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ABSTRACT

SIGNIFICANT REDUCTIONS IN ETHANE EMISSIONS IN THE
DENVER-JULESBURG BASIN FROM 2015 TO 2021 FROM OIL AND NATURAL GAS
OPERATIONS

Given the low or nonexistent ethane (C,Hg) signature in biogenic emissions, top-down
(TD) studies of methane (CHy4) emissions use wellhead gas composition to determine
their ethane-to-methane (C1/C2) ratio. This ratio is used to differentiate oil and gas
(O&G) sources from biogenic ones and to quantify CHy emissions attributed to O&G sites.
However, this ratio may vary within and across different basins, emitting sources, and
facility configurations. Understanding these variations is essential for accurately attribut-
ing CHy4 emissions to different O&G sectors and sources, and to subsequently inform pol-
icy decisions and emissions mitigation strategies. This study investigates stack test data
from Fourier Transform Infrared Spectroscopy (FTIR) analysis of the exhaust gas for 10
four-stroke rich burn engines (4SRB), 54 four-stroke lean burn (4SLB) with pre-chamber,
and 104 4SLB without pre-chamber provided by past research studies and O&G opera-
tors. Stack tests are conducted to determine the compressor driver’s (engine) compliance
with emissions regulatory thresholds, that set the maximum allowable levels of pollu-
tants. Fuel gas is fed into natural gas fired engines for compression purposes and stack
tests determine the amount of specific pollutants in the exhaust gas. Fuel gas composi-
tion and stack test data are used to calculate the fuel and exhaust gas C2/C1 ratios and
the CHy and CyHg destruction efficiencies (DE)s for these engine categories. The results
show that engines preferentially combust heavier hydrocarbons over CHy, evidenced by
consistently higher DE for C,Hg than CHjy across all engine types. Additionally, recent

design modifications in O&G production sites, including tankless facility configurations,
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have led to a reduction in CH, emissions and a more pronounced decrease in C;Hg emis-
sions. In the Denver Julesburg (DJ) basin in Colorado, estimated emissions from 2015 to
2021 show a 73.9% increase in natural gas production, stable CH4 emissions, and a 66.9%
reduction in C;Hg emissions. The analysis also reveals a shift in emissions from the pro-
duction sector to the midstream sector and suggests that when the wellhead C2/C1 ratio
was used to attribute CHy emissions from the oil and gas sector, TD methods may have

overestimated CH, emissions by an average of 158.5% in 2015, and by 10.9% in 2021.
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Chapter 1

Introduction

Natural gas is a mixture of gases primarily composed of hydrocarbons. Its primary
constituent is CHy [1], the second most significant contributor to global warming after
carbon dioxide (CO,) [2]. Human activities, including farming, use of fossil fuels, and
landfills, account for about 60% of CH4 emissions [2].

In 2023 the United States (U.S.) was the world’s largest producer of natural gas, and
experienced an annual natural gas production growth of 4% [3]. In the DJ basin, emis-
sions data for 2021 shows that combustion emissions accounted for approximately 60%
of total CH4 emissions within the midstream sector and approximately 49% of total CHy
emissions within the production sector [4].

TD and Bottom-up (BU) approaches are used to quantify CHy emissions from O&G
sites. The TD methods rely on atmospheric measurements to estimate the total CH4 emis-
sion in an area and are typically done by aircraft, satellites, and/or instruments on tall
towers [5-7]. A major challenge in estimating emissions using TD methods is attributing
emissions to their respective sources [8,9]. TD approaches nearly always perform source
attribution to estimate the proportion of CHy emissions originating from O&G opera-
tions relative to the total measured CH, emissions. BU methods quantify emissions by
multiplying activity factors (i.e., an activity that produces emissions such as the number
of components in an equipment that may leak or the amount of fuel burned) and emis-
sion factors (e.g., the average emission rate per unit of activity) [10] from each known
source. Studies have identified significant discrepancies between these methods, with
BU estimations often estimating lower emissions than TD methods [8,11-13]. Tempo-
ral variability [14] and incorrect source attribution might contribute to the discrepancy

between both methods.



In O&G sites, CHj is usually co-emitted with heavier hydrocarbons such as ethane
(CoHg), propane (C3Hg), and butane (C4Hjp). CH4 emissions can be categorized into
either thermogenic or biogenic sources. Thermogenic CHy emissions originate from O&G
operations and are co-emitted with C;Hg. In contrast biogenic CH, emissions originate
from animal and plant sources, however it is not co-emitted with C,Hg. These biogenic
sources can either occur naturally or as a result of human activities. Of these chemical
species, trace gas instruments for CHy and C,Hg are readily available, while speciated
measurements of heavier hydrocarbons are less available. As a result, TD approaches
such as aircraft-based measurements and tall towers often use the wellhead C2/C1 ratios
to apportion CHy emissions to sources such as fossil fuel extraction, coal fields, landfills,
wetlands, and manure management [15,16]. However, C2/C1 ratios vary depending on
several factors, such as the wellhead gas composition, the emitting source, and facility
configuration [17], and these variations are observed within and across basins. Although
these factors are important for acquiring a representative C2/C1 ratio, they may not be
tully considered by TD approaches.

The O&G industry comprises upstream, midstream, and downstream sectors. The
upstream sector involves exploration and production activities. Midstream consists of the
transportation and storage of oil, gathering and boosting (G&B), and processing activities
. The downstream sector comprises distribution and retail of petroleum-refined products
[18]. During its transportation, natural gas loses pressure through changes in elevation,
friction, and losses in the pipelines. To maintain the pressure and flow of natural gas
along the supply chain, compressor stations are strategically placed within the production
(upstream) and midstream sectors.

Compressor stations compress natural gas to move the gas throughout the supply
chain. Three types of compressors are commonly found at O&G sites: reciprocating, cen-
trifugal, and/or rotary screw types. Compressor drivers are classified into three common

types of natural gas engines (4SLB, 4SRB, two stroke lean burn (25LB)), [19], electric mo-



tors, and gas turbines. Vaughn et al. [20] observed two sub-types of 4SLB engines differ-
entiated by whether the engine used a pre-chamber to enhance combustion stability and
reduce emissions, particularly nitrogen oxides (NOy) [21]. Engines are commonly used in
gas gathering systems where nearly all gas production flow uses compressor driven by
these engines.

These engines may not combust all the fuel supplied efficiently, resulting in unburned
hydrocarbons emitted in the exhaust gas [20]. Gas turbines also release unburned hy-
drocarbons however, their emissions are approximately two magnitudes lower due to
their higher combustion efficiency. The fraction of the fuel combusted may be different
in the combusted fraction by species depending on factors such as the engine configura-
tion and combustion conditions. These engines may use fuel which is directly produced
and processed at midstream facilities, or from external supplies like natural gas pipelines.
The fuel’s incomplete combustion cements the importance of considering the difference
in composition between fuel consumption and exhaust emissions when analyzing emis-
sions data.

With respect to the molecular structure and bonding properties, CHy is more difficult
to burn than more heavier hydrocarbons like CoHg or C3Hg. In contrast to CoHg and
C3Hsg, which have weaker C-H and C-C bonds, C;Hg or C3Hg. has a greater bond dis-
sociation energy (435 kJ/mol for the C-H bond) [22]. It needs a larger activation energy
to burn because of its stronger connection, making it more thermally stable. Addition-
ally, compared to larger hydrocarbons, CHy has a lower carbon-to-hydrogen ratio, which
means fewer carbon atoms are available for chain branching reactions that are essential
for maintaining combustion. Because of this, CH, flames typically burn with lower tem-
peratures and luminosities, necessitating certain circumstances like a sufficient supply
of oxygen and a stable temperature to maintain combustion. It is therefore necessary to
understand their C;Hg and CHy combustion emissions which may impact on source at-

tribution by TD methods. In the production sector, compressors are also used to power



gas lift, a production augmentation method that injects gas into the produced well casing
to lift fluids in the well piping [23], and vapor recovery units (VRUs) (smaller ratings),
to capture and recover vapors from separators, storage tanks and other low-pressure gas
sources [24].

Combustion processes are typically incomplete; some fuel gas remains unburned in the
exhaust. The ratio of combusted fuel to total fuel is termed combustion efficiency (CE),
and is unity (100%) if all hydrocarbons (HCs) in the fuel are converted to combustion
products. Conversely, DE is a measure of the extent to which a specific hydrocarbon is
completely destroyed, even if the combustion is incomplete, producing CO, fraction of
that unburned hydrocarbon, and other compounds.

One regulation program example offers a way to determine DE. Under the previous
40 CFR 98 Subpart W [25], stationary combustion engines may have a default combus-
tion efficiency (CE) rating of 99.5%. Equation 1.1 shows how to calculate the CE, where
HHYVyg indicates the high heating value of natural gas (NG) in Btu per SCE, CHy,  indi-
cates the methane slip in kg/MMBtu, and py¢ indicates the density of NG in metric tons
per MMSCE. Similar to this, equation 1.2 shows how to compute the DE of a particular
hydrocarbon, where Slip, . is the fraction of that hydrocarbon in the exhaust gas. The

calculation of DE is discussed in the methods section 3.0.1.

