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ABSTRACT

SINGLE-BLIND CONTROLLED RELEASE TESTING TO EVALUATE THE

PERFORMANCE OF AN IN-SITU METHANE DETECTION SYSTEM.

The accurate detection and quantification of Methane (CH4) emissions from equip-

ment at oil and gas facilities is critical for resolving environmental concerns associated

with Greenhouse Gas (GHG). This study presents the evaluation of a proprietary CH4

detection solution deployed at a simulated oil and gas wellhead configuration on a green

field site in south Texas. In this study, an automated controlled release rig was developed

and used to conduct a single-blind, controlled release test program using a protocol de-

veloped specifically for the solution under test. The test program lasted for 57 days and

included 5,153 discrete 15-minute reporting intervals with release rates ranging from 0.5

kgh-1 to 37.5 kgh-1, and release durations ranging from 15 minutes to 3 hours. Upon com-

pletion of testing, a binary classification scheme was used to evaluate the performance

of the solution by comparing the reports from the solution to the ground-truth emissions

generated by the controlled release rig. For controlled releases greater than 2.5 kgh-1, the

solution showed a true positive rate (TPR) of 86 %, and a false negative rate (FNR) of

14 %. For release rates less than 2.5 kgh-1 the solution showed true negative rate (TNR) of

99.8 %, and a false positive rate (FPR) of 0.2 %. The solution showed a 90 % probability

of reporting emissions greater than 5.5 kgh-1 and a 50 % probability of reporting emis-

sions greater than 4.4 kgh-1. The solution performance improved with increasing wind

speed with 90 % and 50 % probability of reporting decreasing to 3.8 kgh-1 and 3.0 kgh-1,

respectively, for wind speeds greater than 2 ms-1.
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Chapter 1

Introduction

1.1 Background of the Study

CH4, an organic compound and natural gas component is a potent greenhouse gas that

has proven to have higher Global Warming Potential (GWP) than Carbon-dioxide (CO2)

over 20 years [1, 2], and leads to air pollution, harmful to man and the environment. The

CH4 molecule traps twenty-eight times more heat than the CO2 molecule in the atmo-

sphere over a hundred year period [3, 4]. The primary source of CH4 emissions comes

from human activities such as fossil fuel extraction and use, agriculture, and waste man-

agement [5–8]. According to U.S. Environmental Protection Agency (EPA) as shown in

Figure 1.1, the largest contributor of CH4 emissions in the United States (U.S.) is the Oil

and Gas (O&G) industry. They account for 28 % of emissions due to fugitive leaks from in-

frastructure, intentional venting and flaring during production, resulting in environmen-

tal hazards. [9–12]. 25 % of the total agricultural CH4 emissions in the U.S. come from

enteric fermentation [13, 14], and 16 % from landfills in waste management, where the

emission is produced from anaerobic digestion based on moisture content, waste quantity,

and the degree of temperature [8,14–16]. As such, the aim of CH4 detection and quantifi-

cation solutions (solutions) is to accurately detect, and quantify CH4 emissions with the

goal of mitigating GHG. The mitigation goals may be driven by regulatory standards, or

by compliance and participation with other programs such as Intergovernmental Panel

on Climate Change (IPCC) and Oil & Gas Methane Partnership (OGMP) aimed at reduc-

ing GHG. Due to confidentiality agreements with the manufacturer, the specific type and

configuration of the technology used in this study cannot be disclosed. Therefore, the

system is referred to as “solution” throughout this thesis.
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Various solutions have been deployed, ranging from traditional survey methods to

continuous monitoring solutions to measure the presence of CH4 in the environment [17].

Traditional survey methods typically involve direct sampling and analysis using special-

ized approaches and instruments such as Method 21 or Optical Gas Imaging (OGI) to

detect emissions [18]. According to Cusworth et al. (2021), traditional detection meth-

ods have been limited in detecting CH4 emissions from O&G facilities accurately with

the possibility of overlooking emissions from unlit flares, uncontrolled tanks, and gas

pneumatics. [19–23]. It is challenging to use the traditional survey method in large-scale

emission monitoring, due to its cost and labor intensiveness, especially when estimat-

ing emissions from thousands of pieces of O&G equipment [17, 24]. The CM solution

mitigates these drawbacks using its ability to monitor for intermittent and continuous

emissions over longer periods of time, continuously, to identify leaks [2, 22, 25–27] rather

than individual site visits. A CM solution uses a combination of sensing technologies

to continuously identify emissions. There are numerous CM solutions which can be

broadly placed into categories of PSN, and scanning/imaging solutions. Both of these

solution types are commonly used in the O&G industry [17, 18, 28]. In CM solution, sev-

eral variables can have a substantial impact on the accuracy and dependability of detec-

tions and the efficacy of CM solution performance including sensor location, weather,

and detection algorithms. Evaluation of solution performance has been the focus of

testing protocols, including those created under initiatives such as the Advanced De-

velopment of Emissions Detection (ADED) project and the Advanced Research Projects

Agency-Energy (ARPA-E) Methane Observation Networks with Innovative Technology

to Obtain Reductions (MONITOR) program, to standardize performance assessment of

CM solutions [29, 30]. Some solutions that have participated in one or more of the afore-

mentioned studies have shown good performance and detection capabilities, with some

attaining True Positive Rate (TPR) greater than 80 % across the wide variety of tests [2].

Despite this, solutions typically tend to under-report actual CH4 emission rates of re-
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leases, and show drawbacks in their ability to perform accurately under varying environ-

mental conditions (humidity, wind speed and wind direction) and deployment strategies

(sensor placement, height and orientation), which are crucial factors for regulatory com-

pliance [2, 31].

To mitigate these limitations, previous studies have employed single-blind testing to

objectively evaluate solution performance and provide evidence that the CH4 detection

solutions function dependably in real-world scenarios. In single-blind testing, CH4 emis-

sions are simulated in a controlled setting without the solution being aware of the precise

release conditions beforehand. This approach reduces potential bias in the interpretation

of the solution’s performance and provides more accurate insight into the solution perfor-

mance under a range of conditions [32]. Single-blind controlled release testing frequently

uses controlled, standardized release gases with different emission rates and environ-

mental conditions to mimic real-world scenarios. For example, Colorado State Univer-

sity (CSU), Methane Emission Technology Evaluation Center (METEC) uses single-blind

controlled release test to investigate detection limits, quantification accuracy, and localiza-

tion precision of different CH4 solutions [17,18,33]. Single-blind controlled release testing

can vary in complexity depending on the specific information withheld from the partici-

pant. During the ADED project at METEC the solutions participating in the performance

evaluation were blind to the timing, emission rate, duration, and location of methane re-

leases [17, 18, 33]. In contrast, for this study, the solution under evaluation is unaware of

the timing, release rate, and duration of the releases, but is informed of the release loca-

tion. This removes certain variables from the performance requirements, such as the need

to localize the leak source. These tests involve varieties of emission rates representing the

ranges of those expected to be encountered under operational conditions, and continu-

ous testing long enough to accommodate variation in wind speed and direction that one

would expect to experience in the field. [19, 34, 35]. Thus, the need to establish how ac-
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curate and reliable these solutions perform requires a rigorous performance evaluation

method carried out in this study.

Figure 1.1: Methane emission sources in the United States.

1.2 Objectives of the Study

The primary aim and objective of this study is to evaluate the performance of a CH4

detection solution through single-blind controlled release testing. The specific objectives

include:

• To develop a hardware system (the controlled release rig) to test the capabilities of

the CH4 detection and measurement solution in actual operating facilities and other

remote locations.
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• Use the controlled release rig to perform independent, single-blind controlled re-

lease tests to assess the performance of the solution.

– Design a test specific to a particular CH4 monitoring solution.

– Inform future design of a test protocol broadly applicable to a variety of CH4

monitoring solutions

1.3 Scope of the Study

This thesis focuses on a single-blind controlled release test that was performed at a

single site in South Texas shown in Figure A.1. The test activities include controlled re-

leases of natural gas at varying flow rates and environmental conditions. In this study, a

typical O&G wellhead configuration that mimics an actual operational facility was used

in the evaluation of a particular CH4 detection solution carried out from March 12 to May

8, 2024 (57 days). Although the results can be applied to comparable CH4 detection so-

lutions, they may not be generalized to all CH4 monitoring solutions or environmental

conditions.
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Figure 1.2: Example of oil and gas wellhead.

