THESIS

QUANTIFICATION OF VOLATILE ORGANIC COMPOUND EMISSIONS FROM
UNCONVENTIONAL OIL AND GAS DEVELOPMENT

Submitted by
Weixin Zhang

Department of Atmospheric Science

In partial fulfillment of the requirements
For the Degree of Master of Science
Colorado State University
Fort Collins, Colorado

Fall 2024

Master’s Committee:
Advisor: Jeffrey L. Collett, Jr.

Da Pan
Jeffrey R. Pierce
Jay M. Ham



Copyright by Weixin Zhang 2024
All Rights Reserved



ABSTRACT

QUANTIFICATION OF VOLATILE ORGANIC COMPOUND EMISSIONS FROM
UNCONVENTIONAL OIL AND GAS DEVELOPMENT

Oil and gas (O&G) development in the U.S. has accelerated in the past two decades, aided by
unconventional extraction techniques including hydraulic fracturing and horizontal drilling. Po-
tential environmental and health impacts of volatile organic compounds (VOCs) originating from
O&G activities in populated regions have raised concerns. In Broomfield, Colorado, six new
0&G well pads were approved for development in 2017 and an air monitoring program was es-
tablished in October 2018 to collect weekly and later plume-triggered air samples. This study
addresses the limited existing knowledge of activity-specific VOC emission rates from unconven-
tional O&G development (UOGD), utilizing these observations and dispersion model simulations
through emission inversion methods. Emissions are characterized from well drilling, hydraulic
fracturing, coiled tubing/millout, flowback, and production operations.

Substantial variations in average VOC emission rates, determined using weekly canister ob-
servations, are observed across different UOGD phases. Drilling and coiled tubing/millout oper-
ations exhibit the highest total VOC emission rates, attributed to hydrocarbon release from shale
formations and drilling mud. In contrast, hydraulic fracturing gives lower emission rates, con-
sistent with injection of fluids into the well during this operation, minimizing the probability of
subsurface hydrocarbon emissions. Diesel-powered engines are identified as the primary ethyne
sources during hydraulic fracturing. Production was characterized by lower VOC emission rates
than pre-production phases but remains an important emission category due to its long duration
(decades). Variations of emission rates within each phase highlight the complexity of factors and
activities influencing emission rates, including, for example, vertical vs. horizontal drilling and pe-

riodic maintenance activities. VOC emission rates associated with drilling mud volatilization and
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hydraulic fracturing suggest that previously published emission estimates (EPA (2022), and Heco-
bian et al. (2019)) underestimate average VOC emission rates during these activities. Significantly
lower emission rates during flowback compared to previous work (Hecobian et al., 2019) reveal
how improved management practices, including tankless, closed-loop fluid handling systems have
effectively reduced what used to be a dominant source of pre-production VOC emissions. Plume-
triggered samples, capturing transient high-concentration plumes, reveal short-term VOC emission
rates approximately an order of magnitude higher for drilling and flowback than determined from
weekly samples. In the case of flowback, short-term emission pulses have been linked to periodic

emptying of sand canisters used to trap fracking sand emerging from previously fracked wells.
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Chapter 1

Introduction

1.1 Volatile Organic Compounds

Pervasive in the atmosphere, volatile organic compounds (VOCs) are reactive chemicals emit-
ted from biogenic and anthropogenic sources. Biogenic VOCs are often abundant, and their sources
include vegetation, wildfires, soils, and oceans. Anthropogenic VOCs are emitted from fossil fuel
use and production, chemical products, oil and gas (O&G) operations, and biomass combustion
(Atkinson et al., 2003; Reimann et al., 2007; Gilman et al., 2009; Lachenmayer, 2022; Ku et al.,
2024).

VOC:s can cause direct adverse health effects and are precursors of secondary air pollutants.
The U.S. Environmental Protection Agency (EPA) classifies some VOCs as hazardous air pollu-
tants (HAPs), which can cause cancer and/or other serious health impacts (EPA, 2015a). VOC
emissions from O&G operations contain several HAPs — benzene, toluene, ethylbenzene, xylenes
(BTEX), and hexane (EPA, 2015b). Atmospheric oxidation of VOCs produces tropospheric ozone
and secondary organic aerosol (Gkatzelis et al., 2021), contributing to air pollution and adverse
health effects (De Gouw et al., 2009; Stevenson et al., 2013; Mochizuki et al., 2015; Gu et al.,
2021).

In recent years, regions near O&G producing basins have experienced air quality issues caused
by VOC emissions (Buzcu and Fraser, 2006; Rutter et al., 2015; Prenni et al., 2016; Hecobian et
al., 2019; Roest and Schade, 2020; Ku et al., 2024). One such region is the Colorado Northern
Front Range (CNFR) near the Denver-Julesburg (DJ) O&G basin, where summertime ozone con-
centrations exceed the National Ambient Air Quality Standards (Cheadle et al., 2017). Air toxics
emitted during O&G activities have also been raising concerns in the region. Previous studies con-
ducted in the DJ basin showed that O&G operations are major contributors to VOC emissions in

the CNFR (Pétron et al., 2012, 2014; Gilman et al., 2013; Swarthout et al., 2013; Thompson et



al., 2014; Halliday et al., 2016; McKenzie et al., 2018; Ku et al., 2024). However, VOC emissions
from specific O&G activities are poorly constrained, and more accurate emission estimates are

needed to facilitate policymaking and effective design of emission reduction strategies.

1.2 Oil and Gas in Colorado

As of January 2024, Colorado is the 6 largest O&G producing state in the U.S. (ShaleXP,
https://www.shalexp.com/colorado, accessed on 2024-04-07). Annual crude oil production and
natural gas gross withdrawals in Colorado from 1981 to 2022 are shown in Figure 1.1 (Data credit:
U.S. Energy Information Administration). The rapid increase of O&G production after 2000 was
aided by unconventional extraction techniques (Lachenmayer 2022), including hydraulic fracturing
and directional drilling. Currently, there are approximately 35,000 active O&G wells in Colorado.
The locations of all O&G wells (active & abandoned) in Colorado and the CNFR are shown in
Figure 1.2 (Data obtained on 2024-01-04 from Colorado Energy & Carbon Management Commis-

sion). O&G well density is high in many residential communities.
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Figure 1.1: Annual crude oil production and natural gas gross withdrawals in Colorado from 1981 to 2022
(Data credit: U.S. Energy Information Administration).



200 km

Colorado

Figure 1.2: Locations of O&G wells in Colorado (left panel) and the CNFR (right panel). Data obtained
from Colorado Energy & Carbon Management Commission.

1.3 UOGD and Potential Emission Sources

The United States became the world’s largest producer of oil and natural gas in 2014, pri-
marily aided by the improvement and incorporation of unconventional O&G extraction techniques
(horizontal drilling and hydraulic fracturing) (Allen, 2016). Unconventional O&G development
(UOGD) includes several phases: (1) well pad preparation, (2) drilling, (3) hydraulic fracturing
(fracking), (4) coiled tubing/millout, (5) production tubing installation, (6) flowback, and (7) pro-
duction. The descriptions of each phase are provided below, and more detailed information can
be found in the report by EPA (2019): Management of Exploration, Development and Production
Wastes: Factors Informing a Decision on the Need for Regulatory Action. The typical durations
of different operations provided below are based on the timelines for the six large well pads devel-
oped in Broomfield, each with a varying number of wells ranging from 4 to 18. Different O&G
development phases have different emission sources with different VOC emissions. (MacDonald,
2015; Hecobian et al., 2019; Orak et al., 2021; Lachenmayer, 2022; Ku et al., 2024).

The first phase is well pad preparation, which includes constructing the well pad, installing
sound walls to reduce light and noise pollution, building roads to the pad, and installing required

machines/instruments.



The second phase is drilling. Typically, a wellbore is drilled vertically first until the target depth
is reached and is then drilled horizontally through the desired shale or tight sand formation. There
are multi-casing layers surrounding the wellbore, preventing the collapse of the wellbore and the
leakage of O&G into subterranean aquifers. Drilling mud is circulated to lubricate and cool the
drill bit and to help bring drill cuttings back up to the surface through the space between the drill
pipe and the wellbore. Drilling often takes one to four months. During this phase, potential air
pollutant emission sources include drilling mud as it’s being recycled on-site and handled by shale
shakers and centrifuges (MacDonald, 2015; Ku et al., 2024), fugitive emissions of natural gas,
truck traffic, and diesel or natural gas drilling rigs (Orak et al., 2021; Lachenmayer, 2022; Ku et
al., 2024). Increasingly, some operators use electric drilling rigs instead of diesel/natural gas rigs

to reduce on-site emissions (Ku et al., 2024) and noise.
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Figure 1.3: Schematic of hydraulic fracturing (fracking). Figure credit: European Environment Agency
(https://www.eea.europa.eu/media/infographics/shale-gas-extraction-through-hydraulic-fracturing/view).

Once drilling is completed, a perforated gun with explosives is used to create holes in the
casing. Then, hydraulic fracturing can start — a large volume of hydraulic fracturing fluid made
with water, sand and chemicals (e.g., surfactants) is injected into the well and pressurized to cre-
ate/expand tiny fissures in the shale rock. The sand acts as a proppant holding the fractures open

and allowing O&G to eventually flow into the well. The hydraulic fracturing process is shown in



Figure 1.3. Fracking operation can last from weeks to two months. Truck traffic, diesel-powered
compressors, and power generators can be major contributors to the emissions during hydraulic
fracturing (MacDonald, 2015; Orak et al., 2021). It is currently challenging to electrify the frack-
ing processes to reduce emissions because of the high-power requirements.

The next two phases are coiled tubing/millout and production tubing installation, which to-
gether can last from days to weeks. Coiled tubing is used to perforate pressure plugs inserted
between well stages during fracking and facilitates the circulation of fluids via a jet nozzle, trans-
porting both fluid and debris to the surface. Production tubing installation — the final tubing phase,
typically extends through the entire well depth, effectively isolating the production zone from
surrounding formations. Ku et al. (2024) observed high-concentration VOCs during coiled tub-
ing/millout operations in Broomfield from unidentified sources.

Before production starts, fluids injected to the well during fracking need to be removed during
the flowback phase, which often lasts three to six months. The waste water returned from the well
includes both water injected during fracking operations and produced water that comes from the
formation and is directed to pits, storage tanks, or piped off-pad before being either disposed or
recycled for further fracking use. The flowback water can contain proppant sands used in fracking,
which are separated and stored in sand cans. These sand cans are cleaned frequently at the be-
ginning of the flowback phase when sand loads in the flowback fluids are high. During flowback,
emissions of VOCs from water separation tanks, venting, and degassing of produced waters can
occur (Orak et al., 2021). And for the well pads using an on-site open tank/pit to store waste water,
the hot fluids returning to the surface can increase the concentration of dissolved organic com-
pounds that can volatilize during the process. In areas with stricter environmental regulations or
concerns, closed-loop fluid handling systems with off-pad storage are sometimes employed. This
approach is intended to decrease fugitive emissions, although emissions can still occur during the
periodic emptying of sand cans (MacDonald, 2015; Lachenmayer, 2022; Ku et al., 2024).

After the flowback phase, the well goes into production, which can last from years to decades.

Even in production, a well can still be a VOC emission source (MacDonald 2015; Wilde et al.,



2021). Potential emission sources include, but are not limited to, on-pad separators and their
maintenance operations, heater, compressor, wellhead, flaring, dehydration systems and fugitive
emissions from equipment leaks (Allen et al., 2015; Zavala-Araiza et al., 2015; MacDonald 2015;

Ku et al., 2024).

1.4 VOC Emissions from Oil and Gas

O&G industry is the largest industrial emission source of VOCs (EPA, 2023a). EPA’s emission
inventories have been compiled using the 2020 Nonpoint Oil and Gas Emission Estimation Tool
(EPA Emission Tool) (Eastern Research Group, Inc., 2022). There are concerns, however, about
the representativeness of this tool’s emission factors for current operational practices. For example,
the drilling mud degassing emission factor was based on a 1977 EPA report for offshore oil and
gas development (Energy Resources Co, Inc., 1977), which considered different drilling muds than
those used today for onshore UOGD under very different working conditions. In addition, several
sources were not considered in the EPA Emission Tool, such as coiled tubing/millout operations
and closed loop, tankless flowback operations and associated emptying of the sand cans.

To better constrain the impact of VOC emissions from different UOGD operations, previous
field campaigns and model studies have been conducted (e.g., Leuchner and Rappengliick, 2010;
Rutter et al., 2015; Hecobian et al., 2019; Roest and Schade, 2020; Ku et al., 2024). Several
studies focusing on the DJ Basin have been conducted to apportion VOC sources (Pétron et al.,
2012; Gilman et al., 2013; Swarthout et al., 2013; Thompson et al., 2014; Abeleira et al., 2015;
Pollack et al., 2021) and concluded O&G operations are major contributors to VOCs in the region.

Despite these efforts, few studies have constrained the emission rates of VOCs from specific
UOGD operations (MacDonald, 2015; Hecobian et al., 2019). Emission rates have several ad-
vantages over the ambient concentration values reported in many previous studies. Emission rates
(factors), combined with activity data, can be used to estimate quantitative emission inventories.

Accurate emission inventories are critical for predictive modeling for exposure assessments and



the design of effective emission control and remediation strategies. (Ekuland, 1992; MacDonald,
2015).

Based on the emission factors provided in the 1977 EPA report for offshore oil and gas de-
velopment (Energy Resources Co, Inc., 1977), Wilson et al. (2007) estimated methane and non-
methane total VOC emission rates during drilling from the degassing of synthetic based drilling
muds to be 0.68 and 0.36 g/s, respectively. Campbell et al. (2021) estimated substantially lower
onshore synthetic drilling mud degassing emission factors according to American Petroleum Insti-
tute comments to EPA (Koblitz, 2020) with estimated emission rates for methane and non-methane
total VOCs of 0.119 and 0.064 g/s, respectively. The EPA Emission Tool estimates that flowback
green completion techniques produce no emissions of VOC. MacDonald (2015) used a tracer ratio
method to quantify the emission rates of 50 VOCs during drilling, hydraulic fracturing and flow-
back. It was found that well pads in pre-production phases emitted much more VOCs than well
pads in the production phase. Hecobian et al. (2019) reported the emission rates of as many as
46 individual VOCs during different UOGD operations using a tracer ratio method. They con-
cluded that VOC emission rates can vary greatly between different operations and even between
well pads undergoing the same operation type. The highest emission rates for most VOCs were
measured during flowback while emission rates during hydraulic fracturing and production were
much lower. Median emission rates for non-methane total VOC during drilling, fracking, flowback
and production phases were 0.43, 0.08, 6.33, and 0.33 g/s, respectively. Notably, the flowback op-
erations studied by Hecobian et al. in the DJ Basin between 2014 and 2016 were so-called green
completions but were not the closed-loop, tankless systems now used by some operators in the
region.

