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ABSTRACT

LONG DURATION MEASUREMENTS OF PNEUMATIC CONTROLLER EMISSIONS
ON ONSHORE NATURAL GAS GATHERING STATIONS

Over the last 15 years, advances in hydraulic fracturing have led to a boom of natural
gas production the United States and abroad. The combustion of natural gas produces less
carbon dioxide (COs) than the combustion of other fossil fuels per unit of energy released,
making it an attractive option for reducing emissions from power generation and transporta-
tion industries. Uncombusted methane (CHy) has a global warming potential (GWP) of 86
times that of COy on 20 year time scales and a GWP of global warming potential 32 times
greater than COs on a 100 year time scale [1]. The increase in supply chain throughput
has led to concerns regarding the greenhouse gas contributions of CH, from accidental or
operational leaks from natural gas infrastructure.

Automated, pneumatic actuated valves are used to control process variables on stations
in all sectors of the natural gas industry. Pneumatic valve controllers (PCs) vent natural
gas to the atmosphere during their normal operation and are a significant source of fugitive
emissions from the natural gas supply chain. This paper outlines the work that was done
to improve the characterization of emissions from PCs using long duration measurements.
This work was performed as part of the Department of Energy funded Gathering Emission
Factor (GEF) study.

A thermal mass flow meter based emission measurement system was developed to per-
form direct measurements of pneumatic controller emissions over multiday periods. This
measurement system was developed based on methods used in previous studies, with design

modifications made to meet site safety regulations, power supply constraints and measure-
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ment duration targets. Emissions were measured from 72 PCs at 16 gathering compressor
stations between June, 2017 and May, 2018.

The average emission rate of 72 PCs was 10.86 scth [+4.31/-3.60], which is 91.2% of
the EPA’s current emission factor for PCs on gathering compressor stations. The mean
measurement duration of these 72 samples was 76.8 hours. Due to potential biases associated
with flow meter errors, updates to EPA emission factors based on these data are not proposed.
However, because all previous studies to quantify PC emissions used short sampling times
(typically <15 minutes) the long duration measurements provided insight into previously
unobserved PC emissions behavior.

A panel of industry experts assessed the emissions recordings and found that 30 PCs
(42% of measured devices) had emissions patterns or rates that were inconsistent with their
design. 73% of emissions measured during this study were attributed to these 30 PCs that
were malfunctioning from an emissions perspective. It was also found that PC emission rates
are more variable over time than previously thought. Due to this high temporal variability,
the short duration observations currently used by leak detection programs to identify mal-
functioning equipment have a low probability of providing accurate characterizations of PC
emissions.

Many natural gas companies are investigating ways to improve the efficiency of their
operations and reduce rates of natural gas leakage in their systems. The data presented in
this paper improves the characterization of emissions behavior from a significant emission
source in the production, processing and transmission sectors of the natural gas supply chain

and has implications for organizations with an interest in reducing emissions from PCs.
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Chapter 1

INTRODUCTION

1.1 Motivation for Methane Emission Estimates

Between 2000 and 2017, annual production of dry natural gas in the U.S. increased by
40% from 19,181,980 to 26,863,432 million standard ft3 (scf) [3], largely due to the gradual
displacement of coal by natural gas as the nation’s primary energy source for electricity
generation. This shift has been driven by improvements in extraction techniques leading to
low gas prices (market forces) and increasingly strict environmental regulations on power
generation (regulatory forces) [4]. Combusted natural gas emits fewer greenhouse gases than
coal on a unit of energy basis (53.2 kg of COy per million BTU for natural gas compared
to 93.5 kg of CO, per million BTU for bituminous coal [5]), the displacement of coal by
natural has the potential to greatly decrease the greenhouse gas contributions of the power
generation sector. However, the potential climate benefits of this transition are dependent
on the total leakage rate of uncombusted natural gas through the supply chain between
extraction and delivery to end use [6,7]. Although the combustion of natural gas emits
less greenhouse gases per unit of energy than all other fossil fuels, methane (CHy), which is
the primary component of natural gas, is a powerful greenhouse gas with a global warming
potential 32 times greater than COs; on a 100 year time scale and 86 times greater than
COs on a 20 year time-scale. The higher GWP over shorter time scales is due to the shorter
atmospheric lifetime of CH, compared to COs; the half life of atmospheric CH, is 8.6 years.
Therefore, the majority of CH, climate impacts are attributed to the 20 years after emissions
occur, significant short term climate benefits can be achieved by curbing emissions from such
sources with short lifetimes and high radiative forcing values [1].

There are numerous points for pressurized natural gas to vent to the atmosphere along the

supply chain, either through unintentional leaks or venting that takes place during normal



process operations. Previous studies have estimated that a leakage rate of 3-4% of supply
chain throughput would fully negate the climate benefits of transitioning from coal to natural
gas for electrical generation [6,8]. Alvarez et al estimated that in 2015, the total natural gas
leak rate was 2.3% of total US natural gas production [9]. Therefore, complete assessment
of life-cycle greenhouse gas contributions by the natural gas industry is largely dependent

on an accurate estimate of total natural gas emissions between extraction and delivery.

1.2 Methane Emissions in the Natural Gas Industry

1.2.1 Emissions Estimates

Methane emissions from natural gas infrastructure can be estimated using either bottom
up or top down methods. Bottom up, or component level, methods involve identifying
and measuring leaks on individual pieces of equipment. These measurements are then used
to calculate emission factors at the component or equipment level for all equipment that
operates in a given sector. Estimates of emissions from an entire sector are then made by
scaling up these emission factors by equipment counts in the sector. Top down, or facility
level, methods involve measuring the aggregate emissions from an entire facility through
tracer flux or aircraft mass balance measurements. Top down studies have consistently
reported higher emission estimates than bottom up studies [10]. Numerous studies have been
undertaken to quantify emissions from all sectors of the NG supply chain with the intention
of identifying high impact areas of emissions reduction, informing policy or regulatory action
and estimating total anthropogenic contribution of methane emissions [7,11-13]. The results
of these studies, coupled with updated reports of industry activity data, form the basis for
the annual estimates of methane emissions from the natural gas industry which are included
in the EPA’s annual Inventory of U.S. Greenhouse Gas Emissions and Sinks, which publishes

estimates of all anthropogenic greenhouse gas emissions by industry [2].



1.2.2 Emissions by Sector

When publishing emission estimates in the natural gas industry, the Environmental Pro-
tection Agency (EPA) stratifies the operations of the natural gas supply chain into four
sectors: production, processing, transmission and storage, and distribution. Each sector has

a unique set of emission sources related to the sector’s functions.

e Production (65% of estimated annual supply chain emissions [14])
Activities in the production sector include exploration of underground geologic forma-
tions, drilling and extraction of raw natural gas, and initial separation and treatment
of produced gas and liquids. Emissions from gathering and boosting stations (also
referred to as gathering compressor stations) are also included in production sector es-
timates. These stations act as central nodes where natural gas produced from drilling
is collected, treated, compressed and sent to downstream sectors via high pressure
gathering pipelines. Emission sources include completion flowbacks from hydraulic
fractured well sites, pneumatic controllers (PCs), fugitive leaks, liquid unloadings, well

workovers, and compressor engine exhaust.

e Processing (21% of estimated annual supply chain emissions [14])
In the processing sector, gas received from gathering pipelines is treated to remove
liquids, COy and H,S and refined to at least 95% CH, content to meet “pipeline
quality” specifications. Treated gas is again compressed and transported in pipelines to
downstream sectors. The primary emission sources in the processing sector are fugitive
emissions from leaking station equipment and seals on reciprocating and centrifugal

compressors [15].

e Transmission & Storage (7% of estimated annual supply chain emissions [14])
The transmission and storage sector consists of high pressure pipelines, compressor
stations, underground storage fields, and supporting infrastructure that transports

natural gas from gathering and processing stations to industrial users and distribution



systems. The primary emission sources in the transmission and storage sector are
PCs, compressor engine exhaust, station equipment and compressor fugitive leaks, and

station or equipment blow-down events.

e Distribution (7% of estimated annual supply chain emissions [14])
The natural gas distribution sector consists of the network of low pressure pipelines that
deliver gas from custody transfer points at the termination of transmission pipelines
(city gates) to end residential or industrial users. The primary emission source in the

distribution sector is fugitive leaks from underground pipelines.

Total emissions from the natural gas supply gain were estimated to be 163.5 million

metric tonnes (MMT) CO, equivalent in 2016 [14].

1.3 Gathering Emission Factor (GEF) Study

In 2016, the US Department of Energy’s (DOE) Office of Fossil Energy issued a funding
opportunity announcement titled “Methane Emissions Mitigation and Quantification from

Natural gas Infrastructure” in an effort to act on the President’s 2014 Climate Action Plan,
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Figure 1.1: Location of gathering compressor stations where field measurements were performed
during the DOE funded Gathering Emission Factor study.



which included a strategy to reduce methane emissions [16] [17]. This FOA offered funding
for research aimed at developing leak mitigation-focused technologies and improving esti-
mates of methane emissions from midstream natural gas operations, with a focus on better
characterizing regional variations in emissions. Researchers at the Colorado State Univer-
sity’s Energy Institute were awarded funding under Area of Interest AOI 2A of this grant
to perform direct emission measurements at the device level to develop methane emission
factors for all classes of equipment found on gathering compressor stations. To accomplish
this, CSU partnered with the engineering firm AECOM to assist with planning, logistics,
field work and analysis. Nine midstream natural gas companies also acted as partners in
the study and offered access to their sites and input on the methods used in the study. The
primary objectives of the GEF study were to collect data on the operating characteristics
(activity data) and perform component level leak measurements on a nationally representa-
tive sample of gathering compressor stations and use these data to develop activity emission
factors for equipment used on these stations. In addition to developing emission factors,
the secondary goals of the study were to develop and field-test methods for improving emis-
sion measurements from two emission sources that are currently not well characterized and
have large uncertainty in their emission estimates. These two sources are: Methane slip in
compressor engine exhaust on classes of engines not subject to testing for air quality permit
requirements and emissions from PCs.

This thesis will concentrate on the second source - emissions from PCs - using work done
during the GEF project to improve the characterization of emissions from PCs using long
duration measurements. This report includes an overview of PC operation and classifica-
tion and a summary of current EPA estimates of PC emissions and results of previous PC
emission studies. The design and construction of a measurement system to perform long
duration field measurements of PC emissions on gathering compressor stations is outlined.
The planning and execution of this measurement system’s field deployment, including site

and device selection methods and measurement protocols are presented. An analysis of the



results of long duration emission measurements and comparisons to current characteriza-
tions of PC emissions is performed. Finally, the shortcomings of this study’s methods and

recommendations for future studies are also discussed.



Chapter 2

PNEUMATIC VALVE CONTROLLERS

2.1 Principle of Operation

The engineering discipline of process control is defined as the analysis, design and im-
plementation of control systems for maintaining the output of an industrial process within
a given tolerance [18]. On stations in all sectors of the natural gas supply chain, automated
pneumatically-powered valves and actuators are used in to control process variables. These
control systems are ubiquitous in the industry because these stations have a constant source
of high pressure natural gas than can be used to power actuators, eliminating the needs
for electrical power on remote sites or separate compression equipment to compress and
dry ambient air to power actuators. Pneumatic process control systems are also robust,
maintainable and relatively inexpensive. The three predominant process variables that PCs
control on gathering compressor stations are liquid level, pressure and temperature [19]. Iso-
lation valves, emergency shutdown (ESD) valves in safety systems, and liquid or chemical

injection pumps may also be controlled and actuated pneumatically. Figure 2.1 shows a

Desired
Pressure Error Pneumatic
Controller
Actual A ¢
Pressure Actuator
Gas Flow
Valve \_{ }J Pressure
Transducer
I\ H

Figure 2.1: Closed loop control schematic of pneumatic pressure controller. A pressure trans-
ducer monitors the pressure downstream of the process valve. When the pressure falls out of the
desired range, the PC sends pressurized gas to the actuator which adjusts the valve setting and the
downstream pressure.
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Figure 2.2: Typical assembly of a PC, actuator and valve in pressure control service on a natural
gas gathering station.

common configuration of a pneumatic control loop in pressure control service, and Figure
2.2 shows a photograph of a common configuration of PC, actuator and valve.

A pneumatic control loop consists of a controller, a process sensor, process valve and a
source of high pressure supply gas. On gathering compressor stations, high-pressure gas is
typically drawn from the discharge side of station compressors and any treatment equipment
(such as dehydrators and liquid separators) and is typically regulated to 20-40 psig. Each
process valve has a dedicated controller that monitors a process variable and generates a
signal to operate the valve when the variable falls out of its desired range. PCs monitor
processes variables through mechanical, electrical or pneumatic sensors. Mechanical inputs
include liquid level float-switches (Figure 2.3) or bimetallic thermometers. Electrical inputs
are generally analog electrical signals from process transducers (Figure 2.1). Pneumatic
inputs sense gas pressure signals from the controlled process directly [19]. PCs can be con-
figured to control “snap acting” or “throttling” process valves depending on specific service

requirements. Snap acting valves only operate in fully open or fully closed states while
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Figure 2.3: Closed loop control schematic of pneumatic level controller. When the liquid level
in the pressure vessel reaches its “high” setting as indicated by the float switch, the PC sends
pressurized gas to the actuator which opens the process valve and drains the liquids to an on site
storage tank.

throttling valves can operate in any state between fully open and fully closed. Although
each valve type can be used to control any process variable, snap acting valves are most
commonly used in level control applications (Figure 2.3) and throttling valves are most com-
monly used in pressure control applications (Figure 2.1). The operation, classification and
emissions behavior of PCs has been well documented in previous works [14,19-23].

The majority of PCs vent a portion of supply gas to the atmosphere by design while pressur-
izing or depressurizing valve actuators. These emissions occur either continuously between
control events (continuous bleed PC) or in intermittent bursts, depending on the design and
specific application of the PC. In addition to emissions from venting during normal process
control operation, PCs can also emit gas through leaking tube fittings, valve stems, and dam-
aged or malfunctioning controller components. The U.S. Environmental Protection Agency
(EPA) classifies PCs according to their normally operating vent behavior as intermittent
or continuous bleed [22]. Continuous bleed devices are further classified as as low-bleed or
high-bleed based on their steady state (inactive) emissions [19]. PCs that vent <6 scth of

gas are classified as low-bleed and those that vent >6 scfh of gas are classified as high-bleed.



2.2 Measurement Methods

2.2.1 Direct Measurements

Three methods have been used to perform direct measurements of emissions from PCs.
Because all gas that flows through the pressurized supply gas line to the PC is eventually
exhausted to atmosphere, a flow meter installed on this supply line provides a very accurate
measurement of the device’s emissions. Measurements made on the supply gas line capture
emissions due to normal operation of the device as well as any other leaks in the pressurized
control loop (Figure 2.4). However, connecting a flow meter to a PC’s supply line can
be problematic as the PC is unable to control its process valve while the supply line is
disconnected. If PCs can not be taken offline to install meters on supply gas lines for safety
or operations reasons, meters can also be installed on a controller’s exhaust port (2.5). This
configuration simplifies installation but does not capture leaks from the device’s pressurized
control loop. Also because the housings of most PCs are weatherproof enclosures and are not
gas tight, emissions can escape from other points in a PC’s housing other than its exhaust
port. For these reasons, measurements made on exhaust ports are less reliable than supply

line measurements.

supply gas

pneumatic controller flexible stainless tubing

rﬂow meter

power gas
to actuator

process valve
Figure 2.4: Configuration of a thermal mass flow meter used to measure PC emissions on the

supply gas lines to the PC. Meters inserted in-line with supply gas lines as shown capture all
emissions in the control loop occurring at or downstream of the meter.
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Figure 2.5: Configuration of a thermal mass flow meter used to measure PC emissions at a PC’s
exhaust port. Most PCs have a dedicated, threaded exhaust port that can be used to route exhaust
gases out of buildings or away from ignition sources. Meters connected to PC exhaust ports only
capture emissions venting from the port.

The Bacharach HI FLOW® sampler is a portable instrument designed to measure natural
gas emission rates from leaking equipment that has also been used in several studies to
measure emissions from PCs. The HI FLOW® sampler uses a high volume blower to draw
natural gas leaks and a quantity of ambient air into a catalytic detector that measures the
concentration of CHy in the air/natural gas mixture. The CH, concentration of the mixture
is coupled with the measured flow rate of the sample stream to calculate the mass flow rate of
the gas leak [24]. Because this instrument is designed to measure steady state leaks and only
provides instantaneous emissions readings, it is not well suited for measuring the variable

emissions from PCs.

2.2.2 Calculation Based Estimates

Several previous studies have pointed out significant logistical and technical challenges
in attempting to perform these direct measurements on PCs. These challenges include the
constraints on selecting an appropriate flow meter and the feasibility of deploying flow meters
for a long enough duration across a large enough sample to capture the diversity of PC
makes, models and applications [19,21,25]. An alternative approach to direct measurements

is to calculate the theoretical emissions from PCs in different services. Estimates can be
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made for expected emissions per actuation event for intermittent vent PCs based on the
typical displacement volume of actuators. Estimates can be made for expected emission
rates for continuous bleed PCs using orifice geometries and typical supply pressures. These
engineering calculations are then coupled with field observations of actuation frequencies to

develop emission factors for each class of controller.

2.3 Pneumatic Controller Emission Estimates

Emissions from PCs make a significant contribution to total emissions from the natural
gas supply chain. PC activity data and annual emissions from all onshore natural gas opera-
tions are shown in Table 2.1. To put the annual estimated PC emissions (1260 Gg CH,/year)
into appropriate context, consider that the average passenger vehicle in the United States
emits 4600 kg of CO4 per year [26]. On a 20 year time-scales, the global warming potential of
CH, is approximately 86 times that of COq [27], so the annual equivalent CH,4 emissions from
an average passenger vehicle are 53.5 kg CHy. From a greenhouse gas emissions standpoint,
in 2016 the emissions from PCs in the natural gas industry were equivalent to the emissions
from approximately 23.6 million passenger vehicles (= 8% of number of registered vehicles
in the United States during the same year [28]).

