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Abstract 

A single compressor station site along a gathering line network was monitored for 

fugitive methane emissions to quantify long-term emissions in Appalachia Virginia. Continuous 

monitoring was conducted from January 2021 to April 2021. The compressor station undergoing 

monitoring operated two CAT3516 Tale and one CAT3516 B engines operating at 80% of max 

output flow. Data presented on methane emissions during this period was gathered with an eddy 

covariance monitoring station. This station was equipped with an LI-7700 methane analyzer, LI-

7500A - 𝐶𝑂2/𝐻2𝑂 analyzer as well as a sonic anemometer these sensors could be observed 

remotely through cellular connection. The data is represented in flux output (
µ𝑚𝑜𝑙

𝑠 𝑚2 ) as well as kg 

𝐶𝑂2 equivalence of methane outlined by the EPA greenhouse gas inventory. The average daily 

emissions for this compressor station are estimated to be 136 kg 𝐶𝑂2 equivalent emissions. This 

study shows that the site during the observational period the compressor station emitted on 

average are estimated to be 5.43 kg of 𝐶𝐻4 per day.  
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General Audience Abstract 

There has been an increased interest in quantifying and recording methane (𝐶𝐻4) 

emissions among all sectors. A main focus of interest among methane is to understand fugitive 

gasses and emissions resulting from the natural gas sector. Leaks along pipelines are most likely 

occurring at connection points between components. This study aimed to continuously monitor a 

pipeline compressor station in Appalachia Virginia. Compressor stations are just one component 

of the pipeline network as well as the natural gas production and delivery chain attributed with 

𝐶𝐻4 emissions.  

To monitor methane emissions at the site a stationary eddy covariance monitoring station 

was installed that was equipped with an open path methane analyzer, open path 𝐶𝑂2 & 𝐻2𝑂 

analyzer, and a sonic anemometer. The data gathered was used to calculate the flux of methane 

which is the amount of methane being generated or absorbed by the area of interest. The goal of 

this study was to continuously monitor methane emissions of a natural gas compressor station. 

Data presented in this study was collected from January 2021 to April 2021. Data was presented 

in the flux output (
µ𝑚𝑜𝑙

𝑠 𝑚2
) as well as kg 𝐶𝑂2 equivalence of methane outlined by the EPA 

greenhouse gas inventory. 
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Chapter 1. Introduction 

1.1. Background 

Climate change is moving to the forefront of legislative and commercial policies, as 

governments and corporations try to gain a better understanding of greenhouse gas emissions 

along with reducing emissions. These entities want to gain more data by quantifying emissions at 

the source level to better understand environmental impacts. The Environmental Protection 

Agency (EPA) is the federal agency tasked with regulating various emissions. The key 

greenhouse gasses monitored by the EPA are Carbon Dioxide (CO2), Methane (CH4), Nitrous 

Oxide (NO), and fluorinated gases (IPCC 2013). The largest quantity emitted is CO2 but it does 

not present the greatest environmental impact. Methane in the atmosphere is considered by the 

EPA to have a 25 times greater impact on global temperatures over the 12-year atmospheric life 

span Methane has over the next 100 years compared to Carbon Dioxide (Inventory of U.S. 

Greenhouse Gas Emissions and Sinks: 1990–2019 2021 p. 1-10). Methane emissions are 

produced naturally as well as through human activities. The sectors identified by the EPA (2021) 

in its emissions report for 1990-2019 as the largest producers of methane include energy, 

agriculture, and waste management sectors (Inventory of U.S. Greenhouse Gas Emissions and 

Sinks: 1990–2019 2021).  

Methane is naturally released when biomaterial decomposes, as well as a byproduct of 

some ecosystems. The scale of decomposition is increased in industrial landfills where heat 

generated from decomposition increases the rate of generation of methane. Modern regulations 

require some landfills to capture methane which is then used as a commercial product used by 

corporations and residents (Environmental Protection Agency 2021, September). During active 
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dumping decomposition starts with and continues long after the landfill use is discontinued and 

is covered. Landfill emissions account for 17% of the methane generated in the US in 2019 

according to the EPA (Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990–2019 

2021). 

 

Figure 1:1 Covered Landfill with Gas Ventilation Pipes 

Agricultural practices within the sector produce methane through raising livestock and 

managing the manure. The agricultural sector is the largest emitter accounting for 36% of annual 

methane produced in 2019 when enteric fermentation for Commercial Livestock and Manure 

management are combined (EPA, Overview of Greenhouse Gases 2021). Livestock produces 

methane during the digestive process also known as enteric fermentation that accounts for 27% 

of annual methane produced by the U.S. (EPA, Overview of Greenhouse Gases 2021). 

Management of agricultural animal manure accounts for 9% of annual Methane released in the 

U.S. according to the EPA GHGI Report (EPA, Overview of Greenhouse Gases 2021).  This 
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sector sees the least amount of regulations in regards to emissions because of the difficulty in 

reducing each animal’s individual emissions.  

 

Figure 1:2 Natural Gas Compressor Station (image courtesy of Richard Bishop) 

Natural gas and petroleum sectors are the second-largest emitters at 30% of annual 

methane generation. These systems generate methane due to the process of extraction and 

transportation of natural gas as well as the generation of energy. From 1990-2019 the EPA has 

estimated that methane from the energy sector has decreased by 25.9 % (EPA, Overview of 

Greenhouse Gases 2021). According to the EPA (2021, October) national methane emission 

spanning all sectors has reduced 13.9% between 1990 and 2019. This has been facilitated 

through stricter federal and state regulations on most sectors. In addition to government oversite, 
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companies have taken the initiative to self-regulate emissions as well as implementation of 

emerging technologies into their practices.  