CH4slip * HHVNG

CE=1-—
103 % pnG

(1.1)

DEy,. = (1 - Slip,,.) * 100 (1.2)

DE is typically measured using a stack test, where exhaust gases from a combustion
process are sampled to determine the relative concentration of exhaust gas species. Tra-
ditionally, stack test were instituted to measure levels of specific regulated pollutants,

such as sulfur dioxide (SO;) and nitrogen oxides (NOy) to ensure compliance with en-



vironmental standards [26]. Stack tests have more recently be used and extended to
address emissions of volatile organic compounds (VOCs) (including C,Hg, and C3Hg),
which drive ground-level ozone formation, and greenhouse gas emissions, specifically
CH,4 emissions.

Studies indicate that CH4 may have different DE compared to other hydrocarbons in
common, industrial, combustion processes. King et al.’s [27] analysis of stack test data
for a 2SLB engine found that CHy had the lowest DE and that per-species DE increased
with an increase in carbon and hydrogen atoms. Evans et al. [28] measured the CHy4 DE
of flares and found that although a DE of 98% can be achieved, if the gas composition
falls below critical heating values of 300BTU/ ft> (11 M]/m?®), the DE drops, leading to
increased hydrocarbons emissions. Notably, this study did not analyze the DE for C,Hs,
the most common species used to attribute CH, emissions to sources.

Fried et al. [29] analyzed aerial measurements conducted in the fall of 2021 over the
DJ basin to determine emissions from oil and natural gas (O&NG) operations in a re-
port to the Colorado Energy and Management Commission (ECMC) and the Colorado
Department of Public Health and Enviroment (CDPHE). The authors of this study es-
timated CHy and CyHg emissions for 2021 using data reported by operators to Oil and
Natural Gas Annual Emission Inventory Reporting (ONGAEIR) and estimated emissions
for 2015. Subsequently, the study team compared the estimated emissions with aerial
measurements from other studies in 2021 and 2015 [12,30-32].

The aerial measurements extended over the same region as other studies, including
the May 2012 research by Petron et al. [12], the April 2015 work by Peischl et al. [30], the
March 2015 emission measurement by Kille et al. [31] and the September/October 2021
University of Arizona airborne column measurements by Cusworth et al. [32]. Although
all studies measured CH4 mixing ratios, Peischl et al. [30] and Fried et al. [29] studies

measured both CHy and C,Hg mixing ratios.



Using transport models and other assumptions, Fried et al. [29] estimated a CH,4 emis-
sion rate of 25.3 + 8.4 t/hr., consistent with findings from other studies [30,32]. This value
aligns with the sum of facility-scale plume CHy4 emission rates estimated by the Univer-
sity of Arizona: 25 + 7 t/hr. from measurements conducted around the same time in 2021,
in the same study area. When comparing emission rates between the 2015 Peischl study
and the 2021 Fried et al. study, natural gas production in the DJ basin had doubled from
2015 to 2021. Despite this increase, CH, emission rates changed only slightly over the
six years, from 24 + 5 t/hr. in 2015 to 25.3 + 8.4 t/hr. in 2021. Additionally, Fried et al.
observed that the C,Hg emission rate dropped by a factor of 2.3, from 7.0 + 1.1 t/hr. in
2015to0 3.1 £ 1.4 t/hr. in 2021.

Although the exact reason for this significant decrease was not immediately obvious,
one might suspect that the 2015 Peischl study may have preferentially sampled elevated
CyHg emissions from leaking storage tanks. However, data provided in the final report by
Fried et al. [29] revealed a substantial reduction in total CoHg emissions in 2021 relative
to measurements acquired by Fried and colleagues in 2014 by nearly a factor of two. This
supports the supposition that the C,Hg emissions over the entire D] basin may have been
reduced from the 2014-2015 to the 2021 time period.

These differences are likely a result of numerous technological improvements that
have been implemented at O&G facilities throughout the DJ basin over this time period.
The objective of this study is to further support this hypothesis by an examination of the
various processes involved in the emissions of CHy , CoHg and higher hydrocarbons to
the atmosphere from O&G operations. This is not only important in quantifying reduc-
tions in greenhouse gas CHy4 emissions from O&G operations from these advancements
but also in highlighting the potential benefits of reducing ozone production by reducing
the emissions of emitted hydrocarbons, which are subsequently oxidized.

A mechanistic look at basin activities would provide alternative explanations for these

observations. For example, a near-doubling for natural gas production in the study area



requires a similar increase in gas gathering capacity, i.e. a near-doubling of compression
capacity to move the gas, primarily by engine-driven, reciprocating, compressors. Ex-
haust emissions from these engines dominate CH4 emissions from gathering stations that
use them [33]. Changes in production practices that reduce or change the composition
of upstream emissions, coupled with increased gathering emissions driven by processes
with substantially different DEs for CH4 and C,Hg, could therefore provide an alternative
explanation for changes in C,Hg emissions while CHy emissions remained essentially flat.

The objective of this work is to explain the differences in emissions between the years
2015 and 2021 observed by Fried et al. [29]. The study analyzed stack tests from natural
gas-fired compressor drivers provided by oil and gas operators to assess the DE of CHy
and C;Hg and the impact on combusted emissions in production and midstream sectors.
This analysis provide valuable insights into the current method used by TD approaches to
do source attribution. However, it is important to note that the study by Fried et al. [29]
carried out CHy source attribution employing a totally different approach, based on a
multivariate analysis of CHy with C;Hg and acetic acid. Additionally, the study investi-
gated the evolution of well-pad configurations and how well pad design has likely im-
pacted CH4 and CyHg emissions over these years, potentially explaining the substantial
change in observed C,Hg.

The remainder of the paper is structured as follows: Section 2 discusses the data col-
lection, analysis methods, and the evolution of well-pads; Section 3 presents the study

results, and Section 4 provides the conclusion.



Chapter 2
Methodology

To characterize the underlying cause and effect of the CH,4 emissions consistency and
the 2.3-fold reduction in C;Hg emissions as outlined in the current work objective, the
CH4 and CpHg emission data submitted by operators to CDPHE for the year 2021 and
the estimated emission data for 2015 were utilized. The first step in the process involved
running simulations using the Mechanistic Air Emissions Simulator (MAES) [17, 34-39]
with typical facility configurations in that year. Section 2.0.3 provides details on facil-
ity configurations that were common in 2015. Facility configuration refers to the specific
organization and spatial arrangement of equipment, systems, and operational processes
within an O&G facility. Section 2.0.3 provides more information on facility configuration.
MAES, a derivative of Methane Emissions Estimation Tool (MEET), is an inventory emis-
sions model developed to account for factors such as spatial and temporal variability, gas
composition, failure events, throughput variation, and variations in facility configuration
— elements not typically addressed by traditional inventory methods [40].

The analysis also utilized gas production data reported by operators for 2015 and 2021
provided in private communications, and analyzed stack test data provided by operators
and past research studies [20] to calculate DE for CHy and Cy;Hg in compressor drivers.
The following subsections detail the observations reported by these two studies and the

methodology utilized in this current study:

e Subsection 2.0.1 describes an overview of the mass balance studies conducted in

2015 and 2021, reported by Peischl et al. [30] and Fried et al. [29], respectively.

* Subsection 2.0.2 describes the analysis of the stack test data provided by operators.
It highlights the engine types that are under analysis and how the DE is calculated

for each gas species (CH4 and CyHg).



* Subsection 2.0.3 describes the evolution of well-pads and the simulation parameters
used in MAES to estimate C2/C1 ratio for production site configurations common

in 2015.

e Subsection 2.0.4 describes the methods utilized to estimate CoHg and CH,4 emissions
in 2015 for the production and midstream sector, based on the information provided

above.

2.0.1 2015 and 2021 Mass Balance Aerial Studies

Peischl et al. [30] conducted a mass balance aerial study using the National Oceanic
and Atmospheric Administration (NOAA) WP-3D aircraft from March to April 2015 as
part of the Shale Oil and Natural Gas Nexus (SONGNEX) field campaign to quantify
CH4 and C;Hg measurements for O&NG producing regions in central and western U.S.,
including the DJ, Eagle Ford, Haynesville, Barnett, and Bakken basins [30]. The NOAA
WP-3D aircraft was equipped with 18 measurement instruments, including wavelength-
scanned cavity ringdown spectrometry for CH; measurements, tunable infrared laser di-
rect absorption spectroscopy for C,Hg measurements, and chemical ionization mass spec-
trometry for ammonia (NH;3) measurements. Meteorological data, including wind speed
and wind direction, were captured by various onboard sensors. For the DJ basin, the
NOAA aircraft made measurements of CoHg and CH4 on March 28 from 15:30 to 16:00
UTC and on March 29 from approximately 16:25 to 16:50 UTC. The study considered
CHj4 emissions from O&NG and agriculture, primarily enteric fermentation, which was
calculated using emission factors and assumptions about the number animals in several
defined animal types. Using these assumptions, the study concluded that, at the time of
the study, O&NG contributed 75% =+ 37% of the total basin CH4 emissions.

