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Abstract 
 
Reducing methane (CH4) emissions from anthropogenic activities is one of the fastest ways to 
slow the rate of global warming. The oil and gas (O&G) industry is one of the largest contributors 
to global CH4 emissions. Since CH4 is the main constituent of valuable natural gas, reducing O&G 
CH4 emissions has both economic and environmental benefits. On top of that, most of these 
emissions can be reduced using technologies that exist commercially today.  
 

Although the benefits of CH4 reduction are clear, barriers for acting remain. Despite being 
a significant source of the global carbon budget, an in-depth understanding of O&G CH4 emissions 
are lacking. National CH4 inventories, which are used to track emissions over time, are also 
uncertain, partly due to a lack of knowledge and measurements of individual sources. Along with 
other major O&G producing countries, Canada has committed to significant reductions of CH4 
emissions from the O&G sector. While such commitments are promising, without accurate 
estimates of the baseline, and an understanding of spatial and temporal patterns, achieving these 
reductions will be a significant challenge. 
 

The overarching goal of this thesis and the individual studies within is to improve current 
understanding of CH4 emissions from Canada’s O&G sector, and to ultimately aid in reducing 
these emissions. This thesis includes a synthesis and analysis of nearly 10,000 site-level CH4 
emission measurements, spanning across geographies that make up most of the country’s onshore 
O&G production. These data were used to examine CH4 emission patterns and levels in producing 
regions that vary in production style, infrastructure, and geography. Production-weighted emission 
intensities and a total inventory for Alberta were calculated. The measurement-based inventory 
revealed that CH4 emissions from the onshore O&G sector are likely underestimated by 50%. 
Further, a sensitivity analysis of modelled CH4 emission inventories was performed using available 
measurement data and infrastructural/production characteristics. The major sources of uncertainty 
in inventory estimates were assessed using a Monte Carlo analysis. The final component of the 
thesis is the collection and analysis of the first CH4 measurements for Canada’s offshore industry, 
which were collected using an aircraft measurement system. Measurements revealed that unlike 
the onshore sector, offshore CH4 emissions are in line with current reported estimates.  

 
The primary contributions of this work include the first regionally nuanced estimate of 

Canadian O&G CH4 emissions (on and offshore production), including production-weighted 
emission intensities by development. These new measurement-based estimates fill important 
knowledge gaps for onshore emission patterns and magnitudes, as well as Canadian offshore CH4 
emissions which have not been previously measured. Additionally, a framework for using site-
level measurements to estimate CH4 inventories was developed, and the key sources of uncertainty 
in current official inventories were evaluated. This work also produced a publicly available 
database of O&G methane emission measurements in Canada, which can be used for future 
research and policy development. Overall, the outcomes of this thesis will help steer CH4 reduction 
efforts across the O&G sector and inform future regulations that are expected as the world 
collectively moves toward a low-carbon future. 
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1. Introduction 
 
Methane (CH4) is a powerful greenhouse gas (GHG) that is responsible for 30% of global 

warming. Although atmospheric concentrations are low compared to carbon dioxide 

(CO2), CH4 is significantly better at trapping heat in the atmosphere (Roscioli et al. 2018). 

CH4 also has a short atmospheric lifetime relative to CO2 (~12 years), meaning that 

reducing CH4 emissions will drastically slow the rate of global warming in the near term 

(Alvarez et al. 2018). While reducing global CO2 emissions is undoubtably critical, 

reducing CH4 emissions from anthropogenic activities can buy us the much-needed time 

to address the main cause of warming that is CO2.   

 

Canada’s second most abundant anthropogenic GHG is CH4, making up 13% of 

Canada’s total GHG emissions (ECCC 2021). In 2019, ~40% of Canada’s anthropogenic 

CH4 emissions were from oil and gas (O&G) systems (ECCC 2021). The major sources 

of O&G CH4 emissions are from activities that occur during upstream production, which 

include venting (intentional releases; ~48%), incomplete combustion during flaring 

(~1.4%), and fugitive emissions (unintentional releases from faulty equipment, or 

drilling; ~43%) (ECCC 2021). In 2016, Canada’s federal government committed to 

reducing CH4 emissions by 40-45% from the O&G sector below 2012 levels, by 2025 

(ECCC 2018). This commitment is one of Canada’s nationally determined contributions 

(NDCs) under the Paris Agreement. In October 2021, ahead of the COP26 meeting in 

Glasgow, the federal government made further commitments to reduce O&G CH4 

emissions by 75% by 2030 (Government of Canada 2021). At COP26, Canada also joined 
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the “Global Methane Pledge” along with over 100 other countries, which aims at reducing 

global CH4 emissions by 30% over the coming decade. 

 

Following the original 2016 commitment, the federal government drafted 

regulations to achieve the 45% reduction (ECCC 2018), but shortly after, provincial 

governments in Alberta, Saskatchewan, and British Columbia proposed their own 

regulations to achieve equivalent reduction goals, which have since received approval to 

replace the original federal regulations (Alberta Energy Regulator 2018, Province of 

British Columbia 2018, Saskatchewan Ministry of Economy 2019). The new provincial 

regulations officially came into effect in 2020. 

 

While these commitments are promising, Canada’s CH4 reduction targets are 

based on federally reported inventory estimates, which rely partly on industry self-

estimation and self-reporting. Recent measurement studies in Canada and the United 

States (described in detail in the Section 1.1.2) have shown that actual emissions range 

from equivalent to substantially higher than what is shown in reported inventories 

(Atherton et al. 2017, Alvarez et al. 2018, Johnson et al. 2017, Roscioli et al. 2018, 

Zavala-Araiza et al. 2015, Zavala-Araiza et al. 2018). But a national understanding of 

these discrepancies is lacking because most measurement studies in Canada consist of 

region-specific sample populations that may not be extensible to other regions as there is 

variability in extractive techniques, geology, and geochemical properties. Different 

measurement techniques and technologies, applied at varying scales, require 

standardization for meaningful comparisons, which is not always a straightforward task.  
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Without a better understanding of CH4 emissions, reducing them will be 

challenging. Accurate, defensible estimates of CH4 emissions will ultimately be required 

to monitor regulation-driven emissions reductions in the coming years. Current CH4 

inventories are not well understood and have high uncertainties that are difficult to 

quantify. On top of that, regulators currently lack tools and data needed to validate 

emission inventories and industry-reported estimates. Such work will become 

increasingly important on provincial and national scales, as the O&G (and other carbon-

intensive) sectors will need to start extensively tracking emissions reductions with 

incoming regulations and other climate-related commitments. 

 

1.1 Background 

 
There has been recent progress made towards filling the knowledge gap on CH4 

emissions from upstream O&G production. In Canada, there are published measurement 

studies that cover regions in British Columbia (Montney), Alberta (Lloydminster, Red 

Deer, Grande Prairie, Peace River, Medicine Hat), and Saskatchewan (Weyburn-Midale, 

Bakken). There are also several measurement studies that have been conducted across the 

United States (e.g. Alvarez et al. 2018, Brandt et al. 2016, Omara et al. 2018). O&G CH4 

measurements outside of the U.S. and Canada are limited, though there have been recent 

studies conducted in Mexico (Zavala-Araiza et al. 2021) and Europe (France et al. 2021, 

Riddick et al. 2019, Yacovitch et al. 2018). These studies use a variety of methodologies 

to measure CH4 emissions from O&G facilities, ranging from handheld devices to 
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aircraft-based measurements. An overview of frequently used measurement techniques 

used to measure O&G CH4 emissions is in Section 1.1.1 below, followed by a review of 

the main findings from the previous literature.  

 

1.1.1 Measurement techniques 

1.1.1.1 Optical Gas Imaging (OGI) and Hi-Flow 
 
OGI cameras are the current regulatory standard (in Canada and the U.S.) for O&G CH4 

emissions monitoring. These measurements require site access and adequate (i.e., 

unobstructed) line of sight between the camera and source of interest. Emissions are 

identified visually using the OGI camera, and then subsequently quantified using a Hi-

Flow sampler (Greenpath Energy 2017, Ravikumar et al. 2020). In some cases, direct 

quantification a via Hi-Flow sampler is not possible (due to potential safety or access 

issues), and emission rates are estimated using expert judgement, emission factors from 

literature, and/or equipment manufacturer data (discussed further in Section 3.4.5) 

(Greenpath Energy 2017, Ravikumar et al. 2020). Depending on the quantification 

method, uncertainties range from 5% (Hi-Flow sampler) to orders of magnitude 

(estimation) (Greenpath Energy 2017). A significant advantage of OGI is that it provides 

component-level (e.g., valve, compressor seal) source attribution, which is ultimately 

required for repairs and mitigation. 

 
1.1.1.2 Vehicle-based transects coupled with inverse Gaussian dispersion modelling 
 
Many recent studies (in Canada and the U.S.) have been using vehicle-based 

measurement systems coupled with inverse Gaussian dispersion modelling to measure 
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O&G CH4, which has gained popularity due to its measurement efficiency. For instance, 

authors of some studies have been able to measure 100 sites per day using this method 

(Baillie et al. 2019, O’Connell et al. 2019), which is >10 times more sites than what is 

covered during a traditional OGI survey. The method typically involves a vehicle 

equipped with high-precision analyzers that measure gas concentrations, geolocation, and 

meteorological data continuously while driving. Transects of CH4 plumes are measured 

by driving downwind of O&G sites, which are then used to compute a site-level emission 

rate using inverse Gaussian dispersion principles. Reported uncertainties for this method 

vary significantly (50-350%) and depend on measurement conditions such as wind and 

distance from source (Caulton et al. 2017, O’Connell et al. 2019). 

 
1.1.1.3 Vehicle-based tracer flux  
 
The tracer flux method involves releasing one or more tracer gases (e.g. N2O) of known 

flow rate in close proximity to the source of interest (i.e. O&G site). This method has 

been used to measure CH4 emissions from industrial facilities for over 20 years (Roscioli 

et al. 2018). Gas concentrations (of CH4 and the tracer gases), and meteorological data are 

measured continuously at some distance downwind, to capture downwind plume 

concentration profiles. Given that there is a direct linear relationship between downwind 

concentrations and emission rates, the site-level CH4 emission rate is calculated by 

comparing the ratios of downwind concentration enhancements and the known release 

rate of the tracer gas (Roscioli et al. 2018, Zavala-Araiza et al. 2018). Measurement 

uncertainties for the tracer flux method range from 20-50% (Caulton et al. 2017, Omara et 

al. 2018). 
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1.1.1.4 Aircraft-based measurements 
 
Aircraft-based measurements are another useful methodology for measuring CH4 

emissions. This method involves flying multiple transects or orbits upwind and downwind 

of the source or area of interest. Some aircraft measurements involve the use of 

atmospheric gas analyzers and other meteorological equipment (similar to vehicle-based 

systems) and estimate emissions for a defined area (e.g. Johnson et al. 2017) or point-

source (e.g. Conley et al. 2017) using mass balance or inverse dispersion models. Others 

use imaging spectrometers to derive column averaged CH4 concentrations which can then 

be used to estimate fluxes from individual sources (Sherwin et al. 2021, Thorpe et al. 

2020). Aircraft-based measurements typically have coarser resolution compared to 

ground-based techniques but have significant spatial coverage and are not usually limited 

by surface characteristics. Aircraft measurements have been used to study a range of CH4 

sources such as flares (e.g. Plant et al. 2022), facilities (Baray et al. 2018), as well as to 

derive large regional level CH4 fluxes (Johnson et al. 2017). Uncertainties for aircraft-

based measurements vary depending on instrumentation and measurement conditions, but 

are typically in the range of 25-50% (Cambaliza et al. 2014, Fox et al. 2019). 

 
1.1.1.5 Satellite measurements 

Satellite-based measurements of CH4 have advanced significantly over the past 

decade and have superior spatial coverage compared to other measurement technologies 

(Fox et al. 2019). These instruments measure backscattered solar radiation in the 

shortwave infrared (SWIR) to retrieve atmospheric CH4 column concentrations (Jacob et 
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al. 2022). To date, there are numerous satellites orbiting the earth with the capability to 

measure regional (e.g. TROPOMI) and point-source (e.g. GHGSat) CH4 emissions, albeit 

with coarser resolution and higher detection limits compared to aircraft and ground-based 

technologies. While these limitations currently present challenges for facility-level 

emission estimates, continued advancements in satellite-based CH4 sensing suggests that 

these issues will be overcome in the near future. 

 

1.1.2 Region-specific patterns (onshore) 

 
Atherton et al. (2017) describes the first extensive measurement campaign conducted in 

the Montney region, an unconventional natural gas development in British Columbia 

(BC). Using a truck equipped with high precision gas analyzers and meteorological 

equipment, the authors measured more than 1600 well pads and facilities in the summer 

of 2015 and found that 47% of active wells were emitting CH4 (Atherton et al. 2017). 

Extrapolating results across all of BC, they estimated that the measured sources emit 

more than 111,800 tonnes CH4/year (Atherton et al. 2017). Although this study provides 

useful insights on emission sources and frequencies in the Montney region, the authors 

did not quantify emission rates from each source, but instead used an estimated minimum 

detection limit (MDL) for the annual emission estimate. Consequently, the uncertainty 

with the estimate is likely higher than if actual emission rates from measured sites were 

quantified and summed. However, this method of extrapolation is more likely to compute 

a conservative annual estimate (since some emission sources would be emitting at rates 

higher than the MDL), which means that the true inventory may be even higher than 
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Atherton et al. (2017)’s annual estimate, which was estimated to be 1.43 times higher 

than the reported estimate for the entire province (Atherton et al. 2017). A second BC-

based measurement study was published in 2021, which included 167 site-level CH4 

measurements collected using an aircraft equipped with LiDAR technology (Tyner and 

Johnson 2021). Results from these aerial measurements showed that 28% of surveyed 

sites had measurable CH4 emissions, with average emission rates of individual sources 

varying by three orders of magnitude (0.5 to 399 kg/hour) (Tyner and Johnson 2021). 

Notably, more than half of measured emissions originated from three sources: tanks 

(24%), reciprocating compressors (15%), and unlit flares (13%) (Tyner and Johnson 

2021). 

 

 In 2016 and 2017, CH4 measurements of 36 sites on the Alberta side of the 

Montney basin were collected using optical gas imaging (OGI) and Hi-Flow samplers 

(Ravikumar et al. 2020). While the main purpose of this study was to measure the 

effectiveness of leak detection and repair (LDAR) surveys (which operators are required 

to conduct for regulatory compliance) in terms of reducing emissions long-term, the study 

also highlighted emission patterns as a function of source type. Similar to Tyner and 

Johnson (2021), this study also found tanks to be a major contributor (64%) to total 

emissions (Ravikumar et al. 2020). 