Table 2.1: Summary of activity data and annual emissions from all PCs in

onshore production, gathering and boosting, transmission and storage sectors [2]
and comparison to annual GHG emissions from US passenger vehicles.

Count of Average Hours  Annual Emissions

EPA Classification Devices  of Operation? (Gg)?
Low Bleed Devices 177061 7502 34.9
High Bleed Devices 23295 7220 118.6
Intermittent Vent Devices 573759 7450 1090.6
Total (Whole Gas) 1531
Total (Methane)?3 1257

1 Reported to the Greenhouse Gas Reporting Program (GHGRP) [29]

2 Calculated using emission factors for low bleed, high bleed and intermittent vent devices shown in
Table 2.2 and a natural gas density of 0.668 kg/m? under standard conditions (1 atm, 70° F).

3 Calculated using an average CHy content of produced natural gas of 82.1% [2].
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2.3.1 Previous Studies

The EPA’s current PC emission factors used to calculate the annual PC emissions in
Table 2.1 are generated from the results of a 1996 EPA/GRI study [23] which compiled
direct measurements and survey data provided by upstream natural gas companies and
results from a Canadian Petroleum Association PC emission rate study. A relatively small
data set was used to calculate these emission factors (41 continuous bleed controllers and
19 intermittent vent controllers). This single set of PC emission factors is used to estimate
PC emissions from all sectors of onshore natural gas production. Table 2.2 summaries
mean emission factors utilized by the EPA and results of studies undertaken since the 1996
EPA/GRI study. Substantial variability exists between reported average emission rates.

Observations:

e The majority of these studies rely on sampling times of < 15 minutes when perform-
ing direct measurements. During the University of Texas study, 62% of the measured
devices did not actuate or had average recorded emissions of <0.01 scth during the
15 minute sampling period. Other studies reported similar results. These short mea-
surement times forced authors to make assumptions regarding actuation frequency and
emission rates for controllers that do not actuate while being observed. Because these
assumptions were applied to a large percentile of total measurements, average emission
rates are often driven by estimations of PC behavior and not results of direct measure-
ments. The only study that reported longer measurement times was the EPA Uinta
study, that took measurements of ~1 hour for their 14 mass flow meter measurements.
Average emission rates during 1 hour duration samples did not differ significantly from

average emissions measured during shorter samples in this study.

e All of the studies reviewed were performed on production sites and no data were
collected on emissions from PCs on the gathering compressor stations that were the
focus of the GEF project. Although there is some overlap in the make, models and

applications of PCs used on production sites and compressor stations, some PCs are
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Table 2.2: Summary of results of previous studies focused on quantifying emission
rates from PCs and current EPA emission factors.

FEmission
Geographic Number of PCs Estimation
Study Area Evaluated Strategy®
Univ. of Texas [20] United States! 377 DMS
D. T. Allen, et. al [11] United States? 305 DM
Prasino [30] BC, Canada® 480 DM
EPA Uinta [31] UT, Uinta Basin 80 DM&ECT
Greenpath Energy [25] AB, Canada 1688 EC
OIPA [21] OK, United States* 680 EC
Average Average Average
FEmissions Emissions FEmissions
Study (scth)® (IV)? (CB)?
Univ. of Texas 5.5 24.1 2.2
D. T. Allen, et. al 11.2 5.1 17.4
Prasino 8.9 8.4 9.1
EPA Uinta 0.36 0.33 1.1
Greenpath Energy 14.1 nal® nal®
OIPA 1.03 0.04 21.5

Current EPA
Emission Factors [2,23]!! 11.5'2 13.5 5.913

1

Appalachian, Mid-Continent and Rocky Mountain NEMS regions.

Gulf Coast, Midcontinent, Rocky Mountain and Appalachian NEMS Regions.

Measurements were made at sites in Dawson Creek, Fort St. John, Grand Prairie, Hanna (Alberta) and

Brooks (Alberta) production basins.

Granite Wash, Mississippian, Woodford, South Central OK Oil Play, Arkoma and Marmaton production

areas.

Direct Measurements (DM) and/or Engineering Calculations (EC)

Engineering calculations used to estimate emissions from the

Direct measurements performed on 20 PCs, engineering calculations used to estimate emissions from

remaining 60 PCs.

Whole gas emission rate

9 Intermittent Vent controller (IV) or Continuous Bleed controller (CB).

10 Study does not report distinct emission rates for IV and CB controllers.

11 From 2016 GHGI

12 Average of emission factors for IV, LB and HB PCs weighted by national device count from subpart W
reporting data (667,785 IV devices, 206,825 LB devices, and 29,405 HB devices)

13 Average of emission factors for LB and HB PCs weighted by national device count

w N

[l

8

unique to each sector. For PCs that do overlap, it is unknown how the emission

behaviors of the controllers compare.

e Two studies made an effort to distinguish between PCs that were operating correctly
or malfunctioning from an emissions perspective [20,31]. The University of Texas
study consulted with an independent industry expert to identify PCs that may have

been having malfunctioning based on the comparison of the device’s recorded behavior
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with its expected behavior; 29 of the top 40 emitters in the study were identified as
having “equipment issues” by the consultant. This study reported 19% of the devices
with emission rates >6 scth accounted for 95% of total emissions. Although other
studies relying on direct measurements did not attempt to classify PCs as normally
operating or malfunctioning, they did report similar observations of small subsets of
PCs contributing a large percentage of emissions [11,13,30]. The EPA’s assessment
of PC emissions on well pads in the Uinta Basin identified intermittent vent PCs
as malfunctioning if the device showed sustained, continuous emissions exceeding 0.2
scth [31]. 14% of the intermittent vent PCs observed during the study were identified as
malfunctioning. The majority of emissions recorded during this study were attributed
three normally operating continuous bleed PCs and the subset of 11 malfunctioning

intermittent vent PCs.

Studies relying on combined direct measurements and engineering calculation meth-
ods or engineering calculations alone report much lower average emission rates than
studies relying entirely on direct measurements. Because the engineering calculation
approach does not take into account the impact of malfunctioning PCs, this discrep-
ancy is possibly indicative of the driving effect malfunctioning PCs have on average

emission rates.

There is some inconsistency across the studies on PC classification (intermittent vs
continuous vent) and on whether all pneumatic devices (pumps, ESD valves) should be
included in tallies or whether emission factors should focus exclusively process control
valves. For example, 40% of the controllers observed during the the OIPA study [21]
were back-pressure regulators, which are not included in this or other studies; and
13% of the PCs measured in the University of Texas study were emergency shut down
(ESD) controllers which are not included in this or other studies. Some studies include

emissions from pneumatic pumps in their emission estimates and some do not. Because
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each study has a unique sample of equipment lumped together as PCs, the emission

rates reported by the studies are not always directly comparable.

The emission factors used for PCs today are based on a relativity small dataset from 1996 that
may be outdated, as all measurements were made before advances in hydraulic fracturing
that enabled the current shale gas boom. There is room to improve the accuracy of PC
emission estimates published in previous studies, either due to engineering calculations not
accounting for high emitting, malfunctioning controllers or short duration measurements
leading to high uncertainty of emission rates for PCs that do not actuate or have measurable

emissions during sampling times.
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Chapter 3

EMISSION MEASUREMENT SYSTEM

3.1 System Requirements & Constraints

The challenges of envisioning a measurement to accurately measure the emissions from
a diverse population of PCs and the causes of uncertainties in previous PC emission esti-
mates are documented in previous works and are summarized in Section 2.3.1 of this report.
Because no measurements longer than one hour had previously been recorded, the primary
objective for the measurement system was to record time series emission data over a multi
day period. These measurements would allow emission factors to be calculated directly
from the data, without needing to make assumptions about the PC’s behavior over longer
time periods. The following requirements and constraints were established for the proposed

measurement system in collaboration with industry partners.

3.1.1 Safety

Participating industry partners cited safety concerns as the greatest barrier in securing
approval for deploying a given measurement system. Because the proposed measurement
system would need to be connected to operating equipment and left on site for multiple days
without supervision, each partner required the system be evaluated through a Measurement
of Change (MOC) process for each site where measurements were proposed. This process
assessed the compliance of the measurement system with the operator’s safety protocols.
Natural gas compressor sites are categorized as Class I, Div I-II, according to National Fire
Protection Association’s hazardous location classification system, meaning that flammable
vapors and gases may be present in combustible concentrations under normal conditions [32].
The National Electric Code (NEC) defines requirements for equipment used to eliminate

electrical ignition sources through isolation in explosion-proof enclosures or intrinsically safe
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design. Any electronics were required to be certified as intrinsically safe according to NEC
standards or be housed in gas tight, explosion proof housings.

Another safety concern relates to physically connecting to a PC. PCs operate to keep
compressor stations running at steady state. Connecting meters to supply gas lines requires
depressurizing and taking the controlled equipment offline, meaning the PC is no longer
controlling its process valve. Depending on the design of the valve’s actuator, this can
cause the valve to snap shut or to remain at the setting it was at when supply gas was
disconnected. In both cases, the valve, and therefore the process the valve controls, is
no longer being actively adjusted. This can trigger automatic shutdowns on downstream
equipment, disrupting station operation. The measurement system also needed to be passive
in design, and have no possible way to create back-pressure at any point in the PC’s control

loop or obstruct its vent port to atmosphere.

3.1.2 Measurement Duration & Power Supply

All previous studies have relied on short duration measurements, forcing scientists to
make assumptions about the long duration behavior of PCs that had no emissions or actua-
tions during measurement times. To address this knowledge gap, a minimum measurement
duration of 72 continuous hours was assigned as a target. This target duration was based on
anecdotal evidence from industry experts serving on the project’s Technical Review Com-
mittee (TRC). Several TRC members who collaborated on previous PC emission studies
hypothesized that due to the potential for high variability of PC operation over time and
long periods separating actuation events, multi-day measurements would be necessary to
collect high confidence data. This measurement duration would require a trade-off with the
number of PCs that could be sampled during the study and ultimately result in a smaller
sample set. However, it was preferable to focus on gathering high confidence data even if

the overall sample size would be reduced.
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Many compressor stations, especially older or geographically remote stations, do not
have electrical power on site. To avoid limiting sampled stations to those with power supply,
the measurement system also needed to be independently powered for the entire target

measurement duration.

3.1.3 Flow Meter

An ideal meter for the study would be able to measure very low, steady flow rates from
low bleed PCs as well as very, short duration high emission spikes from intermittent vent
controllers. Low bleed controllers have average emission rates of <6 scth and previous studies
recored short duration emission spikes of up to 300 scth [20]. The selected meter needed to
have an adequate span and turndown ratio to capture low, continuous emissions as well has
high emission intermittent events to avoid clipping data. The meter also needed to have
a fast enough response time to capture the rapid changes in emission rates expected from
intermittent vent PCs. Selecting a meter with this wide a range can result in substantial
error at the low end of the meter’s range. Because it was anticipated that a small subset
of high emitting PCs would drive the emission factors, it was preferable to select a meter
that could capture the maximum emissions recorded in the literature, even at the expense
of accuracy at lower flow rates. Because it was anticipated that long duration measurements
would eliminate much of the uncertainty from previous studies, using a flow meter accurate
to £5% of measured value was acceptable.

The flow meter would also be required to measure natural gas of varying compositions
(between 65-100% CH,). Because it was expected the meters would be connected to PC
exhaust ports (measuring at atmospheric pressure) as well as supply gas lines (measuring
at pressures between 25-50 psia), the meter needed to be able to measure gases of varying
densities. The flow meter would also need to conform to all safety requirements, particularly
intrinsic safety for electrical components and open flow paths to eliminate any possibility of

creating blockages or back-pressure in the supply gas or exhaust port lines.
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3.1.4 Data Logging

All data collected by the measurement system needed to be logged and timestamped in an
easily retrievable location in a format conducive to loading into software for post-processing.
Due to the transient nature of emissions during valve actuation events, data needed to be
logged at a minimum frequency of 1 Hz to capture transient events. The resolution of
recorded data needed to match the resolution of the flow meter’s output. Finally, the data
logger needed to conform to all safety requirements for electrical equipment, as defined in

Section 3.1.1.

3.1.5 Versatility & Usability

It was anticipated that the study team would encounter a wide variety of make, model
and configurations of PCs so the measurement system needed to be able to connect to a
diverse range of equipment. To minimize PC downtime when connecting the measurement
system to supply gas lines, the system needed to be fast to install. The system would travel
with the measurement team in a van full of other measurement equipment between sites so
the system needed to be relatively compact and packable. Because the system would be left
on-site for up to five days during each deployment with as many as 20 deployments planned,
it needed to be physically robust and able to withstand exposure to the elements over the

course of all field work.

3.2 Component Selection

Based on input from the GEF project’s technical review committee, the decision was
made to model the measurement system for this project off the approach taken by Allen et
al. [20], with design modifications to meet site safety regulations, power supply constraints

and measurement duration targets.
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3.2.1 Flow Meter

Six Sierra 740i thermal dispersion mass flow meters were selected to quantify emission
rates from pneumatic devices. Thermal dispersion mass flow meters measure the heat trans-
fered from an electrically heated velocity sensor element in the meter’s flow path to the
boundary layer of the gas flowing past the sensor element to determine gas velocity. Mea-
surements of gas properties (temperature and pressure) and the cross-sectional area of the
meter’s flow body can then be used to determine the mass flow rate of the gas [33]. The
boundary layer heat transfer calculations used to correlate heat loss from the sensor element
are a function of a gas’s physical properties (viscosity, heat capacity and thermal conduc-
tivity for a given temperature and pressure). Therefore, if a gas different than the meter’s
calibration gas is being measured, a correction factor can be applied to correct for the differ-
ences in the gas’s properties. Meters were factory calibrated to a full scale flow of 300 scth
with a precision of £0.5% plus 0.5% of flow at readings below 50% of full scale, and £0.5%
of flow at readings above 50% of full scale. The meters were calibrated on ambient air at a
pressure of 50 psig. These meters are certified for use in Class I/Div I locations and satisfy
all safety requirements for operating on natural gas stations.

During deployment the meters monitored three variables: Gas flow rate, temperature,
and pressure. The magnitude of each reading was displayed on a user interface screen and
output via a dedicated 4-20 mA analog channel. 4 mA output corresponds to the lower limit
of the variable’s span (32° F for temperature, 0 psia for pressure and 0 scth for flow) and
20 mA output corresponds to the upper calibrated limit of the variable’s span (212° F for

temperature 100 psia for pressure and 300 scfh for flow).

3.2.2 Power Supply

The power drawn by the meter is proportional to the flow through the meter because at
higher flow rates, a higher current is needed to heat the active sensor element to maintain

a temperature differential between the active and passive sensor probes. The manufacturer
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stated a maximum current draw of 0.2 amps at flows at or above the meter’s full scale value
of 300 scth. The meters run on a 24 VDC supply, so to achieve the measurement duration
target of 72 hrs a battery with at least 350 watt-hours of storage was needed. A 25.6 V, 384
watt-hour LiFePO4 battery was selected which would provide the meters with 80 hours of
battery life at their maximum current draw. This gave the power supply a capacity buffer to
satisfy power requirement for the data logger and account for losses in the 24-24 V DC-DC
converter used to provide consistent output voltage to the flow meters. These batteries and
DC-DC converters were housed in an aluminum explosion proof housing with power cables

passing through gas tight cable glands to satisfy safety requirements (Section 3.1.1).

3.2.3 Data Logger

Because the meters are designed to interface with industrial control or SCADA systems,
there was no integrated data logging capability available with the meters from the manufac-
turer. Therefore, each meter was fitted with a custom data logger mounted on the meters
electronics inside their explosion proof housing to record flow. The data logger recorded
temperature and pressure data at a 1 Hz sampling rate for the duration of deployment. The
logger’s electronics convert three 4-20 mA analog output current signals into digital voltage
values that were recored on a micro-SD card. A real time clock was integrated with the data
logger so each recorded data point written to the SD card was time and date stamped.

The Sierra flow meters selected for the study output flow, temperature and pressure data
via three analog 4-20 mA channels. The following operating requirements were identified to

select an appropriate data logger:
e Powered from same 24 DC power supply as flow meter
e Low power consumption

e Contained in Class I/Div enclosure, either with power supply or within flow meter

housing.
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Figure 3.1: Schematic of hardware interactions for data logger developed to record 4-20 mA
output signals from Sierra 780i flow meters.

e Able to write to SD card, easily extractable, well organized data.

Modern programmable microcontrollers such as those manufactured by Ardunio, Adafruit
or SparkFun, are compact, can accept digital or analog inputs, support multiple communi-
cation protocols, consume little power relative to the requirements of the flow meter, and are
offered with integrated SD card slots for reading and writing data. These microcontrollers
satisfy all operating requirements better than off the shelf products. The compact size of
these microcontrollers also would allow the data logger to be integrated with the flow meter’s
electronics and mounted in the meter’s explosion proof housing 3.3. The Adafruit Adalogger
MO microcontroller was selected for is low cost, low power demands, integrated micro-SD
card slot and support of 12C communication. To ensure high signal resolution, two 16 bit
analog to digital converters (ADCs) were used to measure voltage drop across 150 €2 resistors
as a surrogate for current measurement for each of the flow meter outputs. A high accuracy

real time clock (RTC) was selected to provide time and date stamps for each recording,.

3.3 System Integration

Based on project budget, project sampling goals and available space in the mobile research
vehicle, components were purchased to assemble six of the measurement systems described

above. The flow meter, power supply and power converters were used as “off the shelf”
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products and did not require additional development or modifications. The data logger
required several breadboard prototypes and iterations of code development to ensure output
channels from the flow meters were written to the logger’s removable microSD card and
that the loggers components (analog to digital converters, DC-DC converter and RTC) were
addressed and communicating correctly. The completed data loggers were built on perma-
proto boards and piggy-backed onto the flow meter’s electronics using custom 3D printed

mounts (Figure 3.2).

Figure 3.2: Custom microcontroller based datalogger integrated with Sierra 708i thermal mass
flow meter.