In 2021, a study team from the University of Colorado, Boulder, and the University
of Maryland conducted mass balance aerial survey measurements across the D] basin to

measure CHy, CoHg, and VOCs emissions [29]. This study used a number of advanced



technologies mounted on the Cessna 402B research aircraft. These included the Compact
Airborne Multispecies Spectrometer-2 (CAMS-2) for high precision and low drift mea-
surements of C,Hjg, a Picarro analyzer for CHy and CO,, and a Proton Transfer Reaction
Time of Flight Mass Spectrometer (PTR-TOF-MS) for various VOCs. Additionally, the
NOAA Mobile Lidar Van was also used to provide spatial, temporal, and vertically re-
solved wind speed and wind direction measurements. A total of 9 flights were carried
out, with 4 selected for mass balance analysis (September 27 to October 5). Mass balance
measurements were carried out during mid-afternoon hours between 1 and 5 pm local
when the planetary boundary layer was stable and the air was well-mixed vertically. The
study area encompassed O&G well-pads and processing facilities, confined animal feed-
ing operations (CAFOs), landfills, and wastewater treatment facilities. Acetic acid mea-
surements provided by the PTR-TOF-MS were used in conjunction with the C,Hg and
CH4 measurements in a multivariant analysis approach in carrying out CHy source ap-
portionment analysis. Acetic acid was important because it serves as a tracer for biogenic
and anthropogenic sources, such as CAFOs and wastewater treatment facilities, helping
to distinguish these sources from O&G emissions in the analysis. Moreover, it is essential
to note that factors such as measurement methodologies, environmental conditions, and

agricultural practices can influence the emission ratios.

2.0.2 Stack Test Data Analysis
Engine Types

4SLB and 4SRB are typical engine types found in O&G sites driving midstream com-
pressors, gas lift and VRUs. 4SLB engines have a higher air-to-fuel ratio, while 4SRB
engines have a lower air-to-fuel ratio. Vaughn et al. [20] found that 45LBs and 4SRBs had
distinct CH4 emissions profiles, where the average CHy emissions rate for 4SRB engines
was approximately 0.40 (95% CI : 0.37 — 0.42) kg/h/engine, while 4SLB engines was ap-
proximately 5.62 (95% CI : 5.15 — 6.17) kg/h/engine. Additionally, they identified two

10



subcategories of 4SLB engines: 4SLB with pre-chamber (specifically, G36xx Caterpillar
engines) and 4SLB without pre-chamber (specifically, G35xx Caterpillar engines) that had
significantly different emission rates.

Pre-chambers in internal combustion engines enhance combustion efficiency by pro-
moting a more uniform and complete burn of the fuel-air mixture, effectively reducing
CO and NOy emissions. However, a pre-combustion chamber introduces additional sur-
face area and crevices trapping unburned fuel, leading to incomplete combustion, result-
ing in an increase in hydrocarbon emissions released in the exhaust [41].

This study utilizes stack test data from 10 4SRB, 54 4SLB with pre-chamber, and 104
4SLB without pre-chamber engines, to analyze their CHs and C,Hg DEs. Since operators
and regulators don’t differentiate their reported emissions from 4SLB with and without
pre-chamber, we grouped stack test data for 4S5LBs and 4SRBs only. Stack tests for 25LB
were unavailable at the time of the analysis and therefore is not considered in this work.
2SLBs are seldom found in O&NG production and are more common in the transmission
sector, which is not strongly represented in the study area.

See Appendix E for more details on engine types, including the differences between a

4SRB engine and a 4SLB engine.

Destruction Efficiency

Distributions of DE is calculated for CHy and C,Hg per engine type, using stack test
data. Typically, stack tests use Fourier Transform Infrared Spectroscopy (FTIR) spec-
troscopy, a technique that identifies and quantifies components in the exhaust gas of the
engine gas stack [20]. The DE calculation is done by dividing the mass flow rate of the gas
species in the exhaust by the fuel gas mass flow rate of the same species. The resulting
amount is multiplied by 100, as the DE is usually provided as a percentage [42,43].

The stack test data provided information about the engine’s manufacturer, model,
type, rated power, fuel consumption at 100% and 75% load, mole fractions, and stack

flow rate for the natural gas species. It did not, however, include the fuel gas mass flow
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rate, which is required to calculate the separate mass flow rates of the various natural gas
species. The fuel gas mass flow rate in kilogram per hour was determined by dividing
the engine’s gross heating value in kilo-joule per kilogram by its heat rate in kilo-joule
per hour.

The destruction efficiency per species for each engine was calculated using:

Wexhaust
M fyel (2.1)
DEspecies = (1 - Slipspecies) x 100

Slipspecies =

Where Slipgpecies refers to the uncombusted portion of that species and DEgpecies is the
DE of a specific species as a percentage. The slip is calculated by dividing fiteyhaust, Which
is the species mass flow rate in the exhaust gas in kg/hr, by ritg,e), which represents the
mass flow rate of species in the fuel gas in kg/hr. The slip was calculated by taking the
ratio of the species mass flow rate in the exhaust gas #itexhaust to the species mass flow rate
in the fuel gas 7). The species mass flow rates were determined by multiplying the
total mass flow rate of the exhaust gas or fuel gas by the mole fraction of the species in

the respective stream.

Ethane-to-Methane (C1/C2) Ratios

At O&G locations, in situ measurements of C;Hg and CHy yield C2/C1 ratios, repre-
sented as mass fractions, that are useful in attributing CHy4 emissions to particular equip-
ment. These measurements also assist in estimating the overall C2/C1 ratio for a facility
and in distinguishing CHy4 emissions from O&G sites from those of other sources, such as
wetlands, landfills, and agriculture, which emit little to no C,Hg [15]. These ratios vary
widely depending on factors like wellhead molecular composition [44], emission/equip-
ment type, activity sector, and site configuration [17]. In this work, the C2/C1 ratio for
the fuel and exhaust gases is calculated for each engine type using the provided stack test

data, which includes the compositions of both the fuel and the exhaust gas.

12



_ szuel
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Where C2¢,e) and Cly,e are the CoHg and CHy mass fractions in the fuel gas composi-
tion, respectively, and C2eyhaust and Cleyhaust are the CoHg and CHy4 mass flow rates in the
exhaust gas, respectively. The C2/ Clinput and C2/Cloutput represent the fuel and exhaust

gas ratios, respectively.

2.0.3 Facility Configuration

Facilities in the O&G industry have evolved over the last decade as production shifted
from vertical to horizontal wells and air regulations required reduced emissions from
tanks and process venting.

A primary purpose of the equipment on a well pad is to separate liquids (water and
oil) from gas. Generally, well pads are configured as multiple separation trains, consisting
of equipment arranged in stages, with each stage designed to remove additional gas from
the liquids. To increase gas separation, pressures in one stage are lower than those in the
prior stages, which both drives the flow through the system and causes additional gas to
flash from liquids at each stage.

The gas flashed from liquids changes composition with the pressure. Lighter hydro-
carbons are more volatile and flash at higher pressures, while heavier hydrocarbons stay
in solution until liquids reach lower pressures. The first stage of separation — by definition
the highest pressure within the separation train — flashes the majority of the gas recovered
from production. This flash gas is primarily CHy, with relatively lower concentrations of
heavier hydrocarbons, because CHy is the lightest and most volatile hydrocarbon, escap-
ing first as pressure drops. This results in a lower C2/C1 ratio. When crude oil and
condensate are transferred to subsequent stages of separation or, ultimately, atmospheric

storage tanks, the pressure in each stage is lower, causing heavier hydrocarbons to flash
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from the liquids [45]. As liquids move through stages of separation, the mass fraction
of CHy decreases relative to other hydrocarbons, and relatively less gas flashes at each
stage. Comparing the first stage to storage tanks, tank vapor is produced at a substan-
tially lower rate than stage 1 flash (on the order of 100:1), and contains lower fractions of
CHy (higher fractions of CoHg+) that stage 1. Therefore, at each separations stage, mass
flow decreases and gas has a higher C2/C1 ratio.

Mollel et al. [17] recaps changes made in well pad design over the decade from 2014
to 2024. The study developed 13 prototypical sites (PSs) (with variations) representing
common production facility configurations. These PSs were designed to illustrate the
design of production facilities in the DJ basin over an extended period. The study used
MAES to simulate three PSs, representing old, current, and future facility configurations,
primarily differentiated by the number of stages of separation and the absence or presence
of atmospheric storage tanks on the well-pads.

While older sites utilize gas pneumatics and one or two stages of separation prior
to storage in atmospheric tanks, newer production (wellpad) sites implement emission

reduction strategies such as:

¢ Utilization of advanced combustion control systems to minimize emissions
* Replacing gas pneumatics with electric actuators or instrument air systems
* Replacing natural gas-fired compressor drivers with electric motors

¢ Installing VRUs to recover flashed gas from separators and tanks

* Tankless facilities: replacing tanks with pipeline transport of liquids from the site;
it greatly reduce emissions from tanks caused by tank venting of gas flashed in the

tanks

¢ Implementing regular leak detection and repair programs
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¢ Implementation of monitoring systems to optimize operations and minimize emis-

sions

* Facility configurations have also changed. For example, produced gas from wells
may be directed to Central Processing Facilities (CPF), which consolidates produc-
tion from multiple well-pads for processing in a large, central, location. By consoli-
dating the operations, CPFs reduce emissions and costs that would have otherwise

occurred at individual well-pad levels

In this current study, simulations were conducted in MAES to estimate the C2/C1 ra-
tios of emissions, in terms of mass fractions, from facilities with configurations typical
in 2015. Three PSs, PS 1.2, PS 1.3 and PS 5 [17], reflecting 2015 production facilities con-
tigurations, were simulated (See Appendix Figures B.1 to B.3 in Section B for a detailed
description on PSs)

The C2/C1 ratio for the 2015 production sector was determined through a multi-step
process. First, the total emissions per species were calculated for each production site.
Next, the C2/C1 ratio was computed at each site. These site-specific ratios were then
averaged to obtain the C2/C1 ratio for each PS. Finally, the mean C2/C1 ratio for the
entire 2015 production sector was derived by averaging the ratios across the three PSs.

