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Abstract

Anthropogenic methane emissions have been identified as a strategic greenhouse gas emission re-
duction target. In the field of methane emissions research, the scientific consensus is that for a given
methane source category, the majority of cumulative methane emissions are emitted by a small per-
centage of high-emitting sites (i.e., super-emitters). However, distinct methane sources will have
different emission rate thresholds that define a super-emitting site, and could emit methane at lower
rates than what is easily captured by some methane measurement methods. Cumulative methane
emissions from lower-emitting sources can be significant if the site counts (i.e. activity data) are
high. Accurately quantifying methane emissions from all sources, including low-emitting sources,
is a critical component of tracking progress towards methane mitigation goals and reducing emis-
sions. In this thesis, data analysis and field measurements are used to study methane emissions
from abandoned oil and gas wells, historic landfills, manholes, and natural gas distribution sys-
tems, all sources that have relatively low site level emission rates and require direct on-site mea-
surement methods with to accurately capture the full range of emissions distributions and develop
actionable mitigation strategies.

The static chamber methodology, a direct measurement method, was the primary method used
in the field measurements of methane emissions presented in this thesis. We conducted controlled
release experiments and explored the role of chamber design parameters. We found that static
chambers can quantify methane flowrates ranging from 1 to 500 g/hr, which represents the lower
range of emission rates when compared to other methane sources such as active oil and gas wells,

with an accuracy of £14%.
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Within the oil and gas sector, abandoned oil and gas (AOG) wells have the largest activity
data, with >4 million wells in the U.S. and >370,000 in Canada. Methane emissions from AOG
wells were first included in the Canadian and U.S. national inventory reports in 2019, but estimates
were based on a small dataset of 226 direct measurements spread across five U.S. states and no
measurement data from Canada. As such, we analyzed methane emissions from 598 published
measurements, including previously unpublished measurements of methane emissions we made
from 54 AOG wells in Oklahoma and 17 in British Columbia using a static chamber methodology.
We developed attribute- and region-specific emission factors of wells which ranged from 1.8 x 1073
to 48 g/hour of methane for AOG wells in the U.S. and Canada. We estimated that, as of 2020, the
annual methane emissions from AOG wells are 20% higher than inventory estimates for the U.S.
and 150% higher for Canada.

Municipal greenhouse gas inventories have been shown to underestimate their annual methane
emissions when compared to independent research studies. The discrepancy can be, in part, at-
tributed to the missing contributions from smaller diffuse methane sources. To address this ques-
tion, we quantified methane emissions from wastewater utility holes (WUHSs) and historic landfills
in Montreal (Canada), two sources with high population counts and few, if any, direct measurement
data. In addition, we quantified emissions from natural gas (NG) distribution systems within the
city, which is recognized as a significant methane source for cities. We extrapolated the methane
emissions to city-wide estimates and performed a cost-benefit analysis of mitigation strategies. We
estimated that historic landfills and WUHSs, which are methane sources not considered in current
greenhouse gas inventories, emitted 901 (452 — 1,541) and 786 (32 — 2,602) t/yr of methane re-
spectively, making them the second and third highest methane sources in Montreal. We found
that historic landfills have high potential for methane reductions at high mitigation costs, methane
mitigation from WUHs is low-cost but the methods require further research, and increasing repair
rates of NG distribution leaks are a cost-effective mitigation strategy.

Recent studies, including our study on methane emissions for Montreal, showed that biogenic
sources of methane (e.g., WUHs and urban water bodies) were significant sources in cities, despite

not being included in GHG inventories. To address this discrepancy, we directly measured methane

XV



emissions from WUHs and urban water bodies in the Greater Toronto Area (GTA), the largest
urban agglomeration in Canada. We found that annual methane emissions from urban water bodies
totaled 2,737 t/yr of methane, or 26.4% of emissions from agriculture and wetlands, and that
emissions from WUHs totaled 9,122 t/yr of methane, which is more than 10% of the total GTA
methane budget.

Our findings address several knowledge gaps in methane emissions quantification of sources
requiring direct on-site measurements, which are needed to improve greenhouse gas inventories
and guide mitigation strategy development. Overall, multi-scale measurements including direct
measurements are needed to fill gaps in current inventories and improved data sharing can reduce

current limitations and uncertainties.

XVi



Résumeé

Les émissions anthropiques de méthane ont été identifiées comme un objectif stratégique de réduction
des émissions de gaz a effet de serre. Dans le domaine de la recherche sur les émissions de
méthane, le consensus scientifique est que pour une catégorie donnée de sources de méthane, la
majorité des émissions cumulées de méthane est émise par un petit pourcentage de sites fortement
émetteurs (c’est-a-dire les super-émetteurs). Cependant, des sources de méthane distinctes auront
des seuils de taux d’émission différents pour définir un site super-émetteur, et pourraient émettre
du méthane a des taux inférieurs a ce qui est facilement capturé par certaines méthodes de mesure
du méthane. Les émissions cumulées de méthane provenant de sources faiblement émettrices
peuvent €tre importantes si le nombre de sites (c’est-a-dire les données d’activité) est élevé. La
quantification précise des émissions de méthane provenant de toutes les sources, y compris les
sources a faible émission, est un élément essentiel du suivi des progres réalisés pour atteindre les
objectifs d’atténuation des émissions de méthane et pour réduire les émissions. Dans cette these,
I’analyse des données et les mesures sur le terrain sont utilisées pour étudier les émissions de
méthane provenant de puits de pétrole et de gaz abandonnés, de décharges historiques, de trous
d’homme et de systemes de distribution de gaz naturel, toutes sources dont les taux d’émission au
niveau du site sont relativement faibles et qui nécessitent des méthodes de mesure directe sur le
site afin de capturer avec précision toute la gamme des distributions d’émissions et de développer
des stratégies d’atténuation exploitables.

La méthodologie de la chambre statique, une méthode de mesure directe, a été la principale
méthode utilisée pour les mesures sur le terrain des émissions de méthane présentées dans cette

these. Nous avons mené des expériences de libération contrdlée et exploré le role des parametres de
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conception de la chambre. Nous avons constaté que les chambres statiques peuvent quantifier des
débits de méthane allant de 1 a 500 g/h, ce qui représente la gamme inférieure des taux d’émission
par rapport a d’autres sources de méthane telles que les puits de pétrole et de gaz en activité, avec
une précision de +14

Dans le secteur du pétrole et du gaz, les puits de pétrole et de gaz abandonnés (PGA) représentent
la plus grande partie des données d’activité, avec 4 millions de puits aux Etats-Unis et 370 000 au
Canada. Les émissions de méthane provenant des puits PGA ont ét€ incluses pour la premiere fois
dans les rapports d’inventaire nationaux du Canada et des Etats-Unis en 2019, mais les estimations
étaient basées sur un petit ensemble de 226 mesures directes réparties dans cinq Etats américains
et sur aucune donnée de mesure provenant du Canada. Nous avons donc analysé les émissions de
méthane a partir de 598 mesures publiées, y compris des mesures inédites d’émissions de méthane
que nous avons effectuées sur 54 puits PGA en Oklahoma et 17 en Colombie-Britannique a 1’aide
d’une méthode de chambre statique. Nous avons élaboré des facteurs d’émission spécifiques aux
attributs et aux régions des puits, allant de 1,8x 1073 a 48 g/heure de méthane pour les puits PGA
aux Etats-Unis et au Canada. Nous avons estimé qu’a partir de 2020, les émissions annuelles de
méthane provenant des puits PGA sont supérieures de 20 % aux estimations de 1’inventaire pour
les Etats-Unis et de 150 % pour le Canada.

Il a été démontré que les inventaires municipaux de gaz a effet de serre sous-estiment leurs
émissions annuelles de méthane par rapport aux études indépendantes. Cet écart peut €tre en partie
attribué a 1’absence de contribution des petites sources diffuses de méthane. Pour répondre a cette
question, nous avons quantifié les émissions de méthane provenant des regards d’eaux usées (REU)
et des décharges historiques de Montréal (Canada), deux sources qui comptent un grand nombre
d’habitants et pour lesquelles les données de mesure directe sont rares, voire inexistantes. En outre,
nous avons quantifié les émissions des systemes de distribution de gaz naturel (GN) dans la ville,
qui sont reconnus comme une source importante de méthane pour les villes. Nous avons extrapolé
les émissions de méthane pour obtenir des estimations a I’échelle de la ville et effectué une analyse
colits-avantages des stratégies d’atténuation. Nous avons estimé que les décharges historiques et

les REU, qui sont des sources de méthane non prises en compte dans les inventaires actuels de gaz
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a effet de serre, émettaient respectivement 901 (452 - 1 541) et 786 (32 - 2 602) t/an de méthane,
ce qui en fait les deuxieme et troisieme sources de méthane les plus importantes a Montréal. Nous
avons constaté que les décharges historiques présentent un fort potentiel de réduction du méthane a
des colits d’atténuation élevés, que I’atténuation du méthane provenant des REU est peu coliteuse
mais que les méthodes nécessitent des recherches supplémentaires, et que 1’augmentation des taux
de réparation des fuites de distribution de gaz naturel est une stratégie d’atténuation rentable.

Des études récentes, y compris notre étude sur les émissions de méthane a Montréal, ont montré
que les sources biogéniques de méthane (par exemple, les REU et les plans d’eau urbains) étaient
des sources importantes dans les villes, bien qu’elles ne soient pas incluses dans les inventaires de
gaz a effet de serre. Pour combler cette lacune, nous avons mesuré directement les émissions de
méthane provenant des REU et des plans d’eau urbains dans la région du Grand Toronto (GT), la
plus grande agglomération urbaine du Canada. Nous avons constaté que les émissions annuelles
de méthane provenant des masses d’eau urbaines s’élevaient a 2 737 t/an de méthane, soit 26,4 %
des émissions provenant de I’agriculture et des zones humides, et que les émissions provenant des
REU s’élevaient a 9 122 t/an de méthane, soit plus de 10 % du budget total de méthane de la région
du GT.

Nos résultats comblent plusieurs lacunes dans la quantification des €émissions de méthane des
sources nécessitant des mesures directes sur site, qui sont nécessaires pour améliorer les inventaires
de gaz a effet de serre et guider 1’élaboration de stratégies d’atténuation. Dans I’ensemble, des
mesures a plusieurs échelles, y compris des mesures directes, sont nécessaires pour combler les
lacunes des inventaires actuels et un meilleur partage des données peut réduire les limitations et

les incertitudes actuelles.
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Chapter 1

Introduction

1.1 Introduction

Anthropogenic methane emissions have been identified as a strategically integral mitigation target
to meet both long-term and short-term climate neutrality goals such as those outlined in the Paris
Agreement. Methane is a potent greenhouse gas (GHG) with a global warming potential 84-87
times stronger than CO; over a 20-year period (IPCC, 2022). Global concentrations of methane
have been rising (Nisbet et al., 2019) without a clear consensus on the relative contributions from
specific anthropogenic sources and/or sectors (Turner et al., 2019). Generally, methane measure-
ment data is used to calculate annual methane emissions by multiplying average methane emission
rates (i.e., emission factors) by total site counts (i.e., activity data) (Calvo Buendia et al., 2019).
Furthermore, the methodological guidelines provided by the Intergovernmental Panel on Climate
Change highlight the importance of using country-specific emission factors for emissions esti-
mates. Even within a country, substantial regional variations have been observed. In an effort to
quantify methane emissions and identify targets for mitigation, there have been multiple studies
published in the past few decades that have quantified methane emissions from different sectors,
across a wide range of spatio-temporal scales, and using a variety of different methodologies (Na-

tional Academies of Sciences, Engineering, and Medicine and others, 2018). These methodologies



all offer their own strengths and disadvantages, which depend on the characteristics of the methane
sources.

Methane emissions are quantified using a range of different methods which can be classified,
in general, as either indirect or direct measurement methods (National Academies of Sciences, En-
gineering, and Medicine and others, 2018). Most recent published literature has focused on testing
indirect measurement methods (e.g., Robertson et al. (2017); Heltzel et al. (2020); Aubrey et al.
(2013); Fox et al. (2019, 2021)). Fewer studies have tested and quantified the accuracy of direct
measurement methods such as the static chamber method (Riddick et al., 2022; Pihlatie et al., 2013;
Christiansen et al., 2011; Ravikumar et al., 2017). Indirect methods involve the quantification of
methane emissions away from the source(s) of emissions, whereas direct methodologies involve
the direct measurement of methane emissions from a source and then the extrapolation of those
measurements over a larger population of sites (Vaughn et al., 2018). The advantages of indirect
methods are that all methane emissions within the sampling footprint are measured giving a high
probability of capturing super-emitting sites, that indirect methods have few logistical constraints
such as site access requirements, and that a large number of sites can be measured rapidly rela-
tive to direct methods. The disadvantages of indirect measurements are higher limits of detection
(>10 g/hour) when compared to direct methods, lower accuracy in terms of quantification, and
challenges in source attribution at the component/equipment (i.e., individual source) level (Fox
et al., 2019). Alternatively, direct methane quantification methods are labour-intensive which re-
stricts the amount of sites that can be measured, suffer logistical constraints such as site access
requirements, and risk missing sources. However, direct measurement techniques offer higher
quantification accuracy when compared to indirect methods, the ability to attribute methane emis-
sions at the equipment/component level, and lower limits of detection. Accurate source attribution
at the equipment/component level can be especially important for identifying specific discrepan-
cies between measurements and greenhouse gas inventories (Rutherford et al., 2021). In addition,
the lower limits of detection of direct methods is necessary for quantifying methane sources with

relatively low emission factors.



There are two common findings throughout methane measurement studies; that methane in-
ventories at municipal, regional, and national levels often underestimate methane emissions when
compared to independent studies (de Foy et al., 2023; MacKay et al., 2021; Alvarez et al., 2018);
and that methane emission rate distributions are heavily skewed, with a few high-emitting sources
contributing the majority of cumulative methane emissions (Brandt et al., 2016). These high-
emitting sites, often labeled as “’super-emitters” (Zavala-Araiza et al., 2015) can emit methane at
rates well above 10 kg/hour (Duren et al., 2019; Sherwin et al., 2023), making them well-suited for
indirect measurement methods that cover large areas and have higher limits of detection. However,
the emission rate threshold that defines a super-emitter will ultimately be constrained to the limit of
detection of the measurement method, meaning that the contributions from diffuse lower-emitting
sites can be overlooked despite contributing a significant percentage of cumulative methane emis-
sions (Kunkel et al., 2023). As such, there is a need for measurements of methane emissions with
higher sensitivities to low methane emission rates (i.e., <10 g/hour) to address the contributions of
smaller diffuse methane sources.

The largest source of methane emissions in the United States (U.S.) and Canada is the energy
sector, from which the majority of methane originates from fugitive leaks from oil and gas (O&G)
systems (United States Environmental Protection Agency, 2021; Environment and Climate Change
Canada, 2021). The importance of methane emissions from the O&G sector has been recognized
through international commitments such as those made by Canada, the United States, and Mexico,
towards methane reductions of 40-45% from the O&G sector from baseline 2012 levels to 2025
(Konschnik and Jordaan, 2018). As such, there have been multiple studies that have focused on
quantifying methane emissions from the O&G sector, from production to distribution (MacKay
et al., 2021; Alvarez et al., 2018; Weller et al., 2020; Zimmerle et al., 2015). Methane emissions
from O&G production have been studied extensively (Alvarez et al., 2018; Festa-Bianchet et al.,
2023; MacKay et al., 2021; Shen et al., 2022; Johnson et al., 2023; Omara et al., 2022) due to their
high overall emissions relative to other parts of the O&G sector. However, recent studies have
highlighted the substantial methane contributions of non-production-related sources in the O&G

sector such as natural gas (NG) distribution systems (Weller et al., 2019, 2020; McKain et al.,



2015; Brandt et al., 2014). Another understudied source in the O&G sector is abandoned oil and
gas (AOGQG) wells. Sites from both sources emit methane at relatively low levels compared to the
0&G production sector, with emission factors ranging from 5-250 g/hour (Lamb et al., 2016; Kang
et al., 2016; Townsend-Small et al., 2016). Despite lower emission factors, high activity counts in
terms of the number of AOG wells, kilometers of primary and secondary distribution pipelines,
and the number of NG meter-sets lead to substantial methane contributions from these sources.

Methane emissions from AOG wells were first included in the Canadian and U.S. GHG inven-
tories in 2019 (United States Environmental Protection Agency, 2021; Environment and Climate
Change Canada, 2021), and since their inclusion there have been multiple studies that have quanti-
fied methane emissions from AOG wells (Lebel et al., 2020; Riddick et al., 2019; Townsend-Small
and Hoschouer, 2021; Williams et al., 2019; El Hachem and Kang, 2022; Bowman et al., 2022).
For the Canadian inventory, several recent studies (Bowman et al., 2022; El Hachem and Kang,
2022) have been used to update the emission factors used for AOG wells (Environment and Cli-
mate Change Canada, 2023). However, the latest GHG inventory for the U.S. still uses data from
two publications (Kang et al., 2016; Townsend-Small et al., 2016) to calculate their emission fac-
tors for AOG wells.

Methane emissions from NG distribution have long been included in national GHG inventories.
However, there are multiple studies that have highlighted that inventories are likely underestimat-
ing methane emissions from this source category (Weller et al., 2020; McKain et al., 2015; Lamb
et al., 2016; Ren et al., 2018; Plant et al., 2019). Notably, most of these studies have focused on
NG distribution systems in the U.S., while few studies have targeted NG infrastructure in Canada
(Hugenholtz et al., 2021; Ars et al., 2020; Brandt et al., 2014).

While methane emissions from O&G systems are major contributors of methane emissions
in the U.S. and Canada, in cities and other regions, biogenic methane emissions from non-O&G
sources in urban areas are increasingly being identified as major sources of methane emissions
(Marcotullio et al., 2013; Floerchinger et al., 2021; Ars et al., 2020; Defratyka et al., 2021; Fer-
nandez et al., 2022). Several urban measurement studies found that urban methane emissions were

underestimated when compared to the respective cities methane inventories (Plant et al., 2022,



2019; McKain et al., 2015). Cambaliza et al. (2015) proposed that either poorly characterized
emission sources or unidentified methane sources in urban centers are responsible for these ob-
served discrepancies. A recent study using satellite remote sensing data by de Foy et al. (2023)
found that methane emissions in urban areas across the world are underestimated by a factor of
3-4, with emission estimates from the study showing correlation with rates of untreated wastewa-
ter, a biogenic source. The contribution of methane emissions from wastewater collection systems
has been highlighted in several studies as a dominant biogenic methane source in cities (Fernandez
et al., 2022; Defratyka et al., 2021), but their methane emissions are not included in any GHG
inventory. Furthermore, previous to Chapter 5 of this thesis, there has only been one study that has
directly measured methane emissions from wastewater collection systems by directly measuring
wastewater utility holes (WUHs) (Fries et al., 2018).

Another major biogenic methane source identified in cities are municipal solid waste landfills
(Lamb et al., 2016; Ars et al., 2020; Cambaliza et al., 2015). While methane emissions from active
landfill sites are well documented (Lohila et al., 2007; Ars et al., 2020; Mgnster et al., 2019),
methane emissions from historic landfills (i.e., landfills abandoned before adopting environmental
regulations) are not included in any GHG inventory. There have been few studies in the past
decades that have quantified methane emissions from historic landfills (Christophersen et al., 2001;
Rachor et al., 2013; Whalen et al., 1990), and it is likely that the lack of environmental protection
measures such as gas recovery systems and impermeable cover materials would lead to methane
emissions (Lohila et al., 2007), despite the age of the waste material.

A final biogenic methane source that has been identified in cities is urban water bodies, and
several studies have quantified their presence as a source of elevated methane emissions compared
to natural waster bodies (Herrero Ortega et al., 2019; Martinez-Cruz et al., 2017; Peacock et al.,
2021). In North America, people residing in urban areas live on average 3.8 kilometers from a fresh
water body (Kummu et al., 2011), implying that most cities contain urban water bodies. While the
areal coverage and types of urban water bodies will differ among cities, it is important to assess

whether their cumulative methane emissions are significant so that appropriate mitigation steps



can be considered. Notably, there are no direct measurement studies on urban water body methane
emissions that have been conducted in Canada.

In order to properly plan and implement methane mitigation strategies, it is important that the
methane emission contributions from different sources are well understood. The ability to resolve
methane emissions data at the component/equipment level is important for mitigation, allowing
for the calculation of cost-benefit analyses and aiding industries in identifying the exact sources of
their methane emissions (Nisbet et al., 2020). The primary focus of this thesis is the quantification
of methane emissions from low-emitting diffuse sources using direct measurement methods. Many
of the methane sources we’ve highlighted contain little to no direct measurement data, and some
are not included in any GHG inventory (i.e., historic landfills, WUHs, urban water bodies). Ulti-
mately, this research will provide a better understanding of the exact source and methane emissions
contributions for these low-emitting diffuse methane sources, which contributes to the international

effort to measure, monitor, mitigate methane emissions, and complement indirect measurements.

1.2 Problem statement and hypotheses

Atmospheric concentrations of methane have been rising around the world, and methane inven-
tories are consistently shown to underestimate methane emissions relative to measurement based
studies. We hypothesized that a portion of the discrepancies observed in methane inventories and
studies is due to contributions from low emitting methane sources with high activity data values,
such AOG wells, residential/customer NG meter-sets, WUHSs, historic landfills, and urban water
bodies. In this context, we tested the accuracy of the static chamber method (i.e. direct mea-
surement method) for individual source measurements of methane emissions to quantify methane
emission rates from low emitting sites. For these tests, we hypothesized that the overall accuracy
of the static chamber method would be higher compared to other methods with appropriate selec-
tion of design parameters. All of the methane sources investigated here are either recent inclusions
to GHG inventories that do not rely on the latest data (i.e. AOG wells), potential methane sources

that have been identified but not included in GHG inventories (i.e., WUHSs, historic landfills, urban



water bodies), or known methane sources that have been shown to be underestimated at municipal
levels (i.e., NG distribution systems).

We hypothesized that direct measurements of methane emissions from AOG wells, WUHs, his-
toric landfills, NG distribution networks, and urban water bodies, would all have low emission fac-
tors (i.e., <10 g/hour) but that their annual methane emissions will be significant at their respective
spatial scales (i.e., national or municipal) due to high activity data values. We also hypothesized
that the component/equipment level resolution offered by direct/individual source measurements

would benefit methane mitigation efforts by revealing the specific sources of methane emissions.

1.3 Research objectives

The objectives of this research project were as follows:

a) To evaluate design parameters of the static chamber method as a direct methane quantifica-
tion technique to accurately quantify methane emissions.

b) To compile published measurement data on methane emissions from AOG wells, and con-
duct new direct measurements from Oklahoma (U.S.) and British Columbia (Canada), determine
AOG well counts for the U.S. and Canada, and estimate annual methane emissions from AOG
wells for both countries.

¢) To perform direct measurements of methane emissions from WUHs, historic, landfills, and
NG distribution systems in Montreal (Canada), estimate annual contributions of methane from all
three sources, geochemically characterize all three sources at the individual source level, and to
perform cost-benefit analyses of methane mitigation strategies.

d) To conduct direct measurements of methane emissions from WUHs and urban water bodies
in the Greater Toronto Area (Canada), analyze the temporal intermittence of high-emitting sites
from both methane sources using mobile surveying data, and to estimate their annual methane

emissions for the Greater Toronto Area.



1.4 Thesis organization

Following the introduction and literature review chapters, this thesis is structured into four chap-
ters that describe novel research in the field of methane emissions quantification, followed by a
discussion/conclusions chapter where the findings of this thesis are discussed further.

Chapter 3 analyzes the static chamber methodology we used for the direct measurements of
component-level methane emissions performed during field campaigns presented in Chapters 4,
5, and 6. The research questions we sought to answer in this work were: (1) What are the cur-
rent methane emission factor ranges for component-level sources and what methods (i.e., indirect
and direct) have previously been tested through controlled releases of methane? (2) What is the
overall methane flowrate quantification accuracy of the static chamber method? (3) How do phys-
ical factors (i.e., chamber shape, chamber volume) and leak properties (i.e., mass and volumetric
flowrates) affect the accuracy of the static chamber method? To answer these questions, we com-
piled prior research articles that tested methane quantification methods using controlled releases
of methane and categorized them by the tested flowrate ranges and by measurement platform. We
analysed data on methane emission factors from the IPCC emission factor database and converted
them to component-level emission factors across the waste, energy, and agriculture sectors. Finally,
we performed a series of 64 controlled release experiments testing the static chamber method and
varied the physical properties of the chamber and also the leak properties and analyzed their im-
pacts on measurement accuracy.

Chapter 4 details the results of a compilation of individual source measurements of methane
emissions and well counts from AOG wells across the U.S. and Canada, which includes our own
measurements made from AOG wells in Oklahoma and British Columbia. The research questions
we posed for this work were: (1) What are the methane emission factors for AOG wells in the
U.S. and how to they vary by region, fluid type, and plugging status? (2) How many AOG wells
are there in the U.S. and Canada? (3) How much methane do AOG wells emit annually in the
U.S. and Canada? (4) How do those estimates of annual methane emissions compare with what

is currently reported in national GHG inventories? We addressed these questions by gathering



data from research articles detailing individual source measurements of methane emissions from
AOG wells and well counts from regional databases across the U.S. and Canada. We analyzed
all individual source measurements, including our own, developed region-specific and attribute-
specific emission factors across the U.S. and Canada, and estimated annual emissions under five
different emission factor distribution scenarios.

Chapter S begins our analysis of methane emissions from urban areas in Canada and sum-
marizes the results of multiple individual source measurement campaigns conducted in Montreal,
Canada. Extending measurement and database analysis and emission estimation approaches from
Chapters 3 and 4, we investigate the following research questions: (1) What are the methane emis-
sion rate characteristics for historic landfills, WUHs, and NG distribution systems in Montreal,
Canada? (2) Are we able to geochemically distinguish between the different source types using
ethane to methane (C,:C,) ratios, CO, concentrations, and/or §'*C-CH, signatures? (3) How do
annual methane emissions from all three sources compare to Montreal’s municipal GHG inven-
tory? (4) How do mitigation options for all three methane sources compare in terms of costs,
methane reductions, and mitigation technology readiness? We answered these questions by per-
forming individual source measurements of methane emissions from all three sources over several
years to gather both emission rate and geochemical data. We combined these measurements with
activity data provided by the City of Montreal to determine annual estimates of methane emis-
sions, analyzed geochemical data gathered from all sites, and used our annual emissions estimates
to perform cost-benefit analyses of mitigation technologies.

Chapter 6 studies biogenic methane sources in urban areas in Canada that are not included in
GHG inventories. The research questions we posed for this work were: (1) What are the methane
emission rate profiles of WUHs and urban water bodies in the GTA? (2) Do methane emissions
from high-emitting sites for each source category show seasonal intermittence? (3) What are an-
nual methane emissions from each source and what are the relative contributions from source
subcategories? (4) How do annual methane emissions from each source compare to inventoried
methane sources in the GTA? To address these questions, we performed individual source mea-

surements of methane emissions from WUHs and urban water bodies within the GTA using and



adapting methods developed in Chapters 3, 4, and 5. We estimated WUHs counts for the GTA from
an empirical relationship between population counts and number of WUHs, and we found the total
areal extent covered by urban water bodies within the GTA through geospatial data provided by
Statistics Canada and the National Hydro Network. We analyzed data from repeat mobile surveys
conducted over 4-5 years in the vicinity of two high-emitting sites to determine whether methane
emissions persisted over seasons. We calculated annual methane emissions from WUHs and urban
water bodies and further categorized them by source subcategories and compared their emissions
to a bottom-up inventory for the GTA.

Chapter 7 provides a general discussion of the important findings of this thesis along with
the associated limitations of this work, recommendations for policy-makers and researchers, and

concluding remarks.

1.5 Contribution to original knowledge

Much of the recent published literature on anthropogenic methane emissions in the past decade has
focused on indirect measurements and top-down inventory development with the majority of stud-
ies finding that methane inventories are underestimated at municipal, regional, and national levels
(de Foy et al., 2023; McKain et al., 2015; Lamb et al., 2016; Gorchov Negron et al., 2023; MacKay
etal., 2021; Zavala-Araiza et al., 2018; Pétron et al., 2014; Alvarez et al., 2018). Despite this focus
on methane quantification in literature, there have been a lack of direct methane measurement stud-
ies that offer the ability to quantify methane emission rates from low emitting sites at high spatial
resolutions. At the inception of this work, we hypothesized individual source measurements would
show that emissions from AOG wells, historic landfills, WUHs, NG distribution, and urban water
bodies are all significant methane sources at their respective municipal or national levels despite all
having relatively low methane emission factors. These hypotheses were investigated through field
trials, measurement campaigns, and laboratory analysis which ultimately produced the following

contributions to original knowledge.
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a) We demonstrated the accuracy of the static chamber methodology in the direct quan-
tification of methane emissions. The static chamber method has traditionally been tested and
used for the quantification of trace gas emissions from soils, with few studies testing its ability to
quantify methane emissions from more complex sources (e.g., O&G wells, NG distribution sta-
tions, landfill gas wells, etc) where the physical factors of the chamber and leakage properties of
the source would differ from soil gas emissions. We quantified the accuracy of the static chamber
method for these new settings and identified factors that influence accuracy.

b) We showed that annual methane emissions from AOG wells in Canada and the U.S. are
underestimated in national inventories. Methane emissions from AOG wells were first included
in national GHG inventories in the U.S. and Canada in 2019. However, only two studies were used
to determine methane emission factors from AOG wells, with no measurements from Canada. We
compiled available direct measurement studies on AOG well methane emissions and well counts,
and conducted new measurements to fill gaps in Canada and the U.S. These data were used to
estimate to provide annual emissions at national scales.

¢) We found that methane emissions from historic landfills and WUHs are major methane
sources in Montreal, and identified several potential low-cost mitigation options. Urban ar-
eas have been identified as significant methane sources in literature, however there have been no
direct methane measurements conducted from cities in Canada. We quantified methane emissions
from historic landfills and WUHs which are not included in any GHG inventory, and utilized data
gathered from our individual source measurements to perform a cost-benefit analysis of methane
emissions from NG distribution, historic landfills, and WUHs.

d) We showed that emissions from high-emitting WUHs and urban water bodies were
persistent throughout multiple seasons, and found that methane emissions from both sources
are significant contributors to total methane emissions in the GTA. Methane emissions from
WUHs and urban water bodies have been identified as potential methane sources in several studies
despite not being included in any greenhouse gas inventory. We directly measured methane emis-

sions from both sources in the GTA, we assessed their emissions intermittence using extensive
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mobile surveying data spanning 4-5 years, and we estimated their annual contributions to methane

emissions from the GTA.
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Chapter 2

Literature Review

2.1 Methane measurement methods

To track progress towards meeting these national methane reduction targets, many countries cata-
log and categorize their methane emissions on an annual basis in their respective national green-
house gas inventory reports (United States Environmental Protection Agency, 2021; Environment
and Climate Change Canada, 2021). Methane inventories are ultimately based on measurements of
methane emissions, which can take a variety of different forms that span different spatial and tem-
poral scales. It is important that these different methods are well understood in terms of quantifica-
tion accuracy, limits of detection, and applications so that the appropriate method, or combinations
of methods (Fox et al., 2019), can be selected.

Currently, the technologies utilized by different quantification methods measure methane emis-
sions either through imaging spectrometry or through laser spectroscopy (Fox et al., 2019). Both
technologies provide methane concentration data that can either be used directly to quantify methane
emission rates (e.g., static chamber method, optical gas imaging cameras), or indirectly (e.g., mass-
balance aircraft surveys, Light detection and ranging). The definitions of what constitutes a direct
or indirect measurement method can vary depending on the source and environment being mea-

sured, so for the sake of consistency we will define all direct methods as measurements taking
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place within 5 meters of the methane source, and all indirect methods as measurements taking

place at distance greater than 5 meters from the source.

2.1.1 Indirect methods

Different methane measurement platforms quantify emissions over a range of different spatial
scales. In order of ascending scale, methane measurement platforms quantify emissions at: compo-
nent, equipment, site, facility, continental, or global level resolutions. Indirect measurement plat-
forms quantify methane emissions using measurements performed away from the source of emis-
sions, and are generally restricted to site-level scales at the lowest (Johnson et al., 2023; MacKay
et al., 2021; Allen, 2014). In general, indirect measurement methane measurement platforms in-
clude satellite retrievals (de Foy et al., 2023; Ayasse et al., 2019; Sherwin et al., 2023), crewed
aircraft-based measurements (Johnson et al., 2023), uncrewed aircraft-based (UAV) measurements
(Barchyn et al., 2017), tower-based observations (Peltola et al., 2019; Lamb et al., 2016), and
vehicle-based measurement platforms (MacKay et al., 2021; Ars et al., 2020).