1.4 Significance of the Study

In this study, we performed a single-blind controlled release testing at a site that mim-

ics an actual O&G operational facility to assess the performance of an in-situ CH4 detec-

tion solution. This research is important for several reasons, including the advancement

of CH4 detection solutions, contribution to health and safety, and support for policy and

decision making. The study contributes to the development of reliable and accurate CH4

monitoring solution through the evaluation of the solution’s performance. This evalu-

ation helps inform where and how the technology can be improved to better support

GHG mitigation in O&G facilities. The study contributes to health and safety by enabling
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early detection of methane leaks, thereby supporting timely intervention or emergency

response, protecting nearby communities from harmful gas migration, and avoiding po-

tential hazards such as fires and explosions. The accurate detection of CH4 emissions is

crucial for policymaking. The findings from this study can serve as a reliable reference to

inform regulatory decision-making, particularly in the context of compliance with EPA

regulations such as 40 Code of Federal Regulations (CFR) Part 60, Subpart OOOO(b),

including the performance standards outlined in Tables 1 and 2 for fugitive emissions

monitoring at O&G facilities [36]. Thus, the findings serve as objective evidence for regu-

latory agencies to assess whether the technology meets required thresholds for methane

detection programs. The results can support the design and enforcement of Leak Detec-

tion and Repair (LDAR) regulations by identifying scenarios where the system is effective

or limited in O&G facilities which certainly can improve confidence on assessment crite-

ria and regulatory frameworks to reduce CH4 emissions and support global efforts to

mitigate climate change.
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Chapter 2

Literature Review

2.1 CH4 Detection Solutions

CH4 detection solutions use various methods to detect and quantify CH4 emissions.

Various solutions have been deployed to estimate emissions ranging from the traditional

survey method to the continuous monitoring solution [17]. CM solutions address the

shortcomings of traditional survey methods for detecting CH4 emissions [17]. In O&G,

the CM solutions can be classified into two different categories according to the mea-

surement principles, deployment and detection capabilities. PSN and scanning/imaging

solutions.

• PSN Solutions

These may use stationary point sensors, but generally use multiples of them, to form

a sensor network deployed to monitor CH4 emissions at O&G facilities [28,37]. PSN

may use various types of technologies and sensors including Tunable Diode Laser

Absorption Spectroscopy (TDLAS), pyroelectric, calorimetric, Semiconducting Metal

Oxide (SMO), and resonant sensors. Sensors are typically deployed together with

meteorological instruments whose data are combined with sensor outputs in vari-

ous processing algorithms to form PSN solutions for CM [2, 18, 28].

– Tunable Diode Laser Absorption Spectroscopy (TDLAS)

TDLAS is an optical measurement technique that measures gas concentrations

such as CH4, nitrous oxide (N2O), and water vapor [38]. TDLAS has the capa-

bility to carry out real-time measurements with high sensitivity and the ability

to detect low CH4 concentrations [39]. For CH4 detection, the tunable laser

light is absorbed at wavelengths that correspond to the absorption lines of

CH4, particularly around 1.65 µm [39–41]. The methane concentration level
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is then deduced from the loss of light intensity according to the Beer–Lambert

law, which defines a direct relationship between gas concentration and light

absorption. Recent advancements in TDLAS technology have significantly en-

hanced methane detection sensitivity across various infrared bands. Using a

Distributed Feedback Quantum Cascade Lasers (DFB-QCL) at 1275.04 cm−1

(7.84 µm), a minimum detection limit (MDL) of 5.9 ppb was achieved within

1 second over a 57.6 m optical path. A Interband Cascade Laser (DFB-ICL) op-

erating at 2968.4 cm−1 to 2968.85 cm−1 (approximately 3.37 µm) demonstrated

a detection limit as low as 560 ppt with a 580 m path length and a 290 s acqui-

sition time. In the near-infrared region, a Distributed Feedback Laser Diode

(DFB-LD) system at 4297.56 cm−1 (approximately 2.33 µm) achieved a 36 ppb

MDL using a 72 m path and a 137 s measurement duration. These examples

highlight the capability of TDLAS to achieve sub-ppb methane detection when

optimized with appropriate laser sources and absorption path configurations

[42, 43]. However, the performance of TDLAS can be affected by noise and in-

terference which could be caused by fluctuation of laser light, impurities in the

environment, and optical interference [40, 44].

– Pyroelectric Sensors

Pyroelectric sensors have the ability to identify variations in Infrared Radia-

tion (IR) that make them suitable for PSN solutions. They are frequently used

as gas analyzers, laser detectors, thermal analyzers, and fire alarms. Pyroelec-

tric CH4 sensors have several benefits, such as a broad measurement range,

good sensitivity and responsiveness, and the capacity to function without oxy-

gen [28, 37, 45]. Pyroelectric sensors have the ability to detect CH4 as low as

5.6 ppm at a response time of 3 s [46]. However, for effective performance, py-

roelectric sensors typically require a high power supply to generate and main-
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tain constant heat, which limits their applicability in many practical settings

including PSN solution deployment [37, 47].

– Calorimetric Sensors

The working mechanism of the calorimetric sensor is based on the principle

that a chemical reaction (catalytic combustion) or a physisorption process (the

process by which an atom or molecule in the gas phase adheres to a solid sur-

face) absorbs or releases heat [48, 49]. As such, the calorimetric sensor consists

of a reference element and a catalyst-sensing element that detects CH4 emis-

sions by measuring the heat emitted during the oxidation of CH4 [48,50]. Nev-

ertheless, for this type of sensor, the limitation is that the catalyst is prone to

poisoning when some gases ( Phosphate, Carbon monoxide, Cyanides etc.) are

present, and there is need for recalibration. Also, the enthalpy change during

the catalytic combustion is significant because it directly influences the sensor’s

ability to detect CH4. Thus, the calorimetric gas sensors may work poorly and

detect CH4 emissions incorrectly if there is a slight change in the enthalpy of

combustion brought on by a change in the analyte concentration [51].

– SMO Sensors

SMO sensors depend on oxidation-reduction (REDOX) reaction between SMO

and the target gases for detection. SMO sensors are classified into two types:

p-type, and n-type [37, 52]. The primary carrier of p-type SMOs is the “hole”.

Holes are formed by doping semiconductors with group 3 elements from the

periodic table which lack valence electrons. The n-type SMOs use electrons

as their primary carrier and are naturally produced by oxygen vacancies and

are suitable for developing CH4 sensors [37]. SMO sensors may have low se-

lectivity because they can easily respond to other organic compounds lead-

ing to False Positive (FP) detections. They may also exhibit poor recovery

rates; it takes a much longer time for an SMO to return to baseline readings
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when analyte concentrations fall compared to optical sensors like TDLAS or

Non-Dispersive Infrared (NDIR). At room temperature or temperatures below

150 ◦C, the response time is usually more than 5 minutes. Higher temperatures,

up to 300 ◦C, are required to achieve response times of less than 1 minute [53].

SMOs are also impacted by humidity variations. Water molecules interact with

the sensing materials and affect the surface reactions, leading to measurement

errors [37, 54, 55].

• Scanning/Imaging Solutions

Scanning/imaging solutions seek to build a spatial mapping of CH4 concentrations

using a variety of techniques. The mappings may be used only for detection, or

may be used for quantification. For example, LIDAR systems build plume images

by scanning a scene with laser pulses tuned to an absorption line of CH4 gas and

analyzing the reflected light signal to detect the concentration of CH4 present along

the path between the beam launch and the reflective surface. Imaging solutions

(e.g., OGI) build plume images by mapping infrared radiation to a sensor array us-

ing a lens, much like a digital camera, except that it uses infrared-capable lenses and

image sensors that convert infrared radiation to an image [17, 18, 56]. This provides

a visual representation of CH4 emissions, allowing operators to see CH4 plumes in

real-time.

– Optical Gas Sensor

An optical gas sensor is a type of gas sensor that uses light absorption, emis-

sion, or scattering to detect and measure the presence and concentration of

specific gases. It identifies variations in electromagnetic waves or visible light

resulting from an analyte’s interaction with the receptor part (the receptor part

is the component that specifically interacts with the target gas (analyte)) [37].

These sensors are widely used for environmental monitoring because they can
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offer high sensitivity, selectivity, and stability. IR absorption spectroscopy us-

ing mid-IR light is commonly used to identify the molecules quantitatively by

analyzing the specific IR wavelengths that they absorb, which correlate with

the distinct vibrational modes of their chemical interactions.

Based on this technique, CH4 has a strong absorption line at 3.3 µm. The 3 µm

to 3.7 µm wavelength range is significant because many gases that have carbon-

hydrogen (C–H) bonds, like CH4, all stretch in that region. The absorption

at 3.3 µm is about 100 times stronger than at 1.65 µm, making it much eas-

ier to detect methane when using sensors that operate in that range [57, 58].

Optical gas sensors used in scanning/imaging solutions often exhibit greater

sensitivity to heavier hydrocarbons such as ethane and propane, which can

enhance plume visibility in mixed gas releases. However, their effectiveness

in methane-specific detection is influenced more significantly by factors such

as thermal contrast between the gas plume and its background, background

thermal noise, and operator expertise. These factors often impose greater limi-

tations than chemical sensitivity alone [59, 60].

– Laser based Sensor

In scanning/imaging solutions, laser-based sensing technologies integrate high-

resolution spectroscopy with spatial mapping methods to detect and visualize

methane plumes in real time. These techniques include TDLAS and Differential

Absorption LiDAR (DIAL), both of which exploit methane’s unique absorp-

tion features in the near-IR ( 1.6 µm) and mid-IR ( 3.4 µm) spectral regions.