 

Also in 2016, another vehicle-based measurement campaign was completed, 

which focused on three prominent O&G developments in Alberta: Lloydminster (heavy 

oil), Peace River (heavy oil/bitumen), and Medicine Hat (conventional gas) (O’Connell et 
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al. 2019). 1299 well pads were sampled in triplicate across the three regions. The results 

showed that emissions were highest in Lloydminster, with 40.2% of sites emitting at a 

rate that exceeded the current regulatory threshold of 110 m3/day (O’Connell et al. 2019). 

Similar conclusions about large emissions in Lloydminster were observed in an aircraft 

mass balance study by Johnson et al. (2017). In that study, the authors took aircraft 

measurements in two Alberta O&G regions, Lloydminster and Red Deer. These “top-

down” emissions estimates revealed methane emissions of 24.5 ± 5.9 tonnes CH4/hour 

and 3.05 ± 1.1 tonnes CH4/hour for Lloydminster and Red Deer, respectively (Johnson et 

al. 2017). Shortly after the aircraft study was published, Zavala-Araiza et al. (2018) 

published ground-based CH4 emission measurements in Red Deer. Although there was 

not perfect overlap between measured sites across the Johnson et al. (2017) and Zavala-

Araiza et al. (2018) studies, an extrapolation analysis by Zavala-Araiza et al. (2018) 

found that their emission rates agree (within confidence intervals) with the Johnson et al. 

(2017) study.  

 

In addition to the Johnson et al. (2017) and O’Connell et al. (2019) studies, 

another study by Roscioli et al. (2018) focused specifically on emissions in Lloydminster, 

making it one of the most frequently measured regions (with respect to O&G CH4) in all 

of Canada. Authors in this study used the tracer release method to measure CH4 emissions 

from five cold heavy oil production with sand (CHOPS) facilities. Their measurements 

revealed significant temporal variability in CH4 emissions, with one facility exhibiting 

fluctuations of a factor of 10 across only a few minutes (Roscioli et al. 2018). Due to the 
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small sample size (n=5), the authors did not extrapolate results to determine a regional 

emissions estimate. 

 

In Saskatchewan, two CH4 measurement studies were recently published in 2019, 

and both use similar vehicle-based techniques as O’Connell et al. (2019). One study by 

MacKay et al. (2019) focused specifically on the Weyburn Enhanced Oil Recovery 

(EOR) oilfield, where the operator continuously injects CO2 into the reservoir to enhance 

oil production (MacKay et al. 2019). This field is also unique because measurements 

revealed that there are very low levels of CH4 emissions from sites within this operation, 

likely due to the closed-loop nature of the infrastructure network, and strict regulations 

around venting due to the reservoirs hydrogen sulfide (H2S) content (H2S is a serious 

health risk as it is fatal at 1000 ppm) (MacKay et al. 2019). The other Saskatchewan 

based study, by Baillie et al. (2019), compared CH4 emissions from conventional 

(Weyburn-Midale) and unconventional (Bakken) production. The authors measured 645 

conventional and 289 unconventional sites and found that conventional and 

unconventional sites were emitting CH4 at similar frequencies (Baillie et al. 2019), but 

emissions from both development types were on the lower end when compared to other 

measurement studies in Canada and the US. 

 

From a broader perspective, all the aforementioned studies conducted in Canada 

have limited spatial coverage when considering the vastness of the Canadian O&G sector. 

Canada’s upstream O&G infrastructure is extremely complex (consisting of hundreds of 

thousands of emission sources) and spans across thousands of square kilometres. 
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Although these region-specific studies offer valuable insights to their respective areas, we 

as a country are still lacking a reliable national understanding of emission patterns and 

inventories. Findings from these studies also confirm that CH4 emissions (occurrence and 

magnitude) can be vastly different depending on the geographic area and production 

styles used for extraction, reinforcing the need for more measurements and research on 

this topic. 

 

1.1.3 Heavy-tailed distributions 

 
Notably, many of the Canadian measurement studies have found CH4 emissions to follow 

a “heavy-tailed” distribution, meaning that the majority of emissions are originating from 

only a small fraction of sources (often referred to as “super emitters”) (Baillie et al. 2019, 

Johnson and Tyner 2021, O’Connell et al. 2019, Ravikumar et al. 2020, Zavala-Araiza et 

al. 2018). This trend has also been well documented in the U.S. (Alvarez et al. 2018, 

Brandt et al. 2016, Caulton et al. 2019, Omara et al. 2018, Robertson et al. 2020, Zavala-

Araiza et al. 2015). Notably, a US-centric data synthesis study by Brandt et al. (2016) 

found heavy-tailed distributions in all 18 datasets used in their country-wide analysis. 

This is an important, policy-relevant finding, as it means that most emissions can be 

reduced by taking mitigation action at only a small fraction of sites. It can also have 

implications on measurement technology economics: if a heavy-tail distribution is 

present, then fast, spatially extensive measurement technologies (e.g. vehicles, aircraft) 

are likely the most cost-effective approach to reductions (as opposed to handheld devices 

that can only measure emissions from a few sites per day). 
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1.1.4 Current government reported inventories are underestimating actual emissions 
 
Under the United Nations Framework Convention on Climate Change (UNFCCC), 

Canada’s federal government is required to submit national inventories of greenhouse 

gases every year. Environment and Climate Change Canada (ECCC), the entity 

responsible for publishing the report, develop emission inventories using the “2006 

Guidelines for National GHG Inventories” by the Intergovernmental Panel on Climate 

Change (IPCC) (ECCC 2021). 

 

For Canada’s national inventory report (NIR) estimates, CH4 emissions from the 

upstream O&G sector are typically defined as either fugitive or vented emissions. Vented 

emissions are estimated in the NIR using industry-reported data at the facility level. In 

some cases, these emissions are measured directly by the producers, but often industry 

relies on estimating these values using emission factors and production data. Whether 

measured or estimated, vented emissions are self-reported, meaning that producers who 

own each facility are responsible for reporting their own venting rates. Producers are 

required to report their venting rates for all active facilities on a monthly basis through the 

Petrinex reporting system, using unique facility identifiers to distinguish between 

individual sources. The total vented emissions, as shown in the NIR, are found by 

summing all the reported values from all active facilities. 
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Currently, fugitive emissions estimates from the upstream O&G industry are 

estimated using two industry-led studies: the Canadian Association of Petroleum 

Producers’ (CAPP) study titled “A National Inventory of Greenhouse Gas (GHG), 

Criteria Air Contaminant (CAC) and Hydrogen Sulphide (H2S) Emissions by the 

Upstream Oil and Gas Industry (CAPP 2005), and an update to this inventory which was 

completed in 2014 for ECCC by Clearstone Engineering Ltd. (Clearstone 2014) (ECCC 

2021). Methodologies for both studies follow the guidelines stated in the IPCC Tier 3 

bottom-up assessment, where emission factors are estimated at the individual facility and 

process level, and then aggregated to produce total estimates by facility type and 

geographic area (ECCC 2021). It is worth mentioning that the CAPP study estimates 

emissions for the year 2000, and the Clearstone study similarly estimates emissions for 

the years 2005 and 2011. Estimates for all other years are determined by interpolating 

these “base” years using annual production and activity data (ECCC 2021). Within these 

studies, emission factors for individual emitting components were determined using 

published reports, equipment manufacturers data, observed industry values, measured 

vent rates, simulation programs and other industry studies (ECCC 2021). The results (i.e., 

emission factors) from the Clearstone (2014) study conducted in 2011 are used to 

estimate annual inventories from 2012 onwards (Clearstone 2014, ECCC 2021).  

 

Recent measurement studies have revealed that inventories estimated using this 

bottom-up approach often result in underestimation of total emissions. For example, Chan 

et al. (2020) found that measured CH4 emissions in Alberta and Saskatchewan were 85% 

higher than reported emissions, Johnson et al. (2017) found that emissions in 
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Lloydminster, Alberta were 3.6 times higher than reported, and Tyner and Johnson (2021) 

found that emissions in BC were 1.6-2.2 times higher than the current federal estimate. 

Several studies in the United States show similar results (e.g. Alvarez et. al 2018, Zavala-

Araiza et al. 2015, Zhang et al. 2020). Some explanations for this consistent 

underestimation have been noted in the U.S. based literature, including the heavy-tailed 

nature of O&G CH4 emissions (Brandt et al. 2016), the fact that the inventory does not 

include emissions from abnormal operating conditions (Alvarez et al. 2018), and the 

outdated nature of the underlying data sources (Rutherford et al. 2021). 

 

Despite the growing consensus that the current national inventory methods for 

upstream O&G CH4 emissions accounting are inaccurate, there is a lack of research 

dedicated to improving estimation methods for official upstream O&G inventories. In 

Canada’s NIR, the foreword states that “The reporting guidelines also commit Parties to 

improve the quality of emission and removal of estimates on an ongoing basis” (ECCC 

2021). With this statement in mind, and recent agreement in published literature across 

Canada and the US that current inventories are underestimated, a logical next step would 

be for federal governments to revise their protocols, and ideally find a way to incorporate 

these recent revelations into future annual inventory estimates. With the Paris agreement, 

the Global Methane Pledge, and new regulations put in place to limit CH4 emissions from 

the O&G industry in Canada, accurate inventories are more important than ever, as they 

provide the means of tracking reductions to ensure international commitments are met. 
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1.1.5 Offshore emissions patterns 
 
Compared to onshore production, research on emissions from offshore O&G production 

is scarce, likely in part due to the assumption that offshore platforms have low emissions 

because of increased safety protocols (e.g. no routine venting, increased leak detection 

surveys, 24/7 operator presence). In efforts to fill this gap, offshore O&G platforms in 

other parts of the world have recently been measured, like Gulf of Mexico and North Sea, 

and these studies have found variable results. Gorchov Negron et al. (2020) (Gulf of 

Mexico) and Riddick et al. (2019) (North Sea) both found that measured CH4 emissions 

were higher than reported estimates, while Zavala-Araiza et al. (2021) found that 

measured emissions for Mexico’s offshore production were more than an order of 

magnitude lower than reported estimates (Zavala-Araiza et al. 2021). However, authors 

note that the Mexican GHG inventory uses a non-Mexican specific emission factors in 

their calculations, which could be the reason for the observed discrepancy (Zavala-Araiza 

et a. 2021). 

 

Similar work has yet to be done in Canada’s offshore. However, considering these 

new findings from studies in other offshore regions, and Canada’s commitment to 

reducing the carbon footprint of our O&G industry, in situ measurements of Canada’s 

offshore CH4 emissions are both important and necessary. 
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1.2 Motivation and Outline 

1.2.1 Motivation 

The research presented in this thesis is an extensive, worthwhile effort focused on 

improving knowledge on Canadian O&G CH4 emissions and inventories. Recent 

contributions to this research area in Canada have mainly consisted of measurement 

studies concentrated in specific O&G production regions. To date, no one has undertaken 

the task of aggregating existing data in Canada to infer broader patterns and spatially 

resolved, provincial-wide inventory estimates. To my knowledge, there has also been no 

recent independent review on the reliability of Canada’s current method of estimating the 

national CH4 inventories for the O&G sector. And finally, there has never been any 

published direct measurements of emissions from Canada’s offshore oil industry, which 

itself presents a potentially significant source of uncertainty with respect to our 

understanding of Canada’s major CH4 sources. This thesis aims to address these gaps, 

which are critical for reduction efforts going forward. Ultimately, improving 

understanding of this important GHG will help with reduction efforts in this sector and 

beyond, which is an essential component of our collective fight against climate change. 

 
1.2.2 Thesis organization 

 
This thesis follows a manuscript-style format and consists of four separate manuscripts 

along with introductory and conclusion chapters. There are six chapters in total, which are 

as follows: Chapter 1 presents the introduction of the research, a review of previous 

literature, the motivation of the study, and the thesis structure. Chapter 2 (manuscript) 

has been published in Scientific Reports and presents an analysis of more than 6600 site-



 

 17 

level CH4 measurements in six major O&G producing regions across British Columbia, 

Alberta, and Saskatchewan. Absolute emissions, and emission intensities were examined 

and compared across geographies. This chapter also includes a measurement-based CH4 

inventory estimate for Alberta using a Monte Carlo model framework, which is also used 

(and improved on) in Chapter 4. Chapter 3 (manuscript) has been resubmitted (revised 

after review of the initial submission in August 2021) to Atmospheric Environment: X. 

This chapter presents a synthesis and analysis of all CH4 datasets collected in Canada 

between 2015 and 2020, which includes published and unpublished datasets obtained 

from industry and regulators. We conduct a statistical comparison of emissions measured 

using different methodologies and investigate emissions patterns and characteristics of all 

major Canadian onshore developments. All data from this chapter has been made publicly 

available via St. Francis Xavier University’s Dataverse repository. Chapter 4 

(manuscript, not yet submitted) investigates the sensitivity of modelled CH4 emission 

inventories to a variety of factors, building on the model used in Chapter 2. We assess 

how modelled CH4 emissions from upstream O&G sources differ by incorporating 

different criteria. The major sources of uncertainties are discussed along with 

recommendations for improving current estimation methods. Chapter 5 (manuscript, not 

yet submitted) presents the first-ever direct measurements of CH4 emissions from 

Canada’s offshore oil industry. Details on the aircraft-based measurement methodology 

are described, and a Gaussian plume model is used to estimate emission rates from 

different platforms. Measured emissions are compared to federally reported estimates to 

determine if any discrepancies exist. Finally, the thesis is summarized and concluded in 

Chapter 6. 
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2. Methane emissions from upstream oil and gas production in 
Canada 
 
2.1 Preface 

 
A version of this chapter has been published in Scientific Reports (Nature). I am the 

primary author, and co-authors are Martin Lavoie, Evelise Bourlon, Emmaline Atherton, 

Elizabeth O’Connell, Jennifer Baillie, Chelsea Fougère, and David Risk. I led the writing 

and analysis included in this chapter, and all authors, revised, edited, and provided 

valuable feedback that was used to refine the published paper. 

 
2.2 Abstract 

 
Methane emissions were measured at 6650 sites across six major oil and gas producing 

regions in Canada to examine regional emission trends, and to derive an inventory 

estimate for Canada’s upstream oil and gas sector. Emissions varied by fluid type and 

geographic region, with the heavy oil region of Lloydminster ranking highest on both 

absolute and intensity-based scales. Emission intensities varied widely for natural gas 

production, where older, low-producing developments such as Medicine Hat, Alberta 

showed high emission intensities, and newer developments in Montney, British Columbia 
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showed emission intensities that are amongst the lowest in North America. Overall, we 

estimate that the Canadian upstream oil and gas methane inventory is underestimated by a 

factor of 1.5, which is consistent with previous studies of individual regions. 