 

Figure 1:3 U.S. Emissions of Methane from 1990-2019 by Sector. Data from Inventory of U.S. Greenhouse Gas 

Emissions and Sinks: 1990–2019 2021 

1.2. Methane and Natural Gas sector  

The United States has 72 million natural gas consumers (AGA, 2016). The United States 

consumed more than 30 trillion cubic feet of natural gas in 2020 (EIA, 2021, October). This vital 

resource is delivered by 125 pipeline companies maintaining over 2.5 million miles of pipeline 

(API, 2020). According to the Energy Information Administration (EIA) natural gas provided 

40.5% or 1,617 billion kWh of electricity generated in the United States in 2020 (Frequently 

asked questions (faqs) - U.S. energy information administration (EIA) 2021). The EIA found that 

0

100

200

300

400

500

600

700

800

900

1
9

9
0

1
9

9
1

1
9

9
2

1
9

9
3

1
9

9
4

1
9

9
5

1
9

9
6

1
9

9
7

1
9

9
8

1
9

9
9

2
0

0
0

2
0

0
1

2
0

0
2

2
0

0
3

2
0

0
4

2
0

0
5

2
0

0
6

2
0

0
7

2
0

0
8

2
0

0
9

2
0

1
0

2
0

1
1

2
0

1
2

2
0

1
3

2
0

1
4

2
0

1
5

2
0

1
6

2
0

1
7

2
0

1
8

2
0

1
9

m
ill

io
n

 m
e

tr
ic

 t
o

n
s 

o
f 

ca
rb

o
n

 d
io

xi
d

e
 e

q
u

iv
al

e
n

t 

Year 

U.S. Emissions of Methane 1990 - 2019 

Energy Agriculture Waste Land use Industrial



 

5 

 

nearly 49% of homes in the U.S. use natural gas as the primary heating source followed by 

electricity, which as mentioned previously is partly generated with natural gas (EIA, 2018). This 

vast network of pipelines expands across the U.S. and is an efficient distribution system to move 

large volumes of natural gas relatively safely. These pieces of infrastructure need approval from 

local, state, and in some cases federal agencies to operate. Pipeline construction and operation is 

strictly regulated by governmental bodies. New pipeline construction faces difficulties in gaining 

approval from local stakeholders, due to the negative stigma surrounding pipeline safety. 

Operators are required to disclose the locations of pipelines to the National Pipeline Mapping 

System (NPMS) (Why must I submit pipeline data to the NPMS? 2021).  

 

Figure 1:4 CAT3516 Tale Unit at Compressor Site  



 

6 

 

Natural gas is produced by drilling into deposits. Extracted natural gas is then transported 

through gathering lines to processing centers which have separation tanks. These tanks are used 

to separate the gas from water and oil, resulting in pipeline quality gas. Natural gas is then 

moved from the processing center through distributing lines the power plants, reserves and to 

municipalities.  

Pipelines require regular maintenance and undergo annual inspections using a variety of 

techniques and technologies. Pipelines like any other mechanical system are subject to damage 

or failure without continuous inspection. Failure can be caused by the continuous exposure to the 

elements as well as extenuating circumstances. Pipeline companies have a financial incentive to 

maintain the integrity of their distribution network as leaks can cut into profits as well as result in 

more mechanical failures as well as fines associated with not maintaining regulatory standards. 

Natural gas is moved through the pipelines by compressor stations which maintain the optimal 

pressure levels to maintain directional flow in the pipeline. Leaks can result in a loss in pressure 

causing the engines to run at a higher RPM, which increases the chance of mechanical failure as 

well as burning more fuel. Additionally, leaks of a large size present a possible safety hazard. 

Leaks can result in explosions and fires when concentrations of methane reach 4-15% (Chemical 

Composition of Natural Gas 2017). Leaks along natural gas pipelines also emit methane as well 

as other greenhouse gases. When this occurs it is referred to as a fugitive emission. Natural gas 

on average is composed of 70-90% methane (Background 2013). Leaks can be of varying sizes, 

some are not an immediate threat but still require repair.  
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Figure 1:5 Photo of components present at the compressor site 

The most common cause of fugitive gas emissions along a pipeline is at compressor 

stations. This is because leaks occur at connection points between components such as valves a 

compressor station depending on size could have hundreds of connection points. Seals, O-rings, 

and gaskets are the main cause of leaks because they are the most susceptible to fatigue or failure 

during regular operation. Corrosion is another common failure condition that occurs due to 

standard operation of metal materials (Razvilka 2008). Various components used in the 

construction of natural gas pipelines are mandated and inspected by various government 

agencies. These mandated components are intended to reduce the risk and increase pipeline 

safety. These components could be structural in nature such as a required number of supports or 

metal composition. They are also in some cases required to reduce fugitive emissions from a 

component that is partial to fatigue.  
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Figure 1.2.3 Pipeline Valve at the Site 

1.3.  Government Oversight 

The U.S. Environmental Protection Agency (EPA) works with the scientific community 

as well as the natural gas sector to increase the quality of data that is used when it estimates the 

U.S. Greenhouse Gas Emissions Inventory (GHGI). The EPA has various methods of 

quantifying the expected emissions from compressor stations. These include using the 

manufacturer emissions estimate for the largest emitter such as the engines using the amount of 

methane moved through the station. An additional method used to estimate site emissions is to 

provide an emissions coefficient to each component used at a site (EPA, Updates Under 

Consideration to Natural Gas Underground Storage Well Emissions 2020). These coefficients 

are added together to achieve an estimated fugitive leak value. The methane emissions data 

represented in the U.S. GHGI for the natural gas sector is disputed due to the lack of empirical 

emissions data. It can be difficult to accurately quantify the methane emissions of the large 

natural gas network when inspections of stations are conducted infrequently and over a short 
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time period. The data gathered by the GHGI will influence the development of new regulations 

and in turn how the natural gas industry operates.   

1.4. Corporate Interest 

Government agencies such as the EPA regulate the pipeline companies in efforts to 

reduce the probability as well as the threat of leaks. Consumers and lawmakers are becoming 

more environmentally conscious, resulting in more regulation within the energy sector. 