There remains a considerable knowledge gap in the emission factors of VOCs during different
UOGD phases despite some information provided by the limited studies mentioned above. This is
due to both a lack of detailed VOC speciation in some prior studies as well as ongoing changes in
UOGD operations, many of which are aimed at reducing environmental impacts. Therefore, this

thesis will focus on quantifying the emission rates of VOCs from UOGD between 2019 and 2022



in the city and county of Broomfield, Colorado and linking emission rates to on-site activities for

future development of emission factors.

1.5 Emission Rate Measurement Methods

Although there is a lack of studies specifically designed to characterize VOC emission rates
during all pre-production UOGD phases, several quantification methods (summarized in the fol-
lowing paragraphs) have been developed and implemented to measure emission rates of methane
or other compounds. While these methods are most often applied to production emissions, they
can sometimes be useful for characterizing emissions from pre-production operations.

The flux chamber method developed by the US EPA can be used to directly measure air pol-
lutants emissions (fluxes) from a source to the atmosphere. The accuracy and precision of this
approach have been evaluated and discussed (EPA, 1986; Eklund, 1992; CalEPA, 2011; Ma et al.,
2020). However, this method has not frequently been used in the field to study pre-production
emissions since it requires the installation of a chamber on top of the source and measuring chang-
ing concentrations of VOCs inside the chamber (EPA, 1986; Ma et al., 2020).

The tracer ratio method is more broadly used in the field to quantify emission rates of VOCs
from different sources (Howard et al., 1992; Lamb et al., 1995; Taylor et al., 2016; Hecobian et al.,
2019). This method releases a tracer gas with a constant emission rate at the source and collects
whole air samples downwind within a certain distance. Then, the emission rate of a compound
of interest is calculated as the product of the tracer’s constant emission rate and the ratio of the
background-corrected concentrations of the compound of interest to the tracer (Hecobian et al.,
2019).

On a larger scale, a top-down mass balance method using airborne data has been used to esti-
mate methane emissions from O&G production regions (Karion et al., 2013; Pétron et al., 2014;
Peischl et al., 2015; Karion et al., 2015). The method determines the difference of integrated

concentrations between vertical curtains upwind and downwind of targeted regions to determine



fluxes of measured chemical species (White et al., 1976; Peischl et al. 2016, 2018; Francoeur et
al. 2021).

Mobile sampling methods are sometimes used along with Gaussian plume inversion to fill
survey emissions from individual well pads (Edie et al., 2020). For example, EPA OTM33A is a
mobile measurement method developed by the US EPA to estimate fluxes of methane from O&G
facilities and landfills (Thoma, 2012; EPA 2014; Thoma and Squier, 2014; Brantley et al., 2014,
2015; Robertson et al., 2017; Edie et al., 2020).

These methods have several limitations. On-site measurement methods (flux chamber method
& tracer ratio method) have difficulty in including all emission sources, such as tanks and gen-
erators. Accessing the well pad might also induce changes to the operations — for example, the
workers are likely to be more cautious when the measurement teams are on-site, creating a bias
that is difficult to determine (Alvarez et al., 2018). The tracer ratio method requires downwind ac-
cessibility of roadways within a certain distance which could vary from meters to hundred meters
and requires steady wind direction during the measurement period (Omara et al., 2018; Hecobian
et al., 2019; Edie et al., 2020). The top-down mass balance method requires favorable meteoro-
logical conditions such as consistent wind direction and boundary layer height (White et al., 1976;
Peischl et al., 2016; Peischl et al., 2018; Francoeur et al., 2021). The mobile plume sampling with
Gaussian inversion method also needs favorable wind direction & roadway access and is not able
to capture all emission sources (Edie et al., 2020). Moreover, many of these methods only provide
a snapshot of the emissions and can easily miss sporadic emission events with high emission rates.

In this study, we aim to develop emission characterization methods that do not require well
pad access and, in the meantime, retain the long-term characteristics and provide insights into the

characteristics of transient high-concentration VOC plumes sometimes observed in the field.

1.6 Thesis Overview

This thesis uses observation data (weekly & plume-triggered samples) together with simula-

tions by a dispersion model (AERMOD) to quantify the emission rates of 51 VOCs during different



UOGD operations conducted at several large, multi-well pads developed in Broomfield, Colorado.
The Broomfield dataset provides a good opportunity to test this approach since it includes obser-
vations at several locations near UOGD, in adjacent neighborhoods, and at a reference background
site several kilometers distant from UOGD operations (Ku et al., 2024). We first evaluate meth-
ods for quantifying VOC emission rates using observations from drilling operations with unique
VOC composition. Multiple linear regression (MLR) and observation-simulation ratio methods
are developed and evaluated for weekly samples and plume-triggered event samples, respectively.
These methods are then applied to all UOGD operations, and the VOC emission rates obtained are
compared with previous studies where possible.

The following chapter describes the methods used in this thesis to quantify VOC emissions,
including application of the AERMOD dispersion model. Chapter 3 reports and discusses results,

while Chapter 4 presents conclusions and recommends future topics of study.
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Chapter 2
Methods

2.1 Observation Data

2.1.1 Broomfield Air Quality Monitoring Program

The rapid increase of O&G activities in Colorado raised people’s concerns, especially for res-
idents living in close proximity to O&G well pads. To ensure a sustainable future for Broomfield,
the Broomfield Comprehensive Plan was adopted. The plan consists of eleven different sections
including O&G development in Broomfield. The O&G chapter of the Broomfield Comprehensive
Plan mainly focuses on air quality impacts from O&G development (Byers et al., n.d.).

After six O&G well pads were approved for development in Broomfield and considering the
goals and actions set in the O&G chapter of the Broomfield Comprehensive Plan, an extensive
air quality monitoring network (Broomfield Air Quality Monitoring Program (AQM), n.d.) was
funded by the City and County of Broomfield. This program was initially designed by Ajax Analyt-
ics and the Department of Atmospheric Science, Colorado State University to monitor air pollutant
concentrations within and beyond residential areas before and after UOGD. Subsequent modifica-
tions to the monitoring approach and locations were made in consultation with Broomfield staff
and approved by Broomfield Council.

Based on O&G development schedules, the air quality monitoring program began in October
2018, prior to the start of development of the first well pad and consisted of 19 monitoring sites.
Some of these sites were set up near the well pads, others were established in nearby neighbor-
hoods, and one was set at a background/reference location several kilometers from the new UOGD
activities. The locations of the 6 newly developed O&G well pads and the air monitoring sites are
shown in Figure 2.1. The six O&G well pads (marked as brown boxes with well pad names), from
left to right in Figure 2.1, are Livingston (LS), Northwest A (NWA), Northwest B (NWB), United

(UT), Interchange A (ICA) and Interchange B (ICB), respectively. In Figure 2.1, the locations of
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air monitoring sites are labeled as dots with site names. The background site (Commons), selected
to represent regional conditions without local impact of O&G development, is located approxi-
mately 5 km south of the region shown in Figure 2.1. Air monitoring observations from 10 sites in
Broomfield were used in this thesis. The 10 sites are Commons (COM), Interchange 01 (ITCO1),
Interchange 02 (ITC02), Interchange 03 (ITCO3), Livingston 01 (LSO01), Livingston 02 (LS02),
NWPKWY 02 (NWP02), NWPKWY 03 (NWP03), United 01 (UTO1), and United 02 (UT02).
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Figure 2.1: O&G well pads and monitoring sites in Broomfield, Colorado. O&G well pads are marked
in brown boxes (the well pads, from left to right, are Livingston (LS), Northwest A (NWA), Northwest B
(NWB), United (UT), Interchange A (ICA) and Interchange B (ICB), respectively). Monitoring sites are
labeled as dots with site names. The background site — Commons (COM) is located about 5 km south of
this region. Soaring Eagle site (blue dot) provides in-situ wind measurements.

Weekly, time-integrated samples collected at these sites were scheduled based on the opera-
tional timelines of nearby O&G well pads. Therefore, the sampling schedules varied from site to
site. Table 2.1 lists the number of weekly canister samples collected at the 10 monitoring sites
in Broomfield between the listed start date and end date. Figure 2.2 depicts the sampling time-
line for each site in Broomfield. Samples were collected at COM, the background/reference site,

continuously active throughout the whole period except for two weeks. Weekly samples at other
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monitoring sites were not always continuous because the quantity of active monitoring sites for

each week varied in accordance with operations at nearby O&G well pads.

Table 2.1: Number of weekly integrated canisters (weekly samples) collected at 10 monitoring sites in
Broomfield between the listed start date and end date.

Site | Sampling Start Date | Sampling End Date | # of Weekly Samples
COM 2018-10-04 2022-12-29 220
ITCO1 2018-10-04 2022-12-29 217
ITCO02 2019-01-17 2022-09-22 78
ITCO03 2019-01-17 2022-12-23 108
LSO01 2018-10-11 2022-12-29 191
LS02 2018-11-29 2022-09-22 150
NWP02 2019-01-17 2022-09-22 50
NWP03 2019-01-17 2022-12-23 102
UTO1 2019-01-17 2022-12-23 43
UTO02 2019-01-17 2022-12-29 115

Monitoring Site

Oct 01 Jan 01 Apr 01 Jan 01 Apr 01 ul Jan 01 Apr 01 Jul 01 Oct 01 Jan 01 Apr 01 Jul 01 Oct 01 Jan 01
2018 2019 2020 2021 2022 2023

Figure 2.2: Weekly sampling timelines for 10 air monitoring sites in Broomfield.

2.1.2 Instrumentation

Weekly samples were collected with weekly integrated 6.0L canisters and were analyzed by
a 5-channel gas chromatograph (GC) system. Photoionization Detector (PID) sensors provided

I-minute total VOC monitoring data in real-time. The PID sensors were coupled with a triggering
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system which can collect 15-second triggered samples. A general description of the instrumenta-
tion is provided below. The limits of detection of the instruments and uncertainties of the data are

provided in Lachenmayer (2022) and Ku et al. (2024).

Weekly Integrated Canister

Evacuated 6.0L Silonite®-coated canisters coupled with a flow controller (Entech Instruments
Inc., Simi Valley, CA, USA) was used to collect weekly whole air samples (Figure 2.3). The flow
controller maintains a constant inflow rate, such that the canister is steadily filled across a 7-day
sampling period. LeBouf et al. (2012) have shown that Silonite-coated canisters can hold VOC
concentrations stable for more than a month. After being retrieved back to the lab at the end of
the sampling period, the weekly samples were analyzed within one week using a 5-channel GC
with 3 Flame Ionization Detectors (FID), an Electron Capture Detector (ECD), and a quadrupole
mass spectrometer (MS) for the concentrations of 51 VOCs. The list of 51 VOCs can be found in
Figure C.3. Detailed information about the integrated canister’s cleaning & evacuation, the flow

controller’s calibration, and the GC system can be found in Weber (2018).

Figure 2.3: Weekly integrated canister with flow controller (Picture credit: Entech Instruments).

Real-Time PID Monitoring System

Real-time PID monitoring systems (APIS, Inc., OR, USA) were deployed across the monitor-
ing network in Broomfield at sites near O&G well pads starting in 2020. Each unit was equipped

with a cup and vane anemometer to provide wind speed and wind direction data, meteorological
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sensors to provide temperature, pressure, and humidity data, and a PID sensor. The PID sensor uses
a 10.6 eV high sensitivity (MiniPIDs-HS, ION Science Inc., TX, USA) lamp and is sensitive to a
suite of VOCs that can be photoionized at the lamp energy. It has a 15-second sampling rate and
reports 1-minute integrated concentrations that are commonly referred to as total VOC (TVOC).
Calibration information, bump tests, and response factors for individual VOCs can be found in Ku
et al. (2024). Figure 2.4 shows the components and deployment of the real-time PID monitoring
system.

The PID system was coupled with an automatic canister triggering flow controller to collect
whole air samples in evacuated 1.4L Silonite®-coated canisters (Entech Instruments, CA, USA) in
approximately 15 seconds fill time. In general, when the PID sensor detects a plume with a TVOC
concentration higher than a pre-set threshold, the system will automatically trigger collection of a
whole air sample: the flow controller opens the valve, and ambient air rapidly fills the evacuated
1.4L canister. The triggered canister is then retrieved and analyzed using the same GC system used

to analyze the weekly canister.

PID and Anemometer
meteorology
sensors inside
6.0L weekly

Auto-triggering integrated
flow controller canister
1.4L triggered

canister Solar panel

Figure 2.4: Co-located APIS real-time PID monitoring systems in Broomfield (Photo credit: Dr. Yong
Zhou).
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2.2 Tracers for Drilling Operations

Ku et al. (2024) analyzed four years of observations from 19 air monitoring sites in Broomfield
and found that the use of a synthetic drilling mud caused significantly elevated concentrations of
Cs—Cp n-alkanes (n-octane, n-nonane and n-decane) near well pads. To alleviate odor complaints,
the operators switched from a petroleum hydrocarbon distillate-based drilling mud (Gibson D822)
to a synthetic paraffin Neoflo 4633-based drilling mud (Neoflo 4633) after developing the first well
in Livingston pad on 2019-07-11 (CDPHE, 2020). Concentrations of Cs — (' n-alkanes observed
near the well pad using the Neoflo 4633 drilling mud (Livingston pad, Figure 2.5 right panel)
were significantly higher than those observed near the prior well pad drilled using the Gibson
D822 drilling mud (Interchange B pad, Figure 2.5 left panel). Headspace analyses of the two
drilling muds were conducted in the lab at the Department of Atmospheric Science, Colorado
State University, and the results are shown in Figure 2.6. The results show that the Neoflo 4633
drilling mud emits more n-octane, n-nonane and n-decane than the Gibson D822 drilling mud by
a factor of about 10, consistent with the enhanced concentrations of these species observed during

drilling operations at the Livingston vs. the Interchange B pads.