Figure 3.3: Measurement system power supply and DC-DC converters secured in explosion proof,
gas tight housing to conform to Class I Div I hazardous area requirements.
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Figure 3.4: Fully assembled thermal mass flow meter based measurement system and power
supply.
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Chapter 4

FIELD DEPLOYMENT

4.1 Site & Device Selection

The accuracy of the emissions factors and scalability of the collected data depend on sam-
pling a selection of standard pneumatic devices that operate across representative sample of
gathering stations. The number of PCs that could be instrumented during this study was
constrained by the desired duration of measurements and logistical issues due to measure-
ments taking place in parallel with other objectives during the GEF project. The following
sections outline how stations and specific devices were selected for measurement to best uti-

lize the the six flow meters available for deployment during each week teams were in the

field.

4.1.1 Preliminary Site Selection

A nationally representative sample of sites was generated from partner company assets
using a randomized, clustered sampling strategy. First, basins were selected to be repre-
sentative of a national sample, with two constraints: (1) at least 2 partner companies had
operating gathering station assets in the basin (for internal anonymization reasons), and (2)
at least one basin was selected for each production type (wet/dry gas). Basins were arranged
in order to minimize travel time for the team using a mobile measurement unit.

After basin selection, measurement weeks were allocated to each basin. For each week,
one company was selected to host measurements, except for two weeks where basin size
and station count necessitated measurements on two companies during one week. Once the
company-weeks were confirmed, site selection proceeded as described below. Each company
was assigned at least two weeks of measurement, and two companies hosted three full weeks
each. Long-duration PC measurements were scheduled for 11 field-weeks; however, during

campaign planning (after sample weeks were locked in), the study team discovered that the
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pneumatic controls at a high percentage of partner sites had been converted to run on com-
pressed air. From an emissions perspective, this is a positive development, as it eliminates
vented and leaked emissions from PCs entirely. Consequently, long-duration measurements
could only be made during 8 of 11 field-weeks, during which time 44 devices were instru-
mented at eight stations between June and November 2017. Sites visited during this portion

of the campaign are classified as “Class I in following data summaries.

4.1.2 Secondary Site Selection

Due to the prevalence of stations where PCs were powered by compressed air, the study
team decided to continue PC measurements after the end of the GEF field campaign to
increase the same size and diversity of sites. Partners were requested to provide basin
locations for sampling. The extended sampling included 11 additional gathering stations in
four basins. These stations were selected in collaboration with industry partners in areas
not visited during the field campaign. These stations were not randomly selected during the
original site selection. CSU personnel were present for meter installation, at a minimum,
in the first station in each basin, and reviewed the installation locations for subsequent
measurements with the operator’s personnel. At the end of the measurement period, the
operator uploaded the data, recharged the meter, moved the meter to the next designated
location, and photographed the installation. During the additional sampling period, CSU
was present for meter installation at five stations (stations classified as “Class II”), and
measurement instruments were installed by parter company operators without CSU study
team members present at six stations (stations classified as “Class III).

Therefore, the data presented here is a combination of randomly selected and guided site
selection, both done in cooperation with industry partners. While selection was not entirely
random, the addition of measurements after the field campaign improved the geographic
diversity of the dataset, more than doubled the total number of measurements made, and

extended data collection across nine elapsed months, increasing the variability in weather
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conditions. Including all measurements, PC measurements were made at stations owned by
eight of nine partner companies that participated in the GEF study; all stations operated

by the last partner utilized compressed air to operate pneumatic devices.

4.1.3 Device Selection

Measurement of specific controllers on each station was limited by the ability to tem-
porarily disconnect the supply gas line during meter installation. This was not an issue
for on/off type controllers that could be taken out of service without disturbing a process;
however, to measure controllers designed to continuously throttle or maintain sensitive pres-
sures, some station equipment needed to be taken off-line briefly for meter installation. For
example, fuel gas pressure controllers or station inlet pressure controllers were isolated and
depressurized prior to meter installation. Therefore, measured controllers were selected on
an opportunistic basis subject to these constraints.

Emergency shut-down (ESD) and other station safety or isolation controllers were not
instrumented in this study. These devices rarely actuate, and therefore would not represent
emissions from PCs that were actively controlling process variables. In addition, other mea-
surements during the field campaign screened for, and measured, PCs that were emitting,
and leaking ESD controllers would have been identified in this way. Due to these constraints,
the study team utilized engineering judgment to select controllers for measurement. During
the measurement campaign the mix of PC types and controlled applications was monitored,
and subsequent meter deployments were guided to increase the diversity of resulting mea-

surements.

4.2 Measurement Protocol

Because the measurement system was installed unattended on sites for several days at a
time and involved connections to process control loops, partner companies mandated that the

meter installation follow formal management of change (MOC) review. This review involved
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evaluating the operation of the measurement system to ensure all components conformed to
station safety protocols for electrical equipment and that installation of the system would not
adversely affect station operations. The CSU measurement team coordinated directly with
the site operations supervisors and engineers during the MOC review in the weeks leading
up to each station visit to tentatively identify PCs to measure and any station specific
requirements.

Each station visit began with a site safety briefing and a hands on introduction to the
measurement system with station operators. After the site safety briefing, operations staff
will performed a quick walk through of the site with the CSU measurement team to identify
PCs for measurement. If operations staff decided there were no acceptable options for
isolating devices of a certain process and installing the meters on supply gas lines, the meters
were connected via threaded exhaust ports. When devices were identified for measurement,
the measurement team and operations staff coordinated on the meter installation. If a meter

was being installed in the supply gas line, the protocol was as follows.

e Measurement team connected flow meter to independent power supply and configured
data collection. Location of independent power supply was be determined by site

operator to minimize footprint and impact of measurement device at each location.
e Site operator or technician isolated valve/controller
e Site operator or technician parted supply line and installed and secured meter
e Measurement team turned on the device and begin data collection

e [f possible, site operator manually actuated device and measurement team ensured

meter was operating correctly and data was being recorded

e Site operator performed final safety assessment and leak check of installed meters and

independent power supply boxes
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e Measurement team performed leak scan of entire pressurized control loop with FLIR

camera to ensure the installation did not result in leaks in the control loop.

Figure 4.1: Emission measurement system installed on supply gas line to PC controlling liquid
level in a secondary liquids storage tank.

If the meter is being installed at a controller exhaust port, the protocol is as follows.

e Measurement team connected flow meter to independent power supply and configure
data collection. Location of independent power supply was determined by site operator

to minimize footprint and impact of measurement device at each location.
e Site operator or technician connected flow meter inlet to controller exhaust port
e Measurement team turned on the device and began data collection

e [f possible, site operator manually actuated device and measurement team ensured

meter was operating correctly and data was being recorded

e Site operator will perform final safety assessment and leak check of installed meters

and independent power supply boxes.
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Figure 4.2: Three emission measurement systems installed on exhaust ports to PCs controlling
liquid levels on compressor interstage knockout tanks.

After installation the measurement systems were left in place unattended for a minimum
of three days. The CSU measurement team would return to retrieve the meters after four to
five days, which typically exceeded the battery life of the measurement system and maximized

the amount of data collected.
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Chapter 5

POST-CAMPAIGN DATA MANAGEMENT

The following sections outline the corrections that were made to raw data prior to anal-

ysis.

5.1 Signal Filtering

Raw voltage values recorded to secure digital (SD) memory cards were converted to
temperature, pressure and flow magnitudes during post processing. The recording system
for the meters exhibited a low signal to noise ratio at the lower ends of the flow reading
(0-10 scth, 0-3% of span). Because many of the emissions recordings were in this flow range,
a filter was applied to the raw data to reduce this noise prior to analysis. Flow data was
filtered using a low-pass filter (Matlab lowpass() function) with a cutoff wavelength of 60
seconds and a -60 dB stop-band. To prevent overshooting or ringing, a filter with a low

steepness was used. Figure 5.1 shows signal noise reduction at zero flow.

Noise Envelope for A-1

0.3

-t N

R o sl b

3445 345 3455 346 34.65 347 3475 348 3485 34.9
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Figure 5.1: Attenuation of signal noise in flow meter recording under zero flow conditions after
the application of lowpass filter.
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5.2 Gas Composition Corrections

Because the thermal mass flow meters used in this study rely on thermal properties
of the gas being measured to correlate heat transfer between the gas and sensor elements
and gas velocity, the raw flow data collected needed to be corrected based on the specific
gas composition at each station. Gas used to power PCs is most commonly drawn from a
station fuel gas line, so recent fuel gas analysis were provided for each station where PC
measurements were made. Film coefficient correction factors were generated using software
provided by meter the manufacturer (user interface shown in Figure 5.2). This software
computes a correction coefficient between a reference gas (air) and a known gas composition
based on the density, thermal conductivity, heat capacity, and viscosity of the known gas

composition at a given temperature and pressure. The average supply gas temperature

Fluid Library Gas Composition
Mix Basis:
| Name Formula e Mass w % Name

-Common Gases- = 0436 Carbon Dioxide
Air N2/02/Ar | R 2707 Nitrogen
Argon Ar A&G.as 77719 Methane
Carbon Dioxide Co2 L — 7076 Ethane
Helium He 6.877 Propane
Hydrogen H2 = 0.778 Isobutane
Nitrogen N2 Re”:"O&GaS 239 Butane
Oxygen 02 0544 Isopentane

0641 Pentane
--Hydrocarbons-- 0707 Hexane
Methane CH4 Bewina ol 0119 Helium
Ethane C2H6 Gases
Ethylene C2H4
Propane C3H8
Propylene C3H6 N i

ormalize
Butane C4H10 & Composition
|_lenhitana C4AHIN e
Reference Gas: Air b
Generate Film Coefficient b
Target Temperature: 69 F - Density (kg/m3): 1.62304503017813
Target Pressure: 35 Psia »

Film Coofficient: 0.775 |

Figure 5.2: User interface for software provided by Sierra instruments to calculate correction
factors for flow meter readings between flow meter calibration gas (air) and site specific natural gas
compositions. Gas composition shown is from site N.
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and pressure readings for each recording were used to generate these correction factors.
Correction factors between 0.775 and 0.81 were applied to raw data. The error introduced
by performing these gas composition corrections are not explicitly published by the meter
manufacturer and challenging to estimate analytically. However, these corrections were
included in validation tests performed on the measurement system to estimate absolute

meter error (discussed in Section 5.5).

5.3 Non-Zero Flow Readings

The Sierra meters that were utilized for the study exhibit a behavior where they indicate a
non-zero flow through the meter when the meter is pressurized and no flow is occurring. This
issue was discovered when a steady reading of ~10 scth was observed on the user interface of
a meter installed on the supply gas line of a PCs with very high supply gas pressure (=~ 60
psia) but the study team was unable to find any evidence of gas leaking at any point on the
controller’s pressurized control loop. The magnitude of this non-zero value was observed to
increase with increase at higher supply gas pressure and decrease at lower supply gas values,
eventually falling to zero below a supply pressure of 30-35 psia. This suggested measurements
made on the supply gas lines of controllers at pressures above this threshold value were prone
to showing a non-zero baseline. Emissions data collected by meters connected to controller
exhaust ports were not prone to this error because measurements were made at atmospheric
pressure, below this pressure threshold. A review of data collected during the field campaign
and a series of lab tests confirmed that a substantial number of recordings made during this
study were impacted by this meter effect. Henceforth this error is referred to as NZ flow:
"NZ” indicates times when no gas is flowing through the meter, but the meter indicates

non-zero fow.
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Figure 5.3: Example data recording for flow meter testing and characterization of NZ meter error
as a function of operating pressure. Gray shading indicates times when indicated flow had stabilized
sufficiently to be utilized for evaluating the indicated flow rates.

5.3.1 Pressure to NZ Correlation

In field conditions when NZ flow may have occurred, it is impossible to distinguish
between true flow and a false, non-zero flow rate indicated by the meter. Therefore, samples
where NZ conditions occur must be treated differently from samples where it could not occur.
A series of lab tests were performed to analyze the NZ behavior and develop a correction
factor to apply to data impacted by this problem. The meters were connected to a pressure
regulated supply of natural gas at the Methane Emissions Technology Evaluation Center
(METEC) and tested at a range of pressures. Meters were connected in parallel and lines
through the meters were purged. The pressure in the lines was then increased between 13
and 70 psia with the meter outlets closed. After each successive increase in gas pressure,
the meter reading was allowed to stabilize and meter parameters were recorded for a period
of several minutes. An example of one of these pressure tests is shown in Figure 5.3. There
was no gas moving through the meters during this test so in this case, all indicated flow

measurements are attributed to the NZ effect.
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The mean and standard deviation of the indicated flow was extracted for each stable
period and a linear or parabolic trend with pressure was fit to the resulting data. Periods
with high variability, as represented by standard deviation, were eliminated from the fit.
Figure 5.4 provides an example for a meter with a linear fit, while Figure 5.5 illustrates the

one meter (meter 6) that utilized a parabolic fit.

Pressure to NZ Flow Correlation

Meter 4
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¢ Points Used: 45
35| % Points Discarded: 12
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Figure 5.4: Example of a linear fit correlating NZ flow meter readings to operating pressure
during measurement. Linear fits were applied to flow meters 1-5.
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Figure 5.5: Example of parabolic fit correlating NZ flow meter readings to operating pressure
during measurement. A parabolic fit was only applied to meter 6.
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The gray shaded area in figure indicates the manufacturer’s stated detection limit of the
meter during normal (i.e. non-zero) flow conditions, based on the meter’s 100:1 turn-down
ratio and calibrated flow range. The rise of the correlated points above the grey shaded area
indicates pressures at which the meter can exhibit non-zero readings. For example, when
there is no gas flow, meter 4 begins to indicate a false NZ reading at pressures above ~35
psia. When supply gas pressures reach 50 psia, any recorded flow at or below 10 scfh
(whole gas) could represent a false NZ reading.

The resulting fits for all meters are shown in Figure 5.6. These pressure-NZ correlations
are used to determine points in each data set where recorded flow rates could have been due
to NZ meter error (based on supply gas pressure) and are ultimately applied to set false NZ

readings to zero.
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Figure 5.6: Correction curves for all flow meters correlating NZ flow meter readings to operating
pressure during measurement. The pressure at which NZ behavior starts is indicated in the legend
for each meter.

5.3.2 Long Duration Tests

Two additional long duration tests were performed on the meters in a field setting to
evaluate the stability of the NZ flow baseline over multiple days and quantify uncertainty in

the correlations developed in Section 5.3.1. For each of these tests, meters were connected in
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Figure 5.7: Drift of NZ baseline over 2.5 day tests. These tests were performed on each meter
at two pressures: Once at the pressure where the NZ effect was present in all meters (34 psia)
and once at the maximum pressure recorded in the field (54 psia). The standard deviations (£+20)
plotted in Figures 5.6, 5.8 and 5.5 and used to zero NZ flow rates (Figures 5.9 and 5.10) are based
on a linear fit between the standard deviations of meter readings from the long duration tests at
34 and 50 psia.

parallel to a regulated, high pressure tank of natural gas. Outlets of all meters were capped
and checked for leaks. The meters were then pressurized with natural gas and left to record
indicated flow (i.e. the NZ baseline), gas temperature and pressure data over a 3 day period.
Testing was performed outside to provide diurnal variation in ambient temperatures the
meters similar to what was experienced in the field. The motivation behind these tests was
to determine the degree to which the NZ baseline would drift over a multi day test period.

The average baseline meter reading was observed to deviate from the value calculated
using the correction correlations from Figure 5.6. This demonstrates the level of uncer-
tainty associated with differentiating between actual flow and meter error. Although visual
inspection of the drift in the NZ baseline suggests that the value varies with gas tempera-

ture, no reliable or repeatable temperature correlation could be identified. Since the meter’s
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Pressure to NZ Flow Correlation
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Figure 5.8: Example of a linear fit correlating NZ flow meter readings to operating pressure, with
standard deviations from long duration tests (Figure 5.7)

response to changes in gas composition, pressure and temperature is non-linear and depen-
dent on proprietary algorithms and heat transfer correlations programmed into the meter’s
micro-controllers, this likely made a simple correlation impossible.

To account for the variability in the meter’s NZ reading, the standard deviation of NZ
data from the low and high pressure long duration tests were used to assign the NZ cutoff

value for each data set. In Figure 5.8, the solid line shows the fit from Figure 5.6, the error
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35 F !
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30 [ |-+ NZ Cutoff 20
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o
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Time of Day

Figure 5.9: Example of an emissions recording impacted by NZ flow meter error. Because the
majority of the measurements of this recording are within +2¢ of the mean NZ cutoff threshold, it
is likely that this entire recording can be attributed to the NZ meter effect.
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Figure 5.10: Another example of emissions recording heavily impacted by NZ flow meter error. In
this recording, the NZ cutoff threshold calculated using Figure 5.6 curves did not capture the actual
NZ baseline. To account for measurement noise and drift, all readings less than the calculated NZ
cutoff +20 were set to zero.

bars show two standard deviations from the low and high pressure tests plotted in Figure
5.7. Henceforth, all references to standard deviations used in NZ corrections refer to those
calculated from long duration tests. The dashed lines are the fit between the error bars
at 34 and 50 psia, which represent the uncertainty in identifying a NZ baseline for a given
pressure.

The uncertainty limits identified by this process impact the evaluation of emissions data
effected by the NZ meter error. In Figure 5.9, the PC being measured has an NZ cutoff of
17.1 scth, calculated using its supply gas pressure of 46.6 psia and the curves in Figure 5.6.
Based on the results of the long duration tests that show disagreement between calculated
NZ cutoffs values and actual NZ readings (Figure 5.7), and the fact that >80% of the flow
readings fall within +20 of the NZ cutoff, it is very likely that all of the meter recordings for
this test were a product of the NZ meter effect. However, due to noise in the signal and drift
of the NZ baseline, zeroing meter readings below the calculated NZ cutoff threshold would
only succeed in filtering 19% of the data points, and 83% of the emissions would remain.

A similar issue can be seen in Figure 5.10, where the actual NZ baseline is slightly greater
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Figure 5.11: Correction curves and uncertainty bounds for all low meters correlating NZ flow
meter readings to operating pressure during measurement. The pressure at which NZ behavior
starts is indicated in the legend for each meter.

than the calculated NZ cutoff threshold. Because the calculated NZ threshold is less than
the actual observed baseline, zeroing flows below the threshold would have no effect on the
emission rate, even though there is a clear NZ baseline.