In particular, TDLAS is widely deployed in field applications due to its high

sensitivity and its compatibility with near-IR wavelengths, which allow for

reduced cooling requirements and enhanced system efficiency [61]. For spa-

tial mapping, systems such as Bridger Photonics’ Gas Mapping LiDAR sweep

laser beams across the target area using scanning optics or airborne platforms,
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capturing absorption across multiple lines of sight. This enables real-time or

near-real-time visualization of methane plumes and leak localization over large

areas [62, 63]. These solutions combine the advantages of spectroscopy and

spatial coverage, allowing both qualitative visualization and quantitative con-

centration estimation. However, these systems have distinct trade-offs. Low-

cost laser scanners, such as mechanical or Micro-Electro-Mechanical (MEMS)-

based systems, often require several minutes to compile a complete plume

image, limiting their use in real-time monitoring scenarios [64]. In contrast,

fast-scanning or high-sensitivity systems capable of real-time imaging are of-

ten expensive and require complex optics and processing [65]. Furthermore,

performance is highly dependent on target surface reflectivity (albedo) and at-

mospheric conditions, such as fog, dust, or rain, which can attenuate the laser

signal [66, 67]. To maximize return signal and spatial coverage, scanners are

often mounted on elevated platforms or drones, enabling wider field-of-view

and better geometry for backscatter collection.

CM solutions may use any of the sensors described above, implemented together with

meteorological data and algorithms to detect, measure, and estimate CH4 emissions at

O&G facilities. CM solutions may come to play an essential role in identifying sources

and informing abatement decisions that help guide the reduction of CH4 emissions at

O&G facilities, furthering environmental protection and ensuring compliance with cur-

rent and future GHG regulations. The classification of CM solutions into PSN, and scan-

ning/imaging solutions demonstrates the variety of approaches available to mitigate CH4

emissions, each with unique advantages and disadvantages for a given application.

2.2 PSN Solution Deployment

Solution deployment plays a critical role in the performance of PSN solutions. Effec-

tive sensor placement is a core component of a solution deployment for CH4 detection.
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Various techniques can be used, including sophisticated software packages. For example,

Chama (a python package) [68], uses linear programming (mixed integer linear program-

ming) to create monitoring plans, including placement of sensors to ensure sufficient cov-

erage and maximize the sensitivity of the system [69, 70]. Sensors are typically placed in

a spatially distributed network, often around the perimeter of a facility or in locations

informed by prevailing wind patterns. Deployment considerations include sensor height

and spacing, meteorological variability, and site layout constraints. The sensor height

and spacing affects the solution’s ability to intercept methane plumes. Meteorological

variability, particularly wind speed and direction, influences plume transport and site

layout constraints, which include obstructions like equipment or buildings [28, 70].

2.3 Analytics and Detection Algorithms

Analytics are central to turning raw sensor data into leak detections that can be acted

upon. PSN solutions analyze the numerous incoming time series data streams using ad-

vanced algorithms to: distinguish between background and actual methane emissions;

detect events using statistical thresholds, signal processing, or machine learning; and es-

timate emission source locations and rates, often by integrating dispersion models (e.g.

Gaussian plume inversions) with observed data [69, 71]. Some studies have focused

specifically on developing and improving advanced analytics and detection algorithms

for CH4 monitoring including machine learning techniques with geographical analysis,

matched filter techniques, and online inverse Gaussian plume modeling. A critical fac-

tor influencing the performance of these analytics is the solution’s Minimum Detection

Limit (MDL). MDL is the lowest emission rate a solution can reliably detect. Understand-

ing the interplay between dispersion behavior and MDL is essential for accurate emission

detection, especially in complex atmospheric condition. [72]

Machine learning techniques and geographical analysis can enhance leak detection

efficiency in CH4 detection [71]. To detect leak-prone components and classify infrastruc-
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ture by risk level, machine learning algorithms trained on historical leak data are imple-

mented, and the Bayesian inference method can be used for quantifying emission rates

to take uncertainty into account [71]. The study of Hongzhou et al. (2024) [73] uses the

matched filter (a methane retrieval algorithm) to retrieve point source methane emission

data above the background concentration, introducing an adaptive clustering algorithm

to categorize cloud-free Sentinel-2 imagery over the computational area (Sentinel-2 is a

multispectral, wide-swath, high-resolution imaging mission) [73]. The dispersion mod-

eling is essential in understanding how gases such as methane behave after atmospheric

releases. One commonly used dispersion model is the Gaussian plume model inverse.

The Gaussian plume model inverse as shown in equation 2.1 estimates characteristics like

source location or emission rate using wind speed, dispersion coefficient, methane con-

centration, and downwind distance to estimate and quantify methane emissions [74, 75].

Q = C(x, y, z) · 2πuσyσz · exp

(
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2σ2
y

)

[
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2σ2
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(2.1)

Where:

C(x, y, z) Pollutant concentration at point (x, y, z) (mass per unit volume)

Q Emission rate of the pollutant (mass per unit time)

u Wind speed in the x-direction (m/s)

σy, σz Dispersion coefficients in the lateral (y) and vertical (z) directions, respectively (m)

H Effective stack height (actual stack height + plume rise) (m)
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Gaussian distribution in the crosswind (y) direction
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Reflection term accounting for dispersion above

and below the ground
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In the Gaussian plume model, the methane concentration decreases with increasing

distance from the release point due to atmospheric dilution. Therefore, the plume may

fall below a solution’s MDL at a certain threshold distance, making detection unlikely

beyond that range and thereby increasing the False Negative Rate (FNR) [72, 76]. This

interaction between dispersion and MDL is critical. If dispersion is limited and the plume

remains concentrated, even low-emission sources might be detected. Thus, the expected

results from dispersion modeling not only inform sensor placement and test design but

also help interpret sensor data in light of MDL limitations.

This study evaluates the performance of a PSN solution that employs TDLAS sensors

to detect the presence or absence of CH4 emissions at a simulated O&G facility in South

Texas using single-blind controlled release testing. In PSN solutions, an array of sensors,

deployment strategies, and analytics algorithms is combined to facilitate the conversion

of methane concentration readings to interpretable detection information. The study con-

tributes significantly to the efficient methane leak detection and mitigation efforts in the

oil and gas industry.
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Chapter 3

Materials and Methods

3.1 Experimental Design

To ensure an unbiased assessment of the sensitivity, accuracy, and dependability of

the CH4 detection solution, the CH4 detection solution operator is unaware of the timing,

duration, and release rates, but is aware of the location of the CH4 release point. In this

study, we developed an automated CRR that simulates O&G wellhead emission circum-

stances by releasing CH4 at controlled flow rates according to a predefined test protocol.

The test protocol includes random variation of CH4 flow rates over a long test period to

test the solution’s detection capabilities across wide range of emission magnitudes, and

provide an opportunity for testing under varying environmental conditions.

3.2 The Controlled Release Rig (CRR)

The CRR is a device designed to mimic CH4 emissions at O&G facilities, but in a

controlled manner. It is programmed to release known amounts of CH4 from a designated

point through a flexible tube to mimic potential emission sources at operational facilities.

This enables the evaluation of the CH4 detection solution under study by providing well-

known, ground-truth emissions to compare to. Figure 3.1 shows the CRR developed and

used to carry out the test. The device is fully automated with the following capabilities:

• Remote operation: start/stop gas flow, set gas flow rate, send output to 3 locations.

All test functions can be monitored/operated remotely 24/7. The rig can be pro-

grammed to run autonomously.

• Flow rate range (0-50 kgh-1) natural gas.
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• Constant flow rates per single test (as defined by this protocol), or varying flowrates

as desired.

• Weather station/sonic anemometer on telescoping mast.

Figure 3.1: The controlled release rig (Left side shows the conceptual CAD model, Right side
shows the completed device in use during testing).

The device contains three compartments containing various components that make

up the controlled release rig. The compartments include:

• The Flow Compartment

• The Communication System (COMMS) Compartment

• The Power Compartment
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3.2.1 The Flow Compartment

The flow compartment contains the flow controller that controls for the mass flow rate

of CH4 releases delivered to the desired release point via flexible tubing attached to the

outlet. In this study, three flow controllers were used: MCR-2000 for flow rates ranging

from 0 to 1300 SLPM, MCR-250, for flow rates up to 250 SLPM, and MCR-50 for flow rates

up to 50 SLPM.

3.2.2 The COMMS compartment

The main components in the COMMS compartment are the LabJack data acquisition

switch, and the cellular modem/router that provides communications and remote con-

trol.

• LabJack Data Acquisition Device

The LabJack gives the capability to read analog and digital signals from various sen-

sors and switches. It has 23 channels of digital inputs and 10 channels of analogue

inputs. The analog inputs are used to monitor the pressure sensors, while the dig-

ital inputs are used to monitor the state of the valves to inform the position of the

CRR valves on the field or during operation and provide feedback for control sig-

nals. CB15 and CB37 expansion boards were attached to the LabJack T7 to provide

sufficient digital input/output terminals.

• Teltonika RUT955 Router

The router is used to facilitate connection between the data recording devices, and

external monitoring systems. The RUT955 also facilitates remote access and moni-

toring, enabling real-time supervision of the experimental setup.
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3.2.3 The Power Compartment

To ensure a reliable power supply for the CRR in remote or off-grid locations, a solar

power system, a charge controller, and a battery were used for efficient power supply to

the CRR.