Drilling Coiled Tubing Flowback
Hydraulic Fracturing Production Tubing Installation
O&G sites 0&G sites
at Interchange B pad at Livingston pad

Cg-C1g n-Alkanes

’ ‘_...IM\JVM'!L\ |
01 i Ve il 1 v

Figure 2.5: Time series of background-corrected Cs — C'g n-alkane concentrations (unit: ppbv) at monitor-
ing sites near the Interchange B pad (left panel) and Livingston pad (right panel). Colored areas represent
periods with different O&G operations. (Figure credit: Ku et al., 2024)
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Figure 2.6: Comparison of VOC composition for Neoflo 4633 and Gibson D822 drilling muds from a
laboratory headspace analysis. (Figure credit: Ku et al., 2024)

As discussed by Ku et al. (2024), the Cs — C}( n-alkanes are unique tracers for drilling opera-
tions using the Neoflo 4633 mud because emissions of Cs — (' n-alkanes from the drilling mud
are far higher than from other sources. Therefore, in this thesis, I use Cs — C( n-alkanes to test if
the inverse modeling is correctly identifying the location and timing of well pads that were drilled
using the Neoflo 4633 mud. More specifically, I first quantify the emission rates of Cs — Cg n-
alkanes from different well pads using the weekly and plume-triggered canister samples collected
in Broomfield, and then I investigate if elevated Cs — ('} n-alkane emission periods are aligned

with their drilling periods.

2.3 Dispersion Model

2.3.1 AERMOD Overview

The AMS and EPA Regulatory Model (AERMOD) is used to simulate the dispersion and
concentration of VOCs from O&G operations in this thesis. AERMOD was developed by the
American Meteorological Society (AMS) and EPA (EPA, 2023b). As a steady-state plume model,

AERMOD treats vertical and horizontal concentration distributions to be Gaussian when in the
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stable boundary layer. In the convective boundary layer, the horizontal distribution is also Gaus-
sian while the vertical distribution is assumed to follow a bi-Gaussian probability density function,
based on the model developed and demonstrated by Willis and Deardorff (1981) and Briggs (1993).
AERMOD incorporates air dispersion based on planetary boundary layer turbulence structure and
scaling concepts, including treatment of both surface and elevated sources and both simple and
complex terrain (EPA, 2016).

Field measurements conducted in Wang et al. (2006) and Huang et al. (2023) with corre-
sponding AERMOD simulations proved that AERMOD was effective for the simulation of odor’s
dispersion. The study of Perry et al. (2005) showed that AERMOD’s performance is superior to
that of the other applied dispersion models, including the Industrial Source Complex-Short Term,
Version 3 model (ISCST3), the Complex Terrain Dispersion Model Plus Algorithms for Unstable
Situations (CTDMPLUS), the Hybrid Plume Dispersion Model (HPDM), and the Rough Terrain
Diffusion Model (RTDM).

Although the performance of AERMOD in terms of simulating hourly plume dispersion has
been demonstrated, it may lack the capability of capturing short-term enhancements (~ minutes)
observed by the real-time monitoring systems used in this study. As a steady-state model, AER-
MOD assumes Gaussian dispersion with the average meteorological condition of the hour (EPA,
2023c). In reality, the wind field can change dramatically within a short period of time; there-
fore, the actual pollutant plume may meander around. In such situations, the one-hour resolution
of AERMOD simulations might be too coarse to capture some transient plumes. Section 2.4.2
addresses this issue by rotating the wind field to match observed short-term plumes.

As shown in Figure 2.7, the AERMOD dispersion modeling system consists of several pre-
processors, the main AERMOD module, and AERPLOT. The preprocessors include AERMAP,
AERMET, AERSURFACE, and AERMINUTE. In order to simulate an air pollutant’s concentra-
tion and dispersion, AERMOD requires terrain and meteorological inputs, which are prepared by
AERMAP and AERMET, respectively. AERPLOT reads the simulated concentration file from

AERMOD and generates a corresponding dispersion map which can be opened in Google Earth.
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AERMAP reads United States Geological Survey (USGS) terrain data and produces terrain
base elevations for every source and receptor and a hill height scale value for each receptor, which
are essential components of the AERMOD input file. The 1 arc-second DEM (digital elevation
model) data are used in this thesis. More detailed information regarding AERMAP can be found
in User’s Guide for the AERMOD Terrain Preprocessor (AERMAP) (EPA, 2023Db).

AERMET needs three input datasets: (1) low-frequency (hourly to twice daily) surface and
upper air meteorological data; (2) high-frequency (1-min/5-min) Automated Surface Observing
Stations (ASOS) wind data prepared by AERMINUTE as a supplement to low-frequency data;
and (3) surface characteristics generated by AERSURFACE. AERSURFACE processes National
Land Cover data from USGS and generates surface characteristic values that can be input into

AERMET (EPA, 2020).

National Land USGS Terrain
Cover Data Data
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Figure 2.7: AERMOD dispersion modeling system modules (green boxes) and input/output datasets (white
boxes).

2.3.2 Meteorological Data

EPA recommends using meteorological data from National Weather Service (NWS) stations.

The closest station to the Broomfield area is at Denver International Airport (DIA). The DIA station
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provides hourly surface and twice daily upper air meteorological data. However, the study areas
are approximately 60 km away from DIA (Figure 2.8). Considering the influence of complex
terrain that is much closer to Broomfield than to DIA and that the local wind field can change
dramatically during a short period of time, the meteorological data from DIA station might not be
representative for our study area. As an alternative to NWS station data, EPA also suggests using
the prognostic meteorological data generated by the Weather Research and Forecasting (WRF)
model (https://www2.mmm.ucar.edu/wrf/users/).

We obtained both meteorological data sets (DIA & WRF), with the WRF data provided by
Lakes Environmental Consultants Inc. We found that even with the supplementary ASOS wind
data prepared by AERMINUTE, there are still some missing values in the DIA data set. For
example, as of May 2024, the DIA upper air sounding data after July 9, 2022, are not published.
Using the WRF prognostic data set can avoid problems with such missing values. Moreover,
the airport only provides twice-daily upper air sounding data which is extrapolated into hourly
upper air data by AERMET while the WRF data provides a higher resolution for the upper air

meteorology.
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Figure 2.8: Maps of study area and Denver International Airport (DIA).

In-situ hourly winds collected at the Broomfield Soaring Eagle (BSE) site (39.98° N, 105.04°

W) are compared with WRF and DIA wind data for the period from January to June 2022. The
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site is close to all the monitoring sites (< 5 km). The in-situ wind data were measured at a height
of 5.6 meters above the ground, whereas WRF and DIA wind data were reported at 10 meters.
Therefore, I adjusted the in-situ WS to 10 meters using equation 2.1 (Stull, 1988), where z is the
height of the wind (z; = 10m and z; = 5.6m); u is the wind speed (WS) at the given height; d is
the displacement height; and z; is the surface roughness length. The log wind profile is valid for
neutral conditions. I did not include the corrections for non-neutral conditions to avoid introducing
additional uncertainties. Given that the measurement site is in a grassland, d << z; and 25 and is
ignored. The value of zj is obtained from the WRF meteorological data, taking into account the

local terrain.

2.1

u(z) = u(z) - n(

Figure 2.9 presents the hourly averaged wind direction (WD) and WS from WRF and DIA
compared with in-situ measurements, while Figure 2.10 shows daily averaged wind comparison.
Wind directions (left panels in Figures 2.9 and 2.10) are colored by WS. Wind speeds (right panels
in Figures 2.9 and 2.10) are compared with in-situ measurements using orthogonal distance regres-
sion (ODR). The comparisons include mean bias, mean error, normalized mean bias (NMB), and
root square mean error (RSME) of both WRF and DIA wind data.

Analysis of Figures 2.9 and 2.10 reveals that DIA WD observations are more consistent with
in-situ WD measurements than those of WRF. When low WS values (< 2 m/s) are excluded, the
majority of DIA WD data points fall near the 1:1 line in relation to in-situ WD, while WRF WD
data show greater scattering (Figures A.1 and A.2). Furthermore, DIA WD observations exhibit
a smaller mean bias compared to WRE, reflecting the limitations in WRF’s ability to simulate
WD accurately. Conversely, the ODR slope between WRF WS and in-situ WS is closer to 1 than
the slope between DIA WS and in-situ WS. WRF WS values show lower mean bias, mean error,
RSME, and NMB than DIA WS measurements, indicating that DIA wind measurements likely

underestimate WS.
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To evaluate the impacts of WD on AERMOD simulations, I conduct simulations using both
WREF data set and WRF-observation hybrid data set as inputs. Although WRF data set provides
consistent and high resolution for both surface and upper air conditions, it has a large bias in WD.
To minimize AERMOD simulation uncertainty stemming from WD errors, the WRF-observation
hybrid data set combines in-situ WD and WRF WS as the inputs for AERMOD. When in-situ WD
is unavailable, DIA WD is used as a substitute. The impacts of meteorological inputs are evaluated
by comparing simulated and observed concentrations as described in Section 3.1.2.2.
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(upper panels) & DIA (lower panels) for January to June 2022. Wind directions are colored by wind speed.
Mean bias, mean error, normalized mean bias (NMB), and root square mean error (RSME) are calculated.
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Figure 2.10: Daily wind direction and wind speed comparison between in-situ observations and WRF
(upper panels) & DIA (lower panels) for January to June 2022. Wind directions are colored by wind speed.
Mean bias, mean error, normalized mean bias (NMB), and root square mean error (RSME) are calculated.

2.4 Emission Inversion

Dispersion models have been widely used to infer site-level emissions based on in-situ mea-
surements, a problem known as inverse modeling. Dispersion models generate the transfer func-
tion (M, ;), describing the dispersion of emission plumes from a source j to a receptor ¢. Emission

rates are then estimated using inversion methods that optimize the match between predicted and
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observed concentrations. Previous studies differ mostly in their choices of dispersion model and
inversion methods.

Both the analytical Gaussian dispersion model and AERMOD have been used to estimate
methane emissions from landfills, O&G facilities, agricultural sources, and wastewater treatment
facilities (Figueroa et al., 2009; Lan et al., 2015; Albertson et al., 2016; Caulton et al., 2019; Zhou
et al., 2019; Golston et al., 2020; Olaguer et al., 2022; Moore et al., 2023). Due to its lower re-
quirements for terrain and upper atmosphere data, the analytical Gaussian dispersion model has
been used more frequently, especially with mobile observations. However, Lan et al. (2015) com-
pared the simple analytical Gaussian dispersion model with AERMOD and found that AERMOD
simulations might be more accurate when incorporating emission inversion method.

Several inversion techniques have been developed for emission estimation, including the inte-
grated ratio (Lan et al., 2015; Albertson et al., 2016), Bayesian inference (Zhou et al, 2019; Moore
et al., 2023), and regression (Figueroa et al., 2009; Olaguer et al., 2022) methods. The first two
methods are often used with mobile observations with cross-plume transect observations. The in-
tegrated ratio method uses the ratio between cross-plume integrated observations and simulations
to estimate emissions to minimize the uncertainty due to crosswind turbulent variability (Albertson
et al., 2016). Bayesian inference incorporates uncertainties into the integrated ratio method when
multiple transects are available (Zhou et al., 2019; Moore et al., 2023). The regression method
is better suited for long-term stationary monitoring (Figueroa et al., 2009). When emissions from
multiple sources are monitored at several locations, a multiple linear regression (MLR) approach
is used. With one source and one receptor, the regression method reduces to a simple ratio method.

In this thesis, AERMOD simulations are used to infer VOC emission rates from O&G activities
using the MLR method with weekly observations and the ratio method for plume-triggered sam-
ples. Together, the inverse modeling approach overcomes several limitations of existing methods

discussed in section 1.5 and provides long-term emission characteristics.
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2.4.1 Method for Weekly Canister Samples

The MLR for each week is based on the model expressed below:

Ol Ml,l v Ml,m €1
= Cpy + : : o (2.2)
Cn Mn,l ce Mn,m Em
In Equation 2.2, C; ( = 1, ..., n) is the observed concentration at site ¢; Cy is the background

concentration in ,ug/m3 inferred from MLR; M; ; ¢z =1, ...,n; 7 =1, ..., m) is the AERMOD
transfer function simulated as the plume concentration (1g/m?) at site 7 from source (O&G pad) j
with a unit emission rate of 1 g/s; and e; (j =1, ..., m) is the emission rate for source (O&G pad)
j in g/s inferred from the MLR. Both the number of active sampling monitoring sites (n) and the
number of operating sources (O&G well pads, in our case) (m) can vary from week to week. For
example, in a certain week when four monitoring sites collected valid weekly samples (n = 4) and
three O&G well pads were operating (m = 3), the MLR matrix for that week would become the set
of equations shown in Equation 2.3, where C; (i =1,2,3,4)and M, ; (i=1,2,3,4;5=1,2,3)

are illustrated in Figure 2.11.
( C1 :Cbg—i‘Ml,l '€1+M172'€2+M173'63
CQ = Obg + M271 el + M272 &) + M273 + €3

2.3)
Cg = Cbg + Mg}l -e1+ M372 - ey + M373 + €3

. Ci=Chg+Myi-e1+Mys-ea+ Mysz-es

Figure 2.11 illustrates the MLR inverse modeling method. In Figure 2.11, x and y axes rep-
resent the UTM Easting and UTM Northing in meters, respectively. The color bars indicate the
concentrations (in pg/m?), filled circles denote the locations of four monitoring sites, and black
triangle, black star, and black plus signs represent the locations of three O&G pad (LS, NWB and
ICB) sources, respectively. In panel (a), the color of each filled circle indicates the concentration

of n-decane observed at each site (i.e., C, Cs, C3, and C} in Equation 2.3). Panel (b) shows the
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AERMOD simulated concentration from the LS pad with an assumed emission rate of 1 g/s. The
simulated concentrations at the four monitoring sites are the transfer functions from the LS pad to
the respective sites (i.e., M; 1, i =1, 2, 3, 4) in Equation 2.3. Similar to panel (b), panels (c) and (d)
represent the AERMOD simulations of plumes from the NWB pad and the ICB pad with assumed
emission rates of 1 g/s, respectively, which provides M; » and M, 3 (i = 1, 2, 3, 4) in Equation 2.3.
With C; and M;; (i =1, 2, 3,4; j =1, 2, 3) ready, the optimal emission rates for the three O&G

pads (eq, e2 and e3) and the background concentration (Cj,) can be inferred through the MLR.
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Figure 2.11: Diagrams of observed concentrations at four monitoring sites (panel (a)) and AERMOD simu-
lated contributions from each of the three O&G well pads (panels (b) — (d)), corresponding to Equation 2.3.