 
2.3 Introduction 

 
Reducing methane (CH4) emissions from anthropogenic activities is a critical part of 

climate change mitigation efforts (Rogelj et al. 2018). Although atmospheric CH4 

concentrations are low (~1.8 ppm) (Dlugokencky 2020), the warming potential of CH4 is 

84 times higher than that of carbon dioxide over a 20-year timeframe (Myhre et al. 2013), 

making it an immediate target for greenhouse gas (GHG) reductions.  

 

Canada’s second most abundant GHG is CH4, making up 13% of national GHG 

emissions (ECCC 2020). In 2018, 43% of Canada’s anthropogenic CH4 emissions 

originated from oil and gas (O&G) systems (ECCC 2020). The major sources of O&G 

CH4 emissions are from activities that occur during upstream production, which include 

venting (intentional releases; ~52%), incomplete combustion during flaring (~1.4%), and 

fugitive emissions (unintentional releases from faulty equipment, or drilling; ~42%) 

(ECCC 2020). In response to the climate crisis, Canada’s federal government committed 

to reducing CH4 emissions from the O&G sector 40-45% below 2012 levels by 2025 

(ECCC 2018). Although the federal government drafted regulations to achieve these 

reductions (ECCC 2018), provincial governments in Alberta, Saskatchewan, and British 

Columbia have also proposed their own regulations to achieve equivalent reduction goals, 

which have since received approval to replace the original federal regulations 
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(Saskatchewan Ministry of Economy 2019, Province of British Columbia 2018, Alberta 

Energy Regulator 2020). 

 

Canada’s CH4 reduction targets are based on component-level inventory estimates 

reported annually in the national inventory report (NIR), which are based in part on 

industry self-estimation and self-reporting (ECCC 2020). Field measurement studies in 

Canada and the United States have shown that actual emissions range from equivalent to 

substantially higher than inventory estimates (Atherton et al. 2017, Alvarez et al. 2019, 

Baray et al. 2018, Greenpath Energy 2016, Johnson et al. 2017, Roscioli et al. 2018, 

Zavala-Araiza et al. 2015, Zavala-Araiza et al. 2018). But a national understanding of 

discrepancies is lacking because most measurement studies in Canada consist of 

relatively region-specific sample populations which may not be extensible to regions with 

varying extractive techniques, geology, and geochemical properties. Different emission 

measurement techniques and technologies, applied at varying scales, also make 

comparisons difficult.  

 

How do upstream CH4 emissions and intensities vary across major O&G 

producing regions in Canada, and how do they compare to the federal inventory? We 

addressed this question by aggregating site-level emission data collected during nine 

extensive vehicle-based measurement campaigns across six prominent O&G regions in 

Canada: Montney (British Columbia), Medicine Hat (Alberta), Lloydminster (Alberta & 

Saskatchewan), Peace River (Alberta), Red Deer (Alberta), and southeastern 

Saskatchewan. Measurements were collected between 2015 and 2018, with some regions 
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(Lloydminster, Peace River) visited on more than one occasion. These six regions (Figure 

2.1) include ~20% of the non-oilsands producing sites in western Canada. Results from 

four of these campaigns have already been published (Baillie et al. 2019, O’Connell et al. 

2019), but this is the first time the 6650 emission rate estimates have been aggregated. 

This study represents the most regionally nuanced estimate of upstream Canadian O&G 

fugitive and vented CH4 emissions to date, and uses a much larger sample population than 

the ~300 site survey studies used by the Canadian industry to calibrate its upstream CH4 

inventory (Clearstone Engineering Ltd. 2018).  

 
2.4 Materials and Methods 

2.4.1 Data acquisition and processing 

2.4.1.1 Overview 

The methods used to collect and process data involve a four-step process: 1) Data was 

collected via extensive truck-based surveys of air composition measuring three or more 

atmospheric gases at ppb-levels, geo-located, at 1 Hz frequency. Gas concentrations 

(CH4, CO2, C2H6, H2S; analyzer dependent) were measured in real time using laser 

spectrometers (Picarro Inc., Santa Clara, CA, USA). 2) Computational signal processing 

and geochemical analysis was used to distinguish O&G emissions from biogenic, 

naturally occurring sources, or other anthropogenic emissions. 3) A back-trajectory 

analysis was used to attribute CH4 anomalies observed on-road to specific upwind O&G 

sites. 4) Volumetric emissions rates were estimated via a point-source Gaussian 

Dispersion Model (GDM). Each of these steps, and uncertainties therein are described 



 

 27 

below, are also discussed extensively in Atherton et al. (2017) and O’Connell et al. 

(2019).  

 

Table 2.1 provides basic statistics (dates, number of surveys, distance) for all 

measurement campaigns included in this analysis. Although some of these individual 

campaigns were the focus of previous peer-reviewed studies, all measurements were 

conducted by our research group (StFX FluxLab) using the same equipment (Picarro 

analyzer(s), anemometer, GPS) and survey protocols, which allowed for uniform 

processing and analysis of the data for this work. All data was reprocessed and combined 

into a single dataset to ensure consistency and fair comparisons. It should also be noted 

that measurements included active and suspended sites only, as emissions from 

abandoned infrastructure were not the focus of these studies. Short-lived emissions from 

intermittent activities like exploration and drilling were also not included (i.e. measured 

emissions represent emissions during routine production only). These data cover six 

contrasting regions across the three major O&G producing provinces in Canada (British 

Columbia, Alberta, and Saskatchewan). Figure 2.1 is a map with polygons depicting the 

geographical boundaries covered in this study. A total of nine vehicle-based measurement 

campaigns were completed between 2015 and 2018 (with some regions being surveyed 

more than once). All campaigns were conducted on public roads without giving notice to 

operators or regulators in the regions. Preplanned survey routes were driven multiple 

times (often on different days) and were designed to target areas with dense 

infrastructure. Table 2.2 describes general profiles for each region, including the type of 
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hydrocarbon produced, primary production styles, and approximate active well counts as 

of January 2020. 

 
Table 2.1. General information for all survey campaigns included in this analysis. 

Each survey consisted of multi-hour vehicle-based data collection, with gas 

concentrations being measured every second while driving. All campaigns were 

conducted on public roads. 

Region/Campaign Year Month(s) Total 
surveys 

Approx. km 
surveyed Publication 

Southeastern 
Saskatchewan 2015 

October-
November 28 4,500 

Baillie et al. 
2019 

Montney, BC 2016 
February-

March 
20 5,000 - 

Lloydminster (AB 
side) 

2016 
October-

November 
15 2,684 

O’Connell et 
al. 2019 

Medicine Hat 2016 
October-

November 
15 2,881 

O’Connell et 
al. 2019 

Peace River 2016 
October-

November 
15 2,784 

O’Connell et 
al. 2019 

Lloydminster (AB 
side) 

2017 October 15 2,600 - 

Red Deer 2017 September 15 2,600 - 

Lloydminster (AB 
& SK sides) 

2018 July 9 2,400 - 

Peace River 2018 July 3 440 - 

All   165 25,889  

 
 

Table 2.2. General production information for regions included in this analysis. 

Polygons shown in Figure 2.1 below are used as geographic boundaries for well 

count estimation for each region. 



 

 29 

 

Region  
Main 

hydrocarbon 
produced 

Primary Production 
style(s) 

Approx. number 
of active wells 

(2020) 

Southeastern 
Saskatchewan 

Oil (sour) 
Conventional drilling, 
hydraulic fracturing, 

EOR 
11,698 

Montney, BC Gas (sweet) 
Horizontal drilling, 

multi-stage hydraulic 
fracturing 

5,382 

Lloydminster Heavy oil (sweet) 
Cold Heavy Oil 

Production with Sand 
(CHOPS) 

10,571 

Medicine Hat Conventional Gas 
(sweet), light oil 

Conventional drilling 20,508 

Peace River 
Heavy oil/bitumen 

(sour) 

Cold Heavy Oil 
Production, thermal 

recovery 
5,874 

Red Deer Natural gas/light oil 
Conventional drilling, 
hydraulic fracturing 

5,648 
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Figure 2.1. Polygons showing the geographic regions in British Columbia, Alberta, 

and Saskatchewan covered during vehicle-based measurement campaigns. All 

measured oil and gas sites for each region fall within these polygons, however not all 

sites within the polygons were measured during survey campaigns. Lloydminster 

and Peace River regions were visited more than once (across different years). 

 
 
2.4.1.2 Geochemical and geospatial analysis 
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Ratios of super-ambient CO2 and CH4 concentrations were used to identify thermogenic 

CH4 plumes, as opposed to raw atmospheric concentrations which are more prone to false 

characterization. To do this, an adaptive algorithm (Atherton et al. 2017, O’Connell et al. 

2019) was used to establish background concentrations of each gas, which considers the 

spatiotemporal variability of ambient background concentrations often observed on multi-

hour surveys. From there, background concentrations were subtracted from measured 

values to calculate excess concentrations of CO2 and CH4, which were then used to 

calculate excess ratios (hereafter referred to as e-ratios). These e-ratios act as a 

geochemical fingerprint and were used to identify plumes of CH4-enrichment. They were 

also used to distinguish between different emission sources (e.g. from natural sources or 

engine combustion). For this analysis, an eCO2:eCH4 threshold of <100 was used as an 

indicator of thermogenic CH4 plumes. Such measurements of CH4-enrichment needed to 

persist for more than three individual measurements to be considered a thermogenic 

plume (i.e. if there was one measurement that fell below the e-ratio threshold, but the 

following measurement was above the threshold, then the first measurement was not 

considered to be from a plume). During surveys, time-series measurements were collected 

every second. 

 

 Once the CH4 plumes were identified and geospatially located, a back-trajectory 

analysis was performed to attribute the plumes observed on road to upstream 

infrastructure sites (using up to date infrastructure databases obtained via a subscription 

for IHS Markit). Here, an infrastructure ‘site’ is defined as all pieces of infrastructure at 

upstream O&G production sites (wells and facilities), that exist within a 45 m radius of 
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each other. Sites were considered sampled when at least two sequences of measurements 

(i.e. “passes”) were taken <500 m downwind (i.e. it was passed downwind at least twice). 

Sites were considered to be emitting only if a CH4 plume was detected <500 m downwind 

on more than 50% of passes. If multiple sites fell within 500 m of a plume, the closest site 

was tagged as the emission source. 

 
2.4.1.3 Volumetric CH4 emission rate estimates using inverse Gaussian dispersion model 

After geochemical and geospatial attribution, emission rates were estimated for all sites 

tagged as emitting. A point-source Gaussian Dispersion Model (GDM) was used, which 

incorporates both measured and estimated parameters including downwind CH4 

concentration, wind speed, measurement-to-source distance, emission source height, and 

Pasquill atmospheric stability. Since most sites consist of multiple pieces of 

infrastructure, and this methodology cannot confidently attribute plumes to a single well 

or facility, emission rates were estimated for all unique sources within each site, which 

considers variable equipment (i.e. potential leak source) heights. The median emission 

rate per site (i.e. the median value of all unique source emission rates) is then used for all 

subsequent analyses. Reasons for using the median rather than the mean is discussed 

further in the next section. 

 

2.4.1.4 Measurement and modeling uncertainty 
 
The uncertainties related to methods of plume detection, attribution, and emission rate 

estimation have been previously evaluated (Atherton et al. 2017, Baillie et al. 2019, 

O’Connell et al. 2019). Plume detection uncertainty (i.e. the probability of detecting false 
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positives) is estimated to be <1%, whereas attribution (i.e. assigning the plume to the 

proper site) uncertainty ranges from 7.5-33% (depending on infrastructure density) 

(Atherton et al. 2017). Emission rate estimates (calculated using the GDM) represent the 

largest source of uncertainty, which is described extensively in O’Connell et al. (2019)’s 

Supplemental Material. O’Connell et al. (2019) documented an emission rate estimate 

uncertainty (standard error) of ± 63%, which was calculated using controlled release 

experiments conducted over five days, under a range of atmospheric conditions 

(O’Connell et al. 2019). Results from these experiments also revealed an upward bias of 

30% for mean emission rates measured by three passes, but the median value was found 

to be less skewed (O’Connell et al. 2019). For these reasons (as noted above), the median 

emission rate for each site was used in my analysis, to ensure a more conservative, 

unbiased estimate. These emission rate uncertainties are comparable to those documented 

in other transect-based Gaussian dispersion model studies (e.g. Day et al. 2015, Fietz et 

al. 2018). 

 

2.4.1.5 Fluid type classification 
 
Fluid types for all measured sites were classified as “Oil”, “Bitumen”, “Gas”, or 

“Undefined” based on their infrastructure description included in the databases used for 

emissions attribution. For example, a “Crude oil single well battery” site was classified as 

an oil site since the word oil is included in the site description. If oil, bitumen, or gas were 

not included in the site description, then the site was classified as “Undefined”. Out of all 

6651 measured sites, 1239 were classified as “Undefined.” 
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2.4.2 Site-level Emission Factor calculations and Alberta CH4 inventory estimate 

2.4.2.1 Emission Factor calculations 

 
We calculated site-level Emission Factors (EFs) using our measurements and applied 

them to all non-oilsands producing sites in Alberta to derive an overall CH4 inventory 

estimate. Oil sands sites were excluded as we lacked measurements for these facilities 

(these sites are not ideal for vehicle-based measurement techniques). EFs were derived by 

calculating the mean emission rate for all unique combinations of infrastructure types and 

regions, which we define as Type-Region (TR) bins. For example, Single wells in 

Medicine Hat would represent a unique TR bin. All emission rate measurements for 

active sites (including those measured as 0) were included in the calculations. We used 

the ten Alberta Energy Regulator (AER) administrative regions (Figure 2.2) as the 

physical boundaries in which measurements were considered for region-specific EFs 

(excluding the oilsands dominant Fort McMurray region). Using the previous example, an 

EF for TR bin Single well-Medicine Hat is the average of all emission rates (including 

sites measured as non-emitting, i.e. emission rate = 0) for single well sites within the 

Medicine Hat region (Figure 2.2). It is important to note that while using this method, a 

type of infrastructure site could have multiple EFs across different regions. For example, 

an EF for a single well in Medicine Hat might be different than an EF for a single well in 

Red Deer (since they would each represent a unique TR bin). If a certain infrastructure 

site type was not sampled in a particular region, an EF was derived by averaging all 

measurements (from all regions) of that site type. 
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We chose to calculate EFs separately for all unique TR bins because we know from 

previous studies (Greenpath Energy 2016, Johnson et al. 2017, Roscioli et al. 2018, 

Zavala-Araiza et al. 2018, MacKay et al. 2019, O’Connell et al. 2019) that emissions can 

vary significantly based on these two factors. Our method lets us account for the 

variability that exists within the upstream sector, which in turn helps avoid scenarios of 

over and underestimations.  