Regulations can range from approved materials and components for use in new pipeline 

construction. In addition, regulations can require the replacement of components to meet new 

standards as well as requiring inspections records for sites. Regulations are trying to address 

greenhouse gas emissions which are considered to be a major contributing factor to global 

warming. Governmental agencies are raising the regulatory standards on the natural gas industry 

requiring them to maintain their pipelines and understand vulnerabilities associated with site 

operations. Regulations on the energy sector aim to focus on the quantification and reduction of 

fugitive gas emissions of methane generated along the network. These pipelines are managed by 

various commercial utility companies. To maintain pressure in a pipeline the natural gas is 

required to re-pressurize at a compressor station. The industry uses large engines which take gas 

from the pipeline pressurize it and then reinjects it into the system. The natural gas system is 

so large it can be difficult to monitor the entire network. With this in mind over 86 natural gas 

companies have joined the American Petroleum Institute’s (API) Environmental Partnership, 

which aims to increase responsible management practices to reduce leaks through self-

regulating. This group works to share their knowledge on efficient ways to improve leak 

prevention and remediation.  
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Corporations value safety and share strategies to operate safely. API shares a pipeline 

safety management system referred to as API RP 1173. This program focuses on internal as well 

as external stakeholder education. Internally this program obtains buy-in from management, 

focuses on understanding risk, how to limit risk, conduct internal review, training, and 

documentation (API RP 1173 – Pipeline Safety Management Systems 2020). These steps can 

help reduce and maintain low levels of risk on sites. To engage the stakeholders this program 

provides assurances and demonstrates through documentation that the operator is committed to 

safety.   
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Chapter 2. Monitoring Methods 

2.1.  Introduction 

There are a multitude of methods utilized to accurately detect methane. Some of these 

technologies focus on identification of leak locations, while others are used to quantify the leak 

emissions. These technologies are implemented using stationary and handheld devices designed 

to perform specific detection tasks. These devices have individual strengths and weaknesses 

when it comes to identifying leak location and quantification. These devices are consistently 

evolving and becoming more accurate, efficient and cost effective. 

 The EPA uses the Leak Detection and Repair (LDAR) Program to identify and reduce 

fugitive gas leaks. This program has five components that guide reducing leaks at sites for 

operators as well as inspectors. The LDAR program is a work practice that uses an order of 

operations for identifying components, leak definition, monitoring components, repairing 

components and record keeping. The EPA LDAR program method 21 (1998 EPA 305/B-98/011) 

which in most cases implements a VOC (Volatile Organic Compound) Analyzer. VOC are a 

group of compounds that can be hazardous, this category includes methane. A VOC Analyzer is 

a handheld device that uses catalytic, oxidation, flame ionization, infrared absorption, and 

photoionization to detect fugitive emissions with a high degree of accuracy (ECFR :: Appendix 

A-7 to part 60, Title 40 -- test methods ... 2021). Most of the techniques require the surveyor to 

physically touch each component of interest at a site with the probe. The EPA recommends use 

of these sensors due to the fact that they have the capability of accurately identifying leak 

locations, as well as providing insight onto the severity of emissions. LDAR Method 21 is time 



 

12 

 

consuming, resulting in these inspections typically only being completed on a semiannually basis 

at each site.  

A few of the emerging technologies used to detect methane and other GHGs are infrared 

thermal imaging (IR), and laser absorption spectroscopy (LAS). These sensor technologies are 

used in a variety of techniques. LAS techniques utilize a system of sensors to estimate quantities 

of GHG with methods such as eddy covariance, and tracer gas. Regulators have a differing 

criteria compared to industry pertaining to preferred sensing devices. Industry focuses on ease of 

use, and value while maintaining regulatory compliance. While regulators focus on data quality 

and leak identification (Mikel, 2018). Industries as well as the EPA continuously look to new 

technologies, or techniques to aid in identifying and quantifying leaks.  

2.2.  Technology 

2.2.1. Flame Ionized Detector (FID)  

Flame ionization detectors are the most abundant EPA LDAR program qualified 

sampling devices. These devices used a closed path system that pulls a sample through a 

hydrogen-air flame test chamber (22 The flame ionization detector 2001). The VOCs percent in 

the sample are burned creating positively charged ions. The detector works by forcing the 

created ions to pass over an electrode. The detector outputs a gas concentration proportional to 

the number of ions that interact with the electrode. This device requires regular pre-sampling 

calibrations as environmental factors such as humidity and temperature can alter the sensitivity. 

Additionally, these devices require regular maintenance as the ions created by the hydrogen 

flame can interfere with the sampling. 
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Operators of FID must place the nozzle of the sampling probe on the component of 

interest. This process is very time consuming and does not provide insight on overall site 

emissions. Some detectors on the market log outputs during an inspection but these devices are 

used primarily for identifying leaks and determining severity. The output data only provides a 

small insight into the overall emissions of the leaking component (22 The flame ionization 

detector 2001). 

2.2.2. Thermal Imaging 

Optical Gas Imaging (OGI) is currently the only way to visualize fugitive gas leaks. This 

method is preferred by site technicians in identification of leak locations within the natural gas 

sector. OGI devices are preferred because they do not require recalibration and technical 

experience is not needed to operate. Additionally, the displays make data interoperation easy. 

This method has been approved for use in maintaining EPA regulatory compliance in regard to 

leak detection at some sites. The limitation to OGI is that in most cases there is very limited 

numerical data on the emission quantity or rate. This technology is at a point where it can be 

obtained at various cost levels with varying quality of components. Higher quality IR Cameras 

utilize more sensitive detectors that can determine more minuet changes. Display resolution can 

be a key factor in being able to identify a leak. Expensive screens have more pixels that show 

greater detail. 
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Figure 2:1 Image captured from FLIR camera (image courtesy of Richard Bishop) 

OGI devices use one of two types of infrared (IR) imaging these are passive and active. 

As the name suggests passive imaging detect IR radiation without influencing or altering the 

ambient radiation. Active IR Imaging implements an IR laser to influence the environment to 

make gas more visible to the detector. Both passive and active IR imaging cameras implement 

the same internal components to detect infrared energy and visualize the readings on a display. 

Each IR imaging camera is design for a specific spectral band to detect certain GHG. Cameras 

design to observe methane operate with a spectral filter that limits the range to 3.2-3.4 µm 

(FLIR, 2021).  
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Figure 2:2 Design of Optical Gas Detector (FLIR, 2021) 

Although OGI can be easy to operate, there are a few limitations. These can include but 

not limited to environmental factors affect devices ability to detect leaks, limited data set, and 

time consuming. This method is faster than the previous standard for EPA Method 21 but still 

requires the operator to maneuver and focus on each component at a facility. A leak can occur 

immediately after an inspection and not be noticed until the next required inspection. This also 

results in site operators not conducting inspections more often than required due to the time it 

takes. OGI provides information to an inspector or site operator to take action and repair leaks. 