Satellite retrievals can be classified into two general groups: area flux mappers and point
source imagers (Jacob et al., 2022). Nearly all satellite platforms measure spectrally resolved
backscattered solar radiation in the shortwave infrared (SWIR) to quantify methane emissions in
air columns. Pixel sizes (i.e., resolution) for area flux mappers range from 130 x 400 m? (i.e.,
MethaneSAT, expected 2023 launch) to 7.5 x 7.5 km? (i.e., TROPOMI), whereas the resolution
for point source imagers ranges from 3.7 x 3.7 m? (i.e., WorldView-3) to 30 x 30 m? (i.e., Land-
sat 8). Currently, the minimum detection limit for point source imagers is around 100 kg/hour
of methane (Gauthier, 2021). The most recent study on the quantification accuracy of satellite
retrievals found that GHGSat’s targeted system (i.e., point source imager) quantified a controlled
leak of 200 kg/hour with an accuracy of +13% (Sherwin et al., 2023).

Aircraft-based measurement platforms utilize either on-board greenhouse gas analyzers to mea-
sure methane concentrations within the air and calculate methane emissions using techniques such

as mass balance methods (Lavoie et al., 2015; Baray et al., 2018), and/or gas mapping systems
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such as Gas Mapping LiDAR (Johnson et al., 2023; Conrad et al., 2023) or Airborne Visible In-
fraRed Imaging Spectrometer - Next Generation (AVIRIS-NG) (Thorpe et al., 2016) to visualize
and quantify methane emissions. The minimum methane emission rate detection threshold for
aircraft-based platforms is roughly 0.6-2.3 kg/hour (Thorpe et al., 2016; Johnson et al., 2023).
Johnson et al. (2023) list the quantification accuracy of the Gas Mapping LiDAR after multiple
passes to be -46/+54% (or roughly £50%).

UAV-based sampling platforms typically utilize embedded or suspended laser methane detec-
tors (Iwaszenko et al., 2021) to measure the density of methane concentrations within a column of
air (e.g., ppm per meter), but there are also applications with optical gas imaging (OGI) systems as
well (Titchener et al., 2022). Currently, the minimum detection threshold for UAV-based sampling
platforms is around 50-100 g/hour (Smith et al., 2017; Fox et al., 2019). In a controlled release
blind trial performed in Cardington (United Kingdom), Allen et al. (2017) found that for methane
flowrates of 5 and 10 kg/hour, the standard error of quantification for a UAV-based sampling plat-
form was +6%. A broader quantification accuracy was reported by Fox et al. (2019) to be 25-55%
for a distance of 10 meters from the source.

Stationary tower measurement platforms vary from systems such as eddy covariance towers
(Peltola et al., 2019) to tower networks spanning entire regions (Lamb et al., 2016; Barkley et al.,
2022). In principle, stationary tower measurements utilize point-in-space measurements with de-
tailed weather data to perform inversions of ambient methane concentrations to the measured foot-
print of the tower, which can range from m? (Lohila et al., 2007) to 100’s of km? (Monteiro et al.,
2022; Barkley et al., 2022). A controlled release study by Titchener et al. (2022) found that a sta-
tionary single photon LiDAR gas imager was able to detect methane emissions as low as 42 g/hour
with a quantification accuracy of +50%.

Vehicle-based measurement platforms utilize on-board GHG analyzers to measure methane
concentrations while traversing through methane plumes emitted from upwind sources (Ars et al.,
2020; Fernandez et al., 2022; von Fischer et al., 2017), or by parking downwind of a source and

utilizing detailed wind direction data to estimate the methane flowrates. Methane emission rates
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Figure 2.1: Summary of methane controlled release tests showing the range of methane flowrates

tested and the type of measurement platform.

are typically quantified using inverse modelling approaches such as the inverse Gaussian approach
(Ars et al., 2020), but can also be quantified from empirical equations developed through controlled
release testing by von Fischer et al. (2017) and Weller et al. (2019) for proximal (i.e., <100 meters)
on-road methane sources, or by tracer releases (Fox et al., 2019). The minimum detection limit
for mobile survey based platforms rests at around 5-50 g/hour, albeit the detection limits vary
depending on proximity to the methane source and weather conditions. Based on several controlled
release experiments that have been conducted to quantify the accuracy of the mobile surveying
method (Figure 2.1) (Kumar et al., 2022; von Fischer et al., 2017; Weller et al., 2019; Atherton
et al., 2017) the quantification accuracy of the mobile surveying method after multiple passes is
around +20-40% but varies depending on multiple factors such as the emission rate, distance from

the source, wind speed, among others.
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2.1.2 Direct methods

Direct measurement methodologies quantify methane emissions directly from the source of emis-
sions, which greatly reduces the uncertainty related to source attribution (Allen, 2014). Whereas
indirect measurement platforms are restricted to site/facility/regional level resolution, direct meth-
ods are able to resolve methane emissions at the component/equipment level. Direct methods
include point-source measurements using mass flow meters (Allen et al., 2015), OGI cameras
(Ravikumar et al., 2018), direct methane measurement devices such as the Hi-Flow sampler (Con-
nolly et al., 2019), or chamber-based methodologies (Pihlatie et al., 2013; Christiansen et al., 2011;
Kang et al., 2014; Lebel et al., 2020).

Point-source measurements through mass flow meters involve attaching the instrument inlet
directly to an emitting component, usually related to the O&G sector (Howard, 2015). There are
challenges with using instruments such as mass flow meters to quantify methane emissions from
sources other than NG-related infrastructure. Methane emissions can be dispersed over areas in
many cases (Lohila et al., 2007; Herrero Ortega et al., 2019), or emitted from a component not
easily connected to a flow-measuring device.

Optical gas imaging (OGI) cameras such as Forward Looking InfraRed (FLIR) produce two-
dimensional thermal images of methane emissions which can then be used as either a leak versus
no-leak qualification, or translated to methane emission rates in post processing using techniques
such as machine learning (Wang et al., 2022, 2020). The current limit of detection for FLIR-
camera based OGI cameras is around 20 g/hour (Ravikumar et al., 2018), and the quantification
accuracy of OGI cameras varies from +3% to +15% depending on the distance from the source
(Wang et al., 2020; Fox et al., 2019).

The Hi-Flow sampler has been available commercially (e.g., Bacharach Hi Flow Sampler,
HETEK Flow Sampler), and functions by utilizing an intake with a high volumetric flow to sample
a suspected leak enclosed by analyzer attachments to quantify emissions (Connolly et al., 2019).
All models of the Hi-Flow sampler perform repeat measurements of methane flowrates using a

two-stage measurement process by drawing in sample air to the methane detection sensor at two
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different volumetric flowrates (Connolly et al., 2019). Notably, multiple studies have highlighted
malfunctions within earlier versions of the instrument, primarily leading towards the underestima-
tion of methane flowrates (Connolly et al., 2019; Howard et al., 2015; Howard, 2015). The limit of
detection of the HETEK Hi-Flow sampler is listed as 18.3 g/hour of methane (Klotz, 2023). Recent
studies on the measurement accuracy of Hi-Flow samplers found the accuracy of the Bacharach Hi
Flow Sampler to be -18% and the HETEK Flow Sampler to be -27%.

Chamber-based methodologies can be classified into two categories: dynamic chambers and
static chambers (Heinemeyer and McNamara, 2011). Both methods are based on physically en-
closing a potential methane source within a known chamber volume and measuring methane con-
centrations or other trace gases within the chamber either continuously or intermittently. For the
dynamic chamber method, pumps are used to provide a constant inflow and an outflow at equal
volumetric rates through the chamber (Riddick et al., 2022). For the static chamber method, no
pumps are used but a vent tube is installed on the chamber to prevent pressure build-up within
the chamber. The lower detection limit of chamber-based methods is below 1 mg/hour, which
is low compared to other methods. Chamber-based methods are routinely used to measure trace
gas emissions from various land-cover types (Heinemeyer and McNamara, 2011; Rochette et al.,
1992; Moore and Roulet, 1991) where emission rates are often much lower than those encountered

in anthropogenic settings.

2.1.3 Methane source attribution and geochemistry

The ability to distinguish the source of methane emissions is a factor that compliments all methane
measurement methods. While most direct methods facilitate source identification through visually
identifying the emitting source, indirect methods face more challenges when it comes to source at-
tribution. For some aerial-based measurement platforms, sources can be identified by observing the
origin of a plume with complimentary site-level imagery and follow-up ground-based observations
(Johnson et al., 2023). For mobile surveys, the source of emissions can be inferred from repeated

survey passes in different weather conditions which allows for the triangulation of a source lo-

24



cation (Ars et al., 2020). These types of visual attribution methods are effective when potential
methane sources are isolated, but are challenging in more logistically complex environments with
multiple co-located sources such as urban environments.

Geochemical attribution involves the measurement of gases or gas signatures to infer the source
of methane emissions, either through the elimination or confirmation of potential sources. Com-
mon gases used for the geochemical attribution of methane emissions are CO,, CO, and ethane.
Ratios of CO, to methane are used to identify sources emitting methane without corresponding
CO-, emissions (Atherton et al., 2017; Ars et al., 2020), and are useful for identifying NG-related
sources unrelated to combustion emissions. Biogenic sources produce methane through anaerobic
digestion, which is a process that produces methane and carbon dioxide simultaneously (Yu and
Schanbacher, 2010). In contrast, leaks from NG distribution systems contain little CO,, although
NG combustion is an important CO, source (Balcombe et al., 2018). The presence, or lack of,
CO allows for the identification of whether a methane source is attributable to pyrogenic sources
related to fuel combustion (Ars et al., 2020) or biomass burning (Koppmann et al., 2005). Ethane
is a widely-used gas for the identification of fossil fuel related methane emissions (Sherwood et al.,
2017), and is used in several top-down studies (Zimmerle et al., 2022; McKain et al., 2015; Ya-
covitch et al., 2015; Schwietzke et al., 2014; Plant et al., 2019). Stable and radioactive isotopes
are also a common method used for geochemical attribution (Lowry et al., 2001; Townsend-Small
et al., 2012; Chamberlain et al., 2016). Both the stable isotope of carbon and hydrogen in methane
(i.e., 6C'3-CH,, 6H?-CH,) are used either individually, or in tandem, to infer whether a methane
source is biogenic (i.e., bacterial), thermogenic, atmospheric, pyrogenic, or a mixture of multiple
sources (Whiticar, 1999; Schoell, 1980, 1988). In addition, ’clumped” isotopes in methane (i.e.,
the presence of one or more H? substitutions and C'? in a methane molecule) are also used in
some cases and are posited to provide more detailed source attribution information (Douglas et al.,
2017). Finally, radiocarbon (C'*) measurements of methane can also provide information on the
source of emissions by carbon dating the emitted methane to determine whether it originated from

an older (e.g., fossil fuel related) or younger (e.g., bacterial) source.
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Figure 2.2: Pie charts of annual methane emissions from Canada and the U.S. in 2021
categorized according to the major sectors and sub-sectors in each countries inventory (United

States Environmental Protection Agency, 2021; Environment and Climate Change Canada, 2023).

2.2 Methane sources: emission inventories

In Canada and the U.S., the three largest methane sources are the energy, waste, and the agriculture,
forestry, and other land-use (AFOLU) sector, which collectively account for 96% and 95% of the
countries annual methane emissions in 2021 (Figure 2.2) (United States Environmental Protection
Agency, 2021; Environment and Climate Change Canada, 2021). In order to materialize these
methane reductions, it is critical that the specific sources in all of these sectors are well-documented

and quantified so that targets for mitigation can be identified.

2.2.1 Energy

The energy sector is the main source of methane emissions in both the Canadian and U.S. national
inventories, being responsible for 41% and 42% of the countries’ methane inventories, respec-

tively (Environment and Climate Change Canada, 2021; United States Environmental Protection
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Agency, 2021). The energy sector has several categories and subcategories of methane emissions
sources, but all methane emissions from the energy sector can be broadly categorized as either
transportation (e.g., gas powered heavy duty vehicles Clark et al. (2017)), stationary combustion
(e.g., petrochemical industries (Ragothaman and Anderson, 2017)), and fugitive emissions (e.g.,
leaks from natural gas infrastructure (Schwietzke et al., 2014)). While both the transportation
and stationary combustion sectors are majors contributors of greenhouse gases to the atmosphere
through emissions of CO,, fugitive emissions are the major source of methane emissions for both
Canada and the U.S. and are the primary focus in this thesis for methane emissions from the energy
sector.

The term “fugitive” in fugitive emissions is generally meant to encompass all released methane
from the O&G supply chain, whether the releases are intentional (e.g., liquid unloadings from
storage tanks (Johnson et al., 2023)) or unintentional (e.g., leaking AOG wells (Kang et al., 2014,
2016; Townsend-Small et al., 2016; Townsend-Small and Hoschouer, 2021; El Hachem and Kang,
2022)), although the specific definition varies depending on the country (United States Environ-
mental Protection Agency, 2021; Environment and Climate Change Canada, 2023). Fugitive emis-
sions occur at all stages of the O&G sector which comprise exploration, production, transmission,
processing, storage, refining, distribution, and beyond-the-meter emissions. The production sector
in particular has been identified as an area with large discrepancies between what is reported in
national inventories and measurement-based studies. Multiple indirect measurement studies based
in the U.S. have estimated that methane emissions from the production sector are more than double
what is currently reported (Alvarez et al., 2018; Shen et al., 2022), with similar results in Canada
(MacKay et al., 2021; Johnson et al., 2023; Shen et al., 2022; Festa-Bianchet et al., 2023). Other
categories such as methane emissions from AOG wells and NG distribution systems are also poten-
tially large methane sources given their larger activity data counts and likely to be underestimated.

There are millions of AOG wells in Canada and the U.S. (Kang et al., 2016), much higher than
the >100,000 and >800,000 active production sites in Canada and the U.S respectively (MacKay

et al., 2021; Omara et al., 2022). Since the initial study that quantified methane emissions from
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AOG wells by Kang et al. (2014), there have been multiple measurement studies conducted in
Canada and the U.S. that have measured methane emissions from AOG wells (El Hachem and
Kang, 2022; Lebel et al., 2020; Townsend-Small and Hoschouer, 2021; Townsend-Small et al.,
2016; Pekney et al., 2018; Riddick et al., 2019; Bowman et al., 2022; Williams et al., 2019). With
the exception of Lebel et al. (2020), all of these measurement studies utilized direct measurement
methods, likely due to the low emission rates encountered from AOG well sites. Emission factors
for different AOG well classifications varied from O g/hour for plugged wells in the eastern U.S.
(Townsend-Small et al., 2016) to 75 g/hour for unplugged gas wells in non-coal regions (Kang
et al., 2016). Almost all studies identified two key attributes that influenced methane emission
rates: well plugging status and geographic area. A recent literature review study on factors that
affect AOG well leakage by El Hachem and Kang (2023) supported the findings of these measure-
ment studies. In terms of mitigation, Kang et al. (2019) performed a cost-benefit analysis of five
mitigation options for AOG wells, three of which involve well plugging, and two that either flare
or capture and utilize emitted gas. The costs in Kang et al. (2019) rely on methane emission rates
derived from available data, which can change with new measurements.

Methane emissions from NG distribution systems have also been shown to emit methane at
greater levels than what is currently reported in GHG inventories (Weller et al., 2020; McKain
et al., 2015; Brandt et al., 2014). The NG distribution sector comprises all of equipment/facilities
related to the distribution of NG, and is considerably larger, more complex, and logistically diffi-
cult to measure when compared to any other sector of the NG supply chain (Weller et al., 2020).
Most of the studies that have measured methane emissions from NG distribution have been con-
ducted in the U.S. (Lamb et al., 2015; Weller et al., 2020; Hendrick et al., 2016; McKain et al.,
2015; Phillips et al., 2013), with only one in Canada (Ars et al., 2020). Among these studies, most
utilized indirect measurement methods through mobile ground-based measurements (Weller et al.,
2020; Ars et al., 2020; Phillips et al., 2013) or stationary tower observations (McKain et al., 2015),
with two utilizing direct measurement methods (Lamb et al., 2015; Hendrick et al., 2016). The pri-

mary focus for most of these studies has been methane emissions from NG distribution pipelines
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(Weller et al., 2020; Ars et al., 2020; Phillips et al., 2013), with the exception of Lamb et al. (2015)
who also quantified leaks from metering and regulating stations. NG distribution infrastructure is
complex, with multiple sites present in cities that regulate, monitor, and meter NG flow through
extensive networks of primary and secondary distribution pipelines (Clearstone Engineering Ltd.,
2020). An omission from all studies are methane emissions from consumer meters, or residential
NG meters-sets (McKain et al., 2015). Furthermore, large leaks from distribution pipelines are
often repaired within days of being reported by local NG distribution companies (Clearstone En-
gineering Ltd., 2020), meaning that measurement based studies that present a snapshot of methane
emissions in time (Ars et al., 2020; Phillips et al., 2013; Hendrick et al., 2016; Lamb et al., 2015;
Weller et al., 2020) could potentially miss these sporadic, but large, methane emissions sources. A
notable exception in literature would be McKain et al. (2015) who note this limitation and address
it through long-term monitoring using stationary tower networks in Boston, MA. Some mitigation
options for NG distribution emissions are the implementation of leak detection and repair (LDAR)
programs, where technicians visit sites at a regular frequency and perform methane screening to
determine the location of leaks from the site and then perform repairs on the leaking components.
Other mitigation options include the replacement of pneumatic devices to either low-bleed devices
or air-based pneumatics through the installation of air compressors on-site (Limits, 2014; Methane

Guiding Principles, 2019).

2.2.2 Waste

The waste sector is the third largest source of methane emissions in both Canada and the U.S.,
and is responsible for 20% and 27% of total methane emissions, respectively (Figure 2.1) (United
States Environmental Protection Agency, 2021; Environment and Climate Change Canada, 2023).
Solid waste disposal landfills are the main source of methane emissions from the waste sector in
both countries. Methane is produced at solid waste landfills through the decomposition of organic
matter through methanogenesis, and emitted from the areal cover of the landfill (Bogner et al.,

1997; Lohila et al., 2007), and/or from biogas recovery systems (Themelis and Ulloa, 2007). The
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majority of methane emissions from landfills in Canada and the U.S. occur from municipal solid
waste landfills (Scarpelli et al., 2022; Maasakkers et al., 2016), and the dominant materials con-
tributing to methane formation are the decomposition of paper, food, and yard and garden waste.
Municipal solid waste landfills have been measured in multiple studies in Canada and the U.S.
(Ars et al., 2020; Mohsen et al., 2020; Mosher et al., 1999; Goldsmith Jr et al., 2012), with the
majority focusing on active and managed landfills. In contrast, there have been few studies that
have quantified methane emissions from older landfill sites (Christophersen et al., 2001; Rachor
et al., 2013) despite the potential risks caused by poorer landfill management practices in the past
(Brand et al., 2018) (e.g., lack of leachate and gas collection systems). Methane emissions from
historical landfill sites are not included in any GHG inventory, and given the large contributions of
methane emissions observed from active landfill sites, the emissions from historical landfill sites
are likely significant as well.

Among the challenges associated with measuring historical landfill sites, one of the largest
would be locating and defining both the waste material and areal extents of these sites (Reynolds
and Taylor, 1996). The City of Montreal is unique in that it has developed open-access maps of
historical landfill sites within the city (Ville de Montréal, 2022). The siting of historical landfill
sites in Montreal presents a key opportunity to gather measurement data to address the lack of mea-
surements from historical landfill sites in Canada, and more broadly the lack of any measurement
data.

After solid waste landfills, methane emissions from wastewater treatment are the next highest
methane source from the waste sector. Methane emissions from wastewater treatment originate
from various stages of the wastewater treatment process such as anaerobic digesters, stabiliza-
tion ponds, activated sludge systems, and wastewater collection systems (Song et al., 2023). No-
tably, the IPCC guidelines list the methane correction factors for closed flowing sewers as zero
(Calvo Buendia et al., 2019), meaning that no methane emissions are assumed to originate from
closed flowing sewers. For methane emissions from the wastewater treatment sector, almost all

studies have focused on emissions from the wastewater treatment plant itself (Daelman et al., 2012;
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Wang et al., 2011; Czepiel et al., 1993; Hwang et al., 2016), with few measurements from wastew-
ater collection systems (Fries et al., 2018; Defratyka et al., 2021; Fernandez et al., 2022). Among
the studies that have measured methane emissions from wastewater collection systems, the only
study utilizing direct measurements (Fries et al., 2018) found relatively small methane emission
rates from 80 WUHs in Indianapolis (U.S.) ranging from 0 to 12 mg/hour of methane per WUH. A
study based in Bucharest, Romania, by Fernandez et al. (2022) utilizing mobile surveys estimated
that methane emissions from WUHSs accounted 58-63% of the cities total methane budget, and
another mobile survey based study by Defratyka et al. (2021) in Paris estimated that methane from
the municipal wastewater network accounted for 33% of the cities methane budget. In addition, a
recent study utilizing satellite retrievals by de Foy et al. (2023) found that cities across the world
underestimate their methane inventories, and that the observed discrepancies positively correlate
with levels of untreated wastewater.

Wastewater collection networks are complex systems in urban environments that can be cate-
gorized by industrial or domestic wastewater, separated or combined sewer systems, storm water
versus sanitary sewers, and by rising mains or gravity drains (El-Fadel and Massoud, 2001; Song
et al., 2023). Among the few studies that have measured methane emissions from wastewater
collection systems, only Fries et al. (2018) was able to separate different types of WUHs in their
measured emission rate data, but none distinguished different types of WUHs in their activity data.
With the high counts of WUHs in most cities (e.g., 84,000 estimated for the city of Indianapolis
by Fries et al. (2018)), it is important that both emission factors and activity data reflect the hetero-
geneity of wastewater collection systems and are considered in order to develop realistic methane

emissions estimates.

2.2.3 Agriculture, forestry, and other land-use

Methane emissions from the AFOLU sector are the second highest methane source in Canada and
the U.S. accounting for 29% and 36% of the countries respective total methane budget (United

States Environmental Protection Agency, 2021; Environment and Climate Change Canada, 2021).
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Methane emissions from the AFOLU sector occur primarily from enteric fermentation, with a
smaller percentage attributed to manure management (Figure 2.3). For enteric fermentation, methane
is generated in the intestinal system of ruminants and released primarily through exhalation and
eructation (Fong et al., 2014). For manure management, methane emissions are released from con-
tainment units for large quantities of manure, with higher methane emissions from poorly aerated
management systems (Environment and Climate Change Canada, 2023; Lopez-Real and Baptista,
1996). Over 95% of methane emissions from enteric fermentation and manure management in the
U.S. and Canada originate from dairy and non-dairy cattle (Boadi et al., 2004). Aside from agricul-
ture, smaller levels of methane are emitted from forestry and other land-use. Methane emissions
from forestry and other-land use are highest for forest lands which occurs primarily in the form
of forest fires (United States Environmental Protection Agency, 2021; Environment and Climate
Change Canada, 2021). Methane emissions from the AFOLU sector are one of the most uncer-
tain sources in GHG inventories (National Academies of Sciences, Engineering, and Medicine and
others, 2018).

In addition to the inherent uncertainty in the recognized methane sources within the AFOLU
sector, there are also methane sources that are not currently included in GHG inventories. Mul-
tiple studies have flagged inland water bodies, especially in urban areas, as significant sources of
methane to the atmosphere (Herrero Ortega et al., 2019; Peacock et al., 2021; Martinez-Cruz et al.,
2017; Aben et al., 2017). Methane emissions from urban water bodies occur as either diffusion
though the water-to-air interface, or in the form of ebullition where bubbles of gas generated at the
bottom of the water body travel to the surface (Herrero Ortega et al., 2019). Several factors unique
to urban water bodies can lead to increased methane emissions which include shallower depths that
limit methane oxidation through the water column (Herrero Ortega et al., 2019; Holgerson, 2015),
increased catchment and retention of organic material from modified geomorphologies (Walsh
et al., 2005), and increased influx of organic material from sources such as wastewater overflows
and storm water drainage (Walsh et al., 2005; Ars et al., 2020). Among the studies that have

quantified methane emissions from urban water bodies, most have utilized some form of direct
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measurements in the form of floating chambers to directly quantify fluxes from urban water bodies
(Herrero Ortega et al., 2019; Wang et al., 2022; Martinez-Cruz et al., 2017; Peacock et al., 2021).
In terms of the differences in total flux contributions from ebullition and diffusion, ebullition ap-
pears to be the main contributor representing roughly 3-5 times the fluxes contributed by diffusion
(Herrero Ortega et al., 2019). With regards to to flux rates among water body types in boreal or
temperate climates, ponds have the highest emission factors ranging from 100-500 mg CH, m~2
day~! (Herrero Ortega et al., 2019) with the exception of more heavily modified water bodies such
as a damned section of river in China which had an emission factor of over 2,000 mg CH; m~2
day~! (He et al., 2018). Despite higher emission factors, total methane emissions from ponds and

heavily modified urban water bodies are generally lower than urban water body types that have

large areal covers, such as lakes (Herrero Ortega et al., 2019).
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Chapter 3

Controlled release testing of the static
chamber methodology for direct

measurements of methane emissions

Connecting text: This chapter presents a study on the accuracy of the static chamber method
which is the principal measurement methodology used in this thesis. In this chapter, we reviewed
published literature on component level methane emission rates and controlled release tests of
methane from different measurement platforms. We also performed multiple controlled release
tests of methane emissions for the static chamber method to test the impacts of physical chamber
factors and leak properties on measurement accuracy. We showed that methane emission factors
from component level sources are generally lower than 100 g/hour which is lower than the lower
limits of tested emission rate ranges in other work but falls within the methane emission rate ranges
we measure from the sources presented in Chapters 4, 5, and 6 of this thesis.

The results of this research have been accepted for publication as:

Williams, J. P., El Hachem, K., & Kang, M. (2023). Controlled release testing of the static

chamber methodology for direct measurements of methane emissions. Atmospheric Measurement
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Techniques Discussions, 1-18.
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3.1 Introduction

Methane is a potent greenhouse gas, and international initiatives such as the Global Methane
Pledge (European Commission, United States of America, 2021) have motivated national com-
mitments towards reducing emissions of methane from a variety of sectors from waste to energy
to agriculture. In order to materialize methane reductions through actionable mitigation strategies,
accurate methane inventories that quantify methane from different sectors and sources are needed.
Methane emission sources can be broadly classified as either site or component level emissions,
where site level emissions are the sum of multiple emitting components. There are also additional
classifications such as facility, regional, continental, and global level (?) which encompass each
preceding classification within a larger agglomeration of methane emission sources. Understand-
ing methane emissions at the component level (i.e., the smallest tier of methane emissions sources)
is particularly important for developing actionable methane reduction strategies as these data can
be used to directly analyze the cost-benefits of mitigation options which allows policy makers and
project developers to make informed decisions (Kang et al., 2019; International Energy Agency,
2021). Therefore, it is important that we test and develop methane quantification methods that are
capable of measuring methane emissions accurately at the component level.

To select the optimal methane measurement methods, there is a need to understand the expected
magnitude of methane emission rates from different component level sources. Some data sources
such as the IPCC emission factor database (Intergovernmental Panel on Climate Change, 2022)
have compiled emission factors for different greenhouse gas sources around the world. However,
some emission factors within this database are provided at the site level, and some are provided in
alternative forms to methane emission rates (e.g., mass of methane emitted per ton of waste) which
makes it difficult to determine the magnitude of expected component level emission rates. As such,
our goal is to determine the approximate magnitude of methane emission rates at the component
level so that we can conduct tests at appropriate methane flowrates.

There are multiple methods that are used to quantify methane emissions, which we classify

here as either indirect or direct methods. Indirect methane quantification methods are based on
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measurements made away from the source of emissions and can often be conducted without site
access. These methods include mobile surveying, stationary tower (e.g., eddy covariance tower)
measurements, aerial based surveys, and satellite measurements (Cusworth et al., 2022; Edie et al.,
2020; Robertson et al., 2017; Kumar et al., 2022; Riddick et al., 2022; Ravikumar et al., 2017;
Ayasse et al., 2019; ?; Varon et al., 2018; de Foy et al., 2023). Direct methane quantification meth-
ods are based on quantifying methane emissions directly at the source of emissions and generally
require site access. The most common direct measurement methods include optical gas imaging
cameras, Hi-Flow samplers, and chamber based methodologies.

Methane sources can be classified as component, site, facility, regional, and global level sources
in order of increasing spatial scales (?). As an example, a valve on an oil and gas well would con-
stitute a component level source whereas all oil and gas wells in the Appalachian basin would
comprise a regional methane source. The advantages of methane inventories created from compo-
nent level measurements are high resolution and easy comparisons to regional inventories, which
are predominantly made using component level data (??), where specific discrepancies can be
identified (Rutherford et al., 2021). Indirect measurements can be used to measure methane emis-
sions at site/facility/regional levels. On the other hand, direct measurement methods are labour
intensive and can omit methane sources when scaling up measurements to facility/regional/global
levels, but can quantify and attribute methane emissions at the component level. In terms of testing
methane measurement methods for accuracy, the majority of published literature has focused on
indirect methods (e.g., Robertson et al. (2017); Edie et al. (2020); Sherwin et al. (2021); Aubrey
et al. (2013)), whereas few studies have tested and quantified the accuracy of direct measurement
methods (Riddick et al., 2022; Pihlatie et al., 2013; Christiansen et al., 2011).

Among the direct measurement methods, optical gas imaging cameras and Hi-Flow samplers
both have limits of detection at roughly 20 g/hour (Ravikumar et al., 2017; Fox et al., 2019). How-
ever the stated uncertainties of optical gas imaging cameras in Fox et al. (2019) of 3-15% are noted
as being complex and likely much higher, and there have been several studies that have highlighted

measurement errors attributed to the Hi-Flow sampler (Connolly et al., 2019; Howard et al., 2015).
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As an alternative, the static chamber methodology is a well-established direct methane measure-
ment method (Riddick et al., 2022; Pihlatie et al., 2013) traditionally used in the measurement of
methane and other trace gas emissions emissions from soils (Conen and Smith, 1998; Raich et al.,
1990; Smith and Cresser, 2003). In recent years, the static chamber method has been applied in a
wide range of settings such as the quantification of methane emissions from oil and gas wells (Lebel
et al., 2020; Williams et al., 2020; Kang et al., 2014; ?; Townsend-Small et al., 2016; Townsend-
Small and Hoschouer, 2021; ?; Riddick et al., 2019), manholes (Fries et al., 2018; Williams et al.,
2022), landfill vents and observation wells (Williams et al., 2022), and natural gas (NG) distribution
infrastructure (Williams et al., 2022; Lamb et al., 2016, 2015). All of these sources vary in terms
of their leakage properties and structural complexity with regards to the installation of chambers
over leaking components. However, there are few studies that have quantified the measurement
accuracy of the static chamber method, and even fewer (Riddick et al., 2022; Lebel et al., 2020)
that have tested the static chamber method in conditions that mimic the wide range of settings in
which they are now being used.

Different methane sources can emit methane at the same mass flowrates albeit at different vol-
umetric flowrates depending on the methane concentration of the source. For example, biogas
produced from landfills (~50% methane) will differ in its source methane concentration from NG
from a distribution pipeline (~90% methane). To our knowledge, there have been no studies that
have tested the effects of a varying volumetric flowrate of methane as a factor to be considered
in measurement accuracy for any methane measurement method. In terms of the structural com-
plexity of these sites, several studies have employed large chambers with sub-optimal shapes to
accommodate more complex sites. For example, a study by Lebel et al. 2020 in California target-
ing oil and gas wells used three static chambers that ranged in size (i.e., 33.8 litres to 32,659 litres)
and shape (i.e., cylindrical and rectangular configurations). A key assumption in the static chamber
method is that the air/gas within the chamber is well mixed (Kang et al., 2014). If the emission
rate is low and the chamber is large, it may be challenging to have the gases in the chamber be

well-mixed. Chamber shapes such as rectangular have been shown to have “dead zones” where
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gases are not well-mixed, thereby lowering the effective volume of the chamber (Christiansen et al.,
2011).

In this work we: 1) compile component level methane emission factors and categorize them
by source category; 2) investigate prior controlled release testing of direct and indirect methane
measurement methods to identify gaps in testing; 3) test the impacts of physical factors such as the
chamber shape, size, and usage of fans on the accuracy of methane flowrate estimates; and 4) test
the effects of leak properties (i.e., mass flowrates, volumetric flowrates, concentration of methane
in the leak) on the accuracy of chamber measurements. Our results highlight the applicability of
the static chamber technique in direct measurements of methane emissions and provide the detail

necessary to inform future measurement campaigns.

3.2 Methodology

We compiled a dataset of methane emission factors from the [IPCC emission factor database (Inter-
governmental Panel on Climate Change, 2022) and categorized them into three source categories:
agriculture, forestry, and other land use (AFOLU), energy, and waste. We removed all emission
factors that were not related to a direct mass flowrates of methane at the component level. We
removed all emission factors presented as methane flux rates (i.e., mass of methane emitted over a
given area), and where possible, converted all remaining methane emission factors to component
level methane mass flowrate presented in grams of methane emitted per hour based on assumptions
outlined in the SI - Table 3.3.

We performed a literature review of 40 controlled release experiments of methane using both
indirect and direct methods to evaluate the range of methane flowrates tested and the methods
Google Scholar. The criteria for the literature review included all studies where methane was
released at known mass flowrates of methane from above-ground points and excludes studies re-
lated to methane released in the subsurface, laboratory experiments of methane plume transport

through porous media, and studies where the tested mass flowrates of methane were not reported
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(SI - Table 3.5). We also exclude studies where methane quantification methods were tested on
in-situ methane sources for validation. We categorized the studies based on the tested measure-
ment platform which we grouped into eight categories: satellite (indirect method), manned aerial
vehicle (indirect method), unmanned aerial vehicle (indirect method), stationary tower (indirect
method), mobile surveying (indirect method), Hi-Flow sampler (direct method), camera-based (di-
rect method), chamber measurements (direct method), and/or a combination of all the above.