Table 5.1: Correction curves fits for top uncertainty bounds used to
assign NZ cutoff values

Linear Fits

Meter Slope Intercept NZ Threshold
Meter 1 0.7 -20.27 33.43
Meter 2 1.11 -29.64 29.4
Meter 3 1.23 -39.25 34.24
Meter 4 0.75 -21.24 32.46
Meter 5 0.99 -25.43 28.83

Parabolic Fit
Meter C1 C2 Intercept NZ Threshold
Meter 6 -0.01 1.97 -52.54 32.38

Many recordings exhibited the characteristic shown in Figures 5.9 and 5.10 where there
is a clear NZ baseline that was not fully captured by the NZ cutoff threshold. To account

for the uncertainty in calculating an NZ cutoff threshold for a data set with a given supply
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gas pressure due to meter noise and NZ baseline drift, all flows below the NZ cutoff +2¢
were set to zero. This increase in the NZ cutoff threshold was applied to all datasets that

were identified as potentially having an NZ reading based on their supply pressure.

5.4 Data Correction Summary

The specific process followed to apply corrections using correction curves shown in 5.11

was:
1. Correct gas flow for gas composition and apply noise filter.
2. Compute mean gas flow rate before NZ correction.

3. Compute the mean pressure for each recording. In all cases, supply gas pressure was

stable and varied < 42 psia during test duration.

4. Using the mean pressure, compute the flow rate at which the meter may be in NZ

conditions, as per Figure 5.11.

5. Set all samples with indicated flow below the calculated NZ cutoff threshold +2¢ to

zero (5.1).

6. Recompute mean gas flow rate and compare with flow rate computed before the NZ

correction.

5.5 Validation of Data Correction Methods

A series of controlled tests were performed on the flow meters that simulated the supply
pressures and gas flow rates encountered in the field. Data collected during these test were
corrected using the methods outlined in Sections 5.1-5.3 and compared to the actual flow

through the meters to validate the correction methodology presented in the above sections.
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Experimental Set Up

Validation tests were performed at the CSU Methane and Testing Evaluation Center
(METEC). A similar set up to that described in Section 5.3 was used. The six Sierra flow
meters were connected in series between a pressure regulated supply of 87.0% CH, natural
gas and a manifold of automated valves that were operated to simulate leaks (Figure 5.12a).
An Omega FMA 1700A series flow meter (1% of span, or 1.59 scfh) monitored flow through

the Sierra meters and provided timestamped flow rates for comparison (Figure 5.12a).

(a) Six Sierra flow meters connected in series (b) Pressure regulators and Omega flowme-
at the CSU Methane Testing and Evaluation ter used for Sierra meter verification
Center.

Figure 5.12: Experimental setup for validation tests to check accuracy of flow meters and data
correction method.

Results

The setup described above was used to simulate a series of natural gas leaks at six supply
pressures. These tests were performed on the range of pressure the meters were exposed to
during field tests using a similar natural gas composition. The Sierra meters collected data
on a three stepped flow rates pressures between 24 and 60 psia. The flow through the meters
was returned to zero for at least 120 seconds between each test and each consecutive flow

rate was maintained for at least 60 seconds to allow meter readings to stabilize (Figure 5.13).
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Validation Test: Raw Data
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Figure 5.13: Comparison of Sierra meter recording to actual flow rates for measurements taken
between 24-60 psia. Gas composition correction has been applied, filtering or NZ correction has not
been applied. The tendency of flow meters to record non-zero flow rates under zero flow conditions
under higher pressures is clear.

When pressure increases, the meters show a significant non-zero baseline when there is no

flow through the meters and there is variability in the magnitude of this baseline between

Validation Test: NZ-Correction
70 T T T 1 f

— — — -supply pressure (psia)
zeroed flow

60 - NZ cutoff

meter 5 reading
actual flow (scfh)

o
S

o
o

(%)
S

whole gas flow (scfh)
supply pressure (psia)

20

—

800 1000
time (s)

Figure 5.14: Comparison of Sierra meter number 5 recording to actual flow rates for measurements
taken between 24-60 psia. Corrections for the NZ meter error, gas composition and signal filtering
have been applied. After data correction methods are used, the recordings by Sierra flow meters
used in the field agree reasonably well with the comparison flow meter, with an RMS deviation of
1.34 scth.
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the six meters. Data in Figure 5.13 is corrected for gas composition but noise filter and NZ
corrections have not been applied. Without the NZ correction over this range of pressures,
the Sierra flow meters over-estimate the actual flow by between 1% (meter 3) and 58% (meter
6). On average, the meters over-estimate the actual flow by 22%.

The NZ flow correction methodology was then applied using the correction curves shown
in Figure 5.11. Figure 5.14 shows the calculated NZ baseline for meter number 4 during this
test. The shaded area represents the NZ baseline as a function of pressure. To apply the NZ
correction to the meter’s flow readings, all flow values that lie within this shaded region are
set to zero. For meter 4, this correction reduces the overestimation of actual flow rates from
13% to 3%. Applying this correction reduces the average disagreement between the Sierra
meters and the actual flow rate from 22% to 2%.

The most significant implication of this meter error is the effective increase of the meter’s
detection limit that occurs at higher measurement pressures. At pressures where a meter
can show a false NZ reading, any actual flows below the NZ baseline calculated using the

correlations in Table 5.1 are indistinguishable from meter noise.
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Chapter 6

RESULTS & DISCUSSION

6.1 Measured Data and Relevant Meta-data

Long duration measurements were made on 98 PCs at 17 natural gas gathering com-

pressor stations and one production site between June 2017 and May 2018. Each station

visited was assigned a randomly generated letter. Each PC measured on that site was given

a number 1-6 corresponding to the number of the flow meter that was connected to that

device. All measured devices were then identified using this naming scheme. The flow meter

recordings made on site "D’ using meter #1 (PC D-1) are shown in Figure 6.1
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Figure 6.1: Example of flow meter recordings of PC emissions, supply gas temperature and supply

gas pressure for Site D, meter 1, recorded over an 85 hour period.

Table 6.1: Summary of meta-data relevant to device operation collected for PC D-1

PC Specific Valve EPA Major Process PC Make
Data Operation! Type? Equipment? Variable Model
PC D-1 Snap Acting IV~ Compressor Liquid Level Murphy L1200N

1 *Snap acting’ or ’throttling’ designation provided by station operator.

N

in EPA type identification were clarified and resolved by independent panel (Section 6.2)

gas removal unit.
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Intermittent vent, low bleed or high bleed designation originally provided by station operator. Inconsistencies

Major equipment category where PC is operating. Compressor, dehydrator, separator, yard piping or acid



Comprehensive metadata was also collected specific to each station visited and PC mea-
sured on that station. Meta-data for device D-1 is shown in Table 6.1. A compilation of all

data sets collected are included in Appendix A of this document.

6.1.1 Impact of NZ Meter Error

The complete data correction methodology summarized in Section 5.4 was applied to
86 emissions recordings collected during the field campaign. Based on the distribution of
supply gas pressures measured in the field (Figure 6.2), it was anticipated a large number
of measurements would be impacted by the NZ meter error. The data corrections applied
to correct for the NZ meter error had a non-trivial impact on the population of collected
data. Data sets were classified as zero impact, low impact, high impact or discarded based
on the percentage of emissions recorded that were attributed to the NZ meter error. The
distribution of impacts on average emission rates after the application of the NZ corrections

is shown in Figure 6.3.

Frequency Distribution of Supply Pressures Measured

T T T
20 - . [T Exaust Port Measurements | -
["inline Measurements
15+ A
>
[3)
c
3] __
g 10 .
5F i
o | ,_l —| | H | ,_l

0 10 20 30 40 50 60 70 80
distribution of pressures measured (psia)

Figure 6.2: Distribution of supply gas pressures measured during the field campaign.

Zero Impact: Recordings that were installed on PC exhaust ports or had low enough sup-
ply gas pressures that their average emission rates were impacted by < 1% by the NZ

correction (42 measurements or approximately % of the measurements).
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Low Impact: Recordings where the average emission rate changed by less than 20% after

the NZ correction was applied (7 measurements).

High Impact: Recordings where the average emission rate changed by more than 20% after
the NZ correction was applied. Recordings in this category include cases where nearly
all data points were zeroed and/or a very small percentage of samples remain after the
correction, but there were clearly emission or actuation events that were not impacted

by the NZ error (see recording G-5 as an example). (23 measurements)

Discarded: Recordings where the average emission rate was effectively zeroed after applying
the NZ correction (> 80% change in emissions) and there were not distinct actuations
or emission events above the NZ baseline (14 measurements). Recordings meeting
these criteria were discarded from the data set before analysis because there were no
emissions recordings distinguishable from meter noise. The implications of discarding

these samples is discussed in Section 6.5.1

Distribution of Impacts of NZ Correction on Average Emissions
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Figure 6.3: Distribution of NZ meter error corrections impacts on average emission rates from all
PCs measured
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6.2 Industry Panel and Controller Classification

While in the field, it was often challenging for the measurement team to identify specific
attributes of controllers. To identify controllers by EPA classification (high, low or intermit-
tent vent), the measurement team relied on site operator input, which was often inconsistent
with other observations on site. This resulted in conflicting classifications of controllers by
the end of the study. Due to the wide variety of emission patterns observed, there was also
interest in using the emission data and controller meta data to estimate whether controllers
were operating as designed. To accomplish this, a panel of four industry experts and three
study team members were assembled to review data for each controller recording. Based
on the controller data the review panel classified each controller according to EPA subpart
W venting categories (high, low or intermittent vent), determined if the controller was op-
erating as designed or was malfunctioning, identified possible common failure modes across
the sample of malfunctioning controllers, and provide perspectives on possible causes of the
irregular emissions patterns observed. Controllers were assigned as malfunctioning strictly
based on the emissions behavior of the device. By this definition, a device identified as
malfunctioning from an emissions perspective could still be performing its intended function
and operating correctly from a process control perspective. The flowchart in Figure 6.4 illus-
trates the panel’s selection process for classifying controllers (Section 6.2.2) and bucketing

controllers by EPA classification type (Section 6.2.1).

6.2.1 Classification by EPA Type

The panel’s criteria for classifying each controller by EPA type was based on specifica-
tions given in manufacturer’s literature. The highest level of classification (intermittent vs.
continuous vent) is straightforward to assign based on device specifications. The secondary
classification for continuous controllers (high vs low bleed) is not as straightforward, as con-
tinuous bleed rates can be a function of supply gas pressure to the controller. For devices

where emissions were measured in supply gas lines, supply pressure was recored over the
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Controller
Make/Model

Intermittent or continuous
vent device (based
on manufacturer specs)?

Continuous Intermittent

Is the device classified
as low or high bleed by
manufacturer, based on supply
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Classified as low
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"Are clean control actions apparent
in emissions trace?

Y

| Are average observed
Supply 845 Classified as high emissions <6 scth?
prels(sure 18 bleed Are short term errors in
unknown

actuation event patterns
observed?

Is a ramp up in emissions of <3
minutes observed before actuation
events?

Do device emissions return to zero
between actuation events?

A 4

A 4

Are emissions less than

maximum published steady state

3
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A 4

Device is
operating as
intended from
emissions
perspective

Device is
malfunctioning

Figure 6.4: Flowchart summarizing the industry panel’s criteria for classifying PCs according to
their vent behavior and identifying PCs as normally operating or malfunctioning from an emissions
perspective

test run and bleed rate classifications were based on steady state gas consumption rates for
recorded supply pressure. If emissions were measured at controller exhaust ports, supply

pressures were unknown and low vs high bleed classifications were assigned by consulting

additional manufacturer literature or based on field experience of panel members. There are
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also several common models of electro-pneumatic controllers whose classification as low vs
high bleed is dependent on the internal relay installed in the device; because the relay types
were not noted during field work, classifications were assigned for these devices by consulting

station operators.

6.2.2 Classification as Normally Operating or Malfunctioning

Continuous Bleed Controllers: Devices classified as low bleed were identified as
normally operating if their average emission rates were <6 scfh. Devices classified as high
bleed were identified as normally operating if their average emission rates were consistent
with their published steady state gas consumption values.

Intermittent Vent Controllers: Four criteria were assigned to classify intermittent
vent controllers as normally operating or malfunctioning. If the emissions trace for an
intermittent vent device was observed to violate any of these criteria, the controller was
identified as malfunctioning. PC classification was performed by evaluating emission traces
that were filtered for noise, corrected for gas composition, and had NZ correction algorithm

applied. These criteria are:
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1. Continuous Emissions: Emissions recording of an intermittent vent PC that does

not show control actuations and emits gas continuously (Figure 6.5).

Continuous Emissions

20 T T T
181 1
161 1

Emission Rate
(scfh whole gas)

21:00 00:00 03:00 06:00
Time of Day

Figure 6.5: Intermittent vent PC that does not show distinct actuations and vents gas continu-
ously.

2. Extended Ramp: PC shows an emission ramp longer than three minutes in duration

leading up to an actuation event (Figure 6.6).

Extended Ramp Up
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NZ Cutoff -20
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Figure 6.6: PC emissions gradually increase for 45 minutes leading to actuation event. This
behavior is inconsistent with the design of the device and controllers exhibiting this behavior were
identified as malfunctioning.
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3. Does Not Return to Zero: PC shows control actuations but emission rates do not

return to zero between actuation events (Figure 6.7)

Emissions Do Not Return to Zero
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351 b

Emission Rate
(scfh whole gas)
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02:00 02:30 03:00 03:30 04:00 04:30 05:00
Time of Day

Figure 6.7: PC emissions do not return to zero between actuation events. Since NZ corrections
have already been applied, this malfunction is visible only if emissions between actuations exceed
the NZ threshold.

4. Irregular Behavior: Intermittent vent PC shows some combination of the the pre-

vious three behaviors or generally irregular emissions patterns (Figure 6.8).

Error In Expected Actuation Pattern
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Figure 6.8: PC demonstrating irregular emissions behavior over the majority of the data collection
period. The device was identified as malfunctioning.
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Table 6.2 shows which of the above criteria were exhibited by each intermittent vent PC

that was identified as malfunctioning.

Table 6.2: Classification of malfunctions for intermittent PCs

Does Not
Return to Total
Continuous Extended Zero Between Irregular — Malfunction

Recording ID Emissions Ramp Actuations  Behavior Classifications
A-3 v 1
A-4 v 1
D-1 v v v v 4
D-4 v v v 3
D-6 v v 2
G-5 v v 2
H-1 v 1
H-6 v v 2
I-5 v v 2
N-1 v 1
N-2 v v 2
N-3 v 1
N-4 v 1
0-6 v v 2
P-1 v 1
P-5 v 1
S-2 v v 2
S-4 v v 2
T-4 v 1
T-5 v 1
T-6 v v 2
U-5 v 1
U-6 v 1
V-2 v v 2
V-6 v v v 3
Fraction Impacted 48% 40% 24% 58%

6.3 Malfunctioning PC Emissions

The long duration measurements allowed for a more accurate analysis of the impact that
malfunctioning PCs have on average emission rates. Using the criteria established in Section
6.2, 30 PCs (42% of the sampled population) were classified as malfunctioning. Table 6.3
shows the average emission rates for normally operating and malfunctioning PCs for each

EPA classification type.
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Table 6.3: Average emission rates for normally operating and malfunctioning PCs.

Average Emissions

Number of  Number of (scth, normally Average Emissions
PC Type  Samples  Malfunctioning operating PCs) (scth, malfunct. PCs)
v 40 25 2.82 [+3.23/-2.41]  16.11 [+7.88/-6.35]
LB 24 5 0.68 [+0.50/-0.42] 34 [+20.81/-19.78]
HB 8 0 19.25 [+13.55/-10.26] -3
Totals 72 30 4.98 [+3.49/-2.95]  19.09 [+7.61/-6.80]

1 No high bleed PCs were assigned as malfunctioning

The cumulative distribution function in Figure 6.9 illustrates the impact that malfunc-
tioning controllers have on the average emission rates in this study. 25 PCs (35% of samples)
had emissions greater than the mean. Of these PCs, five were high bleed PCs, 18 were mal-
functioning PCs (14 intermittent and 4 low bleed), and only one was a normally operating

intermittent vent controller with a very high actuation rate. Several previous studies [11] [20]

Cumulative Distribution Function
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Figure 6.9: Cumulative distribution function showing contribution of malfunctioning and nor-
mally operating PCs of each EPA type toward total measured emissions.
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reported a ”long-tailed” distribution where the majority of total emissions are attributed to
a small subset of devices. This distribution was observed in this study but was not as pro-
nounced as in other studies. 95% of the emissions can be attributed to the top 42% of
devices. In comparison, Allen et. al reported the top 19% of devices accounted for 95% of
total emissions. This difference is likely due to the long measurement duration, as many of
the devices measured during previous studies did not have emissions during the observation

period. This is discussed further in Section 6.4.

6.3.1 Low Bleed PCs

Figures 6.10 shows the distribution of emission rates for normally operating and malfunc-
tioning low bleed PCs. All of the low bleed PCs classified as malfunctioning had emissions

continually exceeding the 6 scth threshold for the entire duration of their measurement. This

Low Bleed Controllers
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- Emissions while malfunctioning
60 Mean emissions, malfunctioning PCs
Mean emissions, normally operating PCs
95% confidence interval
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Figure 6.10: Emission contribution from malfunctioning and normally operating low bleed type
controllers.
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is distinct from the behaviors of intermittent vent PCs where 64% of the malfunctioning pop-
ulation had periods of time during their operation where they were operating correctly 6.3.2.

High supply gas pressure to low bleed controllers may explain the high emissions shown
by the five malfunctioning low bleed PCs. Because the internal mechanism of continuous low
bleed controllers offers an open path to atmosphere, higher supply pressures result in higher
continuous emission rates. Four of these malfunctioning low bleed PCs (J-6, J-2, D-3 and
J-4) had supply pressures of between 43 and 46 psia, which make up four of the five highest
supply gas pressures recorded on low bleed controllers. The controllers in question (the
Fisher C1 and Dyna-flo 4000LBR) can be configured to output two control pressure ranges:
17-29 psia (low pressure output) and 20-44 psia (high pressure output). The manufacturer
stated normally operating supply pressures for these two configurations is 34 and 49 psia for
the low and high pressure outputs respectively [34] [35]. The output pressure configuration
for these PCs is unknown, but if they were configured for low pressure output, their high
emissions rates could be attributed to the fact they are operating at pressures outside of

their design specifications.