Environmental factors can influence the minimal detectable leak such as length of survey, the 

weather conditions, and site layout. Faster surveys have been proven to result in less accurate 

results (Zimmerle 2020). High wind speeds can make a leak appear small or result in it appearing 

so small on the display that the operator doesn’t observe it. Areas with complex piping can 

obstruct leaks or leak locations.  
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Figure 2:3 FLIR camera used to inspect site  

2.2.3.  Laser Spectroscopy 

Laser based sensors are becoming more affordable and specifically built for GHG 

emissions sampling. These devices implement various types of sampling methods but utilize the 

same technology. Spectroscopy refers to the interaction of matter and light (Paschotta, 

Spectroscopy 2020). Lasers are frequently utilized as the source of light due to its modularity. 

Developers can tune aspects of a laser such as wavelength and frequency. The most used method 

of laser spectroscopy in GHG devices is Laser Absorption Spectroscopy (LAS). The main 

techniques to perform LAS are direct, and frequency modulation spectroscopy. The basic 

principle shared by both techniques is that the difference in laser light pre and post the sample 

path is used to determine details about the sample. The absorption can be interred as a function 

of the wavelength. 
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When performing direct absorption spectroscopy, the laser is fixed to a single-frequency. 

This method uses a laser splitter to observe the difference in optical power of a beam that has 

passed through a sample region against a reference beam to obtain a measurement. Direct 

absorption spectroscopy has limited sampling ability due to the single-frequency causing large 

amounts of sampling noise. Laser noise can be eliminated with the use of modulation in 

frequency. 

Frequency modulation spectroscopy also known as wavelength modulation spectroscopy 

as the name implies is a method that modulates a lasers frequency over a certain band. This 

modulation of the frequency allows the sample region to be tested multiple times. This allows for 

the laser noise to be reduced through comparable data which increases the sensitivity of the 

sensor. To furthermore reduce noise the sample path can be increased. This is done by increasing 

the number of times the laser passes through the sample.   

Laser Spectroscopy can be implemented in two main configurations for analyzers; these 

are categorized as closed and open path. Closed path LAS sensors use vacuum pumps to pull 

samples from the environment into a test chamber. The laser travels through the test chamber to 

determine details about the sample. An open path system does not have a test chamber. The 

laser's sample path passes through the environment to a mirror. Open path sensors are considered 

to be more reliable and efficient than closed path. 

LAS can be used in many applications. They allow for rapid response leak detection, as 

well as continuous monitoring. LAS are a very compact system that can fit into a small form 

factor. The mobile analyzers allow for various sampling techniques such as handheld or aerial. 

Although mobile devices quantify leaks the time series is correlated to the time the operator 
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maintains focus on a component. Stationary analyzers can be used to perform long term 

environmental investigations. 

 

Figure 2:4 Openpath Handheld Laser Methane Mini 

A few techniques of using LAS for gas analyzing is tracer gas sampling and flux 

calculations. Tracer gas sampling is the method of releasing a known quantity of a tracer gas 

such as propane and Nitrous Oxide (Lilly, 2006). The analyzers have the ability to sample for 

multiple gases in the test chambers. This method assumes the percentage of trace gas detected is 

equivalent to the 𝐶𝐻4 and/or 𝐶𝑂2 present. The analyst can then calculate the overall GHG 

released by the environment during the test period.  Flux is defined as the gas exchange in a 

defined environment. Flux measurements are taken continuously while trace gas sampling is 



 

19 

 

conducted periodically. The tracer gas used to estimate emissions are greenhouse gases thus it 

would be unethical to continuously release it into the environment.  

2.3. Conclusion 

When industry members determine which type of sensor to be used at a site they 

determine value of by comparing the cost vs effectiveness. This cost value it not just the initial 

capital required to purchase the sensor, but the operating cost of that device. Industry prefers 

optical sensing methods when applicable because they remain compliant while providing 

reduced operating costs associated with leak detection. An employee conducting a survey can 

from a distance inspect multiple components. Stationary sensors are a tool to use to help estimate 

annual site emissions while requiring very little operating cost after acquisition. The LDAR 

program has standards for VOC analyzers to reduce data uncertainty and have consistency in 

reporting.  

A list of key criteria of performance was developed to determine the most applicable 

sensor device for this study. The list of criteria was formulated to identify which device would be 

able to execute the key objective of the research project. The main objective which is to quantify 

the methane 𝐶𝐻4 concentrations at a remote compressor station. First, to quantify emissions, the 

data collected must be represented by a numerical value. To obtain a better estimate of emissions 

the sensor must collect data over a large time series. The device would need to be robust and 

reliable, and able to withstand a variety of meteorological conditions. Additionally, due to the 

remoteness of the site the sensor should function autonomously requiring minimal to no user 

input after initial deployment. A decision matrix was used to determine which of the discussed 

sensing methods and techniques would be optimal.  
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Table 2:1 Decision Matrix: Weight table located in Appendix 

Options Cost Robustness Autonomy Time Series Data Quality Score Rank 

Eddy Co 1 4 4 5 3 17 1 

Tracer Gas 1 3 3 3 4 14 2 

Hand LS 4 5 1 1 3 14 3 

Flame Ionized Detector 3 5 1 1 3 13 4 

Optical Sensor 3 5 1 1 2 12 5 

 

It was determined that eddy covariance using laser absorption spectroscopy would be 

able to fulfill the objective. Eddy covariance computes the exchange of molecules or flux over a 

specified area which is data that can be further investigated. In order to compute a flux the data 

set must have a large time series. To properly understand the flux of a specified region there 

needs to be large abundance of data. A stationary sensor has the ability to sample a region 

without operator input. Eddy covariance has a large upfront cost to obtain the system of sensors 

required to accurately calculate flux. There are multiple commercial post processing software 

that can reduce the time it takes to interoperate the data gathered. Eddy covariance sensors are 

regularly used to conduct GHG flux calculations in remote agricultural and landfill locations. 

These sensors are designed to be robust and reliable while being left in the field for long periods 

of time.  
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Chapter 3. Site Setup 

3.1. Site Description 

Data from this site was acquired with one eddy covariance monitoring station. The station 

was located in South West of Virginia in the Appalachian Mountains at a natural gas gathering 

line compressor station. This station operates two CAT3516 Tale and one CAT3516 B engines. 

