (0.004)

Log(Upwind Avg.Well - N.G. Distance) 0.034 0.004
(0.022) (0.012)

Upwind Avg.Well - N.G. Capacity -0.028 0.028
(0.039) (0.021)

Zip Code Fixed Effects Y Y Y Y Y Y
Month Fixed Effects Y Y Y Y Y Y
Active Wells Controls Y Y Y Y Y Y
Oil Production Controls Y Y Y Y Y Y
Demographic Controls Y Y Y Y Y Y
N 15,225 15,225 15,225 15,225 15,225 15,225
Notes: This table reports both IV and OLS regressions of upwind natural gas flaring on the rate of respiratory-related hospital visits for

zip codes in North Dakota from 2007 - 2015. Columns (1) to (4) use the log of the number of wells connected to a constrained processing

plant upwind from a zip code as an instrument for that zip codes exposure to flared natural gas. Columns (5) and (6) are OLS estimates.

The estimates are of the impact of flared natural gas on the rate of respiratory-related hospital visits in a zip code. All specifications in-

clude both the number of active wells, oil extracted, and wells drilled both upwind and total within the specified range of the zip code,

along with average house size, value, and income as additional controls. Column (1) incorporates wind speed in the weighting of upwind

flaring exposure. Column (2) only uses wind data for a single monitor. Columns (3) and (5) add the log of the average distance between

upwind wells and their nearest NG processing plant as an additional control. Columns (4) and (6) add the average processing capacity

utilized by the NG plant upwind wells are connected to as an additional control (measured from 0 to 1, with 0.60 meaning 60%). Stan-

dard errors are clustered at the zip code level. ∗∗∗ indicates significance at the 1% level, ∗∗ at the 5% level, and ∗ at the 10% level.

Sample: Columns (1) - (6) consider monthly observations from 145 zip codes that were within 60 miles of at least one active well during the

sample period.

central monitor. Specifically, we use the weather data from the Garrison (KN60) weather station, which is

central and proximate for many of our sample zip codes that have an active well within 60 miles of their

centroid. Column (2) of Table A4 presents the result using this more limited weather data. As shown,

our estimates of the impact of flared natural gas upwind on local respiratory health under these alternative

weather data constructions are remarkably similar to our primary results.

A.1.8 Endogeneity of Natural Gas Plant Location and Capacity

It is important to note that our primary analysis relies on the assumption that the interaction of wind

patterns and the number of upwind wells connected to a constrained plant is exogenous to local determinants

of respiratory health, conditional on the inclusion of our extensive controls. As discussed in section 4, there

are a number of reasons why we believe our instrumental variables approach identifies the impact of upwind

flared natural gas on local respiratory health. In particular, after including our set of extensive upwind

production controls, we believe that the location and capacity of the nearest natural gas plant to wells

should be unrelated to any additional unobserved determinants of downwind respiratory health. Of course,

it is impossible to test the validity of the exclusion restriction in an instrumental variables analysis, therefore

we investigate whether changes in the distance of upwind wells to the nearest natural gas processing plant
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or changes in the average excess capacity of the nearest natural gas plant to upwind wells, correlates with

changes in local respiratory health. Columns (3) and (4) of Table A4 include these additional controls

with our primary IV specification, with qualitatively similar results for the impact of upwind flaring on

local respiratory health. Since average capacity used is defined from zero to one we do not take the log of

it. Columns (5) and (6) of Table A4 estimate an OLS regression of our primary specification with these

additional upwind processing controls. In all four of these specifications, neither the average distance of

upwind wells to the nearest natural gas plant or average capacity used by the nearest natural gas plant have

a statistically significant relationship with local respiratory health.

A.1.9 Alternative Difference-in-Differences Estimation Strategy

To further test the robustness of our main results, we estimate difference-in-differences (DiD) specifications

for two sub samples of our primary analysis data. In the first sub sample, we consider monthly observations

from nine North Dakota zip codes that were above the latitude of 46◦48’48” and at the longitude of 101◦42’45”

(along North Dakota Highway 28). As shown in Figure 1, there was a steady progression of flaring to the

west of this area during our sample period and there is relatively little concern about flaring from other

directions. In the second sub sample, we consider zip codes that were in the second and fifth quintile of

total wet natural gas extracted from wells within 60 miles of the zip code centroid in October 2013 (when

initial planning for Order 24665 was announced). For the second sub sample we focus only on the twelve

months pre and post Order 24665. To limit the influence of outlier for these smaller sub samples, we omit

observations above the 95th percentile for respiratory-related hospital visits. Specifically, we estimate the

following formula:

Healthit = β0 + β1 · Treatit · Postt + β2 · Postt + β3 · Treatit + γi + δt + εit.