The next subsection provides more detail on how the 2015 CH; and C;Hg emissions
estimates were calculated for the production and midstream sector, and how this ratio

was applied (equation 2.9).

2.0.4 Methane (CHy) and Ethane (C,Hg) Emissions Estimates (2015 vs.

2021)

This study uses emissions data from the production and midstream sectors. It is worth

noting that emissions from the transmission stations were not included in this study.
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Given the availability of emissions estimates for 2021 reported by operators, we esti-
mated the emissions for 2015 by applying the following definitions and assumptions. For

a given year, the total emissions by chemical species can be calculated by:

Q=b+m+p (2.3)

Where Q represents the total emissions by chemical species, b the emissions from bio-
genic sources, m the emissions from the midstream sector, and p the emissions from the
production sector. In order to calculate our emissions estimates for 2015, the following as-
sumptions were made based upon observations of available data and conversations with

operators and regulators in Colorado:

I. Site configuration and operations of midstream sites have not changed significantly

between 2015 and 2021.

II. Wellhead gas composition has remained approximately constant since the increase

in horizontal drilling and fracking starting 2010-2014.

III. Older facilities modeled with MAES have representative C2/C1 ratios for facilities

operating in the D] basin in 2015, including expected failure rates.

IV. The total biogenic emissions increased by a factor of 1.15, from 56,064 metric tonnes

per year (t/yr.) in 2015 [30] to 64,272.12 t/yr. in 2021 [29].

Data from Fried et al. [29] indicates that CH, emissions were virtually the same in 2021

(25.3 £ 8.4 t/hr.) compared to 2015 (25 + 5 t/hr.). That implies that:

Qc1,2015 = Qc1,2021 (2.4)

and, therefore,

bci,2015 + mc1,2015 + pci1,2015 = 1.15bc1 2015 + M1, 2001 + P, 2021 (2.5)
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As the midstream sector processes nearly all gas produced in a specific year, we can

infer that:

82015
82021

mMcC1,2015 = MC1,2021 X (2.6)

Where ¢015 and g2021 represent the gas produced in the DJ basin in the years of 2015

and 2021, respectively, in consistent units.

gZOIT + pci1,2015 = 1.15bc1, 2015 + mc1, 2021 + Pc1,2021 (2.7)

bc1,2015 + Mc1,2021 X
Solving for pc1,2015:

1— 82015

) + pc1,2021 + 0.15b¢1, 2015 (2.8)
82021

pc1,2015 = Mc1,2021 X (

The CH4 and C;Hg emissions for 2015 for the production and midstream sectors are
estimated using 2021 inventory data submitted by operators to the ONGAEIR [4]. Data
submitted to the ONGAEIR program includes all operating facilities in Colorado, and
provides both CHy and Cy;Hg emissions. The study team filtered this data for facilities
located in the DJ basin, defined by these coordinates Latitude 40.033 to 40.745 and Lon-
gitude -105.21 to -104.26, which were selected to approximate the regions covered by the
Peischl et al. [30] and Fried et al. [29] studies.

The C,Hg emissions from production sites in 2015 can be estimated by multiplying the

mean C2/C1 ratio (rpre4,2015), as determined using MAES, according to subsection 2.0.3.

PcC2,2015 = Tprod,2015 X PCHy,2015 (2.9)
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Midstream C,;Hg emissions in 2015 are estimated using midstream emissions from
2021 inventory year, as published by CDPHE [4], and the natural gas production ratio for

both years, as shown by the formula below.

82015
Mc2,2015 = MC2,2021 X (2.10)
82021
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Chapter 3

Results

This section explores the DE of CH4 and C,Hg from natural gas compressor drivers.

It also focuses on the CHy and Cy;Hg from DJ basin for the years 2015 and 2021. The

analysis also highlights the implications of C2/C1 ratios in O&G emissions attribution,

particularly in the context of TD methods.

3.0.1 Destruction Efficiencies

The DE was calculated for a variety of engine models grouped into the following en-

gine category: 45RB and 4SLB. Table 3.1 and Figure 3.1 summarize DE results for all three

engine types, for CHy and CoHg.

Table 3.1: Destruction Efficiency by Engine Type

Destruction Efficiency (%)

CH4 C2H6
Engine Type
Mean  95%CI | Mean  95% CI
4SRB 99.85 99.81,99.89 | 99.96 99.94,99.98
4SLB Without pre-chamber | 98.42 98.26,98.58 | 99.02 98.88,99.16
4SLB With pre-chamber | 96.88 96.70,97.06 | 97.54 97.34,97.74
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Figure 3.1: CHy and CyHg destruction efficiencies reciprocating engines commonly used to drive
upstream and midstream compressors. Right panel:4SRB characteristics of a wide variety of en-
gines, notably the Waukesha 17044 series. Middle panel: 4SLB with pre-chamber, characteristic
of the Caterpillar G35xx gas engines, and 4SLB without pre-chamber, characteristic of Caterpillar
G36xx gas engines.

Figure 3.1 shows that 4SRB engines achieve 99.85% and 99.96% DE for CH4 and C,Hg,
respectively. These engines use three-way catalysts (TWC) or non-selective catalytic re-
duction (NSCR) systems, which efficiently remove NOx, CO, and unburned hydrocar-
bons through simultaneous oxidation and reduction reactions, and operate at close to
stoichiometric air-to-fuel ratios [46]. The 4SRB engines are appropriate for applications
needing low emissions since they adhere to stringent NOx, formaldehyde, and methane
emission standards set forth by the EPA’s National Emission Standards for Hazardous
Air Pollutants (NESHAP) [47]. 4SRB engines offer better pollution control and regulatory
compliance than lean-burn engines, which struggle to reduce methane because of extra
oxygen and lower exhaust temperatures. Conversely, 4SLB engines often use oxidation

catalysts which are less effective in reducing CHy.
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Although, pre-chambers are effective in reducing CO and NOx emissions, the analysis
shows that 4SLB with pre-chambers have a lower DE for both CH4 and C;Hg compared
to 4SLB without pre-chambers. In a recent review study by Yan et al. [48], the relationship
between hydrocarbon emissions and NOx shows an inversion property where lower NOx
was attributed to higher hydrocarbon emissions. This arises because lowering NOx usu-
ally entails operating under fuel-rich conditions to reduce the generation of NOx during
combustion. These conditions, however, cause incomplete combustion, which increases
hydrocarbon emissions.

Figure E.1 shows the ratios for the DE of C;Hg over DE of CHy. It highlights that
4SRB and 4SLB engines without pre-chamber generally have ratios above 1, while 4SLB
engines with pre-chamber have ratios below 1. Ratios above 1 suggest that the engines
combust CoHg more efficiently than CHy. Across all engine types, the mean DE for CHy
was consistently lower than C,Hg. The lower DE for CHy is explained by a higher bond
dissociation energy of 439.3 k] /mol [49], compared to 418 k] /mol for CoHg.

The higher the bond dissociation energy, the more stable the bond. Generally, the
dissociation energy of a hydrocarbon decreases with an increased number of C-H bonds
[22,27].

The variations in DE can be attributed to the engine’s unique combustion processes
and design. 4SRB engines operate with a high fuel-air ratio during combustion. Fuel-rich
mixtures have a higher combustion efficiency, resulting in better destruction of hydro-
carbons. Conversely, 4SLB engines have a leaner fuel-to-air mixture and thus lower DE
compared to 4SRB engines.

The variability in DE per species can be attributed to several factors, including temper-
ature and operational conditions. Higher temperatures provide more energy needed to
disassociate bonds effectively ensuring better mixing with air, while optimized conditions
such as air-fuel-ratio and higher compression ratios can improve combustion efficiency.

Additionally, the fuel gas composition affects DE, with variations in hydrocarbon content
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leading to differences in combustion behavior. Mechanical differences in engine models,
such as design and age, also contribute to the variability in DE.

The U.S. Environmental Protection Agency (EPA) suggests CHy DE at 96.2% for 4SLB
engines and 99.7% for 4SRB engines [50]. Our calculated DE for 4SRB engines closely
matches the percentage recommended by the EPA, with a minor difference of 0.15%.
However, the DE values for the two subcategories of 4SLB engines differ from the value
recommended by the EPA. The EPA does not account for these subcategories, although
different emission rate profiles were observed and reported by Vaughn et al. [20].

The small dataset for 4SRB engines limits the statistical power of our analysis. A one-
sample t-test was conducted for both 4SRB and 4SLB engines. Results for 4SRB engines
indicated that the calculated mean CHy4 DE was statistically different from EPA’s recom-
mended mean. The Kolmogorov-Smirnov (KS) test was done to access the statistical dif-
terences in CHy DE distributions for 4SLB (with pre-chamber and without pre-chamber)
engines. A KS statistics of 0.781 indicated a difference in their CH4 DE distribution. Ad-
ditionally, both 4SLB with and without pre-chamber showed a statistical difference from
EPA’s CHy DE recommended mean, confirming that these variations are statistically sig-

nificant.