Manufacture emission data for the CAT3516 is provided in the appendix B. During normal 

operating procedures these engines are functioning at 80% of their maximum output. This 

compressor station site on average with all engines operating will move 13,000 thousand cubic 

feet (MCF) of natural gas a month. The site is in a large opening that is surrounded by trees. The 

nearest road is 85 m from the monitoring station location. There are limited allowable locations 

for the temporary monitoring station that do not interfere with site safety or operation.  

 

Figure 3:1 Aerial Site View (image courtesy of Richard Bishop) 
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3.2. Sensory Components 

The monitoring station was build using LI-COR Biosciences as well as R.M. Young 

Company components that are designed and intended to perform eddy covariance measurements. 

These systems are integrated through the LI-7550 analyser control unit that compiles and stores 

data from all the sensors. These files are stored electronically as GHG files. 

Table 3:1 Monitoring Station Components (LI-COR, 2016) (LI-7500A-Brocure) (R.M. Young Company, 2008) 

Data Sensor Manufacturer Sampling Rate 

𝐶𝐻4 LI-7700 LI-COR Biosciences 10 Hz 

𝐶𝑂2& Water Vapor LI-7500A LI-COR Biosciences 10 Hz 

Wind speed, 

Direction, & sonic 

temperature 

Young 8100VRE 

Sonic Anemometer 

R.M. Young Company 10 Hz 

 

The LI-7700 LI-COR Methane analyser is an open path LAS sensor that measures 

methane concentrations. The laser used in the analyser becomes saturated at 40 ppm of methane, 

typical ambient methane is around 1.5 ppm to 5 ppm. It has high speed and precision capabilities 

of 5 ppm at 10 Hz. The analyser can take measurements at 10 Hz up to 20 Hz. This system has 

an onboard wash system to keep the bottom mirror clean to maintain signal strength. 

Additionally, it is equipped with a heater to keep snow and ice from forming on the reflector. It 

is designed to operate -12℃ to 50℃ (LI-COR , 2016) .This sensor has an optical path of 0.5m 

which is traveled 60 times for a total sampling path of 30m (LI-COR , 2016).  

 

 

Table 3:2 LI-7700 Analyzer Details (LI-COR, 2016) 
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Component LI-7700  

CH4 Temp Pressure 

𝑀𝑚𝑜𝑙

𝑚3 ,  
µ𝑚𝑜𝑙

𝑚𝑜𝑙𝑑
, 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑎𝑛𝑐𝑒 ℃ kPa 

 

The LI-7500A is a 𝐶𝑂2 and water vapor analyser using non-dispersive infrared detection. 

Infrared radiation is emitted from the base and travels a sampling path of 12.5 cm with a beam 

diameter of 8 mm. Concentrations data can be output at 10 Hz – 20 Hz. High speed and precision 

0.11 ppm 𝐶𝑂2 and 00.47 ppt 𝐻20  at 10 Hz. This analyser was designed to operate from -25℃ to 

50℃  (LI-7500A-Brocure). To maintain signal strength the analyser is installed at an angle to 

prevent water from conjugating on focusing lens. 

Table 3:3 LI-7500A Analyzer Details (LI-7500A-Brocure) 

Component LI-7500A 

CO2 H20 Temp Pressure 

𝑀𝑚𝑜𝑙

𝑚3 ,
µ𝑚𝑜𝑙

𝑚𝑜𝑙𝑑
, 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑎𝑛𝑐𝑒 

𝑀𝑚𝑜𝑙

𝑚3 ,
𝑚𝑚𝑜𝑙

𝑚𝑜𝑙𝑑
, 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑎𝑛𝑐𝑒 ℃ kPa 

Young’s 8100VRE Sonic Anemometer measures the wind speed, wind direction and 

sonic temperature. A sonic anemometer sends ultrasonic sound waves between receivers. The 

time for the wave travel between transducers is known in a controlled environment. The 

difference in the actual reading and the reference is used to determine wind speed. Wind 

direction is acquired by increasing sampling to three dimensions with multiple transducers. Sonic 

temperature can be “derived from speed of sound which is corrected for crosswind effects.” 

(R.M. Young Company, 2008). Anemometer is designed to measuring range for wind speeds are 

0 to 90 mph, wind direction is 360 degrees, and Sonic temperatures are -50℃ to 50℃  (R.M. 

Young Company, 2008).  
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Figure 3:2 Young’s Anemometer and LI-7700 in place at Site (image courtesy of Richard Bishop) 

3.3. Monitoring Station 

The sensors and supporting equipment were mounted to a heavy-duty tripod. The tripod 

was set to the max mounting height for 4 m (13 ft). The tripod requires the instillation of stability 

spikes limiting the allowable deployment locations at the site due to underground cables. The 

tripod had to be placed on level ground to ensure long term placement security. As the area 

around the compressor site has experienced landslides. Other key limiting placement factors 

included access to power as well as prevailing wind direction.  
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Figure 3:3 Monitoring Station Equipped with, LI-7700,LI-7500A, and Young's Anemometer 

3.4. Eddy Covariance 

Eddy covariance is a fixed box flux calculation of environmental exchange. Flux is the 

amount of something that passes through a defined area over time. An area that generates a 

positive net flux is called a source when an environment generates a net negative flux it is 

referred to as a sink. Net flux is the flux over a long period of time. Due to air flow in an 
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ecosystem flux is not constant over an area. Airflow in an ecosystem is driven by heat exchange. 

Heat exchange generates turbulence in which low density hot air rises while cold more dense air 

sinks. This cycle creates an airflow phenomenon known as eddies. These eddies carry particles in 

a vertical circular motion. 

 

Figure 3:4 Depictions of Eddies (Burba, 2013, p.12) 

Eddy covariance measures flux by sampling an eddy moving upward carrying molecules 

up then compares that to an eddy that is moving downward with more or less molecules. This is 

known as vertical flux. The sensor must be placed downwind as wind carries molecules to the 

monitoring station. The area in which the station can sample upwind is known as the fetch. Fetch 

is determined mainly by the height of the sensors, surface roughness and airflow stability.  