6.3.2 Intermittent Vent PCs

50% of the intermittent vent PCs classified as malfunctioning had periods during their
observation time when they were operating correctly. For each of these PCs, the emissions
during normal operation and emissions due to malfunctioning behavior were isolated. Nor-
mally operating emission states were determined by identifying peaks in emission traces and
zeroing all emissions in the recording ezcept for three minutes leading up to and the five
seconds following each peak. This was based on the expert panel’s metrics of actuation
times for normally operating devices (Section 6.2). The emissions for each of these states
are plotted in Figure 6.12.

The average emission rate for the 25 malfunctioning controllers is 16.11 [47.88/-6.35]

scfh. If the emissions during malfunctioning states are removed, the average emissions for
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Figure 6.11: Device H-1 was identified as malfunctioning because of its extended ramp in emis-
sions leading to actuation events. Emissions from device’s malfunction states were assigned as all
emissions ezcept those during three minutes preceding and 5 seconds after peaks.

these controllers is 2.15 [+1.89/-1.38] scth. This is of similar magnitude to the average
emissions from the 15 normally operating intermittent vent PCs (2.82 [4-3.23/-2.41] scfh).
However, the mean actuation rate for malfunctioning controllers (0.83 actuation events per
hour) is over twice that of normally operating PCs (0.36 actuation events per hour). These
frequencies are in the range of estimates made by Allen et al. for devices that did not actuate
during 15 minute sampling times [20], and are less frequent than assumed actuation rates
used in the OIPA study [21]. These frequencies are also on the scale (>1 hr between events)
of frequencies recorded by long duration actuation counters installed on actuators during the
EPA’s Uinta Basin study [31].

The actuation rate of a given intermittent vent PC is mainly determined by how the
controller is tuned and calibrated, the appropriate selection of controller make/model for
its application, the latency and accuracy of its input signal and the stability of the process
variable it is controlling. Several of these factors (calibration and tuning, appropriate ap-

plication and signal quality) can be adversely impacted by poor operating procedures, such
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Figure 6.12: Emission contributions from malfunctioning and normally operating intermittent
vent type controllers.

as re-purposing PCs for applications outside their intended use or long gaps in controller
recalibrating and tuning. The higher actuation rate of malfunctioning PCs suggests that
some of the malfunctioning behavior observed in this study is due to operational practices,

and is not solely attributed to mechanical failures.

6.4 Simulating Shorter Sampling Times

All previous studies with the objective of measuring emissions from PCs (Section 2.3.1)
have relied on sampling times of between 15 minutes to 1 hour. Several of these studies ac-
knowledged that due to the expected high temporal variability in the operation and emission
rates of PCs, it is unlikely that such short duration measurements can be used to accurately
characterize average emission rates. A simulated short duration sampling strategy was gen-

erated to compare the results of the long duration measurements collected in this study
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to the results that would have been collected using the methods of previous studies. For
each data set, 1000 random, 15 minute samples between 8 am and 5 pm were drawn with
replacement and the average emissions were calculated for each sample. By plotting the
distribution of these sampled emission averages, it was possible to calculate the probability
that a 15 minute sample will yield an accurate characterization of a PC’s average emission
rate.

Simulated emissions are shown in Figure 6.13 for examples of intermittent vent and high
bleed PCs. For intermittent PCs that are operating correctly or malfunctioning, emissions
and actuation frequency can vary widely over time. If a measurement is made during any
randomly-selected 15-minute period, there is a low probability that the number of actuations
occurring during that sample will be representative of the actuation rate over an extended
period. For device P-5, a 15 minute emission measurement had a 30% chance of not capturing
an actuation event and measuring zero emissions, even though the average emission rate over

a 68 hour period was 18 scfh.

550 - 1

Distribution of average emissions from
500 - D 1000 random 15 minute samples (Device G-6)

Distribution of average emissions from

450 -

— 1000 random 15 minute samples (Device P-5)
400 - Average measured emission rate (Device P-5)
Average measured emission rate (Device G-6)
350 - + 10% of Average Emission Rate

300 -
250 |
200 [~
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Number of simulated measurements
]

100 |
50 [~

0 5 10 15 20 25 30 35 40 45 50
Average emission rate (scfh)

Figure 6.13: Distribution of 1000, 15 minute averages for device P-5. Due to the high variations
in emission rates, here is a low probability that a 15 minute measurement will provide an accurate
characterization of the PC’s long term average emissions.
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For both normally operating and malfunctioning continuous vent PCs (both high and
low bleed), emissions rates are more consistent over time than those from intermittent vent
devices. Therefore, the accuracy of a 15-minute duration measurements are more likely to be
representative of long term averages. 100% of malfunctioning low bleed devices could have
been identified as malfunctioning during their first 15 minutes of observation. Figure 6.13
shows the distribution of 1000 randomly selected 15 minute averages for a high bleed device.
Nearly all of these simulated measurements are within +£10% of the average emissions over
its 50 hour measurement duration.

Measurement duration also impacts the probability that malfunctioning behavior will be
captured during observation. 48% of malfunctioning controllers could have been identified
as malfunctioning during their first 15 minutes of observation,

Analysis was also performed to determine a minimum length of time required to accu-
rately characterize average emissions for each device. Across all devices, the average emis-
sions during the first 24 hours of measurement were 94.5% of the average emission rate for

the entire duration of all measurements (Figure 6.15). This indicates that a measurement of

T T T T T T T T
15 F Malfunctions Detected in 1st 15 | |
Minutes of Measurement (16 PCs)
Malfunctions Detected After 1st 15
Minutes of Measurement (14 PCs)
2 10 | 7
c
o}
>
o
QL
5F i
Oﬂﬂﬂ.ﬂ . I . A I
0 2 4 6 8 10 12 14 16
time (hrs)

Figure 6.14: Minimum times to ID malfunctions
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24 hours is adequate to make accurate estimations of device emissions. As the measurement
time is reduced from 24 hours, the probability of capturing an accurate characterization of
average emissions decreases.

The Monte Carlo methods used to generate Figure 6.13 were applied to each measured
device. The distributions of probabilities that a 15 minute, three hour, six hour, 12 hour or
24 hour sample would give a measurement within £10% of the device’s long term average
are plotted in Figure 6.16.

The results of this simulation provide insight into the results that would be expected from
short duration observations. The group of devices that have a high probability (> 75%) of a
short duration sample giving an accurate characterization (£10%) of the device’s long term
emissions are: normally operating low bleed PCs with very low emission rates, intermittent
vent PCs with infrequent actuations and low emission rates, and high bleed PCs with medium
to high emission rates. The two outliers in this group are a malfunctioning intermittent vent

PC with very low emissions and two malfunctioning low bleed PCs with high emissions. 50%
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Figure 6.15: Cumulative average emissions of all PCs measured over a four day period, converging
to the long-term average of 10.86 scth. This indicates the tendency for underestimation of averages
for shorter duration measurements.
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of the measured PCs have a low probability (< 20%) of a 15 minute sample giving an accurate
characterization (£10%) of the device’s long term emissions. This population is responsible
for the majority (60%) of all measured emissions. All but two of the 25 malfunctioning
intermittent vent controllers evaluated during this study are part of this population.
Current emission factors for PCs and previous PC emission studies all have relied on short
duration measurements. Natural gas company’s leak detection and measurement (LDAM)
or lead detection and repair (LDAR) programs which are responsible for identifying leaking
or malfunctioning equipment largely involve scanning equipment with optical gas imaging
cameras. Using this practice, individual PCs are often evaluated for less than 10 seconds.
Obviously, deploying long term or continuous emission measurements systems to monitor
emissions from large populations of PCs is cost and resource prohibitive for natural gas
companies. However, the data presented here clearly shows the serious limitations of current
methods in identifying the malfunctioning PCs that are responsible for the bulk of emissions

from this class of equipment.
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Figure 6.16: Probability that PC emission measurements of increasing duration have of measuring
within £10% of long term average. The size of the markers for the 15 minute duration curve
correspond to the emission rate from that device (larger markers=higher relative emissions)
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6.5 Comparisons of Average Emissions

6.5.1 Study Bias

The data presented in this thesis suffers from two potential biases: First, 14 measure-
ments (16% of samples) were discarded due to the non-zero flow meter errors that effected
measurements taken at higher supply pressures (Section 5.3). These samples were discarded
because > 80% of the recording was attributed to meter error, and there were no emissions
during the recording that could be distinguished from meter noise. The non-zero baseline of
these meter recordings were between 4 and 25 scth. For each of these recordings, emissions
could have been present at any flow rate between zero and the recording’s non-zero base-
line. Therefore, this set of discarded data represents a loss of information that could have a
non-trivial affect on the calculation of emission factors.

The average emission rates for all measured PCs (included discarded sets) are plotted in
figure 6.17, with emissions from discard sets simulated between 0-100% of their NZ baselines.
If it assumed that emissions from all discarded sets are actually zeros, the average emissions

for the 86 controllers is 9.09 [+4.31/-3.60] scth. If it assumed that all discarded sets are

Bias Due to Discarded Data Sets

16 - Simulated average emission rate,
including discarded datasets
Average emission rate of 72
14 + data sets not discarded
,E: 95% confidence interval,
@ non-discarded data sets
© 12}
©
S
IS
[
8 L
6 .
0 0.2 0.4 0.6 0.8 1

percent of NZ baseline contributed by discarded data sets (-)

Figure 6.17: Potential bias introduced in average calculated emission rates due to discarding the
14 data sets heavily impacted by non-zero flow meter error.
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equal to their NZ baselines, the average emissions for the 86 controllers is 10.85 [+4.31/-
3.60] scth, which is almost exactly the mean emissions from non-discarded samples. Because
it is highly improbable that all discarded samples were emitting at rates slightly less than
their NZ baselines, the average emission rates presented in this study are likely biased high.
Due to his potential bias and the level of data manipulation needed to correct for flow meter
errors, the average emission rates presented in this study are not suitable for developing new
emission factors for PCs.

However, the aggregate, average emission rates across all devices measured in this study
are similar to the emission factors utilized in the EPA’s Greenhouse Gas Inventory (GHGI)
[2]. Tf GHGI estimates are weighted by gathering station controller counts in each category,
the average emission rate per controllfer is 11.84 scth. The average emission rate per con-
troller in this study (10.86 [+4.31/-3.60] scth), is 91.2% the GHGI estimate. The GHGI
estimates average emission rates from gathering station pneumatic devices as 1.39, 37.3, and
13.5 scth for low bleed, high bleed and intermittent vent controllers respectively. These val-
ues are 548%, 51.6% and 82.4% of the average low-bleed, high-bleed and intermittent vent
emissions measured in this study. While aggregate emissions from all PCs measured and
emissions from intermittent vent controllers agree with GHGI estimates, measurements of
low-bleed PCs were much higher and measurements of high-bleed PCs were much lower than

GHGI estimates.

6.6 Recommendations for Future Studies

e The most significant shortcoming in this study was the non-zero flow meter error
that necessitated significant corrections to data sets and rendered some data unfit
for analysis. A higher precision, non-intrinsically safe low meter could be contained
in an explosion proof housing with logger and power supply, with gas tight through
fittings threaded into the housing. This would eliminate the need to use an industrial,

Class I Div I certified instrument to measure emissions and would give researchers
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greater flexibility in flow meter choice. Meters could also be calibrated on a tighter
flow range than the meters in this study. 99% of the emissions measured in this study
were between 0-200 scth. If meters were calibrated on this range, high emission peaks
from intermittent vent controllers would occasionally be clipped, but lower flow rates

between 0-50 scfh (the majority of emissions) could be measured with higher accuracy.

This study presents PC emissions data specific to gathering compressor stations. There
is overlap between the makes, models and applications of PCs on gathering compressor
stations and those found in other sectors of the oil and gas industry but there is also
equipment that is specific to each sector. The behavior of the PCs at the single gas
production site where measurements were made was distinct from behavior observed
from PCs on gathering stations. Future studies would need incorporate long duration
measurements from PCs across sectors to confirm that the results presented here apply

to equipment on stations other than gathering compressor stations.

Measurements of longer than 24 hours provide diminishing returns in terms of accurate
characterization of emissions and identification of malfunctioning PCs. If possible,
future studies should focus on shorter duration measurements than those in the data

presented here in favor of a larger sample size.

This study did not attempt to identify common mechanical failure modes of PCs. Fu-
ture studies could include a tear-down analysis component to determine the root causes
of high emissions from malfunctioning PCs. This would aid in identifying preventative
maintence and repair practices or design changes that could be implemented to best

reduce PC emissions.
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Appendix A

DATA SUMMARY

Data on each PC measured is summarized on one page, grouped into sections as described
above. Each page starts with a listing of relevant parameters about the PC, with the following

variables:

Site Class: Class I: Station was selected during original site selection exercise using ran-
domized clustered sampling method. Meta-data was collected and instruments were
installed by CSU personnel. Class II: Station was selected by hand from list of vol-
unteered industry partner resources to improve geographic diversity and total number
of measured PCs. Meta-data was collected and instruments were installed by CSU
personnel. Class III: Station was selected by hand from list of volunteered industry
partner resources to improve geographic diversity and total number of measured PCs.
Meta-data was collected and instruments were installed by industry partner personnel,

under the same protocols used by CSU personnel for site Classes I and II.
NEMS Region: National Energy Model region in which measurement was made.

Install Location: Location where measurement meter was installed. Inline indicates the
meter was installed in the supply gas to the controller. Ezhaust indicates the meter

was installed on the exhaust port of the controller.
Controller Location: Major equipment category where PC was installed.

Process Controlled: The process variable controlled by the PC. Values include:] liquid

level, temperature, and pressure.
Controller Model: Make and model of the PC

EPA Bleed Type: PC classification in accordance with the EPA classification method or

intermittent, low- and high-bleed devices. Continuous bleed PCs are listed as contin-
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uwous is the intended bleed rate is unknown, low bleed if the intended bleed rate was

< 6scfh, or high bleed if intended bleed rate is > 6scfh.

Gas Methane Fraction: Mole faction of methane in gas composition used to power the

PC
Measurement Duration: Time measured on the PC

Avg. Gas Temperature: Temperature of the supply gas, as reported by the installed

meter.
Avg. Supply Pressure: Pressure of the supply gas, as reported by the installed meter.

Corrected for Gas Comp.: Indicates whether flow rates are corrected for gas composi-

tion.

NZ Cutoff: For recordings impacted by the NZ correction, any flow below this cutoff level
(in scth whole gas) could represent erroneous readings from the meter, rather than real

gas flows.
Emission Rate: Whole gas emission rate, with 95% confidence interval.

Samples Remaining The fraction of samples in the recording that were not impacted by

the NZ correction.

Emissions Remaining The fraction of total indicated emissions in the recording that were
not impacted by the NZ correction. Note that these emissions were slightly impacted

by filtering noise from the flow recordings.

Evaluation The opinion of the expert panel on whether the PC is working correctly from
an emissions perspective; a PC may be effectively completing its assigned function but

emitting more gas than it is designed to emit.

Notes: Additional notes made by the field team or clarification on classifications.

73



A.1 Zero Impact

This section contains recordings made on PCs where average emission rates were unaf-
fected by the NZ meter error. This includes all recordings where meter was connected to a
PC’s exhaust port, as measurements were made at atmospheric pressure well below the NZ
baseline pressure thresholds. This section also includes recordings where either supply gas
pressures were low enough that no NZ baseline was observable, or the NZ correction had a

minor (<1%) effect on average emissions.
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Device A-1
Site Class: 11 NEMS Region: Southwest

Install Location: Exhaust Measurement Duration: 69.3 hrs

Controller Location: Glycol Dehydrator | Avg. Gas Temperature: 48.8 °F

Process Controlled: Temperature Avg. Supply Pressure: 13.2 psia
Controller Model: Kimray T12 Gas Methane Fraction: 92%

EPA Bleed Type: Intermittent Emission Factor: 0.019 [0.0065 to 0.044]
Non-zero Correction: NZ Cutoff: None

Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.1: Device A-1
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Device D-1
Site Class: 1

Install Location: Inline

Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Murphy, L1200N

EPA Bleed Type: Intermittent

NEMS Region: Rocky Mountain
Measurement Duration: 85.6 hrs
Avg. Gas Temperature: 50.6 °F
Avg. Supply Pressure: 32.4 psia
Gas Methane Fraction: 99.2%

Emission Factor: 39 [8.6 to 1.3e+02]

Non-zero Correction:

Samples Remaining: 100%

NZ Cutofl: None

Emissions Remaining: 100%

Evaluation: Abnormally Operating
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Figure A.2: Device D-1
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Device D-4
Site Class: 1

Install Location: Inline

Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Mallard, 3100-P1

EPA Bleed Type: Intermittent

NEMS Region: Rocky Mountain
Measurement Duration: 90.8 hrs
Avg. Gas Temperature: 41.8 °F
Avg. Supply Pressure: 33 psia
Gas Methane Fraction: 99.2%

Emission Factor: 12 [0 to 51]

Non-zero Correction:

Samples Remaining: 40%

NZ Cutoff: 0.485 scfth

Emissions Remaining: 99%

Evaluation: Abnormally Operating
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Figure A.3: Device D-4
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Device D-6
Site Class: 1 NEMS Region: Rocky Mountain

Install Location: Inline Measurement Duration: 72.3 hrs
Controller Location: Compressor Avg. Gas Temperature: 59.7 °F
Process Controlled: Liquid Level Avg. Supply Pressure: 32.7 psia
Controller Model: Mallard, 3100-P1 | Gas Methane Fraction: 99.2%

EPA Bleed Type: Intermittent Emission Factor: 10 [7.1 to 14]
Non-zero Correction: NZ Cutoff: 0.466 scth
Samples Remaining: 96% Emissions Remaining: 100%

Evaluation: Abnormally Operating
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Figure A.4: Device D-6
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Device G-2

Site Class: 11 NEMS Region: Gulf Coast

Install Location: Exhaust Measurement Duration: 50.9 hrs
Controller Location: Compressor Avg. Gas Temperature: 37.8 °F
Process Controlled: Pressure Avg. Supply Pressure: 14.4 psia