Major Power System Design and Components

• Solar panel

The solar panel, which converts sunlight into electrical energy, is the main source

of power in this study. 200 W of 24 V solar panels were used to supply adequate

power to the system.

• Battery

A 24 V battery was used to store the power generated by the solar panels during the

day for use during low sunlight weather conditions, like at night or during overcast

weather. Absorbent Glass Mat (AGM) batteries were selected because of their mod-

erate energy density, affordable cost, and reliable discharge performance at high and

low temperatures outside the range of comparable lithium chemistry batteries.

• Charge Controller

A 15 A Maximum Power Point Tracking (MPPT) solar charge controller was used

to ensure adequate charging of the battery and optimal use of available solar irradi-

ance to facilitate optimal performance of the CRR.

Power Compartment Sizing for the CRR Power Supply

To ensure that the CRR power system meets the desired needs, we estimate the sizing

of each of the components: solar panel, battery, and charge controller by carrying out a

power budget to avoid under-sizing or oversizing by accounting for the amount of power

required by each component and keep the device running, store power, and function

efficiently when there is a limited amount of sun to recharge the solar panel.
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• Solar Panel Sizing

For the selection of adequate solar panel capacity, the daily energy requirement

to adequately power the CRR system was estimated. The system should produce

enough energy to meet energy demands and recharge the battery storage. Assum-

ing an average of 5 peak sun hours per day, the generated energy by the solar panel

is estimated thus: For a 200 W solar panel:

Esolar = Ppanel × Peak Sun Hours (3.1)

Esolar = 200W × 5h = 1000Wh (3.2)

where Esolar is the energy generated by the solar panel, and Ppanel is the solar panel

power rating (load power).

• Battery Sizing

Battery storage is selected to save excess solar power for use when there is no ade-

quate sunlight hours. The system utilizes two 12 V, 42 Ah AGM batteries, configured

in series to form a 24 V, 42 Ah bank. The total stored energy is:

Ebattery = 24V × 42Ah = 1008Wh (3.3)

Ebattery is the total battery energy, and Eusable is the usable energy.

Since AGM batteries should not be discharged beyond 50 % (depth of discharge) to

maintain longevity [77], the usable energy is:

Eusable = 1008Wh × 0.5 = 504Wh (3.4)
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Based on equation 3.4, we see that the 1000 Wh of energy generated is sufficient to

recharge 504 Wh of the required usable battery energy, however real world condi-

tions introduce some factors that result to loss of energy such as:

– Battery charge efficiency ( 85% for AGM batteries)

– Solar charge controller efficiency ( 90% for MPPT)

– Temperature and shading losses

Thus, the effective charging power Eeffective, reaching the battery is:

Eeffective = 1000Wh × 0.85 × 0.9 = 765Wh (3.5)

This means that even with system inefficiencies which brings the effective energy to

765 Wh, a 200 W solar panel can sufficiently charge the battery bank to 504 Wh and

still provide some margin of safety of about 261 Wh.

• Charge Controller Selection

The system requires a charge controller suitable for estimated current accounted for

a 200 W solar panel charging a 24 V battery.

Icontroller is the charge controller current, Vbattery is the battery voltage, and Psolar is

the solar panel power rating.

Icontroller =
Psolar

Vbattery
(3.6)

Icontroller =
200W

24V
= 8.3A (3.7)

To ensure efficient performance of the controller, a factor of safety between 1.25 and

1.5 was considered. Therefore:

22



Icontroller = 8.3A × 1.25 = 10.4A (3.8)

Icontroller = 8.3A × 1.5 = 12.5A (3.9)

Thus, a 15 A MPPT charge controller is suitable to ensure adequate performance of

the CRR.

Figure 3.2: The Power Compartment, see Appendix G for the complete process and instrumenta-
tion diagram.

3.3 The Single-blind Test

The single-blind test in this study has three unknown parameters to the solution under

test: start time, duration, and release rate. While the height and location of the natural

gas release point were known, the flow rate, start time, and test duration duration were

unknown to the solution, and were randomly generated. The testing included several
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"test periods" of both idle times when no controlled releases were performed and times

when controlled releases were occurring, which were pre-programmed at a variety of

emission rates. The test periods were generated randomly and uploaded to a custom

web server that was developed for ethe xecution of the test.

Each test period lasted between 1 and 4 days. Emission rates were randomly selected

to assess the performance of the solution for a wide range of release rates and wind con-

ditions to create a Probability of Reporting (POR) curve that illustrates the performance

of the solution for the entire testing program that lasted for 57 days. Each emission rate

setpoint during the test period has one or more tests with 1-n reporting intervals by divid-

ing the total duration per test into 15-minute reporting intervals matched with a constant

controlled release emission rate. The 15-minute reporting interval is part of the specific

protocol developed for the solution under test; the solution reports detections (or non-

detections) at each 15-minute interval of the day, e.g., 00:00:00, 00:15:00, 00:30:00, 00:45:00,

01:00:00, etc. Each test period setpoint changes 3 minutes before reporting intervals and 1

minute after reporting intervals with random numbers of zero-emission periods between

test periods. The randomly generated test period was created using a test program writ-

ten in Python. This program executes various operations and generates key parameters

for the single-blind test, including flow rate, timing, and duration. It also produces time-

series plots that illustrate the expected detection performance of the solution under test

based on the generated plan as shown in Figure 3.4. Furthermore, the program saves the

test schedule as a Comma Separated Value (CSV) file, which is then uploaded to the web

server shown in Figure B.1 where the execution of the single-blind controlled release test

is controlled for the execution of the test.
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Figure 3.3: “Test” definition in relation to 15 minutes reporting intervals based on the defined
protocol.

Figure 3.4: Example of generated test plan and time series plot of the generated test plan.

Figure 3.3 shows a case study where the test period was a 30 minute test indicating

that the emissions start at (hh:57) accounting for the 3 minutes before test, while the test

period starts at (hh:00). The test 1 was reported at (hh:00-hh:15) indicating that the first

chunk ’Test 1’ (the first message), was received at this time, and at (hh: 15-hh: 30) for

’Test2’, while (hh: 31) the end of the emission accounts for the 1 min after the test was

reported. To maintain accuracy in the analysis of this study, transition intervals in which
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the emission set point is temporarily set to zero before a new set point is established were

excluded from the analysis. This exclusion ensures that the focus remains on continuous

emissions at a constant emission rate per test period. The test was designed to under-

stand the capabilities of the solution under a wide variety of environmental conditions.

This is because we do not have control over these conditions, which is crucial to simulat-

ing real-world scenarios. For example, if the test is running at the same wind speed and

direction over a while, say for four days, we pause the test and wait until the wind con-

dition changes before we continue the testing to accommodate and simulate actual wind

variation experienced in the real world scenario. During the testing period, the solution

provided the detection reports according to the solution specification to the test center in

one of four bins (0, 1, 2, and 3). Figure 3.6 shows the uniform distribution across each

bin used to establish controlled release rates in this study. The lowest bin (emissions-

Bin 0) was separated to differentiate the actual zero from the ones less than the minimum

detection limit of 2.5 kgh-1. Each emission rate setpoint duration and the subsequent zero-

emission period were selected randomly but governed by rules to ensure that no gas was

wasted after detection and that the testing period remained on track. To determine the

composition of the natural gas used for the test, two laboratory tests were performed on

two trailer fills during the test period, and an average of 95% CH4 mole fraction was ap-

plied to the analysis of the performance data. Consequently, the test center representative

randomly visited the site twice during the testing, which spans from March 12 to May 8,

2024 to ensure the integrity of the test, making sure that the site setup for the tests remains

as expected. At the end of each test period, the data were reviewed, and the selection of

tests per emission rate bin for the subsequent period was adjusted to close gaps in the

emission rate distribution and increase the density of sample points around the emerging

predicted reporting limit.

26



3.4 Performance Metrics

The basis of this study focuses on determining how well the solution performs by es-

timating the performance metrics (POR, False Positive Fraction (FPF), and False Negative

Fraction (FNF) ) [18, 34]. To do this, the test center compared the detection result gener-

ated by the solution with the ground truth of releases and a POR curve was created by

plotting the detection report against the actual release rates. These metrics and the POR

curve shows how well the solution performs under ’as tested’ conditions and may not

represent how well the solution performs when testing is carried out under different con-

ditions. As such, it can only be said that the result from this study is applicable to the “as

tested” conditions. The POR analysis in this study is based on the predefined minimum

detection limit which defines bin 0 (≤ 2.5 kgh-1). POR curve shows the likelihood that a

solution can detect emissions at a specific magnitude. The FPF is the percentage of emis-

sions that the solution incorrectly found while controlled releases were not taking place.