 
Figure 2.2. AER administrative regions for the province of Alberta. These regions 

(excluding the oilsands dominant region Fort McMurray) are the geographic 

boundaries used in emission factor calculations and the provincial inventory 

estimate (map created in R software version 4.0.0, https://www.r-project.org/, using 

publicly available shapefile from http://www1.aer.ca/ProductCatalogue/649.html). 

 
2.4.2.2 Alberta CH4 inventory estimate and uncertainty  
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To estimate an overall CH4 inventory for Alberta upstream O&G production, we first 

needed to calculate the total number of O&G sites in the province (excluding oilsands). 

IHS databases (IHS Markit) were used to determine site counts. Since infrastructure data 

in IHS databases are not aggregated to site-level, we grouped individual wells and 

facilities that fell within a 45 m radius of one another to determine total site counts. This 

step is required because our EFs correspond to a site-level estimate. Then, we subset our 

infrastructure dataset to only include sites that were either producing, venting, or flaring 

hydrocarbons during the 2018 production year (according to publicly available Petrinex 

reporting data). Finally, this dataset was used to calculate individual site counts for each 

TR bin. 

 

From there, we used a Monte Carlo analysis to estimate the total Alberta inventory 

and 95% confidence interval (CI). For each TR bin, we created a probability density 

function (pdf) with a lognormal distribution (mean=EF, n=10,000, SD=±63%). A 

lognormal fit was chosen as previous studies have shown emissions to follow this 

distribution (Zavala-Araiza et al. 2015, Zavala-Araiza et al. 2018, Alvarez et al. 2018, 

O’Connell et al. 2019, Baillie et al. 2019, Zavala-Araiza et al. 2017). Then, a random 

value from each pdf is sampled, and multiplied by the corresponding TR bin site count, 

resulting in a total emission estimate for each TR bin. Totals from all TR bins are then 

summed to compute a total provincial inventory. This process was repeated 10,000 times 

across all TR bins, resulting in a distribution of total inventory estimates (n=10,000). 

Using this method, we were able to incorporate the “heavy-tail” of the emissions 
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distribution, as well as our measurement uncertainty into the total estimate. We assumed 

infrastructure count uncertainty to be negligible. 

 
2.4.3 Emissions intensity analysis 

2.4.3.1 Calculations 

 
Since there are no standard units to calculate emission intensities, we expressed our 

estimates using two ratios: 1) Average megajoule emitted per megajoule produced 

(MJ/MJ), and 2) grams of CO2 equivalent emitted per megajoule produced (gCO2e/MJ). 

These units were chosen based on what was typically used in other similar literature. 

 

To calculate the amount of energy (MJ) emitted for each region, the cumulative 

CH4 emission rate (in m3 day-1) was calculated for each campaign (i.e. the sum of all site-

level emissions that were measured over each campaign). These cumulative emissions 

were converted to megajoules (MJ) using a conversion of 1 m3 CH4 = 37.3 MJ, which is 

based on 1000 Btu/cf (Canada Energy Regulator 2016). We converted emissions (in m3 

day-1) to grams of CO2e using a global warming potential (GWP) of 25 (over 100 years), 

and a density of 678 g/m3 (15°C, 1 atm) for CH4. 

 

To calculate the average energy produced at the measured sites, we extracted 

aggregated production data for measured sites from IHS databases. Complete lists of all 

wells measured during each campaign were imported to IHS Markit software (AccuMap) 

to get specific production data for the same sites that were measured for emissions. Daily 

average production rates for all producing wells in the well lists were extracted, and then 
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summed to get a total production rate per day per region. In other words, average daily 

production rates for all sampled wells were summed to get a combined daily average 

production rate. This was done separately for both oil (m3 day-1) and gas (E3m3 day-1), 

and production data used in these calculations corresponded to the same month(s) in 

which the sites were measured for emissions. Consequently, production rates are based on 

a small subset of wells relative to total infrastructure counts in these areas (especially 

when many of the sampled wells were not producing), and as a result, these production 

values may not be representative of the entire regions. However, this method was the best 

way to ensure the use of site- and time-specific production values for actual wells that 

were measured for emissions.  

 

From there, the combined average daily production rates for O&G were converted 

to megajoules (MJ). For oil production, a conversion of 1 m3 = 38510 MJ for light oil, 

and 1 m3 = 40900 MJ for heavy oil was used (Canada Energy Regulator 2016). For gas 

production, the same conversion rate from above was used to convert CH4 emissions to 

energy units (MJ). These values were then summed to get a single value representing the 

average energy produced per day for all sampled sites. 

 

Finally, daily energy (MJ) emitted and daily gCO2e emitted values are divided by 

the average daily energy produced (MJ), resulting in a single emission intensity value for 

each measurement campaign. For regions sampled across multiple campaigns 

(Lloydminster and Peace River), final intensities were averaged to get a single value per 

region. 
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2.4.3.2 Emission intensity uncertainty  
 
To quantify uncertainties in the intensity calculations, both uncertainties related to 

emission rate estimates and production volumes needed to be considered. As noted above, 

average emission rate uncertainties were estimated to be ± 63%. For production volume 

uncertainties, an uncertainty value of ± 25% is assumed, based on values published in 

Table 13 of Clearstone Engineering’s inventory methodology report (same methodology 

used for Canada’s national inventory reporting estimates) (Clearstone Engineering 2019). 

The overall emissions intensity uncertainty was calculated by combining the uncertainty 

in emission rates and production volumes using the following error propagation equation: 

Utotal = !"!" + """…+ "#"                                                     (2.1) 
 
Where U1, U2 are the percent uncertainties for each value (emission rates and production 

volumes). The Utotal value was then used to determine the upper and lower bounds for 

each emission intensity estimate. 

 
2.5 Results and Discussion 

2.5.1 Emissions rate distributions 

 
Site-level measurements show that CH4 emissions vary by fluid type and geographic 

region (Figure 2.3). This variability has been documented in recent Canadian studies, at 

both regional (Johnson et al. 2017, O’Connell et al. 2019), and component-level scales 

(Clearstone Engineering 2018, Greenpath Energy 2016, Ravikumar et al. 2020), as a 

function of several determinants.  
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In no particular order, the first determinant is the fluid type. Extraction techniques 

and infrastructure can vary depending on the hydrocarbon produced, which affects 

emission levels. Sites producing gas had lower average emission rates compared to oil-

producing sites, and the overall average emission rate for oil sites was roughly 3.6 times 

higher than the overall average for gas sites (71.1 m3 day-1/site vs. 19.9 m3 day-1/site) 

(Figure 2.3). In many oil-producing regions, CH4 gas is routinely considered a by-product 

and vented because the economics of conservation are unfavorable (Johnson and Coderre 

2012). Additionally, some in-situ heavy oil production processes such as Cold Heavy Oil 

Production with Sand (CHOPS) generally yield higher rates of routine venting (Alberta 

Energy Regulator 2019, Greenpath Energy 2016, Johnson et al. 2017, O’Connell et al. 

2019, Roscioli et al. 2018); this is evident in Lloydminster, where CHOPS is the 

dominant production technique (Figure 2.3).  

 

Regulation is another factor that influences regional variability in CH4 emission 

rates. Some geographies are subject to more stringent regulations due to historical air 

quality violations or other health and safety concerns. For instance, special regulations 

were enacted in 2017 for the Peace River area because of historical air quality issues, and 

in recent years producers in the area have reportedly eliminated all venting (Alberta 

Energy Regulator 2018, O’Connell et al. 2019). Measurements showed average site-level 

emission rates in Peace River decreased nearly three-fold from 2016 (31.5 m3 day-1/site) 

to 2018 (11.1 m3 day-1/site) (Table 2.3), which suggests that these new regulations are 

resulting in significant mitigation success in this area. Sour (H2S-bearing) fields are 

another example of regulatory success; since H2S is a serious health risk, sour 
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developments like SE Saskatchewan have more restrictions on venting, which 

inadvertently aids in CH4 mitigation since the gases are co-emitted (Baillie et al. 2019, 

MacKay et al. 2019). SE Saskatchewan had the lowest average site-level emission rate 

out of all regions included in this analysis (Figure 2.3, Table 2.3). Effective mitigation 

depends on an understanding of these determinants. 

 
Figure 2.3. Distributions of measured emission rates (logarithmic scale) by region 

(top) and by fluid type (bottom). Black dots represent individual site-level emission 

rates, and the orange diamond is the sub-population mean. For better visualization 

of the emission rate distributions, the plots are broken down to show non-emitting 

sites (left panels, emission rate = 0), and emitting sites (right panels). The mean 
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values (orange diamond) are based on all measurements in both panels for each sub-

population. 

 
2.5.2 Current component-level inventory is underestimated 
 
Various authors have pointed out systematic biases in the component-level inventory 

process (as used in federal reporting), especially the propensity to miss rare large emitters 

(Alvarez et al. 2019, Brandt et al. 2014, Zavala-Araiza et al. 2017). To estimate the 

degree to which the current Canadian upstream CH4 inventory is underestimated, we 

calculated site-level Emission Factors (EFs) from our measurements and applied them to 

all non-oilsands producing sites in Alberta. Site-level EFs are different than component-

level EFs in that they represent an average of aggregate emissions for an oil/gas site 

(multiple pieces of infrastructure), whereas component-level EFs are average emissions 

for specific leaking components (e.g. valves, hatches).  

 

To capture the variability in emissions across sites and regions, site-level EFs 

were calculated for every unique combination of site type and region. Then, we used a 

Monte Carlo analysis to estimate a total inventory for Alberta. Alberta was chosen for this 

exercise because most of our measurements were collected in this province, and because 

it represents 80% and 67% of total Canadian O&G production, respectively (Johnson and 

Tyner 2020). 

 

Our measurement-based inventory indicates that the non-oilsands upstream O&G 

sector in Alberta emitted 5,074,449 m3 CH4/day in 2018 (2.5 percentile = 3,741,309 m3 
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day-1; 97.5 percentile = 7,453,798 m3 day-1), which is about 1.5 times the most recent 

component-level inventory of 3,408,534 m3 CH4/day, derived by Environment and 

Climate Change Canada (ECCC) for Alberta in 2018 (ECCC 2020). Our findings are 

consistent with previous CH4 emission studies within Canadian developments; no studies 

have yet identified a Canadian O&G producing region with emissions lower than the 

inventory estimate. In previous studies, factors of 1-15 have been estimated, with most 

being in the range of 1.5-3.0 (Atherton et al. 2017, Baray et al. 2018, Johnson et al. 2017, 

Roscioli et al. 2018, Zavala-Araiza et al. 2018). This implies that CH4 abatement costs 

could be lower per ton of CO2 equivalent than previously reported, due to higher volumes 

of CH4 (i.e. profitable natural gas) present at O&G sites (Tyner and Johnson 2018). 

 
2.5.3 Emission intensities 
 
Average emissions intensities across regions vary significantly, ranging from 0.0004 ± 

0.0003 (Peace River) to 0.0706 ± 0.0479 (Lloydminster) (Figure 2.4, Table 2.4). 

Lloydminster heavy oil ranks highest in intensity, with roughly 7% of the energy 

produced being lost via fugitives and vents. This finding was somewhat expected, given 

the high average emission rates in this region (Figure 2.4, Table 2.4). Interestingly, 

however, Medicine Hat ranked second highest in intensity (0.0243 ± 0.0165), despite 

having a relatively low average emission rate per site (Tables 2.3, 2.4). The high 

intensities in Medicine Hat are a result of low production rates in this region. Although 

Medicine Hat has the highest density of wells in Alberta (Table 2.2), the region only 

accounts for a small portion (~7%) of the province’s gas production (Greenpath Energy 

2016). Such findings are important, because aggregate production, transmission, and 
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distribution leaks here (and potentially in other old and low-producing developments) 

could conceivably approach overall leak rates of 3.2% - where natural gas is estimated to 

approach the climate warming impact of coal (Alvarez et al. 2012). If so, these 

developments could become increasingly exposed to market or investment barriers, as 

investors and consumers move towards fuels with less embodied carbon. 

 

Our estimated emissions intensities (in gCO2e/MJ) for each region can be readily 

compared with those recently published in Masnadi et al. (2018). In that study, authors 

calculated full life-cycle (well-to-refinery) emissions intensities for hundreds of oilfields 

around the world. Using the best available data and the OPGEE model, Masnadi et al. 

(2018) found a global carbon intensity life-cycle average of 10.3 gCO2e/MJ (+ 6.7, − 1.7, 

95% CI), of which 2.6 gCO2e/MJ was exclusively derived from CH4 emissions. For 84 

Canadian oilfields in the study, the overall average carbon intensity was 17.6 gCO2e/MJ 

(Masnadi et al. 2018). With the exception of Lloydminster, all of our intensity estimates 

are lower than their average for Canadian oilfields (Figure 2.4), which was expected since 

our estimates only consider the CH4 emissions component of total life-cycle carbon. 

However, our Lloydminster and Medicine Hat CH4-only intensities exceeded Masnadi et 

al. (2018)’s global average for total carbon life-cycle emissions (Figure 2.4). In these 

regions, full life-cycle emissions may significantly outstrip the global average. On the 

other hand, we also found that the Montney BC and Peace River regions have extremely 

low CH4 emission intensities that fall well below the global and Canadian averages, 

suggesting that these regions produce oil and gas more efficiently with respect to CH4 

leakage. Additionally, emission intensities for all producing regions in Canada, except for 
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Lloydminster and Medicine Hat, were lower than the US average of 2.3% (of gross 

production) recently reported by Alvarez et al. (2018). 

 

Figure 2.4. Emission intensities for each region included in this study (horizontal 

grey bars). The top axis shows intensities as a function of megajoule emitted per 

megajoule produced (MJ/MJ), and the bottom axis displays intensities as a function 

of grams of CO2 equivalent emitted per megajoule produced (gCO2e/MJ). Emission 

intensity uncertainty ranges are represented via the black error bars. The solid 

green vertical line is the overall average from this study, the solid vertical red line is 

the global average reported in Masnadi et al. (2018), the dotted blue line shows their 

estimate for Canada (based on data from 84 oil fields), and the blue dashed line is 

their global average intensity for CH4 only (Masnadi et al. 2018). 