Airflow stability is the amount of turbulence or mixing that is occurring. This can change during 

different times a day when the sun isn’t driving as much heat exchange. Surface roughness refers 

to the variance in the geography or canopy upwind of the sensor this can decrease the fetch of the 

analyser. 
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Eddy covariance calculates methane flux using the three sensors placed at the monitoring 

station. This station was placed down wind of the prevailing wind direction determined from site 

operates was North West. Sampling must be at least 10 Hz or sampling rate of 10 times per 

second. This rate is required due to the fact eddies move very quickly and a slower sampling rate 

would not be able to sample the eddy. Additionally, to determine methane flux at the station a 

𝐶𝑂2 / 𝐻2𝑂 analyser is required to correct for water vapor contributions to the 𝐶𝐻4 reading by the 

LI-7700 system when calculating flux. The LI-7200A would also allow for the calculation of 

𝐶𝑂2 flux which was not investigated in this study. The sonic anemometer is used to measure 

wind variables as well as the sonic temperature of the site.  

 

Figure 3:5 Compressor Station (image courtesy of Richard Bishop) 

The fundamental principle of eddy covariance is to generate a correlation between 

concentration of interest and vertical wind speed (Burba, 2013). Eddy covariance operates at 10 

hz so that the small eddies passing through the monitoring station can be sampled. First the 

station will sample an eddy carrying a pocket of air down while sampling wind speed. Then the 
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station will sample an upward eddy transporting a pocket of air at a known wind speed. These air 

pockets contain independent characteristics such as gas molecules, temperature, and humidity. If 

we compare the two pockets of air we can determine vertical flux of gas molecules of interest as 

well as other components of interest.  

The fundamental physical principle of eddy covariance is observing the difference in 

vertical transport of molecules over time in relation to a vertical wind speed (Burda & Anderson, 

2010). This is done by observing a mean flow of air which carries gas molecules through the 

sampling region. The sampling region alters the quantity of molecules in the flow. This can be 

through environmental uptake or release of the molecules. The monitoring station then monitors 

the quantity of molecules present in an upward traveling eddy and comparing it to a downward 

traveling eddy. The difference in molecules present in each eddy will provide the flux. This 

sampling done over a half hour period will be able to estimate the flux of the sampling region. 

Mathematically a vertical flux can be represented as a covariance between measurements 

of vertical velocity, the upward and downward movements, and the concentration of the entity of 

interest [Burba, 2013, eq.1]. This vertical flux of molecules can be represented by a 

mathematical correlation between turbulent flow factors and quantity of molecules. 

𝐹 = 𝜌𝑑̅̅ ̅𝑤𝑠̅̅̅̅                                                                 (1) 

Factors contributing to turbulent flow are vertical transport due to air density (𝜌𝑑) as well 

as vertical wind speed (w). Air density change is driven by heat exchange. To estimate the 

quantity of the molecules of interest its’ dry mole fraction (s) is used. Air density change is 

driven by heat exchange. To estimate the quantity of the molecules of interest its’ dry mole 

fraction (s) is use. Turbulent flow can be mathematically represented by equation (1) which 
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equation (2) eddy flux equation can be derived from. Eddy flux equation [Burba, 2013, eq.2] for 

any gas can be derived from the base flux equation with the assumption that mean vertical flow 

is negligible.  

𝐹 = 𝜌𝑑  ̅̅ ̅̅  𝑤′𝑠′̅̅ ̅̅ ̅                                                                 (2) 
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Chapter 4. Results 

4.1. Introduction 

This Study hopes to provide more insight into the quantity of methane at a compressor 

station along a natural gas pipeline. There is not a standard size or configuration for a natural gas 

compressor station. These results are not representative of all compressor stations. The 

monitoring station was observing three active compressor engines operations at 80% of max 

flow. Monitoring data was continuously compiled into greenhouse gas files (.ghg) for every 

thirty-minute period which are used to generate flux outputs from January 2021 to April 2021. 

The methane mass flux data is represented as 
µ𝑚𝑜𝑙

𝑠 𝑚2   as well as the EPA standard for GHGI of 𝐶𝑂2 

equivalence. 

µ𝑚𝑜𝑙

𝑠 𝑚2
∗ 10−6

𝑚𝑜𝑙

µ𝑚𝑜𝑙
∗ 16

𝑔𝑟𝑎𝑚

𝑚𝑜𝑙
∗ 10−3

𝑘𝑔

𝑔
=

𝑘𝑔𝐶𝐻4

𝑠 𝑚2
 

𝑘𝑔𝐶𝐻4

𝑠 𝑚2
∗ 60

𝑠

𝑚𝑖𝑛𝑢𝑡𝑒𝑠
∗ 30 𝑚𝑖𝑛 =

𝑘𝑔𝐶𝐻4

 𝑚2
 

The EPA uses a conversion factor of 25 which is a representation of the impact 𝐶𝐻4 has 

compared to 𝐶𝑂2 when in the atmosphere. The area used in the conversion is the area of the 

compressor station. This area was estimated to be 4,000𝑚2. The determination of area of interest 

was to include potential leak locations for the site. Time extrapolation of flux was converted to 

an hourly output. To obtain 𝐶𝑂2 𝐸𝑞𝑢𝑖𝑣𝑖𝑎𝑛𝑙𝑒𝑛𝑐𝑒 for Methane eq. 3 [EPA, Overview of 

Greenhouse Gases 2021] is used. 

𝐶𝑂2 𝐸𝑞. = (𝑘𝑔 𝑜𝑓 𝑔𝑎𝑠) 𝑥 (𝐺𝑙𝑜𝑏𝑎𝑙 𝑊𝑎𝑟𝑚𝑖𝑛𝑔 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙)                         (3) 
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4.2. Daily Emissions per month 

The flux is output is in thirty-minute periods complied from 10 samples per second. 

These data points can be ruled not valid if any individual component of the data associated with 

computing the flux in not adequate such as analyzer signal strength. Low signal strength can be 

caused by weather conditions or dust on the reflecting lens. The valid data points can be 

averaged to obtain a daily average of flux. 

 

Figure 4:1 Daily Average Flux in  
µ𝑚𝑜𝑙

𝑠 𝑚2
   for January 2021 
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Figure 4:2 Daily Average Flux in  
µ𝑚𝑜𝑙

𝑠 𝑚2    for February 2021 

 

Figure 4:3 Daily Average Flux in  
µ𝑚𝑜𝑙

𝑠 𝑚2    for March 2021 
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Figure 4:4 Daily Average Flux in  
µ𝑚𝑜𝑙

𝑠 𝑚2    for April 2021 

The average flux reading can be interpreted into the daily emissions by multiply the daily 

average of output by 48 for the total number of half hours in a day.  