Controller Model: Control Air Inc 950XP | Gas Methane Fraction: 94.5%

EPA Bleed Type: Low Bleed Emission Factor: 0.011 [0.0058 to 0.018]
Non-zero Correction: NZ Cutoff: None
Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.5: Device G-2
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Device G-3
Site Class: 11 NEMS Region: Gulf Coast

Install Location: Exhaust Measurement Duration: 50.4 hrs
Controller Location: Yard Piping | Avg. Gas Temperature: 50.4 °F
Process Controlled: Pressure Avg. Supply Pressure: 14.6 psia
Controller Model: Fisher 582i Gas Methane Fraction: 94.5%

EPA Bleed Type: High Bleed Emission Factor: 0.028 [0.0046 to 0.044]

Non-zero Correction: NZ Cutoff: None

Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.6: Device G-3
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Device G-4
Site Class: 11

Install Location: Exhaust

Controller Location: Compressor

Process Controlled: Pressure

NEMS Region: Gulf Coast
Measurement Duration: 50.2 hrs
Avg. Gas Temperature: 33.8 °F

Avg. Supply Pressure: 14.7 psia

Controller Model: Control Air Inc 950XP | Gas Methane Fraction: 94.5%

EPA Bleed Type: Low Bleed

Emission Factor: 0.087 [0.038 to 0.27]

Non-zero Correction:

Samples Remaining: 100%

NZ Cutoff: None

Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.7: Device G-4
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Device G-6
Site Class: 11 NEMS Region: Gulf Coast

Install Location: Inline Measurement Duration: 49.4 hrs
Controller Location: Yard Piping | Avg. Gas Temperature: 33.5 °F
Process Controlled: Pressure Avg. Supply Pressure: 34.6 psia
Controller Model: Fisher 546 Gas Methane Fraction: 94.5%
EPA Bleed Type: High Bleed Emission Factor: 36 [32 to 38§]

Non-zero Correction: NZ Cutoff: 3.31 scfth

Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.8: Device G-6
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Device H-4
Site Class: 1 NEMS Region: Southwest

Install Location: Inline Measurement Duration: 92.1 hrs
Controller Location: Separator Avg. Gas Temperature: 73.1 °F
Process Controlled: Liquid Level | Avg. Supply Pressure: 41 psia
Controller Model: Wellmark 1800 | Gas Methane Fraction: 70%

EPA Bleed Type: Intermittent Emission Factor: 0.13 [0.054 to 0.6]

Non-zero Correction: NZ Cutoff: None

Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating

(a) Time Trace (b) Frequency
35 L T T T T T T Y_ T ] 35
30 r I
25 4 25
[ORN%]
T S
T oo20f 1 2
S 2
7
g £ 15+ — Corrected Flow 1 15t
o9 = EF: 0.13 [0.054 to 0.6] scfh
— — Detail
10 - 1 10r
5r 1 5
0 o I
12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 ° 05 !
Ti D Probability (-)
0 (c) Detail ime of Lay (d) 15 min. Averages
20 - Day 1
[0) L o [ L] Day 2
§ 30 g L] Day 3
S 20} & 20f Lo
3 3
510t 5107
0 - 0 = .
0 100 200 300 400 500 600 00:00 06:00 12:00 18:00 24:00
Time (s) Hour of Day (15 minute averages)

Figure A.9: Device H-4
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Device H-6
Site Class: 1

Install Location: Inline

Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Norriseal 1001A

EPA Bleed Type: Intermittent

NEMS Region: Southwest
Measurement Duration: 83.9 hrs
Avg. Gas Temperature: 85.7 °F
Avg. Supply Pressure: 39.4 psia
Gas Methane Fraction: 70%

Emission Factor: 40 [21 to 75]

Non-zero Correction:

Samples Remaining: 99%

NZ Cutoff: 9.88 scfh

Emissions Remaining: 100%

Evaluation: Abnormally Operating
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Figure A.10: Device H-6
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Device I-2

Site Class: 1 NEMS Region: Gulf Coast

Install Location: Exhaust Measurement Duration: 51.1 hrs
Controller Location: Yard Piping Avg. Gas Temperature: 67.2 °F
Process Controlled: Pressure Avg. Supply Pressure: 14.4 psia

Controller Model: Norriseal Series 4900 | Gas Methane Fraction: 90.8%

EPA Bleed Type: Low Bleed Emission Factor: 25 [19 to 32]
Non-zero Correction: N7 Cutoff: None
Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Abnormally Operating
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Figure A.11: Device I-2
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Device 1I-3
Site Class: 1

Install Location: Exhaust

Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Noriseal Series 1005E

EPA Bleed Type: Intermittent

NEMS Region: Gulf Coast
Measurement Duration: 49.7 hrs

Avg. Gas Temperature: 82 °F

Avg. Supply Pressure: 14.5 psia

Gas Methane Fraction: 90.8%
Emission Factor: 0.042 [0.023 to 0.075]

Non-zero Correction:

Samples Remaining: 100%

NZ Cutoff: None

Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.12: Device I-3
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Device I-4

Site Class: 1 NEMS Region: Gulf Coast
Install Location: Exhaust Measurement Duration: 50 hrs
Controller Location: Compressor Avg. Gas Temperature: 76.8 °F
Process Controlled: Liquid Level Avg. Supply Pressure: 14.7 psia

Controller Model: Norriseal Series 1005E | Gas Methane Fraction: 90.8%

EPA Bleed Type: Intermittent Emission Factor: 0.08 [0.059 to 0.12]
Non-zero Correction: NZ Cutoff: None
Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.13: Device [-4
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Device I-5

Site Class: [
Install Location: Exhaust
Controller Location: Compressor

Process Controlled: Liquid Level

Controller Model: Norriseal Series 1005P1

EPA Bleed Type: Intermittent

NEMS Region: Gulf Coast
Measurement Duration: 50 hrs
Avg. Gas Temperature: 67.3 °F
Avg. Supply Pressure: 18.2 psia
Gas Methane Fraction: 90.8%
Emission Factor: 63 [0.057 to 99|

Non-zero Correction:

Samples Remaining: 100%

NZ Cutoff: None

Emissions Remaining: 100%

Evaluation: Abnormally Operating
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Figure A.14: Device I-5
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Device J-1
Site Class: III NEMS Region: Southwest

Install Location: Exhaust Measurement Duration: 102 hrs
Controller Location: Yard Piping | Avg. Gas Temperature: 56.4 °F
Process Controlled: Liquid Level | Avg. Supply Pressure: 13.2 psia
Controller Model: Fisher 1.2 Gas Methane Fraction: 92%

EPA Bleed Type: Intermittent Emission Factor: 0.022 [0.0099 to 0.038]

Non-zero Correction: NZ Cutoff: None

Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.15: Device J-1
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Device J-2
Site Class: 111

Install Location: Inline
Controller Location: Yard Piping
Process Controlled: Pressure
Controller Model: Fisher C1
EPA Bleed Type: Low Bleed

NEMS Region: Southwest
Measurement Duration: 81.7 hrs
Avg. Gas Temperature: 56.4 °F
Avg. Supply Pressure: 45.1 psia
Gas Methane Fraction: 92%

Emission Factor: 55 [50 to 59|

Non-zero Correction:

Samples Remaining: 100%

NZ Cutoff: 17.2 scfh

Emissions Remaining: 100%

Evaluation: Abnormally Operating
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Figure A.16: Device J-2
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Device J-3

Site Class: III

Install Location: Inline
Controller Location: Yard Piping
Process Controlled: Pressure
Controller Model: Fisher 4160k
EPA Bleed Type: High Bleed

NEMS Region: Southwest
Measurement Duration: 80.2 hrs
Avg. Gas Temperature: 54.8 °F
Avg. Supply Pressure: 47.8 psia
Gas Methane Fraction: 92%

Emission Factor: 55 [53 to 57|

Non-zero Correction:

Samples Remaining: 100%

NZ Cutoff: 16.4 scfh

Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.17: Device J-3
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Device J-6
Site Class: 111

Install Location: Inline

Controller Location: Compressor
Process Controlled: Pressure
Controller Model: Dynaflo 4000 LBR
EPA Bleed Type: Low Bleed

NEMS Region: Southwest
Measurement Duration: 81.4 hrs
Avg. Gas Temperature: 56.7 °F
Avg. Supply Pressure: 46.3 psia
Gas Methane Fraction: 92%

Emission Factor: 68 [26 to 75]

Non-zero Correction:

Samples Remaining: 100%

NZ Cutoff: 18.8 scfh

Emissions Remaining: 100%

Evaluation: Abnormally Operating
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Figure A.18: Device J-6
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Device L-2

Site Class: III NEMS Region: Gulf Coast

Install Location: Exhaust Measurement Duration: 94.7 hrs
Controller Location: Compressor Avg. Gas Temperature: 28.2 °F
Process Controlled: Pressure Avg. Supply Pressure: 14.3 psia

Controller Model: Control Air 950XP | Gas Methane Fraction: 94.5%

EPA Bleed Type: Low Bleed Emission Factor: 0.035 [0.0032 to 0.022]
Non-zero Correction: N7 Cutoff: None
Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.19: Device L-2
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Device L-3

Site Class: III NEMS Region: Gulf Coast

Install Location: Exhaust Measurement Duration: 94.7 hrs
Controller Location: Compressor Avg. Gas Temperature: 30.7 °F
Process Controlled: Pressure Avg. Supply Pressure: 14.5 psia

Controller Model: Control Air 950XP | Gas Methane Fraction: 94.5%

EPA Bleed Type: Low Bleed Emission Factor: 0.015 [0.0047 to 0.04]
Non-zero Correction: N7 Cutoff: None
Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.20: Device L-3

94



Device L-4
Site Class: III NEMS Region: Gulf Coast

Install Location: Exhaust Measurement Duration: 94.9 hrs
Controller Location: Yard Piping | Avg. Gas Temperature: 19.2 °F
Process Controlled: Pressure Avg. Supply Pressure: 14.6 psia
Controller Model: Fisher 582i Gas Methane Fraction: 94.5%
EPA Bleed Type: High Bleed Emission Factor: 0.56 [0.019 to 2.5]

Non-zero Correction: NZ Cutoff: None

Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.21: Device L-4
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Device N-1
Site Class: 1

Install Location: Inline

Controller Location: Separator
Process Controlled: Liquid Level
Controller Model: Solenoid Operated

EPA Bleed Type: Intermittent

NEMS Region: Midcontinent
Measurement Duration: 80.7 hrs
Avg. Gas Temperature: 76.8 °F
Avg. Supply Pressure: 33.9 psia
Gas Methane Fraction: 77.1%

Emission Factor: 9 [3.9 to 15]

Non-zero Correction:

Samples Remaining: 99%

NZ Cutoff: 0.395 scth

Emissions Remaining: 100%

Evaluation: Abnormally Operating
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Figure A.22: Device N-1
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Device N-3
Site Class: 1 NEMS Region: Midcontinent

Install Location: Inline Measurement Duration: 74.9 hrs
Controller Location: Compressor Avg. Gas Temperature: 75.8 °F
Process Controlled: Liquid Level Avg. Supply Pressure: 39.1 psia
Controller Model: Norriseal 1001A | Gas Methane Fraction: 77.1%

EPA Bleed Type: Intermittent Emission Factor: 57 [0 to 1.7e402]
Non-zero Correction: NZ Cutoft: 5.9 scth
Samples Remaining: 95% Emissions Remaining: 99%

Evaluation: Abnormally Operating
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Figure A.23: Device N-3
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Device N-6
Site Class: 1 NEMS Region: Midcontinent

Install Location: Inline Measurement Duration: 83.5 hrs
Controller Location: Yard Piping | Avg. Gas Temperature: 67 °F
Process Controlled: Pressure Avg. Supply Pressure: 31.9 psia
Controller Model: Moore 1PX2 Gas Methane Fraction: 77.1%

EPA Bleed Type: Low Bleed Emission Factor: 2.9 [1.3e-05 to 6.2]
Non-zero Correction: N7 Cutoff: None
Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.24: Device N-6
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Device O-1

Site Class: 11 NEMS Region: Rocky Mountain
Install Location: Inline Measurement Duration: 74.3 hrs
Controller Location: Separator Avg. Gas Temperature: 19.9 °F
Process Controlled: Liquid Level Avg. Supply Pressure: 29.4 psia

Controller Model: Solenoid Operated | Gas Methane Fraction: 89.5%

EPA Bleed Type: Intermittent Emission Factor: 0.046 [0.0012 to 0.042]
Non-zero Correction: NZ Cutoff: None
Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.25: Device O-1
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Device O-2

Site Class: 11 NEMS Region: Rocky Mountain
Install Location: Exhaust Measurement Duration: 73.8 hrs
Controller Location: Yard Piping Avg. Gas Temperature: 11.1 °F
Process Controlled: Pressure Avg. Supply Pressure: 12.1 psia

Controller Model: Fisher FieldVue DCV 6200 | Gas Methane Fraction: 89.5%

EPA Bleed Type: Low Bleed Emission Factor: 0.0051 [0.001 to 0.01]
Non-zero Correction: NZ Cutoff: None
Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating

(a) Time Trace (b) Frequency
25 4 25
20 - 1 o0t
— Corrected Flow
£ @ EF: 0.0051 [0.001 to 0.01] scfh
E o 15 F Detail i 15
S 2
g 2
E3 10t 1 10
ST 1 5
0 : : : \ \ \ o I
12:00  00:00  12:00  00:00  12:00  00:00  12:00 0 Pmb;kjny 0 !
30 (c) Detail Time of Day (d) 15 min. Averages
- Day 1
e Qo 20 = Day 2
© © [ L] Day 3
o 201 1 y
c c = Day 4
Rl o
8 3 10}
g 101 1€
i} i
0 0
0 100 200 300 400 500 600 00:00 06:00 12:00 18:00 24:00
Time (s) Hour of Day (15 minute averages)

Figure A.26: Device O-2
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Device O-3
Site Class: 11

Install Location: Exhaust

Controller Location: Yard P

Process Controlled: Pressure
Controller Model: Fisher FieldVue DCV 6200
EPA Bleed Type: Low Bleed

iping

NEMS Region: Rocky Mountain
Measurement Duration: 74 hrs

Avg. Gas Temperature: 14 °F

Avg. Supply Pressure: 12.2 psia
Gas Methane Fraction: 89.5%
Emission Factor: 0.53 [0.0052 to 6.9]

Non-zero Correction:

Samples Remaining: 100%

NZ Cutofl: None

Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.27: Device O-3
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Device Q-1

Site Class: III NEMS Region: Southwest

Install Location: Exhaust Measurement Duration: 101 hrs
Controller Location: Yard Piping Avg. Gas Temperature: 74.6 °F
Process Controlled: Pressure Avg. Supply Pressure: 13.1 psia

Controller Model: Fisher FieldVue DCV 6200 | Gas Methane Fraction: 80%

EPA Bleed Type: Low Bleed Emission Factor: 0.043 [0.02 to 0.083]
Non-zero Correction: NZ Cutoff: None
Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.28: Device Q-1
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Device Q-4
Site Class: III NEMS Region: Southwest
Install Location: Inline Measurement Duration: 91.6 hrs
Controller Location: Compressor | Avg. Gas Temperature: 64.7 °F
Process Controlled: Liquid Level | Avg. Supply Pressure: 27.3 psia
Controller Model: Fisher 4160k | Gas Methane Fraction: 80%
EPA Bleed Type: High Bleed Emission Factor: 25 [17 to 32]

Non-zero Correction: NZ Cutoff: None

Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.29: Device Q-4
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Device Q-6

Site Class: III NEMS Region: Southwest

Install Location: Exhaust Measurement Duration: 99.7 hrs
Controller Location: Yard Piping Avg. Gas Temperature: 70.8 °F
Process Controlled: Liquid Level Avg. Supply Pressure: 13.2 psia

Controller Model: Fisher FieldVue DCV 6200 | Gas Methane Fraction: 80%

EPA Bleed Type: Low Bleed Emission Factor: 0 [0 to 0]
Non-zero Correction: NZ Cutoff: None
Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.30: Device Q-6
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Device S-2
Site Class: 1 NEMS Region: Midcontinent

Install Location: Exhaust Measurement Duration: 97.8 hrs

Controller Location: Glycol Dehydrator | Avg. Gas Temperature: 62.7 °F

Process Controlled: Temperature Avg. Supply Pressure: 14.2 psia
Controller Model: Kimray T12 Gas Methane Fraction: 96.8%
EPA Bleed Type: Intermittent Emission Factor: 1.3 [0.0092 to 38]
Non-zero Correction: NZ Cutoff: None

Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Abnormally Operating
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Figure A.31: Device S-2
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Device S-6
Site Class: 1

Install Location: Exhaust

Controller Location: Glycol Dehydrator
Process Controlled: Temperature
Controller Model: Kimray T12

EPA Bleed Type: Intermittent

NEMS Region: Midcontinent
Measurement Duration: 94.9 hrs
Avg. Gas Temperature: 61.1 °F
Avg. Supply Pressure: 14.3 psia
Gas Methane Fraction: 96.8%
Emission Factor: 0.015 [0 to 0.0014]

Non-zero Correction:

Samples Remaining: 100%

NZ Cutoff: None

Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.32: Device S-6

106



Device T-2

Site Class: III NEMS Region: Rocky Mountain
Install Location: Exhaust Measurement Duration: 68.6 hrs
Controller Location: Yard Piping Avg. Gas Temperature: 0.893 °F
Process Controlled: Pressure Avg. Supply Pressure: 12.2 psia

Controller Model: Fisher FieldVue DCV 6200 | Gas Methane Fraction: 89.5%

EPA Bleed Type: Low Bleed Emission Factor: 4.4e-06 [0 to 4.4e-05]
Non-zero Correction: NZ Cutoff: None
Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.33: Device T-2
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Device U-2

Site Class: III NEMS Region: Rocky Mountain
Install Location: Exhaust Measurement Duration: 76.6 hrs
Controller Location: Yard Piping Avg. Gas Temperature: 12.6 °F
Process Controlled: Pressure Avg. Supply Pressure: 12 psia