We performed controlled releases of methane for the static chamber method outdoors on the
McGill University campus in Montréal, Canada on June 2nd, 8th, and 10th, 2021. The weather
for these days was sunny with sparse clouds with an average temperature of 25°C and wind speeds
ranging from 5-15 kph (World Meteorological Station ID: 71612). We designed the controlled re-
lease experiments to test a combination of six different factors: mass flowrate, volumetric flowrate,
methane percentage of leaking gas, chamber shape (i.e., rectangular versus circular), chamber size
(i.e., 14 L, 18 L, 322 L, and 2,265 L), and the usage of the fans within the chamber. For the 322
L and 2,265 L chambers we used four battery-powered equipment cooling fans (airflow: 40 ft* of
air per minute) installed at the top of the chamber framework and oriented at 45° angles downward
into the chamber, and for the smaller chambers we used one fan. The tested chamber shapes were
a 2,265 L rectangular chamber, a 322 L cylindrical chamber, a 18 L cylindrical chamber, and a
14 L rectangular chamber (Table 3.1). In addition, for a qualitative comparison between chamber
sizes, we define <20 L chambers as small, and the 322 L and 2,265 L chambers as large. Other
factors such as the aspect ratio of the chamber, the rigidity of the chamber material, and the type
of chamber material are provided in Table 3.1.

We tested four different mass flowrates: 1.02 g/hour, 10.2 g/hour, 102 g/hour, and 512 g/hour.
In order to provide a qualitative comparison between mass flowrates, we define the mass flowrates
of 1.02 and 10.2 g/hour as small flowrates, and the 102 and 512 g/hour releases as high flowrates.
At least two different volumetric flowrates and two different methane concentrations were used for
each of the mass flowrates we tested. The volumetric flowrates ranged from 0.238 SLPM (standard

litres per minute) to 23.8 SLPM for a total of ten unique leaks (Table 3.2). We controlled mass
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Table 3.1: Physical descriptions of chambers used for the controlled release experiments.

Qualitative descriptions of chamber volume are indicated in parenthesis in the first row.

Chamber ID A B C D
Chamber size (L) 2,265 (large) 322 (large) 18 (small) 14 (small)
Shape Rectangular Cylindrical Cylindrical =~ Rectangular
Structure Collapsible Collapsible Solid Solid
Material PE tarp  PE plastic HDPE plastic HDPE plastic
Aspect ratio 5:4 18:11 1:1 4:5

PE = polyethylene
HDPE = high density polyethylene

Controlled release testing:

Chamber A) Field| | Chamber B) Test |
general setup "

Portable methane analyzer

Vent tubing
P
S |
E—
Static chamber
N N CH,
Mass flow
p/ controller
~—
Methane
standard

Figure 3.1: Diagram of the controlled release experiments for the static chamber method (left),
with photos of chamber deployments in both field settings and during controlled release testing.

The four chambers shown correspond to the four chambers we tested.

flowrates of methane using two mass flow controllers (Masterflex Mass Flowmeter Controller)
with volumetric flow ranges of 50 to 0.5 SLPM and 1 to 0.01 SLPM (error of +0.8% of reading
and +0.2% of full-scale range). Both mass flow controllers were factory calibrated prior to use for
these experiments. Four different methane standards, prepared by Linde Canada, were used in our

study: 100%, 50%, 10%, and 5% methane (£0.5%) all with a gas balance of air.
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We performed the controlled release tests by releasing methane through Tygon tubing con-
nected to the chamber (Figure 3.1). We oriented the tubing to the center of the chamber and secured
it to the ground with tape to orient the flow upwards. We measured methane concentrations within
the chamber continuously using a Sensit Portable Methane Detector which has a range of 0-100%
methane, precision of 1 ppm, sampling frequency of 1 Hz, pump flow of 1 L per minute, and a re-
ported accuracy of £10%. The analyzer was located outside the chambers with the analyzer inlets
and outlets connected to the chamber ports in a closed loop with Tygon tubing of equal lengths for
the inlet and outlet. Chambers were equipped with a 2 meter coil of 1/8” diameter Tygon tubing
to allow for pressure equalisation between the chamber and the atmosphere (Christiansen et al.,
2011). The duration of each controlled release was 5 minutes, with the exception of releases where
fans were used within the chamber and methane concentrations were expected to reach the lower
explosive limit of methane (i.e., 5% methane) before the 5 minute mark. Since the fans were not
intrinsically safe, these experiments were terminated when the methane concentration within the
chamber reached 35,000 ppm (i.e., 70% LEL). For this same reason, we did not test mass flowrates
of 102 and 512 g/hour with the smaller chambers (i.e., <20 L) with fans present. When larger
volume chambers were used, we were able to maintain methane levels within the chamber at safe
limits.

Mass flowrates were calculated from the rate of methane build-up within the chamber over time
multiplied by the volume of the chamber (5.1): where M is the mass flowrate of methane, dc/dt is

the change in methane concentration over time, and V is the volume of the chamber.

de
M=— 3.1
dtv G-

For some experiments, methane concentrations within the chamber were expected to rapidly reach
steady-state. Steady-state is reached when methane concentrations no longer increase over time
in the chamber and the concentration of methane within the chamber is equal to the concentration

of the released gas. The residence time, or time to reach steady-state, is defined by (3.2): where
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Table 3.2: Leak properties of ten different leaks used in controlled release experiments including
percentage errors associated with mass flow controllers (MFC). Qualitative descriptions of the

leak sizes are shown in parenthesis in the first column.

Methane mass flowrate (g/hour) Volumetric flowrate (SLPM) % methane MFC error

1.02 (small flowrate) 0.238 10% +1.64%
- 0.476 5% +1.22%

10.2 (small flowrate) 0.476 50% +1.64%
- 2.38 10% +5.00%

- 4.76 5% +2.90%

102 (large flowrate) 2.38 100% +5.00%
- 4.76 50% +2.90%

- 23.8 10% +1.22%

512 (large flowrate) 11.9 100% +1.64%
- 23.8 50% +1.22%

SLPM = Standard litres per minute
MFC = Mass flow controller

7 is the residence time, V is the volume of the chamber, and Q is the volumetric flowrate of gas
(i.e., methane and balance gas combined) into the chamber. For any controlled releases where the
expected residence time was two minutes or shorter, we only used the initial ten data points for
the linear regression to avoid the period of exponential decay as methane concentrations approach

steady-state (Pihlatie et al., 2013).

(3.2)

4
"TQ
We summarized the results of the controlled release tests by calculating the percentage deviation of
the the true versus measured methane flowrate (3.3): where E is the error in (%), Q; is the estimated
methane flowrate and Q is the actual methane flowrate. For each factor being investigated, we
grouped the results depending on whether the measurement was an under- or overestimate of the
true methane flowrate. We calculated the accuracy of measurements as a range spanning from the
median of the over- and underestimated methane flowrates, respectively. We determined the bias of

measurements as the average of the raw percentage errors to determine whether tests were biased
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more towards the under- or overestimation of methane flowrates.

E =

Qic; @ %100 (3.3)

3.3 Results

3.3.1 Prior controlled methane releases and component level methane emis-

sions

We compiled a total of 1,142 component level methane emission factors from the IPCC emission
factor database (Intergovernmental Panel on Climate Change, 2022). A total of 718 emission fac-
tors were from the AFOLU sector, 291 were from the energy sector, and 133 were from the waste
sector. The emission factors ranged from 9.8x10° to -1.1x1072 g/hour. We found that 1% of
emission factors were above 100 g/hour, 5% of emission factors were above 10 g/hour, and 45%
of emission factors were above 1 g/hour. The remaining 55% of emission factors were below 1
g/hour. Within the energy sector the highest component level emission factors were associated
with liquid unloadings of storage tanks, flowback events for unconventional oil and gas wells, and
fugitive emissions from flaring and venting at oil and gas wells which ranged from 9.8 x 10° to
1.6x10° g/hour. For the waste sector, the highest component level emission factors were associ-
ated with leachate collections wells, pump stations, and sludge pits from landfills which ranged
from 4.3x10? to 2.4x 103 g/hour. For the AFOLU sector, no component level emission factors
were above 100 g/hour, but the highest component level methane emissions we observed from the
AFOLU sector were from enteric fermentation from dairy cattle which emitted in the range of 10
g/hour (Figure 3.2).

We analyzed a total of 40 controlled release studies spanning from 2011 to 2023 (Figure 3.3).
We found that 32 of the 40 (i.e., 80%) controlled release tests had upper methane emission ranges
that exceeded 1,000 g/hour, with the highest tested flowrate at 7.2 10° g/hour for a satellite based

platform (Sherwin et al., 2023). We also saw that 31 of the 40 (i.e., 78%) controlled release tests
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Figure 3.2: Component level methane emission factors from the IPCC emission factor database.
Emission factors are categorized according to their respective IPCC source category. All emission
factors were converted to methane mass flowrates based on assumptions outlined in the

SI-Section 1.1.

had a lower methane emission range that exceeded 100 g/hour. The majority of controlled releases
focused on indirect sampling methods, especially mobile surveying (i.e., 45%) and manned aircraft
(i.e., 30%) based measurement platforms (Figure 3.2). Other indirect methods that were tested less
frequently in our review were unmanned aircraft (i.e., 15%), stationary tower (i.e., 13%), and satel-
lite (i.e., 5%) based methods. For direct measurement methods, we observed that camera-based
methods were tested the most frequently (i.e., 10%). We only found three studies that conducted
controlled methane releases for chamber based methodologies (Riddick et al., 2022; Pihlatie et al.,
2013; Christiansen et al., 2011). We found that eight studies performed controlled releases using
multiple measurement methods, with two studies (Singh et al., 2021; Riddick et al., 2022) em-
ploying five different methodologies. Overall, we found that the majority of controlled release

tests we analyzed focused on indirect sampling methods, and tested methane emission ranges of
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Figure 3.3: Summary of published literature of controlled releases of methane showing the range
of methane emissions being tested and coloured according to the measurement platform used to

quantify emissions.

> 100 g/hour. Therefore, the testing we present here (1.02 g/hour to 512 g/hour) fills this gap and

provides guidance for measuring an appropriate range of component level methane sources.

3.3.2 Controlled releases of methane

The accuracy of our 64 controlled release experiments was +14/-14% with a standard deviation of
19%. The average absolute percentage error was +20% and the median absolute percentage error
was +14%. The lowest error we observed was 0.2%, and 25 of 64 controlled release tests (i.e.,
39%) had percentage errors lower than +10%. Based on testing for bias, we found that the average
percentage difference between actual and measured mass flowrates to be -3%, implying a small

bias towards the underestimation of methane flowrates.
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Figure 3.4: Parity plot showing the true versus measured measured methane flowrates for
different chamber volumes. The distribution of actual percentage errors is shown in the right.
Points and bars are coloured according to the different chamber volumes. The perfect fit line is

shown by a dashed black line.

Chamber volume

Our analysis of chamber volume with respect to quantification accuracy showed that the accuracy
of measurements increased with smaller chamber volumes (Figure 3.4). The <20 L chambers had
the highest accuracy at +12/-12% with an error standard deviation of 12%. The 322 L chamber had
a lower accuracy of +15/-17% with a standard deviation of 23%. Our highest errors were measured
from the largest 2,265 L chamber with an accuracy of +50/-16% and a standard deviation of 26%.
We analyzed all three chamber sizes for bias and found that the <20 L chambers showed a slight
tendency for underestimation of flowrates with an average bias of >0%, the 322 L chamber showed
a stronger tendency towards the underestimation of flowrates at -18%, and the 2,265 L chamber

showed a slight bias towards overestimating flowrates at +7% (Figure 3.4).
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Figure 3.5: Parity plot showing the true versus measured measured methane flowrates for
different chamber shapes. The distribution of actual percentage errors is shown in the right.
Points and bars are coloured according to the different chamber shapes. The perfect fit line is

shown by a dashed black line.

Chamber shape

Our comparisons of different chamber shapes showed that the cylindrical chambers were more ac-
curate than the rectangular chambers, showing an accuracy of +5/-14% and a standard deviation of
18% (Figure 3.5). We found that the rectangular chambers showed a lower accuracy of +17/-14%
with a standard deviation of 22%. Similar to the chamber volume, the median percentage error was
smaller than the average error for both chamber shapes, which indicates an extreme distribution
in percentage errors. We analyzed both chamber shapes for bias and found that the cylindrical
chambers were biased towards the underestimation of methane flowrates with an average bias of -
13% whereas the rectangular chambers showed a small bias towards the overestimation of methane

flowrates with an average bias of +6% (Figure 3.5).
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Figure 3.6: Parity plot showing the true versus measured measured methane flowrates for
experiments with and without fans present. The distribution of actual percentage errors is shown
in the right. Points and bars are coloured according to whether fans were present or not. The

perfect fit line is shown by a dashed black line.

Usage of fans

The most impactful physical factor we observed on chamber measurement accuracy was the pres-
ence of fans, where chambers with fans present had a median percentage error of +6/-5% and a
standard deviation of 17% (Figure 3.6), which was higher than chambers without fans which had
an accuracy of +17/-17% and a standard deviation of 22%. For both data-sets we observed median
values lower than the mean indicating a skewed data-set. We analyzed both data-sets for bias and
found that both chambers with and without fans showed slight biases towards the underestimation

of methane flowrates at -2% and -4% respectively (Figure 3.6).
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3.3.3 Effects of leak properties
Mass flowrate

We tested four different mass flowrates for our controlled release tests: 1.02 g/hour, 10.2 g/hour,
102 g/hour, and 511 g/hour (Figure 3.7). The lowest errors were measured from the 10.2 and
102 g/hour mass flowrates each with accuracies of +8/-11% and +7/-13% respectively. The lowest
accuracy of +56/-15% was attributed to the highest mass flowrate of 512 g/hour. We found that
the 1.02, 10.2, and 102 g/hour mass flowrates all had negative biases of -11%, -1%, and -6%
respectively. The mass flowrate of 512 g/hour had a slight bias of +4% towards the overestimation
of mass flowrates, and also the highest upper accuracy estimate of +46% we observe among the

different factors we analyzed.

Volumetric flowrate

We analyzed six different volumetric flowrates for the range of methane flowrates we tested: 0.238
L/min, 0.476 L/min, 2.38 L/min, 4.76 L/min, 11.9 L/min, and 23.8 L/min (Figure 3.7). We found
that the lowest accuracies were attributed to both the highest and lowest volumetric flowrates with
accuracies of +50/-15% and +21/-14% respectively, whereas higher accuracy was observed with
the mid-level volumetric flowrates of 11.8, 4.76, 2.38, and 0.476 SLPM with accuracies ranging
from +26/-3% to +9/-11%. Similar to the mass flowrates, we also found the highest accuracies were
associated with the mid-level volumetric flowrates while the lowest accuracies were observed at

the upper and lower volumetric flowrates.

Methane percentage of leaking gas

We analyzed four different percentages of methane in the leaking gas for the controlled releases
(Figure 3.7). The lowest accuracies were associated with the 5% methane gas with an accuracy of

+31/-16%, whereas the highest accuracies were observed with the 10% methane at +15/-8%. The
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Figure 3.7: Violin plots of the percentage errors of true versus measured methane flowrates under
varying mass flowrates (left), volumetric flowrates (middle), and gas concentrations (right) of
methane. The points represent the measured percentage errors, and the shaded areas represent the
relative density (on the y-axis) of the observed percentage errors. Uncertainty ranges and biases

are displayed for each factor.

three highest percentages of methane in the leaking gas all had small negative biases ranging from

-5% to -3%, whereas the 5% methane leak had a slight positive bias at +1%.

3.3.4 Optimizing the static chamber method for accuracy

For consistency, we define release rates of 1.02 and 10.2 g/hour as small flowrates, and releases of
102 and 512 g/hour as high flowrates. In addition, we define chamber volumes <20 L as small,
and chamber volumes of 322 L and 2,265 L as large. We analyzed how chamber configurations
(i.e., chamber volume, usage of fans, chamber shapes) can be optimized to increase the accuracy
of methane flowrate estimates. In general, we found that smaller sized chambers produced the
lowest errors. No measurements from a smaller sized chamber produced a percentage error above
+30%. We also saw that smaller chambers performed similarly if fans were present or not, with
smaller chambers with fans producing an accuracy of +16/-8% and smaller chambers without fans

having an accuracy of +12/-13%. Smaller chambers performed slightly better if the chambers
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were cylindrical, with an accuracy of +3/-12% compared to smaller rectangular chambers that had
an accuracy of +16/-3%. For larger sized chambers (i.e., >20L), the usage of fans was critical
for reducing measurement error. Larger chambers with fans produced an accuracy of +4/-5%
compared to large chambers without fans which produced an accuracy of +63/-27%. Therefore,
although smaller chambers generally have lower errors than larger chambers, the errors in the
larger chambers can be comparable to the smaller chambers when fans are used.

We found that chamber configurations could also be optimized according to the mass flowrate
of methane. At low mass flowrates of methane (i.e., < 100 g/hour), we found that smaller sized
chambers were more accurate than larger chambers with accuracies of +12/-8% and +15/-19%
respectively. The usage of fans had little impact on the accuracy of smaller sized chambers at these
low flowrates, with smaller chambers with fans producing an accuracy of +16/-8% and smaller
chambers without fans having an accuracy of +7/-13%. In contrast, the usage of fans was important
for the accuracy of larger chambers at these lower mass flowrates. Larger chambers with fans
had an accuracy of +4/-30% and larger chambers without fans had an accuracy of +48/-19%. In
terms of chamber shape, at low flowrates smaller cylindrical chambers had an accuracy of +1/-
11% compared to small rectangular chambers which produced an accuracy of +15/-3%. For larger
chambers at low mass flowrates, we observed a contrasting result with large rectangular chambers
producing an accuracy of +6/-16% and large cylindrical chambers producing a median percentage
error of +24/-48%.

We observed similar results for optimizing chamber configurations for high methane mass
flowrates (i.e., >100 g/hour). We found that smaller chambers (<20 L) performed better than larger
chambers with accuracies of +14/-13% and +50/-16% respectively. We found that the usage of fans
was critical for measurement accuracy for larger sized chambers at these higher mass flowrates of
methane. Larger chambers with fans had an accuracy of +4/-4% compared to larger chambers
without fans which had an accuracy of +66/-35%. For chamber shapes, cylindrical chambers were

more accurate than rectangular chambers with an accuracy of +6/-14% compared to +26/-15%
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from rectangular chambers. At higher mass flowrates of methane, we found that large cylindrical
chambers with fans were highly accurate at +2/-3% of the true methane flowrate.

From all of the controlled release experiments we performed, we saw that the median absolute
error of £14% was lower than the mean error of 20%, indicating a heavy-tailed distribution of
measurement errors. As such, we analyzed all controlled release experiments where the resulting
error exceeded 40% to assess the potential cause of these erroneous measurements. A total of 12
controlled releases had quantification errors that exceeded 40% (SI - Figure 3.9 - 3.10). All of
these experiments were conducted on larger volume chambers (i.e., 322L and 2,265L), and 8 of
the 12 had no fans present. Based on a comparison of the fit of the linear regressions, we found that
these 12 experiments did have good correlation between methane concentrations and time with R?
values averaging 0.91 when compared to the rest of the data-set (mean R? = 0.96). Notably, 3 of
the 12 high-error measurements had very high R? values exceeding 0.99, with an example being
shown in the bottom left of Figure 3.8. We observed a similar phenomena with a single controlled
release performed with an “ideal” and “non-ideal” chamber seal which is shown in the SI - Section
3.6.1, where a “non-ideal” chamber seal produced a high R? value yet underestimated the methane

flowrate by 43%.

3.4 Discussion

Our compilation of component level methane flowrates from the IPCC emission factor database
showed that 99% of the component level emission rates fall below the 100 g/hour level. There-
fore, it is important to develop and test methane quantification methods for these lower methane
flowrates (i.e., <100 g/hour). Quantification of methane emissions at the component level provides
a level of detail necessary to develop actionable mitigation strategies through the clear identifica-
tion of emitting components. Most controlled release studies focus on indirect sampling methods
which are effective in measuring methane emissions at the site and/or facility level scale. While

these data are important for validating greenhouse gas inventories and quantifying emissions from

63



30000 600 7
(1) (2) 2 2
R?2 =0.99 RZ = 0.89 o o
Accuracy = -3% Accuracy = -2% i u
20000+ 400 “.
7
rd
E »
o /s
-~ 200 = £
S 10000- L5
= Ve
g ’
5 T T T T T T T T T
Q 0 50 100 150 200 ()} 100 200 300
8
@ 7600 7
5 (3) 4) ‘f\
% R2 =0.99 R2 = 0.86
s Accuracy = -48% 2000+ |Accuracy = -49% &C

7200 - /

1600+ /

12001 4 2 & ]
N
/
, , | | 800-. ‘ , ,
0 50 100 150 0 50 100 150

6800 -

6400 -

Time (seconds)

Figure 3.8: Four examples of raw controlled release data showing methane concentrations versus
time. The measured concentrations within the chamber are shown by the coloured dots, and the
true or expected concentrations are indicated by the dashed lines. Points coloured blue indicate a
measurement error less than 40%, and the points coloured red indicate a measurement error
greater than 40%. The examples shown are 1) high R? value and high quantification accuracy; 2)
low R? value and high quantification accuracy; 3) high R? value and low quantification accuracy;

4) low R? value and low quantification accuracy.

super-emitting methane sources (Brandt et al., 2016; Ravikumar et al., 2017), emissions data at the
component level are also needed to improve bottom-up greenhouse gas inventories and develop ac-
tionable mitigation strategies. Many of the component level sources we consider such as manholes,

livestock, abandoned oil and gas wells, and NG pipeline leaks have all been shown to be signifi-
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cant methane sources at municipal, provincial/state/territorial, and national levels (El Hachem and
Kang, 2022; Seiler et al., 1983; Kang et al., 2016; Hendrick et al., 2016). These sources are all
characterized by low methane emissions rates below 100 g/hour range on average, which are chal-
lenging to measure using indirect methods. Several studies have highlighted the super-emitting
nature of methane emission sources, particularly from the NG sector (Brandt et al., 2016). How-
ever, the upper range of super-emitting methane sources varies depending on the source being
measured. For example, a study of methane emissions from Montreal, Canada, found that both
residential NG meter-sets and manholes were significant sources of methane for the city despite
having maximum methane emission rates of 4.2 and 33 g/hour respectively (Chapter 5). While
many controlled release studies focus on a higher range of methane emissions, it is still important
that methods are developed and tested for lower methane emitting sources.

In addition to the factors we tested, there are several other sources of uncertainty in the static
chamber method that we did not investigate. One factor that could impact measurement accuracy
is the effectiveness of the chamber seal. An improper chamber seal could lead to intrusion from
atmospheric air which dilutes the chamber headspace leading to an underestimation of the true
methane flow rate (SI - Section 3.6.1). Typically in field settings, chambers are sealed to the
ground (Kang et al., 2016; Lebel et al., 2020). In some cases, chambers can be sealed above-
ground to an emitting component (Figure 3.1). A variety of different methods have been used to
create these chamber-to-site seals, such as tape, bungie chords, chamber collars, sand, snow, etc
(Lebel et al., 2020; Kang et al., 2016). In our experience, smaller chambers are easier to seal to
an emitting component given the smaller size and ease in identifying potential breaches. Ensuring
a proper chamber seal in larger chambers is more difficult due to the chamber size but the seal
is achievable under stable environmental conditions. The methane concentration measurement
method is one aspect of the static chamber method that will affect both the measurement accuracy
and sensitivity of the static chamber method. In this work we use a portable greenhouse gas
analyzer to continuously measure methane concentrations within the chamber. Uncertainty related

to the frequency of methane concentration measurement and the accuracy and precision of the
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greenhouse gas analyzer are all important factors related to uncertainty. Furthermore, portable
greenhouse gas analyzers can generally be classified as either measuring a full range of methane
concentrations at the cost of precision at lower methane concentrations (i.e., <10 ppm methane),
or measuring methane with high precision at the cost of an upper measurement range (i.e., 1,000
ppm). Therefore, the selection of the greenhouse analyzer can also be optimized according to the
methane source being measured to improve accuracy. Other factors such as the release point of
the emitted gas; presence of multiple emission sources; environment; chamber rigidity; method
and strength of interior chamber mixing; and position of the gas sampling points are all factors
that could also impact measurement uncertainty. Further analysis of the impacts of these factors
on measurement accuracy would be beneficial for guiding ideal deployment of the static chamber
method for the quantification of component-level methane sources.

Our results showed that the static chamber methodology can quantify methane emissions rang-
ing from 1.02 g/hour to 512 g/hour with an accuracy of +14/-14%. In comparison to indirect
methods, Johnson et al. (2023) state that their aircraft-based method has a multi-pass uncertainty
range of -46/+54%, which roughly corresponds to an absolute error of +50%. In von Fischer et al.
(2017), they state an uncertainty range of -24/+32% after five mobile survey passes, which roughly
corresponds to an absolute error of £28%. With regards to other controlled release tests on static
chambers, we do find that our median uncertainty of +14/-14% falls within the 10-20% range re-
ported by Lebel et al. (2020) and Pihlatie et al. (2013). For the larger chambers, we found that
the usage of fans was critical for maximizing accuracy, which is expected given the larger volume
of air that is required to be mixed. All of the 12 largest measurement errors occurred from large
volume chambers, with 8 of those controlled releases having no fans present. The larger chambers
we used were all collapsible chambers, which could have impacted measurement accuracy through
pressure pumping in the chamber headspace through wind impacting the collapsible chamber walls
and altering the chamber volumes throughout the experiment. The large volume chambers we used
are designed to accommodate odd site shapes encountered in the field, such as abandoned oil and

gas wells (Figure 3.1). Future controlled release studies that test larger volume rigid chambers

66



would help elucidate the cause of these high errors. We also noted that all of these large measure-
ment error experiments showed high R? values above 0.80, meaning that they would be difficult to
distinguish based on the goodness-of-fit of the measurement data alone. Furthermore, several ex-
periments showed relatively poor R? values but good measurement accuracy (Figure 3.8), adding
to this difficulty. We found that chamber shape is more important for larger chambers than smaller
chambers, with the large cylindrical chamber performing better than the large rectangular chamber
whereas we did not find any difference between the smaller sized chambers with respect to shape.
Ideally static chambers should be constructed to minimize potential “dead zones” where gases
can accumulate (Christiansen et al., 2011), and cylindrical, or even semi-spherical or spherical
chambers, should facilitate easier mixing of the chamber headspace.

At higher methane flowrates (>100 g/hour) we found that our large cylindrical chamber with
fans quantified methane emissions with the highest accuracy (i.e., +2/-3%) of any chamber com-
bination we used throughout this study. In addition, a methane source such as an oil and gas
well can have multiple emitting components (e.g., pipe flanges, valves, surface casing vents, soil
gas migration) which could be missed if using smaller sized chambers. Methane concentrations
within a smaller chamber can also rapidly reach explosive levels which can pose safety concerns
if the environment is not intrinsically safe (Riddick et al., 2022), but these risks can be minimized
at little cost to accuracy if fans are omitted. Furthermore, intrinsically safe methods of chamber
mixing such as external pumps could be used to mix air within chambers, regardless of the size
of chamber. Theoretically, there is no upper methane flowrate limitation of the static chamber
method, and utilizing large chambers such as the 32,000 L chamber used in Lebel et al. (2020)
could theoretically quantify methane flowrates in the 100-200 kg/hour range. However, there are
practical limitations to directly measuring components emitting methane at these high levels, the
most notable being safety concerns and access issues (e.g., measuring flare stacks and liquid stor-
age tank unloadings). Another factor to consider is the time to reach steady-state. Enclosing a
high methane emitting source within a smaller chamber causes methane concentrations within the

chamber to rapidly reach steady-state, essentially creating a dynamic chamber, which we do not
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test in this work (Pedersen et al., 2010; Levy et al., 2011). Overall, our findings indicate that small
chambers (i.e., <20 L), regardless of the chamber shape and usage of fans, can be used to quan-
tify component level methane flowrates with an accuracy of +11% for methane flowrates ranging
from 1.02 to 512 g/hour. If larger chambers are required/desired, optimal configurations (i.e., fans
present and cylindrical shapes) will produce errors +3% for high methane flowrates (i.e., >100
g/hour).

Our results have shown that the static chamber methodology can be an effective and accu-
rate method for the quantification of component level methane flowrates. While indirect sampling
methods have been tested extensively, there is a need to test direct sampling methods given their
ability to quantify methane emissions at the component level, which is important for developing
actionable mitigation strategies. The static chamber method is logistically simple to implement and
adaptable to multiple methane sources, making it a viable measurement option for many compo-
nent level emission sources. Going forward, there are opportunities to improve the static chamber
design to reduce measurement uncertainties. Our work provides the testing and design information
for the static chamber methodology, thereby contributing to the range of measurement tools needed

to quantify methane emission rates from all sources.
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3.6 Supplementary information

3.6.1 Effects of chamber seal

We performed an additional single controlled release test of the static chamber method in June 2019
to investigate the impacts of a chamber seal on measurement accuracy. One controlled release was
performed outdoors of the MacDonald Engineering Building at McGill University (Canada) using
the rectangular 2,265 L. chamber with fans present in the interior. The chamber was installed over
soft ground for this experiment. One single controlled release of methane (2.5% methane with a
balance of air) at a rate of 160 mg/hour of methane. The controlled release test lasted 20 minutes in
total. For the first 10 minutes, the chamber was sealed to the ground using metal collars to press the
chamber material to the ground. For the second 10 minutes of the release, the metal collars were
removed and the chamber material was allowed to rest over the ground. Wind speeds were low
(i.e., <5 kph) for this experiment. The measured methane flowrate during the first 5 minutes of the
experiment was 133 mg/hour (R? = 0.9758), and for the second 5 minutes the measured flowrate
was 91 mg/hour (R? = 0.9587), meaning that the change in the chamber seal led to a decrease in

accuracy from -17% for the proper chamber seal to -43% from the improper chamber seal.
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Table 3.4: Physical chamber factors and leak properties of all 64 controlled release tests.

Methane | Volumetric
Mass
percentage | flowrate Chamber | Chamber | Fans
Leak ID | flowrate
of leak of leak volume (L) shape present
(g/hour)
(%) (SLPM)

3 1.02 5 0.476 2,265 Rec. Yes
4 10.2 5 4.76 2,265 Rec. Yes
6 10.2 10 2.38 2,265 Rec. Yes
7 102 10 23.8 2,265 Rec. Yes
8 10.2 50 0.476 2,265 Rec. Yes
9 102 50 4.76 2,265 Rec. Yes
10 512 50 23.8 2,265 Rec. Yes
11 102 100 2.38 2,265 Rec. Yes
12 512 100 11.9 2,265 Rec. Yes
14 1.02 5 0.476 2,265 Rec. No
15 10.2 5 4.76 2,265 Rec. No
18 10.2 10 2.38 2,265 Rec. No
19 102 10 23.8 2,265 Rec. No
20 10.2 50 0.476 2,265 Rec. No
21 102 50 4.76 2,265 Rec. No
22 512 50 23.8 2,265 Rec. No
23 102 100 2.38 2,265 Rec. No
24 512 100 11.9 2,265 Rec. No
26 1.02 5 0.476 322 Cyl. Yes
27 10.2 5 4.76 322 Cyl. Yes
29 1.02 10 0.238 322 Cyl. Yes
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30 10.2 10 2.38 322 Cyl. Yes
31 102 10 23.8 322 Cyl. Yes
32 10.2 50 0.476 322 Cyl. Yes
33 102 50 4.76 322 Cyl. Yes
34 512 50 23.8 322 Cyl. Yes
35 102 100 2.38 322 Cyl. Yes
36 512 100 11.9 322 Cyl. Yes
39 10.2 5 4.76 322 Cyl. No
42 10.2 10 2.38 322 Cyl. No
43 102 10 23.8 322 Cyl. No
45 102 50 4.76 322 Cyl. No
46 512 50 23.8 322 Cyl. No
47 102 100 2.38 322 Cyl. No
48 512 100 11.9 322 Cyl. No
50 1.02 5 0.476 14 Rec. Yes
51 10.2 5 4.76 14 Rec. Yes
53 1.02 10 0.238 14 Rec. Yes
54 10.2 10 2.38 14 Rec. Yes
55 10.2 50 0.476 14 Rec. Yes
57 1.02 5 0.476 14 Rec. No
58 10.2 5 4.76 14 Rec. No
60 1.02 10 0.238 14 Rec. No
61 10.2 10 2.38 14 Rec. No
62 102 10 23.8 14 Rec. No
63 10.2 50 0.476 14 Rec. No
64 102 50 4.76 14 Rec. No
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65 512 50 23.8 14 Rec. No
66 102 100 2.38 14 Rec. No
67 512 100 11.9 14 Rec. No
69 1.02 5 0.476 18 Cyl. Yes
70 10.2 5 4.76 18 Cyl. Yes
72 1.02 10 0.238 18 Cyl. Yes
73 10.2 10 2.38 18 Cyl. Yes
74 10.2 50 0.476 18 Cyl. Yes
77 10.2 5 4.76 18 Cyl. No
79 1.02 10 0.238 18 Cyl. No
80 10.2 10 2.38 18 Cyl. No
81 102 10 23.8 18 Cyl. No
82 10.2 50 0.476 18 Cyl. No
83 102 50 4.76 18 Cyl. No
84 512 50 23.8 18 Cyl. No
85 102 100 2.38 18 Cyl. No
86 512 100 11.9 18 Cyl. No
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Table 3.5: Summary of controlled release experiments examined for literature review.