The complement to this indicator is the FNF, which is the percentage of emissions that

the solution failed to detect when controlled releases were occurring. In this study, the

solution provided reports every 15-minutes in one of four “emissionsBins” (0, 1, 2, or 3)

corresponding to estimated emission rates of ≤ 2.5, 2.5 – 7.5, 7.5 – 17.5, and > 17.5 kgh-1

respectively. In a binary classification scheme, the Test Center was told to interpret the

results in bin 0 (≤ 2.5 kgh-1) as "negative" and reports in bins 1, 2, or 3 (> 2.5 kgh-1)

as "positive". The “Test Center” was not given any numerical indicators of suspected

emissions or uncertainties (e.g 3.6 kgh-1 ± 1.2 kgh-1), and all emissions ≤ 2.5 kgh-1 are in-

cluded in the lowest reporting bin; that is, there is no difference between an emission rate

of 0 kgh-1and 2.5 kgh-1.

3.5 Test Configuration

This study is solely based on simulating a typical wellhead test structure. The test site

consists of the deployed solution to be evaluated located at 52 feet from the controlled
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release point and approximately 6.5 feet above grade. The layout shown in Figure 3.5

illustrates the schematic of the green field site close to an active O&G production area

used in this study to solely simulate a typical wellhead test configuration (see Figure A.1

for the actual site deployment) in south Texas. From the gas release point, there is a pig

launcher and receiver that is used once a month located approximately 30 meters away.

During the testing phase, pigging occurred once. As such, it was ensured that controlled

releases were not carried out at this time to ensure that the pigging event did not influence

the solution’s detection performance.
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CONTROLLED RELEASE RIG WITH MET STATION

Figure 3.5: Test site layout representation showing the CNG trailer, gas release mast, gravel pad,
CRR with MET station, and six sensor nodes for the solution under test.

In the solution setup, Meteorological (MET) station is installed on two of the six sen-

sors. There is also an independent MET station mounted on the CRR at approximately
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10 feet above grade while the CNG trailer which supplies the CRR gas throughout the

testing period is located between CRR and gas release mast.

3.6 Input Specification

In this study, the Message Queuing Telemetry Transport (MQTT) is used for receiving

detection report from the solution center, in the format: “emissionsBin”: x. Here, x rep-

resent an “emissionsBin” 0, 1, 2, or 3. While this format does not provide any timestamp

information, nearly all of the messages were received within the second of the reporting

interval, with a few being delayed by an extra one to two seconds. The binary classi-

fication scheme in this study is define by taking the report of “emissionsBin”: 0 as no

emission, or emissions detected below the threshold (≤ 2.5 kgh-1), while that of “emis-

sionsBin”: 1, “emissionsBin”: 2, and “emissionsBin”: 3 is reported as detected emission

or emissions detected above the threshold (> 2.5 kgh-1) respectively.
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Figure 3.6: Input specification for solution and test center. Test center lower bin limit is negative
to include 0 kgh-1within the interval. Test center upper bin limit is 99.0 to close the interval with a
reasonable “large” value > 17.5 kgh-1.

Thus, Figure 3.6 shows that the controlled release test input specification simulates the

real world scenario by ensuring that there is a limited number of actual leaks during the

test period, indicating that out of the 5153 tests there were 408 (7.9 %) actual leaks.
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Chapter 4

Results and Discussion

To begin with, a time series plot of the generated test plan was created with collected

data to check for completeness and accuracy. Figure 4.1 shows an example of the solution-

reported detection for a twelve-hour test period out of the entire testing period. It illus-

trates how the data was overlayed on the actual releases to begin analyzing the perfor-

mance of the solution. From the figure, it is seen that, in section A and D, the solution cor-

rectly detects emissions for the period while the setpoint was greater than the minimum

detection limit (> 2.5 kgh-1). Region B shows that the solution detects emission two out

of six times when the setpoint is greater than the minimum detection limit (> 2.5 kgh-1).

In section C, the solution correctly reported that there were no active releases, and sec-

tion E illustrated two periods when the setpoint was less than or equal to the minimum

detection limit (≤ 2.5 kgh-1).

Figure 4.1: Example time series plot showing the overlay of the reported detection on the gener-
ated test plan during the single-blind, controlled-release testing.
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4.1 Binary Detection Analysis

For this particular solution, an anticipated future enhancement is the ability to cate-

gorize the test into discrete emissions bins. However, for this testing in the preliminary

analysis and the preliminary tests, detection of CH4 emission is only considered, meaning

yes or no (1, or 0), and not quantification by bin.

Figure 4.2: Confusion matrix showing solution detection performance.

Upon the completion of the test, the primary metrics shown in Table 4.1 considered

in this study were calculated and the solution reported 4,553 15-minute chunks, where

emissions were not detected, and 600, 15-minute chunks, where emission were actually

detected based on the predefined test protocol. For 349 times out of 408 intervals, the

solution detected emissions from the controlled releases and reported it in the positive

emission bin (emissionsBin 1,2, or 3) which account for 86 % TPR. Thus, the solution

reported negative (emissionsBin 0) in 4736 of 4,745 intervals, when the emission rate is

less or equal to 2.5 kgh-1, accounting for 99.8 % True Negative Rate (TNR). It erroneously

reported 9 positives out of 4745 emission rate less than or equal to 2.5 kgh-1which equate

to 0.2 % False Positive Rate (FPR). For the FNR, it erroneously reported negative when
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emission rates are greater than 2.5 kgh-1, 59 out of 408 intervals accounting for 14 % FNR.

This study’s analysis includes all reporting intervals, including those without active re-

leases from the test center. If the analysis were to only include reporting intervals with

active releases, the solution accurately reported negative (in emissionsBin 0) for 183 out of

192 intervals, resulting to a 95 % TNR, and emissions were erroneously reported positive

(in emissionsBin 1, 2, or 3) for the remaining 9 tests in this category, at a FPR of 5 %.

Table 4.1: Parametric table showing the solution’s detection performance.

Parameters Values

True Negative Rate 0.998

False Positive Rate 0.002

False Negative Rate 0.145

True Positive Rate 0.855

Negative Predictive Value 0.988

False Discovery Rate 0.025

False Omission Rate 0.012

Positive Predictive Value 0.975

Accuracy 0.987

Overall, from Table 4.1, considering the high TNR (0.998), Positive Predictive Value

(PPV) (0.975), and Accuracy (0.987) the system performs very well. The low FPR (0.002)

and False Discovery Rate (FDR) (0.025) indicate that false alarms are not very common.

However, there is potential for improvement in terms of lowering missed detections be-

cause the FNR (0.145) is high (see Appendix C for details).
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4.1.1 Probability of Reporting (POR)

The POR shown in Figure 4.3 illustrates positive indication. POR curve shows the

likelihood that a solution can detect emissions at a specific magnitude. This plot was

generated with the 5,153 reporting intervals in the single-blind controlled release test car-

ried out in this study. The reported data generated was plotted against the ground truth

emission rates and a logistic regression curve was fit as shown in Figure 4.3.

Figure 4.3: Probability of reporting (POR). Ideal performance is shown by the dashed line, actual
performance is shown by the solid line.

From Figure 4.3 the ideal performance that presents how the solution is expected to

behave under perfect conditions is illustrated by the dotted line, actual performance is

shown by the solid line and green indicates the correct reported emissions, while red in-

dicates the incorrect reported emission. The emission rates greater than 2.5 kgh-1would
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always be recorded as "positive" (100 percent likelihood), whereas emission rates less than

2.5 kgh-1(including 0 kgh-1) would never be reported as "positive" (0 percent probability).

In Figure 4.3, the blue line illustrates how the solution performance deviates from the

ideal case study, illustrating the presence of FPs and FNs in the reported results. Based

on this curve we see that the solution has a 10 % possibility of reporting emissions at 2.5

kgh-1, a 50 % probability of reporting emissions at 4 kgh-1, a 90 % probability of reporting

emissions at 5.5 kgh-1. For all the single-blind controlled release tests carried out in this

study, the solution always produced positive results for emission rates greater than 11.3

kgh-1and never reported positive results for less than 1.4 kgh-1emission rates. Addition-

ally, the solution did not report positive during any intervals without controlled releases.

4.1.2 Wind Bin Distributions During Test

Figure 4.4: Count of tests per emission rate bin vs wind speed bin during the test period.

Figure 4.4 shows the distribution of wind speed against emission rate bin. Many tests

were conducted with average 15-minute wind speeds below 5 ms-1. Three of the tests
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had active emissions (all in one bin) with average wind speeds greater than 5 ms-1. The

remaining 53 test intervals were periods with 0 kgh-1emission rates.

Table 4.2: Solution performance for increasing wind speeds.

Wind Speed (m/s): (Numbers of tests)

Parameter All: (5153)
<1:

(2875)
>1: (2278)

[1.0, 2.0):

(1331)
>2: (957)

[2.0, 3.0):

(620)

>3:

(327)

90 % POR (kgh) 5.5 6.5 4.4 4.8 3.8 3.2 4.0

50 % POR (kgh) 4.0 4.6 3.3 3.5 3.0 3.0 3.0

True positive rate 0.86 0.833 0.88 0.869 0.90 0.886 0.923

False negative rate 0.14 0.167 0.12 0.131 0.10 0.114 0.077

False positive rate 0.002 0.002 0.002 0.003 0 0 0

True negative rate 0.998 0.998 0.998 0.997 1 1 1

Positive predictive value 0.975 0.972 0.978 0.967 1 1 1

False discovery rate 0.025 0.028 0.022 0.033 0 0 0

False omission rate 0.012 0.013 0.011 0.015 0.01 0.007 0.007

Negative predictive value 0.988 0.987 0.989 0.985 0.99 0.993 0.993

Accuracy 0.978 0.986 0.988 0.983 0.99 0.994 0.994

The performance of the solution appeared to improve as wind speeds increased. Group-

ing test results for all wind speeds, and comparing to tests with different windspeed con-

ditions, the performance of the solution improved continuously as shown in Table 4.2.