0.00 0.03 0.06 0.09 0.12

Peace River

Montney BC

Red Deer

SE Saskatchewan

Medicine Hat

Lloydminster

0 20 40
gCO2e/MJ

MJ/MJ



 

 46 

 

Table 2.3. Average site-level CH4 emission rates, cumulative CH4 emission rates and 

average production volumes for sites sampled during each campaign. Production 

averages correspond to the monthly average in which the campaign took place. 

Campaign/ 
Region Year 

Avg. CH4 
emission 

rate (m3 day-

1/site) 

Cumulative 
CH4 

emission 
rate (m3 day-

1/region) 

Avg. oil 
production 
(m3 day-1) 

Avg. gas 
production 
(E3m3 day-

1) 

SE 
Saskatchewan 2015 6.94 7025.73 168.09 348.58 

Montney BC 2016 18.01 3835.27 0.00 2006.74 

Lloydminster 2016 74.89 83731.58 866.84 139.40 

Medicine Hat 2016 13.56 21434.65 312.22 559.16 

Peace River 2016 31.47 5286.66 843.52 272.09 

Lloydminster 2017 71.62 80076.48 992.53 175.86 

Red Deer 2017 29.14 19060.41 279.33 1245.96 

Lloydminster 2018 168.45 120778.38 1378.32 174.45 

Peace River 2018 11.13 768.00 1478.26 452.00 
 
 
Table 2.4. Emission intensities in MJ/MJ and gCO2e/MJ by region. A GWP = 25 

and density = 0.678 kg/m3 (15°C, 1 atm) for CH4 was used for the gCO2e calculation. 

Region MJ/MJ gCO2e/MJ 

Montney BC 0.0019 ± 0.0013 0.869 ± 0.589 

SE Saskatchewan 0.0135 ± 0.0091 6.115 ± 4.145 

Lloydminster 0.0706 ± 0.0479 32.084 ± 21.746 

Medicine Hat 0.0243 ± 0.0165 11.050 ± 7.489 

Peace River 0.0004 ± 0.0003 0.168 ± 0.114 
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Red Deer 0.0124 ± 0.0084 5.645 ± 3.826 

 
 
2.6 Summary 

 
In conclusion, there is noteworthy variability in absolute CH4 emissions and emission 

intensities across major O&G regions in Canada. As seen in previous studies, 

Lloydminster is an area characteristic of high CH4 emissions. Fortunately, new 

regulations should address some of these prominent emission sources (especially vented 

emissions), and future work in this area could verify regulation-driven reductions. Our 

emissions intensity analysis revealed that low producing regions like Medicine Hat have 

high intensities, which has both environmental and economic implications that should be 

considered as we move towards a low-carbon future. In contrast, Montney BC and Peace 

River regions showed extremely low emission intensities, making natural gas produced 

here an attractive investment for companies with Environment, Social, and Governance 

(ESG) standards. Lastly, CH4 emissions from the O&G sector in Canada likely exceed 

inventories by a factor of 1.5. Because conserved CH4 is saleable, this implies that 

reduction costs per ton could be less than previously estimated (Tyner and Johnson 2018). 

Increased measurement and reporting requirements as a result of new regulations should 

be used to inform future inventory estimates, to ensure annual reductions are accurately 

estimated. 
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3. A community data resource of recent methane emission 
measurements from upstream oil and gas sites in Canada 
 
3.1 Preface 

A version of this chapter is currently under review at Atmospheric Environment: X 

(Elsevier). It has already gone through one round of review at the same journal (revised 
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version was submitted in December 2021). I am the primary author, and co-authors are 

Martin Lavoie and David Risk. I led the writing and analysis included in this chapter, and 

all authors, revised, edited, and provided valuable feedback that was used to refine the 

published paper. 

3.2 Abstract 

 
In response to the need for measurements to better understand methane emission levels at 

Canadian oil and gas sites, we pooled 9540 site-level methane (CH4) measurements, from 

13 oil and gas producing regions, across three provinces in western Canada. 

Measurements were contributed from academia, industry, regulators, and non-

governmental organizations, which we made available in a public data repository for 

those working on methane measurement and mitigation. Our analysis of the aggregated 

measurements revealed that all production regions are characterized by a heavy-tailed 

distribution, where more than 50% of measured emissions originate from 10% of 

measured sites. This trend has been observed elsewhere in Canada and in the United 

States and suggests that, for many producers, a focus on mitigation at higher-emitting 

sites may provide an efficient pathway to meet governmental reduction targets. We also 

compared average site-level estimates acquired using five different measurement 

methodologies (one “top-down” and four “bottom-up”) and found no significant 

differences, though more research is needed to confirm this result. This study emphasizes 

the value of a public data archive for oil and gas methane emission measurements, as this 

resource can improve the efficiency and cost-effectiveness of oil and gas methane 

reductions. 
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3.3 Introduction 

 
Oil and gas (O&G) production is one of the largest sources of methane (CH4) globally, 

which needs to be reduced to meet climate goals outlined in the Paris Agreement 

(Intergovernmental Panel on Climate Change 2018). CH4 emissions released during the 

production, transmission, and distribution of O&G account for nearly half (43%) of the 

Canada’s total CH4 emissions (Environment and Climate Change Canada 2020). Also, 

since CH4 is the primary constituent of natural gas, conserving O&G related CH4 

emissions has both economic and environmental benefits. In 2020, new regulations were 

introduced for the Canadian O&G industry with the aim of reducing CH4 emissions from 

upstream sources by 40-45% below 2012 levels by 2025 (ECCC 2020). 

 

In situ measurements of CH4 emissions play an important role in mitigation 

efforts. Historically, measurements of O&G CH4 emissions followed the United States 

Environmental Protection Agency’s (US EPA) Method 21 regulatory guideline, in which 

handheld concentration analyzers (e.g. flame ionization, catalytic oxidation) are used to 

detect CH4 from individual components (EPA 2017, Fox et al. 2019). Optical gas imaging 

(OGI) cameras, which offer visual CH4 emission detection using infrared imaging, were 

approved as an alternative to Method 21 in 2008 (Fox et al. 2019). Since they are time-

tested and have been in North American regulation for over a decade, OGI cameras 

coupled with Hi-Flow samplers (for quantification) are still consistently used for O&G 

CH4 measurement in Canada (e.g. CapOp Energy 2019, Clearstone Engineering 2019). 
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However, in the past five years there has been a growing number of measurements 

collected using so-called “alternative techniques” that couple high-precision CH4 sensors 

with mobile vessels such as vehicles, aircrafts, and satellites (Atherton et al. 2017, 

Johnson et al. 2017, Sheng et al. 2017, Zavala-Araiza et al. 2018). These alternatives 

often have significant spatial coverage, which is a noteworthy advantage over the time 

and labor-intensive OGI and US EPA’s Method 21 techniques.  

 

Regardless of the methodology, CH4 measurements of all types are valuable and 

can provide information on emission patterns and sources, that in turn guide CH4 

emission reduction efforts. Considering the short timeframe we have to meet our CH4 

reduction goals, aggregating measurements to produce an extensive, spatially resolved 

analysis has significant value. Similar synthesis work has been done in the United States 

(US) (Brandt et al. 2016, Littlefield et al. 2017, Omara et al. 2018), which have revealed 

important insights that cannot be discovered through small scale studies in specific 

geographic regions. In aggregation studies, one problem is that differences amongst the 

methodologies such as sensor limits of detection, spatial scales of measurement, 

measurement units, and descriptive vocabulary used to characterize the infrastructure 

being measured, can present challenges for meta-analysis. To our knowledge, no one has 

undertaken a large-scale synthesis of Canadian O&G CH4 emissions data, despite the 

growing need for greater data accessibility and transparency. 

 

In this study, we aggregated site-level CH4 measurements from several sources, 

covering 13 O&G producing regions across three provinces in western Canada (British 
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Columbia, Alberta, Saskatchewan). These regions cover over 90% of the country’s total 

O&G production. In total, we obtained measurements from 9540 O&G sites that were 

collected between 2009 and 2020. Measurements were obtained from academia, industry, 

regulators, and non-governmental organizations, and were aggregated into an open data 

repository that ties emissions to infrastructure and/or component type, region, and 

measurement methodology. The primary purpose of this work was to build an easy to use, 

publicly accessible database of existing CH4 emission measurements for use by 

stakeholders as part of CH4 reduction efforts. The second purpose of our initiative was to 

use aggregated measurements to examine emission levels and patterns across Canada, 

with particular emphasis on examining the distribution profile of emissions within 

different producing regions. 

 

3.4 Methods 

3.4.1 Data aggregation 

 
Methane measurements included in this study came from many different groups, who 

collected measurements for different reasons (e.g. research, regulatory compliance, 

routine leak surveys), using different measurement tools (e.g. laser spectrometers coupled 

with a mobile platform, optical gas imaging, handheld devices), at various spatial scales 

(0.01 to 600 km2). A description of each measurement methodology is below, and we 

encourage readers to consult original research papers (listed in Table 3.1) for additional 

methodological information and related uncertainties. Fox et al. (2019) also provides a 

comprehensive review on the suite of CH4 measurement methodologies used here. Due to 
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the nature of the measurement techniques, all measurements included in our analysis were 

collected during short time intervals, therefore these data do not take temporal variability 

of site-level emissions into account, which can occur during changes in operations, as 

noted in other studies such as Lavoie et al. (2017). 

 

In total, we aggregated measurements from ten individual datasets, covering 13 

regions in western Canada (Table 3.1, Figure 3.1). Roughly 71% of the acquired site-level 

measurements originate from recently published measurement studies (Baillie et al. 2019, 

Johnson et al. 2017, MacKay et al. 2019, MacKay et al. 2021, O’Connell et al. 2019, 

Ravikumar et al. 2020, Roscioli et al. 2018, Zavala-Araiza et al. 2018), whereas the other 

29% were from non-academic partners or unpublished studies. 

 

Measurement data were often in different formats (spreadsheets, pdf, etc.), and 

had significant inconsistencies in terms of infrastructure names, measurement units, and 

timestamps. To address these inconsistencies, we used a semi-automated process to unify 

and anonymize the measurements into a single, consistently formatted dataset, so all 

measurements could be readily analyzed and compared. First, each dataset went through a 

manual review to ensure the minimum required variables were included, which were a 

unique site identifier, CH4 emission rate (and units), measurement method, and 

geolocation (exact or approximate). Additional information (e.g. site/component type, 

measurement date) was included if provided. Second, measurements were aggregated or 

de-aggregated to site-level since many measurements were made at that scale and because 

it was straightforward to aggregate component-level measurements (or to de-aggregate 
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regional measurements) to the site scale. Next, all site-level emission rates were 

converted into common units of cubic metres per day (m3 day-1 at 101.325 kPa and 15oC) 

because a majority of contributed measurements were already recorded in this Canadian-

standard unit. Finally, all measurements were combined into a single anonymized dataset, 

and all sensitive information was removed. Discussion on assumptions and limitations 

with respect to aggregated measurements can be found in Section 3.4.5. 

 
Table 3.1: Summary of different measurement techniques used to collect CH4 

measurements that are included in this study. Individual sites that were sampled on 

different dates (i.e. months, years) were considered as independent (i.e. unique) 

measurements. 

Dataset 
ID 

Measurement 
Method 

Number 
of sites 

measured 

Approx. 
distance 

from 
source (m) 

Approx. 
detection 
limits (m3 

CH4 day-1) a 

Source 

1 

Vehicle-based 
transect 

(Gaussian 
dispersion) 

6651 50-500 1-25 
MacKay et 
al. 2021 b 

2 
Optical gas 
imaging/Hi-

Flow 
192 <10 <1 

Non-
academic 
partner 

3 
Optical gas 
imaging/Hi-

Flow 
21 <10 <1 

Non-
academic 
partner 

4 
Optical gas 
imaging/Hi-

Flow 
1342 <10 <1 

Non-
academic 
partner 

5 

Vehicle-based 
transect 

(tracer flux 
and Gaussian 
dispersion) 

60 >20 1-25 
Zavala-

Araiza et al. 
2018 
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6 
Aircraft (mass 

balance) 
2c 150-1000 >50 

Johnson et 
al. 2017 

7 Vehicle-based 
tracer flux 

5 >20 1-25 Roscioli et 
al. 2018 

8 
Optical gas 
imaging/Hi-

Flow 
44 <10 <1 

Ravikumar 
et al. 2020 

9 

Vehicle-based 
transect 

(Gaussian 
dispersion) 

3 10-25 1-25 MacKay et 
al. 2019 

10 

Vehicle-based 
transect 

(Gaussian 
dispersion) 

1220 50-500 1-25 

Vogt et al. 
(manuscript 

under 
review) 

a Detection limits can vary significantly depending on several factors (e.g. measurement 

distance, sensor, meteorology); these are estimates based on published literature 
b Includes data from Baillie et al. (2019), O’Connell et al. (2019), and Lavoie et al. (2021) 
c Site-level averages are based on two regional-scale measurements. 
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Figure 3.1. Map of 13 regions from which measurements were collected in British 

Columbia, Alberta, and Saskatchewan. n values correspond to the number of unique 

site-level measurements for each region. Note that this map shows general area 

boundaries only, and exact locations of measured sites within each area are not 

shown. 

 
3.4.2 Measurement methodologies 
 
3.4.2.1 Optical Gas Imaging (OGI) and Hi-Flow 
 
OGI cameras are the current regulatory standard for O&G CH4 emissions monitoring. 

These measurements require site access and adequate (i.e. unobstructed) line of sight 

between the camera and source of interest. Emissions are identified visually using the 
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OGI camera, and then subsequently quantified using a Hi-Flow sampler (Greenpath 

Energy 2017, Ravikumar et al. 2020). In some cases, direct quantification a via Hi-Flow 

sampler is not possible (due to potential safety or access issues), and actual emission rates 

are estimated using expert judgement, emission factors from literature, and/or equipment 

manufacturer data (discussed further in Section 3.4.5) (Greenpath Energy 2017, 

Ravikumar et al. 2020). Depending on the quantification method, uncertainties range 

from 5% (Hi-Flow sampler) to orders of magnitude (estimation) (Greenpath Energy 

2017). OGI/Hi Flow measurements are collected at the component-level (e.g. thief hatch, 

valve), thus site-level emissions are calculated by summing the emission rates from all 

components using a common site identifier. Approximately 16% of all site-level 

measurements included in this analysis were collected using this method. 