Study Method Tested rates (g/h) Accept/Reject
Static chamber 40 - 200 Accept
Dynamic chamber 40 - 200 -
Riddick et al. 2022 Hi Flow Sampler 40 - 200 -
Inverse Gaussian 40 - 200 -
bLs 40 - 200 -
Stationary tower 576 - 108,000 Accept
Kumar et al. 2022
Mobile survey 576 - 108,000 -
Mobile survey 5-26,000 Accept
Ravikumar et al. 2019 | Uncrewed aerial 5-26,000 -
Crewed aerial 5-26,000 -
Robertson et al. 2014 Mobile survey 108 - 2,016 Accept
Edie et al. 2017 Mobile survey 144 - 2,160 Accept
Sherwin et al. 2021 Crewed aerial 18,000 - 1,025,000 | Accept
Crewed aerial 2,100 - 100,800 Accept
Aubrey et al. 2013
Mobile survey 2,100 - 100,800 -
Ars et al. 2016 Mobile survey 360 - 482 Accept
Martinez et al. 2020 Uncrewed aerial 1800 Accept
Uncrewed aerial 936 - 2,448 Accept
Morales et al. 2022
Mobile survey 936 - 2,448 -
Thorpe et al. 2016 Crewed aerial 2,282 -99,082 Accept
Chitra Chopra, 2022 Stationary tower - eddy | 525 - 2,100 Accept
Crewed aerial 470 - 29,810 Accept
Uncrewed aerial 470 - 29,810 -
Singh et al. 2021 Mobile survey 470 - 29,810 -
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Camera 470 - 29,810 -

Handheld sensor 470 - 29,810 -
Smith et al. 2017 Uncrewed aerial 78.44 Accept
Ravikumar et al. 2018 Camera 3,600 -104,400 Accept
Ravikumar et al. 2017 | Camera 3.5-295 Accept
Zhou et al. 2020 Mobile survey 290 - 1,240 Accept
Johnson et al. 2021 Crewed aerial 1,260 - 2,100 Accept
Wang et al. 2020 Camera 5.3-2,051.6 Accept
Tannant et al. 2018 Uncrewed aerial 204 - 2,100 Accept
Gardiner et al. 2017 Mobile survey 1,400 - 11,000 Accept
Tratt et al. 2014 Crewed aerial 2,200 - 82,000 Accept
Thorpe et al. 2021 Crewed aerial 47,500 - 101,700 Accept
Albertson et al. 2016 Mobile survey 2,160 Accept
Brantley et al. 2014 Mobile survey 684 - 4,320 Accept
Weller et al. 2019 Mobile survey 21-172 Accept
Tyner et al. 2021 Crewed aerial 3,700 - 8,600 Accept
Scafutto et al. 2018 Crewed aerial 310 - 22,750 Accept
Von Fischer et al. 2013 | Mobile survey 420 - 1,680 Accept
Allen et al. 2017 Uncrewed aerial 5,000 - 10,000 Accept
Nottrott et al. 2013 Crewed aerial 160 - 78,440 Accept
Conley et al. 2017 Crewed aerial 13,900 Accept
Ayasse et al. 2019 Satellite 103,710 Accept
Titchener et al. 2022 Camera 43.2 - 3,006 Accept
Heltzel et al. 2022 Mobile survey 144 - 864 Accept
Von Fisher et al. 2017 | Mobile Survey 42 -1,890 Accept

Mobile survey 300 - 1,200 Accept

Feitz et al. 2018
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Stationary tower 300 - 1,200 -

Uncrewed aerial 300 - 1,200 -

Camera 300 - 1,200 -
Wang et al. 2022 OGI - Machine learning | 3.4 - 2,051.6 Reject - results already presented
Sherwin et al., 2023 Satellite 200,000 - 7,200,000 | Accept
Brewer et al. 1998 Remote vehicle 5 Reject - submarine release
Cahill et al. 2017 Discrete samples 5-125 Reject - groundwater release
Felice et al. 2018 Discrete samples >0.02 Reject - subsurface release
Pihlatie et al. 2013 Chamber >(0.001 Accept
Christiansen et al. 2011 | Chamber >0.001 Accept
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Figure 3.9: Scatter-plots of methane concentration over time for all 64 controlled release tests.
Points coloured blue indicate a measurement accuracy of 40% or better. Points coloured red

indicate a measurement accuracy of 40% or worse (1/2).
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Figure 3.10: Scatter-plots of methane concentration over time for all 64 controlled release tests.
Points coloured blue indicate a measurement accuracy of 40% or better. Points coloured red

indicate a measurement accuracy of 40% or worse (2/2).
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Chapter 4

Methane emissions from abandoned oil and

gas wells in Canada and the United States

Connecting text: In this chapter, we present the results of a compilation of activity data and emis-
sion rate measurements of methane emissions from abandoned oil and gas (AOG) wells in Canada
and the U.S., including new measurements we made from 17 AOG wells in British Columbia and
53 AOG wells in Oklahoma using the static chamber method tested in Chapter 3. We found that
methane emissions from AOG wells were underestimated in both countries, and that the under-
estimation was more pronounced in Canada due to the difference in emission factors. This study
presents the first of three chapters focused on field measurements of methane emissions using
direct measurement techniques, particularly the chamber method presented in Chapter 3.

The results of this research are currently published as:

Williams, J. P., Regehr, A., & Kang, M. (2020). Methane emissions from abandoned oil and

gas wells in Canada and the United States. Environmental Science & Technology, 55(1), 563-570.
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4.1 Introduction

In 2019, methane emissions from abandoned oil and gas (AOG) wells were included for the
first time in national greenhouse gas (GHG) inventories (United States Environmental Protec-
tion Agency, 2021a; Environment and Climate Change Canada, 2021). AOG wells can act as
subsurface leakage pathways that connect oil and gas reservoirs to groundwater aquifers and the
atmosphere, contributing to water and air quality degradation and climate change (Cahill et al.,
2019). This is particularly true if the AOG well is left unplugged or the integrity of the well and/or
plug is compromised. Methane is a potent GHG, with a global warming potential 28-36 times
stronger than that of carbon dioxide over a 100 year timeframe and 84—86 times stronger over a
20 year timeframe (Stocker, 2014). Therefore, to curb warming, it is important to quantify and
mitigate methane emissions. The U.S. GHG inventory shows that methane emissions from AOG
wells represent 0.28 million metric tonnes (MMt) of methane per year and 1-13% of total methane
emissions from the oil and natural gas sector (United States Environmental Protection Agency,
2021a). In Canada, the current national inventory estimates that AOG wells represent 1.0x 102
MMt of methane emissions in 2018 and less than 1% of total methane emissions from the oil and
natural gas sector (Environment and Climate Change Canada, 2021). Of the top 15 anthropogenic
methane emission sources from all sectors, AOG wells are the most uncertain source in the U.S.
and the fourth most uncertain in Canada (SI - Table 4.2). Therefore, a comprehensive analysis
of available data and estimation approaches are needed to improve estimates for this new source
category.

Measurements of methane emission rates at AOG wells are used to determine emission factors,
which are multiplied with the number of AOG wells to estimate total emissions. Emission factors
for AOG wells for the U.S. and Canada are calculated using the arithmetic mean of available
direct methane measurements and are assumed to be representative of the population of wells that
the emission factors are applied to. There have been a total of six published studies that have
directly measured methane flow rates from AOG wells in the U.S. and Canada (Kang et al., 2014,

2016; Townsend-Small et al., 2016; Williams et al., 2019; Riddick et al., 2019b; Pekney et al.,
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2018). Most of these measurements are focused on the eastern U.S., specifically the Appalachian
region (Kang et al., 2014, 2016; Riddick et al., 2019b; Pekney et al., 2018) with the exceptions of
Townsend-Small et al. (2016) who measured wells in Utah (U.S.), Colorado (U.S.), and Wyoming
(U.S.) and Williams et al. (2019) who measured wells in New Brunswick (Canada). Emission
factors based on available measurements vary from region to region, averaging as high as 17 g/h in
Pennsylvania (from combining measurements of both Kang et al. (2016) and Pekney et al. (2018))
to as low as 2.4x1073 g/h in Utah. (Townsend-Small et al., 2016) In addition, the flow rates vary
depending on the attributes of the well such as the plugging status and whether the well produced
gas and/or oil (Kang et al., 2016; Townsend-Small et al., 2016; Williams et al., 2019; Riddick et al.,
2019b; Pekney et al., 2018; Boothroyd et al., 2016; Schout et al., 2019; Ingraffea et al., 2014). In
general, it appears that plugged wells emit less methane than unplugged wells (Kang et al., 2016;
Riddick et al., 2019b; Townsend-Small et al., 2016; Pekney et al., 2018). However, there are
subcategories of plugged wells such as those that are in coal areas and vented by regulation that
emit as much as unplugged wells (Kang et al., 2016). In terms of the well type, gas wells have been
shown to emit more methane than oil or combined oil and gas wells. Overall, it is important to
consider regional variations, the plugging status, and the well type in the development of emission
factors for AOG wells.

There are many ways in which emission factors can be defined and applied. The latest national
inventory reports for Canada and the U.S. estimate methane emissions from AOG wells using emis-
sion factors derived from two studies (Kang et al., 2016; Townsend-Small et al., 2016). Emission
factors for both the U.S. and Canada are grouped according to the plugging status (i.e., unplugged
or plugged). In the U.S., emission factors are divided into two regions: the Appalachian region and
the rest of the U.S. No spatial division is applied for the Canadian emission factors, which implies
that emissions per well are assumed to be similar throughout the country. However, studies such
as Watson and Bachu (2009) highlight a geographic region as a factor with a major impact on the
occurrence of gas migration and/or surface casing vent flow (indicators of well leakage) in wells.

Furthermore, oil and gas basins have different properties and current/historical regulatory practices
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vary among provinces/states/territories. (Saint-Vincent et al., 2020). To better estimate emissions
and reduce uncertainties, there is a need to understand how the different estimation approaches
impact methane emission estimates for AOG wells.

In addition to emission factors, methane emission estimates depend on the well count. Previous
studies estimate the number of documented AOG wells in the U.S. at around 3,200,000 for 2018
(United States Environmental Protection Agency, 2021a). To the best of our knowledge, there are
no published studies that estimate the total number of AOG wells in Canada. In both countries,
thousands of wells, especially those drilled prior to the 1950s, are likely to be undocumented
(Kang et al., 2016; Calvert and Smith, 1994; Dilmore et al., 2015). For example, a study by Kang
et al. (2016) showed that AOG well counts in Pennsylvania are likely in the range of 470,000 to
750,000, more than ten times higher than the 48,144 recorded by the Pennsylvania Department
of Environmental Protection. Similarly, the number of AOG wells in West Virginia is estimated
in the range of 60,000 to 760,000 by Riddick et al. (2019b) which places the 70,000 reported by
the West Virginia Department of Environmental Protection on the low end of this range. Given the
large uncertainty in well counts, we consider them in evaluating uncertainties in methane emissions
from AOG wells.

In this work, we estimate methane emissions from AOG wells in Canada and the U.S. and
evaluate uncertainties considering all available measurement and well count data. We develop five
scenarios to attribute emission factors to different regions with corresponding probability density
functions to estimate annual emissions and uncertainties using Monte Carlo simulations. For the
emission factor development, we include previously unavailable field measurement data from Ok-
lahoma and British Columbia, which partially address the lack of measurements from the southern
region of the U.S. and an overall lack of empirical data from Canada. We provide estimates of
well counts grouped into the well type and plugging status and explore how AOG well counts have
changed over time. Finally, we calculate annual emissions from AOG wells across Canada and the
U.S. and discuss how future measurements and data analysis can reduce uncertainties and increase

the representativeness of regional methane emission measurements at national scales.
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4.2 Methods

4.2.1 Methane flow rate measurements and emission factors

We compile and analyze a total of 598 methane flow rate measurements across seven states and
two provinces: Ohio (Townsend-Small et al., 2016), Wyoming (Townsend-Small et al., 2016),
Utah (Townsend-Small et al., 2016), Colorado (Townsend-Small et al., 2016), Pennsylvania (Kang
et al., 2016, 2014; Pekney et al., 2018), West Virginia (Riddick et al., 2019b), New Brunswick
(Williams et al., 2019), Oklahoma, and British Columbia. Emission factors are calculated from all
six published studies (Kang et al., 2014, 2016; Townsend-Small et al., 2016; Pekney et al., 2018;
Riddick et al., 2019b; Williams et al., 2019) and data from 17 unplugged wells that we measured
in British Columbia and 53 unplugged wells from Oklahoma. These measurements are grouped
according to the plugging status (i.e., unplugged and plugged) and well type (i.e. gas, combined oil
and gas, and unknown) and averaged to obtain emission factors. It should be noted that we use the
term “well classification” to refer to a combination of the well type and plugging status. We group
measurements from oil wells and combined oil and gas (O&G) wells to obtain one emission factor
representing both types and hereafter referred them to as O&G wells, as many data sources do not
distinguish between these two types. For unknown well types, we develop an emission factor based
on all available measurements regardless of the well type. In total, there are 148 measurements
from gas wells and 196 from combined oil and gas wells, with the remaining 254 measurements

from wells with the unknown well type.

4.2.2 Number of AOG wells

We define AOG wells as wells with no recent production, which follows the definitions used by
both the Canadian and U.S. inventories (United States Environmental Protection Agency, 2021a;
Environment and Climate Change Canada, 2021) that include terms such as suspended, idle, or-

phaned, plugged, dormant, deserted, inactive, junked, temporarily abandoned, and shut-in.
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We use two approaches to determine the number of AOG wells. First, we analyze AOG wells
from 47 provincial, territorial, and state repositories. The source of each of these databases are
provided in the SI - Table 4.3. Second, we estimate the number of AOG wells from historical doc-
uments and national agencies/organizations (Canadian Association of Petroleum Producers, 2020;
U.S. Energy Information Administration, 2020). Using the data from provincial/state/territorial
agencies, we categorize AOG wells based on the plugging status and well type depending on the
data reported by regional agencies. If no plugging status is reported, we assign the dataset-wide
percentage of unplugged and plugged wells based on the total number of unplugged and plugged
wells gathered from state/provincial/territorial datasets for that country. If no well type is reported,
we use the ratio of currently active well types in 2018 reported by the Canadian Association of
Petroleum Producers (CAPP) or the Energy Information Agency (EIA). In Canada, 3% of wells
do not report the plugging status and 23% do not report the well type. In the U.S., 23% of wells
do not report the plugging status and 7% of wells do not report the well type. Using historical
documents and data from the CAPP and EIA, we estimate the total nationwide number of AOG
wells based on the number of active wells subtracted from the total number of drilled wells in each
country up to 2018 (Canadian Association of Petroleum Producers, 2020; U.S. Energy Informa-
tion Administration, 2020), similar to the methodology of Brandt et al. (2016) for AOG wells. For
Canada, we scale the number of AOG wells for each well classification by the total number of
AOG wells obtained from the CAPP (Canadian Association of Petroleum Producers, 2020). For
the U.S., we scale the number of AOG wells for each well classification by the total number of
AOG wells obtained using data from the EIA and Brandt et al. (2016) with the exception of Okla-
homa, Pennsylvania, and West Virginia. For Pennsylvania and West Virginia, we use the midpoint
well counts of Kang et al. (2016) and Riddick et al. (2019b) which are 610,000 for Pennsylvania
and 410,000 for West Virginia. For Oklahoma, we use a count of 280,000, which is the midpoint
between the state database total (140,283) and a well count from the Independent Petroleum Asso-
ciation of America (422,826) (Independant Petroleum Association of America, 2016). Total AOG

well counts for each province and state are provided in the SI - Table 4.3.
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4.2.3 Emission factor attribution scenarios

We develop five different scenarios to assign emission factors for AOG wells to regions in the
U.S. and Canada (Table 4.1 and SI - Figure 4.5). In the first scenario (1), we develop six nation-
wide emission factors for each country corresponding to the two plugging statuses and three well
types. For the second scenario (2), we apply 17 emission factors provided in region-specific stud-
ies for four states and one province and apply nationwide emission factors to remaining regions.
In the third scenario (3), we divide the U.S. and Canada broadly into the eastern and western re-
gions, resulting in 24 emission factors. The western U.S. is determined to be all states west of
the Texas—Louisiana and Minnesota—North Dakota state boundaries, while western Canada rep-
resents provinces/territories to the west of the Saskatchewan—Manitoba and Northwest Territories
and Nunavut boundaries. These divisions are chosen to evenly distribute measurement data. In the
fourth scenario (4), we divide the U.S. into northern and southern regions by the state boundary
closest to the 35° latitude, which reflects the distributions of measurement data. In the fifth and fi-
nal scenario (5), we use 15 emission factors to regions based on oil and gas basins (SI - Figure 4.5).
The basin-specific emission factors can capture impacts of geological factors, operators, policies,
and the history of oil and gas development. Because of the lack of empirical data from Canada, we
use all available measurement data from the U.S. and Canada to develop emission factors for the
first three scenarios for Canada. We do not make estimates for Canada using the fourth and fifth
scenarios. We use the five different attribution scenarios to show how different approaches can
affect annual emission estimates rather than identify a single scenario as the most representative
or “best” estimate. As new data are gathered, the representativity of emission estimates for AOG
wells will improve and other emission factor attribution scenarios may be appropriate.

Following the emission factor attribution scenarios, we determine emission factors based on
measurement data for each state/province (Table 4.1). In cases where data from multiple studies

are used to calculate emission factors, we use 4.1:

1 Mx; X Nx;
EFX7a — Elzl X7 X X:
Zi:l Nx.i

4.1
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Table 4.1: Emission factor spatial attribution scenarios in the U.S. and Canada as described in the

Methods section.®

Emission factors (g/h)

United States Unplugged Plugged

Scenario | Region 0&G Gas All 0&G Gas All

1 U.S. 13 (101) | 23(60) | 11(293) | 5.1x1072(80) | 4.8 (84) 1.6 (276)
Oklahoma 1434) [22(19) | 17(53) | 5.1x1072(80) | 4.8 (84) 1.6 (276)
Pennsylvania 12(56) | 48(19) | 21(75) | 0.17 (22) 18 (22) 9.6 (44)

) Utah 13(101) | 23 (60) | 11(293) | 5.1x1072°(80) | 4.1x1073 (51) | 2.4x 1073 (88)
West Virginia 13(101) | 23 (60) | 3.2 (147) | 5.1x1072(80) | 4.8 (84) 0.10 (112)
Colorado 13 (101) | 23(60) | 11 (293) | 5.1x1072(80) | 4.8 (84) 1.6 (276)°
Remainder 13(101) | 23(60) | 11(293) | 5.1x1072(80) | 4.8 (84) 1.6 (276)

i East 14 (62) | 28 (34) | 9.6 (228) | 0.13 (28) 18 (22) 2.8 (162)
West 13(39) | 17(26) | 15(65) | 5.1x1072(80) | 4.8 (84) 1.8x1073 (114)

4 North 12(56) |24 (41) | 8.8(257) | 6.2x1072(59) | 4.8 (84) 1.6 (276)
South 14(34) [22(19) | 17(53) | 5.1x1072(80) | 4.8 (84) 1.6 (276)
AP¢ 14 (62) | 28(34) | 9.6 (228) | 0.13 (28) 18 (22) 2.8 (162)
AN° 13(101) [ 22(19) | 16 (26) | 5.1x10-2(80) | 4.8 (84) 1.6 (276)
UI¢ 13(101) | 23(60) | 11(293) | 5.1x1072(80)° | 4.1x1073 (51) | 24x10~3

5 DE° 13(101) | 23(60) | 11(293) | 5.1x10-2(80) | 4.8 (84) 1.6 (276)°
PR/DE° 13(101) | 23(60) | 11(293) | 5.1x1072(80) | 4.8 (84) 1.6 (276)°
AN/UI/DE® 13(101) [ 17(25) | 12(38) | 5.1x1072(80)° | 3.7x1073 (57) | 2.0x1073 (104)
Remainder 13(101) | 23 (60) | 11(293) | 5.1x1072(80) | 4.8 (84) 1.6 (276)

Emission factors (g/h)

Canada Unplugged Plugged

Scenario | Region 0&G Gas All 0&G Gas All

1 Canada 12(113) | 22(65) | 10 (310) | 4.6x1072(92) | 4.8 (84) 1.5 (288)

5 British Columbia | 12 (113) | 22 (65) | 0.15(17) | 4.6x1072 (92) | 4.8 (84) 1.5 (288)
Remainder 12(113) | 22(65) | 10 (310) | 4.6x1072(92) | 4.8 (84) 1.5 (288)

3 East 14 (62) | 28 (34) | 9.6 (228) | 0.12 (40) 18 (22) 2.5 (174)
West 14(51) [ 1531 | 12(82) | 5.1x1072(80) | 4.8 (84) 1.8x1073 (114)

“The number of measurements used to calculate each emission factor is shown in parenthesis. “Remainder”
refers to the states/provinces not specifically identified in the scenario. Maps of spatial attribution scenarios
are provided in the SI - Figure 4.5.
bEmission factor based on the total dataset average based on the reasoning outlined in the SI - Section 4.6.1.
¢Abbreviations for basin types: AP = Appalachian, AN = Anadarko, Ul = Uintah, DE = Denver, PR =
Powder River.
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, where EFx , is the emission factor for well classification X and area a, Mx ; is the mean
methane flow rate from study i and well classification X, Nx ; is the number of measurements for

the well classification X from study i, and i represents a study associated with region a.

4.2.4 Uncertainty analysis

We evaluate uncertainties in annual methane emissions from AOG wells using Monte Carlo sim-
ulations of the emission factors and well counts following approach 2 of the IPCC guidelines
(Calvo Buendia et al., 2019). First, methane emissions are aggregated for a region and well classi-
fication following the emission factor attribution scenarios. We use bootstrapping with 2000 itera-
tions with replacement to resample our methane flow rate data to obtain a distribution of emission
factors. The bootstrapped distribution of emission factors is fitted to a probability density function
using the “fitdistrplus” package in R (Delignette-Muller and Dutang, 2015) to obtain parameters
to be used in the Monte Carlo simulations. We assume an asymmetrical triangle distribution for
well counts ranging from the state/provincial/territorial database well number to an upper range
determined either from a secondary source (e.g., research articles, ?) or a default of +100% (SI -
Section 4.6.2). Using these distributions, we obtain a set of 1,000,000 estimates of annual methane
emissions. We determine the lower and upper limit in methane emission estimates from the 2.5th
and 97.5th percentile values of the simulated annual methane emissions. These steps are repeated

for each emission factor attribution scenario.

4.3 Results

4.3.1 Methane flow rates and emission factors

Available measurements of methane flow rates are from seven states and two provinces and cover
the two plugging types (unplugged and plugged) and three well types (O&G, gas-only, and un-

known) that we use in our analysis. In terms of regions, most measurements are from West Vir-
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ginia (n = 259) and Pennsylvania (n = 119), with the smallest number of measurements being from
Ohio (n = 12), New Brunswick (n = 12), and Wyoming (n = 12). There are 288 measurements
from plugged wells, with 85 of those measurements being from plugged gas wells, 92 from O&G
wells, and 112 from an unknown well type. A total of 310 unplugged wells have been measured,
of which 65 are unplugged gas wells, 113 are O&G wells, and 132 are from an unknown well type.

Empirical cumulative distributions from all well types and statuses exhibit heavy-tailed distri-
butions (Figure 4.1). For plugged wells, we find that 99% of emissions are attributed to 10% of
plugged wells. Unplugged wells show slightly lower percentages, with unplugged gas wells having
84% of cumulative methane emissions attributed to 10% of wells. Overall, the top 10% of AOG
wells are responsible for 96% of cumulative methane emissions.

Based on our synthesis of all available methane emission data from AOG wells, average
methane flow rates range from 1.8 x 1073 g/h to 48 g/h based on the plugging status, well type, and
region (Table 4.1). In terms of the plugging status, unplugged gas wells are the highest methane
emitters overall, averaging 11 g/h, compared to 1.6 g/h from plugged wells. In terms of the well
type, abandoned gas wells emit on average 12 g/h methane, which is almost double the emissions
from abandoned O&G wells at 6.6 g/h. In addition to dependence on well classifications, emis-
sion factors also vary regionally. Notably, unplugged O&G wells in Ohio (i.e., 34 g/h) emit more
methane than unplugged O&G wells in Oklahoma (i.e., 14 g/h), Pennsylvania (i.e., 12 g/h), Col-
orado (i.e., 3.2 g/h), and British Columbia (i.e., 0.14 g/h) (Table 4.1). Plugged gas wells also show
regional variability, with plugged gas wells in Pennsylvania averaging 18 g/h compared to 4.1 x

10-3 g/h in Utah.

4.3.2 Number of AOG wells

We estimate the total number of AOG wells to be 4,047,809 for the U.S. based on our compila-
tion of state/provincial/territorial databases, research articles, and national repositories of drilled
and active wells. In the U.S., compiling regional databases alone gives a total of 2,485,445 AOG

wells, leaving 1,562,364 AOG wells undocumented by the relevant state agencies. For Canada,
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Figure 4.1: Empirical cumulative distributions of measured methane flow rate from unplugged
(top) and plugged (bottom) AOG wells in the U.S. and Canada. Each curve represents a
state/province. Blue and green curves represent eastern and western states in the U.S.,
respectively. Red curves represent Oklahoma, which is in the southern U.S. Black curves
represent Canadian provinces. Shaded regions in each plot represent the 90—100th percentile of
methane emission rates for that group, with the annotation showing the percentage of cumulative

emissions, the top 10% of AOG wells.

a compilation of regional databases gives a total of 312,445 AOG wells. Based on the differ-
ence in cumulative drilled wells and active wells provided by the CAPP (Canadian Association of
Petroleum Producers, 2020), we estimate 372,925 AOG wells in Canada, meaning at least 60,483
wells are not included in databases of provincial/territorial agencies. The figure 372,925 is likely
an underestimation of the total number of AOG wells in Canada because the total number of drilled
wells provided by CAPP is limited to those drilled from 1955 onward and there are historical doc-
uments confirming that oil and gas activity in Canada began in the 1850s (Brownsey, 2015; Howie,

1968).
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Most wells in the U.S. are unplugged wells with an unknown type (1,044,976 wells). This is
followed by 836,850 plugged O&G wells, 693,921 unplugged O&G wells, 558,019 unplugged gas
wells, 488,751 plugged wells of unknown type, and 425,291 plugged gas wells. In Canada, the well
classification with the largest number of wells is plugged wells with an unknown type at 74,113
wells, followed by 65,316 unplugged O&G wells, 63,377 unplugged wells with an unknown type,
61,773 unplugged gas wells, 55,067 plugged O&G wells, and 53,279 plugged gas wells. Although
we assign 37% of AOG wells in Canada and the U.S. to the unknown well type, they are still
assigned an emission factor based on the reported plugging statuses of all AOG wells, which is the
current approach used in the Canadian and U.S. inventories. A total of 37% of wells are assigned
an unknown well type.

States with the highest AOG well counts in the U.S. are Texas, Pennsylvania, Kansas, West
Virginia, and Oklahoma, which collectively account for 65% of the total AOG well count in
the U.S. In Canada, Alberta and Saskatchewan contain 87% of AOG wells in the nation, with
the majority of the remaining wells located in British Columbia, Ontario, and Manitoba. Of
these ten states/provinces across Canada and the U.S., there are direct methane flow rate mea-
surements for only three states (Pennsylvania, West Virginia, and Oklahoma) and one province
(British Columbia). These measurements collectively represent less than 0.01% of all AOG wells
in Canada and the U.S. (Figure 4.2).

The number of AOG wells is increasing in Canada and the U.S. (Figure 4.3). In Canada, the
largest year-to-year increase in AOG wells since 1956 was in 2015 with an increase of 27,000
wells, whereas the smallest was in 2012 with 100 wells. A linear regression shows an average
of 5800 wells abandoned per year from 1956 to 2012. In Canada, both the variability and annual
growth rate of wells have increased since the mid 1950’s, averaging 3200 wells abandoned per year
from 1956 to 1986 and 8800 wells abandoned per year from 1987 to 2017. In the U.S. from 2000
to 2013, an average of 18,600 wells were abandoned per year, with a maximum of 35,500 in 2008
and a minimum of 4000 in 2009. The negative numbers of AOG wells drilled per year, represent

a decrease in total AOG well numbers, and is likely a result of idle/inactive wells being re-entered
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Figure 4.2: Map of all active and AOG onshore well locations (left) gathered from publicly
available databases for the U.S. and Canada. Pie charts (right) show percentages of AOG wells in
each state/province/territory relative to those across the country. States/provinces/territories in the

map and the pie charts are presented using the same color scheme.

into the production life cycle. Overall, the growing number of AOG wells implies that methane

emissions from AOG wells are likely to be increasing.

4.3.3 National methane emission estimates

We estimate annual methane emissions from AOG wells across the U.S. to be 0.32 (I—Total)
to 0.36 (3—east/west) MMt of methane emitted annually (Figure 4.4). All five scenarios show
higher methane emissions than the U.S. EPA’s estimate for 2018 of 0.28 MMt of methane per year.
The states with the most methane emitted annually, on average, are Pennsylvania (0.088 MMt of

methane), Texas (0.086 MMt of methane), West Virginia (0.051 MMt of methane), and Kansas
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Figure 4.3: Annual growth rates of AOG well counts in Canada from 1956 to 2017 and the U.S.
from 2000 to 2013. The count of AOG wells calculated from the difference between active and

cumulative drilled wells for that year.

(0.027 MMt of methane). Breakdowns of emissions by the well type and plugging status for all
five scenarios are shown in the SI - Figure 4.6.

Annual methane emissions from AOG wells in Canada average at 0.026 MMt of methane
(Figure 4.4) and range between 0.027 MMt of methane (1—total, 2—region) and 0.024 MMt
of methane (3—east/west). All three scenarios indicate that emissions are nearly three times
the 10x 102 MMt of methane estimated by Environment and Climate Change Canada for 2018.
(2) The primary region contributing to methane emissions from AOG wells is Alberta (0.022
MMt of methane), followed by Saskatchewan (4.7 x 102 MMt of methane) and British Columbia
(1.8x1073 MMt of methane) (SI - Figure 4.7).

The results of our uncertainty analysis show upper uncertainty bounds ranging from +100 to
+140% and lower bounds of 60 to 70% for the U.S. We find that the upper uncertainty bounds
are roughly half of the +218% reported by the U.S. EPA (United States Environmental Protection
Agency, 2021b). For Canada, the upper uncertainty bounds of +160 to +190% are higher than the
+69.9% reported by ECCC (Environment and Climate Change Canada, 2021), with lower uncer-
tainty bounds of 50% on average, which are similar to the 47% reported by ECCC (Environment
and Climate Change Canada, 2021). However, these ranges do not account for uncertainties aris-

ing from differences between emission factor attribution scenarios, meaning that uncertainties are

96



1
United States 08 Canada
= 0.07
S 08
E _ 0.7 0.06
2 5" 0.6 0.05
g = 0.5 0.04
Y
gz 04 0.03
= 03
-]
E 0.2 0.02
< 0.1 0.01
0
=
=
|
-

5 — Basin
1 — Total

U.S. EPA - 2018 :
[

2 — Region

3 — East/West [[IE==—r
North/South [

2 — Region
3 — East/West

ECCC -2018

4 —

Figure 4.4: Bar plot of annual methane emissions (expressed in million metric tonnes of
methane) from AOG wells from the U.S. (blue bars), Canada (red bars), and the most recent

national inventory estimates (white bars). The 95% uncertainties are shown in black lines.

likely to be higher than those reported. In short, compared to previous national inventories, we
find that uncertainties in methane emissions from AOG wells are higher in Canada and lower in

the U.S.

4.4 Discussion

Our estimates for annual methane emissions from AOG wells are consistently higher than those
reported in the latest inventory report by 150% (Environment and Climate Change Canada, 2021)
for Canada and by 20% for the U.S. (United States Environmental Protection Agency, 2021a)
The reasons for the larger degree of underestimation in the Canadian inventory are due to our use
of a larger number of wells and higher emission factors. In contrast, the difference in the U.S.
inventory is primarily due to our use of a larger number of wells. Nevertheless, emissions factors

for the “entire U.S.” relied on data that were not distributed throughout the country but focused on
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western states, Wyoming, Utah, and Colorado and missing data from major oil- and gas-producing
states such as Texas, Oklahoma, and California.