Table 4:1 Average Daily Emissions 

Average Daily Emissions 

 

kg 𝐶𝐻4 kg 𝐶𝑂2 Equivalence Flux Output 

January 5.74 144.32 1.038 

February 6.05 143.68 1.095 

March 5.07 125.77 0.916 

April 4.84 121.10 0.917 

 

4.3. Monthly Accumulation 

The daily emissions data can also represent as monthly accumulation. To obtain this 

interpretation of the data the daily 30-minute average of 𝐶𝑂2 equivalent data is multiplied by 48 
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half hours to convert it into 24-hour average of emissions. Daily emissions are then added 

together to acquire the accumulation over the month. 

 

Figure 4:5 Monthly 𝐶𝑂2 equivalent emissions accumulation in Metric Tons 

4.4. Blow off Sampling 

When one of the Engine units undergoes maintenance the line must be depressurized. 

This event is referred to as a blow off. Figure (4.3.1) displays the monitoring stations ability to 

capture the emissions spike associated with blow off and flux decrease during the maintenance 

period on March 3rd 2021. Located in appendix A is a record of maintenance that occurred at the 

site during the testing period. Not all maintenance events resulted in a blow off and 

pressurization of the pipeline.  
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Figure 4:6 Flux Output (µ𝑚𝑜𝑙)/(𝑠𝑚2)  for Blow off Event March 3 2021 0:00 - 23:00 EST 

The flux data output for March 3
rd

 shows that after shutdown there is a dip in methane 

leaving the area. After the large peak during blow off the levels of methane in the area drop 

dramatically.  Once repairs are complete and the engines are turned back on the flux returns to 

similar levels pre shutdown.   

 

Figure 4:7 LI-7700 Methane output Blow off Event March 3 2021 Raw data (µ𝑚𝑜𝑙)/(mo𝑙_𝑑 ) 
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The peak blow off can be observed in the flux data as well as the raw methane reading for 

the monitoring station. The local methane levels drop below pre blow-off levels during the 

shutdown period. 

4.5. Real Time Data Observation 

During this blow off event and other similar peak emission the data was being monitored 

off site in real time. The site operator was notified when methane readings peaked to see if a 

blow off event or maintenance was underway. The real time data with the configuration used in 

this study does not output flux data but the LI-7700 analyzer, LI-7500A analyzer as well as 

Young 8100 anemometer readings can be observed. 

 
Figure 4:8 Interface for remote sensing 
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4.6. Stack Emissions Testing 

On June 22, 2021, all three units located at the site underwent emissions testing for CO, 

NOx, and VOCs. The permitted limits of emissions are based on regulations 40 CFR 60 Subpart 

JJJJ and VADEQ Permit. The Two CATERPILLAR G3516 Tales are permitted to have annual 

VOC emissions of 6.73 tons per year (CECO 2021). The CATERPILLAR G3516 B is permitted 

to emit 3.46 tons of VOC per year (CECO 2021). The emissions testing were conducted to 

determine the annual emissions from the unit's exhaust stack.  

The sampling process was conducted with an emission testing unit produced by 

Compressor Engineering Corporation. The process samples emissions for each unit while 

operating at maximum output for 60-minutes. This is conducted three times to fulfill regulatory 

testing requirements. The samples are pulled into the emissions testing unit from the unit 

undergoing testing. The sample's temperature is maintained as portions of it are distributed to 

various analyzers. During testing it was determined that of the VOCs emitted from the stack 97% 

is methane. 

Table 4:2 Stack Emissions Tests for 40 CFR 60 Subpart JJJJ and VADEQ Permit (CECO 2021) 

 

Stack emissions testing estimates do not account for all sources of methane from a unit 

such as fugitive emissions. The Flux data converted to tons of methane can be compared with the 

results from the stack testing. The average monthly emissions monitored by the eddy covariance 

Make & Model Unit Permitted Emitted

Caterpillar G3516 TALE 41 6.73 0.855

Caterpillar G3516 TALE 42 6.73 0.514

Caterpillar G3516 B 45 3.46 1.062

tons / year
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station were 355 lb. of  𝐶𝐻4. The average monthly emissions can be converted into an annual 

estimate of 2.179 tons of 𝐶𝐻4 per year. Compared to the total emission estimates from the stack 

emissions testing of 2.431 tons of VOC per year (CECO 2021). Of which is estimated to be 

2.351 tons of  𝐶𝐻4. The permitted emissions for the compressor station are 16.92 tons of VOC 

per year (CECO 2021). 

4.7. Errors in Sampling  

Errors in eddy covariance sampling can occur for a multitude of reasons. If the station is 

only operating with a methane sensor and not accompanied by an 𝐻20 analyzer necessary 

corrections will not be made to the output flux data. Water vapor can be interpereted as methane 

by the LI-7700 analyzer but with the LI-7500A analyzer, this can be corrected to achieve a more 

accurate flux.  

 

Figure 4:9 Back of Compressor 
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An error can also result from site setup where objects within the fetch can alter 

downstream flow to the sensor. The obstructions can break larger eddys into a smaller eddys that 

are too small to be captured accuratly by the station. Additionally the fetch distance will decrease 

with an increase in site roughness. Roughness at this site was potentially influenced by utility 

buildings holding tanks, and pipes. The flow of air moving to the sensor could also be influenced 

by turbulence generated for the geographical location of the site. The site is located on a along 

the blueridge mountain range. More turbulent flow could be created by a weather system moving 

over the mountain potentially keeping methane in the area allowing for more mixing near the 

sensor. It could also result in a higher estimates on methane emissions as some methane would 

not be able to leave the area.  
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Chapter 5. Conclusion & Future work 

 

5.1. Conclusion  

Methane monitoring that took place in Dickenson County, Virginia was successful in 

quantifying emissions from a natural gas pipeline compressor station. The sample region 

contained two CAT3516 Tale and one CAT3516 B engines and associated piping. Observation 

began in January 2021 and data provided into April 2021.  Leaks are most likely to occur at 

connection points and valves. Compressor stations have a large abundance of these components 

making them susceptible to fugitive gas leaks.  

To place a value on the emissions from this compressor station we can use a carbon tax. 

A carbon tax is the idea of placing a monitory disincentive to emitting 𝐶𝑂2 into the atmosphere. 