3.0.2 Engines CH4 and C,H, Slip

Engine slip also known as combustion slip, refers to the unburned hydrocarbons that
are entrained in the exhaust of natural gas-fired compressor engines. Figure 3.2 shows
that engine slip varies between engine types and increases with rated power. CoHg slip
follows a similar trend to CHy slip but tends to be lower because it has a higher DE,
see Table 3.1. In general, 45RB engines had the lowest slip compared to other engine
types. 4SLB engines without pre-chamber had lower CHy slip compared to those with
pre-chamber. This is because pre-chamber are used to reduce NOx emissions in lean burn

operations, however their design can lead to increased hydrocarbon emissions [41,51,52].
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Pre-chamber design often include crevice volumes where fuel can become trapped
and may escape combustion leading to incomplete combustion in lean burn operations,
and lower combustion temperatures in lean operations may not be sufficient to combust
all hydrocarbons [53,54]. Also, 4SLB engines with pre-chamber have higher ratings, and
therefore, higher emissions. The varying slip and horsepower ratings could inform reg-

ulatory approaches aimed at minimizing slip, especially when high-powered engines are

prevalent.
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Figure 3.2: Comparison of CHy and C,Hg slip against rated power for different engine configu-
ration. The plot shows the relationship between slip (in grams of species in the output gas per
gram of the same species in the input gas) and rated power for 4SLB engines (with and without
pre-chamber) and 4SRB engines. 45LB with pre-chamber engines typically have higher CH4 and
C,Hp slip, especially at higher power ratings. On the other hand, 4SRB engines have the lowest
slip values.

3.0.3 Comparison of 2015 and 2021 Emissions Estimates with Basin Mea-

surements

The formulae discussed in Section 2.0.4 were applied to estimate the DJ basin emis-
sions for 2015. Table 3.2 shows the 2015 estimated emissions for CHy and C,Hg, and the

reported emissions submitted by operators to CDPHE for the 2021 inventory year.
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The ONGAEIR data include emissions from O&G facilities with different operating
status classifications. These include operating, abandoned, partially operating/partially
shut-in, shut-in, other, and unspecified categories. For this work, emissions from all the
categories were considered. The description of the facility’s operating status can be found

in Appendix D.

Table 3.2: Comparison of the total emissions estimates in t/yr. from oil and natural gas operations
in the DJ basin for 2015 and 2021 from this study, and the 2015 Peischl study and 2021 Fried study
top-down studies estimates.

Source Year Sector CH; (t/yr)  CyHg (t/yr)  C2/C1 Ratio
%

This Study:

MAES 2015 Production  28,619.7 14,656.2 51.21

MAES 2015 Midstream  8,055.4 1,347.2 16.72
2015 Basin 36,675.1 16,003.4 43.64

CDPHE 2021 Production  14,278.0 2,958.9 20.72

CDPHE 2021 Midstream  13,987.5 2,339.3 16.72
2021 Basin 28,265.5 5,298.1 18.74

Top-Down Studies:

Peischl etal. 2015 Basin 157,680.0 61,320.0 38.9

Fried etal. 2021 Basin 157,355.9 27,156.0 225

This study indicated that the total C;Hg emissions decreased from 16,003.4 t/yr. to
5,298.1 t/yr., a 3.0-fold reduction from 2015 to 2021, while CH4 emissions remained rel-
atively stable, between these years, declining by 22.9% from 36,675.1 t/yr. to 28,265.5
t/yr.. These findings agree with the observations reported by Fried et al. [29], where they
noted that CHy remained fairly stable from 2015 to 2021, while measured C,;Hg emission
rates dropped by a factor of 2.3 from 2015 to 2021, which is in general agreement with the
MAES calculated emissions reduction.

Table 3.2 also shows the 2015 and 2021 CHy and C,Hg emissions measurements for
the DJ basin reported by previous TD studies [29,30]. While we observed similar C2/C1

ratios and overall trends in CH4 and C,Hg emissions for both years, our 2021 CHy and
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C,Hg emissions were significantly lower than those reported by Fried et al. [29]. Similarly,
comparing our 2015 emissions estimates with the measurements by Peischl et al. [30] for
the same year, we found that our CoHg and CH4 emissions were also significantly lower.

This discrepancy may arise due to several factors. Below are key reasons that could

explain this discrepancy:

 Aerial Studies Capturing Upset Conditions: Aerial studies are capable of detecting
emissions from upset conditions, which are often challenging to detect and quan-
tify. Additionally, there is mot standard process or methodology used to report these
emissions. These emissions may therefore be missing from inventories reported to
the CDPHE, as these events tend to be episodic and may not be captured in routine
reporting. However, measurement studies likely included emissions from these up-

set conditions when estimating annual emissions for the basin.

» Emissions from Maintenance Activities: Aerial measurements can also capture emis-
sions from maintenance activities, such as manual liquid unloadings and equip-
ment blowdowns, which often happen during the daytime [55], which is the same
period during which aerial measurements are taken. Aerial measurements con-
ducted by Carbon Mapper (CM) during the Colorado Coordinated Campaign in
July and September 2021 found that approximately 75% of the total CH, emissions
measured in the production sector were attributed to maintenance events [56,57].
These brief, episodic maintenance events have high emission rates [58]. This work
relies on emissions data reported by operators during maintenance activities and
has not been reassessed to verify its accuracy or to confirm whether it accurately
represents actual field emissions. Relying on a single snapshot for annual emission
estimates could lead to overestimation, as these short-term activities do not rep-
resent continuous emissions over the course of the year. These activities can also

introduce temporary variability in the C2/C1 ratio.
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* Qutdated Emission Factors: BU inventories may understate emissions, especially us-
ing outdated emission factors and failure to capture emissions from episodic events.
Despite its shortcomings, the choice to use CDPHE-reported data was based on its
regulatory acceptance, broader applicability, and conformity to state and federal

standards, ensuring consistency for comparison and policy development.

* Crankcase Emissions and Engine Type Differences: The ONGAEIR does not account for
crankcase emissions and does not differentiate between different engine types, such
as 45LB engines with and without a prechamber. Vaughn et al. [20] found that emis-
sions from these engine types differ significantly, which could lead to discrepancies

if emissions are not adequately accounted for by current reporting methods.

* Differences in Methodology for Emission Estimation: When reporting driver exhaust
emissions to CDPHE, operators may use three methods, including AP-42 [59], 40
CFR 98 Subpart C [60], or 40 CFR 98 Subpart W [?]. These methods, as seen in
Table 3.3, have different emission factors for engine slip. Vaughn et al. [20] com-
pared emission estimates derived from these methodologies and found significant
differences. This variability in methods could contribute to discrepancies in emis-
sion estimates. In our work, we adjusted all reported driver exhaust emissions to
the AP-42 standard.

Table 3.3: CHj Slip (kg/mmbtu) for different engine types, as reported by AP-42 and Subpart W
with their ratio.

Engine Type AP-42 40 CFR 98 Subpart 40 CFR 98 Subpart
\%Y C

2SLB 0.658 0.658 0.001

4SLB 0.567 0.522 0.001

4SRB 0.104 0.045 0.001
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The drop in C;Hg emissions observed in this and past research studies can be ex-

plained by several factors:

* Production sites and VRUs: Abrupt pressure drops were common at older produc-
tion sites, which decreased the efficiency of hydrocarbon separation and let heavier
hydrocarbons, like as C,Hg, to vent alongside CHy, leading to increased emissions.
Newer facilities, on the other hand, used VRUs and three to four stages of sepa-
ration to enhance hydrocarbon separation and more efficiently capture emissions.
By recovering vapors that would otherwise escape during pressure changes, rerout-
ing them into the process stream, or turning them into useable fuel, these devices

reduced the amount of C,Hg released.

* Changes in the C2/C1 ratio: Assuming all other factors remained constant, the mid-
stream sector would exhibit a lower C2/C1 ratio in 2021 compared to 2015. This is
because engines preferentially combust C,Hg and heavier hydrocarbons over CHy
as discussed in 3.0.1, meaning that as compressor power increased, the relative con-

centration of CHy in the emissions would rise.

* Modernization efforts in production facilities: Section 2.0.3 outlines the evolution of
facility configurations. Many newer facilities implemented modernization efforts
to reduce CHy emissions, such as replacing gas pneumatics with electric pneu-
matics, substituting natural gas-fired engines with electric motors, and controlling
emissions from storage tanks with enclosed combustion devices or VRUs. These
changes, primarily seen in wells drilled after 2015, led to reductions in CHy emis-

sions over time.

e Stricter requlatory controls: Newer wells, drilled after 2015, were subject to more
stringent regulatory requirements that mandated additional stages of separation
and tank controls [61]. These regulatory controls, alongside improved measurement

and monitoring programs, contributed to a reduction in emissions.
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Taken together, these factors explain the higher C,Hg emissions recorded in 2015 rel-
ative to 2021 and the decrease in CHy emissions from the production sector during this
period.

Our study shows a deviation in the basin-wide C2/C1 ratio, with the ratio decreasing
from 43.64% in 2015 to 18.74% in 2021. This shift was driven by the increase in natural gas
production, a transition of emissions from the production to the midstream sector, and the
implementation of more stringent regulatory controls. Therefore, assumptions regarding
the wellhead ratio are likely incorrect and should be reconsidered when attributing basin-

scale estimates to multiple source types.