 
3.4.2.2 Vehicle-based transects coupled with inverse Gaussian dispersion modelling 
 
Many recent studies (in Canada and the US) have been using vehicle-based measurement 

systems coupled with inverse Gaussian dispersion modelling to measure O&G CH4, 

which has gained popularity due to its measurement efficiency. For instance, authors of 

some studies have been able to measure 100 sites per day using this method (Baillie et al. 

2019, O’Connell et al. 2019), which is >10 times more sites than what is covered during a 

traditional OGI survey. The method typically involves a vehicle equipped with high-

precision analyzers that measure gas concentrations, geolocation, and meteorological data 

continuously while driving. Transects of CH4 plumes are measured by driving downwind 

of O&G sites, which are then used to compute a site-level emission rate using inverse 

Gaussian dispersion principles. Reported uncertainties for this method vary significantly, 
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ranging from 50-350% (Caulton et al. 2017, O’Connell et al. 2019). Roughly 83% of site-

level measurements included in this study were collected using this method. 

 
3.4.2.3 Vehicle-based tracer flux  
 
The tracer flux method involves releasing one or more tracer gases (e.g. N2O) of known 

flow rate in close proximity to the source of interest (i.e. O&G site). This method has 

been used to measure CH4 emissions from industrial facilities for over 20 years (Roscioli 

et al. 2018). Gas concentrations (of CH4 and the tracer gases), and meteorological data are 

measured continuously at some distance downwind, to capture downwind plume 

concentration profiles. Given that there is a direct linear relationship between downwind 

concentrations and emission rates, the site-level CH4 emission rate is calculated by 

comparing the ratios of downwind concentration enhancements and the known release 

rate of the tracer gas (Roscioli et al. 2018, Zavala-Araiza et al. 2018). Measurement 

uncertainties for the tracer flux method range from 20-50% (Caulton et al. 2017, Omara et 

al. 2018). Less than 1% of data in this study was collected using this method (30 site-level 

measurements).  

 
3.4.2.4 Aircraft mass balance 
 
Aircraft-based measurements are another useful methodology for measuring CH4 

emissions. This method involves flying multiple transects upwind and downwind of the 

source of interest using an aircraft equipped with atmospheric gas analyzers and other 

meteorological equipment. Emissions are estimated for a defined area using the in-situ 

measurements and the well-established mass balance method. Aircraft mass balance 
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measurements typically have coarse resolution and are unable to estimate emission rates 

at the site-level. The aircraft study included in this analysis (the only one conducted in 

Canada outside of the oilsands region) estimated two regional-level emission rates for 

Lloydminster and Red Deer. Measurement uncertainties (95% confidence intervals) were 

±24% and ±36% for Lloydminster and Red Deer, respectively (Johnson et al. 2017). For 

our site-level analysis, we used the same approach described in O’Connell et al. (2019), 

where the regional emission rates were divided by the total number of sites (n=4394 for 

Lloydminster and n=4166 for Red Deer) within the defined area to compute a site-level 

average. Site counts for each region were obtained using IHS infrastructure databases 

(IHS Markit) and the geographic limits reported in the original study (Johnson et al. 

2017). 

 
3.4.3 Methodological comparison 
 
We compared site-level CH4 emission rates measured using different techniques to assess 

whether there were significant differences in measured emissions. For this comparison, 

we looked at site-level measurements specifically in the Red Deer region, as this was the 

only region that included measurements from all methodologies. Since site overlap was 

not perfect in the measurement dataset, we had to assume for our comparison that the 

sites with similar infrastructure and production characteristics in the region were emitting 

at similar rates. We tested for homogeneity of variances across measurement methods (for 

those with sample sizes greater than 1) using Levene’s test, and Welch’s analysis of 

variance (ANOVA) test was used to determine whether there is a statistical difference 

between population means of the different measurement methods. 
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In this study, vehicle-based Gaussian dispersion measurements collected in the 

Red Deer region came from two different contributors, and are further denoted as method 

A (Zavala-Araiza et al. 2018) or B (MacKay et al. 2021) in the methodological 

comparison below. We chose to distinguish between the two because we determined that 

the data processing and sampling methods of each dataset were different enough to be 

considered separate measurement techniques. For instance, Vehicle-based Gaussian 

Dispersion A involved single, slow transects of sites known to be emitting CH4, while 

vehicle-based Gaussian Dispersion B involved multiple downwind transects of sites at 

different times, and a “detection threshold”, where the site was only considered to be 

emitting if CH4 was detected on >50% of downwind transects. The processing of raw data 

and Gaussian model parameter estimations and assumptions (e.g. source height) also 

differed across the two methods, further warranting a distinction between the two. 

 
3.4.4 Data accessibility and user information 
 
The final anonymized dataset, consisting of 22,748 individual CH4 measurements from 

9540 unique sites, was deposited in St. Francis Xavier University’s Dataverse repository 

(https://doi.org/10.5683/SP2/I0436P), where it can be downloaded for free. The dataset 

exists in csv format, with a single row for every unique measurement, along with several 

columns with important information on each measurement, including the dataset ID 

number, the site and/or component type, the number of measured components per site, the 

measurement method, the measurement date, and the general area where the site is 

located. Both site-level and component-level (when available) CH4 emission rates are 
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included (in m3 day-1 and SCFM units). A metadata file is also published alongside the 

dataset, which includes other relevant information such as links to where published data 

came from (also shown in Table 3.1), the original measurement units used in each dataset, 

etc. We encourage users to download both data files when using these measurements for 

future analysis and interpretation. Additionally, anyone who is interested in contributing 

measurements to this resource may do so by contacting the corresponding author, who 

will continue to update the data archive on a regular basis. 

 

When using this dataset for future analysis, we recommend that users should have 

a basic understanding of O&G infrastructure terminology, and an understanding of the 

measurement methodologies used to collect data. Measurement methodology information 

is described above, and more details are available in other recent publications such as Fox 

et al. (2019) and the original studies listed in Table 3.1. Information on O&G 

infrastructure (site types, component types, production styles) is widely available online 

(e.g. CEPA 2017, CapOp Energy 2019, Clearstone Engineering 2019). 

 

The format of the dataset allows users to easily conduct a meta-analysis (analysis 

of all data) or to partition the dataset based on their own personal needs or interests. For 

example, users can also subset data based on CH4 emission thresholds, site type, 

component type, measurement methodology, measurement year, dataset source 

(published vs unpublished), as well as combinations of any of these variables. 
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3.4.5 Data assumptions and limitations 
 
There are several limitations that were discovered throughout this study that need to be 

mentioned. Future work should focus on addressing these limitations, as they can have 

significant impact on the overall quality of this type of analysis. First, the lack of 

consistency related to data records was substantial, especially for infrastructure/site 

descriptions. For example, Gas well, Gas single, Gas single well battery, and Gas battery 

were all names used in datasets, and it is unclear whether all of these are essentially the 

same type of site, or if they are different (e.g. do they consist of one well and one battery, 

or just one well, etc.). Without additional infrastructural information, it becomes difficult 

to establish accurate common site names that would be useful for analyzing emissions as 

a function of infrastructure characteristics. For these reasons, we did not put a large focus 

on infrastructure characteristics during our analysis. Fortunately, it is likely that this issue 

will be improved as new regulations require more strict, comprehensive emissions 

reporting. 

The second limitation is specific to the measurement methodology comparison. 

Due to the limited locational data available for acquired data, it was impossible to 

determine if there were specific sites measured by each of the different measurement 

methodologies. Consequently, we assumed that the sites measured by each methodology 

in Red Deer (the only region with measurements taken using all methodologies) emit 

similar amounts of CH4, given that they all have similar infrastructure and production 

characteristics. A more robust methodological comparison should include measurements 

collected at the exact same locations at relatively the same time (since emissions can vary 
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temporally). Nonetheless, the fact that there was regional overlap for five different 

methodologies and was worth examining, and we believe our results offer valuable 

insights on how these measurement technologies stack up to one another in a real-world 

setting.  

The third limitation is specific to OGI data. Since OGI cameras do not quantify 

leaks (they are simply a visual tool), actual emission rates are usually determined via two 

methods: using a Hi-Flow sampler (e.g. Bacharach), or visual estimation/expert 

judgement. For the majority of OGI data that was obtained for this study, the 

quantification method for individual measurements was not specified, which is an 

important detail since visual estimation has much greater uncertainty than Hi-Flow 

measurements. In some cases, the emission rate values can be used to differentiate 

between estimated and measured OGI data, as Hi-Flow samplers have a maximum 

measurement rate of 10 cubic feet per minute (CFM) (Greenpath Energy 2017). So, one 

could assume that rates greater than 10 CFM were visually estimated, whereas ones less 

than 10 CFM were measured via Hi-Flow sampler. In our aggregated dataset, there were 

23 component-level measurements, from 16 sites that exceeded the 10 CFM threshold. 

We assessed whether these values affected the distribution shape of the data and found 

that omitting these values had no significant impact on overall results. Nonetheless, this 

differentiator is not a definite confirmation of one method over the other and should be 

used with caution (e.g. some emission sources are inaccessible/unsafe for Hi-Flow 

measurements, and are always estimated regardless of the rate), which is why it is 

important to assume that all OGI data in this dataset has high uncertainty. 
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3.5 Results and Discussion 

3.5.1 Site-level statistics 

 
The 9540 site-level emission rate measurements spanned 13 producing regions in Alberta, 

British Columbia, and Saskatchewan (Figure 3.1, Table 3.2). Most measurements were 

collected in Alberta (the largest O&G producing province), and measurements were 

especially common in the Lloydminster region (n=3561) which sits on the border of 

Alberta and Saskatchewan. The Red Deer region in Alberta was the only region with 

measurements collected using all five measurement methodologies. 

 

Table 3.2 shows statistics for site-level emission rates for each region included in 

this study. Average site-level emissions ranged from 6.9 m3 day-1 in Weyburn/Bakken, 

SK, to 103 m3 day-1 in Red Deer, AB (Table 3.2). The overall site-level average was 58.7 

m3 day-1. In general, site-level emission measurements from previously published studies 

of individual regions in Canada show good agreement with our aggregated results (Baillie 

et al. 2019, MacKay et al. 2021, O’Connell et al. 2019, Ravikumar et al. 2020, Roscioli et 

al. 2018, Zavala-Araiza et al. 2018). Our regional site-level averages are also comparable 

to those reported in US studies, such as Bell et al. 2017, Caulton et al. 2019, and 

Robertson et al. 2020. 

 
Table 3.2: Summary statistics of site-level CH4 emissions included in this study, 

broken down by region. 
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Region 

No. of 
site-level 
measure

ments 

Incidence 
(fraction 
of sites 

emitting) 

Mean 
emission 

rate 
(m3 day-

1/site) 

Max. 
emission 

rate 
(m3 day-

1/site) 

Standard 
Deviation 

Bonnyville, 
AB 

237 93% 58.9 3780.8 298.5 

Drayton 
Valley, AB 

273 51% 47.9 1177.2 131.3 

Grande Prairie, 
AB 

458 66% 82.7 3208.2 264.6 

High Level, 
AB 

20 90% 83.8 486.1 145.7 

Lloydminster, 
AB/SK 

3561 33% 86.8 6758.6 407.7 

Medicine Hat, 
AB 

1695 18% 14.1 3186.6 102.7 

Midnapore, 
AB 

274 99% 38.6 397.2 70.2 

Red Deer, AB 767 41% 103.0 8454.6 558.1 

Weyburn/Bakk
en, SK 

1017 10% 6.9 1298.5 53.0 

St. Albert, AB 82 51% 92.4 2344.2 309.2 

Montney, BC 389 50% 55.8 769.8 115.2 

Kindersley, SK 583 32% 54.2 4719.4 289.2 

Swift Current, 
SK 

184 4% 15.2 1700.1 140.7 

 
   
3.5.2 Methodological comparison 
 
Figure 3.2 shows boxplots of site-level emission rates from Red Deer, with individual 

boxplots representing unique measurement methodologies. Note that there are two 

distributions of vehicle-based (Gaussian dispersion) measurements (denoted as A and B 

in Figure 3.2), because for each the data processing and sampling methods were notably 

different. As stated in the methods, OGI measurements (component-level) were summed 
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to site-level value, and aircraft measurements were de-aggregated to a site-level average. 

Looking at Figure 3.2, we can see that all boxplots overlap which suggests there is no 

statistical significance that can be discerned amongst the large variability. However, both 

vehicle-based (Gaussian dispersion) techniques (A and B) as well as OGI measurements 

result in higher average site-level emissions than other techniques, with mean emission 

rates of 283 m3 day-1 (A), 209 m3 day-1 (B) and 294 m3 day-1 respectively. OGI 

measurements are higher on average presumably because of measurement proximity (<10 

m from the source), and the ability to enumerate all emission sources within each site 

exhaustively. For other measurement methodologies, measurements are taken at distance 

(ranging from one meter to hundreds, depending on the technique) and it is possible that 

quantification is limited by obstructions in the flow path, or because emissions are below 

the minimum detection limits. 

 

Using the data shown in Figure 3.2, we tested whether the average site-level 

emissions measured by each methodology were statistically different. Aircraft data were 

excluded from the statistical tests due to lack of unique observations, although it is worth 

mentioning that the estimated site-level emission rate from the aircraft data for Red Deer 

(26 ± 9.3 m3 day-1) falls squarely within the other distributions shown in Figure 3.2. After 

omitting the aircraft data, we tested for homogeneity of variances across measurement 

methods, which were determined to be unequal (using Levene’s test; p<0.05). Since 

variances across methods were not equal, we used Welch’s ANOVA test to determine 

whether there is a statistical difference between population means of the different 

measurement methods. According to the results, average site-level emission rates 
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measured by each method are not statistically different (p-value = 0.09). That said, it is 

important to note that our sample sizes for these comparisons are relatively small and are 

lacking perfect (site to site) overlap, and a more robust methodological comparison is 

required (which was beyond the scope of this study) to confirm this finding. Nonetheless, 

since we did have five different measurement techniques included in our aggregated data, 

we believe this comparison was worth investigating.  

 

 
Figure 3.2. Comparison of site-level emission rates (logarithmic scale) across 

different measurement techniques. Vehicle-based Gaussian dispersion 

measurements came from two different contributors, and are further denoted as 

method A or B, as the data processing and sampling methods were different enough 

to be considered separate measurement techniques. Each point represents an 

individual site-level emission rate. Only measurements with a measured rate > 0 

from the Red Deer region were included in the comparison, to ensure site and 

production characteristics were similar across measurements. The middle line in 

each box is the subpopulation median, and the orange diamond is the subpopulation 
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mean. The number of unique site-level measurements (n) collected using each 

method are listed on the right. 