For each week, the MLR method is applied to each of 51 measured VOCs to constrain the
corresponding emission rates. However, the weekly sampling at each monitoring site was not
always continuous (section 2.1). As a result, n is smaller than m + 1 (number of emission rates
+ constrained background concentration) for certain weeks, leading to an ill-defined equation set.
Therefore, these weeks were removed from the MLR analysis. Additionally, the MLR coefficients

are forced to be non-negative since the O&G sources can’t be sinks of VOCs.
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2.4.2 Method for Plume-Triggered Samples

The triggered canisters collect whole air samples in a very short period of time (~ 15 seconds)
and their collection is determined by the detection of transient high-concentration plumes — not
by a routine schedule like the weekly samples. The difference in the time scales of triggered
samples and AERMOD simulations requires extrapolating the triggered samples to an hourly scale
while uncertainties in instantaneous wind direction values in WRF simulations necessitate rotating
AERMOD simulations to match the transport direction of transient plumes.

Triggered sample concentrations were extrapolated to 1-hour average concentrations (C_pou;-)
based on the PID readings and VOC concentrations in the triggered canisters. The detailed descrip-
tion of this method can be found in Appendix E. Briefly, the composition of a plume is assumed to
remain constant over an hour and the hourly average concentration is calculated by extrapolating
the measured plume concentration above background using the time-varying elevation in the PID
signal.

The difference in the sampling and simulation temporal scales also impacts dispersion charac-
teristics. Transient plumes often last only several minutes (Ku et al., 2024) instead of hours and are
impacted by cross-wind turbulence variability. Thus, short-term transport directions can differ dra-
matically from hourly-average wind directions. Consequently, the hourly AERMOD simulations
might misplace transient plumes detected by the real-time PID monitoring system. Figure 2.12
shows an example. With the hourly averaged wind field, the AERMOD simulation indicates that
the plume did not intercept the monitoring site. However, a triggered sample was collected at the
monitoring site within that hour. Combining the in-situ measured wind direction, O&G operations
schedule, and VOC composition signature in the triggered canister, it has been confirmed that this
triggered sample came from the O&G source.

To address this issue, a wind rotation method is applied to the AERMOD simulated plume.
The wind rotation method is to manually adjust the wind direction in AERMOD meteorological
data, aligning it with the direction from the emission source to the monitoring site. After the wind

rotation, the center of the plume (the maximum at a given distance) passes through the site, and
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dispersed plumes of 1 g/s emission from AERMOD simulations are used as the transfer function
(M cenger). Since triggered canisters capture one plume from one source, a ratio method (Equation

2.4) is used to infer the VOC emission rates.
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Figure 2.12: An example of AERMOD simulated plume. This plume doesn’t pass through the monitoring
site while one plume-triggered sample was collected at the monitoring site within that hour.
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In Equation 2.4, e is the inferred emission rate in g/s; e,, is the constant emission rate (1 g/s)
when running AERMOD; M., 1s the transfer function; C';_,,,, is the extrapolated 1-hour VOC
concentration for the triggered sample; and Cj, is the VOC background concentration (the VOC
concentration at COM site in the corresponding weekly sample). However, by using the center
concentration of the plume (M c,¢.-) as the transfer function, the inferred emission rate (e) might
be biased low since the triggered samples might not always capture the maximum concentration
of the plume. This means that our estimated emission rates from triggered canister samples should

be considered a lower bound on actual emission rates.
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Chapter 3

Results and Discussion

3.1 Emission Rates Based on Weekly Canister Samples

This section presents the constrained VOCs emission rates from weekly samples using the
quantification method I developed aiming at (1) examining the performance of this method — MLR
using long-term weekly observations and dispersion model simulations and (2) providing insights
into different VOC emission rates during different UOGD operational phases.

In the following subsections, the development timelines of six O&G well pads in Broomfield
and constrained emission rates for drilling tracers are presented in Sections 3.1.1 and 3.1.2, re-
spectively. Section 3.1.3 provides the emission rates of select VOCs during all operations and
compares those values with previously published emission rates (EPA Emission Tool and Heco-

bian et al., 2019).

3.1.1 O&G Development Timeline

In Broomfield, Colorado, six O&G well pads (ICB, LS, NWA, NWB, UT, and ICA) were devel-
oped between 2019 and 2022. The pre-production development timelines of each O&G well pad
are shown in Figure 3.1 including drilling, hydraulic fracturing, coiled tubing/millout, production
tubing installation and flowback. After flowback, production begins. For the six O&G well pads in
Broomfield, the pre-production developments included here spanned 192 weeks (from 2019-04-18
to 2022-12-29).

As discussed in Section 2.2, n-octane, n-nonane and n-decane (C's — (o n-alkanes) are useful
tracers for drilling operations using synthetic Neoflo drilling mud; therefore, I first quantify the
emission rates of the three tracers during drilling phases using the MLR method to assess whether
the MLR emission constraint method assigns drilling emissions to the right pads during the correct

times. Among the 192-week period, the drilling periods for each O&G well pad are listed below:
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(1) 2019-04-20 — 2019-06-28, ICB drilling.

(2) 2019-07-05 —2019-11-14, LS drilling.

(3) 2019-11-09 —2020-01-10, NWA drilling.

(4) 2021-09-14 —2021-10-10, NWB drilling.

(5) 2021-10-14 —2021-11-17, UT drilling.

(6) 2021-11-24 —2022-01-04, UT drilling.

(7) 2022-01-11 - 2022-02-26, ICA drilling.

(8) 2022-03-01 —2022-04-17, ICA drilling.

These eight drilling periods contain 66 weeks, with 11 weeks removed to avoid an ill-defined

MLR equation set, as discussed in Section 2.4.1. From 2022-04-21 to 2022-05-24, ICB had its

second drilling operation (drilling of additional, new wells on the completed pad) whose emissions

can’t readily be distinguished from the emissions of simultaneous production phases. Therefore,

this period is not included in the analyses of drilling operations.
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Figure 3.1: Development timelines of six O&G well pads in Broomfield.

For different weeks, the number of weekly samples can change due to the sampling schedule

(Figure 2.2). During each drilling week, there was only one pad undergoing drilling operations
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while other pads might be undergoing different operations (Figure 3.1), which leads to the number

of active O&G well pads varying from 1 to 6 for different drilling weeks.

3.1.2 Drilling Tracers

This section provides constrained emission rates for drilling tracers, C's — C'o n-alkanes, during
drilling operations. In the following sections, the concentrations and emission rates of Cs — Cig

n-alkanes are the sums of concentrations and emission rates of n-octane, n-nonane and n-decane.

Observed Concentration

The weekly average concentration time series of Cs — (' n-alkanes at six monitoring sites
(ITCO1, LSO1, NWP02, NWP03, UT02, and COM) in Broomfield are shown in Figure 3.2, where
colored areas represent the drilling periods for different O&G well pads and the gap in the x-axis
represents a shutdown of pre-production activities due to the COVID-19 pandemic and a financial
reorganization of the operator when no O&G well pad was in drilling operation. For the monitoring
sites in Broomfield, ITCO1 is near ICB & ICA, LSO1 is near LS, NWPO02 is near NWA, NWPO03 is
near NWB, and UTO02 is near UT (Figure 2.1). The colors of the lines match the colored areas that
indicate drilling periods at the closest pad.

Figure 3.2 depicts variations of Cs — (' n-alkane concentrations at different monitoring sites
during different drilling periods. Except for the drilling at ICB, significantly elevated Cs — C}g
n-alkane concentrations were observed at monitoring sites near the corresponding drilling well
pad while the concentrations at other sites were relatively low. Once the drilling operations were
completed, the concentrations at the site near the drilling pad dropped to background levels. This
can be attributed to the use of Neoflo 4633 drilling mud as discussed in Section 2.2. For example,
when the LS pad was being drilled (red area in Figure 3.2), LSO1 observed high concentrations
of Cs — (' n-alkanes, and the concentrations dropped to low levels when the drilling finished at
the pad. Concentration enhancements were much less at ITCO1 during the first drilling at ICB in
2019 than observed near other drilling pads because of the use of Gibson D822 drilling mud at

ICB before odor complaints led to the operator implementing use of Neoflo drilling mud.
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Figure 3.2: Observed weekly Cgs— (1o n-alkane concentrations at 6 monitoring sites in Broomfield. Colored
areas represent the drilling phases of different O&G well pads.

AERMOD Simulation and Model Evaluation

I obtained simulated plume concentrations from different O&G sources for every monitoring
site. AERMOD simulations were conducted for every active well pad with a unit emission rate (1
g/s). Two sets of meteorological inputs were used to investigate the impacts of WD uncertainties
(Section 2.3.2). Emission rates of Cs — (¢ n-alkanes are estimated for O&G well pads with
active operations using the MLR method (Equation 2.2) with these simulations. As drilling tracers,
background concentrations of Cs — C}( n-alkanes are low and have clear sources, making them
ideal for model evaluation.

The performance of weekly AERMOD simulations with inversed emission rates is evaluated
by comparing the predicted and observed concentrations of Cs — Co n-alkanes. In Figure 3.3, the
predicted concentrations are the AERMOD simulation results with the MLLR constrained emission
rates. Adjacent monitoring sites are grouped into single categories; for instance, ITCO1, ITCO2,
and ITCO3 are combined into ITC. The mean observed concentrations and mean bias (MB) of

predicted concentrations are included in the legend.
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(b) WRF-observation hybrid data set
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Figure 3.3: Observed Cs — C1 n-alkane concentrations vs. MLR predicted C's — C'y n-alkane concentra-
tions for drilling operations only. Both concentrations are the results after subtracting regression constants.
ITC is the combination of ITCO1, ITC02, and ITCO3. LS is the combination of LSO1 and LS02. NWP is the
combination of NWP02 and NWPO03. UT is the combination of UT02 and UTO03. In the legend, # represents
the number of weekly concentrations; C is the mean observed concentrations; and MB is the mean bias
of predicted concentration.

With the WREF data set as inputs, AERMOD simulations miss several plumes observed at LS
sites and substantially underestimate C's — (o n-alkanes (Figure 3.3a). In contrast, the WRF-
observation hybrid data set has lower WD errors and significantly improves the performance of
AERMOD simulations (Figure 3.3b). For example, with the hybrid data set, the regression slope,
r? value, and overall mean bias between predicted and observed concentrations are 0.98, 0.89, and
-0.2363 pug/ m3, respectively. When using WRF data set alone, these values are 0.95, 0.69, and
-0.5397 ug/m?3, respectively. Therefore, simulations with the hybrid data set and corresponding
constrained emission rates are reported and discussed in the following sections. A detailed dis-
cussion of model performance for other operations and select VOCs are provided in Appendix
B.

The AERMOD simulated weekly averaged (synchronized with weekly air samples with the
WRF-observation hybrid inputs) plume contributions from different O&G sources at ten monitor-
ing sites (), ; in Equation 2.2) are provided in Figures C.1 and C.2. For the background site —
COM, the contributions from the six O&G well pads are negligible since COM is far (~ 5 km)

from the six O&G well pads. At the sites near well pads, the plumes with highest concentrations
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originate from the nearest O&G well pad while the contributions from other pads are generally

small, as expected.

Constrained Emission Rates
By conducting the MLR with the hybrid meteorological inputs for the 192 weeks (39 weeks
were excluded based on the criteria in Section 2.4.1), I obtain a total of 309 constrained emission

rates for different UOGD operations in which 55 emission rates are for drilling operations.
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Figure 3.4: Constrained Cgs — (' n-alkane emission rates for six O&G well pads. Colored areas represent
the drilling phases of different O&G well pads.

The constrained emission rates of Cs — (¢ n-alkanes (the sum of emission rates of n-octane, n-
nonane, and n-decane) for periods with drilling operations are shown in Figure 3.4. From 2020-01-
10 to 2021-09-14, there was no drilling operation. After 2022-04-20, there was no single drilling
operation at one well pad. Therefore, these two periods are not shown in the figure. Solid lines
and colored areas represent the emission rates and drilling periods of different O&G well pads,

respectively. The emissions of Cs—(C'jy n-alkanes vary by operation types and emission sources. As
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previously mentioned, during each drilling period, there could be multiple active O&G well pads
being developed but only one with active drilling. The MLR method successfully distinguishes
the well pads being drilled from other active well pads and assigns the highest emission rates of
Cs — (' n-alkanes to the corresponding drilling locations. For instance, for the period of 2021-
10-14 to 2022-01-01, the UT pad was in drilling operations while the other five well pads were
otherwise being developed or in production at the same time. The MLR method is still able to
infer the emission rates for different operations.

The emission rates for the ICB drilling period (purple area) are the lowest among all drilling
emission rates, consistent with much lower Cs — (¢ n-alkane concentrations in the headspace
analysis of the Gibson D822 drilling mud used in ICB drilling operations. The constrained Cs —
(o n-alkane emission rates clearly show the capability of the MLR method to properly assign
emissions to appropriate locations at appropriate times when used with weekly observation samples

and AERMOD simulations.

3.1.3 Select VOCs During All Operations

This section presents constrained emission rates for select VOCs using the MLR method with
weekly samples and dispersion model simulations and compares them with previous studies. The
EPA Emission Tool (Eastern Research Group, Inc., 2022) provides emission factors for several pre-
production activities; however, only those for drilling mud degassing, fracking engine emissions,
and flowback green completion are applicable to the well pad development activities conducted in
Broomfield. In addition, the EPA Emission Tool only offers emission factors for methane, BTEX,
and non-methane VOC (NMVOC) without detailed speciation. Furthermore, the EPA Emission
Tool estimates that flowback green completion practices produce no emissions. Hecobian et al.
(2019) quantified emission rates of 46 VOCs plus methane and ethane during drilling, fracking,
flowback, and production operations in the Denver-Julesburg (DJ, a mixed oil and gas play) and

Piceance (primarily natural gas) basins in Colorado using a tracer ratio method.
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Emission rates are examined here for Broomfield O&G operations for methane, ethane, propane,
ethyne, Cs — (' n-alkanes, benzene, toluene, ethylbenzene, xylenes (m-p-xylene + o-xylene), and
NMVOC. Methane, the primary component of natural gas and a potent greenhouse gas, has a high
background concentration (~ 2 ppm) compared to other VOCs in Broomfield. Ethane, a major
constituent of crude oil and natural gas and a dominant non-methane VOC in urban areas (Thomp-
son et al., 2014; Abeleira et al., 2017; Ku et al., 2024), has such a high regional background
concentration in Broomfield that enhancements in ethane concentrations at monitoring sites near
O&G pads are not always readily apparent, as reported by Ku et al. (2024). Propane is also a
predominant byproduct in O&G production (Gilman et al., 2013; Thompson et al., 2014; Ku et
al., 2024). Ethyne (acetylene), primarily derived from combustion and typically absent from non-
combustion O&G emissions (Borbon et al., 2001; Baker et al., 2008; Gilman et al., 2013; Hecobian
et al., 2019; Ku et al., 2024), serves as a combustion tracer. C's — (' n-alkanes are selected since
they have proven to be good tracers for some drilling operations as discussed above. BTEX are
of special interest because they are HAPs that can cause adverse health impacts (EPA, 2015b).
Sources of BTEX include combustion and O&G activities (Ho et al., 2004; Khoder 2007; Miller et
al., 2012; Bolden et al., 2015; Halliday et al., 2016; EPA, 2023d). The emission rates of NMVOC
are calculated as the sum of emission rates of 50 measured VOCs.