We find uncertainty ranges for methane emissions from AOG wells to be lower than those of
the latest national inventory report for the U.S. but higher than those in the Canadian inventory.
Methane emissions from AOG wells remain the most uncertain anthropogenic methane source
in the U.S. and increase to the most uncertain anthropogenic methane source in the Canadian
national GHG inventory. Methane emissions from AOG wells correspond to 1-4% of methane
emissions from the energy sector in the Canadian inventory and 1-13% in the U.S. inventory.
Overall, methane emissions from AOG wells are higher than previous estimates and remain one of
the most uncertain anthropogenic methane emission sources.

There is an overall lack of measurement data in Canada and the U.S., with less than 0.01% of
AOG wells in the U.S. and Canada measured to date. The few available emission measurements
are not in the states/provinces where the majority of emissions from AOG wells are found such as
Texas and Alberta. Therefore, to reduce the high uncertainties, these regions should be targeted in
future measurement studies.

All available measurements show statistically heavy-tailed distributions, similar to active op-
erations (Ingraffea et al., 2014; Brandt et al., 2016). Unplugged gas wells show the least-skewed
distribution in methane flow rates with 84% of cumulative emissions attributed to the top 10% of
emitters, compared to the remaining well types and plugging statuses which range from 91-99%
(Figure 4.1). Moreover, unplugged gas wells have the highest emission factor among any of the
well classifications.

Only 10 high-emitting wells with over 100 g/h have been measured to date, yet they contribute
roughly 65% of cumulative emissions (i.e., superemitters) from all studies. Although mitigating
a small number of sites can reduce a large percentage of methane emissions, it also means that
AOG wells with methane flow rates much higher than those measured to date may exist. Gathering
new measurements from regions without prior data may greatly enhance the representativeness of

emission factors, help characterize and identify the highest emitters that heavily influence emission

98



factors, and provide information on how these emissions are distributed regionally and across well
classifications.

Emission factors are shown to vary regionally and across well classifications for the five scenar-
10s we employ. Unplugged oil wells in West Virginia emit less methane than those in Pennsylvania
and Oklahoma, and plugged gas wells in Pennsylvania emit an order of magnitude more methane
than those in other regions. This difference can be explained by the fact that plugged wells in
coal areas in Pennsylvania are vented, highlighting how regional practices can influence emission
factors. In other regions, plugged wells emit much less methane than unplugged wells, which
highlights the general effectiveness of plugging procedures in preventing methane migration to the
atmosphere. In addition, there are a number of factors that could influence methane emissions from
AOG wells that are not investigated in this work. Well-specific factors such as the well age (Wat-
son and Bachu, 2009), abandonment date (Watson and Bachu, 2009), well bore deviation (Watson
and Bachu, 2009), well platform (i.e., onshore vs offshore) (Yacovitch et al., 2020; Riddick et al.,
2019a; Gorchov Negron et al., 2020), and external factors (e.g., earthquakes) (Kang et al., 2019)
could control methane emissions from AOG wells, meaning that emission factors may need to
reflect these relationships.

A large source of uncertainty in current methane emission inventories is the number of wells.
Both Kang et al. (2016) and Riddick et al. (2019b) show that regional databases are likely underes-
timating well counts by a factor of ten for Pennsylvania and West Virginia. If undocumented wells
for all states/provinces/territories follow the same trends as observed in Pennsylvania and West
Virginia, the uncertainty ranges we employ to well counts may still be underestimating the uncer-
tainty in well numbers. Historical analyses of the many oil- and gas-producing regions could help
narrow these ranges in AOG well numbers. Alternative approaches such as helicopters, unmanned
aerial vehicles, and ground-based magnetic surveys could also provide reasonable approximations
of undocumented well numbers (Pekney et al., 2018; Saint-Vincent et al., 2020; ?). Overall, the

number of AOG wells remains an uncertain input in the estimation of annual methane emissions.
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A 60-year analysis of wells abandoned annually in Canada shows that the growth rate and vari-
ability of AOG wells drilled per year have almost tripled from 1956—-1986 compared to 1987-2018
(Figure 4.3). Therefore, it is important to evaluate mitigation strategies such as well plugging, re-
entering unplugged wells into the production life cycle or for alternative uses (e.g., geothermal), or
reducing the number of new wells drilled. In order to lower methane emissions from AOG wells, it
is critical that AOG wells be plugged according to modern standards, that idle/suspended/dormant
wells be either plugged or mitigated without remaining unplugged and inactive for extended peri-
ods of time, and that undocumented wells are located and characterized (Saint-Vincent et al., 2020;
Pekney et al., 2018; Hammack et al., 2016).

Methane emissions from AOG wells are currently the 10th and 11th largest anthropogenic
methane emission sources in the U.S. and Canada, respectively. The emissions are highly uncertain
and are expected to increase in the future. Therefore, it is important to accurately estimate methane
emissions from AOG wells. To do this, efforts are needed to ensure that (a) emission factors
represent the wide range of regions and well classifications, (b) well counts are accurate, and (c)
both emission factors and well counts are applied in a way that best represents methane emissions

from the millions of AOG wells across the U.S., Canada, and elsewhere.
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4.6 Supplementary information

4.6.1 Treatment of zeroes

The detection limit for flow rates varies between the studies. All studies used some form of well
screening using portable gas detectors to measure atmospheric methane concentrations on the well
sites (Kang et al., 2014, 2016; Williams et al., 2019; Pekney et al., 2018; Riddick et al., 2019b)
followed by direct methane flow rate measurements using chambers. Townsend-Small et al. (2016)
used the screening step to select wells at which chambers are deployed to measure methane emis-
sion rates. If methane concentrations above background are not detected during the screening step,
Townsend-Small et al. (2016) present the methane flow rate as zero. In contrast, Kang et al. (2016),
Riddick et al. (2019b), Pekney et al. (2018), and Williams et al. (2019) deployed chambers at all
wells. Therefore, zeros in Townsend-Small et al. (2016) are different from those in other studies
presented in this work. While emissions may be minimal (i.e. <0.1 g/hour) from these wells
showing no atmospheric methane enhancements, the true methane flow rates from these sites are
not likely to be 0 g/hour as reported. In the interest of preserving data and not skewing results, we
keep all measurements from Townsend-Small et al. (2016), but in instances where emission factors
are calculated solely from O ppmv methane screening results from their study (e.g. plugged O&G
wells in Utah in Scenario 2), we assign the total dataset average of methane flow rate data for that

well classification and region.

4.6.2 Uncertainties in the number of AOG wells

We use an asymmetrical triangular distribution based on two main assumptions: that the number
of AOG wells in our study can be an underestimate and that the likelihood of the number of AOG
wells being near the upper and lower bounds is lower. We select lower bounds based on the percent
difference between our final well counts and the results of the state/provincial/territorial database
compilation of well numbers which we assume to be all documented AOG wells. We estimate

a default upper bound of +100% based on the upper range of undocumented wells from Okla-
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homa, Pennsylvania, and West Virginia, including data on the estimated number of undocumented
orphan wells from the Interstate Oil and Gas Compact Commission, compared to the number of

documented wells for the respective states/provinces/territories (1,233,144).
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Figure 4.5: Maps of five emission factor attribution scenarios as summarized in Table 4.1 (M1 to
MS5), and map of oil and gas basins (bottom-right - B. Oil and gas basins) used to obtain emission
factors for scenario M5. Oil and gas basin shapefiles are obtained from the United States
Geological Survey: Central Energy Resources Science Center. Regions coloured grey represent

the “U.S.” and “Canada” in M1 or “Remainder” in M2 and M5.

103



"SBD) PUR [I) - SIIINOS AANIZN] JO A103918I-qNS B QI8 S[[IA\ SBD) PUE [I) POUOPUBQY
€01 0cI S19NpOId [BIIWYI0119d Sl
43 091 SANPISaY [eIM[NOLITY JO Juruing Pt vl
001 001 sunsodwo) ¢l
133 144! uonsnquios SIqoN 4!
133 8¥¢ SQUIJA] [0 PUNOIZIOPU[) PAUOPUEQY 1T
0¢ 08¢ SII°PM SeD pue [IQ pauopueqy ]!
S91 1443 uonsnquio)) Areuonelg 6
€6 (439 uoneAnny adry 8
IS 89¢ JUQWIIBAI], JOJRMI)SBA\ L
g9 0S¥l SUIQISAS WNA[0N] 9
6C 0I1°C SuturA [20) S
8¢ 0LY'T JUQWASBURIA QINUBIA ¥
Sy o'y S[Igpue’| 9
6¢ 009°S SwsAS sen) [ernjeN (4
62 001°L UONBIUIULID OLIQJUH I
(%) Kurenaoun) paulquo)) | (14/33) suolssiue SUBYIIA 810T 90In0§ suolsswy druagodoIyuy | SUOISSIWE - Yuey
Sa1e)lS pAuNn
3! 70’8 uonsnquion [ong 3!
011 $8°6 | (euedoiq ‘sen [eimeN ‘[es9I( ‘sen) uonelodsuel], peoy ¥1
LT1 70l xS[[PM SBD PUB [IQ pauopueqy el-cl
0LI 701 Supsodwio) - AISEA\ PI[OS JO JUSUIEAL], [BIITO[0Ig €1-Tl
! [ PEOY-HO - UoNsSnquion [ang !
Sy 792 93IeyOSI(] pPUE JUSUIBAL], JOJBMAISBAN 01
LS €S Surpuey pue SUIUIA [BOD) - S9IINOS ANIIN] 6
ovl1 001 | semmsnpuy A31oug JOYIQ pue s[on] PIOS JO AINjOBJNUBIA 8
I 621 $I10109S JAYJ() - UONSNqUIO)) [N L
061 ¢ S[[JpUeT AISBA\ POOA - [esodsI( 2)sep paseurwun) 9
€ ¥S1 JUSWASBURIA QINUBIA - INI[NOLISY S
o 16% SIS TesodsI(] 9I1SeA\ paSeury ¥
C €89 SeD PUE [IQ] - SI0IN0G dANIIN] €
01 7688 3uLre[] pue SUNJUIA - S9OINOS AANIZN,] e
w7 996 UOIIBIUQULIY, JLIdUY - IM[NOLISY I
(%) KQyurelrdoun) paulquio)) | (IA/Y) suorssiuy Uy 810T 90In0§ suoIssTWy druagodoIyiuy | SUOISSIWH - Yuey
epeue))

(81207 ‘AouaSy UONI0I] [BIUSWUOIIAUF
$91R1S paNu() ‘S’ Yl pue (1Z0T ‘epeue)) 23ury)) 2JRWI[D) PUL JUSWUOIIAUF) epeue)) I0J s110dal AI0JUQAUT SBT 9snoyuaaI3 [euoneu

oY) WOIy uaye) ST BIep [[V 'S'N oY} PUe epeuR)) IOJ SANUILIIOOUN PIJRIDOSSE PUB SUOISSTW dueyiow druagodoIyjue [enuuy 7' dqe],

104



Table 4.3: Counts of unplugged and plugged AOG wells assigned to each state/province/territory

in the U.S. and Canada with the corresponding data sources.

United States

Region AOG Wells | Source

Alabama 25,913 Geological Survey of Alabama O&G Board

Alaska 6,338 Alaska Oil and Gas Conservation Commission

Arizona 1,622 Arizona Oil and Gas Conservation Commission

Arkansas 13,696 Arkansas Oil and Gas Commission

California 204,769 California’s Division of Oil, Gas, and Geothermal Resources
Colorado 91,075 Colorado Oil and Gas Conservation Commission

Florida 1,331 Florida Department of Environmental Protection

Idaho 25 Idaho Geological Survey and/or Idaho Department of Lands
linois 139,611 Illinois Natural Resources Geospatial Data Clearinghouse
Indiana 67,159 Indiana Department of Natural Resources

Iowa 334 Towa Department of Natural Resources

Kansas 426,142 Kansas Geological Survey

Kentucky 114,643 Kentucky Geological Survey/University of Kentucky

Louisiana 232,917 Louisiana Department of Natural Resources

Maryland 24 Maryland Oil and Gas Viewer

Michigan 36,818 Michigan Department of Environmental Quality

Mississippi 30,286 Mississippi Oil and Gas Board

Missouri 5,694 Missouri Department of Natural Resources

Montana 50,086 Montana Board of Oil and Gas Conservation

Nebraska 6,349 Nebraska Oil and Gas Commission

Nevada 1,587 Nevada Commission on Mineral Resources

New Mexico 68,229 New Mexico Oil Conservation Division

New York 28,056 New York State Department of Environmental Conservation
North Dakota 30,341 North Dakota Department of Mineral Resources

Ohio 183,090 Ohio Department of Natural Resources

Oklahoma 280,034 Oklahoma Corporation Commission, [IPAA

Oregon 968 State of Oregon Department of Geology and Mineral Industries
Pennsylvania 610,000 Pennsylvania Department of Environmental Protection, Kang et al. 2016
South Dakota 1,312 South Dakota Geological Survey

Tennessee 15,066 Tennessee Department of Environment and Conservation

Texas 891,718 Texas Railroad Commission

Utah 41,504 Utah Department of Natural Resources

Virginia 10,321 Virginia Department of Mines, Minerals, and Energy
Washington 1,295 Washington State Department of Natural Resources

West Virginia 410,000 West Virginia Department of Environmental Protection, Riddick et al. 2019
Wyoming 20,175 Wyoming Oil and Gas Conservation Commission

Canada

Alberta 250,513 Alberta Energy Regulator - ST37: List of Wells in Alberta
British Columbia 19,930 British Columbia Oil and Gas Commission

Manitoba 10,139 Manitoba Petroleum: Interactive GIS Gallery

New Brunswick 346 Government of New Brunswick - Natural Resources and Energy Development
Nova Scotia 156 Geoscience Data and Maps - Nova Scotia Department of Energy
Ontario 13,626 Ontario Oil, Gas, and Salt Resources Library

Quebec 970 ArcGIS Home: Quebec Wells

Saskatchewan 75,955 Saskatchewan Mining and Petroleum GeoAtlas

Yukon 90 Yukon Government - Energy, Mines and Resources

Northwest Territories | 1,168 NWT Government - Office of the Regulator of Oil and Gas Operations
Prince Edward Island | 27 PEI - Transportation, Infrastructure, and Energy
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Chapter 5

Differentiating and mitigating methane
emissions from fugitive leaks from natural
gas distribution, historic landfills, and WUH

in Montréal, Canada

Connecting text: In this chapter, we detail the results of 615 individual source measurements
we made in Montréal, Canada, to quantify CH, emissions from urban methane sources using the
same static chamber method we tested in Chapter 3 and utilized in Chapter 4. We demonstrated
that historic landfills, WUH, and natural gas (NG) distribution systems were all among the top
four methane sources in Montréal by geospatially distributing emission factors informed by our
activity data, following and expanding on methods used in Chapter 4. Methane emissions from
both historic landfills and WUH are not accounted for in any greenhouse gas inventory. We found
that geochemistry alone cannot positively identify source subcategories (e.g., type of WUH or
NG infrastructure) in almost all cases, although C,:C; ratios were effective in identifying ther-
mogenic sources. Furthermore, we quantified the cost-benefits of mitigation for multiple source

subcategories for all of the three sources we measured. This study provides the justification for the
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research performed in the following chapter on biogenic urban methane emissions and builds on
the methods presented in Chapters 3 and 4.

The results of this research have been published as:

Williams, J. P., Ars, S., Vogel, F., Regehr, A., & Kang, M. (2022). Differentiating and Miti-
gating Methane Emissions from Fugitive Leaks from Natural Gas Distribution, Historic Landfills,

and manholes in Montréal, Canada. Environmental Science & Technology, 56(23), 16686-16694.
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5.1 Introduction

Cities are responsible for 19% of global anthropogenic methane (CH,) emissions, and 35% of an-
thropogenic CH, emissions in North America, according to Marcotullio et al. (Marcotullio et al.,
2013). CHy is a potent greenhouse gas (GHG) with an atmospheric lifetime of 11.8 years and a
global warming potential 83-times stronger than carbon dioxide (CO-) over 20 years (IPCC, 2022).
Therefore, new international commitments such as the Global Methane Pledge are focusing on CH,
emissions from a wide range of sources. Cities are uniquely positioned to mitigate CH, emissions
as they face fewer political challenges compared to provinces/states/territories and countries (Hop-
kins et al., 2016). However, municipal GHG inventories often underestimate emissions and are
not sufficiently detailed to develop actionable mitigation strategies, often omitting details such as
gas species or identifying the specific type of source emitting CH, (Lamb et al., 2016; Plant et al.,
2019; Weller et al., 2020; McKain et al., 2015; Brandt et al., 2014). Understanding the magnitude
of emissions at the source subcategory level (e.g., separated sanitary wastewater utility holes vs.
storm drain) is important as mitigation costs and options vary among source subcategories based
on multiple factors such as emission rate (i.e., emission factor), number of sites (i.e., activity data),
and type of site. Individual source measurements in cities can provide the level of detail required to
improve municipal GHG inventories, create monitoring best practices, and reduce CH, emissions
through identifying the source of leaking urban infrastructure.

Given the abundance of co-located CH, sources, cities pose unique challenges to determining
the origin of emissions (Hopkins et al., 2016; Ars et al., 2020; Phillips et al., 2013; Williams et al.,
2018), which is critical for developing actionable mitigation strategies. Individual source measure-
ments, such as chamber measurements (Kang et al., 2014), offer the advantage of directly quanti-
fying CH, emissions while limiting inter-source mixing with other co-located sources. Individual
source measurements also compliment vehicle-based mobile surveying, where measurements are
made downwind from sources, and other top-down measurements. Furthermore, geochemical data

such as stable isotopic ratios (e.g., 6'*C-CH,) and gas ratios (e.g., ethane to methane) collected
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from individual sources help establish source signatures that can better inform top-down measure-
ment campaigns (Plant et al., 2019; Floerchinger et al., 2021).

Multiple urban CH, emission studies have focused on natural gas (NG) distribution systems
(von Fischer et al., 2017; Plant et al., 2019; Hendrick et al., 2016; Phillips et al., 2013; McKain
etal., 2015; Lamb et al., 2016; Floerchinger et al., 2021; Weller et al., 2020, 2018) with the majority
concluding that CH, emissions from NG distribution in municipal inventories are underestimated
and are a significant contributor to urban CH, emissions (Brandt et al., 2014; Fong et al., 2014).
The primary sources of CH, emissions from NG distribution are fugitive equipment leaks, venting,
and accidental losses caused by either equipment malfunctions or from damage caused by a third
party (i.e., third party breaks) (Nisbet et al., 2020; Fong et al., 2014). These emissions are termed
fugitive NG distribution emissions in greenhouse gas inventories (Fong et al., 2014). While many
studies have measured CH, emissions from NG distribution systems in the U.S. (Wunch et al.,
2016; Peischl et al., 2013; Weller et al., 2018, 2020; Floerchinger et al., 2021; Fries et al., 2018;
Phillips et al., 2013; McKain et al., 2015; Plant et al., 2019; Lamb et al., 2016), few have tar-
geted Canadian cities (Ars et al., 2020; Hugenholtz et al., 2021) and none have been conducted in
Montréal, Canada.

The waste sector is a major source of CH, emissions in cities, particularly from municipal solid
waste landfills (IPCC, 2022). The magnitude of CH, emissions from landfills is influenced by a
city’s waste management practices, both current and historical (IPCC, 2022). CH, emissions from
engineered and managed active landfill sites are well-documented, have been directly measured
in previous work (Lohila et al., 2007; Babilotte et al., 2010), and have commercially-available
and widely implemented mitigation strategies (Themelis and Ulloa, 2005). In Canada, regulations
for waste management were defined in 1999 through the Canadian Environmental Protection Act
(CEPA). The City of Montréal (Québec, Canada) has 94 historic landfills that were abandoned
before the introduction of the CEPA. However, few studies have directly measured CH, emissions
from historic landfills (Christophersen et al., 2001; Rachor et al., 2013; Whalen et al., 1990), which

we define as landfills closed before the implementation of modern environmental regulations.
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Wastewater utility holes (WUHs) have been flagged in several urban emission measurement
studies as a CH, emission source (Williams et al., 2018; Chamberlain et al., 2016; Fries et al., 2018;
Fernandez et al., 2022; Defratyka et al., 2021). WUHs are subsurface conduits with environments
primed for the production of CH, through anaerobic digestion (i.e., low oxygen, abundance of
organic matter) (Guisasola et al., 2009). Millions of WUHs can be found across cities, and can
easily be found near NG distribution infrastructure and historic and active landfills. Because WUHs
are often co-located with NG distribution sites and they may be an important CH, source, there
is a need to quantify their potential CH, emissions, evaluate the impact/viability of mitigation
strategies, and to establish their geochemical source signatures.

In this work, we (1) provide detailed individual source CH, emission rate measurements from
three types of sources: fugitive emissions from NG distribution, historic landfills, and WUHs; (2)
estimate annual CH, emissions from these three sources across the City of Montréal in Canada;
(3) geochemically characterize the emitted CH, to improve source attribution; and (4) evaluate

mitigation potential and costs for each source subcategory we directly measure.

5.2 Methods

Our study site is the City of Montréal (Canada) (Figure 5.1). In 2018, cumulative GHG emissions
from Montréal were estimated to be 10.4 MMt of COs,, (0.35 MMt CO,,, from CH,) (SI - Table
5.1).

We performed individual source measurements over seven sampling campaigns spanning from
August 2019 to March 2021. Site selection was partially guided by a 1,200 km mobile survey-
ing campaign that identified super-ambient atmospheric CH, plumes (SI - Section 5.5.1). Three
sampling campaigns targeted random sites throughout the entire city, two campaigns focused on
areas (i.e., 2 km?) where a high density of super-ambient CH, plumes were located, and two
campaigns targeted larger NG distribution stations (i.e., not residential meter-sets) which required

Energir (i.e., one of the principal energy provider in Québec) technicians to provide direct access
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to the stations (Figure 5.1). CH4 Flowrates were quantified using a chamber-based methodology
similar to previous studies (Kang et al., 2014, 2016) which is detailed in the SI - Section 5.5.2. We
categorized all individual source measurements by their source and source subcategory. We define
the emission source as the group to which a number of different source subcategories belong. The
source subcategories we used for fugitive NG distribution emissions were gate stations, branch
stations, residential meter sets, industrial meter sets, block valve stations, telemetry stations, and
district regulator station. For fugitive NG distribution emissions we also analyzed 81 third party
breaks that occurred in Montréal in the year 2020 and were documented by Energir. The source
subcategories for historic landfills were soil gas fluxes, landfill gas (LFG) vents, and observation
wells. The source subcategories for WUHs were sewers, storm drains, and other WUH types (SI -
Section 5.5.3).

We obtained the locations of historic landfill sites from shapefiles provided by the City of
Montréal data portal (Ville de Montréal, 2022b). We obtained NG station locations and types,
main and secondary pipelines, material types, and a list of third party breaks (i.e., ruptures to
NG pipelines caused by a third party) for 2020 directly from Energir. WUHs are access points
for underground structures such as wastewater networks, electrical cables, and NG stations. We
acquired shapefiles containing the locations of sewers and storm drains for Montréal from the
City of Montréal data portal (Ville de Montréal, 2022c). We estimated the locations and count of
“other” WUH types assuming that sewers are co-located in equal numbers (SI - Section 5.5.4).
We identified WUH types using a combination of markings on the WUH, the structure, and/or the
geospatial information provided by the City of Montréal. We categorized all WUHs that could not
be positively identified as sewers, storm drains, NG distribution access WUHs, or underground
fiber optic cable access as “other” WUHs. It is important to note that we did not have an extensive
network of wastewater infrastructure for Montréal, and therefore we could not identify whether
the WUHs were connected to unitary or separated lines, or whether the infrastructure was gravity
drain, rising mains, or pump stations. However, we do know that the majority of WUHs we

measured were from the central or eastern portions of the city, which are unitary wastewater lines
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with a combination of sanitary and storm water. Based on personal communications with experts
in the field, there are no pump stations in Montréal.

We estimated annual CH, emissions for Montréal from historic landfills, WUHs, and NG dis-
tribution by summing source subcategory emission estimates, which are based on our individual
source measurements and activity data from the city and Energir. We mapped annual CH, emis-
sions from these sources in a gridded 500 x 500 meter inventory by aggregating CH, emission
sources within each grid cell (Figure 1). Uncertainty ranges for annual CH, emissions (95% c.i.)
were calculated using a Monte Carlo simulation with 1,000,000 iterations. We used bootstrapping
with re-sampling (2,000 iterations) using the “boot” package in R-Studio to develop a distribu-
tion of emission factors. The bootstrapped distribution was fitted to a gamma distribution using
the “fitdistrplus” package in R-Studio. For activity data, we assumed a uniform distribution over
specified ranges (SI - Table 5.2). Samples were pulled from both the emission factor and activity
data distributions and multiplied to obtain a set of 1,000,000 estimates of annual CH, emissions.
We used the 97.5th and 2.5th percentiles as the upper and lower confidence intervals (SI - Figure
5.6). We repeated these steps for each source subcategory. We estimated the uncertainty ranges of
annual CH, emissions for pipeline leaks and third party breaks based on the ranges presented in
the Clearstone Manual (Clearstone Engineering Ltd., 2020).

Gas samples were taken during chamber measurements for analysis of §'3C-CH,, CO,:CH,
ratios (i.e., the ratio of CO, to CH,), and C,:C; ratios (i.e., the ratio of CoHg to CH,) on a Picarro
G2210-i analyzer. We selected samples with a minimum CH, enhancement of 1.0 ppm above the
extra dry air baseline CH, concentration. We calculated the source C,:C; ratios, CO,:CH, ratios,
and 6'*C-CH, signatures using Keeling plots (SI - Section 5.5.5). Using the selected samples we
evaluated whether the geochemical signatures of the different source subcategories overlapped.

We estimated CH,4 emission mitigation potential from all three sources by comparing mitiga-
tion options and costs versus the potential reductions in CH,4 emissions based on our individual
source measurements averaged over a period of 15 years. For WUHs we considered the costs

of installing and maintaining wastewater dosing stations throughout the city, for historic landfills
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Figure 5.1: Map of sampled sites (far left panel) and gridded inventories (500m by 500m) of CH,4
emissions from historic landfills (middle left panel), WUH (middle right panel), and NG
distribution (right panel) emissions in the Island of Montréal for 2020 created from our direct

CH, measurements and activity data.

we considered the installation of LFG recovery systems and maintenance including offsets from
selling recovered gas, and for fugitive NG distribution emissions we considered the effects of leak
detection and repair surveys and increasing repair rates while including offsets from selling recov-
ered gas. We also included a social cost of CH, (SCM) of USD $-1,024 (Environment and Climate
Change Canada, 2016) which quantifies the economic loss of welfare of emitting one ton of CH,

into the atmosphere. The specific costs are outlined in detail in the SI - Section 5.5.6.

5.3 Results

5.3.1 Methane emissions by source

We made a total of 615 individual source measurements from August 2019 to March 2021. Of

the individual source measurements, 124 were from NG distribution sites, 136 were from WUHs,
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and 355 were from historic landfills (Figure 5.2). We assigned measurements from fugitive NG
distribution (i.e., CH, emissions caused by equipment leaks, venting, and accidental losses to the
NG distribution stream), historic landfills, and WUH to source subcategories.

Annual CH, emissions for Montréal from the three sources we measured totaled 2,130 (660
to 4,986, 95% c.i.) tons of CH, in 2020. Annual CH, emissions from historic landfills were
901 (452 to 1,541, 95% c.i.) tons of CH,, which is the highest among the three source types we
measured (Figure 5.3). When compared to other sources in the Montréal inventory, including those
we did not measure, the 901 tons of CH, per year places historic landfills as the second highest
CH, source in Montréal, preceded only by municipal solid waste emissions (Figure 5.3). Annual
CH, emissions from WUHs totaled 786 (32 to 2,602, 95% c.i.) tons of CH,, of which 577 tons
originated from sewer WUHs, 183 tons from other WUH types, and 26 tons from storm drains
(Figure 5.3). This places CH, emissions from WUH anywhere from the largest to the tenth largest
CH, source in Montréal (SI — Table S11), closely following emissions from historic landfills. We
calculated annual CH, emissions from fugitive NG distribution to be 451 (176 to 843, 95% c.i.)
tons of CH, which is comparable to the 590 tons of CH, from fugitive emissions estimated in
Montréal’s 2018 inventory (Figure 5.3). On average, our estimates of fugitive NG distribution

emissions places them as the fourth highest CH, source in Montréal.

Fugitive emissions from natural gas distribution

We found the average CH, emission rate from the 124 measurements from NG distribution sites
ranged from 2.30-10~! (0.70-107! to 3.85-107%, 95% c.i.) g/hour for residential meter-sets to
2.44-10% (0.743 to 4.90-10%, 95% c.i.) g/hour for gate stations. Of the different NG distribution
site types (SI - Section 5.5.3), we directly measured 100% of branch stations (n=1), 67% of gate
stations (n=2), 50% of pre-detention stations (n=1), 16% of district regulating stations (n=12), 15%
of block valve stations (n=10), 6% of telemetry stations (n=1), 2% of industrial meter sets (n=4),
and 0.1% of residential meter sets in the city (n=71) for a total of 102 unique sites. We found

that the mean mass of CH, released from third party breaks (i.e, damages caused by construction
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Figure 5.2: Distributions of direct measurements of CH, emissions released from NG stations
(top), soil gas fluxes from historic landfills (middle left), above-ground infrastructure (LFG vents
and observation wells) at historic landfill sites (middle right), and WUH (bottom). The
measurements are sorted by CH, emission rate with the highest emission rate on the left. Repeat

measurements from the same sites are also displayed.
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companies) was 1.79 (1.26 to 2.43, 95% c.i.) tons of CH, per break, with a maximum release of

20.9 tons of CHy4.

Historic landfills

We sampled a total of 15 historic landfill sites and three control sites (i.e., public parks without
known underlying historic landfills) and conducted a total of 340 individual flux measurements
(Figure 5.2). The flux measurements covered 0.56 km? of ground and 8% of the total surface
extent of documented historic landfills in Montréal. An additional 15 CH, flowrate measurements
were made from above-ground infrastructure such as vents and observation wells (SI - Figure 5.7).
The average CH, flux rate from landfills was 26.7 (15.5 to 49.0, 95% c.i.) mg/hour-m? with a
maximum flux rate of 1.39-10° mg/hour-m? (Figure 5.2). Control fluxes measured from public
parks outside of known historic landfill boundaries were minor CH, sources averaging 0.18 (0.16
to 0.21, 95% c.i.) mg/hour-m?. The average CH, flowrate from above-ground infrastructure was
0.84 (0.13 to 2.15, 95% c.i.) g/hour with a maximum flowrate from an observation well at 10.4

g/hour.

Wastewater utility holes

Of the 136 WUHs that we measured, 67 were sewers, 46 were storm drains, and 23 were from other
WUH types, which is the largest sample set of direct measurements from WUHs conducted to date,
to our knowledge. Our sample set represents 0.03% of all WUHs in Montréal. The average CHy
flowrate from all sampled WUHs was 2.93-107! (0.17-1072 t0 9.49-1071, 95% c.i.) g/hour with a
maximum flowrate of 33.4 g/hour from a sewer (Figure 5.2). Overall, sewers emitted CH4 at an
average rate of 5.40-107! (2.49-10~! to 1.95, 95% c.i.) g/hour compared to 1.44-10~* (5.08-1073
t0 5.04-1071,95% c.i.) g/hour from other WUH types and 8.53-1073 (2.14-102 to 1.95-1072, 95%
c.i.) g/hour from storm drains. The distribution of CH, flowrates from WUHs was highly skewed
with a mean value four orders of magnitude higher than the median flowrate of 1.16-10~* g/hour,

resulting in large uncertainty ranges in annual CH, emissions estimates for WUHs that ranged
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Figure 5.3: Annual CH, emission estimates from fugitive NG distribution systems, historic
landfills, and WUHs. Other CH, sources in Montréal’s 2018 municipal inventory are shown for

comparison Ville de Montréal (2022a).

from 2,602 to 32 tons of CH,. The three highest emitting WUHs (i.e. 2% of sample set) were
responsible for 96% of cumulative CH, emissions from this source. Two of these high emitting

WUsH were characterized by a strong odour, and two were located within, or close to historic

landfill sites.

5.3.2 Geochemical analysis

We analyzed a total of 214 gas samples and grouped them based on their respective source sub-
categories and analyzed them for CO,:CH, ratios, 6'*C-CH, signatures, and C,:C; ratios. A total
of 98 samples were excluded based on our 1.0 ppm CH,4 enhancement threshold, leaving a total of
116 samples. Based on our analysis of geochemical indicators, we find that only observation wells
at historic landfills and other WUH types can be distinguished from all other source subcategories
due to their light §'3C-CHy signatures of -69%o (=3%o, 95% c.i.) and -57%o¢ (£2%o, 95% c.i.) re-
spectively (Figure 5.4). The remaining source subcategories all have overlapping CO,:CH, ratios,

§13C-CH, signatures, C,:C; ratios, or a combination of all three. At the source level, we find that
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that C,:C; ratios are the most effective indicator for positively identifying fugitive NG distribution
emissions (Figure 5.4), but cannot discriminate between WUH and historic landfill source subcate-
gories. We find that CO,:CH, ratios and §'3C-CH} signatures can sometimes differentiate between
WUH and historic landfill source subcategories, but that most WUHs and historic landfill source
subcategories show overlapping fingerprints.