3.0.4 Implications of C2/C1 Ratios for Emissions Attribution to the O&G

Sector in TD Methods

TD methods often use the wellhead C2/C1 ratio to attribute CH4 emissions to the
O&G sector. However, Section 3.0.1 indicates that natural gas engines preferentially com-
bust CoHg and heavier hydrocarbons over CHy, leading to a lower C2/C1 ratio in exhaust
emissions. This effect is particularly pronounced in the midstream sector, where these
engines are commonly used for gas compression before transmission and distribution.
Driver exhaust emissions constitute a significant portion of emissions in this sector. Since
TD studies typically capture emissions from these engines, the observed C2/C1 ratio in
exhaust emissions may differ from the wellhead C2/C1 ratio.

To illustrate the impact on TD source attribution when relying solely on wellhead
gas composition, which may differ from site emissions, consider a wellhead with a CHy
mass fraction of 69.0 and a C,Hg mass fraction of 11.7 mol/mol, resulting in a wellhead
C2/C1 ratio of 16.9%. This is typically observed at well pads in the D] basin, with minor
variations. If a TD method was using a wellhead C2/C1 ratio of 16.9% in 2015 to attribute

emissions to O&G sites in the basin (equation 3.1), rather than the 43.64% estimated for
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the sector in that year (equation 3.2), the method would be overestimating CH, emissions

from O&G by 158.5% ((5.9 - 2.3) / 2.3 * 100%).

1

c1_0_169><c2_5.92><(:2 (3.1)

Cl= 1 x C2 =242 x C2 (3.2)
©0.436 - ’

Studies frequently show that emissions estimates from TD methods are higher than
those from BU inventories [62-64]. Among other causes, this discrepancy may largely be
due to inaccuracies in source attribution. In 2021, as explained in Subsection 3.0.3, CoHg
emissions dropped, and consequently so did the C2/C1 for the basin. Applying the same
logic for that year, Equation 3.3 shows the corresponding CH4 emission estimate based
on the C2/C1 ratio for the basin in the same period. In this case, a TD approach would be
overestimating emissions from the O&G sector by 10.9% ((5.9 - 5.34) / 5.34 * 100%).

1

Cl = 5oz x C2=534x C2 (3.3)

Table 3.4: Attribution of CHy emissions to O&G operations using D] basin wellhead and this
study’s C2/C1 ratios.

Year C2/C1 Ratio Source C2/C1Ratio C2 (t/yr.) C1 (t/yr.)

2015 Wellhead 0.169 61,320.0 362,840.2
This Study 0.436 140,642.2
2021 Wellhead 0.169 27,156.0 160,686.4
This Study 0.187 145,219.3
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Table 3.4 highlights the total CH4 emissions from O&G operations when using both
the wellhead and this study’s C2/C1 ratios for 2015 and 2021. The total basin CHy4 emis-
sions for both years were derived from the 2021 Fried et al. [29] and the 2015 Peischl et
al. [30] C,Hg measurements. For both years, CHy emissions calculated from the wellhead
C2/C1 ratio were higher than those calculated using this study’s C2/C1 ratio. Notably,
CHj4 emissions for both years determined using the study’s C2/C1 ratio were stable, with
minimal variation observed between 2015 and 2021. Therefore, the sole use of the well-
head gas composition by TD methods to attribute CH, emissions to the O&G sector may
be inaccurate, in some cases by a factor of 2 or more.

Additionally, C2/C1 ratios at the equipment level for 2015 production sites were de-
termined to investigate variability across different equipment types and facility setups
(See Appendix C for details). Generally, the C2/C1 ratios varied across the three facility
configurations and equipment. The change in C2/C1 ratio across the equipment is a clear
indication of the changing gas composition in different operational processes.

Therefore, accurately determine the contribution of CHy emissions to the O&G indus-
try, operators should not only consider wellhead gas composition but also gas composi-
tions from other O&G operations (e.g., the production and midstream sectors) to obtain a

more representative basin-wide C2/C1 ratio.
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Chapter 4

Conclusion

This study estimated CHy and C;Hg emissions in the DJ basin for 2015, using 2021
inventory data and by simulations run in MAES, respectively. Although there was a
73.5% increase in natural gas production in the basin, when compared to 2015 emissions
estimates, the 2021 CH,4 emissions decreased by 7.5% , while C,Hg emissions decreased
by 61.3%. Consequently, the basin C;Hg ratio dropped from 16,003.4 t/yr. in 2015 to
5,298.1 t/yr. in 2021. The drop in C,Hg emissions was also observed by Fried et al. [29],
where CyHg emissions decreased by a factor of 2.3, from 7.0 + 1.1 t/hr. in 2015 [30] to
3.1 £ 1.4 t/hr. in 2021. This significant decrease in C;Hg emissions can be attributed
to several factors: the increased emissions from engines, which were processing more
gas and preferentially burning heavier hydrocarbons, as well as improvements and the
evolution of well-pads over the years.

Discrepancies between TD and BU approaches, where TD overestimate and BU un-
derestimate CHy emissions from O&G operations, could be linked to incorrect C2/C1
ratios being used by TD methods to attribute emissions to the O&G sector. The analysis
of the C2/C1 ratio implications for emissions attribution to the O&G sector shows that
relying solely on wellhead gas compositions can lead to significant errors, overestimating
CHy4 emissions by 10.9% in 2015 and by 158.5% in 2021. From this work, the change in the
design of the facilities, alongside tank eliminations from new configurations, are major
factors that influence the underestimation of emissions. It is, therefore, essential for the
TD approaches to consider the C2/Cl1 ratios for the production and midstream sectors
when determining the C2/C1 ratio for O&G CHy4 emission attribution of a basin, as the
ratio between sectors was found to vary significantly.

The study faced several limitations. First, the CDPHE data lacked engine type classi-

fication, preventing segregation of emissions between 4SRB and 4SLB engines—a factor
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addressed in subsequent years. Additionally, operator-reported data to CDPHE may be
incomplete, as emissions from upset conditions often go unreported due to detection and
quantification challenges. The stack test data provided by operators also excluded 2SLB
engines, which were therefore omitted from the analysis of destruction efficiency (DE).
Furthermore, most stack test data included only CHy, reducing the dataset to 168 engines
after excluding incomplete entries. A more comprehensive dataset including fuel and
exhaust gas composition, engine rated power, load during testing, and engine make and
model would improve the characterization of DE for each engine type.

Despite these challenges, the study underscores the critical role of CoHg signatures,
which have been largely overlooked. Variations in C2/C1 ratios are critical for accurate
regional or basin-wide emission estimates and evolve dynamically with the oil and gas

industry’s development.

4.1 Future Work

As noted in Appendix D, combustion equipment accounted for over half of the total
methane emissions in the midstream sector. To expand on this, future studies could ben-
efit from analyzing stack test data from other combustion sources, such as heaters, boil-
ers, and combustion control devices, similar to the approach used for stationary engines.
Moreover, it is recommended that emissions from transmission stations be incorporated
to establish reliable representative data for total emissions from O&G in the DJ basin for
2021 and 2015 emission estimates.

Additionally, PSs were essential in estimating C,Hg emissions in the production sector
and understanding how emission profiles evolved over time. These PSs representations
accurately capture process variations, which directly influence emissions. While PSs are
available for the production sites, they were lacking for midstream facilities, representing
a valuable area for future research, particularly as more natural gas is being processed.

Further, simulating 2021 facilities in MAES using best estimates of emissions from ongo-
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ing projects such as the Colorado Coordinated Campaign (C3) and the Site-Aerial-Basin
Emission Reconciliation (SABER) [65,66] rather than the 2021 CDPHE inventory will pro-

vide better estimates of emissions.
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Appendix A

Major Equipment and Common Failure Events in

Oil and Natural Gas Production Facilities

Major Equipment

The following are major equipment that can be found in an O&NG production facility.

L

II.

II1.

IV.

Wells/Wellheads: These provide access to the underground reservoir for oil and nat-

ural gas extraction.

Separators: These are used to separate fluids coming from the wells. Separators can
either be two-phase or three-phase. A two-phase separator separates fluids into
liquid and gas streams (both oil and water), while a three-phase separator separates
them into water, o0il, and gas. Dump valves regulate the amount of liquid in the
separators. The dump valves open to release liquids once a certain threshold is

reached, allowing the liquid (water and/or oil) to flow to the next stage.

Tank batteries: Production facilities have oil and/or water tank batteries for storing
produced water and oil. These tanks are maintained at atmospheric pressure. The
sudden drop in pressure, relative to the upstream equipment, causes the gas dis-
solved in the liquid to vaporize in a process known as flashing.. Tanks typically have
pressure release valves that vent gases to the atmosphere to avoid pressure buildup.
Tanks can be controlled, instead of directly venting into the atmosphere, where the

excess gas can either be sent to a flare or a VRUs and then the sales pipeline.

Flares: Flares are used to combust hydrocarbons that cannot be recovered. Hydro-
carbons are mixed with air and ignited, converting them into CO; and water vapor.
The combustion process is not 100% efficient, so a small percentage of hydrocarbons

escapes into the atmosphere.
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V. Compressors: Compressors on production sites are used to compress natural gas.

They can also function as VRUs, which compress flashed gases to match pipeline
pressure, allowing the gas to be sent to sales pipelines. Additionally, gas lifts are a
type of compressor that injects natural gas into a produced well casing to help lift

liquids to the surface through the production tubing.

Common Failure Events

Literature has shown that emissions from O&G sites exhibit a long-tailed distribution,

where a small number of sources, which have low probabilities but high consequences,

are responsible for a large fraction of the emissions [9,67,68]. Therefore, an understanding

of the causes of high emissions is crucial to inform mitigation efforts. Some common

failure events in a O&G production site include:

L

II.