Table 3.1 lists the number of constrained weekly emission rates for select VOCs during each
O&G operation phase. The emission rates for production tubing installation are difficult to quan-
tify/distinguish due to its short duration and/or multiple operations at the same time, resulting in
only two constrained emission rates. Due to the limited number of observations, the emission rates
for production tubing installation are not included in the analyses but are provided in Figure C.7.
As mentioned in Section 2.4.1, the MLR coefficients are constrained to be non-negative. Using the
emission rates of Cs — ('} n-alkanes as an example, it was found that without employing such con-
straint, approximately 41% of emission rates were negative values, ranging from -0.1 to -0.00001
g/s. Notably, 77% of these negative emission rates were from production operations, which has

been identified as having significantly lower emissions compared to pre-production operations (Ku

36



et al., 2024). After applying this constraint, all the negative emission rates, ranging from -0.1 to
-0.00001 g/s, were adjusted to O g/s. These negative values typically represented low-emission
operations, thus it’s reasonable to treat them as emission rates of 0 g/s rather than negative values,
especially considering that O&G well pads are unlikely to be sinks for VOCs.

Table 3.1: Number of constrained emission rates for different UOGD operations using weekly samples.
Numbers in parentheses are the numbers of emission rates of methane where they differ from other VOCs.

Operation Drilling- Drilling- Hydraulic Coiled Production Tubing | Flowback | Production
Gibson mud Neoflo mud Fracturing Tubing Installation
#of emission rates | 11 | 444D | 25(23) | 7 | 2 | 29 | 191 (189)

Figure 3.5 shows the operation-composite emissions rate of ethane, propane, Cs — C n-
alkanes, BTEX, ethyne, and NMVOC during different UOGD operations while Figure 3.6 presents
the corresponding box plots for methane. In the panels, the boxes and whiskers represent the
5th, 25t 75t and 95" percentiles while orange lines and green triangles show the median and
mean values, respectively. The red solid lines indicate the emission rates calculated based on the
EPA Emission Tool, which provides emission factors of drilling mud degassing (for methane and
NMVOC), fracking engines (for methane, BTEX, and NMVOC), and flowback green completion
(for all VOCs). The brown crosses represent the median emission rates reported in Hecobian et al.
(2019) for all species except ethyne, which was released as the study tracer. The columns colored
in gray represent values (both emission rates and EPA Emission Tool emission factors) multiplied
by 10 for better illustration.

Large variations in Broomfield O&G alkane emission rates are observed between different op-
eration phases in Figure 3.5. The highest median emission rates of ethane and propane are from
coiled tubing/millout, followed by drilling, flowback, and production. Hydraulic fracturing has
the lowest median emission rates of ethane and propane. Although the observed concentrations
of ethane are higher than those of propane at all monitoring sites, the constrained emission rates

of ethane are still in the same magnitude as those of propane. This is because the MLR method
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Figure 3.5: Box plots for emission rates of ethane, propane, C's — C'1¢ n-alkanes, benzene, toluene, ethylben-
zene, xylenes (m-p-xylene + o-xylene), ethyne, and NMVOC during drilling-Gibson (D-G), drilling-Neoflo
(D-N), hydraulic fracturing (HF), coiled tubing/millout (CT), flowback (FB) and production (PD) opera-
tions using weekly samples. The boxes and whiskers represent the 5%, 25", 75! and 95! percentiles,
respectively. Orange line and green triangle represent the median and mean, respectively. The red solid
lines represent the emission factors from the EPA Emission Tool. The brown cross sign represents the me-
dian emission rate reported in Hecobian et al. (2019). The columns colored in gray indicate the values are
multiplied by 10 for better illustration. The numbers under the x axes represent the number of emission rates
for different operations.
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incorporates background contributions, demonstrating that the MLR method is able to optimize
emission rates when incorporating background observations from the Commons (COM) site. Con-
sistent with the prior discussion on drilling mud emissions, the highest median emission rates of
Cgs — (o n-alkanes are from drilling with Neoflo mud while drilling with Gibson mud leads to the
second highest. Coiled tubing/millout also shows high Cs — (' n-alkane emission rates, in accor-
dance with the elevated C's — ('} n-alkane concentrations during coiled tubing/millout operations
reported in Ku et al. (2024). The Cs — (' n-alkane emission rates during flowback and production
are about one to two orders of magnitude lower than those of drilling with Neoflo mud.

For BTEX, the median Broomfield emission rates during drilling with Neoflo mud, drilling
with Gibson mud, and coiled tubing/millout are higher than those of other operations. Hydraulic
fracturing and production exhibit the lowest and second lowest median BTEX emission rates, re-
spectively. The emission rates of benzene, toluene, and xylenes show smaller variabilities between
different operations compared to ethylbenzene.

For the combustion tracer, ethyne, the highest median emission rates are from hydraulic frac-
turing, an expected result because fracking is powered by diesel engines. The mean emission rate
during production is high due to sporadic high emission rates. Periodic maintenance and truck
emissions (EPA, 2019; Lachenmayer 2022; Ku et al., 2024) could account for some of these spo-
radic high emission rates during the production phase; however, Ku et al. (2024) also report an
unknown (likely combustion) source that led to significant local increases in ethyne concentrations
during some periods at the Livingston pad. However, all other operations exhibit low ethyne emis-
sion rates, as many operations were electrified in Broomfield and closed loop systems were used
to move fluids off-pad, helping limit truck traffic (Ku et al., 2024). As for NMVOC, two drilling
operations and coiled tubing have the highest emission rates, while flowback, hydraulic fracturing,
and production show relatively low emission rates.

Figure 3.6 presents the emission rates of methane along with the emission rates from EPA
Emission Tool and Hecobian et al. (2019). The variations of methane median emission rates across

different operations are approximately within one order of magnitude. Drilling with Neoflo mud
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and coiled tubing/millout again show the highest and second highest emission rates. Production

exhibits the third highest median emission rate of methane.

Methane
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Figure 3.6: Box plots for emission rates of methane during drilling-Gibson (D-G), drilling-Neoflo (D-N),
hydraulic fracturing (HF), coiled tubing/millout (CT), flowback (FB) and production (PD) operations using
weekly samples. The boxes and whiskers represent the 5%, 25t" 75" and 95" percentiles, respectively.
Orange line and green triangle represent the median and mean, respectively. The red solid lines represent
the emission factors from the EPA Emission Tool. The brown cross sign represents the median emission rate
reported in Hecobian et al. (2019). The numbers under the x axis represent the number of emission rates for
different operations.

The emission rates of individual VOCs can vary significantly between operations. Drilling
and coiled tubing/millout operations typically exhibit higher VOC emission rates. During these
operations hydrocarbons can be released from rock formations, drilling mud, and drilling debris,
leading to emissions into the atmosphere. During hydraulic fracturing, VOC emission rates are
generally the lowest among pre-production and production activities, consistent with the fact that
material is generally being pushed downhole during fracking, limiting opportunities for emission of
subsurface hydrocarbons. One exception is ethyne that has elevated emissions due to combustion in
powerful engines used to generate the substantial power needed for fracking operations. Emission
rates within a particular operation type can also vary substantially. For example, drilling operations
include several phases for each well, including rig setup/movement, vertical drilling, horizontal

drilling through the hydrocarbon “payzone”, pipe tripping (pulling of pipe out of the wellbore),
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and cementing/casing, and each of these activities can feature different opportunities for emissions.
Recycling of drilling mud can lead to VOC volatilization of drilling mud components, for example,
but can also lead to emission of entrained subsurface hydrocarbons while drilling through the
payzone. Emissions during cementing operations, for example, are more likely dominated by
combustion of engines on the surface used during this operation. Changing emissions across such
sub-operations, however, are likely difficult to discern using weeklong observations. We also lack
detailed drilling logs spelling out the exact timing of these operations in Broomfield O&G well
development.

Although median VOC emission rates during the production phase are much lower than those
seen during many pre-production operations, the extended duration of production means that emis-
sions continue over years to decades and total emissions can climb over these extended production
operations (Swarthout et al., 2013; Wilde et al., 2021).

Thinking beyond Broomfield, differences in VOC emissions during both pre-production and
production operations can also vary substantially. Different operators and subcontractors often
employ different practices, while even the same operator might use different best management
practices at different locations. For example, the use of grid-powered, electrified drill rigs, closed
loop, tankless fluid handling systems, and synthetic drilling mud in Broomfield are not common
practices at every location and differences in these practices certainly can alter emissions. More-
over, different O&G reservoirs have distinct oil and gas compositions, which may also affect the
composition of emissions from a well pad (Gilman et al., 2013; Lachenmayer, 2022).

A comparison of VOC emission rates from Broomfield O&G development with previously
published values can help evaluate (1) the appropriateness of these prior values for describing
emissions associated with present-day operations and (2) the effectiveness of recently adopted
management practices in the O&G industry in reducing VOC emissions. Evaluating the applica-
bility of values published in the EPA Emission tool is particularly valuable given the strong reliance
on these values by industry and government for assessing O&G contributions to emissions invento-

ries utilized for modeling ozone pollution and addressing other air quality impacts. Tables 3.2 - 3.5
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compare the median and mean emission rates of select VOCs during drilling, hydraulic fracturing,
flowback and production operations with these previously values. In the Tables, “NA” denotes no
available value.

In the drilling phase, as illustrated in Table 3.2, Figure 3.5, and Figure 3.6, the median emission
rates estimated for methane using Gibson mud (0.05 g/s) and Neoflo mud (1.11 g/s) are lower
than the values from Hecobian et al. (2019) (2.0 g/s), while the median value for Neoflo mud
is higher than the value reported by the EPA emission tool (0.68 g/s). However, In the case of
NMVOC, median emissions rates for drilling operations using synthetic-based Neoflo mud (1.8
g/s) and petroleum-based Gibson mud (0.48 g/s) in Broomfield are higher than the value provided
for drilling mud volatilization in the EPA Emission Tool (0.36 g/s) for synthetic-based or oil-based
drilling mud. The EPA Emission Tool only includes methane and four VOCs (ethane, propane,
butane, and pentane) when estimating the emission factors of total hydrocarbons, compared to 50
VOC:s included here. However, even when considering only four VOCs (ethane, propane, butane,
and pentane), as included in the EPA Emission Tool, the median emission rate of NMVOC from
Broomfield drilling with Neoflo mud remains higher than the EPA Emission Tool.

The median emission rates of Cs — (' n-alkanes, ethylbenzene and xylenes are significantly
higher than values published by Hecobian et al. (2019) for drilling operations in Piceance Basin.
The higher C's — ('} n-alkane emission rates in Broomfield are consistent with their emission from
Neoflo-based drilling mud, as discussed above. Hecobian et al. (2019); however, reported higher
emission rates of toluene. The drilling operations studied by Hecobian et al. did not use electrified
drill rigs, so the higher emission rates of toluene, a combustion product, are not surprising. Median
emission rates of light alkanes and benzene in Broomfield are broadly similar to values reported
by Hecobian et al. The median drilling emission rates for NMVOC in Broomfield are higher than
Hecobian et al. reported for Piceance Basin drilling (0.43 g/s), despite the lack of combustion-
based drilling rigs in Broomfield. The difference appears largely attributable to increased emissions

of heavier alkanes and may reflect increased volatilization of these compounds from synthetic
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drilling mud in Broomfield and the larger oil content of the Broomfield hydrocarbon resource
relative to the drier gas production in the Piceance Basin.

In Table 3.3 the EPA Emission Tool emission rates of methane, BTEX and NMVOC from 700
horsepower (hp) and 1500 hp fracking engines are provided in separate columns. 700 hp is the
default option in the EPA Emission Tool, while 1500 hp is a more realistic assumption based on
Nieuwenburg et al., (2023). The median emission rate of methane (0.0 g/s) determined from the
Broomfield observations is consistent with the small values included in the EPA Emission Tool
(0.003 and 0.007 for the 700 hp and 1500 hp engine sizes). The median NMVOC emission rate
(0.12 g/s) determined from the Broomfield observations is higher than both values for NMVOC
emissions from the two engine sizes in the EPA Emission Tool (0.04 and 0.08 g/s). The EPA Emis-
sion Tool only includes engine emissions during fracking, overlooking potential contributions from
other sources such as truck traffic. These are likely small relative to the fracking engine emissions
and the consistency between the EPA Emission Tool and Broomfield values is reassuring. Emis-
sions of NMVOC reported by Hecobian et al. (2019) are also consistent with these values, with a
median reported value of 0.08 g/s.

During flowback (Table 3.4 and Figure 3.5), the median emission rates of all select VOCs
are significantly lower compared to values reported by Hecobian et al. (2019) for DJ Basin. The
median emission rate of NMVOC (0.15 g/s) is approximately 42 times lower than the median value
reported by Hecobian et al. (6.33 g/s). The EPA Emission Tool reports that the green completion
techniques produce no emissions, implying all VOC emission rates of 0 g/s. Green completion
practices were used for flowback operations in Broomfield and Hecobian et al. (2019); however,
both studies show non-zero median VOC emission rates, indicating the significant underestimation
of EPA Emission Tool for flowback green completion techniques.