We observe that in some cases source subcategories from the same source can show differing
geochemical signatures. From WUHs, we see that CO,:CH,4 ratios for sewers and other WUH
types average 23 (5, 95% c.i.) and 0.2 (20.1, 95% c.i.) respectively, whereas storm drains aver-
age much higher at 43 (£46, 95% c.i.) with statistical overlap. Sewers and other WUH types both
show lighter 6'3C-CH, signatures of -51%o (+3%0, 95% c.i.) and -57%o (¥2%0, 95% c.i.) respec-
tively when compared to storm drains which average -46%o (£3%o, 95% c.i.). For historic landfills,
we see that soil gas fluxes have CO,:CH, ratios that average 20 (£12, 95% c.i.) when compared
to vents and observation wells which average 4 (5, 95% c.i.) and 6 (29, 95% c.i.) respectively.
In terms of §'*C-CHy signatures, all three historic landfill source subcategories showed varying
signatures where observation wells have light signatures of -69%o (£3%0, 95% c.i.), soil gas fluxes
have slightly light signatures of -50%o (£1%o, 95% c.i.), and vents show heavier signatures aver-
aging -41%o (£7%o, 95% c.i.). All fugitive NG distribution gas samples show the same signatures
with low CO,:CHj ratios at 13 or lower, elevated C,:C; ratios around 0.04, and heavy §'3C-CH,

signatures ranging from -39%o to -44%o.

5.3.3 Mitigation options: costs, technology readiness, and potential CH, re-

ductions

We evaluated the CH, mitigation potential (i.e., the mass of CH, that can be reduced), the cost
per tonne of CH, reduced, and the readiness of the mitigation technology (i.e., the qualitative
level to which the technology can be implemented successfully at city-wide scales) for the urban
sources we measured: fugitive NG distribution, historic landfills, and WUHs (Figure 5.5). We also

included a social cost of CH, (SCM) emissions of USD -1,027 per tonne of CH4 which quantifies
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Figure 5.4: Average CO,:CH, ratios, C,:C; ratios, and §'3C-CH, signatures of historic landfill,
WUH, and NG distribution source groups. Confidence intervals (95% CI) are shown as black
capped bars.

the expected economic and socioeconomic impacts of emitting one ton of CH, (Environment and
Climate Change Canada, 2016). We found large potential CH, reductions from the installation of
LFG recovery systems at all historic landfill locations with expected CH4 reductions of 585 tons,
albeit with potentially high costs of USD $7,000 to $12,000 per tonne of CH, reduced (Figure
5.5). We found that mitigation options for WUHs, which involve dosing wastewater networks with
chemicals to reduce the growth of CH, generating archaea (Jiang et al., 2013; Mohanakrishnan
et al., 2009; Zhang et al., 2009; Jiang et al., 2011a; Ganigué and Yuan, 2014; Gutierrez et al., 2014,
2009; Jiang et al., 2011b), are all generally low cost, ranging from USD $20 to $400 per ton of
CH, reduced. However, the technology is untested at city-wide scales and varies depending on
the dosage schemes and potential reductions in CH, production. We found that several mitigation
methods for fugitive NG distribution emissions produce net savings with the price of captured NG
exceeding the mitigation costs. Mitigation methods for fugitive NG distribution include increasing
repair rates to capture the top 10% of leaking components from industrial meter-sets (i.e., USD $-

130 per tonne CH,), and the enforcement of underground pipe checks during excavation activities
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Figure 5.5: Mitigation options are categorized by whether the resulting methods produce net
profits, net profits by including the social cost of CH,, and net losses despite including the social
cost of CH,4. Mitigation costs (USD) per tonne of CH, versus the potential CH, emissions
reductions for Montréal for fugitive NG distribution (Limits, 2014; Clearstone Engineering Ltd.,
2020; Magder, 2018; Methane Guiding Principles, 2019; Petroleum Technology Alliance Canada,
2017), historic landfills (Agency, 2021; Duffy, 2019), and WUHs (Jiang et al., 2013;
Mohanakrishnan et al., 2009; Zhang et al., 2009; Jiang et al., 2011a; Ganigué and Yuan, 2014;
Gutierrez et al., 2014, 2009; Jiang et al., 2011b). The potential annual CH, emissions reductions
and mitigation costs are presented in log 10 scale. Mitigation options are categorized by whether
the resulting methods produce net profits, net profits by including the social cost of CH, (SCM),
and net losses despite including the social cost of CH, (SCM). Other references for costs are

shown in SI - Section 5.5.6

to reduce the occurrence of third party breaks (i.e., USD $-270 per tonne CH,). When including
the SCM, we found that ten of the mitigation options we consider become net savings, with only

five options having net costs (Figure 5.5).
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5.4 Discussion

5.4.1 Wastewater utility holes and historic landfills: larger CH, sources

than previously thought

Of the three source types considered in this study, we find that historic landfills contribute the ma-
jority of CH, emissions among the sources we measured (Figure 5.3). Over 99% of CH, emissions
from historic landfills originate from soil gas fluxes as opposed to the above-ground infrastructure
we measured (e.g. observation wells and vents) which is due to the small number of historic land-
fill vents and wells in Montréal. Our observed range of CH, fluxes from historic landfills was O to
1.4 g/hour-m? with an average of 2.7-1072 g/hour-m?, which is an order of magnitude lower than
the 0 to 54 g/hour-m? observed by Rachor et al. (Rachor et al., 2013) from an old landfill site in
Germany, but comparable to the 0 to 3.0 g/hour-m? and averages ranging from 0 to 0.4 g/hour-m?
observed from an old landfill at a site in Denmark (Christophersen et al., 2001). The differences
are likely attributable to many factors, such as the type of waste, local climate, cover material and
depth, and age. Many cities in Canada, the United States, and elsewhere, likely contain historic
landfills given the less stringent regulations on waste management in the past (Pichtel, 2014). In
addition to environmental risks, landfills pose additional risks to human health through water and
air pollution, the exposure to pathogens, and explosion risks in buildings (Lisk, 1991). Historic
landfills are likely also present in developing countries where LFG recovery systems or soil covers
are not commonplace (Guerrero et al., 2013). In order to better understand emissions from historic
landfill sites, additional measurements must be made.

We find that the second highest source of CH, emissions observed in our study are WUHs,
primarily sewers. A comparable study by Fries et al. (2018) utilized a chamber-based technique
to directly measure 43 WUHs in Cincinnati, Ohio, and found CH, flowrates ranging from 0.00 to
0.01 g/hour, which are lower than our estimates. However, we measured 136 WUHs, and given
the heavy-tailed emission distribution we observed, it could be that the sample set from Fries et al.

(2018) missed potential super-emitting sites leading to their low observed emission rates. Other
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relevant studies focused on detailed measurements from a small number of sites (n=1-5) (Liu et al.,
2015) or measured them as a by-product of targeting other sources such as NG emissions (Williams
et al., 2018; Hendrick et al., 2016; Chamberlain et al., 2016). None of these studies captured any
super-emitting WUHSs such as the three (i.e., above 1 g/hour) we measured in this work, which
dramatically increases average emission rates. We observed that the three highest CH, emitting
WUHs that contributed most to overall CH, emissions were characterized by a strong odour, were
closely located or within historical landfills, or both. In addition, two of the three high emitting
WUHs were sewers, including the highest emitting WUH.

Understanding the attributes of the highest CH, emitting WUHs can help guide measurement
efforts to locate them and better understand the upper limit of CH, emissions from WUHs. Despite
gathering one of the largest sample sets of direct measurements from WUHs to date, we measured
only 0.03% of all WUHs in Montréal, meaning that there may be sites emitting at higher rates
than we observed, and that the upper range of CH, emissions from WUHs remains unknown.
Our findings show that CH, emissions from WUHs are very uncertain but can be a significant
CH, source in cities, and that additional individual source measurements are needed to better
understand their magnitude and behavior and to better constrain these uncertainties so that the
accuracy of annual CH4 emission estimates from WUHs are improved and that they are included
in greenhouse gas inventories.

Both historic landfills and WUHs are CH, sources that are not accounted for in any GHG
inventory, despite being significant sources of CH,. There are also likely other CH, sources in
urban environments that are yet to be quantified and documented. For example, a study by Ars
et al. (2020) showed that urban waterways and wetlands are CH, sources in cities but are not
documented as CH, sources in any GHG inventory. Going forward, it is important that these
undocumented sources are quantified and characterized so that proper mitigation options can be

explored and implemented.
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5.4.2 CH, source subcategories are generally not identifiable using geochem-

istry alone

Of all the source subcategories we measured, we could only positively identify observation wells at
historic landfills and other WUH types using the geochemical indicators we employed. We found
that observation wells in historic landfills were a small contributor of CH, emissions in this work
whereas other WUH types were the second largest contributor of CH, from WUHs. The ability
to positively identify source subcategories using geochemistry increases in value depending on
the overall CH, contributions from that source subcategory. Source subcategory identification is
critical for developing actionable mitigation strategies since the mitigation options and costs vary
by source subcategory, even within the same source (e.g., transitioning to air-based pneumatics
cannot mitigate leaks from residential meter-sets). Individual source measurements, by design,
produce measurements with low uncertainties in source attribution meaning that they can be an
alternative to relying on geochemistry alone for identifying a CH,4 source subcategory.

While we find that the geochemical indicators we utilize are largely ineffective at identifying
source subcategories, we do see that broader distinctions can be made, such as differentiating be-
tween thermogenic (i.e., fugitive NG distribution) and biogenic (i.e., WUHs and historic landfills)
sources. We find that C,:C; ratios are especially effective in our work in differentiating between
thermogenic and biogenic sources, which has also been observed in previous work (Peischl et al.,
2013; Wunch et al., 2016). Similar distinctions have been made by previous work such as Fries
et al. (Fries et al., 2018) who distinguished sources as biogenic, thermogenic, or mixed using
§?°H-CH, and §'*C-CHj signatures. Identifying a CH, source can be useful in guiding individual
source measurements by eliminating potential targets and focusing measurements. We find that
the easiest source to identify is fugitive NG distribution emissions through positive C,:C; ratios,
and that distinguishing between different biogenic sources remains a challenge. The only way we
were able to distinguish between different sources and source subcategories was through the use of

individual source measurements. It is likely that we would need to utilize additional geochemical
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indicators (e.g., HoS, Ne, He, §°H-CH,) or accept that geochemistry can not effectively partition

the full range of CH, source subcategories encountered in urban environments.

5.4.3 Mitigation options vary in readiness, impact, and cost effectiveness

We observed that only 2% of WUHs were responsible for 96% of cumulative CH4 emissions,
meaning that the identification of these high-emitting WUHs is a priority for mitigation. The mit-
igation options for WUHs emissions we consider involve altering the biochemistry of wastewater
networks (Liu et al., 2015; Jiang et al., 2013; Mohanakrishnan et al., 2009; Zhang et al., 2009; Jiang
et al., 2011a; Ganigué and Yuan, 2014; Gutierrez et al., 2014, 2009; Jiang et al., 2011b). There
are potential drawbacks of chemical dosing such as the production of nitrous oxide and negative
impacts on downstream nutrient removal in wastewater treatment plants (Liu et al., 2015). All of
the mitigation options we analyze for reducing CH, emissions from WUHs show relatively low
mitigation costs per tonne of CHy reduced (Figure 5.5). Furthermore, by focusing on the sewers
emitting the most CHy it is likely that costs would be lower and the quantity of CH,4 emissions
mitigated would increase, which highlights the importance of individual source measurements in
the identification of these sites.

Some of the highest potential CH, reductions from the sources we consider in Montréal are
from historic landfills (Figure 5.5). The production and use of biogas from gas recovery wells at
historic landfills would limit the CH, released to the atmosphere while simultaneously providing a
renewable energy source (Nastev et al., 2001). However, mitigation costs for historic landfills are
high due to the costs of installing and maintaining LFG recovery systems and the lower quantity
of expected biogas production when compared to an active landfill (Figure 5.4). CH,4 production
from landfills peaks within the first year after waste deposition (Themelis and Ulloa, 2005), and
historic landfills are not fed any new waste. The overall costs drop if LFG recovery systems are
targeted to the two highest emitting historic landfills. By targeting the two highest emitting historic
landfill sites, the quantity of recovered gas per unit area increases leading to higher profits, and the

risks of investing in these systems at sites with little/no emissions are reduced, highlighting that

129



cost-effective mitigation of emissions from historic landfills can be informed through individual
source measurements.

Our breakdown of fugitive NG distribution emissions shows that mitigation efforts should pri-
oritize reducing the occurrences of third party breaks and increasing repair rates for industrial
meter sets (Petroleum Technology Alliance Canada, 2017). Leak detection plays a key role for
mitigation in the NG distribution sector since repair options are generally low-cost and commer-
cially available. Other options are expensive, such as increasing the frequency of LDAR surveys at
residential and industrial meter sets, where the high number of sites and low emission factors lead
to high mitigation costs (Figure 5.5). We see that increasing the repair rates while maintaining a
biannual LDAR survey frequency results in lower costs compared to increasing the frequency of
LDAR surveys. Currently, leak detection from NG distribution in Montréal (and many other cities)
involves qualitative site screening (Clearstone Engineering Ltd., 2020) and the decision to repair
a leak is based on arbitrarily defined CH, concentration thresholds (e.g., screening of 500 ppm
CH, or higher). Lowering this arbitrary CH, screening threshold would be one avenue to increase
repair rates and cost-effectively lower CH, emissions from NG distribution systems.

Understanding CH,4 emissions at the source subcategory level is critical for developing action-
able mitigation strategies. Most of the mitigation options we propose here rely on identifying the
exact source subcategory responsible for the CH, emissions and the expected mass of CH, being
released from that source subcategory. Broadly identifying an emission source as thermogenic or
biogenic, where we find C,:C; ratios are effective, provides valuable information regarding the
general source of CHy emissions. Ultimately follow-up investigation is required to identify the
specific source subcategory responsible for emissions. In urban environments, where sources are
not easily distinguished due to the co-location of multiple potential emitters, understanding the
exact source subcategory responsible for CH, emissions is even more important to identify the
appropriate mitigation option. For example, a biogenic CH, plume detected via mobile surveying
in a city would require further investigation to determine whether the source of said plume was a

super-emitting WUH, historic or active landfill, another source not considered in this work (e.g.,
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urban water body (Ars et al., 2020)), or a combination of all of the above. The mitigation options
for all sources and source subcategories vary in both cost, technology readiness, and expected CH,4
reductions. Individual source measurements offer the advantage of high accuracy in both CH,
emission rate quantification and source subcategory identification but are labour intensive. There-
fore, it is important to effectively couple other methods such as mobile surveying with individual
source measurements, geochemistry, and geospatial database analysis to better quantify and reduce

CH, emissions from urban sources.
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5.6 Supplementary information

5.6.1 Mobile surveying and site selection

Individual source measurements were partially guided by a 1,200 km mobile surveying campaign
that identified on-road CH, plumes. The mobile surveys in Montréal were performed over a span
of six days from November 18-24th, 2019 using a vehicle mounted Picarro G2401 analyzer that
measured CH,4, CO,, CO, and H,O concentrations at a 0.5 Hz frequency. We separated super-
ambient CH, plumes from background gas concentrations using the methods described in Ars
et al. (2020). Background gas concentrations are calculated using a two step approach: first the
fifth percentile is applied through a moving window optimized to the driving speed, and second
the standard deviation of the first background estimate is calculated to identify areas where wide
plumes were encountered which is then adjusted to interpolated values.

We categorized CH, plumes measured during mobile surveying as small (height of 0.04-0.2
ppm, width of 50-500 ppm/m?), medium (height of 0.2-1 ppm, width of 500-1000 ppm/m?), and
large (height over 1 ppm, width greater than 1000 ppm/m?) according to the plume height and
width (Table S2) (Ars et al., 2020). Sites were selected qualitatively for two direct measurement
campaigns by visually identifying areas (2 km?) in Montréal with a higher density of CH, en-
hancements observed during the mobile surveys. The specific locations of the plumes were not
targeted, but rather the general area of the plumes. The sampled sites that were guided by mobile
surveys were primarily WUHs, residential meter-sets, and historic landfill sites. Larger NG distri-
bution stations were sampled based on advice provided by Energir, where sites in high-traffic areas
or on roads were avoided and sites in quieter low traffic areas were prioritized. These sites were
measured over two direct measurement campaigns where these larger NG distribution sites were

specifically targeted.
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5.6.2 Static chamber measurements

We measured CH, concentration build-up continuously over a period of 1 to 10 minutes within
pre-constructed static chamber using either a Sensit Portable Methane Detector for higher methane
concentrations (i.e., above 400 ppm) or a Picarro G4301 Gas Scouter for lower concentrations
(i.e., below 400 ppm). The use of the Picarro G4301 allowed for the simultaneous measurement of

carbon dioxide (CO,) concentrations within the chamber. Mass flow rates of CH, were calculated

using 5.1:
dc

M=—=V 5.1
L (5.1)

where M is the mass flow rate, dc is the change in concentration, df is the change in time, and Ve is
the effective volume of the chamber, assuming that the initial concentration of CH, in the chamber
is negligeable. A minimum R? of 0.80 was required for a flowrate estimate to be used as the given
emission rate for that site. Chamber sizes and dimensions varied depending on the source being
measured. For NG systems, chambers were built in-situ depending on the location and type of
leaking component and varied from 10 to 30 Litres in volume. For WUH covers and landfills a 20
Litre plastic chamber or the Picarro Mobile Soil Flux System was used (9.4 Litres). At landfills
the chamber or mobile soil flux system was set up directly on the soil surface of the landfill. For
wastewater covers a rubber mat was placed over the cover to isolate gas transport to the chamber.
At the terminus of all flowrate measurements a sample of air was withdrawn from the chamber to
a vacuumed and Ny-purged 35mL or 125mL glass vial for further geochemical analysis. Pictures

of static chamber setups from all three source types are shown in Figure S5.3.

5.6.3 Description of source subcategories

Eight different NG station types were considered for our study. A branch station links the distribu-
tion lines in Montréal to the TransCanada pipeline. There is only one branch station in the region of

Montréal. Gate stations are complex sites making up several units that clean NG, regulate pressure
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and temperature, and odorize the NG through the injection of mercaptan before delivery into the
main distribution lines. District regulator stations are secondary regulating facilities located down-
stream of the main gate stations and further regulate the gas pressure. Industrial, commercial, and
residential meter sets are stations that regulate gas pressure to the desired pressure of the customer
and measure the amount of gas consumed. A valve station is used to isolate a segment of the main
transmission line for maintenance or tie-in purposes. Telemetry stations are used to monitor gas
pressures through remote sensing. Third party breaks were classified in three groups: calculated
volume released (i.e., volume is estimated), negligible (i.e., break occurred but presence of a leak
limiter in the system prevented any fugitive release), and incalculable (i.e., leak was shut-off by
third party making it impossible to estimate the volume released).

Static chamber measurements from landfills were conducted predominantly on the ground sur-
face which we defined as soil gas fluxes. We also measured above-ground sources which we
classify as either vents/stacks or wells (Figure S5.2). Seven vents/stacks were measured at LF-36
which surrounded an Astroturf outdoor recreation facility, and 12 observation wells were sam-
pled at two different historic landfill sites. Three types of WUHs were sampled throughout this
study. Sewer covers are connected to the underground sewage lines which transport wastewater
to a treatment and disposal site (i.e., wastewater treatment plant). Storm drains are open channels
that collect rainwater, floodwater, and melted snow/ice and convey wastewater to a wastewater
treatment and disposal site. They also collect aboveground debris (e.g., vegetation and garbage)
that passes through the grated covers. Other WUH types are a category we assign to the remain-
ing WUH covers where we could not positively identify the cover as sewer or storm drain. This
category was created as we observed several sites we measured in the field did not correlate with
the mapped WUHs meaning that the maps of WUHs for Montréal do not contain every WUH in

Montréal. Common markings on these covers include conduit, interceptor, and aqueduct.
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5.6.4 Annual methane emissions calculations

Emission factors used in the calculation of annual CH, emissions from Montréal were calculated
for each of the source types used in this study (Table S5.3). The highest emission factor was
attributed to the NG gate stations, more specifically from pneumatic vents located on site. Emission
factors for historic landfills that were not directly measured were calculated from the spatially
weighted fluxes from all other measured historic landfill sites (Table S5.3).

All emission factors were multiplied with their corresponding activity data (Table S5.2) to
obtain an estimate of annual emissions for Montréal in 2020. Activity data for residential meter
sets was estimated by counting the sum of secondary NG distribution lines. The secondary NG
distribution lines branch from the main distribution lines to deliver NG to customers. This method
of calculating activity data for the residential meter sets was chosen based on expert input from
Energir. The areal cover of historic landfills was calculated based on the shapefiles of known
historic landfill sits provided by the City of Montréal data portal. Activity data for WUHSs was the
number of sewers and storm drains contained in Montréal’s geospatial database. No activity data
was available for wastewater covers so it was assumed that have the same activity data as sewer
WUH. Based on a report by the EPA, they estimate a total distribution of WUHs to be one per
400 ft? of pavement in the U.S., which equates to a total of roughly 453,000 WUHs in Montréal.
Based on the number of storm drains and sewer covers in Montréal, a remaining 155,000 WUHs
are unaccounted for, which means our estimate for wastewater covers may be an underestimate.
Geospatial information on the number of historic landfill observation wells and vents is unknown
but based on historical map data from the City of Montréal data portal we can assume the total
number is low (i.e., less than 1000), and therefore their inclusion would not increase overall CH,
emissions estimates by more than 0.1%. For the gridded inventory of CH, emissions in Montréal,
a shapefile representing Montréal was divided into equal 250m by 250m cells. Within each cell
the activity data for each source and subcategory was counted and multiplied by their respective

emission factor.
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5.6.5 Geochemical analysis and Keeling plot regressions

Glass vial samples gathered in the field were analyzed on a Picarro G2210-1 benchtop analyzer us-
ing Tedlar bag dilutions to accommodate the allowed methane concentration ranges of the analyzer.
We diluted the gas samples with extra dry air in Tedlar bags to accommodate the CH, threshold
of the Picarro analyzer. Samples were analyzed on the Picarro for CHy, CO,, §'3C-CHy4, H,0,
and C,:C, ratios (i.e., ratio of CH, to CoHg) using the averaged values over a five minute interval
after one minute was allowed for the readings to stabilise. Vial samples were injected into 1-Litre
Tedlar bags using 60 mL syringes. The vial samples were further diluted using extra-dry zero air
(Linde Canada) using a 500 mL syringe which was injected directly into the Tedlar bag. Volumes
of both the sample and zero air were determined using the estimated CH, concentration in the vial
sample to ensure that the diluted CH4 concentration within the Tedlar did not exceed the analyzer
specifications. At the beginning of each analysis, a Tedlar bag sample of pure extra dry air was
analyzed to determine the corresponding concentration values. During each day of analysis, one
CH,4 concentration standard (i.e., 49.9, 502, 1005, 15,000, 25,000 ppm) and one CoHg standard
(i.e., 10.4, 100 ppm) were analyzed. The measured discrepancies averaged at 5% for CH, and 1%
for CoHg.

Source §'3C-CHj, signatures, Cy:C; ratios, and CO,:CH, ratios were all calculated using a
Keeling plot regression of the extra dry air values versus the values measured from the Tedlar
diluted samples. In some cases we observed that CH, sources were sinks of CO, which yielded a
negative CO,:CH, ratio which we observe in samples from all three source types. In all instances
we are assuming that the geochemical fingerprint of the extra dry air is similar to the background
gas fingerprints of the measured sites in order for the Keeling plot regression to hold true. We
performed a sensitivity analysis while varying the background §'3C-CH, signatures, C,:C; ratios,
and CO,:CHj ratios to observe differences from our calculated source signatures versus the source
signatures that would be calculated under these different background ranges (Figure S5.4).

From our sensitivity analysis we found that selecting an excess CH, concentration threshold

of 1.0 ppm minimizes the calculated differences between the Keeling plot regression values while
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retaining at least 50% of samples. The selected background ranges for CO, concentrations were
375 and 500 ppm which corresponds to the range of ambient CO, concentrations measured by the
Picarro G4301 while on site. The selected background ranges for C,:C; ratios were 0.0001 and
0.0005 which were selected based on the highest ranges observed from sampling lab air by the
Picarro G2210-i at McGill University. The selected background ranges for §'3C-CH, signatures
were -48% and -43% which were also selected based on the highest ranges observed from sampling

lab air by the Picarro G2210-i at McGill University.

5.6.6 Methane mitigation costs

Methane abatement costs were calculated using the estimated reduction in CH, emissions and the
anticipated costs. Estimated reductions in CH, emissions were based on the reported reductions
from scientific studies in all cases except for third party breaks. In addition, the social cost of CH,
was also included in the abatement calculations at a rate of USD $1,027 per tonne of CH, based on
the 2020 value provided by Environment and Climate Change Canada. The conversion of SCAD
to $USD was listed as 1.252:1 (USD:CAD). The cost of natural gas was based on the monthly
average of the natural gas prices provided by the Energy Information Agency from 2000 to 2021
(Henry Hub Natural Gas Spot Price) at USD 4.42 $ per MMBtu. Electricity costs were estimated at
USD $0.1042 per kWh. The potential CH, reductions and relative costs of abatement are outlined

in Table S5.4. The specific abatement costs for each source type are discussed below.

Methane mitigation costs — NG distribution

Abatement costs were estimated for the major CH, sources we found from our measurements:
residential and industrial meter-sets, pneumatic systems at NG gate stations, and third party breaks.
Leak detection and repair (LDAR) costs were estimated from the Carbon Limits report (Limits,
2014) which was created using data primarily gathered from Canadian upstream and midstream oil
and gas facilities. We assumed a cost per LDAR survey for an industrial meter set to be USD $400,

which is the value cited in the Carbon Limits report for a well site. We assumed the LDAR costs
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for residential meter sets based on a linear relationship between the number of components for an
industrial meter set (i.e., 59 components) compared to a residential meter-set (i.e., 13 components)
taken from the 2019 Air Emissions Methodology Manual (Clearstone Engineering Ltd., 2020),
which was USD $85 per LDAR survey. Average repair costs were calculated from a weighted
average of the average component repair costs from the Carbon Limits report and the number of
datapoints for each component, which was USD $72 (Limits, 2014). For third party breaks, we
base our estimated CH, reductions on a theoretical scenario in which half of the 33% of third party
breaks involving a lack of underground pipeline checks, which are offered at no cost in Montréal,

are negated through more stringent regulations enforced at the municipal level.

Methane mitigation costs — wastewater utility holes

The mitigation options for WUHs we consider involve the chemical dosage of wastewater networks
to impede the production of CH,. Nitrate and ferric iron dosages promote the growth of nitrate
reducing bacteria which compete with methanogenic archaea (Jiang et al., 2013; Mohanakrishnan
et al., 2009; Zhang et al., 2009). Free nitric acid is biocidal to methanogenic archaea (Jiang et al.,
2011a). Oxygen injections (Ganigué and Yuan, 2014) and pH control through hydroxide dosages
(Gutierrez et al., 2014, 2009) suppress the development of methanogenic populations in sewer
biofilms. Abatement costs for WUHs were estimated using the observed or simulated reductions
in CH, production in sewer systems from a variety of studies (Table S5.4). We found no studies
that quantified the expected reductions in atmospheric CH, emissions, and therefore assumed that
the expected reductions in CH, production would manifest equally in reductions to atmospheric
CH, emissions. The costs of abatement were calculated from the bulk costs of chemicals/supplied
needed for the dosage of wastewater and scaled to the City of Montréal, including the capital costs
of installing a chemical dosing system which include a dosing pump, container, NIST calibrated
flowmeter, piping, concrete padding, and fencing. Annual wastewater produced by Montréal was
estimated to be 1,825 million tonnes based on a daily estimated wastewater production of 5 million

tonnes. The annual electricity costs for a dosing system were estimated at $110 per station. The
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potential CH, reductions and relative costs of abatement are described in Table S5.4. No costs

were estimated for the hiring of technicians or companies to implement wastewater dosages.

Methane mitigation costs — Historic landfills

Abatement costs for historic landfills were based on the installation costs of landfill gas (LFG)
collection systems estimated by a Waste Management report (Duffy, 2019). We applied a range
of costs for the installation and maintenance of LFG extraction and storage equipment based on
the ranges stated in the Waste Management report (Duffy, 2019). These costs are comparable on
a per-acre level to those used in the EPAs LFGcostV3.5 model. We did not use the LFGcostV3.5
model directly since the model requires an estimate of the total quantity of waste deposited which
is unknown, or highly uncertain in the case of these historical landfill sites. We applied these costs
to a scenario where all historic landfills in Montréal are targeted, and to the two highest emitting
historic landfills we measured to illustrate the impacts of a targeted installation of LFG equipment.
We estimated the costs based on a project life of 15 years, which is the default timeline used in the
LFGcostV3.5 model. The expected reductions in atmospheric CH, emissions were estimated to
be 85% which is the equal to the extraction efficiency of the LFG recovery system. We employed
a CH, production decay rate of 4% per year, and an LFG to compressed natural gas conversion
rate of 65%. Our abatement cost estimates for historic landfills do not include the fact that some
historic landfill sites already have some LFG monitoring equipment installed (e.g., observation

wells), which would offset overall costs.
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Table 5.1: Ranking of CH, emission sources from Montréal’s 2018 greenhouse gas inventory.

Sector GPC Category Description CH, emis-
Scope* sions (tons per
year)
Waste 3 Solid waste disposal All waste 10,627
Stationary 1 Fugitive emission from | Emissions from | 590
0&G systems NG distribution
Waste 1 Solid waste disposal All waste 570
Waste 3 Biological treatment of | Composting 241
waste
Stationary 1 Residential building Wood combustion | 172
AFOLU 1 Livestock Enteric fermenta- | 134
tion and manure
management
Stationary 1 Energy industries Petroleum refining | 80
and combined heat
and power
Waste 1 Biological treatment of | Composting 74
waste
Transportation | 1 Off-road transportation | Motor gasoline | 47
(petrol)
Stationary 1 Commercial/institutional | NG combustion 23
building and facilities
Transportation | 1 Aviation Fuel combustion | 22
from domestic air
transport
Transportation | 1 Waterborne navigation | Domestic maritime | 22
transport weighted
to Port of Montreal
Waste 1 Wastewater  treatment | Fugitive emissions | 20
and discharge from  wastewater
treatment and
septic tanks
*GPC scope: Global Protocol for Cities guidelines on emission source classification where Scope

1 emissions are emissions produced within the city boundary and Scope 3 emissions are emissions
originating from the activity inside the city boundaries but where emissions occur outside of the
city boundary.
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Table 5.2: Activity data used for all source types and sub-types considered in this study. Units for

each source are unique to the type of emissions present. The associated uncertainty in activity

data assuming a uniform distribution is shown in parenthesis.

NG distribution Activity data (% uncertainty) [# sites]
Branch station 1 (=0%)
Gate station 2.5% (£5%)
District regulator stations 85 (£0%)
Industrial/commercial meter-sets | 298 (£0%)
Residential meter-sets 85,977 (£20%)
Valve station 64 (£0%)
Telemetry station 17 (£0%)
Pre-detention station 1 (£0%)
WUH Activity data (% uncertainty) [# sites]
Water distribution 116,304 (£20%)
Sewer 116,304 (£20%)
Storm drains 182,231 (£20%)
Historic landfills Activity data (% uncertainty) [m?]

Historic landfills

7,027,116 (+£20%)

Historic landfills - above-ground

Activity data (% uncertainty) [# per m?]

Observation wells
Vents

152 (£50%)
88 (+50%)

*One NG gate station does not operate for six months out of the year which is interpreted as an
activity data value of 0.5 (i.e., annual CH4 emissions are 50% of station operating for entire year).

Table 5.3: Classification of methane plumes measured during mobile surveys. Classification

criteria follows that outlined in Ars et al. (2020).

Enhancement classification | Enhancement height (ppm) | Enhancement width (ppm/m?)
Large >1 >1,000

Medium 0.2to1 500 to 1,000

Small 0.04t0 0.2 50 to 500

Negligeable* <0.04 <50

*Considered to have a likely chance of being caused by analyzer noise and therefore excluded

from analysis.
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Table 5.4: Source category and mitigation activity, potential reduction in methane emissions and

reasoning, and source of costs.