II1.

Stuck dump valve: Separator dump valves can become stuck in an open position,
leading to continuous hydrocarbon releases to downstream equipment, such as
tanks. This can result in excessive emissions being released into the atmosphere.
Dump valves may become stuck due to factors such as corrosion, wear, and im-

proper maintenance [69].

Tank overpressure vent: A tank overpressure vent event occurs when a dump valve
is stuck upstream of a tank, causing pressure to build up and trigger the pressure

relief valve. This leads to gas being vented into the atmosphere.

Tank thief hatch: Thief hatches are small, closable openings on top of storage tanks
used for sampling purposes and pressure relief. They are also used during mainte-
nance, during which they may be intentionally left open, leading to emissions being

vented into the atmosphere.

IV. Malfunctioning or unlit flare: A flare may malfunction or remain unlit due to faulty

valves or lack of regular maintenance. A malfunctioning flare may have a lower DE

than normal, allowing hydrocarbons to escape into the atmosphere.
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V. Compressor seal large emitter: Compressor seals are used to prevent leakage from
compressor casings. These seals may fail due to lack of maintenance, wear, or tear,

resulting in significant emissions during normal compression processes.
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Appendix B

Prototypical Sites

This section outlines the schematics for the three PSs for production sites simulated in
MAES. The configuration and simulation parameters of each site are presented. All sites
were considered to be operating using gas driven actuators. The production sites were
simulated using MAES. MAES is an inventory emissions model that accounts for factors
such as spatial and temporal variability, gas composition, failure events, throughput vari-
ation, and facility-specific configurations. For further details on MAES, see [17,37], as

well as the MAES Study Sheet Guide [34].

Prototypical Site 1.2

Figure B.1 shows the schematics for PS 1.2. This site has a three-phase high-pressure
(HP) separator, water, and oil tanks. Water from the separators is directed to the water
tank, oil goes to the oil tank, and natural gas flows to the sales pipeline. Emissions from
the water tank are vented into the atmosphere, whereas emissions from the oil tank are
directed to the flare (i.e, oil tanks are controlled while water tanks are not controlled).

Table B.1 shows the equipment count the team utilized in our representative facility

using PS 1.2 configuration.

Table B.1: Equipment count for a site with PS 1.2 configuration

PS 1.2 - Number of Equipment

Continuous Wells 4
Separators 4
Oil Tanks 13
Water Tanks 1
Flares 1
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Prototypical Site 1.2

[ Pipeline
—
HP - Line pressure \_‘
Wells 3 phase
Snap f
:L —
Pilot on
Legend ,__1_‘_\ Shut in if off
—» il
. Junces
——» (Gas to pipeline
Zas to flare
—» Water R R
Water Tank il Tank Flare
—*® (il, gas and water
Figure B.1: Prototypical site 1.2 diagram
Prototypical Site 1.3

This site’s configuration is similar to PS 1.2, with the difference that water and oil tanks

are controlled (connected to a flare). Figure B.2 shows the schematics for the PS. The site

has high-pressure three-phase HP separators and the flares are set at 98% DE for regular

operation and 90% when malfunctioning.

Table B.2 shows the equipment count the team utilized in our representative facility

using PS 1.3 configuration.
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Table B.2: Equipment count for a site with PS 1.3 configuration

PS 1.3 - Number of Equipment

Continuous Wells 1
Separators 1
Oil Tanks 4
Water Tanks 1
Flares 1

Prototypical Site 5

Figure B.3 shows the schematics for this PS. This site uses high-low-pressure com-
bined separators (HLP) separators. natural gas from the HP is directed to the sales
pipeline while water and oil proceed to the low-pressure (LP) side of the separator. Water
and oil from the LP side of the separator go to water and oil tanks, respectively. The oil
tanks are controlled (connected to a flare).

Table B.3 shows the equipment count the team utilized in our representative facility

using PS 5 configuration.

Table B.3: Equipment count for a site with PS 5 configuration

PS 5 - Number of Equipment

Continuous Wells 2
1- Stage separators
2- Stage separators
Oil Tanks
Water Tanks
Flares

— N O3DNDN
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Prototypical Site 1.3
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Figure B.2: Prototypical site 1.3 diagram
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Figure B.3: Prototypical site 5 diagram
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Appendix C
Equipment C2/C1 Ratios

The following sections highlights the C2/C1 ratios per equipment category. These

ratios were calculated based on weight/mass emission estimates.

Wellheads

Figure C.1 shows the C2/C1 ratios for wellheads per site. The average C2/C1 ratio
for PS 1.2, PS 1.3, and PS 5 was consistently 31.57%. Simulated leaks on wells originated
only from component leaks and pneumatics. Notably, there was minimal variability in
the C2/C1 ratio across the PSs. However, PS 5 exhibited three distinct C2/C1 ratio values
due to sites with this configuration coming from three different companies, each with its
own gas composition file. Consequently, these sites have different C2/C1 ratios. This
observation applies to other equipment types with the PS 5 configuration as well. The
Wellhead C2/C1 ratio in the main text refers to the ratio of ethane-to-methane in the
produced gas at the wellhead, whereas the Wellhead Emissions C2/C1 ratio in Figure C.1

refers to the ratio in the emissions from the wellhead.
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Figure C.1: C2/C1 ratios for wellheads
Compressors

Figure C.2 shows the C2/C1 ratios for compressors per site. The average C2/C1 ratios
for PS 1.2, PS 1.3, and PS 5 were 31.57%, 31.57%, and 31.58%, respectively. Notably, com-
pressors at these sites functioned as gas lifts, resulting in minimal variability in C2/C1 ra-
tios. Emissions from compressors originated from rod packing vents, pneumatics, blow-

down vents, compressor blowdown vent leaks, and component leaks.
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Figure C.2: C2/C1 ratios for compressors

1 Stage Separators

Figure C.3 shows the C2/Cl1 ratios for 1 stage separators per site. The average C2/C1
ratios for PS 1.2, PS 1.3, and PS 5 were 31.57%, 31.57%, and 31.44%, respectively. There
was no variability in the C2/C1 ratios for these separators across the PSs. Emissions from

1 stage separators originated from pneumatics and component leaks.
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Figure C.3: C2/Cl1 ratios for 1 stage separators

2 Stage Separators

Figure C.4 shows the C2/Cl1 ratios for 2 stage separators per site. The average C2/C1
ratio for PS 5. was 99.96%. PS 1.2 and PS 1.3 did not have 2 stage separators. Emissions
from these separators originated from component leaks and pneumatics. The pressure at
2 stage separators is lower compared to 1 stage separators. The drop in pressure causes
CHy4 to get flashed out of the condensate, that’s why we see higher CoHg content at this

stage.
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Figure C.4: C2/Cl1 ratios for 2 stage separators
Oil Tank Battery

Figure C.5 shows the C2/C1 ratios for oil tank batteries per site. The average C2/C1
ratios for PS 1.2, PS 1.3, and PS 5 were 132.34%, 132.34%, and 406.50%, respectively. Emis-
sions from oil tanks originated from component leaks. PS 5 oil tank batteries had a signif-
icantly higher average C2/C1 ratio compared to PS 1.2 and PS 1.3. The additional stage of
separation in PS 5 configurations introduces a substantial pressure drop within the sep-
arators, with a further pressure drop occurring in the storage tanks. This pressure drop
causes lighter hydrocarbons in the condensate, such as C;Hg, to vaporize and "flash" into
the gas phase, increasing the CoHg concentration in emissions from PS 5 oil tanks.

Moreover, oil tanks generally have a high C2/C1 ratio compared to water tanks. This
difference arises because oil tanks generally have higher C2/C1 ratios than water tanks

due to the higher solubility of CoHg in hydrocarbons compared to water [70].
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Figure C.5: C2/Cl1 ratios for oil tank batteries
Water Tank Battery

Figure C.6 shows the C2/C1 ratios for water tank batteries per sites. The average
C2/C1 ratios for PS 1.2, PS 1.3, and PS 5 were 38.91%, 38.91%, and 124.18%, respectively.
Similar to oil tank batteries, emissions from water tanks originated from component leaks.
The PS 5 water tank batteries had a significantly higher C2/C1 ratio compared to PS 1.3
and PS 1.2. This significant difference in C2/C1 ratio is attributed to the additional stage

of separation in PS 5 sites, as discussed in Section C.
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Figure C.6: C2/Cl1 ratios for water tank batteries
Flares

Figure C.7 shows the C2/C1 ratios for flares at each site. Oil tank batteries at all sites
were connected to flares. The average C2/C1 ratios for PS 1.2, PS 1.3, and PS 5 were
132.34%, 114.98%, and 353.41%, respectively. Emissions from flares occurred during op-
eration, malfunction, unlit conditions, and component leaks. The notably higher C2/C1
ratio for PS 5 can be attributed to the additional stage of separation, as discussed in C. We
note that PS 1.3 and PS 5 had different C2/C1 ratio values, likely due to emissions under

varying operating conditions and differences in gas composition at these sites.
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Figure C.7: C2/C1 ratios for flares

2015 Production Facilities C2/C1 Ratio

PSs with configurations typical in 2015 production facilities (see Section B) were se-
lected to estimate the C2/C1 ratios for the production sector in the DJ basin. MAES
was used to conduct simulations that provided reports for CH; and CoHg emissions es-
timates [17,35-39]. PSs group production facilities with similar configurations, and their
development and descriptions are reported by Mollel et al. [17]. Three PS sites with con-
tigurations similar to those of 2015 were selected for this work. These include PS 1.2, PS
1.3, and PS 5 and are discussed in section B. A total of 11, 23, and 378 production sites
for PS 1.2, PS 1.3, and PS 5, respectively, were simulated. These sites were simulated, and
their CHy and C;Hg emissions were aggregated at the facility level to get the sites” C2/C1
ratio. On MAES, the simulations were run for 365 days and 100 MC. Iterations.