Hecobian et al. (2019) observed that pre-production emission rates of most VOCs were high-
est during flowback phases. The operations studied by Hecobian et al. between 2014 and 2016
were green completion systems, with separators included to reduce emissions; however, they fea-

tured on-site flowback fluid storage in vented tanks, allowing substantial VOC emissions. The
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substantial reduction of flowback VOC emissions in Broomfield indicates the success of improved
management practices utilized in Broomfield, including the use of closed loop systems to handle
fracking fluids and produced water returned to the surface (Lachenmayer 2022; Ku et al., 2024).
The median flowback NMVOC and benzene emission rates in Broomfield represent reductions of
98% each from the earlier DJ Basin flowback values reported by Hecobian et al. (2019).

During production at the Broomfield O&G well pads (Table 3.5), the median emission rate
of NMVOC (0.10 g/s) is also lower than the median value (0.33 g/s) reported by Hecobian et al.
(2019). The production facilities studied by Hecobian et al. included a mix of older and newer
operations such that the nearly 70% lower values observed for the new production operations in

Broomfield are not surprising.

Table 3.2: Median and mean emission rates of select VOCs for drilling operations: this study (weekly
samples) vs. EPA Emission Tool vs. Hecobian et al. (2019).

voC This study drilling Gib- | This study drilling Ne- | EPA Emission Tool oil-based | Hecobian et al. drilling
son mud median (mean) | oflo mud median (mean) | or synthetic-based drilling mud | median emission rate
emission rates (g/s) emission rates (g/s) degassing emission rate (g/s) (g/s) — Piceance basin

Methane 0.05 (0.17) 1.11 (1.57) 0.68 2*

Ethane 0.11 (0.13) 0.27 (0.34) NA 0.13

Propane 0.08 (0.11) 0.29 (0.34) NA 0.12

Cg — C19 n-alkanes | 0.04 (0.044) 0.27 (0.41) NA 0.007

Benzene 0.004 (0.005) 0.0096 (0.0109) NA 0.004

Toluene 0.012 (0.014) 0.025 (0.035) NA 0.088

Ethylbenzene 0.002 (0.002) 0.0036 (0.0061) NA 0.0009

Xylenes 0.014 (0.017) 0.0326 (0.0434) NA 0.004

Ethyne 0.0001 (0.0003) 0.0 (0.0009) NA NA

NMVOC 0.48 (0.65) 1.8 (2.23) 0.36 0.43

* This emission rate is from Collett et al. (2016), which used the same dataset as Hecobian et al. (2019).
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Table 3.3: Median and mean emission rates of select VOCs for fracking operations: this study (weekly

samples) vs. EPA Emission Tool vs. Hecobian et al. (2019).

vOoC This study fracking | EPA Emission Tool frack- | EPA Emission Tool frack- | Hecobian et al. frack-
median (mean) emis- | ing 700 hp engine emis- | ing 1500 hp engine emis- | ing median emission
sion rates (g/s) sion rate (g/s) sion rate (g/s) rate (g/s) — DJ basin

Methane 0.0 (0.5) 0.003 0.007 2.8*

Ethane 0.0 (0.055) NA NA 0.0026

Propane 0.006 (0.043) NA NA 0.0005

Cg — C'1p n-alkanes | 0.0 (0.0134) NA NA 0.0105

Benzene 0.00003 (0.0014) 0.002 0.0042 0.0022

Toluene 0.0 (0.0005) 0.0014 0.003 0.0056

Ethylbenzene 0.0 (0.0008) 0.0002 0.0004 0.0008

Xylenes 0.0 (0.0009) 0.0005 0.0011 0.0056

Ethyne 0.0005 (0.04) NA NA NA

NMVOC 0.12 (0.25) 0.04 0.08 0.08

* This emission rate is from Collett et al. (2016), which used the same dataset as Hecobian et al. (2019).

Table 3.4: Median and mean emission rates of select VOCs for flowback operations: this study (weekly

samples) vs. EPA Emission Tool vs. Hecobian et al. (2019).

vOoC This study flowback median | EPA Emission Tool flowback green- | Hecobian et al. flowback median
(mean) emission rates (g/s) completion emission rate (g/s) emission rate (g/s) — DJ basin

Methane 0.095 (0.257) 0 40*

Ethane 0.023 (0.064) 0 1.1

Propane 0.044 (0.121) 0 0.75

Cg — C1p n-alkanes | 0.012 (0.022) 0 0.342

Benzene 0.0014 (0.0032) 0 0.069

Toluene 0.0 (0.0043) 0 0.21

Ethylbenzene 0.0002 (0.0011) 0 0.019

Xylenes 0.002 (0.006) 0 0.274

Ethyne 0.00004 (0.0018) 0 NA

NMVOC 0.15 (0.46) 0 6.33

* This emission rate is from Collett et al. (2016), which used the same dataset as Hecobian et al. (2019).

Table 3.5: Median and mean emission rates of select VOCs for production operations: this study (weekly

samples) vs. Hecobian et al. (2019).

VOC This study production median | Hecobian et al. production median
(mean) emission rates (g/s) emission rate (g/s) — DJ basin

Methane 0.13 (0.54) NA

Ethane 0.017 (0.037) 0.1

Propane 0.027 (0.047) 0.088

Cg — C19 n-alkanes | 0.001 (0.004) 0.0021

Benzene 0.00007 (0.0014) 0.0013

Toluene 0.0 (0.0032) 0.0011

Ethylbenzene 0.0 (0.0002) 0.0002

Xylenes 0.00006 (0.00097) 0.0016

Ethyne 0.0001 (0.04) NA

NMVOC 0.10 (0.20) 0.33
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3.2 Emission Rates Based on Plume-Triggered Samples

This section presents VOC emission rates constrained using plume-triggered canister sample
observations. The primary objectives are (1) providing quantitative characteristics (emission rates)
for transient high-concentration plumes, and (2) comparing emission rates for these short-term
events with longer-term emission rates obtained using weekly samples. Sections 3.2.1 and 3.2.2
discuss the emission rates of drilling tracers and the emission rates of select VOCs during drilling,

coiled tubing/millout, and flowback operations, respectively.

3.2.1 Drilling Tracers

34 plume-triggered canisters collected in Broomfield from 2021-09-16 to 2021-11-05 are used
to constrain emission rates for drilling operations using Neoflo mud. Information regarding trig-
gered sample collection times, sampling sites, and O&G sources for these samples is provided in
Table D.1. These triggered canisters sampled elevated VOC concentration plumes attributed to
O&G drilling operations using the following approach: (1) comparing the in-situ wind direction
during the triggered sample time to ensure the plume originated from an O&G well pad undergoing
drilling, and (2) calculating concentration ratios of i-pentane to n-pentane in the triggered sample
to verify that the ratio was less than 1.0, indicating strong influence of O&G emissions (Gilman et

al., 2013; Hecobian et al., 2019; Ku et al., 2024).

Observation and AERMOD Simulation

VOC concentrations in the triggered canister samples were extrapolated to 1-hour average con-
centrations based on the corresponding PID readings. Additionally, a wind rotation method was
used to better represent transport of the transient VOC plume to the receptor location.

Figure 3.7 shows Cs—('jy n-alkane concentrations measured in triggered samples (red line), the
corresponding 1-hour extrapolated concentrations (blue line), and the background concentrations
(yellow line) for each triggered event. Background concentrations are observed concentrations
from the corresponding weekly canisters at the regional background site (COM). Concentrations

in triggered samples generally, as expected, exceed the background level except for two triggered
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events which appear to represent false trigger events when the PID response was influenced by
something (e.g., high humidity) other than elevated VOC concentrations.

One-hour extrapolated concentrations are generally lower than the concentrations measured
directly in the triggered canisters, indicating that most triggered samples captured a higher con-
centration portion of transient plumes intercepting the monitoring site (see Figure 3.7). However,
several triggered canisters were collected at the onset of plumes where concentrations continued
to rise, and their corresponding 1-hour extrapolated concentrations are higher than those of the
triggered samples. Figure 3.8 shows an example of such an event. Scenarios like this point to
the value of PID monitors having the ability to trigger multiple canisters, something that was not

incorporated in the APIS PID systems in Broomfield.
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Figure 3.7: Cs — Cp n-alkanes observed, background, and 1-hour extrapolated concentrations for triggered
events during drilling operations using Neoflo mud. X axis is the triggered time of each sample.
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Figure 3.8: PID readings for the 2021-10-06 22:36 triggered event at NWPO02. Blue solid line is the PID
reading. Red dashed line represents the triggered time.
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Constrained Emission Rates

Figure 3.9 illustrates the constrained Cs — ('} n-alkane emission rates (red solid line) for the 34
triggered events. The mean (black solid line), median, and standard deviation (black dashed line)
of these 34 emission rates are 6.2, 0.8, and 12.2 g/s, respectively. The 1° to 5" highest emission
rates (with the corresponding triggered times) are 47.5 g/s (2021-10-22 15:52), 38.0 g/s (2021-10-
30 13:09), 35.2 g/s (2021-10-18 14:54), 32.9 g/s (2021-10-16 12:16), and 12.8 g/s (2021-11-05
09:21), respectively. The four highest values are 5 to 10 times higher than the majority. These
episodes are further considered below. If we exclude these 4 highest emission rates, the mean
(blue solid line), median and standard deviation (blue dashed line) for the remaining 30 events are

1.9, 0.7 and 2.7 g/s respectively.
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Figure 3.9: Constrained emission rates for Cg — C'1g n-alkanes using drilling plume-triggered samples (red
solid line). Black solid and dashed lines are the mean and standard deviations of the total 34 emission rates.
Blue solid and dashed lines are the mean and standard deviation of the 30 emission rates excluding four
highest emission rates.

High Emission Event Analyses

When quantifying VOC emission rates using triggered samples, uncertainties may arise from
the 1-hour extrapolated concentrations (C_j,,-) and/or the AERMOD simulated concentrations

using wind rotation method (M c,.e;-). Based on Equation 2.4, the constrained emission rate can be
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exceptionally high if C'_j,,, is highly elevated or if the AERMOD simulation does not properly
represent the turbulent nature of transient plumes, leading to a low M. To investigate the four
highest emission rates obtained for our triggered canister analysis of drilling emissions, Figure
3.10 presents the C'_jy and M., along with the constrained emission rates for all triggered
events. The emission rates are on the left y-axis while the two right y-axes represent the M., and
C1_hour, respectively. For the 4 high emission estimates, the 1-hour extrapolated concentrations
are similar to other triggered events suggesting the high emission events are more likely driven
by factors associated with the dispersion simulation. Indeed, the corresponding AERMOD center
concentrations are exceptionally low compared to other triggered events, leading to very high

emission rate estimates.
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Figure 3.10: Constrained emission rates of Cs — C'¢ n-alkanes (red), AERMOD simulated plume center
concentrations (black), and extrapolated 1-hour concentrations of C's — C n-alkanes (blue) for each trig-
gered event.

Although the M., denotes the plume center concentration (maximum concentration within a
specific distance), the M ..., for the four high emission events remain very low, indicating that the
simulations of AERMOD for these four events differ from those of other triggered events. Upon
a thorough investigation of AERMOD concentration dispersion maps for all triggered events, a

distinct difference in dispersion patterns was identified between the four high emission events and
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the remaining thirty triggered events. Figure 3.11 visually illustrates this contrast, presenting typ-
ical dispersion maps for the four high emission events in panel (a) and for the other triggered
events in panel (b). Specifically, the 4 high emission events have stronger cross-wind dispersions
(horizontally wider) plumes than other triggered events, and show rapidly decreasing simulated
concentrations with distance. Consequently, the transfer functions remain low even after rotating
the dispersed plumes to the center at the monitoring sites for these four cases. These high emis-
sion estimates highlight that the accuracy of AERMOD simulations can be compromised due to
its inherent limitations of hourly averaged meteorological data input and the absence of higher-

resolution meteorological information.
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Figure 3.11: Typical AERMOD simulated plume dispersion modes for the 4 high emission events (panel
(a)) and other triggered events (panel (b)).

3.2.2 Select VOCs During Different Operations

This section presents constrained emission rates of select VOCs during drilling with Neoflo
mud, coiled tubing/millout and flowback operations using plume-triggered samples and compares
VOC short and longer duration emission rate estimates constrained using triggered vs. weekly
canister observations. Despite potential uncertainties in estimating 1-hour emission rates from trig-
gered sample data, stemming especially from uncertainties in short-term AERMOD simulations,
quantifying emissions at this time scale is especially important for assessing emissions associated

with short-duration activity (e.g., emptying of sand cans during flowback).
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Table 3.6 lists the number of select plume-triggered canister samples for different UOGD oper-
ations. In addition to the 34 triggered samples for drilling operations using Neoflo mud discussed
above, 6 and 14 triggered samples were attributed to emissions from coiled tubing/millout and
flowback operations, respectively (corresponding information is provided in Table D.2 and Table
D.3). These samples are used to estimate the 1-hour emission rates for the same select list of VOCs
discussed in section 3.1.3.

Table 3.6: Number of select plume-triggered samples for drilling with Neoflo mud, coiled tubing/millout
and flowback operations.

Operation | Drilling with Neoflo mud | Coiled tubing/millout | Flowback

# of plume-triggered samples | 34 | 6 | 14

Figure 3.12 presents estimated 1-hour emission rates for ethane, propane, Cs — Co n-alkanes,
BTEX, ethyne and NMVOC during drilling with Neoflo mud, coiled tubing/millout, and flowback
operations using plume-triggered samples, and Figure 3.13 shows emission rates of methane. The
purple triangles and crosses show the mean and median emission rates using weekly samples for
comparative analysis. Table 3.7 lists the median and mean 1-hour emission rates of select VOCs
during drilling with Neoflo mud, coiled tubing/millout, and flowback operations. Notably, as men-
tioned in section 2.4.2, the 1-hour estimated emission rates should be considered a lower bound
on actual emissions since the triggered canister samples may not always capture the maximum
concentration of plumes.