 
3.5.2 Heavy-tail distributions 
 
Measurements revealed that in all regions, a small portion of infrastructure was 

responsible for the majority of emissions (Figure 3.3). This “heavy-tail” trend has been 

observed in individual Canadian measurement studies included in this analysis (Baillie et 

al. 2019, O’Connell et al. 2019, Zavala-Araiza et al. 2018), and similar trends have been 

well-documented across the US O&G industry (Alvarez et al. 2018, Brandt et al. 2016, 

Caulton et al. 2019, Omara et al. 2018, Robertson et al. 2020, Zavala-Araiza et al. 2015). 

Notably, Brandt et al. (2016) found heavy-tailed distributions in all 18 datasets used in 

their US country-wide analysis.  
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Figure 3.3. Lorenz curve for all regions with contributed CH4 measurements, which 

shows the percent of emissions as a function of percent of sites. For all regions, 

>50% of measured emissions are from 10% measured sites. 

 
Measured emissions in certain regions showed a more severe skewness than 

others, which is best shown in Figure 3.4. Figure 3.4 shows the cumulative percent of 

total measured emissions that are contributed by the top 2, 5, and 10% of measured sites 

for each region. Here we can see Swift Current (SK), Weyburn/Bakken (SK), Medicine 

Hat (AB) regions are the most skewed, with the top 5% of sites contributing to 100%, 

94%, 83% of total emissions, respectively (Figure 3.4). Recent US-based measurement 

studies show similar skewness, often referred to as following the 5/50 rule, where at least 

50% of emissions come from the top 5% of emitting sites. For example, Caulton et al. 
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(2019) found that 77% of emissions are from the top 10% of sites in the Marcellus shale 

(Penns.), and Zavala-Araiza et al. (2015) found that 50% of emissions originated from the 

top 2% of sites in the Barnett Shale region. Similarly, a synthesis study by Omara et al. 

(2018) reported that 57% of emissions are from the top 5% of sites. There were three 

regions (High Level, Montney, and Midnapore) in our study that did not align with the 

5/50 rule, although emissions were still skewed, with the top 10% of emitting sites 

contributing over 50% of total emissions. 

 

 
Figure 3.4. The cumulative proportion of emissions contributed by the top (i.e. 

highest emitting) 2, 5, and 10% of measured sites within each region. 

 
We also looked specifically at the different site and component types are in the top 

2% (i.e. CH4 measurements that exceed the 98th percentile of all measured emission rates) 

to determine whether certain component and/or site types were responsible for the 

majority of large emissions. We found that out of the top 2% of component types 

(n=269), open-ended lines were the most common, representing 40% of the top emitting 

components (Figure 3.5). An open-ended line is a valve (e.g. compressor-unit blowdown, 
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supply-gas, instrument block, drain valves) that has a pipe with process fluid on one side, 

and is open to the atmosphere on the other (CEPA 2016, CapOp Energy 2019, Clearstone 

Engineering 2019). Open-ended lines are common across several equipment types, 

including tanks and well heads (Clearstone Engineering 2019). A BC-based measurement 

study similarly found open-ended lines to be a major contributor to overall emissions 

(CapOp Energy 2019). 

 

 
Figure 3.5. Counts of different component types in the top 2% (98th percentile) of all 

measured components. 

 

For the top 2% of site types (n=191), we found that oil single well batteries were 

the most common, making up 22% of the top emitting sites (Figure 3.6). Other studies 

have also found that tank batteries are often characterized by large emissions (Tyner & 

Johnson 2021). Although our measurements show that there are some site and component 

types contributing more to the heavy-tail, it is also noting that there were several different 
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site and component types in the top 2%, showing that abnormally high CH4 emissions can 

arise from several different site and component types. 

 

 
Figure 3.6. Counts of different site types in the top 2% (98th percentile of all 

measured sites). Oil single well battery sites make up 22% of all sites in the top 2% 

(n=42). 

 

The prevalence of the heavy-tail distribution across all regions has important 

implications. First, it is a policy-relevant finding, as it means that the majority of 

emissions can be reduced by taking mitigation action at only a small number of sites. 

Although this presents a low-hanging fruit with respect to reduction efforts, locating these 

rare large emitters remains a significant challenge. To date, scholars and industry experts 

in this domain have generally been unsuccessful in predicting the cause and locations of 

these emitters. Consequently, the best way to locate these large emitters are via large-

scale measurement campaigns that have significant spatial coverage (>100 sites/day). 

Therefore, it is important that regulations allow (and perhaps promote) the use of 
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alternative measurement technologies suitable for rapid screening of sites (e.g. trucks, 

drones, and aircrafts) in monitoring programs, rather than OGI surveys only. 

 

Second, this trend poses implications on measurement technology innovation and 

economics: if a heavy-tail distribution is present, then fast, spatially extensive 

measurement (sometimes referred to as “screening” or “alternative”) technologies are not 

only efficient, but are also likely the most cost-effective approach to reductions. Indeed, 

cost-benefit studies such as Kemp & Ravikumar (2021) and Fox et al. (2021) found that 

for highly skewed emissions distributions, deploying alternative technologies can result in 

lower costs and, in some cases, greater reductions. Although alternative measurement 

technologies are unable to pinpoint emission sources (i.e. to the component-level), when 

they are used as a first step in monitoring programs, they can screen hundreds of sites per 

day, and are able to identify the general locations of large emitters, from which the exact 

source can then be pinpointed in follow-up inspections using handheld instruments such 

as OGI. This tiered approach eliminates the need to conduct “blind” OGI surveys, which 

are not only slow (~6 sites/day), but can cost up to $600 CAD per site (Kemp & 

Ravikumar 2021). If mitigation at a few high-emitting sites can bring total emissions 

down by over 50%, its logical to put investments toward technologies that are best suited 

to quickly find them, rather than spending large sums of money on traditional OGI 

surveys. 

 

3.6 Summary 
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In conclusion, recent CH4 emissions measurements from O&G facilities yield important 

insights for emissions patterns across the Canadian O&G sector. Our analysis revealed 

that average site-level emissions vary by production region, but a heavy-tail distribution 

is prevalent across the entire onshore Canadian O&G industry. Infrequent large emitters 

represent a low hanging fruit for reduction efforts and should thus be a primary focus of 

regulatory monitoring programs, as well as future technology development. 

 

We hope this work accelerates efforts related to data sharing and transparency 

within the Canadian O&G community. Transparency with respect to emissions and other 

environmental impacts is becoming a requirement for O&G sector in today’s world, yet 

most producing countries either lack data, or do not effectively share data. Taxpayers in 

particular should have a right to access information of this type, especially where 

governments subsidize O&G production or provide tax breaks. Future work should 

continue to build upon the data resource that was created from this study, and we 

encourage anyone who is collecting emission measurements to contribute to this resource 

by contacting the corresponding author, who will continue to update the data archive on a 

regular basis. Increased accessibility to measurement data not only improves our 

understanding of emission patterns, but it also helps technology innovators because it 

helps paint an accurate picture of the detection needs and is also essential for advanced 

data analysis such as artificial intelligence (AI) and machine learning. 
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4. Sensitivity analysis of methane emission inventories using site-

level emissions data and a Monte Carlo model framework 

4.1 Preface 

This chapter has not been submitted to a journal at the time of writing. I led the writing 

and analysis included in this chapter, and my supervisor David Risk provided feedback 

throughout the analysis. My colleague Martin Lavoie assisted with the developing the 

initial model framework used in this analysis. 

 
4.2 Abstract 

Greenhouse gas emission inventories are important for policy development and tracking 

emission levels and patterns over time. However, current methods for estimating oil and 

gas methane inventories (the second largest source of global methane emissions) have 

high uncertainties that are difficult to quantify. In this study, we investigate the sensitivity 

of oil and gas methane inventories to different factors using a Monte Carlo model 

framework and a measurement dataset with over 4500 site-level methane measurements. 

We assess how modelled methane inventories and uncertainties change under a range of 

scenarios. Results showed that if emission factor estimates consider variability from 

geography, production, and site type, the total inventory ranges from -25% to +78% when 

compared to reported estimates that only consider component type as an indicator of 

emissions variability. A goodness of fit analysis found that site-level methane emissions 

in Canada follow extreme distributions, and if lognormal distributions are used to 

represent emissions distributions in inventory models, they consistently underestimate the 
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heavy-tail, resulting in an overall underestimation of emissions. We also found that using 

skewed distributions to represent emissions significantly increases the uncertainty range 

of the total inventory, but are likely more representative of true emissions. The two main 

takeaways from this study are: 1) the importance of including super emitters in inventory 

estimates, and 2) the need to better understand the true distributions of oil and gas 

methane emissions. The latter will likely only be achieved through more measurements, 

which signals a need for Canada to enhance their regulatory measurement protocols. 

 

4.3 Introduction 

Greenhouse gas emission (GHG) inventories are an important tool as they inform policies 

and regulations that are used to achieve reduction goals. They are also helpful in 

identifying specific areas (sources, sectors, etc.) in which reductions are needed, and for 

tracking changes in global emission levels and patterns over time. Methane (CH4), the 

second most abundant greenhouse gas, is one of the pollutants that individual countries 

are required to estimate annual inventories for in accordance with the United Nations 

Framework Convention on Climate Change (UNFCCC, 1992). Due to its potency and 

relatively short atmospheric lifetime (~12 years), reducing CH4 has been deemed as the 

most effective method to slow the rate of human induced climate change in the short 

term. That said, accurate CH4 inventories, especially from sectors and countries that have 

the capacity to achieve significant reductions, are essential in the short-term. For Canada, 

CH4 emissions make up 13% of our total GHG emissions, with the largest source of CH4 

(~43%) coming from the oil and gas (O&G) sector (ECCC 2021). 
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In Canada, federally reported CH4 emission inventories for the O&G sector are 

currently estimated using a bottom-up approach (“Tier 3”) that follow guidelines created 

by the Intergovernmental Panel on Climate Change (IPCC) (ECCC 2021). Using this 

method, total emissions are estimated using the following equation: 

 

						&'())(*+$ = &-$ × /$	         (4.1) 

 

where b represents a specific source category (e.g. component type), EF is the emission 

factor (representative emission rate) for b, and A is the activity factor (i.e., count) for 

source b. The calculation is done separately for all known sources, which are then 

summed to compute a total inventory. Typically, emission factors (EFs) are based on an 

average emission rate derived from a small sample of direct measurements and/or 

manufacturers specifications, however calculation methods vary across specific emission 

sources and industrial sectors.  

 

Recent measurement studies have revealed that O&G CH4 inventories estimated 

using this bottom-up approach often result in underestimation of total emissions. For 

example, Chan et al. (2020) found that measured CH4 emissions in Alberta and 

Saskatchewan were 85% higher than reported emissions, and Johnson et al. (2017) found 

that emissions in Lloydminster and Red Deer, Alberta were 25-50% higher than reported. 

Several studies in the United States show similar results (e.g. Alvarez et. al 2018, Zavala-

Araiza et al. 2015, Zhang et al. 2020). 
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Statistical modelling is one way that can improve inventory certainty. Indeed, the 

IPCC suggests that when models such as Monte Carlo simulations are used in inventory 

estimation, they do a better job of capturing the linkages between processes influencing 

emissions and can improve spatial and temporal resolution of estimates (IPCC 2010). 

However, the accuracy of such modelling requires reliable input data and a detailed 

understanding of model assumptions and sensitivities. 

 

In this study, we use ~4500 site-level CH4 emissions measurements, O&G 

infrastructure databases, and Monte Carlo simulations to investigate the sensitivity of 

Canadian O&G CH4 inventory estimates to different factors. We expand on a Monte 

Carlo model framework first described in Chapter 2 (MacKay et al. 2021) by 

incorporating other infrastructure information and distribution types, to assess the 

influence of both infrastructure characteristics and observed emission distributions on 

total inventories and overall uncertainty. Alberta, Canada, was the focus of this work 

because most of Canada’s O&G production occurs there, and it is also the province with 

the most available measurement data.  

 

4.4 Methods 

4.4.1 Theory and rationale 
 
There are several factors that could be causing uncertainties in the current bottom-up 

inventory. First, individual EFs are calculated at the component-level, which assumes that 
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emissions variability is caused by component type only (e.g. valve, compressor seal), and 

other factors such as geography, production, and site types are not considered. It is 

possible that the total inventory could be improved by incorporating other variables 

besides component type. For example, if measurements show that emissions vary 

spatially, then it would make sense for EF calculations to incorporate this variability (i.e., 

by calculating separate EFs for different regions). The same can be true for other 

infrastructural and process related characteristics, but little is known on exactly how 

much CH4 emissions variability is caused by these factors. 

 

Second, using single values for EF’s derived from a small number of direct 

measurements fails to capture the true distributions of emissions, which are observed to 

be positively skewed. Small sample sizes used to derive EFs often miss the so-called 

“super emitters”, resulting in a low-biased EF (Brandt et al. 2016). Increasing sample size 

for EF calculations could help address this issue but using a single average value will still 

fail to capture the contribution of the largest sources. Using a more complex modelling 

approach is likely a better solution, as the emissions distribution (including the super 

emitters) can be directly incorporated into the total inventory. 

 

Both of these factors (and many others that are beyond the scope of this study) are 

likely contributing to inventory uncertainty, but the relative importance (i.e., which one 

has the biggest effect on inventories) of these factors are not well understood. If changes 

to the current method are necessary, it is important to know which areas of uncertainty 

should be prioritized. 



 

 87 

 

4.4.2 The Monte Carlo method for estimating inventories 

As mentioned, the Monte Carlo method for estimating inventories and their uncertainties 

is one modelling approach (Tier 2) recommended by the IPCC. The method involves 

selecting random values from a probability density function (pdf) generated using data 

from each input parameter (i.e., EFs and activity data), and calculating the total emission 

by multiplying the two randomly selected values (as shown in Equation 1). The total 

value is stored, and this step is repeated many times, and the final product is a distribution 

of values representing the total inventory, where the mean and uncertainty (95% 

confidence interval) can be computed from the resulting distribution (IPCC 2001). 

 

Though the underlying equation is the same, the Monte Carlo approach has 

several advantages over the simplified Tier 3 method. First, the use of probability density 

functions (rather than a single value) allows for the complexity of specific emission 

sources (and their related uncertainties) to be directly incorporated. Second, the model 

can handle any type of distribution, regardless of width or shape. This is especially 

important for O&G CH4 inventories, as emission distributions are known to be positively 

skewed. Third, the iterative nature of the model allows for a more realistic quantification 

of overall uncertainty, especially for cases when uncertainty is asymmetrical. 