For estimation with the first sub sample, Post is the percentage of time the wind is blowing from the

west and Treat takes a value of one if the zip code shares a western border with zip codes that have flaring

activity. In this first alternative specification, we essentially use observations from these zip codes when the

wind is not blowing from the west, or when there is no adjacent flaring activity, as a control for when a

zip code is exposed to flared natural gas. That is, given their close proximity, all of these zip codes should

be experiencing similar trends in local respiratory health and the impact of flared natural gas on health is

identified by slight differences in the timing of adjacent flaring activity. Columns (1) and (2) of Table A5

present the results for this first DiD analysis. These results indicate that when there is westward flaring

activity, the respiratory-related hospital visitation rate increases with the rate that the wind is blowing from
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Table A5: Alternative Diff-in-Diff Estimation Results

East vs. West 2nd Quintile vs. 5th Quintile

(1) (2) (3) (4)
b/se b/se b/se b/se

Treat·Post 0.207∗ 0.254 -0.039∗ -0.089∗∗∗

(0.099) (0.151) (0.023) (0.032)

Zip Code Fixed Effects Y Y Y Y
Month Fixed Effects Y Y Y Y
Active Wells Controls - Y - Y
Oil Production Controls - Y - Y
Demographic Controls - Y - Y
N 925 925 1,352 1,352
Notes: This table reports differences-in-differences regressions that measure the impact of exposure to

flared natural gas on the respiratory-related hospital visitation rate for zip codes in North Dakota from

2007 - 2015. Standard errors are clustered at the zip code level. For the specifications in columns (1) and

(2), Treat is defined as the percentage of time the wind is blowing from the west and post takes a value of

one if there is well flaring to the west of the zip code. For the specifications in columns (3) and (4), Treat is

defined as whether the zip code was in the top quintile for natural gas extracted within the geographic range

and Post takes a value of one if the time period is after the implementation of Order 24665. Specifications in

columns (2) and (4) include both the number of active wells, oil extracted, and wells drilled both upwind

and total within the specified range of the zip code, along with average house size, value, and income

as additional controls.∗∗∗ indicates significance at the 1% level, ∗∗ at the 5% level, ∗ at the 10% level.

Sample: Columns (1) and (2) considers monthly observations from nine North Dakota zip codes that were

above the latitude of 46◦48’48” and at the longitude of 101◦42’45”. Columns (3) and (4) consider the zip

codes in the second and fifth quintile of total wet natural gas extracted from wells within 60 miles of the

zip code centroid in October 2013. The time period considered is October 2013 to October 2015.

the west. In addition, this result is statistically significant for the base specification, without additional

controls.

For estimation with the second sub sample, we exploit the timing and implementation of North Dakota

Order 24665, which reduced flaring, to estimate the impact of flared natural gas on respiratory health.

Specifically, Post takes a value of one if the month is in the post Order 24665 (October 2014) time period,

while Treat takes a value of one if the zip code was in the fifth quintile of total wet natural gas extracted

from wells within 60 miles of the zip code centroid in October 2013. The control group for this analysis

is zip codes in the second quintile of nearby natural gas extraction, as these zip codes are proximate to

the economic activity from nearby shale development, thereby experiencing its impacts on local respiratory

health but with little exposure to flared natural gas. Figure A2 demonstrates the respiratory-related hospital

visitation rate and flaring exposure for these two groups before and after the implementation of Order 24665.

Following the implementation of Order 24665, treated zip codes experienced both a decline in their exposure

to upwind flared natural gas and their monthly respiratory-related hospital visitation rate. In contrast,

control zip codes experienced little to no change in their exposure to flared natural gas and a slight increase

in their respiratory-related hospital visitation rate. Columns (3) and (4) of Table A5 present the results for

this second DiD analysis, with both specifications indicating a statistically significant and negative effect of

Order 24665 on zip codes with large levels of nearby natural gas extraction activity.
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Figure A2: Impact of Order 24665 on Flaring and Respiratory Health
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Overall, the results of these alternative DiD analyses are consistent with our primary result that exposure

to upwind flared natural gas increases the respiratory-related hospital visitation rate. Furthermore, these

alternative estimation strategies indicate that our primary results are not driven by the use of an instrumental

variables estimation strategy.
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