Above 3.0 ms-1, there were not enough samples to provide a meaningful insight.

During the single-blind controlled release test period, the wind direction was predom-

inantly south-east as illustrated in Figure 3.5. Consequently, as it is typical for remote

downwind sensor arrays, the study thus demonstrates that the wind speed influenced

the solution performance, with the solution performance improving as the wind speed

increases. The study shows significant improvement when the wind speed was greater

than 3 ms-1for the 327 reporting intervals; the solution performance begins to approach
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ideal state and the FNR improved from 0.014 to 0.077. FNR is an important considera-

tion in evaluating the performance of the solution under varying wind speeds. A FNR

refers to a release event that occurs but is not detected by the system. A distinct pattern

emerged from the analysis of the test data: as wind speed increases, the FNR decreases.

The FNR for all the test data was 0.141, and at wind speeds less than 1.0 ms-1it increased

to 0.167. For wind speeds between 1.0 ms-1and 2.0 ms-1, this value decreased to 0.131; for

wind speeds between 2.0 ms-1and 3.0 ms-1it decreased to 0.114; and at greater than 3.0

ms-1, it reached its lowest value of 0.077. According to this pattern, low windspeed con-

ditions lead to less plume transport and less interaction between the sensor’s detecting

path and the methane plume. Higher wind speeds, on the other hand, improve plume

advection and raise the possibility of detection. These results highlight the need of taking

environmental factors into account when evaluating the effectiveness of solutions and

recommend that system optimization take wind condition variability especially the dif-

ficulties presented by low-wind scenarios into account. The performance shows 99.4 %

accuracy, the 90 % POR improved from 5.5 to 4.0 and at 50 % POR from 4.0 to 3.0. In these

wind conditions, the solution consistently reported positive for emission rates greater

than 3.2 kgh-1and never reported "positive" for rates less than 3.1 kgh-1under these wind

conditions.

4.2 Uncertainty

4.2.1 Mass Flow Rate Uncertainty

During the single-blind controlled release tests, natural gas was released using a mass

flow controller with a full-scale capacity of 55.93 kg h−1 (equivalent to 1300 SLPM). Ac-

cording to the manufacturer [78], the flow controller accuracy is specified as

±(0.8% of reading + 0.2% of full scale)
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±(0.8% of reading + 0.2% × 55.93) = ±(0.8% of reading + 0.1119)

Example 1 – At a release rate of 12 kg h−1:

Uncertainty = ±(0.008 × 12 + 0.1119)

= ±(0.096 + 0.1119)

= ±0.2079 kg h−1

Example 2 – At a release rate of 32 kg h−1:

Uncertainty = ±(0.008 × 32 + 0.1119)

= ±(0.256 + 0.1119)

= ±0.3679 kg h−1

4.2.2 Wind Speed Uncertainty

The wind speed accuracy is specified as ±5 % at 10 ms-1, measured at four angles.

This means that at a wind speed of 10 ms-1, the expected measurement uncertainty is

± 0.5 ms-1. The sensor’s resolution is 0.1 ms-1, and the specified wind speed range is from

0 to 40 ms-1

For wind speeds lower than 10 ms-1, the absolute uncertainty would be proportionally

less. However, the manufacturer does not provide explicit accuracy specifications for

these lower wind speeds. Therefore, while the relative percentage error remains at 5%,

the absolute error decreases with lower wind speeds.
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Based on the dataset from this study, the wind speed was always less than 10 ms-1,

with most of the tests having wind speeds less than 5 ms-1, and three of the tests having

wind speeds between 5 ms-1and 7 ms-1.

Although the wind speed measurements were not utilized by the solution itself, they

were instrumental in planning the test matrix to ensure a diverse range of conditions.

In the subsequent analysis, these measurements were used to categorize results into dis-

crete wind speed bins (e.g., < 1 ms-1, 1–2 ms-1, etc.). It is recognized that measurement

uncertainty introduces potential error in the binning process. Based on the resolution

and stated accuracy of the measurement instrument, a conservative estimate of the un-

certainty at the lowest bin threshold (1 ms-1) is ± 0.1 ms-1. This level of uncertainty is

considered acceptable for the purposes of evaluating solution performance trends across

wind speed categories. While this may result in limited misclassification at bin bound-

aries, the uncertainty is assumed to follow a normal distribution, thus minimizing the

likelihood of systematic bias in the grouping. Consequently, the overall impact on the

analysis and conclusions is expected to be negligible.
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Chapter 5

Conclusion

A CRR was developed and constructed which allowed for remote test execution around-

the-clock. A series of independent single-blind tests were conducted to evaluate the de-

tection and quantification capabilities of CM CH4 solution. The CRR allowed the Test

Center to supply active gas releases for 600 distinct test periods with 157 fixed setpoints

that ranged from 15 minutes to 3 hours and from 0.5 kgh-1to 37.5 kgh-1. Considering ev-

ery 15-minute chunk (all test points included), TPR and FNR for the solution were 86 %

and 14 %, respectively, while TNR and FPR were 99.8 % and 0.2 %, respectively. These

same metrics were and 95 % and 5 %, respectively, when only active controlled release

periods were included (15-minute chunk with emission occuring). The solution never

produced a "positive" result when emission rates were less than 1.4 kgh-1, and always

reported “positive” when emission rates were greater than 11.3 kgh-1. The solution’s 50

% probability of reporting was 3.8 kgh-1, and its 90 % likelihood of reporting during the

full testing time was 5.5 kgh-1. The performance of the solution increased with increasing

wind speeds over the testing range, as is the case with most of the fixed point, remote sen-

sors. With average wind speeds greater than 2 ms-1, the solution’s performance almost

perfectly satisfies the ideal perfomance specified in its design target.
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Appendix A

Test Site Layout

The test site layout is shown in Figure A.1 and simulates a typical O&G wellhead config-

uration. The region outlined in blue (A) in the figure shows the CM solution deployment,

while the region outlined in orange (B) shows the CRR and supporting equipment includ-

ing the mast, and gas trailer, as specified in table 4.1

Figure A.1: Test site showing the CNG trailer, gas release mast, CRR and anemometer (with 2
solar panels) in the forefront, and several sensors (with and without solar panels).

A description of the test site layout and the solution deployment strategy are crucial to

understanding single-blind test results and providing appropriate context to the perfor-

mance assessment of the CM solution. The Test Center’s CRR releases gas from the mast

to simulate wellheads of varying heights. The CM solution uses six TDLAS based sensors

(two with weather stations) to form their PSN. The sensors are spaced radially, 52 ft from

the release mast, as shown in Figure A.1. A weather station attached to the CRR measures
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wind speed and direction, and a CNG trailer supplies the CRR with Natural Gas (NG) for

the controlled releases to the atmosphere that are to be detected by the solution.

Table A.1: Figure A.1 Legend description.

Label Description

A CM Solution’s equipment and layout

B Test Center’s CRR equipment and layout

C Six TDLAS sensors

D Release mast

E Compressed natural gas trailer

F The controlled release rig
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Appendix B

Graphical User Interface of the CRR

A Graphical User Interface (GUI) was developed in this study to interact with the CRR

and carry out the controlled release testing. As stated in Chapter Three, Python code

was written and used to generate the test plans based on the predefined protocol and

saved as a CSV file in the format SBTDatetime.csv. This CSV file would be uploaded

to the web server which has a back-end code written in Python language to carry out

required execution with the interaction of the GUI. Figure B.1 shows the initial state of

the interface when the test plan has been uploaded as ’SBT20240426180000.csv’. In this

study, to execute the single-blind controlled release testing, tests were deployed using

Valve 1 and the execution of the test begins by clicking the test ’Run Test’ button. Figure

B.2 shows that the CNG is open, indicating the supply of gas is on, which is why we can

see the blue tick shown in Figure B.2. The interface also receives and displays the output

reported by the CM solution under test.
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Figure B.1: Graphical user interface at the stage of test plan upload.
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Figure B.2: Graphical user interface while test is running, showing Valve 1 and CNG open, and
the performance of the CM solution with the aid of streamplots.
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Appendix C

Determination of CM Solution’s Performance

Metrics

Table C.1: Performance metrics for solution emissions classification using the confusion matrix.