The average carbon tax for emitting 𝐶𝑂2 comparing all nations that have the program 

implemented is approximately $45 per ton (Patnaik & Kennedy, 2021). This site is permitted to 

emit 128.11 tons of 𝐶𝑂2 as well as 423 tons of 𝐶𝑂2 equivalent emissions of 𝐶𝐻4. The permitted 

emissions if subject to a carbon tax would equate to $25,000 per year.  This site based on 

regulatory testing has an estimated annual emissions of 𝐶𝑂2 of 13.4 tons as well as 60.8 metric 

tons of 𝐶𝑂2 equivalent emissions of 𝐶𝐻4. If these emissions were subject to an annual carbon tax 

it would have an estimated cost of $3,340 per year. To recoup capital costs of this eddy 

covariance system alone it would take roughly 20 years.  

It was determined that eddy covariance would be the best sensory system to quantify 

methane emissions. This study supports the decision matrix used to make that determination to 

fulfill requirements of this study, which was to continuously monitor the compressor station for 
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Methane. The eddy covariance monitoring station was able to withstand various weather 

conditions and remain functional during the test period. Data was continuously gathered as .ghg 

files. Data was only missing for days with large amounts of rain or snow. The sensor didn’t 

require physical lens cleaning during this period as the heater and sprayer in combination with 

the spin motor allowed the sensor to maintain high signal strength.   

The station was successfully monitored offsite with observation of real-time methane 

levels at the compressor station. Site monitoring also captured a blow off event, which occurs 

when the lines connected to a compressor undergo depressurization. The site implements a 

system that tracks the amount of natural gas flowing through the station. If the flow decreases 

significantly operators are then notified. Medium to small events can be missed by this type of 

system. In contrast, the monitoring station that was in place was shown to have the ability to 

potentially track these events. This capability to provide real time monitoring can help identify 

leaks to deploy a site operator to perform a site check is a tool companies and agencies can use to 

better utilize staff. The eddy covalence monitoring station provided raw methane readings as 

well as 𝐶𝐻4 flux data. The Flux data was used to quantify the fugitive gas emissions for the 

compressor station.  

The compiled monthly data provided for the months of January 2021 to April 2021 was a 

daily average of methane emissions of thirty-minute period. The average daily output for this 

compressor station is estimated to be 161 kg 𝐶𝑂2 equivalent emissions. The environmental 

impact of this compressor station can be compared to the agricultural sector. Studies have shown 

that on average cattle can emit roughly 100 grams per day or 36.5 kg of 𝐶𝐻4 per year (Prajapati, 

2017). This study shows that the site during the observational period the compressor station 

emitted on average 5.43 kg of 𝐶𝐻4. The 𝐶𝐻4 emissions from the compressor station would be 
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equivalent to the emissions for 54 cattle. It can be determined that 0.06% of the total volume of 

natural gas moved through the site by the three operating compressors was lost each month in 

emissions. No other long-term methane monitoring systems were in place at the research site to 

compare data. It is recommended that further investigation into this compressor stations 𝐶𝐻4 

emissions is conducted. 

I would not recommend the installation of an eddy covariance monitoring station unless 

new regulations mandated that compressor sites deploy a continuous monitoring sensor. The 

capital cost is too large compared to estimated lost in emissions of one site. An eddy covariance 

station could be mobile but would suffer from potential fetch and surface roughness issues. This 

system is expensive, requires setup and preparation to install and can only be used at one site 

during a given time period. Alternatively, a site operator could pay a similar capital cost and 

configure a trailer to preform tracer gas sampling. This trailer could be easily moved from site to 

site allowing for the maximum value. The key components that should be taken to account upon 

placement is wind direction and orienting the trailer in the proper cardinal direction. Although 

this would not be able to continuously approximate the site emissions. It could be operated 

frequently enough to acquire a large enough data set to estimate monthly emissions for each site. 

Further investigation is required to determine how and where to release the tracer gas on a site of 

this size and how to determine how much of all site emissions are being viewed by the sensor.  

 

5.2. Future Work 

Additional research with this sensor and this location is recommended to validate the 

findings of this study. To validate the findings this, study the monitoring could continue with the 
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current station to observe the annual trends. Annual trends could be used to obtain baseline data 

for each month. This project could also be completed with some changes in respect to the site set 

up. A more permanent monitoring station with analyzers at a higher elevation would result in 

better data due the reduce interference from site structures. More tests of this system at a location 

that currently implements a methane monitoring system or to add a tracer gas system to the 

monitoring station to obtain comparable data. Additionally, in conjunction with the DOE monitor 

on the site for an extended period of time would aid in gaining comparative data. The future site 

could have less geographical variables.  

An investigation into the 𝐶𝑂2 data gathered by the monitoring station to glean insight 

into what percentage of the stack emissions the monitoring station detected during the sampling 

period was not completed. It is not recommended to conduct this comparison as there are 

potentially more 𝐶𝑂2 emitters. Additionally it can be difficult determine the absorption of 

𝐶𝑂2 by the surrounding vegetation. 

The compressor site used for this study mostly implements an infrared camera to detect 

and fix leaks. It allows for operators to quickly identify the leak location and to see the extent. 

These cameras have a sensor that can detect thermal radiation. If the technician knows the area in 

which the leak they can quickly identify where a patch needs to be applied. A common 

technology that has various applications is laser absorption spectroscopy. This is using a trained 

laser to detect the amount of a specific gas. These sensors are now being implemented with 

automated drones. 
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Figure 5:1Programmable drone with methane sensor (image courtesy of Richard Bishop) 

A system of monitoring techniques would provide the best fugitive gas detection as well 

as emissions quantification. Each method has its own strengths and weaknesses. Combining 

technologies will reduce greenhouse gas emissions by filling in the gaps between sensor 

capabilities. More research could be done on using the real time data to deploy a drone to 

perform autonomous monitoring of a site. Additionally, further investigation into a mobile 

monitoring station as an alternative to continuous monitoring should be conducted. 
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Appendix A. 

 

Weight Cost Robustness Autonomy Time series Data quality 

1 >40k High risk 0% sparse Bad 

2 <40K 

Above 

Average 25% Sort 

Below 

Average 

3 <30K Average 50% Moderate Average 

4 <20K 

Below 

Average 75% Long 

Above 

Average 

5 <10K Low risk 100% Continuous Great 
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