Controller Model: Fisher FieldVue DCV 6200 | Gas Methane Fraction: 89.5%

EPA Bleed Type: Low Bleed Emission Factor: 0.0048 [0.0015 to 0.011]
Non-zero Correction: NZ Cutoff: None
Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.34: Device U-2
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Device U-3
Site Class: 111

Install Location: Exhaust

Controller Location: Yard Piping

Process Controlled: Pressure

Controller Model: Fisher FieldVue DCV 6200
EPA Bleed Type: Low Bleed

NEMS Regio

n: Rocky Mountain

Measurement Duration: 76.6 hrs

Avg. Gas Temperature: 10.6 °F

Avg. Supply

Pressure: 12.2 psia

Gas Methane Fraction: 89.5%

Emission Factor: 0.31 [0.006 to 0.034]

Non-zero Correction:

Samples Remaining: 100%

NZ Cutofl: None

Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.35: Device U-3
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Device V-1
Site Class: 11 NEMS Region: Rocky Mountain

Install Location: Inline Measurement Duration: 78.3 hrs

Controller Location: Yard Piping | Avg. Gas Temperature: 16.5 °F

Process Controlled: Pressure Avg. Supply Pressure: 30.1 psia
Controller Model: Fisher C1 Gas Methane Fraction: 75%
EPA Bleed Type: Low Bleed Emission Factor: 0.027 [0 to 0.32]
Non-zero Correction: NZ Cutoff: None

Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.36: Device V-1
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Device V-4

Site Class: 11 NEMS Region: Rocky Mountain
Install Location: Exhaust Measurement Duration: 78.2 hrs
Controller Location: Separator Avg. Gas Temperature: 42 °F

Process Controlled: Liquid Level Avg. Supply Pressure: 12.4 psia
Controller Model: Murphy L1200N | Gas Methane Fraction: 75%

EPA Bleed Type: Intermittent Emission Factor: 0.72 [0.014 to 2.7]
Non-zero Correction: NZ Cutoff: None
Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.37: Device V-4
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Device Y-1
Site Class: 1

Install Location: Exhaust

Controller Location: Yard Piping

Process Controlled: Pressure

Controller Model: Fisher FieldVue DCV 6200
EPA Bleed Type: Low Bleed

NEMS Region: Appalachian
Measurement Duration: 95.9 hrs
Avg. Gas Temperature: 41.4 °F
Avg. Supply Pressure: 14 psia
Gas Methane Fraction: 77.8%
Emission Factor: 1.6 [0.0099 to 8.5]

Non-zero Correction:

Samples Remaining: 100%

NZ Cutofl: None

Emissions Remaining: 100%

Evaluation: Normally Operating

(a) Time Trace

(b) Frequency

w
o
T

N
[6)]
T

n
o
T

Detail

Corrected Flow
EF: 1.6 [0.0099 to 8.5] scfh |

201

Emission Rate
(scfh whole gas)
o

—_
o
T

i |
1| | |
O 1

(c) Detail

0
12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 0 02 04 06

Probability (-)

Time of Day

w
o

n
o

Emission Rate
Emission Rate

}_}O

(d) 15 min. Averages

Day 1
Day 2
Day 3
Day 4
Day 5

0 100 200 300 400 500 600 00:00
Time (s)

06:00 12:00 18:00 24:00
Hour of Day (15 minute averages)

Figure A.38: Device Y-1
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Device Y-2
Site Class: 1

Install Location: Exhaust

Controller Location: Yard Piping

Process Controlled: Pressure

NEMS Region: Appalachian
Measurement Duration: 92 hrs
Avg. Gas Temperature: 27.2 °F

Avg. Supply Pressure: 14 psia

Controller Model: Fisher FieldVue DCV 6200 | Gas Methane Fraction: 77.8%

EPA Bleed Type: High Bleed

Emission Factor: 15 [12 to 18]

Non-zero Correction:

Samples Remaining: 100%

NZ Cutofl: None

Emissions Remaining: 100%

Evaluation: Normally Operating

(a) Time Trace

_ (b) Frequency

180 ; ; : : 180
Corrected Flow
160 f EF: 15 [12 to 18] scfh 1 16or
Detalil
140 | 1 1401
® :‘Ug 120 - 1 120
T o
T o100 1 100
S 2
& E 80 | 1 80
E%5
L
<L 60t 1 60
40 4 40
20§ - Zoh
O 1 1 1 1 1 1 1 0 1 1
12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 °© 05 !
Ti D Probability (-)
200 (c) Detail Ime ot Day (d) 15 min. Averages
- Day 1
[0) L L = Day 2
< 150 150 . Day3
o
c = Day 4
5100 5100}
2
5 sof 50f
0 - - - . - 0 ‘"-._ - - :
0 100 200 300 400 500 600 00:00 06:00 12:00 18:00 24:00

Time (s)

Hour of Day (15 minute averages)

Figure A.39: Device Y-2
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Device Y-4
Site Class: [ NEMS Region: Appalachian

Install Location: Exhaust Measurement Duration: 101 hrs

Controller Location: Yard Piping | Avg. Gas Temperature: 30.5 °F

Process Controlled: Pressure Avg. Supply Pressure: 14.3 psia
Controller Model: Fisher C1 Gas Methane Fraction: 77.8%

EPA Bleed Type: Low Bleed Emission Factor: 0.047 [0.015 to 0.085]
Non-zero Correction: NZ Cutoff: None

Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.40: Device Y-4
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Device Y-5

Site Class: [ NEMS Region: Appalachian

Install Location: Exhaust Measurement Duration: 94.8 hrs
Controller Location: Yard Piping Avg. Gas Temperature: 23.4 °F
Process Controlled: Pressure Avg. Supply Pressure: 14.2 psia

Controller Model: Fisher FieldVue DCV 6200 | Gas Methane Fraction: 77.8%

EPA Bleed Type: High Bleed Emission Factor: 11 [9.7 to 13]
Non-zero Correction: NZ Cutoff: None
Samples Remaining: 100% Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.41: Device Y-5
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Device Y-6
Site Class: 1

Install Location: Exhaust
Controller Location: Yard Piping

Process Controlled: Liquid Level

Controller Model: Fisher FieldVue DCV 6200

EPA Bleed Type: High Bleed

NEMS Region: Appalachian
Measurement Duration: 90.9 hrs
Avg. Gas Temperature: 24.9 °F
Avg. Supply Pressure: 14.1 psia
Gas Methane Fraction: 77.8%

Emission Factor: 12 [10 to 15]

Non-zero Correction:

Samples Remaining: 100%

NZ Cutofl: None

Emissions Remaining: 100%

Evaluation: Normally Operating
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Figure A.42: Device Y-6
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A.2 Low Impact

This section contains recordings that showed a clear NZ baseline, but average emission

rates were decreased by <20% after applying the NZ correction.
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Device D-2

Site Class: 1 NEMS Region: Rocky Mountain
Install Location: Inline Measurement Duration: 89.5 hrs
Controller Location: Compressor Avg. Gas Temperature: 52 °F

Process Controlled: Liquid Level Avg. Supply Pressure: 32.4 psia
Controller Model: Mallard, 3100-P1 | Gas Methane Fraction: 99.2%

EPA Bleed Type: Intermittent Emission Factor: 20 [9.2 to 32]
Non-zero Correction: NZ Cutoff: 3.5 scth
Samples Remaining: 73% Emissions Remaining: 96%

Evaluation: Normally Operating
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Figure A.43: Device D-2
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Device D-3

Site Class: 1

Install Location: Inline
Controller Location: Compressor
Process Controlled: Pressure
Controller Model: Fisher C1
EPA Bleed Type: Low Bleed

NEMS Region: Rocky Mountain
Measurement Duration: 88.6 hrs
Avg. Gas Temperature: 43.3 °F
Avg. Supply Pressure: 44.1 psia
Gas Methane Fraction: 99.2%

Emission Factor: 14 [0 to 23]

Non-zero Correction:

Samples Remaining: 77%

NZ Cutoff: 11.9 scfh

Emissions Remaining: 81%

Evaluation: Abnormally Operating
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Figure A.44: Device D-3
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Device H-1

Site Class: 1 NEMS Region: Southwest
Install Location: Inline Measurement Duration: 86.8 hrs
Controller Location: Compressor Avg. Gas Temperature: 73 °F

Process Controlled: Liquid Level Avg. Supply Pressure: 39.2 psia
Controller Model: Norriseal 1001A | Gas Methane Fraction: 70%

EPA Bleed Type: Intermittent Emission Factor: 21 [0 to 42]
Non-zero Correction: NZ Cutoff: 3.94 scth
Samples Remaining: 42% Emissions Remaining: 95%

Evaluation: Abnormally Operating
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Figure A.45: Device H-1
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Device S-4
Site Class: 1

Install Location: Inline

Controller Location: Glycol Dehydrator
Process Controlled: Liquid Level
Controller Model: Norriseal 1001A

EPA Bleed Type: Intermittent

NEMS Region: Midcontinent
Measurement Duration: 90.8 hrs
Avg. Gas Temperature: 50.6 °F
Avg. Supply Pressure: 42.4 psia
Gas Methane Fraction: 96.8%

Emission Factor: 0.4 [0 to 0]

Non-zero Correction:

Samples Remaining: 1.8%

NZ Cutoff: 7.22 scth

Emissions Remaining: 86%

Evaluation: Abnormally Operating
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Figure A.46: Device S-4

121



Device T-4
Site Class: 111

Install Location: Inline
Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Mallard 3200

EPA Bleed Type: Intermittent

NEMS Region: Rocky Mountain
Measurement Duration: 70.3 hrs
Avg. Gas Temperature: 35.4 °F
Avg. Supply Pressure: 36.6 psia
Gas Methane Fraction: 89.5%

Emission Factor: 13 [0 to 84]

Non-zero Correction:

Samples Remaining: 31%

NZ Cutoff: 3.11 scfh

Emissions Remaining: 84%

Evaluation: Abnormally Operating
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Figure A.47: Device T-4
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Device U-5

Site Class: III

Install Location: Inline
Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Mallard 3200

EPA Bleed Type: Intermittent

NEMS Region: Rocky Mountain
Measurement Duration: 77 hrs
Avg. Gas Temperature: 45.6 °F
Avg. Supply Pressure: 31.9 psia
Gas Methane Fraction: 89.5%

Emission Factor: 1.6 [0 to 25]

Non-zero Correction:

Samples Remaining: 4.7%

NZ Cutoff: 3.22 scfh

Emissions Remaining: 90%

Evaluation: Abnormally Operating
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Figure A.48: Device U-5
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Device V-6
Site Class: 11

Install Location: Inline

Controller Location: Separator
Process Controlled: Liquid Level
Controller Model: Murphy, L1200N

EPA Bleed Type: Intermittent

NEMS Region: Rocky Mountain
Measurement Duration: 78.2 hrs
Avg. Gas Temperature: 21.5 °F
Avg. Supply Pressure: 48 psia
Gas Methane Fraction: 75%

Emission Factor: 25 [0 to 41]

Non-zero Correction:

Samples Remaining: 79%

NZ Cutoff: 20.8 scfh

Emissions Remaining: 85%

Evaluation: Abnormally Operating
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Figure A.49: Device V-6
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A.3 High Impact

This section contains recordings that showed a clear NZ baseline and average emission

rates were decreased by >20% after applying the NZ correction.
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Device A-2
Site Class: 11

Install Location: Inline

Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Murphy LS200N

EPA Bleed Type: Intermittent

NEMS Region: Southwest
Measurement Duration: 69.8 hrs
Avg. Gas Temperature: 52.8 °F
Avg. Supply Pressure: 34.7 psia
Gas Methane Fraction: 92%

Emission Factor: 8.8 [0 to 24]

Non-zero Correction:

Samples Remaining: 32%

NZ Cutoff: 5.97 scfh

Emissions Remaining: 70%

Evaluation: Normally Operating
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Figure A.50: Device A-2
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Device A-3

Site Class: 11

Install Location: Inline

Controller Location: Glycol Dehydrator
Process Controlled: Liquid Level
Controller Model: Wellmark 2100NB

EPA Bleed Type: Intermittent

NEMS Region: Southwest

Measurement Duration: 69.9 hrs

Avg. Gas Temperature: 41 °F

Avg. Supply Pressure: 37.5 psia

Gas Methane Fraction: 92%

Emission Factor: 3.5 [0 to 7.4]

Non-zero Correction:

Samples Remaining: 40%

NZ Cutoff: 3.96 scth

Emissions Remaining: 58%

Evaluation: Abnormally Operating
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Figure A.51: Device A-3
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Device A-4
Site Class: 11

NEMS Region: Southwest

Install Location: Inline Measurement Duration: 69.1 hrs
Controller Location: Compressor Avg. Gas Temperature: 44.4 °F
Process Controlled: Pressure Avg. Supply Pressure: 52 psia

Controller Model: Kimray 30 HPG D | Gas Methane Fraction: 92%

EPA Bleed Type: Intermittent Emission Factor: 15 [0 to 39|
Non-zero Correction: N7 Cutoff: 14 scth
Samples Remaining: 60% Emissions Remaining: 73%

Evaluation: Abnormally Operating
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Figure A.52: Device A-4
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Device A-6
Site Class: 11

Install Location: Inline

Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Murphy, LS200N

EPA Bleed Type: Intermittent

NEMS Region: Southwest
Measurement Duration: 69.2 hrs
Avg. Gas Temperature: 45.2 °F
Avg. Supply Pressure: 34.9 psia
Gas Methane Fraction: 92%

Emission Factor: 8.7 [0 to 34]

Non-zero Correction:

Samples Remaining: 29%

NZ Cutoff: 3.67 scth

Emissions Remaining: 73%

Evaluation: Normally Operating
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Figure A.53: Device A-6
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Device G-5
Site Class: 11

Install Location: Inline

Controller Location: Separator

Process Controlled: Liquid Level
Controller Model: Norriseal 1001, 25M60N

EPA Bleed Type: Intermittent

NEMS Region: Gulf Coast
Measurement Duration: 49.7 hrs
Avg. Gas Temperature: 36.8 °F
Avg. Supply Pressure: 41.3 psia
Gas Methane Fraction: 94.5%

Emission Factor: 2 [0 to 33]

Non-zero Correction:

Samples Remaining: 3.2%

NZ Cutoff: 12.1 scfh

Emissions Remaining: 17%

Evaluation: Abnormally Operating
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Figure A.54: Device G-5
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Device J-4
Site Class: 111

Install Location: Inline

Controller Location: Compressor
Process Controlled: Pressure
Controller Model: Dynaflo 4000 LBR
EPA Bleed Type: Low Bleed

NEMS Region: Southwest
Measurement Duration: 15.5 hrs
Avg. Gas Temperature: 63.5 °F
Avg. Supply Pressure: 43.1 psia
Gas Methane Fraction: 92%

Emission Factor: 8.1 [0 to 15]

Non-zero Correction:

Samples Remaining: 65%

NZ Cutoff: 7.69 scfh

Emissions Remaining: 70%

Evaluation: Abnormally Operating
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Figure A.55: Device J-4
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Device N-2
Site Class: 1

Install Location: Inline

Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Norriseal 1001A

EPA Bleed Type: Intermittent

NEMS Region: Midcontinent
Measurement Duration: 83.8 hrs
Avg. Gas Temperature: 76.5 °F
Avg. Supply Pressure: 38.7 psia
Gas Methane Fraction: 77.1%

Emission Factor: 11 [0 to 30]

Non-zero Correction:

Samples Remaining: 65%

NZ Cutoff: 10.2 scfh

Emissions Remaining: 73%

Evaluation: Abnormally Operating
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Figure A.56: Device N-2
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Device N-4
Site Class: 1 NEMS Region: Midcontinent

Install Location: Inline Measurement Duration: 83.1 hrs
Controller Location: Compressor Avg. Gas Temperature: 68.2 °F
Process Controlled: Liquid Level Avg. Supply Pressure: 39 psia
Controller Model: Norriseal 1001A | Gas Methane Fraction: 77.1%

EPA Bleed Type: Intermittent Emission Factor: 2.8 [0 to 22]
Non-zero Correction: NZ Cutoft: 4.79 scth
Samples Remaining: 19% Emissions Remaining: 46%

Evaluation: Abnormally Operating
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Figure A.57: Device N-4
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Device N-5
Site Class: 1

Install Location: Inline
Controller Location: Yard Piping
Process Controlled: Pressure
Controller Model: Fisher C1
EPA Bleed Type: Low Bleed

NEMS Region: Midcontinent
Measurement Duration: 85.8 hrs
Avg. Gas Temperature: 73.6 °F
Avg. Supply Pressure: 34.6 psia
Gas Methane Fraction: 77.1%

Emission Factor: 1.9 [0 to 12]

Non-zero Correction:

Samples Remaining: 18%

NZ Cutoff: 5.78 scfh

Emissions Remaining: 29%

Evaluation: Normally Operating
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Figure A.58: Device N-5
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Device O-6

Site Class: 11

Install Location: Inline
Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Mallard 3200

EPA Bleed Type: Intermittent

NEMS Region: Rocky Mountain
Measurement Duration: 74.1 hrs
Avg. Gas Temperature: 70.1 °F
Avg. Supply Pressure: 36.8 psia
Gas Methane Fraction: 89.5%

Emission Factor: 11 [0 to 47]

Non-zero Correction:

Samples Remaining: 56%

NZ Cutoff: 6.41 scfh

Emissions Remaining: 75%

Evaluation: Abnormally Operating
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Figure A.59: Device O-6
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Device P-1

Site Class: III

Install Location: Inline

Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Norriseal 1001A

EPA Bleed Type: Intermittent

NEMS Region: Gulf Coast
Measurement Duration: 69.1 hrs
Avg. Gas Temperature: 50.2 °F
Avg. Supply Pressure: 67.6 psia
Gas Methane Fraction: 94.5%

Emission Factor: 1.1 [0 to 9.2]

Non-zero Correction:

Samples Remaining: 2.4%

NZ Cutoff: 22.8 scfh

Emissions Remaining: 4.6%

Evaluation: Abnormally Operating
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Figure A.60: Device P-1
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Device P-2
Site Class: 111