The C2/C1 ratio was found using:

C2to’cal
C1 total

Cz/C1facility = (C1)
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Where C2/Clgyity is the average C2/C1 ratio of the production sector, C2;, and
Cliotal represent the total CoHg and CHy emissions, respectively from a production facil-
ity.

The overall C2/C1 ratio per prototypical site is shown in Table C.1. There were 11,
23, and 378 production sites for PS 1.2, PS 1.3, and PS 5, respectively. The average C2/C1
ratio for the production sector was 51.21% which was used in calculating the production

sector’s CHy4 emissions.

Table C.1: The average C2/C1 ratios per prototypical site.

Prototypical Site (PS) PS Description C2/C1 Ratio
PS1.2 1-stage separators with controlled oil tanks 44.61%
PS1.3 1-stage separators with controlled oil and water tanks 42.92%
PS5 2-stage separators with controlled oil tanks 66.11%
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Appendix D

DJ Basin Emission

CH4 and C;Hg Emissions for different Facility Operating Statuses

In Colorado, while reporting emissions to CDPHE, operators can report emissions
from their facilities under different operating categories.

These O&G facilities were classified into several categories:
* Operating, where facilities were operational throughout the entire year.

e Partial Operation/Partial Shut-in: where facilities operated for part of the year and

were shut in for the remainder.
o Shut-in: where facilities were shut in for the entire year but could be reactivated.
* Abandoned: where facilities were abandoned and not operated during the year.
* Other: which refers to facilities without a specified classification.

 Unspecified: these were facilities that did not have any classifications.

Production and Midstream Sector Emissions

Using CDPHE data, we calculated the emission contributions from the midstream
and production sectors. Figures D.1 and D.2 illustrates the percentage contribution mass
estimates of CHy and CoHg emissions by equipment category for the production and mid-
stream sectors in 2021, as reported by operators. The percentages above the light blue and
dark blue bars indicating each category’s contribution to the total CH4 and C,Hg emis-
sions, respectively. When reporting to the CDPHE, operators may choose their preferred
emissions reporting methods for exhaust emissions from stationary combustion engines,

such as AP-42 [59], 40 CFR 98 Subpart C [60], or 40 CFR 98 Subpart W [71]. Vaughn et
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al. [20] found that emission factors from the AP-42 method aligns closer to field measure-
ments. Consequently, emissions data reported using 40 CFR 98 Subpart C or Subpart W
were converted to AP-42 values.

The "Others’ category in figures D.1 and D.2 represents categories with less than 25
t/yr. emissions. In the production sector, these constitute heaters or boilers, dehydra-
tors, and pneumatic pumps, while in the midstream sector, these include amine (acid gas
removal) units, dehydrators, loadout, and separators.

This analysis indicates that stationary engines (or turbines) contributed the most CHy
emissions in both upstream and midstream; including the majority (57%) of the emissions
in midstream.

In the production sector, both the tanks and loadout exhibited higher C;Hg emissions
relative to CHy. Tanks, while a smaller fraction of emissions in the midstream sector,
exhibit similar higher C2/C1 ratios. Loadout operations involve transferring conden-
sate, crude oil and produced water from storage tanks to trucks for transport. Both tanks
and loadout activities are operated under atmospheric conditions. As indicated previ-
ously, Co;Hg and higher hydrocarbons preferentially exist in these storage tanks as the
CHy4 flashes out more readily prior to tank storage.

Figures D.4 and D.3 display emissions per category (combustion, vented, fugitive,
maintenance, and pre-production) for both the production and midstream sectors for
2021. Generally, CH4 emissions were significantly higher than C,;Hjg in both sectors. The
vented emission category in both sectors had the highest Co;Hg emissions contribution.
This category includes venting or blowdowns, pneumatic controllers, and dehydrators.
Notably, in the production sector, the fugitive category had higher C,Hg emissions rela-
tive to CHy emissions, resulting in a higher C2/Cl1 ratio. This is because emissions from
tanks were classified as fugitive emissions, and tanks had higher C;Hg emissions rela-
tive to CHy. Additionally, in the midstream sector, approximately 95% of the total CHy

combustion emissions category originated from stationary engines or turbines. In both

62



5000 Production Sector Emissions
[ Methane
ﬁ\: I Ethane
4000
—_~ i
—
> X
= N
£ 3000 ©
(7]
C
i)
(7]
% 2000
X
g :
o =R ° {
1000 SR S RN
R < Qe o H o X o .
) ° .
3 2o Sl S SR S8 o ne 5L 8
2] o o) NG PR, S TS mME ™ R
ol I = N e I R =]
) © e
269 22 5 58 £ _38 8 9 38 b2 2 5 ®
T TL £59 53 c T c SO S 2 °5 S 3 &
gﬂ).E E©O (Dgc c O |(_U ;(U ._g> = = O% © -8 <
=E€ 3£ E89% €73 5 ©l o = 83 @ o O
Tes5 O — s €32 o2 50 S 5 - T 9
hsFE £R mELIJ (O] = _QB I 2 c a
= Rt¢ ro
0o
. O
Equipment Category

Figure D.1: Production emissions per equipment category.

the midstream and production sectors, the combustion emissions category had the low-
est C2/C1 ratio, while fugitive emissions had the highest C2/C1 ratio. The preferential
combustion of heavier hydrocarbons over CHy by compressor drivers, as discussed in

section 3.0.1, explains the low C2/C1 ratio of combustion emissions compared to other

categories.
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Midstream Sector Emissions
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Figure D.2: Midstream emissions per equipment category
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Figure D.3: Production emissions per emissions category
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Figure D.4: Midstream emissions per emissions category

Table D.1: Total CH4 and C,Hg emissions across different facility operating categories

Operating Status CHy (t/yr.) CoHg (t/yr) C2/C1 Ratio %
Operating 22,371.3 5,026.2 22.47
Partial Operation/Partial Shut-in 152.5 83.8 54.95
Other (specify) 1.4 0.5 35.71
Abandoned 6.0 2.5 41.67
Shut-in 139.7 48.4 34.65
Unspecified 5,594.5 136.7 2.44

Engine Emissions

Emissions per engine type were calculated using data from CDPHE data for the DJ
Basin. It was observed that emissions from 4SLB engines were significantly higher than
those from 4SRB engines in both the midstream and production sectors, as seen in Fig-
ures D.5 and D.6. The engine emissions data submitted to the ONGAEIR program did

not account for engine types; instead, it provided the engine’s brake horsepower (bhp).
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Therefore, any engine with a brake horsepower greater than 350 bhp was classified as
4SLB, while engines with a brake horsepower less than or equal to 350 bhp were classi-
fied as 45RB. Following that classification, 45LB engines accounted for most of the emis-
sions from both the production and midstream sectors. Additionally, 4SLB engines in the

midstream sector contributed higher CH4 emissions compared to those in the production

sector.
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Figure D.5: Production emissions per engine type
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Appendix E
Engine Types

Typical engine types found in O&NG fields include 4SLB, 4SRB, 2SLB, turbines, and
electrical engines. 4-stroke engines have their power cycle completed in two crankshaft
revolutions, while 2-stroke engines” power cycle is completed in one revolution. The 4-
stroke engines are differentiated by their air-to-fuel ratios: 4SLB engines have a higher air-
to-fuel ratio, while 4SRB engines have a lower air-to-fuel ratio. 4-stroke engines complete
their power cycle in two crankshaft revolutions, while 2-stroke engines complete their
power cycle in a single crankshaft revolution [72].

The "4" in 4SLB and 4SRB refers to the number of cycles involved in the engine’s oper-
ation: intake, compression, combustion, and exhaust cycles, while the "2" in 25LB refers to
the power and compression cycles. 4SRB engines have a higher fuel-to-air ratio compared

to 4SLB engines, which have a higher air-to-fuel ratio.

Ratio of the Destruction Efficiency (DE) of C;Hg over the Destruction Efficiency of CHy

Figure E.1 shows the ratios for DE of CoHg over DE of CHy. The red dashed horizontal
line on the plot marks where the DE ratio is equal to 1, i.e., the engine is combusting CHy
with the same efficiency as it is combusting C,Hg. Engines with higher DE for C;Hg have
points above 1; conversely, engines with lower DE for Co;Hg compared to CHy are below
1. 100%, 99% and 81% of 4SRB engines, 4SLB without pre-chamber engines and 4SLB
without pre-chamber engines, respectively, had points above 1. Both 4SRB and 4SLB
without pre-chamber engines had DE for C,Hg higher than for CHy, with only one 4SLB
without pre-chamber engines showing a point below 1. Notably, 4SLB with pre-chamber
engines had approximately 10 points below 1, indicating that these engines combusted
CH4 more efficiently over C;Hg. The underlying reason remains unclear; however, it is

suspected to be linked to variations in fuel gas composition.
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Figure E.1: Ratio of DE over C,Hg to DE of CHy
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