Solution

(emissionsBin)

Negative (0) Positive (1,2,3)

Test Center
TN FP

Rates
FN TP

Negative Predictive Value (NPV) NPV = TN
TN+FN True Negative Rate (TNR) = TN

TN+FP

False Discovery Rate (FDR) FDR = FP
TP+FP False Positive Rate (FPR) = FP

FP+TN

False Omission Rate (FOR) FOR = FN
FN+TN False Negative Rate (FNR) = FN

FN+TP

Positive Predictive Value (PPV) PPV = TP
TP+FP True Positive Rate (TPR) = TP

TP+FN

Accuracy (ACC) ACC =
(TP+TN)

(TP+FP+TN+FN)

Table C.1 shows the relationship of how the performance metrics of the solution were

estimated using the confusion matrix value shown in Figure 4.2. The confusion matrix

shows that :

• True Negatives (TN) = 4736

• False Positives (FP) = 9

• False Negatives (FN) = 59

• True Positives (TP) = 349
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Now, using the given equations: True Negative Rate (TNR)

TNR =
TN

TN + FP
=

4736

4736 + 9
= 0.998 (C.1)

False Positive Rate (FPR)

FPR =
FP

FP + TN
=

9

9 + 4736
= 0.002 (C.2)

False Negative Rate (FNR)

FNR =
FN

FN + TP
=

59

59 + 349
= 0.145 (C.3)

True Positive Rate (TPR)

TPR =
TP

TP + FN
=

349

349 + 59
= 0.855 (C.4)

Negative Predictive Value (NPV)

NPV =
TN

TN + FN
=

4736

4736 + 59
= 0.988 (C.5)

False Discovery Rate (FDR)

FDR =
FP

FP + TP
=

9

9 + 349
= 0.025 (C.6)

False Omission Rate (FOR)

59



FOR =
FN

FN + TN
=

59

59 + 4736
= 0.012 (C.7)

Positive Predictive Value (PPV)

PPV =
TP

TP + FP
=

349

349 + 9
= 0.975 (C.8)

Accuracy (ACC)

ACC =
TP + TN

TP + FP + TN + FN
=

349 + 4736

349 + 9 + 4736 + 59
= 0.987 (C.9)
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Appendix D

On-site vs Local Winds: The CRR Anemometer

Winds were predominantly from the southeast during the SBT period, as shown in Figure

D.1. Each of these figures spans the SBT period (March 12- May 8, 2024).

Figure D.1: Wind roses covering the majority of the SBT period. The left panel was recorded by
the anemometer on the CRR, the right panel is from a nearby municipal airport. They show good
qualitative agreement.
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Appendix E

Electrical Wiring Configuration of the CRR

The wiring for the CRR is shown in Figure E.1. The actuation valves (AV 1 to AV 5) in

Table E.1 through Table E.2 denote the Actuation Valve (AV) 1 through AV 5 respectively.

The tables outline the wiring connections and how the coils and limit switches are wired

to the COMMS for interaction and execution of the control system algorithms. For exam-

ple, the positive close coil of the AV 1 is registered on the Modbus 2008 and connected

to the EIOO terminal on the external board PS12DC attached to the T7 lab jack through

DB15 pin as illustrated in Figure E.1. Consequently, Figure E.1 shows the wiring of the

limit switches, detailing cable color code further illustrated in the process and instrumen-

tation diagram shown in Figure E.2.

Table E.1: Table 1/2 of part connections and electrical wiring.

Part Connection Valve Color Cable Color LJ Pin ExBoard Exboard Pin LJ MB Reg

AV1 close_coil+ - - EIO0 PS12DC S0 2008

AV1 close_coil- - - Gnd Gnd Gnd

AV1 open_coil+ - - EIO1 PS12DC S1 2009

AV1 open_coil- - - Gnd Gnd Gnd

AV1 close_lim_nc_1 red red Vs Vs Vs

AV1 close_lim_c_2 blk blk FIO0 DB37 FIO0 2000

AV1 close_lim_no_3 blue green Gnd Gnd Gnd

AV1 open_lim_nc_4 yellow yellow Vs Vs Vs

AV1 open_lim_c_5 white orange FIO1 DB37 FIO1 2001

AV1 open_lim_no_6 brown brown Gnd Gnd Gnd
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Table E.2: Table 2/2 of part connections and electrical wiring.

Part Connection Valve Color Cable Color LJ Pin ExBoard Exboard Pin LJ MB Reg

AV2 close_coil+ - - EIO2 PS12DC S2 2010

AV2 close_coil- - - Gnd Gnd Gnd

AV2 open_coil+ - - EIO3 PS12DC S3 2011

AV2 open_coil- - - Gnd Gnd Gnd

AV2 close_lim_nc_1 red red Vs Vs Vs

AV2 close_lim_c_2 blk blk FIO2 DB37 FIO2 2002

AV2 close_lim_no_3 blue green Gnd Gnd Gnd

AV2 open_lim_nc_4 yellow yellow Vs Vs Vs

AV2 open_lim_c_5 white orange FIO3 DB37 FIO3 2003

AV2 open_lim_no_6 brown brown Gnd Gnd Gnd

AV3 close_coil+ - - EIO4 PS12DC S4 2012

AV3 close_coil- - - Gnd Gnd Gnd

AV3 open_coil+ - - EIO5 PS12DC S5 2013

AV3 open_coil- - - Gnd Gnd Gnd

AV3 close_lim_nc_1 red red Vs Vs Vs

AV3 close_lim_c_2 blk blk FIO4 DB37 FIO4 2004

AV3 close_lim_no_3 blue green Gnd Gnd Gnd

AV3 open_lim_nc_4 yellow yellow Vs Vs Vs

AV3 open_lim_c_5 white orange FIO5 DB37 FIO5 2005

AV3 open_lim_no_6 brown brown Gnd Gnd Gnd

AV4 close_coil+ - - EIO6 PS12DC S6 2014

AV4 close_coil- - - Gnd Gnd Gnd

AV4 open_coil+ - - EIO7 PS12DC S7 2015

AV4 open_coil- - - Gnd Gnd Gnd

AV4 close_lim_nc_1 red red Vs Vs Vs

AV4 close_lim_c_2 blk blk FIO6 DB37 FIO6 2006

AV4 close_lim_no_3 blue green Gnd Gnd Gnd

AV4 open_lim_nc_4 yellow yellow Vs Vs Vs

AV4 open_lim_c_5 white orange FIO7 DB37 FIO7 2007

AV4 open_lim_no_6 brown brown Gnd Gnd Gnd

AV5 close_coil+ - - CIO0 PS12DC S8 2016

AV5 close_coil- - - Gnd Gnd Gnd

AV5 open_coil+ - - CIO1 PS12DC S9 2017

AV5 open_coil- - - Gnd Gnd Gnd

AV5 close_lim_nc_1 red red Vs Vs Vs

AV5 close_lim_c_2 blk blk MIO0 DB37 MIO0 2020

AV5 close_lim_no_3 blue green Gnd Gnd Gnd

AV5 open_lim_nc_4 yellow yellow Vs Vs Vs

AV5 open_lim_c_5 white orange MIO1 DB37 MIO1 2021

AV5 open_lim_no_6 brown brown Gnd Gnd Gnd
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Figure E.1: Communication system wiring configuration and limit switch actuation for normally
closed, common, and normally open contact points with respect to its designated color code.
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Figure E.2: Process and instrumentation diagram: Electrical.
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Appendix F

Bill of Materials

Table F.1: Bill of materials.

Description SubAssy Vendor Vendor Part Number Mfr Part Number BOM Qty

High Flow Meter Alicats Alicat - MCR-2000SLPM 1

Medium Flow Meter Alicats Alicat - MCP-250SLPM 1

Low Flow Meter Alicats Alicat - MC-50SLPM 1

SS Swagelok Tube Fitting, M CONN, 3/8 in. Alicats Swagelok SS-600-1-4 - 6

Nickel Plated Brass M20 x 1.5 Standard Fitting Alicats SealCon CD20MA-MX 1.610.2000.50 2

316 SS Threaded LP Bushing Adapter, 3/4 M x Alicats McMaster 4452K168 - 1

CABLE CAT6 8COND 23AWG BLK 50’ Alicats Digikey C7136100B-50-ND 7136100 2

Pull through RJ45 plug CAT6 UNSH Alicats Digikey 5073-TDPTC6-ND TDPTC6 2

RJ45, Ethernet 1.00" (304.8mm) Unshielded Alicats Digikey TL1463-ND N200-001-BK 2

5.5x2.1mm round right angle barrel jack Alicats Digikey 839-1626-ND 10-02224 2

18 AWG Stranded TFFN green Alicats DWC - - 2

Vinyl Insulated Ring Terminals Alicats McMaster 7113k612 - 5

CABLE 3COND 16AWG BLACK 100’ Alicats Digikey A1953/3TB-100-ND 1953/3T BKO03 3

CONN TERM BLK GROUND 12-26AWG Alicats Digikey 277-2031-ND 3044092 2

CONN TERM BLK FEED THRU 12-26AWG Alicats Digikey 277-2026-ND 3044076 2

CONN TERM BLK GROUND 12-26AWG Alicats Digikey 277-3329-ND 3045088 2

CONN TERM BLK END PLATE RAIL GRY Alicats Digikey 277-2038-ND 3047028 2

JUMPER TERM BLK 2POS FLAT PIN Alicats Digikey 277-2115-ND 3030161 2

Nickel Plated Brass M20 x 1.5 Standard Fitting Alicats SealCon CD20MA-MX 1.610.2000.50 1