Install Location: Inline

Controller Location: Compressor

Process Controlled: Liquid Level

Controller Model: Norriseal

EPA Bleed Type: Intermittent

Measurement Duration: 2

Avg. Supply Pressure: 68
1001A

Emission Factor: 1.4 [0 to

NEMS Region: Gulf Coast
.87 hrs
Avg. Gas Temperature: 46.5 °F

psia

Gas Methane Fraction: 94.5%

8.5]

Non-zero Correction:

Samples Remaining: 1.2%

NZ Cutoff: 41.8 scfh

Emissions Remaining: 4%

Evaluation: Normally Operating
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Figure A.61: Device P-2
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Device P-5

Site Class: III

Install Location: Inline

Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Norriseal 1001A

EPA Bleed Type: Intermittent

NEMS Region: Gulf Coast
Measurement Duration: 68.8 hrs
Avg. Gas Temperature: 48.5 °F
Avg. Supply Pressure: 39.4 psia
Gas Methane Fraction: 94.5%

Emission Factor: 18 [0 to 50]

Non-zero Correction:

Samples Remaining: 18%

NZ Cutoff: 10.3 scfh

Emissions Remaining: 65%

Evaluation: Abnormally Operating
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Figure A.62: Device P-5
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Device Q-2
Site Class:

I1I

Install Location: Inline

Controller Location: Compressor

Process Controlled: Pressure

Controller Model: Dynaflo 4000 LBR

EPA Bleed Type: Low Bleed

NEMS Region: Southwest

Gas Methane Fraction: 80%

Emission Factor: 3.6 [0 to 19]

Measurement Duration: 90.4 hrs
Avg. Gas Temperature: 73.4 °F

Avg. Supply Pressure: 35.2 psia

Non-zero Correction:

Samples Remaining: 24%

NZ Cutoff: 6.46 scth

Emissions Remaining: 48%

Evaluation: Normally Operating
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Figure A.63: Device Q-2
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Device Q-5
Site Class: III NEMS Region: Southwest
Install Location: Inline Measurement Duration: 92.6 hrs

Controller Location: Glycol Dehydrator | Avg. Gas Temperature: 64.5 °F

Process Controlled: Liquid Level Avg. Supply Pressure: 37.4 psia
Controller Model: Mallard 3201 Gas Methane Fraction: 80%
EPA Bleed Type: Intermittent Emission Factor: 1.8 [0 to 9.7]
Non-zero Correction: NZ Cutoff: 8.45 scth

Samples Remaining: 5.5% Emissions Remaining: 20%

Evaluation: Normally Operating
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Figure A.64: Device Q-5
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Device S-1
Site Class: 1

Install Location: Inline

Controller Location: Glycol Dehydrator
Process Controlled: Liquid Level
Controller Model: Norriseal 1001A

EPA Bleed Type: Intermittent

NEMS Region: Midcontinent

Gas Methane Fraction: 96.8%

Measurement Duration: 87.8 hrs
Avg. Gas Temperature: 47.6 °F

Avg. Supply Pressure: 34.9 psia

Emission Factor: 0.00062 [0 to 0]

Non-zero Correction:

Samples Remaining: 0.013%

NZ Cutoff: 1.07 scth

Emissions Remaining: 0.25%

Evaluation: Normally Operating

(a) Time Trace

or (b) Frequency

1 0 T T T T T T 1
gt || Recorded Flow 4 9t
Corrected Flow
8 EF: 0.00062 [0 to 0] scfh | 4 8F
NZ Cutoff Threshold
L% | I FRR NZ Cutoff 20 17
ee L e NZ Cutoff +20
e Detail 1 8
52 s5¢ 18
g 2
E 5 4 f|[r s 1 4
T
3t 1 st
27 1 2
17 1
0 — . 0
12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 0 Pfcﬁabmfy-“(_) 06
6 (c) Detail Time of Day 8 (d) 15 min. Averages
- Day 1
o L6l = Day 2
© © " Day 3
4+ y
o \\ T = Day4
S |, S4
@ @
E20 | E
A \ o 2r
"\
0 W\ A DNAN_A 0 . N N
0 100 200 300 400 500 600 00:00 06:00 12:00 18:00 24:00
Time (s) Hour of Day (15 minute averages)

Figure A.65: Device S-1
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Device S-5
Site Class: 1

Install Location: Inline

Controller Location: Glycol Dehydrator
Process Controlled: Liquid Level
Controller Model: Mallard, 3100-P1

EPA Bleed Type: Intermittent

NEMS Region: Midcontinent

Gas Methane Fraction: 96.8%

Measurement Duration: 92.4 hrs
Avg. Gas Temperature: 53.8 °F

Avg. Supply Pressure: 42.7 psia

Emission Factor: 0.0048 [0 to 0]

Non-zero Correction:

Samples Remaining: 0.018%

NZ Cutoff: 13.5 scth

Emissions Remaining: 0.053%

Evaluation: Normally Operating
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Figure A.66: Device
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Device T-5

Site Class: III

Install Location: Inline
Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Mallard 3200

EPA Bleed Type: Intermittent

NEMS Region: Rocky Mountain
Measurement Duration: 70.4 hrs
Avg. Gas Temperature: 30.2 °F
Avg. Supply Pressure: 36.4 psia
Gas Methane Fraction: 89.5%

Emission Factor: 1.9 [0 to 30]

Non-zero Correction:

Samples Remaining: 4.1%

NZ Cutoff: 7.48 scfh

Emissions Remaining: 26%

Evaluation: Abnormally Operating
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Figure A.67: Device T-5
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Device T-6

Site Class: III

Install Location: Inline
Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Mallard 3200

NEMS Region: Rocky Mountain
Measurement Duration: 70.2 hrs
Avg. Gas Temperature: 30.8 °F
Avg. Supply Pressure: 40.7 psia
Gas Methane Fraction: 89.5%

EPA Bleed Type: Intermittent Emission Factor: 12 [0 to 1.5e402]

Non-zero Correction: NZ Cutoff: 11.7 scfh

Samples Remaining: 12% Emissions Remaining: 58%

Evaluation: Abnormally Operating
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Figure A.68: Device T-6
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Device U-6

Site Class: III

Install Location: Inline
Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Mallard 3200

EPA Bleed Type: Intermittent

NEMS Region: Rocky Mountain
Measurement Duration: 76.7 hrs
Avg. Gas Temperature: 46.4 °F
Avg. Supply Pressure: 37.2 psia
Gas Methane Fraction: 89.5%

Emission Factor: 1.4 [0 to 16]

Non-zero Correction:

Samples Remaining: 8.3%

NZ Cutoff: 6.89 scfh

Emissions Remaining: 24%

Evaluation: Abnormally Operating
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Figure A.69: Device U-6
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Device V-2
Site Class: 11 NEMS Region: Rocky Mountain

Install Location: Inline Measurement Duration: 76.1 hrs
Controller Location: Yard Piping Avg. Gas Temperature: 23.3 °F
Process Controlled: Liquid Level Avg. Supply Pressure: 84.9 psia
Controller Model: Murphy, LS200N | Gas Methane Fraction: 75%

EPA Bleed Type: Intermittent Emission Factor: 29 [0 to 1.2e+02]
Non-zero Correction: NZ Cutoft: 60 scth
Samples Remaining: 29% Emissions Remaining: 46%

Evaluation: Abnormally Operating
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Figure A.70: Device V-2
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Device V-3

Site Class: 11

Install Location: Inline
Controller Location: Yard Piping
Process Controlled: Pressure
Controller Model: Fisher C1
EPA Bleed Type: Low Bleed

NEMS Region: Rocky Mountain
Measurement Duration: 78.1 hrs
Avg. Gas Temperature: 21.1 °F
Avg. Supply Pressure: 48.1 psia
Gas Methane Fraction: 75%

Emission Factor: 1.1 [0 to 20]

Non-zero Correction:

Samples Remaining: 4.7%

NZ Cutoff: 16.7 scfth

Emissions Remaining: 6.5%

Evaluation: Normally Operating
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Figure A.71: Device V-3
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Device V-5
Site Class: 11

Install Location: Inline

Controller Location: Yard Piping

Process Controlled: Pressure

Controller Model: Fisher C1

EPA Bleed Type: Low Bleed

NEMS Region: Rocky Mountain
Measurement Duration: 78.3 hrs
Avg. Gas Temperature: 16.6 °F
Avg. Supply Pressure: 37.3 psia
Gas Methane Fraction: 75%
Emission Factor: 0.71 [0 to 13]

Non-zero Correction:

Samples Remaining: 5.5%

NZ Cutoff: 8.27 scfh

Emissions Remaining: 16%

Evaluation: Normally Operating
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Figure A.72: Device V-5
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A.4 Discarded

This section contains recordings that were effectively zeroed after applying the NZ cor-
rection. Because the recordings in this section do not contain measurements that are distin-

guishable from the NZ meter error, they will not be used for any further analysis.
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Device A-5
Site Class: 11

Install Location: Inline

Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Murphy LS200N

EPA Bleed Type: Intermittent

NEMS Region: Southwest
Measurement Duration: 69 hrs
Avg. Gas Temperature: 51.1 °F
Avg. Supply Pressure: 35.1 psia
Gas Methane Fraction: 92%

Emission Factor: 0.93 [0 to 11]

Non-zero Correction:

Samples Remaining: 9.1%

NZ Cutoff: 6.17 scfh

Emissions Remaining: 14%

Evaluation: -
.5 (a) Time Trace . (b) Frequency
© ’g 10 10
© o U g R R
o [0
52 [
@ = Ll e
g % . Recorded Flow ‘
w a 50 Corrected Flow 5E
EF:0.93 [0 to 11] scfh
NZ Cutoff Threshold
[ [ESEERS NZ Cutoff -2 |
""""""" NZ Cutoff +20
Detail
O U 1 1 1 1 0 1 1 1
12:00  00:00  12:00  00:00  12:00  00:00  12:00 ° Porfsab“i‘t); 0 015
12 (c) Detail Time of Day (d) 15 min. Averages
o o ]
§1OWMWMW§WQ"JL a1
c c
S S
& 8 {2 s} Day 1
L% L% Day 2
Day 3
[ . . . . . = . . :
0 100 200 300 400 500 600 00:00 06:00 12:00 18:00 24:00

Time (s)

Hour of Day (15 minute averages)

Figure A.73: Device A-5
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Device D-5

Site Class: 1 NEMS Region: Rocky Mountain
Install Location: Inline Measurement Duration: 91.1 hrs
Controller Location: Compressor Avg. Gas Temperature: 42.9 °F

Process Controlled: Liquid Level Avg. Supply Pressure: 32.8 psia
Controller Model: Mallard, 3100-P1 | Gas Methane Fraction: 99.2%

EPA Bleed Type: Intermittent Emission Factor: 0.0013 [0 to 0]
Non-zero Correction: NZ Cutoff: 4.06 scth
Samples Remaining: 0.018% Emissions Remaining: 0.038%
Evaluation: -
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Figure A.74: Device D-5
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Device H-2

Site Class: 1 NEMS Region: Southwest
Install Location: Inline Measurement Duration: 88 hrs
Controller Location: Compressor Avg. Gas Temperature: 67.7 °F
Process Controlled: Pressure Avg. Supply Pressure: 39.9 psia

Controller Model: ABB, Type 22/06 | Gas Methane Fraction: 70%

EPA Bleed Type: Low Bleed Emission Factor: 0 [0 to 0]
Non-zero Correction: NZ Cutoff: 11.5 scth
Samples Remaining: 0% Emissions Remaining: 0%
Evaluation: -
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Figure A.75: Device H-2
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Device H-3
Site Class: 1

Install Location: Inline

Controller Location: Compressor
Process Controlled: Pressure
Controller Model: Ronan X55-600 I/P
EPA Bleed Type: Low Bleed

NEMS Region: Southwest
Measurement Duration: 89.9 hrs
Avg. Gas Temperature: 71.5 °F
Avg. Supply Pressure: 37.7 psia
Gas Methane Fraction: 70%

Emission Factor: 1.1 [0 to 9.9]

Non-zero Correction:

NZ Cutoff: 4.25 scth

Samples Remaining: 13% Emissions Remaining: 20%
Evaluation: -
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Figure A.76: Device H-3
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Device H-5

Site Class: 1

Install Location: Inline

Controller Location: Compressor

Process Controlled: Pressure

Controller Model: Solenoid Operated

EPA Bleed Type: Low Bleed

NEMS Region: Southwest
Measurement Duration: 91.8 hrs
Avg. Gas Temperature: 67.9 °F
Avg. Supply Pressure: 47.8 psia
Gas Methane Fraction: 70%

Emission Factor: 0.0015 [0 to 0]

Non-zero Correction:

Samples Remaining: 0.0067%

NZ Cutoff: 18.3 scth

Emissions Remaining: 0.017%

Evaluation: -
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Figure A.77: Device H-5
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Device L-5
Site Class: 111

Install Location: Inline
Controller Location: Yard Piping
Process Controlled: Pressure
Controller Model: Fisher 546
EPA Bleed Type: High Bleed

NEMS Region: Gulf Coast
Measurement Duration: 90.2 hrs
Avg. Gas Temperature: 24.2 °F
Avg. Supply Pressure: 46.6 psia
Gas Methane Fraction: 94.5%
Emission Factor: 0.21 [0 to 1.2]

Non-zero Correction:

Samples Remaining: 1%

NZ Cutoff: 17.1 scfth

Emissions Remaining: 1.2%

Evaluation: -
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Figure A.78: Device L-5
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Device L-6
Site Class: III NEMS Region: Gulf Coast

Install Location: Inline Measurement Duration: 89.9 hrs
Controller Location: Yard Piping | Avg. Gas Temperature: 32.6 °F
Process Controlled: Liquid Level Avg. Supply Pressure: 46.4 psia
Controller Model: Mallard 3100P1 | Gas Methane Fraction: 94.5%

EPA Bleed Type: Intermittent Emission Factor: 0.00035 [0 to 0]

Non-zero Correction: NZ Cutoff: 19 scth
Samples Remaining: 0.0015% Emissions Remaining: 0.0026%
Evaluation: -
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Figure A.79: Device L-6
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Device 0-4
Site Class: 11

Install Location: Inline
Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Mallard 3200

EPA Bleed Type: Intermittent

NEMS Region: Rocky Mountain
Measurement Duration: 73.5 hrs
Avg. Gas Temperature: 71.6 °F
Avg. Supply Pressure: 37.4 psia
Gas Methane Fraction: 89.5%
Emission Factor: 0.28 [0 to 2.7]

Non-zero Correction:

Samples Remaining: 4%

NZ Cutoff: 3.66 scth

Emissions Remaining: 4.9%

Evaluation: -
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Figure A.80: Device O-4
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Device O-5

Site Class: 11

Install Location: Inline
Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Mallard 3200

EPA Bleed Type: Intermittent

NEMS Region: Rocky Mountain
Measurement Duration: 28.8 hrs
Avg. Gas Temperature: 57.1 °F
Avg. Supply Pressure: 41.9 psia
Gas Methane Fraction: 89.5%

Emission Factor: 0 [0 to 0]

Non-zero Correction:

Samples Remaining: 0%

NZ Cutoff: 12.7 scth

Emissions Remaining: 0%

Evaluation: -
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Figure A.81: Device O-5
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Device P-3
Site Class: 111

Install Location: Inline

NEMS Region: Gulf Coast

Measurement Duration: 68.6 hrs

Controller Location: Compressor Avg. Gas Temperature: 49.7 °F

Process Controlled: Liquid

Level Avg. Supply Pressure: 39.5 psia

Controller Model: Norriseal 1001A | Gas Methane Fraction: 94.5%

EPA Bleed Type: Intermit

tent Emission Factor: 0.00048 [0 to 0]

Non-zero Correction:

NZ Cutoff: 6.37 scfh

Samples Remaining: 0.0049% Emissions Remaining: 0.007%
Evaluation: -
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Figure A.82: Device P-3

159



Device P-4
Site Class: 111

Install Location: Inline

Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Norriseal 1001A

EPA Bleed Type: Intermittent

NEMS Region: Gulf Coast

Gas Methane Fraction: 94.5%

Emission Factor: 0 [0 to 0]

Measurement Duration: 68.7 hrs
Avg. Gas Temperature: 45.9 °F

Avg. Supply Pressure: 68.5 psia

Non-zero Correction:

Samples Remaining: 0%

NZ Cutoff: 25.8 scfh

Emissions Remaining: 0%

Evaluation: -
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Figure A.83: Device P-4
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Device T-

1

Site Class: 111

Install Location: Inline

Controller Location: Separator

Process Controlled: Liquid Level

Controller Model: Solenoid Operated

EPA Bleed Type: Intermittent

NEMS Region: Rocky Mountain
Measurement Duration: 69.4 hrs
Avg. Gas Temperature: 4.89 °F
Avg. Supply Pressure: 35.8 psia
Gas Methane Fraction: 89.5%
Emission Factor: 0.0085 [0 to 0.009]

Non-zero Correction:

Samples Remaining: 0.18%

NZ Cutoff: 1.66 scth

Emissions Remaining: 0.53%

Evaluation: -
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Figure A.84: Device T-1
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Device U-1
Site Class: 111

Install Location: Inline
Controller Location: Separator
Process Controlled: Liquid Level
Controller Model: Unknown

EPA Bleed Type: Intermittent

NEMS Region: Rocky Mountain
Measurement Duration: 76.3 hrs
Avg. Gas Temperature: 16 °F
Avg. Supply Pressure: 50.6 psia
Gas Methane Fraction: 89.5%

Emission Factor: 0 [0 to 0]

Non-zero Correction:

Samples Remaining: 0%

NZ Cutoff: 11.4 scfth

Emissions Remaining: 0%

Evaluation: -
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Figure A.85: Device U-1
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Device U-4
Site Class: 111

Install Location: Inline
Controller Location: Compressor
Process Controlled: Liquid Level
Controller Model: Mallard 3200

EPA Bleed Type: Intermittent

NEMS Region: Rocky Mountain
Measurement Duration: 76.8 hrs
Avg. Gas Temperature: 54.2 °F
Avg. Supply Pressure: 44.8 psia
Gas Methane Fraction: 89.5%

Emission Factor: 0 [0 to 0]

Non-zero Correction:

Samples Remaining: 0%

NZ Cutoff: 8.89 scth

Emissions Remaining: 0%

Evaluation: -
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Figure A.86: Device U-4
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