The emission rates of ethane and propane for each operation type are generally similar in
magnitude to each other. Median values for both species are higher for drilling and coiled tub-
ing/millout operations than for flowback. The highest emission rates of Cs — (' n-alkanes are for
drilling, consistent with the use of Neoflo-based drilling mud which is known to contain enhanced
concentrations of these compounds. These emissions during drilling are actually of similar magni-

tude to those for ethane and propane which are generally considered the major components emitted
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Figure 3.12: Box plots for emission rates of ethane, propane, C's — C¢ n-alkanes, benzene, toluene, ethyl-
benzene, xylenes (m-p-xylene + o-xylene), ethyne, and NMVOC during drilling-Neoflo (D-N), coiled tub-
ing/millout (CT), and flowback (FB) using plume-triggered samples. The boxes and whiskers represent the
5th, 25t 75t and 95! percentiles, respectively. Orange line and green triangle represent the median and
mean, respectively. The red solid line represents the emission factor from EPA Emission Tool. The EPA
emission factors for flowback green completion (0 g/s) are not shown here. The purple arrow and cross
sign represent the mean and median of emission rates from weekly samples. The numbers under the x axes
represent the number of emission rates for different operations.
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during O&G operations. Increased emission of these heavier alkanes is of interest because of their
potential air quality and health effects. Reactivities of these compounds with hydroxyl radical are
much higher than values for light alkanes, raising concerns about potential increased contribution
of drilling emissions to ozone formation. Nonane has also been identified as an air toxic, raising
potential concerns about increased exposure for residents living close to drilling operations. Both
median and mean emission rates are also highest during drilling operations for BTEX which are
also hazardous air pollutants.

Emission rates of ethyne are relatively low compared to other VOCs, consistent with results
from weekly samples and with expectations for these three operation types which had limited
combustion sources on-pad. Fracking operations involve the use of large diesel engines that are
expected to be larger contributors to ethyne emissions, but the study captured only 1 triggered
sample during fracking operations. This is likely because emissions of subsurface hydrocarbons
tend to be limited during fracking operations when material is being pushed down the well bore.
The median 1-hour NMVOC emission rates constrained by plume-triggered samples are highest for
drilling operations and lowest for flowback, following the patterns seen for major VOC components
ethane, propane, and Cs — C'o n-alkanes.

As for methane (Figure 3.13 and Table 3.7), the highest median 1-hour emission rates are seen
during drilling (3.11 g/s) and coiled tubing/millout operations (3.08 g/s), a same pattern as seen
for the VOCs in the weekly emission estimates. The higher values in coiled tubing/millout might
reflect direct venting of subsurface gas during millout of the plugs installed to isolate well sections
during hydraulic fracturing. During these three operations, the 1-hour median methane emission
rates are significantly higher than weekly estimates, indicating processes characterized by periods
of shorter-term, higher emissions.

The median NMVOC 1-hour emission rates, constrained by triggered samples, are higher than
the weekly average emission rates by factors of about 5 and 10 for drilling and flowback operations,
respectively. Again, this is suggestive of processes with intermittent emission of more concentrated

VOC plumes. Similar patterns are observed for many of the individual VOCs included in Figure
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3.12. During drilling and flowback, certain short-term activities, such as horizontal drilling and
emptying sand cans, emit significantly more VOCs than other activities, leading to the large gaps
between 1-hour and weekly emission rates. Somewhat smaller differences are observed for some
individual VOCs between 1-hour and weekly emission rates for coiled tubing/millout operations
consistent with what are expected to be more consistent activity patterns. The median 1-hour
emission rates for NMVOC are approximately 20 times higher than the drilling mud degassing

emission factor from the EPA Emission Tool (0.36 g/s).
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Figure 3.13: Box plots for methane during drilling-Neoflo (D-N), coiled tubing/millout (CT), and flowback
(FB) using plume-triggered samples. The boxes and whiskers represent the 5, 25", 75" and 95 per-
centiles, respectively. Orange line and green triangle represent the median and mean, respectively. The red
solid line represents the emission factor from EPA Emission Tool. The EPA emission factors for flowback
green completion (0 g/s) are not shown here. The purple arrow and cross sign represent the mean and median
of emission rates from weekly samples. The numbers under the x axis represent the number of emission
rates for different operations.
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Table 3.7: Median and mean emission rates of select VOCs for drilling with Neoflo mud, coiled tub-
ing/millout, and flowback operations using plume-triggered samples.

VOC Drilling with Neoflo mud me- | Coiled tubing/millout median | Flowback median (mean)
dian (mean) emission rate (g/s) | (mean) emission rate (g/s) emission rate (g/s)
Methane 3.11 (16.97) 3.08 (6.36) 0.57 (13.41)
Ethane 1.01 (5.33) 1.27 (4.57) 0.38 (6.67)
Propane 0.75 (5.10) 0.83 (4.08) 0.24 (6.95)
Cg — C19 n-alkanes | 0.82 (6.16) 0.04 (0.06) 0.02 (0.31)
Benzene 0.07 (0.25) 0.02 (0.02) 0.01 (0.14)
Toluene 0.19 (1.12) 0.04 (0.04) 0.01 (0.23)
Ethylbenzene 0.02 (0.42) 0.002 (0.003) 0.001 (0.02)
Xylenes 0.20 (2.80) 0.02 (0.03) 0.01 (0.13)
Ethyne 0.0003 (0.16) 0.0001 (0.0003) 0.00007 (0.00015)
NMVOC 7.43 (38.17) 4.25(13.02) 1.42 (30.19)
Data Availability

Dataset URL: https://doi.org/10.5061/dryad.g1jwstqzs
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Chapter 4

Conclusions and Recommendations for Future Work

4.1 Conclusions

Aided by unconventional extraction techniques and greatly accelerated in the past two decades,
U.S. oil and gas (O&G) development has raised concerns among the public. Activity-specific emis-
sion factors/rates of emissions of air toxics and other VOCs from O&G development are limited.
In this thesis I quantify VOC emission rates during different UOGD operations, using spatially
and temporally resolved observations (weekly and plume-triggered VOC canister samples) and
dispersion model simulations, through emission inversion methods (MLR and ratio methods).

The MLR method is validated by examining weekly sample-constrained emission rates of
drilling-specific chemical tracers (Cs — (', n-alkanes enriched in emissions of synthetic Neoflo-
based drilling mud). The MLR method was found to be capable of correctly assigning emissions
of these tracers to locations where and when drilling operations were underway.

Significant variations in VOC emission rates across different operation types are observed.
Drilling and coiled tubing/millout have the highest median VOC emission rates while hydraulic
fracturing exhibits the lowest except for ethyne. During drilling and coiled tubing/millout opera-
tions, hydrocarbons can be released from rock formations, drilling mud, and drilling debris causing
emissions into the atmosphere. Conversely, hydraulic fracturing, which involves pumping fluids
down into the well, reduces the likelihood of subsurface hydrocarbon emissions to the atmosphere.
Elevated emission rates of ethyne during fracking reflect the intensive use of large, diesel-powered
engines during this operation. Although O&G production typically exhibits lower VOC emission
rates than pre-production activities, its much longer duration means these emissions still deserve
special attention. Considerable variability in emission rates for a single operation type often reflects
variations in specific activities during those operations. For example, drilling operations consist

of a series of sub-operations, including rig setup, vertical drilling, horizontal drilling through the
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hydrocarbon payzone, and cementing/casing operations. More generally, there can also be sub-
stantial differences in O&G pre-production practices between operators, subcontractors, and O&G
basins.

During drilling operations, the median emission rates of NMVOC are 0.48 g/s for petroleum-
based Gibson mud and 1.8 g/s for synthetic-based Neoflo mud, as determined by weekly canister
samples. These median emission rates are higher than those reported by the EPA Emission Tool
for drilling mud degassing (0.36 g/s for NMVOC) and by Hecobian et al. (2019) (median NMVOC
emission rate of 0.43 g/s).

In the case of hydraulic fracturing, the mean emission rate of NMVOC (0.12 g/s) is higher than
the rates from the EPA Emission Tool for fracking engine emissions, which are 0.04 g/s for a 700
hp engine and 0.08 g/s for a 1500 hp engine.

During flowback, the median emission rates of VOCs are significantly lower than those re-
ported in Hecobian et al. (2019), suggesting that improved management practices utilized in
Broomfield flowback operations (e.g., employing a closed-loop system to handle fracking fluids
and produced water returned to the surface and limiting fluid storage on-pad) have greatly reduced
emissions compared to previous practices (e.g., storing flowback fluids in open tanks). Comparison
of the median values from the two studies, both of which employed green completion techniques,
suggest average emissions reductions of 98% for both NMVOC and benzene. However, EPA
Emission Tool estimates that the green completion techniques produce no emissions.

For shorter-term temporal variability in O&G emissions, I utilize plume-triggered canister sam-
ples to estimate 1-hour emission rates for drilling, coiled tubing/millout and flowback operations,
respectively. Too few triggered canisters were captured during fracking operations to support such
analysis. The median emission rates from triggered samples are typically approximately 5 to 10
times higher than the average emission rates obtained using weekly samples for drilling and flow-
back operations, during which certain short-term activities (e.g., horizontal drilling and emptying
sand cans) can emit significantly more VOCs than other operations. In the context of flowback

operations, this suggests that while average flowback emissions of air toxics and other VOCs have
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been greatly reduced by improvement in techniques used to handle flowback fluids, the periodic
emptying of sand canisters, required to capture fracking sand brought back up the well bore during
flowback, remains a weak point in terms of emission control.

While the extensive ambient air monitoring observations collected in Broomfield over time and
space during well pad development provides an exceptional opportunity to help constrain O&G
VOC emission rates for specific well drilling and completion activities, there are uncertainties
that arise from the inversion techniques used. In particular, inaccuracies in local meteorological
fields that are input to AERMOD dispersion simulations can send an emitted plume in the wrong
direction and/or lead to inaccurate rates of pollutant dispersion. These problems are generally
larger when looking at individual hours and can be mitigated by conducting inversions over longer
time periods. The MLR method combined with long-term observations (e.g., weekly samples)
is, therefore, likely to yield a more accurate solution. When sub-daily data (e.g., plume-triggered
samples) are used, adjustments such as wind rotation might be needed.

Despite these limitations, however, the findings in this thesis fill a crucial knowledge gap con-
cerning VOC emission rates during different UOGD phases. Accurate knowledge of these emis-
sion rates, across a range of industry practices that are evolving over time, is needed to properly
assess health risks associated with air toxics exposure for individuals living, working, or playing
near O&G operations and to improve our understanding of how these O&G operations contribute

to the formation of ozone and regional haze.

4.2 Recommendations for Future Work

This work focuses on quantifying the emission rates of VOCs during different UOGD phases,
comparing findings with previous studies, evaluating the validity of current estimations, and pro-
viding suggestions regarding quantification methods. With the 4-year spatially dense record of
VOC observations from Broomfield, we are able to estimate emission rates of a wide range of

VOC:s for specific development phases and operational practices. Despite this important progress,
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additional research is needed to further enhance understanding of this complex environmental is-

sue. The following recommendations outline potential directions for future work.

* Quantifying VOC emission rates using high-time resolution data. Apart from weekly and
plume-triggered samples, there are 1-minute methane concentration data, 1-minute BTEX
data from a PTR-MS, and mobile sampling data available. The 1-minute methane was pro-
vided by the Picarro G-2401 at one monitoring site in Broomfield, operated by Boulder Air,
for monitoring the impacts of a leaking pipeline, which persisted for at least 6 months. With
the available corresponding high-time resolution wind data, the wind-rotation method can be
applied in conjunction with AERMOD to simulate concentrations at a higher time resolution
and thus, quantify the emission rate of methane. A similar approach could be taken using
more than two years of data from an Ionicon PTR-MS, measuring benzene, toluene, and
several other compounds, operated by our CSU team in a residential neighborhood near the
Livingston well pad. Additionally, mobile sampling was conducted periodically in Broom-
field. The mobile laboratory is a hybrid SUV “plume tracker” equipped with fast mobile
measurement of methane and ethyne, BTEX, and grab samples for VOC speciation. Con-
centrations of methane and ethyne are measured at 2 Hz, BTEX at 6-min time resolution,
and other VOCs in grab samples, along with route coordinates (Ku et al., 2024). By using
AERMOD simulations for sampling trajectories with observed concentrations, the emission

rates can be quantified.

e Improving AERMOD simulations. It may be possible to further improve AERMOD sim-
ulations by refining the meteorological inputs. If every monitoring site is equipped with a
weather station measuring meteorological parameters required by AERMOD, such as wind
field, surface heat flux, and convective velocity scale, in future monitoring programs, the
model simulations could be greatly improved, especially for the simulation of transient

plumes.
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* Apply these approaches to quantify emissions for additional operations. Another UOGD
air monitoring project in the DJ Basin, sponsored by the Health Effects Institute — Energy
program (HEI), commenced in the summer of 2022. This project also focuses on monitor-
ing increased VOC concentrations near O&G facilities during different development phases.
Even better operational information (e.g., hourly drilling records) is available for some of
the operations monitored in this study. This HEI-funded study also included monitoring op-
erations from three different O&G operators, vs. the single operator who developed the 6
Broomfield well pads. Quantifying VOC emission rates for this new project and comparing
them with results reported here can help provide a more robust dataset of emission rates and
new insights into how different management practices influence those rates. Such informa-
tion would improve stakeholder ability to design effective strategies to mitigate emissions of

air toxics and ozone precursors from UOGD.

* Health impact assessment via forward modeling. The UOGD activity-specific VOC emis-
sion rates reported in this study can be used to drive dispersion simulations under a variety of
meteorological conditions to estimate both acute and chronic exposure potential to individ-
ual air toxics at a range of distances (and directions) from UOGD operations. The emission
rates measured by Hecobian et al. (2019) were used in just this way by a Colorado state-
sponsored health risk assessment for UOGD in the Piecance and DJ Basins (Holder et al.,
2019). This analysis, which found potential for acute exposures for benzene and some other
air toxics to exceed health guideline values at distances as far as 2000 feet, was an important
finding that contributed to a decision by the Colorado Oil and Gas Conservation Commis-
sion to increase the setback distance for new wells to 2,000 feet in Colorado. An update
to this analysis, using emission rates characteristic of current operations, would be timely.
It would also be helpful to examine exposure potential at distances beyond 2000 feet, the

farthest distance examined by Holder et al. (2019).
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Appendix A

Supplementary for Wind Data
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Figure A.1: Hourly wind direction and wind speed comparison between in-situ observations and WRF &
DIA for January to June 2022 after removing low wind speed (< 2m/s). Wind directions are colored by wind
speed. Fjo,wv s is the fraction of WS smaller than 2 m/s.
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Figure A.2: Daily wind direction and wind speed comparison between in-situ observations and WRF &
DIA for January to June 2022 after removing low wind speed (< 2m/s). Wind directions are colored by wind
speed. Fiu,ws is the fraction of WS smaller than 2 m/s.
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Appendix B

Supplementary for Model Evaluation

According to Figure 3.3, the MLR method incorporating AERMOD simulations and observa-
tions is able to predict VOC concentrations with low mean bias and a small amount of scatter. The
mean bias for ITC, LS, NWP, UT, and COM are -0.068, -1.495, 0.005, -1.18, and 0.491 ug/m?’,
respectively. The overall mean bias is -0.2363 11g/m?. Most points are situated close to the 1:1
line, indicating the capability of AERMOD in capturing the emission contributions from differ-
ent sources. Points below the 1:1 line (predicted > observed) may be due to the plume not being
adequately diluted caused by underpredicted atmospheric instability in AERMOD. Conversely,
if AERMOD overpredicts atmospheric instability, the simulated plume would be more diluted.
Points above the 1:1 line (observed > predicted) may result from inaccurate wind direction used
in AERMOD, causing pollutant plume not reaching the monitoring sites as it should be. However,
we used the optimal wind direction data available to run AERMOD as discussed in section 2.3.2.