20.00x16.00x10.00, Hoffman Boxes Digikey CSD201610 - 1

Hoffman white panel for 2016 Boxes Digikey 1441-1408-ND CP2016 1

16.00x12.00x8.00, Hoffman Boxes Digikey CSD16128 - 1

Hoffman white panel for 1612 Boxes Digikey 1441-1405-ND CP1612 1

Hoffman Locking handle Boxes Digikey 1441-1458-ND CWHK 1

HP Filter Unknown Ports, 3600 psig max press Flow Ame CNG F112-G6-K1 - 1

AMERICAN CNG COALESCING FILTER ELEMENT Flow Ame CNG A-F112-66-OL - 1

ROTAREX EVO SIRIUS REGULATOR Flow Ame CNG RO-EVO-110S - 1

SOLENOID WIRE CONNECTOR Flow Ame CNG A-RSC120-A1 - 1

25’ Flex Hose Assembly 3/8" Compression x Flow Ame CNG custom built to order - 1

Pressure transducer Flow Amazon RO-EVO-110S - 1

Triple-Lok® 37° Flare JIC Fittings and Adapter Flow MFCP - 6 HX6-S 2

37° Flare Connector M- JIC to 3/8 tube compression Flow MFCP - 6-6 XHBZ-SS 2

SAE-6 ORB9/16-18 to 3/8 Tube Flow MFCP - 6-6 ZHBA-SS 2

1/4" MBSPP-ORR x 1/4" FNPT Steel Adapter Flow MFCP - 1/4X1/4F40HGS 2

SS Swagelok Tube Fitting, M CONN, 3/8 in. Flow Swagelok SS-600-1-4 - 6

SS Swagelok Tube Fitting, M CONN, 1/4 in. Flow Swagelok SS-400-1-4 - 2

SS Swagelok Tube Union Tee, 1/4 in. Flow Swagelok SS-400-3 - 1

Stainless SS Tube Fitt, Union Tee, 3/8 in. Tube OD Flow Swagelok SS-600-3 - 6

Stainless SS Tube Fitt„ F Branch Tee, 3/8 in. Tube OD x 3/8 in. Flow Swagelok SS-600-3TTF - 1

Stainless SS Tube Fitt, F Connector, 3/8 in. Tube OD x 1/4 in. Flow Swagelok SS-600-7-4 - 1

Stainless SS Tube Fitt,F Connector, 1/4 in. Tube OD x 1/4 in. Flow Swagelok SS-400-7-4 - 1

Stainless SS Tube Fitt, Reducing Union, 1/2 in. x 3/8 in. Flow Swagelok SS-810-6-6 - 5

M20 x 1.5 Nickel Plated Brass (2 Hole) Gland Flow SealCon CD20M4-MX 1.687.2003.50 1
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Table F.2: Bill of materials - additional items.

Description SubAssy Vendor Vendor Part Number Mfr Part Number BOM Qty

M20 x 1.5 Nickel Plated Brass (3 Hole) Gland Flow SealCon CD20M5-BR 1697200450 1

1-1/4 x 2 in. Steel 2-Hole 90-Degree Angle Fitting, Pack of 50 Frame Winlectric AB202 EG 61601301094 14

1-5/8 in. Electro Galvanized Steel 2-Hole 90-Degree Angle Fitt. Frame Winlectric AB201 EG 61601325714 4

1/2-13 channel nuts Frame Winlectric 17442 60198617442 38

1/2-13 channel bolts Frame nan - - 38

3/8-16 channel nuts Frame Winlectric 17420 60198617420 16

3/8-16 channel bolts Frame nan 30980 60198630980 16

1/4-20 channel nuts Frame Winlectric 17430 60198617430 3

Deep strut 10 ft Frame Winlectric - - 3

Shallow strut 10 ft Frame Winlectric - - 2

Strut Hinges Frame McMaster 3505T12 - 2

1x1x.125 angle x 3ft Frame McMaster 8968K12 - -

odyssey extreme agm Power battery mart - PC1200MJ 2

Nickel Plated Brass M20 x 1.5 Standard Fitt. Power SealCon CD20MA-MX 1.610.2000.50 2

T7 Labjack SCADA Labjack T7 T7 1

PS12DC Power Switching Board SCADA Labjack relay board PS12DC 1

CB37 Terminal Board SCADA Labjack expansion card CB37 1

airmar 200/cable/RH sensor SCADA iMarine WS-200WX-RS232-RH WS-200WX-RS232-IPX6 1

RUT956 modem, all carriers US SCADA Digikey 4703-RUT956A00A00-ND - 1

Limit switch Valves Latech/AT-Controls - 22-TX-025/3RDD-XB 5

2" IMC conduit nipples Valves Winlectric - 64325 10

1/2 rigid water-tight conduit hub Valves Winlectric - 91631 10

LP Galvanized Steel Fitt. Valves McMaster 1162T42 - 5

Ex-e 3/4 NPT Nickel Plated Brass Valves SealCon CD21NP-MX 1.687.3499.70 5

Nickel Plated Brass M20 x 1.5 Valves SealCon CD20MR-MX 1.610.2000.51 5

SENSOR SEALED GAUGE 0-200 PSI Flow Digikey 480-5152-ND MLH200PSL01A 2

Fast acting pressure relief valve Flow McMaster 5784T12 - 1

GH10 - 316 Stainless Steel Regulator Flow ITT Conoflow GH10XTHMAXXG - 1

Power supply out 24VDC/1250mA SCADA Digikey 102-6034-ND PYBE30-Q24-S24-DIN 1

Power supply out 12VDC/2500mA SCADA Digikey 102-6032-ND PYBE30-Q24-S12-DIN 1

Power supply out 5VDC/1200mA SCADA Digikey 102-4579-ND PQDE6W-Q24-S5-DIN 1

Power supply out 24VDC/416mA SCADA Digikey 102-3125-ND PYB10-Q24-S24-DIN 1

JUMPER TERM BLK 2POS FLAT PIN SCADA Digikey 277-2115-ND 3030161 10

CONN BACKSHELL 9POS 180DEG SHLD SCADA Digikey 909GME-ND 977-009-020R121 1

CONN D-SUB PLUG 9POS SLDR CUP SCADA Digikey 609-1524-ND DE09P064TXLF 2

CONN TERM BLK DISCONN 10-26AWG SCADA Digikey 277-2034-ND 3046032 5

FUSE MODULAR TERMINAL BLOCK CONN SCADA Digikey 3212172 3212172 1

14" DIN RAIL (35x7.5mm) SCADA Digikey ADR3575-S1400-ND TS3575SL 3

FUSE GLASS 100MA 250VAC 5X20MM SCADA Digikey F1715-ND 0217.100MXP 5

CBL USB2.0 A PLUG TO B PLUG 3’ SCADA Digikey 380-1424-ND SC-2ABE003F 1

CABLE USB RS232 5V WIRE END 1.8M SCADA Digikey 768-1078-ND USB-RS232-WE-1800-BT5.0 1

67



Appendix G

Process and Instrumentation Diagram:

Mechanical

Figure G.1: Process and instrumentation diagram: Mechanical.
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List of Abbreviations

ADED Advanced Development of Emissions Detection

AGM Absorbent Glass Mat

ARPA-E Advanced Research Projects Agency-Energy

AV Actuation Valve

CH4 Methane

CFR Code of Federal Regulations

CM Continuous Monitoring

CNG Compressed Natural Gas

COMMS Communication System

CSV Comma-Separated Values

CO2 Carbon-dioxide

CRR Controlled Release Rig

CSU Colorado State University

CSV Comma Separated Value

DIAL Differential Absorption LiDAR

DFB-QCL Distributed Feedback Quantum Cascade Lasers

DFB-ICL Interband Cascade Laser

DFB-LD Distributed Feedback Laser Diode

EPA U.S. Environmental Protection Agency

FDR False Discovery Rate

FNR False Negative Rate

FNF False Negative Fraction

FPF False Positive Fraction

FP False Positive

FPR False Positive Rate
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GHG Greenhouse Gas

GUI Graphical User Interface

GWP Global Warming Potential

IR Infrared Radiation

IPCC Intergovernmental Panel on Climate Change

OGMP Oil & Gas Methane Partnership

LDAR Leak Detection and Repair

MDL Minimum Detection Limit

MET Meteorological

METEC Methane Emission Technology Evaluation Center

MONITOR Methane Observation Networks with Innovative Technology to Obtain

Reductions

MQTT Message Queuing Telemetry Transport

MPPT Maximum Power Point Tracking

NDIR Non-Dispersive Infrared

NG Natural Gas

O&G Oil and Gas

OGI Optical Gas Imaging

POR Probability of Reporting

PSN Point Sensor Network

PPV Positive Predictive Value

REDOX oxidation-reduction

SMO Semiconducting Metal Oxide

TDLAS Tunable Diode Laser Absorption Spectroscopy

TNR True Negative Rate

TPR True Positive Rate

U.S. United States
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