Category

Methane reductions (%)

Cost of implementation (USD) and other considerations

WUH - Nitrate

42% (Jiang et al., 2013)

$210 per ton CaNO3*

5 dosing stations

capital costs per station $8,500°

$110 per year electricity cost per dosing station
15-year timeframe

WUH - Oxygen

47 % (Ganigué and Yuan, 2014)

$125 per ton CaO,”

5 dosing stations

capital costs per station 8,500

$110 per year electricity cost per dosing station
15-year timeframe

WUH - Nitrate

13% (Jiang et al., 2011a)

$210 per ton CaNO3*

5 dosing stations

capital costs per station $8,500°

$110 per year electricity cost per dosing station
15-year timeframe

WUH - Nitrate

27% (Jiang et al., 2011a)

$210 per ton CaNO;3“

5 dosing stations

capital costs per station $8,500°

$110 per year electricity cost per dosing station
15-year timeframe

WUH - Hydroxide

97% (Gutierrez et al., 2009)

$470 per ton NaOH*

5 dosing stations

capital costs per station $8,500°

$110 per year electricity cost per dosing station
15-year timeframe

WUH - Iron salts

43% (Zhang et al., 2009)

$125 per ton CaO,

5 dosing stations

capital costs per station $8,500°

$110 per year electricity cost per dosing station
15-year timeframe

WUH - Free nitric acid

99% (Jiang et al., 2011a)

$700 per ton NaNO, and HCI combined®

5 dosing stations

capital costs per station $8,500°

$110 per year electricity cost per dosing station
15-year timeframe

NG distribution - LDAR residential
meters repair top 10% emitters

89% (Methane Guiding Principles, 2019)

$72 per repair

top 10% of emitters repaired

1 repairs per site

$85 per LDAR survey

annual LDAR survey

$245 per ton natural gas (Methane Guiding Principles, 2019)

NG distribution - Transition from
pneumatics to air

100% (Limits, 2014)

$60,000 for initial installation

$1,000 per year for maintenance
$13,000 per year electricity

15-year timeframe

$245 per ton natural gas (Limits, 2014)

NG distribution - LDAR industrial
meters repair top 10% emitters

91% (Limits, 2014)

$72 per repair

top 10% of emitters repaired

2 repairs per site

$85 per LDAR survey

maintain LDAR frequency

$245 per ton natural gas (Limits, 2014)

NG distribution - Mandatory pipeline checks

17%

No cost as pipeline checks are free
$245 per ton natural gas

NG distribution - LDAR residential
meters semi-annual frequency

75% (Limits, 2014)

$85 per LDAR survey

$72 per repair

1 repair per leaking site

$245 per ton natural gas (Limits, 2014)

NG distribution - LDAR industrial
meters increase frequency from semi-annual to quarterly

25% (Limits, 2014)

$400 per LDAR survey

$72 per repair

2 repairs per leaking site

$245 per ton natural gas (Limits, 2014)

Landfills - Installation of gas recovery

Cost range of $30,000-54,000 per acre installation
$800-1,100 per acre maintenance

systems: targeted to high emitting landfills

o
system 85% 65% LFG to CNG conversion

$245 per ton natural gas (Duffy, 2019)

Cost range of $30,000-54,000 per acre installation
Landfills - Installation of gas recovery 4% $800-1,100 per acre maintenance

65% LFG to CNG conversion
$245 per ton natural gas (Duffy, 2019)
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Figure 5.6: Stepwise methodology of uncertainty range calculations for CH, source

subcategories in this work.

Figure 5.7: Photos of two CH, source types encountered at some historic landfill locations: A)

observation well with locked cap; B) J-shaped metal vent surrounding an Astroturf outdoor

recreation facility built over a historic landfill site.
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Figure 5.8: Static chambers installed over three different source types: A) observation well
located on a historic landfill site; B) wastewater cover with rubber mat installed (opening located

underneath chamber); C) leaking valve on a NG station.
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Chapter 6

Characterizing and quantifying methane
emissions from wastewater collection

systems and urban water bodies

Connecting text: In this chapter, we present the results of direct measurements of methane emis-
sions from biogenic urban sources in the Greater Toronto Area (GTA). We showed that annual
methane emissions from urban water bodies and wastewater collection manholes (WUHs) are sig-
nificant with respect to the most recent greenhouse gas (GHG) inventory for the GTA. We found
that methane emissions from two high emitting methane sources were persistent throughout mul-
tiple years and seasons, which helps characterize the intermittence of their emissions. This study
builds upon the research on urban methane sources presented in Chapter 5 and uses chamber-based
methods presented in Chapters 3, 4, and 5.

The results of this research will be submitted to Science of the Total Environment under the
title ”Characterizing and quantifying methane emissions from wastewater collection manholes and
urban water bodies”. The authors will be listed as James P. Williams, Sebastien Ars, Felix Vogel,

Lawson Gillespie, Debra Wunch, Louise Klotz, Anthony Fabien, and Mary Kang.
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6.1 Introduction

Urban areas (i.e., cities) are a major source of methane emissions globally, and are expected to
account for roughly 22% of global methane emissions (de Foy et al., 2023), and 35% of methane
emissions in North America (Marcotullio et al., 2013). Multiple studies have found that annual
methane emissions from cities in the United States as reported by the Environmental Protection
Agency are underestimated by a factor of 2-4 (Anderson et al., 2021; Pitt et al., 2022), and that
the underestimation could be widespread across sectors and geographies (Plant et al., 2022; de Foy
et al., 2023; Fernandez et al., 2022; Whiting et al., 2022). A recent study by de Foy et al. (de Foy
et al., 2023) found that top-down satellite estimates of methane emissions from the TROPOspheric
Monitoring Instrument from 61 cities across the world did not correlate to sectoral inventories,
but did correlate with rates of untreated wastewater. Urban water bodies, which are another bio-
genic methane source, have been shown to account for over 10% of Berlin’s total methane budget
(Klausner et al., 2020; Herrero Ortega et al., 2019). These two sources of methane, wastewa-
ter utility holes (WUHSs) and urban water bodies, are not included in greenhouse gas inventories
(Fries et al., 2018; Fernandez et al., 2022; Ars et al., 2020; Defratyka et al., 2021; Herrero Or-
tega et al., 2019). Methane emissions from wastewater collection systems and urban water bodies
may explain the observed discrepancies between municipal methane inventories and top-down and
bottom-up measurement studies.

Methane emissions from wastewater collection systems have recently been highlighted as a po-
tential significant source of methane in cities (Fernandez et al., 2022; Song et al., 2023; Defratyka
et al., 2021). Fernandez et al. (2022) found that 58-63% of methane emissions in Bucharest, Ro-
mania, were attributed to urban wastewater emissions originating primarily from venting storm
grates and sewer utility holes (i.e., also known as “manholes”). In Chapter 5 of this thesis, annual
methane emissions from WUHs were estimated to emit 786 tons of methane in Montreal, Canada,
which would be the third highest methane source in the city. A study based in Paris byDefratyka
et al. (2021) found that 33% of methane leaks in the city were attributable to sewage. Despite

these recent findings, methane emissions from WUHs are not included in municipal, provin-
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cial/territorial/state, and national greenhouse gas inventories. In the wastewater treatment sector,
methane correction factors, or multipliers, that translate biological/chemical oxygen demand to
methane emissions from various stages of the wastewater treatment process are used (Eggleston
et al., 2006). Notably, the IPCC Guidelines for National Greenhouse Gas Inventories (Calvo Buen-
dia et al., 2019) for the waste sector list default methane correction factors for flowing sewers as
zero, implying that methane emissions from closed underground wastewater collection systems
are negligible or non-existent. To our knowledge, there has been only been Fries et al. (2018) and
our research from Chapter 5 that has directly quantified methane emissions from WUHs. As such,
there is a need for additional direct measurements from WUHs to better understand their emission
rates and inform national inventories.

Urban water bodies are a second biogenic methane source that is not included in any form
of greenhouse gas inventory despite being identified as a notable methane source in cities (Ars
et al., 2020; Wang et al., 2021). Ars et al. (2020) found that methane emissions from a single
urban water channel in Toronto, Canada, ranged from 100 to 400 kg/day (i.e., 36 to 146 tons of
methane per year), although these emissions were not confirmed to be solely of biogenic origin
(Ars et al., 2020). Another study by Wang et al. (2021) found that methane fluxes from lakes and
ponds adjacent to Beijing, China were more thane three times higher than the global average, with
ebullitive fluxes more than six times higher than the global average (Wang et al., 2021). Most
studies on methane emissions from urban water bodies highlight the fact that methane emissions
from these sources occur either through ebullition events where methane produced in organic-rich
anoxic sediment bubbles to the surface (Wang et al., 2021), or through diffusion at the water-to-air
interface (Herrero Ortega et al., 2019). Urban water bodies are not considered to be an anthro-
pogenic source of greenhouse emissions, despite having several characteristics that are influenced
by human activity. The factors that lead to increased methane production from urban water bodies
as opposed to natural water bodies include shallower depths that limit methane oxidation through
the water column during ebullition (Herrero Ortega et al., 2019; Holgerson, 2015), heavily modi-

fied geomorphology which leads to increased catchment and retention of organic material (Walsh
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et al., 2005), and increased influx of organic material from sources such as wastewater overflows
and storm water drainage (Walsh et al., 2005; Ars et al., 2020). To our knowledge, there is only one
study based in Canada that has quantified methane fluxes from one urban pond in Saskatchewan
as part of a larger sample set (Baron et al., 2022), which highlights a need for additional direct
measurements from urban water bodies in Canada, and elsewhere in the world (Walsh et al., 2005;
DelSontro et al., 2018).

In this work, we (1) performed direct measurements of methane emissions from WUHs and
urban water bodies in Toronto, Canada, and categorized them by source subcategory; (2) used
empirical data on WUH counts from other cities in the U.S. and Canada to estimate the WUH
counts in the GTA; (3) determined the areal extents of urban water bodies in the GTA; (4) analyzed
mobile surveying data near a cluster of high emitting WUHs and an urban channel to assess the
intermittency of methane emissions from these biogenic sources; and (5) performed estimates of

annual methane emissions from WUHs and urban water bodies for the GTA.

6.2 Methods

6.2.1 Defining urban extents and site description

Our study focuses on methane emissions from the GTA, although we do incorporate data from
other cities in Canada and the U.S. to develop our emission factor distributions or activity data.
We acquired geospatial data from Statistics Canada to outline the geographic extent of the Greater
Toronto Area (GTA) (Figure 6.1). We measured methane emissions from WUHs the GTA, and also
used measurements from a prior study based on Montreal (Chapter 5). Both cities are considered
to be warm-summer continental climates according to the Koppen-Geiger classification scheme.
Additionally, we compiled WUH measurements from a prior study based in Indianapolis, U.S.
(Fries et al., 2018), which is considered a humid subtropical climate (SI - Section 6.6.1). For urban

water bodies, we measured methane fluxes from sites in the GTA.
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Figure 6.1: Maps of Toronto, Canada, with the Keating Channel and northeastern corner of High
Park highlighted. High methane emitting wastewater utility holes in High Park are shown by blue
dots.

We focused on the analysis of additional measurements from mobile surveys (described later in
this section) to two specific locations in the GTA, the Keating Channel and a cluster of WUHs in a
corner of High Park (Figure 6.1). Both locations were selected because they were identified as high
methane emitting sites in extensive proximal (i.e., within 500 meters) mobile surveying data (i.e., n
surveys above 10). Emissions from the Keating Channel had already been quantified from mobile
surveying data in a previous study by Ars et al. (2020), although this analysis focused on warmer
months from May to June, 2019. The Keating Channel is dredged annually over a period of three
months with the removed material transported to a containment cell south of the city. Ars et al.
(2020) also identified the northeastern corner of High Park but the source could not be determined

using mobile surveying alone.
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6.2.2 Emission factors

We performed individual source measurements of methane emissions from manholes and urban
water bodies in the GTA from November 2021 to December 2022 using a static chamber method-
ology (Kang et al., 2014). We measured methane concentrations within the chamber head spaces
using a Sensit Portable Methane Detector (0-100% methane range, 1 ppm sensitivity), Picarro
G4301 Gas Scouter (0-800 ppm methane range, 1 ppb sensitivity), Los Gatos Research UGGA
(0-1,000 ppm methane, 1 ppb sensitivity), and/or Li-Cor 7810 (0-100 ppm methane, 0.6 ppb sen-
sitivity). We calculated methane flux rates using a linear regression of the rate of linear build-up
of methane multiplied by the known chamber headspace volume and areas over time (Chapter
3). We used a rectangular 16.2 L and cylindrical 8.2 L floating chambers for measurements from
urban water bodies, and a cylindrical 30 L chamber for measurements from WUHs. We used
a single linear regression for methane flowrate measurements from WUHs with a minimum R?
requirement of 0.80 for a measurement to be used and a typical measurement duration ranging
from 3-5 minutes. For urban water bodies, we applied a similar approach to quantify methane flux
rates over longer duration chamber deployments which ranged from 5 to 180 minutes (SI - Sec-
tion 6.6.2). Longer deployments were used to capture the temporally sporadic methane emissions
occurring from ebullition events. Methane emissions from urban water bodies occurred either as
steady diffusive fluxes, or as intermittent ebullition events. Emission factors for diffusive fluxes
were calculated as an average, similar to WUHs. For ebullition, we calculated emission factors for
the different water body types by the total mass of methane per unit area emitted from ebullition
divided by the total duration of time the chamber was measuring in that water body type. During
longer chamber deployments (i.e., >20 minutes), the chamber would be manually vented every
~5 minutes either by pumping in atmospheric air, or lifting the chamber above the surface of the
water to allow methane concentrations to drop back to atmospheric levels.

Emission factors were calculated for every type of urban water body and WUH through boot-
strapping with replacement of the methane measurement data (n = 10,000). For urban water bodies,

we used all measurements we gathered from our field work and divided the measurements into four
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categories: ponds, bays, rivers, and canals. Additionally, we added lakes as a classification and
used our pooled measurement data for bays, rivers, and ponds for the calculation of emission fac-
tors for lakes. For WUHs, we gathered direct measurement data from Chapter 5 and from Fries

et al. (2018), including our own measurements from the GTA.

6.2.3 Activity data

We categorized WUHs as two subcategories, sewer WUHs and other WUHs based on the limited
availability of categorized emission rate estimates data and activity data (i.e., WUH counts). Few
cities in Canada and the U.S. provide data on the counts and types of WUHs within city boundaries.
The GTA is an agglomeration of the city of Toronto and the four regional municipalities of York,
Durham, Peel, and Halton. Publicly available data on WUH counts is not available for any of
these urban regions. In order to estimate the number and types of WUHs in the GTA, we collected
municipal data of total WUH counts from fifteen cities in Canada and three cities in the United
States, and municipal data of sewer WUH counts from fourteen cities in Canada and one from
the United States (Figure 6.2). We estimated the number of WUHs in the GTA using this linear
model relating the population of the city to the WUH count (SI - Figure 6.8). We used two linear
relationships: one to estimate the number of sewer manholes which were the most common type of
reported WUH, and one to estimate the total number of WUHs which includes additional types to
sewers such as storm drains, combined sewer/storm manholes, abandoned/inactive manholes (i.e.,
connected to abandoned or inactive wastewater collection system), and wet wells (i.e., manholes
located at the terminus of a rising main wastewater system). We calculated the number of “other”
WUH types other than sewers by subtracting the estimated number of sewer WUHs from the
estimated total number of WUHs.

We obtained geospatial data for urban water bodies from the National Hydro Network (NHN)
for all of Canada (Natural Resources Canada, 2022) and the Government of Canada census data
(Statistics Canada, 2011b). We used the NHN geospatial data to map water bodies throughout the

GTA and geospatially clipped all water bodies within the GTA boundaries using QGIS (v3.16.4).
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Since the NHN data does not categorize water bodies by type, we used the Government of Canada
census data to determine the relative percentages of each water body type within the GTA and
applied those percentages to the NHN data. Water body subcategories are classified in the Gov-
ernment of Canada census data as “channels”, “lakes”, ”bays”, and “rivers”, but we added an
additional subcategory of ponds” based on their importance highlighted in previous work (Her-
rero Ortega et al., 2019; Martinez-Cruz et al., 2017; Gonzalez-Valencia et al., 2014). We assigned a
water body subcategory for any unclassified water body in the Statistics Canada data by evaluating

Google Earth imagery.

6.2.4 Temporal analysis and mobile surveys

We analyzed mobile surveying data from the GTA to qualitatively assess the temporal variability
and intermittence of the cluster of sewer WUHSs in High Park and the Keating Channel (Figure
6.1). Mobile surveying data was collected using both a vehicle- and bike-based sampling platform
in the GTA from early-2018 to late-2022 (Wunch et al., 2016; Ars et al., 2020). On-board trace
gas analyzers utilized during mobile surveys to measure methane concentrations included a Los
Gatos Research Ultra-Portable Greenhouse Gas Analyzer, Picarro G2401, Picarro G1301, and/or
Li-Cor 7810. We geospatially clipped all measurement data within a 1 km radius of the areal extent
of the cluster of WUHs and the Keating Channel. Next, we estimated the excess methane above
ambient concentrations for all surveys within that 1 km boundary by calculating the 5th percentile
of methane concentrations for each survey, and subtracting that value from the measured methane
concentrations to obtain excess methane values. Then, we performed an additional geospatial
clip of all mobile survey measurements to 500 meters from the cluster of WUHs and the Keating
Channel. Finally, we identified methane plumes using the R package "IDPmisc” with a minimum
plume height of 0.04 ppm, a minimum plume width at half plume height of five data-points aside,
and categorized the plumes following Ars et al. (2020) (i.e., small plumes = plume height of 0.04
- 0.2 ppm excess methane, medium plumes = plume height of 0.2 - 1.0 ppm excess methane, large

plumes = plume height of over 1.0 ppm excess methane).
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6.2.5 Annual methane emissions estimates

We estimated annual methane emissions from both WUHs and urban water bodies by multiplying
source subcategory specific emission factors to their corresponding activity data. To calculate
uncertainty, we first used bootstrapping with replacement (n = 10,000) to develop a distribution
of emission factors for each source subcategory (e.g., sewer WUH, channel, river). Then, we fit a
statistical distribution to the bootstrapped emission factors first by visualizing the best fit through
a Pearson plot (i.e., also known as a Cullen and Frey graph) of the square of skewness versus
the kurtosis of the bootstrapped emission factors. We fitted the distributions to the bootstrapped
emission factors using the “fitdist” package in R-Studio (v.2022.12.0), which were either a normal
or gamma distribution. For the activity data, we used two separate approaches for WUH activity
data and urban water bodies. For sewer WUH counts, we calculated the standard error about the
slope and y-intercept of the linear models of population versus WUH counts using the "LINEST”
function in Excel to obtain upper and lower estimates. For other WUH types, we calculated the
standard error of the slope and y-intercept of the linear regression for total WUH counts, and
combined these data with the ranges obtained for the sewer WUH counts to obtain an upper and
lower estimate of other WUHs. We fit activity data estimates to a triangular distribution with the
upper and lower WUH counts set as the upper and lower bounds. For urban water bodies, we
assumed a triangular distribution with upper and lower bounds of 20% of the best estimate of the
areal cover of the urban water body type. We calculated uncertainty estimates using the 2.5th and
97.5th percentiles of a Monte Carlo simulation (n = 1,000,000) multiplying the generated activity

data and emission factors.
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Figure 6.2: Map of all cities in Canada and the U.S. with open-access data related to WUH

counts. Points are coloured according to the available data regarding the counts per type of WUH.

6.3 Results

6.3.1 Wastewater collection systems

The total population in the GTA was 5,928,040 in 2016 (Statistics Canada, 2011a). The total pop-
ulation of the Canadian cities we used for this analysis totaled 6,634,917 people for total WUHs,
and 6,096,265 people for sewer WUHSs, which makes up 25.7% and 23.6% of the total population
in medium and large population centres in Canada, respectively. We found strong correlations for
both total WUH counts and sewer WUH counts with city populations with R? values of 0.92 and
0.85 respectively. Based on the linear relationships, we estimate a total of 946,464 WUHs and
374,448 sewer WUHs in urban areas in Canada, which leaves a total of 572,016 other WUHSs (SI
- Figure 6.8).

We compiled a total of 238 individual source measurements of methane emissions from WUHs

from Chapter 5 of this thesis and one other study (Fries et al., 2018) which include 22 measure-
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ments we made from WUHs in Toronto, Canada. We found that the average methane emission
rate from all WUHs was 1.3 g/hour. We classified 116 of these measurements as sewer WUHs and
122 from other WUHs. The average methane emission rate from sewer WUHs was 2.7 (95% c.i.,
0.6 to 5.2) g/hour while the average emission rate from other WUHs was two orders of magnitude
smaller at 3.1x 1072 (95% c.i., 0.2x 1072 to 8.6 x 10~2) g/hour of methane (Figure 6.3). The high-
est emitting WUH was measured at 89 g/hour from a sewer WUH in Toronto which was located
within the group of 13 high emitting WUHs in the northeastern corner of High Park, Toronto. The
cluster of 13 WUHs in High Park collectively emitted methane at a rate of 358 g/hour when we
measured them in October, 2021. We also found that this cluster of high-emitting WUHs were
all characterized by a strong odour of sewage, water rushing audibly below the WUHs, and high
volumetric flowrates of gas exiting the manholes which could be physically felt while standing

over the sites.

Urban water bodies

We found that the total area covered by the NHN (i.e., absent water body classifications) data-set
in the GTA was 15.4 km? compared the total area covered by named urban water bodies from the
Statistics Canada (StatsCan) geospatial data-set at 8.8 km?, or 64% of the NHN data. For the GTA,
we found that 89.3% of areal extent of water bodies in the Statistics Canada database received
some sort of classification. After visual investigation of the unclassified water bodies, we re-
categorized all of the unnamed water bodies as ponds (i.e., isolated small water body). In addition,
we changed the classification of one named water body from “Lake” to "Pond” for the Grenadier
Pond. Based on a breakdown of the water body classifications provided within the StatsCan data,
the most abundant urban water body type was rivers and lakes, followed by bays, creeks, ponds,
and channels (Table 1). Lakes and rivers collectively made up 83.5% of the total distribution of
urban water bodies.

We analyzed a total of 212 flux measurements from urban water bodies in the GTA. Of the 212

flux measurements, 64 were from ponds, 52 were from bays, 52 were from channels, and 44 were
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Figure 6.3: Barplot of methane emission rates measured from WUHs in Toronto and Montreal

Measurements from WUHs ranked high to low

(Chapter 5), Canada, and Indianapolis, United States (Fries et al., 2018). Bars are coloured

according the type of WUH. Average methane rates from sewer WUHs for this work and others

(Defratyka et al., 2021; Fernandez et al., 2022) are shown by horizontal lines.

Table 6.1: Total area covered by urban water bodies (i.e., lakes, canals, creeks, bays, rivers, and

ponds) in urban areas in the Greater Toronto Area, Canada.

Urban water body type Area covered % of total area
Lakes 2.09 km? 13.5%

Channels 0.06 km? 0.4%

Bays 1.34 km? 8.7%

Rivers 10.82 km? 70.0%

Ponds 1.14 km? 7.4%

Total 15.45 km? 100.0%

from rivers. We used the combined 160 measurements from rivers, bays, and ponds, as our flux
rates representative of lakes because ponds, bays, and rivers all represent naturally occurring water
bodies located in urban environments, whereas the urban canal (i.e. Keating Channel) measured in

this work is a constructed waterway (SI - Section 6.6.2). We classified a total of 100 methane fluxes
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as diffusive fluxes, and a further 112 as ebullition. The highest diffusive fluxes were measured

from bays at 0.767 pg-m—2.sec™?

, whereas the other water body types had diffusive flux rates
below 0.400 pg-m~2-sec™! (Figure 6.4). The highest mass of methane emitted from ebullition
events were from channels and ponds at 19,470 and 13,000 g-m~2 respectively, whereas mass of
methane emitted from ebullition events from the remaining water body types were all below 2,000
pug-m—2 (Figure 6.4). The total fluxes from each water body type (i.e., diffusion and ebullition
combined) were highest for channels and ponds at 82 (95% c.., 54 - 113) ug-m~2-sec”! and
33 (95% c.i., 19 - 50) pg-m~2-sec™! respectively. The remaining water body types all had total

methane fluxes below 20 pg-m~2-sec! (Table 2).

Temporal variability in emissions

We processed mobile surveying data from a total of 15 surveys near the northeastern corner of
High Park, Toronto, and 41 surveys near the Keating Channel for a total of 56 surveys and 122,180
measurements within a 1 km radius of each site. The mobile surveys spanned four years for High
Park and five years for the Keating Channel. A total of 38 methane plumes were measured from
13 surveys near High Park, with two surveys not detecting any proximal (i.e., within 500 meters)
methane plumes. For the Keating Channel, a total of 315 methane plumes were measured from
all 41 surveys near the channel, with no surveys without at least one detectable methane plume
(Figure 6.5). For both sites, methane plumes were detected in all four seasons, with the majority
of plumes detected in the warmer months of spring and summer which also corresponded to the
highest number of mobile surveys. We found that methane plumes were measured during all of the

surveys conducted in the fall and winter (Figure 6.5).

Annual methane emission estimates

We found that annual methane emissions from WUHSs in urban areas in the GTA amounted to 9,112
(95% c.i., 13.5 - 84.1) t/year of methane which places them as the third highest methane source

in the GTA compared to the Pak et al. (2021) methane inventory (Table 6.2), lower only than
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Figure 6.4: Barplots of methane flux rates from urban water bodies in Canada. Sections are
coloured according to the categorization of urban water body and separated by diffusive fluxes
(left) and ebullition fluxes (right). Measurements for lakes are made up of all measurements from
urban water bodies except for those from canals. Average flux rates are shown for each
classification with confidence intervals (95% c.i. after bootstrapping with replacement, n =
10,000) shown in parenthesis. Counts on the y-axis represent the number of measurements

multiplied by the density.

methane emissions from large and small landfills (Figure 6.6). We found that methane emissions
from WUHSs were strongly influenced by sewer WUHSs, which accounted for over 99% of total
emissions from this source. Furthermore, we found that the high contribution from sewer WUHs
are driven by a difference in emission factors (Table 6.2) rather than total counts of WUHs since
sewer WUHs make up 40% of the total WUH counts based on our population-based linear model.
Our estimate of annual methane emissions from WUHs also places them higher than the current

methane emissions from wastewater treatment plants, which is a comparable category in Canada’s
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Figure 6.5: Methane plumes measured during mobile surveys from the cluster of wastewater
utility holes in High Park (top), and the Keating Channel (bottom). Plumes are categorized
according to size following the criteria outlined in (Ars et al., 2020). Methane plumes are
categorized by the maximum plume height in methane excess concentration above background
(ppm). The time of mobile surveys and/or chamber measurements are shown by the vertical lines.

Number of surveys and detected methane plumes by month are shown in the barplots on the right.

greenhouse gas inventory. Methane emissions from WUHs made up 10.6% of the total methane
emissions from the GTA according to the Pak et al. (2021) inventory.

We calculated annual methane emissions from urban water bodies in Canada to be 2,737 t/year
of methane (95% c.i., 1.252 - 4,220) (Table 2). This places urban water bodies as the sixth highest
methane source in the GTA according to the Pak et al. (2021) methane inventory. Within the
AFOLU sector, we find that methane emissions from urban water bodies would be the third highest

methane source in the sector, lower only than methane emissions from enteric fermentation and

165



Table 6.2: Summary of activity data, methane emission factors, and annual methane emissions
estimates for each source category of urban water bodies and WUHs. Uncertainty bounds are

shown in parenthesis.

Source category AD (1000’s WUHs) EF (g/hour) Annual emissions (t/year)
Sewer 374 (330 - 432) 2.7(0.6-5.2) 8,960 (3,011 - 18,210)

Other 572 (448 - 688) 0.03 (>0.00 - 0.09) 152 (8 - 505)

Total - - 9,112 (3,019 - 18,715)

Source category AD (km?) EF (ug'm~2-sec™!) Annual emissions (t/year)
Rivers 10.8 (8.7 - 13.0) 0.9(0.1-1.9) 293 (0 - 633)

Ponds 1.14 (0.91 - 1.37) 33 (19 - 50) 1,191 (631 - 1,793)
Channels 0.06 (0.05 - 0.07) 82 (54 -113) 161 (100 - 228)

Bays 1.34 (1.06 - 1.61) 44 (1.7-7.7) 185 (58 - 185)

Lakes 2.09 (1.67 - 2.51) 13.8 (7.6 - 20.9) 907 (463 - 1,381)

Total - - 2,737 (1,252 - 4,220)

wetlands (Figure 6). Our breakdown of methane emissions from urban water bodies shows that the
majority of emissions occur from ponds and lakes (i.e., 77%), followed by river, bays, and channels
(Table 2). Notably, channels accounted for 6% of cumulative methane emissions from urban water
bodies despite making up only 0.4% of the total areal extent of urban water bodies in the GTA for an
emissions intensity (i.e., percentage of total methane emissions divided by percentage total area)
of 14.5. We observe a similar trend with ponds, which contributed 14% of cumulative methane
emissions from urban water bodies despite making up 7.4% of the total areal extent covered by

urban water bodies for a methane emissions intensity of 5.9.

6.4 Discussion

Our findings show that both WUHs and urban water bodies are significant methane sources at the
national level for Canada, and likely in other countries as well. At the municipal scale, methane
emissions from these biogenic sources could account for some of the discrepancy observed be-
tween top-down studies (Anderson et al., 2021; de Foy et al., 2023; Pitt et al., 2022; Plant et al.,

2022, 2019) and current bottom-up methane inventories.
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Figure 6.6: Relative contributions annual methane emissions from source subcategories of
wastewater utility holes and urban water bodies (left). Barplots of annual methane emissions from
the FLAME-GTA methane inventory (Pak et al., 2021) inventory report for the waste and
agriculture, forestry, and other land-use (AFOLU) sectors (right).

6.4.1 Comparisons to prior measurements

Our annual methane emissions estimates for WUHs are strongly influenced by sewer WUHs.
Methane flowrate measurements from WUHs follow an extremely skewed distribution, with the
top 5% of emitters accounting for 97% of cumulative emissions. As such, it is important that the
emission factors we use are representative. To our knowledge, there are three empirical studies that
have estimated annual methane emissions from sources comparable or analogous to WUHs (i.e,
termed “sewage” (Defratyka et al., 2021), "wastewater” (Fernandez et al., 2022), and we assume
“microbial” from Maazallahi et al. (2020)) and extrapolated those values to city-wide estimates
(Fernandez et al., 2022; Defratyka et al., 2021; Maazallahi et al., 2020). Based on our analysis of
these studies (SI - Section 6.6.1) the methane emission factor for sewer WUHSs in Paris (France)
was 0.2 g/hour (Defratyka et al., 2021), in Bucharest (Romania) the emission factor was higher at

1.2 g/hour (Fernandez et al., 2022), and in Hamburg (Germany) the emission factor was 0.2 g/hour
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(Maazallahi et al., 2020) (Figure 6.2). Both are lower than our emission factor for WUH sewers at
2.7 (95% c.i. 1.0 - 6.6)g/hour, but we do see overlap in terms of uncertainty bounds from the emis-
sion factor from Bucharest. Furthermore, the extrapolation of methane emissions measurements to
city-wide estimates from all three studies utilize total road kilometers as the basis for extrapolation,
whereas we extrapolate methane emissions from WUHs based on population. The comparison we
make between our sewer WUH emission factor to these studies may be biased due to uncertainties
arising from differences in activity data extrapolation.

The emission factors we use for urban water bodies are comparable to other studies for some
classifications of water bodies, although we see wide range of methane flux rates from literature.
Based on a literature review by Herrero Ortega et al. (2019), the highest methane fluxes from
urban water bodies ever published occurred from lakes in Velacruz (Mexico) at 33 ug-m~—2-sec™*
(Gonzalez-Valencia et al., 2014), rivers in Mexico City (Mexico) at 28 ug-m~2-sec”! Martinez-
Cruz et al. (2017), and a dammed section of a river in China at 25 pug-m~2-sec™! (He et al., 2018).
Our highest flux rates were measured from channels and are three times higher than these studies

2.sec™!. Ars et al. (2020) previously quantified methane emissions

with a flux rate of 82 ug-m~
from the Keating Channel using mobile surveys and found an average methane emission rate of 200
kg/day. Based on our emission factor for channels and a listed area of 32,922 m? for the Keating
Channel, our estimated methane emissions from the Keating Channel would be 233 kg/day, which

2.sec”! from

is similar to the results from Ars et al. (2020). We estimated a flux rate of 33 pg-m™
ponds, which is more than four times higher than the highest prior total flux rate from ponds at
7 ng-m~2.sec”! measured from a pond in Yichang (China) (Xiao et al., 2014). We see that the
majority of the difference can be attributed to differences in estimates of ebullition fluxes, since
our estimates for diffusive fluxes from ponds are similar on average than prior studies. A reason
for this may be due to bias from our chamber deployments where ebullition events were captured
more frequently, or that the ponds we sampled simply had higher ebullition rates than prior studies.

We did see that the 4.4 and 0.9 pg-m~2.sec™! flux rates we measured for bays and rivers are all

similar to prior studies which range from 0.2 to 5.8 ug-m~2-sec™! (Herrero Ortega et al., 2019).
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6.4.2 Temporal patterns in methane emissions

Both the cluster of high-emitting WUHs and the Keating Channel represent high emitting sites
that strongly influence emission factors and annual emission estimates. Therefore, it is impor-
tant to assess their intermittence across seasons since these are biogenic sources with microbial
processes generating methane. Based on our temporal analysis of methane emissions from both
the Keating Channel and the cluster of high-emitting WUHs in Toronto, we found that methane
emissions persisted over multiple seasons. For the cluster of WUHs in High Park, we cannot dis-
tinguish any clear temporal trends as the plumes were detected across all seasons, but the majority
of these plumes were measured in October which coincides with a higher number of surveys for
the site (Figure 6.5). Notably, the only two surveys where methane plumes were not detected were
conducted in August and July of 2019, both warmer months when biogenic methane production
would be expected to be high (Nisbet et al., 2019). On the same day that we conducted cham-
ber measurements from these WUHs, we measured the highest number of methane plumes from
the site through mobile surveying. Overall, our results show that methane emissions from these
high emitting WUHs appear to be persistent across seasons which offers valuable insight on the
temporal nature of methane emissions from WUHs.