Without strong bias, AERMOD can be used to simulate weekly-averaged VOC concentration
dispersions and, moreover, to constrain VOC emission rates for different sources when used with
MLR and weekly averaged observations, as demonstrated in this thesis.

In addition to AERMOD’s simulation performance for drilling tracers during drilling opera-
tions, Figures B.1, B.2, B.3, B.4, and B.5 present the observed concentration vs. predicted con-
centrations during all operations for methane, ethane, C's — (' n-alkanes, benzene, and NMVOC,
respectively.

In general, the mean bias for ethane, Cs — (' n-alkanes, benzene, and NMVOC are small. The
overall mean bias for methane, ethane, Cy — (o n-alkanes, and benzene are -2.6e-14, -1.44e-17,
-4.7e-17, and 8.4e-18 ug/ m3, respectively. As for NMVOC, the mean bias for ITC, LS, NWP, UT,
and COM are -1.665, 1.798, 0.563, -2.162, and 1.875 ug/mS, respectively. The overall mean bias
for NMVOC is 0.055 p1g/m?3. Therefore, AERMOD is able to simulate the dispersion plumes for

different VOCs during all UOGD operations with low bias.
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Figure B.1: Observed methane concentrations vs. MLR predicted methane concentrations for all opera-
tions. ITCO1, ITCO02, and ITCO3 are all labeled as ITC. LSO1 and LS02 are all labeled as LS. NWP02
and NWPO3 are all labeled as NWP. UT02 and UTO3 are all labeled as UT. In the legend, # represents the
number of weekly concentrations; C s is the mean observed concentrations; and MB is the mean bias of
predicted concentration.
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Figure B.2: Observed ethane concentrations vs. MLR predicted ethane concentrations for all operations.
ITCO1, ITCO02, and ITCO3 are all labeled as ITC. LSO1 and LS02 are all labeled as LS. NWP02 and NWP03
are all labeled as NWP. UT02 and UTO3 are all labeled as UT. In the legend, # represents the number of
weekly concentrations; C s is the mean observed concentrations; and MB is the mean bias of predicted
concentration.
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Figure B.3: Observed Cg — C n-alkane concentrations vs. MLR predicted Cs — C}g n-alkane concen-
trations for all operations. ITCO1, ITCO02, and ITCO3 are all labeled as ITC. LSO1 and LS02 are all labeled
as LS. NWP02 and NWPO03 are all labeled as NWP. UT02 and UTO3 are all labeled as UT. In the legend, #
represents the number of weekly concentrations; C s is the mean observed concentrations; and MB is the
mean bias of predicted concentration.
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Figure B.4: Observed benzene concentrations vs. MLR predicted benzene concentrations for all operations.
ITCO1, ITCO02, and ITCO3 are all labeled as ITC. LSO1 and LS02 are all labeled as LS. NWP02 and NWP03
are all labeled as NWP. UT02 and UTO3 are all labeled as UT. In the legend, # represents the number of
weekly concentrations; C s is the mean observed concentrations; and MB is the mean bias of predicted
concentration.
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v ITC (#320, Cops = 16.518 ug/m?, MB = -1.665 pg/m?) « COM (#153, MB = 1.875 pug/m?3)
LS (#271, Cops = 6.648 ug/m>, MB = 1,798 ug/m?)
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Figure B.5: Observed NMVOC concentrations vs. MLR predicted NMVOC concentrations for all oper-
ations. ITCO1, ITCO02, and ITCO3 are all labeled as ITC. LSO1 and LSO2 are all labeled as LS. NWP02
and NWPO03 are all labeled as NWP. UT02 and UTO3 are all labeled as UT. In the legend, # represents the
number of weekly concentrations; C s is the mean observed concentrations; and MB is the mean bias of
predicted concentration.

76



Appendix C

Supplementary for Weekly Canister Samples
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Figure C.1: AERMOD simulated weekly plume concentrations at five monitoring sites (COM, ITCO1,
LS01, NWP02, and UTO01) from six O&G well pads (LS, NWA, NWB, ICA, ICA, and ICB) with unit
emission rate of 1 g/s, respectively.
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Figure C.2: AERMOD simulated weekly plume concentrations at five monitoring sites (ITC02, ITCO3,
LS02, NWP03, and UTO02) from six O&G well pads (LS, NWA, NWB, ICA, ICA, and ICB) with unit
emission rate of 1 g/s, respectively.
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Figure C.3: Emission rates of 51 VOCs using weekly canister samples during drilling operations using Gib-
son mud. Green triangles and orange lines are mean and median values, respectively. Boxes and whiskers
are 5!, 25" 75t and 95" percentiles.
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Figure C.4: Emission rates of 51 VOCs using weekly canister samples during drilling operations using
Neoflo mud. Green triangles and orange lines are mean and median values, respectively. Boxes and whiskers
are 5, 25" 75t and 95" percentiles.
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Figure C.5: Emission rates of 51 VOCs using weekly canister samples during hydraulic fracturing opera-
tions. Green triangles and orange lines are mean and median values, respectively. Boxes and whiskers are
5t 25th 75t and 95" percentiles.
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Figure C.6: Emission rates of 51 VOCs using weekly canister samples during coiled tubing/millout opera-
tions. Green triangles and orange lines are mean and median values, respectively. Boxes and whiskers are
5th 25th 75th and 95" percentiles.
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Figure C.7: Emission rates of 51 VOCs using weekly canister samples during production tubing installation
operations. Green triangles and orange lines are mean and median values, respectively. Boxes and whiskers
are 5, 25" 75t and 95" percentiles.
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Figure C.8: Emission rates of 51 VOCs using weekly canister samples during flowback operations. Green
triangles and orange lines are mean and median values, respectively. Boxes and whiskers are 57, 25", 75",
and 95" percentiles.
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Figure C.9: Emission rates of 51 VOCs using weekly canister samples during production. Green triangles
and orange lines are mean and median values, respectively. Boxes and whiskers are 5th_ o5th 75th and 95th
percentiles.
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Appendix D

Supplementary for Plume-Triggered Samples

Table D.1: Information of plume-triggered canister samples for drilling operations using Neoflo mud.

Triggered # Triggered Time Triggered Site  O&G Source
1 2021-09-16 22:47:00 NWP03 NWB
2 2021-09-17 08:12:00 NWP02 NWB
3 2021-09-18 08:24:00 UTO02 NWB
4 2021-09-18 10:04:00 UTO2 NWB
5 2021-09-18 15:00:00 NWP02 NWB
6 2021-09-18 23:27:00 UTO02 NWB
7 2021-09-20 09:57:00 NWP02 NWB
8 2021-09-21 14:59:00 NWP02 NWB
9 2021-09-23 14:19:00 NWP02 NWB
10 2021-09-25 06:01:00 UTO02 NWB
11 2021-09-25 14:16:00 NWP02 NWB
12 2021-09-29 08:34:00 NWP02 NWB
13 2021-09-30 11:37:00 NWP02 NWB
14 2021-10-01 11:15:00 NWP02 NWB
15 2021-10-01 12:04:00 NWP02 NWB
16 2021-10-01 22:44:00 NWP02 NWB
17 2021-10-02 21:25:00 NWP02 NWB
18 2021-10-04 13:01:00 NWPO02 NWB
19 2021-10-06 22:36:00 NWP02 NWB
20 2021-10-07 18:15:00 NWP02 NWB
21 2021-10-08 04:02:00 UTO02 NWB
22 2021-10-08 13:17:00 NWP02 NWB
23 2021-10-08 13:53:00 NWP02 NWB
24 2021-10-09 04:53:00 UTO1 NWB
25 2021-10-15 04:51:00 UTO02 uT
26 2021-10-15 05:08:00 UTO1 uUT
27 2021-10-16 00:41:00 UTO02 uT
28 2021-10-16 12:16:00 UTO1 uUT
29 2021-10-16 18:34:00 UTO02 uT
30 2021-10-18 14:54:00 UTO1 UT
31 2021-10-18 21:22:00 UTO02 UT
32 2021-10-22 15:52:00 UTO1 uT
33 2021-10-30 13:09:00 UTO1 uUT
34 2021-11-05 09:21:00 UTOI uT
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Table D.2: Information of plume-triggered canister samples for coiled tubing/millout operations.

Triggered # Triggered Time Triggered Site  O&G Source

1 2020-02-22 21:14  LS02 LS
2 2020-03-03 19:35 LS02 LS
3 2020-03-06 21:47 LS02 LS
4 2021-12-04 04:08 NWPO02 NWA
5 2021-12-04 04:18 NWP03 NWA
6 2021-12-04 16:24 NWPO02 NWA

Table D.3: Information of plume-triggered canister samples for flowback operations.

Triggered # Triggered Time Triggered Site  O&G Source

1 2020-04-17 20:01 LSO1 LS
2 2020-05-25 04:18 LS02 LS
3 2022-01-17 21:53 NWP02 NWA
4 2022-02-03 18:37 NWP02 NWA
5 2022-02-18 01:31 NWPO02 NWA
6 2022-02-25 00:10 NWPO02 NWA
7 2022-03-04 00:37 NWP02 NWA
8 2022-03-08 04:42 NWP02 NWA
9 2022-07-18 04:28 UTO2 UuT
10 2022-07-29 01:18  UTO02 uT
11 2022-08-16 01:26  UT02 uT
12 2022-08-31 19:40 UTO02 UT
13 2022-09-06 19:35 UTO02 UT
14 2022-09-26 19:19 UT02 uT
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Figure D.1: Emission rates of 51 VOCs using plume-triggered canister samples during drilling operations
with Neoflo mud. Green triangles and orange lines are mean and median values, respectively. Boxes and
whiskers are 5%, 25" 75" and 95" percentiles.
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Figure D.2: Emission rates of 51 VOCs using plume-triggered canister samples during coiled tubing/millout
operations. Green triangles and orange lines are mean and median values, respectively. Boxes and whiskers
are 5, 25" 75t and 95" percentiles.
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Figure D.3: Emission rates of 51 VOCs using plume-triggered canister samples during flowback operations.
Green triangles and orange lines are mean and median values, respectively. Boxes and whiskers are 5, 25"
75th, and 95" percentiles.
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Appendix E

1-Hour Concentration Extrapolation Method

The PID triggering system collects one canister sample in approximately 15 seconds, while
AERMOD provides hourly simulations. To make them comparable when estimating the 1-hour
emission rates, VOC concentrations in the triggered samples are extrapolated into 1-hour average
concentrations based on the PID reading and VOC concentrations in the triggered canister samples.
This method, adapted from Ajax Analytics (2022), assumes that the plume’s composition remains
consistent during each triggered event. Thus, changes in PID readings during each triggered event
are presumed to be proportional to the changes in all plume species concentrations. When calcu-
lating the 1-hour estimated concentration for each triggered sample, the plume conversion factor

(Equation E.1) and baseline conversion factor (Equation E.2) are essential components.

[VOO]triggered
Foume = —————— E.1
» PIDs nin (5D
[VOC]baseline
Fase ine — 57114 E.2
basel P[Dbaseline ( )

In Equation E.1, F},, is the plume conversion factor; [V OC]iggereq is the VOC concentra-
tion in the triggered canister; and P D;_,,;, is the corresponding 1-min reading from the PID sen-
sor at the triggered time. In Equation E.2, Fy,seiine is the baseline conversion factor; [V OC]pusetine
is the baseline VOC concentration in the weekly canister at the same site during the corresponding
monitoring week; and P Dy,seine 18 the baseline PID reading which is the average PID reading
over a manually selected baseline period. This baseline period, typically ranging from 30 minutes
to 1 hour, should fall within 48 hours prior to the triggered time. Furthermore, it is preferable to
select a baseline period that is close to the triggered time.

Then, I apply these two conversion factors to the PID reading of every minute within a 120-

minute window (1 hour before and 1 hour after the triggered time) using Equation E.3. This
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process converts each 1-min PID reading into the corresponding 1-min estimated concentration.
In Equation E.3, [VOC|;_ ., is the estimated 1-min VOC concentration, while F’ represents the
plume or baseline conversion factor, depending on whether this minute is classified as a plume or

baseline condition.

[VOC],—min = F % PID;_pin (E.3)

The determination of whether to use the plume or baseline conversion factor depends on the
PID reading’s characteristics. Specifically, we apply F . to minutes with elevated PID readings,
indicating the PID sensor measured the plume composition. Conversely, Fyqseiine 1S applied to
minutes without elevated PID readings, indicating the PID sensor measured the background air
composition. If the PI D1 5, > 1.2 % PI Dygserine, We consider the reading as elevated and apply
Fotume- The 1.2 x PI Dyggeline criteria is explained below.

Based on the long-term PID monitoring data, Ku et al. (2024) found that during the typical

background conditions in Broomfield, the PID baseline signal ranged from 80 to 150 mV with a

:thmV)

+10 mV drift. Consequently, the maximum percentage of baseline reading drift is £12.5% (=3

Therefore, when the PID reading is between 1.125 % P 1 Dy,seiine and 0.875 % P Dygsepines, it 1S cate-
gorized as baseline. To ensure accurate handling of PID readings and avoid misclassification (e.g.,
treating baseline readings as plume or vice versa), we employ the following criterion: when the
PID reading exceeds 1.2 x PIDpgseline, it is classified as plume, and £, 1s applied. Otherwise,
Fyasetine 18 applied.

Once all one hundred and twenty 1-min PID readings within the 2-hour window have been
converted into corresponding estimated 1-min concentrations, we proceed to calculate a 60-min
moving average for each minute, covering £30 minutes of the triggered time within the window.
This process obtains 60 moving averages for each triggered event. Subsequently, the maximum
concentration among the 60 moving averages is identified as the extrapolated 1-hour concentration

for this triggered event.
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