For the Keating Channel, the high number of mobile surveys conducted near this source of-
fer more detailed insights on temporal variability when compared to the data from the cluster of
WUHs. In general, methane plumes measured near the Keating Channel do decrease in severity
(i.e., the peak height of excess methane) in the colder months (Sept to Dec) from surveys con-
ducted in the warmer months (May - August). This trend can be observed from the decrease
of large methane plumes from mid-2019 to early-2020 (Figure 6.5). The decrease could be at-
tributable to seasonal differences such as increases in ebullition with increased water temperature
(Wang et al., 2021) in warmer months, or could coincide with the beginning of the three-month
annual dredging of the Keating Channel, or a combination of several factors (e.g., freezing of the
channel in winter). We quantified methane fluxes using chamber measurements from the Keating

Channel on two separate occasions in the fall and winter (Figure 6.5). During the first measure-
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ment campaign in October, 2021, we observed consistent ebullition throughout the channel with
the largest mass of methane released during an ebullition event reaching above 20,000 pg-m~2.
During the return visit in December, 2022, the channel was undergoing construction modifications
and had recently been dredged. Few ebullition events were observed during this return visit and

2.sec™! (i.e., or 0.5 kg/day from the Keating

total methane fluxes were low at around 0.16 pg-m~
Channel). These findings expand on those from Ars et al. (2020) where quantified emissions from
the channel peaked in June 2019 at ~400 kg/day and then lowered to ~100 kg/day in July 2019,

and provide insights on methane emissions during the fall and winter.

6.4.3 Mitigation avenues

Research on the mitigation avenues of methane emissions from WUHs generally involve the chem-
ical dosing of wastewater networks with compounds such as nitrates (Jiang et al., 2013), hydrochlo-
ric and free nitric acid (Jiang et al., 2011), ferric iron (Zhang et al., 2009), and hydroxide (Gutierrez
et al., 2009), and oxygen injections (Ganigué and Yuan, 2014). However, all of these methods are
untested at municipal scales with respect to methane reduction, and have potential drawbacks such
as the production of nitrous oxide or negative impacts to downstream wastewater treatment. Based
on our findings a small percentage of WUHs are emitting a majority of methane emissions, and
therefore, mitigation efforts could also benefit from prioritizing these high emitting sites and im-
proving on our characterization of WUHs. WUHSs can connect to a variety of different types of
wastewater systems, such as rising mains and pump/lift stations, gravity sewers, and combined
sanitary and storm water systems.

The cluster of high emitting WUHs we measured at High Park all were characterized by audi-
ble water rushing beneath the site, which suggests the terminus of a pump/lift station from a rising
main and further supported by the persistence of methane emissions from those sites over time
(Figure 6.5). We propose three main causes of high methane emissions from WUHs, which would
all differ in potential mitigation strategies: (1) a pump/lift station (continuous emissions); (2) a

blockage within a gravity sewer system leading to increases in hydraulic retention time leading to
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stagnant wastewater (intermittent emissions); (3) and either the formation or presence of a siphon
in wastewater systems from regular or temporary increases to wastewater flow (continuous or in-
termittent) (Lowe, 2016). Methane emissions from blockages could be addressed relatively simply
by clearing the blockage, whereas emissions from siphons or pump/lift stations could be addressed
with passive methane capture, focused chemical dosing of wastewater, or modifications to wastew-
ater network structures. Given that a strong odour was noticed at all high methane emitting WUHs,
programs involving the public such as a municipal inventory of points where a passerby noticed a
sewer odour could be beneficial in identifying high-emitting WUHs for further investigation.
Methane emission rates were strongest for ponds and channels based on our measurements,
and therefore we focus on mitigation options for these types of urban water bodies. We have
already noted one mitigation option for channels with the dredging of the Keating Channel and
the drop in methane emission rates from chamber measurements before (~233 kg/day) and after
(~0.5 kg/day) dredging. However, it is unclear whether the emission reductions from dredging
are re-distributed to the location where the material is stored. Notably, the location where the
dredged material is deposited is also flagged as a methane source of unknown origin in Ars et al.
(2020). As a preventative approach, urban channels and canals should be constructed to prevent
the build-up of material within the system. For example, the Keating Channel is characterized by
a sharp bend at the outlet of the Don River (Figure 6.1) where material can accumulate and settle
(Taylor, 2007). With regards to ponds, one driver of methane emissions is nutrient loading (i.e.,
phosphates) leading to eutrophication (Malyan et al., 2022; Audet et al., 2020). Therefore, limiting
nutrient inputs to urban ponds or installing pond aeration systems to avoid eutrophication would

be mitigation avenues to consider for urban ponds.

6.4.4 Future work

This study has contributed to the growing literature on methane emissions from urban water bodies
and the lack of direct measurement data from WUHs. The lack of direct measurement data from

WUHs is a notable gap in literature given their significant contributions of methane emissions
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at the municipal level. While future work would benefit from additional measurements, future
studies should also prioritize a more detailed classification of WUH types so that insights can be
drawn for both future measurement studies and mitigation strategy development. Pairing site-level
measurement platforms that can distinguish biogenic methane emissions with more focused direct
measurements would be especially useful in characterizing the high methane emitting WUHs that
we see contributing the majority of methane emissions. For urban water bodies, our results show
that despite making up a minority of the areal coverage, ponds and channels are strong sources
of methane emissions. Methane emissions from urban ponds have received growing attention in
literature, although there are a lack of direct methane quantification studies that target urban chan-
nels. Our results show that urban biogenic sources of methane emissions are a significant source
at the national scale in Canada, and are likely significant in other countries as well. Quantifying
methane emissions from these urban biogenic sources can partially explain the discrepancies ob-
served in municipal inventories versus third party studies, and will ultimately allow policy-makers

and scientist to make informed decisions regarding the mitigation of methane emissions.
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6.6 Supplementary information

6.6.1 Methane emission rates and activity data
Wastewater utility holes

We obtained methane flowrate measurements from WUHs from our measurements made in Chap-
ter 5 in Montreal and one other study (Fries et al., 2018) including an additional 22 measurements
we made from WUHs in Toronto. For the Fries et al. (2018) study, we removed all measurements
categorized as thermogenic since our focus is on biogenic methane emissions from wastewater.
Some of the measurements obtained from (Fries et al., 2018) were presented in the form of methane
screening levels and not methane flowrates. For these measurements, we used a linear relationship
between screening methane levels and methane flowrates (R% = 0.71) from the data within (Fries
et al., 2018) to convert all measurements within the study to methane flowrates (SI - Figure 6.7).
All of the methane flowrates from the (Fries et al., 2018) study were below 20 mg/hour, meaning
that the uncertainty related to the extrapolation of screening values to methane flowrates had lit-
tle impact on the calculation emission factors since they all were close O compared to the highest

emitting WUHs.

Urban water bodies

Methane emissions from urban water bodies occurred either as steady diffusive fluxes, or as inter-
mittent ebullition events. Emission factors for diffusive fluxes were calculated as an average, like
WUHs. For ebullition, we calculated emission factors for the different water body types by the
total mass of methane per unit area emitted from ebullition divided by the total duration of time
the chamber was measuring in that water body type. The total duration of time spent measuring
urban water body fluxes at each water body type was 178.2 minutes for ponds,155.8 minutes for

bays, 155.2 minutes for rivers, and 142.2 minutes for canals.
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6.6.2 Representativity of emission factors
Wastewater utility holes

As an assessment of representativity, we compared the percentage of high-emitting WUHs within
our dataset to the results of (Fernandez et al., 2022). In (Fernandez et al., 2022), the city of
Bucharest was surveyed repeatedly using a mobile surveying platform with a vehicle-mounted
CRDS greenhouse gas analyzer. Methane leaks were identified using a minimum excess methane
enhancement of 0.2 ppm measured when driving, which corresponds to a minimum methane leak
of approximately 42 g/hour based on the (Weller et al., 2020) quantification method used in (Fer-
nandez et al., 2022). After extensive surveying of Bucharest, they found a methane leak frequency
of 1.6 leaks/km, which scaled up to the entire city (i.e., 3399 km) gives a total 5,438 methane
leaks. Following the same approach used in (Fernandez et al., 2022), 63% of these leaks (i.e.,
3,426 methane leaks) can be classified as biogenic based on the geochemical analysis they per-
formed using C,:C; ratios, 6'*C-CH,, and §°H-CH,. Since there are no landfills within the city
boundaries for the (Fernandez et al., 2022) study, these leaks are further categorized as originating
from wastewater. Based on our relationship of population to WUH counts, we estimate that there
are approximately 263,900 total WUHs and 102,855 sewer WUHs in Bucharest. Assuming that
all biogenic methane leaks originated from sewers, this gives a total of 3.3% of all sewer WUHs
having a minimum methane leak rate of at least 42 g/hour. Our empirical dataset has a similar dis-
tribution, with 3.4% of measurements from sewer WUHs (i.e., 4 of 116) having a methane emission
rate above 42 g/hour. The assumptions that we make in this comparison include: that all biogenic
leaks estimated in Bucharest originate from WUHs and not other potential biogenic sources (e.g.,
historic landfills); that the number of WUHs in Bucharest follows the same linear trend as we
observed in Canadian cities; that the extrapolations used within (Fernandez et al., 2022) for both
the total methane leaks counts for the city and the distribution of biogenic sources are accurate
and representative; and that the city-wide observations for Bucharest are representative to those of

Canadian cities.
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Urban water bodies

From urban water bodies, we combined our measurements from bays, rivers, and ponds to calculate
emission factors for lakes, which we did not measure directly in this work. This assumption was
made since lakes represent 13.5% of all water bodies in the GTA, and likely represent a notable
percentage of urban water bodies in other cities as well. We did not include measurements from
canals in this calculation because ponds, bays, and rivers all represent naturally occurring water
bodies located in urban environments, whereas the urban canal (i.e. Keating Channel) measured in
this work is a constructed waterway which differs from other water bodies in its geomorphology.
Furthermore, our calculated emission factors for canals were the highest among the different water
body types we measured by a wide margin, which implies that it is an outlier in terms of the

different water body types.
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Table 6.3: Classification of urban water bodies according to sub-types included in the

Government of Canada geospatial data-set.

Water body classification Sub-types included in classification
Rivers River, Arm, Creek, Inlet, Brook, Stream
Channels Canal, Channel
Bays Bay, Harbour, Port, Cove
Ponds Pond, Slough
Lake Lake, Reservoir
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flow rate for 43 wastewater utility holes measured in Indianapolis, Ohio. Data collected from
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Chapter 7

General discussion and conclusions

The overall goal of this thesis was to directly measure a variety of diffuse methane sources using the
static chamber methodology to better characterize the overall methane contributions from sources
with emission factors of ~10 g/hour but large activity data values (i.e., >10%). In this final chapter
we discuss the implications of our findings, in addition to the limitations of all chapters presented
in this thesis with context to prior work, and discuss recommendations from both research- and

policy-based standpoints. We end with a brief concluding statement.

7.1 General discussions

In Chapter 3 of this thesis, we found an overall accuracy of +14% for the static chamber method
over these flowrate ranges, which exceeds the quantification accuracy of other indirect measure-
ment methods such as satellite, aircraft, and mobile laboratory sampling platforms (Johnson et al.,
2023; Edie et al., 2020; Sherwin et al., 2023), and direct measurement methods such as the Hi-
Flow Sampler (Riddick et al., 2019; Klotz, 2023). Our findings suggest that the presence of in-
terior chamber mixing is important for accuracy, especially for larger chamber sizes, which is an
important guideline for chamber design and field deployment. The use of optimal chamber designs
increased the accuracy of the static chamber method to +5%, which effectively makes the static

chamber method one of the most accurate methane quantification methods currently available.

182



Many sectors in GHG inventories are based on bottom-up extrapolations using measurements at
the component- and/or equipment-level, and our findings show that the static chamber method can
be an accurate measurement method to gather these measurements.

In our controlled release experiments, the effects of leak properties were tested, which is a
novel factor to test for the static chamber method and many other methods as well. Leak properties
are important to investigate as methane sources can have differing methane concentrations (e.g.,
biogas versus NG). Our study also utilized known methane standards, whereas others typically
utilize stock NG whose true methane concentration is a source of uncertainty (Riddick et al., 2022;
Morales et al., 2022; Kumar et al., 2022).

In Chapter 4 of this thesis we present a synthesis of direct measurement data and activity
counts for AOG wells. Since our synthesis of methane measurements from AOG wells presented in
Chapter 4, there have been several additional studies that have quantified methane emissions from
AOG wells (Lebel et al., 2020; El Hachem and Kang, 2022; Townsend-Small and Hoschouer, 2021;
Etiope et al., 2019; Riddick et al., 2020). Our revised calculations of annual methane emissions
from AOG wells did show that inventory estimates were low. Moreover, the number of AOG wells
in Canada and the U.S. are likely to continue to grow, meaning that the contribution of methane
emissions from AOG wells will likely increase as years pass if mitigation is not prioritized.

We found that emission factors for AOG wells varied from 1.8 x 102 g/hour to 48 g/hour de-
pending on the region, well type, and plugging status. Similar results were observed from Lebel
et al. (2020) and Townsend-Small and Hoschouer (2021), who found emission factors for AOG
wells in California and Texas to be 10.9 and 6.2 g/hour respectively. Notably, El Hachem and
Kang (2022) and Lebel et al. (2020) identified new AOG well characteristics that could influence
methane emission rates. El Hachem and Kang (2022) found that AOG wells emitting H>S emitted
at higher rates (i.e., 16.6 g/hour) than non-HsS producing wells. Lebel et al. (2020) showed that
”idle” wells emit at higher rates (i.e., 35.4 g/hour) than other AOG wells. Furthermore, a large in-
direct sampling campaign utilizing mobile surveying data by Vogt et al. (2022) quantified methane

emissions from suspended well sites in western Saskatchewan, and found that if their contributions
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are ignored that methane emissions inventories would underestimate total emissions from the O&G
sector by around 25%.

Chapters 5 and 6 of this thesis focus on methane emissions from urban environments, which
have been identified as major contributor of global methane emissions (de Foy et al., 2023; Mar-
cotullio et al., 2013). Historic landfills, WUHs, and urban water bodies are all biogenic methane
sources that were identified in Chapters 5 and 6 as significant contributors of methane emissions
in their cities’ respective methane inventories despite not being included in municipal, provincial,
or federal GHG inventories, which confirms our initial hypothesis. Urban areas are distinctive in
that they are complex environments with multiple methane sources (Pak et al., 2021; Lamb et al.,
2016; Plant et al., 2022) but are also uniquely positioned to implement mitigation strategies (Hop-
kins et al., 2016). Multiple top-down studies based in the U.S. have highlighted that municipal
methane inventories underestimate their annual emissions (Plant et al., 2019, 2022; de Foy et al.,
2023), and some of the potential reasons for this underestimation are listed as either the accounting
of certain methane sources, or the poor characterization of known methane sources.

Our findings in Chapter 5 highlight the large contributions of methane emissions from residen-
tial meter-sets and third party breaks to overall emissions from NG distributions systems, and we
show that methane emissions from WUHs and historic landfills are both significant (i.e., second
and third highest methane sources in the city) relative to Montreal’s methane inventory despite
not being included in municipal, provincial, or federal GHG inventories. We found that emission
factors for residential meter-sets were low at 0.23 g/hour with a maximum methane emission rate
below 10 g/hour. Despite not measuring any residential meter-sets that would be readily captured
via indirect methods, we found their annual contributions made up ~40% of total methane emis-
sions from the NG distribution sector. This supports our hypothesis that small diffuse methane
sources can be significant contributors to cumulative methane emissions.

Our estimates for annual methane emissions from urban water bodies in the GTA confirms
our initial hypothesis that their annual methane emissions were substantial (i.e., ~15% of total

methane emissions in the GTA). In terms of different types of urban water bodies, we found that
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methane emissions from ponds and canals are notable, despite making up less than 10% of the
total areal extent of urban water bodies in the GTA. Urban ponds have already been identified
as a significant methane source in prior research (Herrero Ortega et al., 2019; Wang et al., 2021;
Holgerson, 2015; DelSontro et al., 2018), but few studies have quantified methane emissions from
urban canals (Ars et al., 2020) which are a heavily modified urban water body that differs from the
other types. The emission factor we calculated for urban canals (i.e., 75 pg-m—2-sec™!) in the GTA
was more than twice as high as the highest emissions previously observed from urban water bodies
(Martinez-Cruz et al., 2017). It is unclear whether all urban canals emit methane at rates similar to
those observed at the Keating Channel, but measurements from canals in other cities would help
improve our understanding of their contributions at regional and global scales. Furthermore, we
were able to confirm the hypothesis of Ars et al. (2020) regarding the annual emissions from the
Keating Channel, and our direct measurement aligned well with the estimates obtained from the

mobile surveying data.

7.2 Limitations and Uncertainties

Our work in Chapter 3 highlights the usefulness of the static chamber method (and also other direct
measurement techniques) in the quantification of methane emissions from lower emitting sites and
the high resolution in terms of source attribution. However, there are many situations where direct
measurement methods are not suitable, either due to safety concerns or logistical constraints. For
sites where direct access is impossible or dangerous, indirect measurement techniques would be
more suitable. In other cases, such as measuring methane emissions from H,S emitting AOG wells,
safety concerns (i.e., HsS is a highly toxic gas) can be overcome with additional safety precautions
such as wearing a self-contained breathing apparatus (El Hachem and Kang, 2022).

In addition to potential safety and logistical concerns, direct measurement methods also face
the downside of missing sources when extrapolating individual measurements to larger scales (i.e.,

facility, regional, and global levels) and are limited by small sample sizes, which is evident in
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multiple studies highlighting the discrepancy between GHG inventories created from bottom-up
measurements and top-down studies (Alvarez et al., 2018; Plant et al., 2022; MacKay et al., 2021).
Although Rutherford et al. (2021) found agreement between their bottom-up inventory of methane
emissions from the U.S. energy production sector and other top-down inventories, and highlight
that compiling larger data-sets of measurements could potentially address the discrepancies ob-
served between bottom-up and top-down inventory approaches, the limitations of direct measure-
ment methods and bottom-up inventory development are well established. Ideally, combinations of
indirect and direct methods should be utilized to establish methane emissions distributions curves
for sites emitting methane at levels not detectable via indirect methods, and to establish the contri-
butions of less populous but significant super-emitting sites (Fox et al., 2019).

Our compilation of component-level emission factors from the Intergovernmental Panel on
Climate Change (2022) represents only what is contained within the database itself, and does not
necessarily represent the full range of component-level emission factors found in the world, or their
importance relative to cumulative methane emissions. Moreover, in our compilation of controlled
release studies based on a Goggle Scholar search (as of June 2023), some studies may have been
overlooked and newer studies may not have been available. Both the compilation of component-
level emission factors and controlled release studies would benefit from a more comprehensive
literature search utilizing key search terms, similar to the literature review performed by El Hachem
and Kang (2023).

Another limitation of the controlled release tests we performed in this work is the lack of
exact replicates for each release. Our controlled releases were performed with a single replicate
for each combination of investigated factors, which leaves the potential for data outliers to overly
influence results. We did observe skewed distribution of measurement accuracy values from our
tests, which implies that the use of replicates could constrain these numbers and better illustrate
the true accuracy of the static chamber method. In the context of prior studies testing the static
chamber method, both Pihlatie et al. (2013) and Christiansen et al. (2011) focused on extremely

small flux rates rather than flowrates, and Riddick et al. (2022) used three replicates the three
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different flowrates for nine total releases. Additionally, the results of the static method testing in
Riddick et al. (2022) were not reported due to safety concerns from the experiment.

For the limitations of our research presented in Chapter 4, 5 and 6, our estimates for annual
methane emissions are based on a compilation of direct measurement data. We have already high-
lighted the drawbacks of direct measurement data, such as the small sample sizes and potential
to miss super-emitting sites. For Chapter 4, all of the measurements from AOG wells that were
included in our compilation of measurements were sites where site access permissions were ob-
tained, which could bias our emission rate data by missing AOG well sites that are still owned
by private companies (e.g., suspended and idle wells), such as the sites measured in Vogt et al.
(2022). The limitations of Chapters 5 and 6 are similar to those observed in Chapter 4 with re-
gards to the utilization of direct measurement data for the extrapolation of methane emissions to
annual estimates. Notably, our sample set of direct measurements from WUHs in Montreal and the
GTA represents an even smaller percentage (i.e., <0.05%) of the total sampled population when
compared to our measurements from AOG wells.

The measurements we compiled in Chapter 4 represent the available measurement data at the
time, but we did not have measurements from two of the regions containing the highest numbers
of AOG wells (i.e. Alberta and Texas). Geographic region was identified in El Hachem and Kang
(2023) as a factor that influenced AOG well leakage, and therefore the inclusion of measurements
from these regions would provide a more representative emission measurement dataset. The same
limitations also extend to most our direct measurement data gathered from urban areas in Chapters
5 and 6, with the exceptions of NG branch and gate stations for Montreal where we measured
100% and 67% of the cites within the city.

Another limitation of this work is our classification of plugged and vented wells from Kang
et al. (2016) in our emission factors for plugged wells. While we do acknowledge in this work
the impacts of regional well plugging practices, separating plugged and vented wells into a sep-
arate category would better represent the total methane emissions and geospatial distributions of

methane emissions from plugged wells. There are also uncertainties associated with the classi-
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fication of WUH types. Without a detailed map of the wastewater collection infrastructure, it is
challenging to attribute our direct measurements from WUHs to the exact type of wastewater col-
lection system they were connected to, which would provide valuable data for our annual emission
estimates and for both policy-makers. For urban water bodies, the classifications for urban water
bodies relied on the definitions provided by the Statistics Canada geospatial data which could be
outdated or poorly characterized. In addition, several studies showed that methane emissions from
urban water bodies vary over seasons (Herrero Ortega et al., 2019; Peacock et al., 2021), meaning
that our measurements conducted in October and December may be biased.

For our measurements from historic landfills, we performed multiple single-point flux mea-
surements over sections of the landfill sites and then interpolated those measurements using in-
verse distance weighting. In terms of geospatial analysis, kriging provides more informative data
by also quantifying interpolation uncertainties over space. Furthermore, interpolations of flux
chamber measurements are likely to underestimate overall methane emissions from landfills since
emissions are heterogeneous over space and time (Mgnster et al., 2019). Therefore, there are op-
portunities to apply advanced geostatistical methods to reduce uncertainties and gain new insights.

Finally, for Chapter 4, 5, and 6 we did not incorporate the measurement accuracy of the static
chamber method into our annual emission rates calculations to better represent the uncertainty of
these estimates. This could be accomplished during the bootstrapping process used to calculate
emission factors and uncertainty, where each individual measurement is represented by a normal
probability distribution with the mean set as the measured flowrate and the standard deviation as

the measurement uncertainty.

7.3 Recommendations

7.3.1 Future research directions

From a research-based perspective, it would be beneficial to test other factors that could influence

the accuracy of the static chamber method, such as the effectiveness of the chamber seal, impacts
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of infrastructure within the chamber, different methods for mixing air within the chamber volume,
and different sampling points. In addition, testing the effectiveness of the static chamber method
in capturing temporally varying flowrates would also be beneficial, as many component/equipment
level sources are known to have flowrates that vary over time (e.g., pneumatics, AOG wells, urban
water bodies) (Allen et al., 2013; Riddick et al., 2020; Herrero Ortega et al., 2019). More in-depth
controlled release testing, with the use of replicates, would aid in quantifying the accuracy of the
static chamber method under the wide range of conditions likely to be encountered in field settings.

For AOG wells, future research would benefit from additional direct measurements given the
low methane flowrates common to AOG well sites (Chapter 4). Focusing on measuring AOG
wells in regions with the highest populations of AOG wells would be beneficial since geographic
region has been identified as a indicator of well leakage (El Hachem and Kang, 2023). In addition,
broadening the well status classifications of AOG well measurements (both for past and future
work) will aid in improving the representivity of methane emissions calculations and identifying
specific provinces/states/territories with the highest methane emissions. Studies that investigate
the impacts of the plugging status of AOG wells on methane emissions, soil gas migration, and
groundwater contamination will help determine the environmental impacts of plugging AOG wells
which is important data for policy-makers.

For future research on methane measurement studies for urban environments, we have several
recommendations. The first recommendation would be to develop a detailed inventory of activity
data for the target city, including the compilation of a detailed network of wastewater collection
infrastructure and historic landfills, which may be challenging given open access data availability
issues. This compilation of activity data will help in the design of measurement campaigns and the
later source attribution stages, which addresses two limitations we note in our urban measurement
studies. With regards to wastewater collection infrastructure, most cities offer detailed maps of
sewer infrastructure for specific plots of land at a variable cost between cities. To avoid the large
costs of purchasing the entire suite of maps for a city, the detailed maps could be purchased based

on locations obtained from the measurement data.
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For the design of measurement campaigns of urban areas, rather than initially performing direct
measurements, we recommend developing a comprehensive data-set of indirect measurements to
cover the entire city over multiple seasons. Indirect measurements performed at multiple spatial
scales would also be useful, for example using satellite-based observations to estimate total city
methane emissions (e.g., TROPOMI) in tandem with extensive mobile surveying data to identify
the emission rates and locations of persistent methane sources. Direct measurements can follow the
indirect measurements to determine the specific leaking components from sites identified through
the indirect sampling, and to establish the contributions from the lower-emitting sites not easily
detected from the indirect methods. In a similar way, measurements at larger spatial scales would
also be valuable for AOG well methane emissions estimates, especially to identify super-emitting
sites.

Furthermore, factors that are easily measured for wastewater collection systems should be in-
vestigated in tandem with methane emission rate data to determine whether any relationships can
be established. This would allow for a more representative spatial presentation of methane emis-
sions from wastewater collection systems which is critical for developing mitigation strategies. An
example of this approach would be loss rate calculations for active O&G wells where a relation-
ship between production and methane emission rates was established (Omara et al., 2022), where
site-level methane emissions measurements are divided by the daily production values of the site
to determine the percentages of methane lost from the production stream.

While we do investigate several methane sources that are either poorly characterized or not
included in GHG inventories, there are likely others as well. For example, methane emissions
downstream of a tropical hydroelectric dam in the central Amazon basin were found to represent
3% of the cumulative methane emissions from the central amazon floodplain (Kemenes et al.,
2007). Other sources such as beyond-the-meter methane emissions have also been identified and
are a recent inclusion to the U.S. and Canadian GHG inventories, but are limited to data from a

small number of measurement studies (Saint-Vincent and Pekney, 2019; Lebel et al., 2022; Klotz,
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2023). Studies that investigate these unknown/poorly characterized sources will be valuable in

developing methane mitigation strategies.

7.3.2 For policy-makers

Throughout this thesis we present several policy relevant findings that are actionable and can be
immediately applied. Below we present several examples of these actions that can utilized by
policymakers to increase or encourage mitigation action to reduce methane emissions.

From a policy-based perspective, all studies that have directly measured AOG wells have high-
lighted lower emission rates from plugged wells when compared to unplugged wells (El Hachem
and Kang, 2022; Williams et al., 2019; Kang et al., 2014, 2016; Lebel et al., 2020; Townsend-
Small et al., 2016), which does imply that established well plugging practices would be effective
in reducing methane emissions from AOG wells. Furthermore, a detailed review of factors linked
to high-emitting O&G wells by El Hachem and Kang (2023) found that geographic location, well
deviation, plugging status, and casing quality were all linked with well leakage. However, as indi-
cated in Kang et al. (2021) and Jackson et al. (2020), there is a lack of knowledge on the leakage
potential of plugged wells, and requires further research. There are multiple environmental factors
to consider in addition to methane emissions when evaluating the impacts of well plugging, such
as groundwater contamination, soil degradation, damage to ecosystems, or lead to the increased
likelihood of groundwater pollution.

As part of the USD $65 billion Bipartisan Infrastructure Law passed in the U.S. in 2021, USD
$4.7 billion has been pledged to remediate orphaned AOG wells (Kang et al., 2023; Boutot et al.,
2022). In Canada, CAD $1.7 billion has been committed to plug orphaned wells and support
0&G workers (Kang et al., 2021). Orphaned wells are a category of AOG well with no le-
gal responsible party (Kang et al., 2021), for example, a bi-product of an O&G company going
bankrupt without providing the necessary funds for subsequent plugging (Boutot et al., 2022).
For other types of unplugged wells with owners (e.g., suspended, idle, temporarily inactive AOG

wells), implementing regulations that require additional financial assurances, justifications for im-
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plementing/maintaining inactive status, limit the number of inactive wells an operator can hold, or
requiring/enforcing regular maintenance can be used (Statistics Canada, 2021).

One of the key limitations we outline for our urban measurement studies in Chapters 5 and
6 is the lack of data availability for both comprehensive wastewater collection infrastructure and
historic landfills. While we did have access to historic landfills maps and geospatial data on the
number of sewer and storm drain WUHs in Montreal (Ville de Montréal, 2022a,b) this does not
appear to be a common in many cities. For other cities where historic landfill sites are not mapped,
there are geophysical techniques such as non-invasive seismic methods that can be used to delin-
eate their locations (Baker and Gabr, 2011; Brand, 1991). Methods of estimating the numbers and
types of WUHs in cities could also be improved, most readily through increased transparency from
cities regarding the availability of detailed wastewater collection infrastructure for researchers. Ul-
timately, open-source detailed maps of wastewater collection infrastructure for cities would ad-
dress most of the issues related to site classifications for both emission factors and activity data we
observe for methane emissions from WUHs.

Evaluating the effectiveness of specific mitigation strategies for wastewater collection systems
is difficult as most of the studies on mitigation methods for methane production in sewers are not
tested in field settings and have potential drawbacks (e.g., production of N,O). However, we did
note that the high-emitting WUHs we measured were characterized by a strong odour of sewage,
therefore municipal programs that allow the public to report instances and locations of foul odours
relating to sewage could be used to identify targets for measurement and potential mitigation.

Historic landfill sites are old and not fed a constant rate of waste, meaning that mitigation
options such as gas collection systems would be expected to produce less biogas than younger
sites (Barlaz et al., 2009). However, our work shows that historic landfills can emit significant
amounts of methane (i.e., second highest methane source in Montreal), and that the installation
of gas collection systems at high-emitting landfills can be done at low cost. Either direct or indi-
rect measurements would be needed to classify historic landfill sites as high-emitting versus the

relatively lower-emitting sites.
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For residential meter-sets, we found that implementing LDAR programs results in high costs
due to the large number of sites, implying that the current mitigation measures (i.e., customer
reporting of NG odour) may be sufficient for the time being. For third party breaks, we found
that the most realistic mitigation option is the enforcement of pipeline checks prior to excavation
activities.

For urban water bodies, we found that the highest emitting types were ponds and canals. For
urban ponds, the construction of pond aeration systems could reduce methane emissions through
the prevention of eutrophication. For urban canals, mitigation could be addressed both proactively
and retroactively, through consideration in the construction or reconstruction of canals to prevent

the retention of organic material.

7.4 Conclusions

Concentrations of methane in the atmosphere are growing (Nisbet et al., 2020, 2014, 2019). The
reduction of methane emissions will be a key component in any strategies developed to mitigate the
effects of climate change given the cost-effective mitigation options that exist (Ocko et al., 2021)
and the potency of methane as a greenhouse gas (IPCC, 2022). In this thesis, we emphasize the
importance of direct measurements of methane emissions and the contributions of diffuse methane
emissions from sources with low emission factor values but high activity data counts. Direct mea-
surements also offer valuable data in terms of source attribution, which is valuable information for
developing cost-effective methane mitigation strategies. Furthermore, the identification of specific
methane emission sources offers additional benefits by identifying potential avenues for methane
recovery and emissions reductions (Mazzotti et al., 2009; Lusk, 1998; Thompson et al., 2009),
which could off-set or provide net benefits of implementing methane mitigation technologies.
Throughout this thesis, we identified several methane emission sources that are either poorly
characterized (i.e., AOG wells), or are not included in any GHG inventories (i.e., residential NG

meter-sets, WUHs, urban water bodies, historic landfills). These methane sources generally emit
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methane at rates that are not easily detectable via indirect measurement methods. In addition to
these sources that we investigate, there are likely several other methane sources that have not been
included in GHG inventories such as hydroelectric dams (Kemenes et al., 2007), or are poorly
depicted in GHG inventories and would benefit from additional measurements (e.g., beyond-the-
meter methane sources Saint-Vincent and Pekney (2019); Lebel et al. (2022)). While many high
emitting methane sources can be captured using indirect methane measurement techniques, direct
measurements will continue to be needed for many sources, both to quantify the emissions from
lower-emitting sites and to identify the specific components/equipment responsible for emissions
which is valuable information for policy-makers. Ultimately, this work will contribute towards
the growing need for measurement-based studies in the quantification, identification, and miti-
gation of methane emissions from the variety of sources that exist around the world, and add to
the science-based approach towards reducing our GHG emissions and mitigating the impacts of

climate change.
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