 

 The Monte Carlo inventory model used here was coded in R Software (R Core 

Team). The code has been generalized so that it can estimate an inventory for any area 
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and source(s) of interest. The model requires users to input a file containing the source 

categories of interest and their corresponding emission factors (EFs) and activity data 

(i.e., counts). It is up to the user to obtain this information for the model.  

 

Figure 4.1 is a simplified diagram showing the model framework. As mentioned, 

EFs and corresponding counts are the required inputs. For our analysis, we use site-level 

CH4 measurements to calculate EFs, and O&G infrastructure databases to calculate site 

counts (further discussed in Sections 4.4.3 and 4.4.4). Once this required information is 

fed into the model, it starts by creating individual probability density functions (pdfs) for 

all unique EFs, representing the emissions distributions for all specific source categories 

(i.e. bins) within the inventory boundary (Figure 4.1). Next, a value from each pdf is 

randomly sampled (with replacement), and multiplied by the corresponding site count to 

compute a total emission (i.e. bin total) per source type (Figure 4.1). This process is 

repeated 10,000 times, with the sum of all the products (i.e. sum of emissions from all 

individual bins) being stored after each iteration. The resulting output is a distribution of 

values representing the total emission inventory (n=10,000), which is then used to 

calculate a mean and 95% confidence interval of the inventory. 

 

In addition to the advantages of Monte Carlo simulations stated above, the 

structure of our model also allows for individual sources to be partitioned by any 

infrastructural characteristic, such as site type, geography, or production. There is also no 

limit to the number of unique sources that can be included. Finally, the size and shape of 

the pdfs representing the EF distributions can be easily modified by the user. 
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Figure 4.1. Diagram showing the Monte Carlo model framework used in our 

analysis. For simplicity, only two unique bins are shown, but the actual number 

varies and is dependent on the number of source categories included in the 

inventory. 

 

4.4.3 Calculating site-level emission factors and corresponding site counts 

To examine the sensitivity of the modelled inventories to EF calculation approach, we 

used over 4500 site-level measurements from MacKay et al. (2021) (Chapter 2) to 

calculate site-level EFs using one or more of the following variables: site type, 

geographic region, and production levels. In other words, we subdivided our 

measurements using these variables to compute individual EFs to use in our model. 
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As mentioned, the province of Alberta was chosen for this analysis because it is 

Canada’s largest O&G producing province, and it is where most available measurements 

are concentrated. Alberta also has the most publicly available data in terms of production 

levels and infrastructural characteristics, which allows us to readily explore the variability 

associated with these characteristics. Note that for this analysis, the same measurement 

data is used for all scenarios, and the total site count for the study region (Alberta) always 

remains the same (i.e. we assume site count uncertainty to be negligible). 

 

Site counts were estimated using a combination of IHS databases (IHS Markit) 

and publicly available Petrinex data. IHS databases include coordinates of all physical 

wells and facilities that exist in Alberta, but they are not aggregated to the site-level. In 

other words, there is no common site identifier for wells and/or facilities that are at the 

same location. Therefore, we grouped individual wells and facilities into “sites” using a 

45 m buffer radius. This step was required because EFs are computed using 

measurements that represent whole site emissions (rather than individual infrastructure or 

components).  

 

Once we grouped all infrastructure into physical sites, we used Petrinex monthly 

reporting data to extract only sites that were either producing, venting, or flaring 

hydrocarbons during the 2018 production year. Inactive sites were excluded from our 

analysis due to a lack of measurements, and 2018 was chosen as the inventory year for 

comparison purposes (i.e. Chapter 2 inventory estimate was for 2018). Finally, all sites 

were subdivided into respective bins using the same variables used to partition 
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measurement data for the EF calculations, to compute total site counts that correspond to 

each EF. 

 

4.4.4 Region, site type, and production specific emission factor classifications 

The ten Alberta Energy Regulator (AER) administrative regions (Figure 4.2) were used to 

represent the physical boundaries for region-specific EF calculations. Some regions are 

dominated by a specific production type (e.g. Wainwright is dominated by cold heavy oil 

production with sand, also known as CHOPS), whereas other regions include a mix of 

production. Our measurement dataset includes measurements in eight out of the ten AER 

regions, and for the two regions that lack measurements (Fort McMurray and Midnapore), 

EFs are derived using all measurements (i.e. provincial average). Table 4.1 lists the ten 

region-specific EFs and corresponding counts used in our model. 
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Figure 4.2. AER administrative regions for the province of Alberta. These regions 

are the geographic boundaries used for region-specific EF calculations. 

 

Table 4.1: Region-specific emission factors and site counts used in our analysis. 

Emission factors represent the average emission rate of all measured sites in each 

region. 

Region Site Count EF (m3 day-1) 

Bonnyville 4,881 63.46 

Drayton Valley 12,158 12.8 

Edmonton 5,332 20.41 

Fort McMurray 169 56.05 

Grande Prairie/High Level 11,230 45.9 
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Medicine Hat 45,305 13.69 

Midnapore 9,797 56.05 

Red Deer 11,608 36.17 

Slave Lake 2,858 10.43 

Wainwright 11,031 98.62 

 

Individual sites were classified into 19 different types based on the description of 

infrastructure that make up each site. For example, if a site consisted of a single oil well, 

and one battery, then it was classified as an “oil single well battery.” Similar to the 

region-specific EF calculations, if we lacked measurements for a specific site type, then 

the overall average is used for the EF. Table 4.2 lists the 19 site-specific EFs and 

corresponding counts used in our model. 

 

Table 4.2: Site-specific emission factors and site counts used in our analysis. 

Emission factors represent the average emission rate of all measured sites for each 

site type. 

Site Type Site Count EF (m3 day-1) 

bitumen multi-well battery 855 176.6 

bitumen single well battery 909 206.72 

commingled multi-well battery 250 103.43 

complex facility 3 34.96 

gas gathering system 1 34.96 

gas multi-well battery 772 22.58 

gas single well battery 3,539 102.79 
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injection plant 3 24.47 

multi battery 512 43.41 

multiple bitumen wells 1,887 95.54 

multiple gas wells 6,509 23.45 

multiple oil wells 4,140 15.5 

multiple wells 198 36.95 

oil multi-well battery 862 90.66 

oil single well battery 4,212 64.44 

single battery 4,572 68.06 

single bitumen well 612 52.73 

single gas well 67,421 9.39 

single oil well 17,112 24.87 

 

Finally, production tiers for sites were classified based on combined annual (2018) 

oil and gas production for all wells producing at each site (production values were 

obtained from public Petrinex files). Individual production rates for producing wells were 

summed to the site-level to compute a production rate per site. Sites were then partitioned 

into eight production classes, ranging from zero to five million m3/year. Table 4.3 lists the 

eight production specific EFs and corresponding counts used in our model. 

 

Table 4.3: Production-specific emission factors and site counts used in our analysis. 

Emission factors represent the average emission rate of all measured sites within 

each production class. 

Production class (m3/year) Site Count EF (m3 day-1) 
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A (<1) 7,894 143.33 

B (1-5000) 3,962 72.29 

C (5000-50,000) 20,205 51.17 

D (50,000-100,000) 17,510 49.68 

E (100,000-500,000) 38,239 48.66 

F (500,000-1,000,000) 9,831 43.59 

G (1,000,000-5,000,000) 12,818 64.53 

H (>5,000,000) 3,910 53.42 

 

4.4.5 Goodness of fit and distribution selection 

When using Monte Carlo simulations for inventory estimates, the probability density 

functions used to represent EFs should be closely aligned with the true distributions of 

emissions. As mentioned, many recent measurement studies found that O&G CH4 

emissions follow skewed distributions, with most literature citing lognormal distributions 

as the best fit. In Chapter 2, a lognormal distribution was used to represent site-level EFs, 

which was an assumption based on other recent studies and not a statistical goodness of 

fit analysis on measured emissions. 

 

In this analysis, we examined the distributions of our measured data (n = 4544) to 

statistically determine whether a lognormal distribution is an appropriate choice for 

Canadian O&G CH4 inventories. We also explore different distribution types and 

compare to empirical data to evaluate which distribution best represents measured 

emissions. Finally, we assess how the modelled inventory changes under different 

distribution types that are more positively skewed than a lognormal fit. 
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4.5 Results and Discussion 

4.5.1 Effect of geography, infrastructure characteristics, and production on inventory 

estimates 

Six different model simulations were run to assess how the total inventory is affected by 

EFs that vary by region, production, and site types. Three simulations used one variable 

for EF calculations (as shown in Tables 4.1, 4.2, and 4.3), and the other three simulations 

used a combination of variables (e.g. site type and region) for EF calculations. Depending 

on the variables used, the number of unique EFs used in each simulation ranged from 8 to 

190. All EFs were represented by the same lognormal distributions for these simulations, 

therefore the variability shown here is solely due to the EFs. Figure 4.3 shows the 

distributions of the resulting six modelled inventories, with the vertical dashed line 

representing the estimate reported by ECCC for the same year (2018). Note that we use 

the reported value as a reference point when discussing variability, but we do not use it as 

an indicator of the “true” inventory or the accuracy of the other outputs. It should also be 

noted that we do not claim that any of these modelled estimates are more accurate than 

the other, but simply we are showing how the inventory changes under different 

scenarios.  

 

When EFs are partitioned by one or more infrastructural characteristics (i.e. site 

type, production level) and geography, the average values of modelled inventories range 

from 25% lower to 78% higher than the reported estimate (Figure 4.3). The production 

specific EFs produced the highest inventory estimate, which is interesting since the 
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individual EFs (Table 4.3) were all within similar ranges to EFs used in the other 

simulations. However, the lowest production specific EF was 48.66 m3 day-1, while some 

region and site-specific EFs were less than 15 m3 day-1, which may explain some of the 

discrepancies.  

 

Uncertainty ranges for each output also varied slightly, although the upper 

uncertainty limit was always higher than the lower. This consistent asymmetry was 

expected since all simulations used a lognormal distribution to represent EFs. Lower 

uncertainties ranged from -23% (Site Type x Production) to -40% (Production), and upper 

uncertainties ranged from +31% (Site Type x Production) to +60% (Production). 

 

Our uncertainties are notably higher than the current reported uncertainty (-9% to 

+10.5%) for O&G CH4 emissions, especially for the upper uncertainty limit. The reported 

uncertainty was calculated using a simple error propagation approach, otherwise known 

as the IPCC Tier 1 method (ECCC 2021). Due to the nature of the Tier 1 method, the 

overall uncertainty estimate is almost always symmetrical. However, we argue that the 

asymmetrical uncertainties shown in our modelled estimates are appropriate, as they 

reflect the well-documented skewed nature of O&G CH4 emissions. This further justifies 

the use of Monte Carlo simulations as opposed to error propagation, as they can 

incorporate asymmetric uncertainties in the overall inventory. 
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Figure 4.3. Distributions of total CH4 emissions from six different model simulations. 

Each simulation uses one or more variables to define site-level emission factors. The 

dashed line represented the reported estimate for the same year. 

 

4.5.2 Challenges of modelling extremely skewed distributions  

Determining which distribution type was the best fit to our measurement dataset was a 

significant challenge. We used Kolmogorov–Smirnov (K-S) tests to compare several 

different types of distributions to our measurement dataset. We also used R software 

packages to iteratively cycle through hundreds of distributions to predict the best fit, 
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which indicated a pareto distribution. However, when we created new pareto distributions 

using parameters defined by the measurement dataset, they still failed the two-sample K-

S test when compared to the measured distribution. We also experimented with different 

variations of lognormal distributions, and the outcome was the same. After several 

unsuccessful attempts, we concluded that it is unlikely that any parametric distribution is 

going to meet the K-S threshold for statistical significance when compared to the 

measured distribution. Consequently, we assessed the goodness of fit of both the pareto 

and lognormal distributions using combinations of visual inspection and a resampling 

analysis. 

 

Figures 4.4 and 4.5 show density plots comparing different fitted distributions to 

the measured distributions. Figure 4.4 shows the comparison for the full measurement 

dataset (n=4544), and Figure 4.5 shows the comparison broken down by AER region. 

Four different distributions are included in this comparison: the “original” lognormal 

distribution (as used in Chapter 2), a new lognormal distribution, and two versions of a 

pareto distribution. The difference between the original and new lognormal distributions 

are the standard deviations used to define them. For the original lognormal distribution, 

the standard deviation for EFs pdfs were defined based on our estimated measurement 

error (±63%), which was a conservative assumption that resulted in a narrower 

distribution that does not reflect the range of measured emissions. The standard 

deviations for the new lognormal distribution were calculated directly from the measured 

dataset, which resulted in a wider distribution. Including this new lognormal distribution 

allowed us to better understand the implications of our original assumption, and to see 
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whether it changes the total inventory. The difference between the two pareto 

distributions is that pareto (2) was truncated to remove unrealistically high values. The 

cut off for truncating was defined by the maximum measured value for each distribution. 

In other words, any values that exceeded the maximum measured value were replaced 

with the maximum. Therefore, the two pareto distributions shown in Figures 4.4 and 4.5 

are basically identical except for the right tail.  

 

 

Figure 4.4. Density plots of measured and various fitted CH4 emissions distributions. 

The x-axis is shown on a logarithmic scale for better visualization. 
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Figure 4.5. Density plots of measured and fitted CH4 emissions distributions, broken 

down by AER region. The x-axis is shown on a logarithmic scale for better 

visualization. 

 

A visual inspection of these plots clearly shows that the fitted pareto distributions 

show better alignment compared to the original lognormal distributions used in Chapter 2. 

The original lognormal distribution (used in Chapter 2) seems to represent the mean well, 

but the width is very narrow, and the tail is completely cut off (Figures 4.4 and 4.5). The 

new lognormal distributions all show a slight offset to the left compared to the measured 

distributions, which could imply that new lognormal distributions are underrepresenting 

the magnitude of the largest sources. Figures 4.4 and 4.5 also show that the pareto 
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distributions seem better at characterizing the heavy-tail compared to lognormal 

distributions, which rarely align with the heavy-tail of the measured distribution. 

 

Table 4.4 shows the mean emission rates of the fitted and measured distributions 

shown in Figure 4.4. The percentage of the total contributed by the top 5% of values (i.e. 

the heavy-tail) are also listed in Table 4.4, which again shows that lognormal distributions 

(especially the original) are underestimating the contribution of the heavy-tail. Here we 

also see that the pareto distribution significantly overestimates the mean, and the 

truncation of unrealistically high values did not make a substantial difference (and 

actually reduced the contribution of the heavy-tail to a lower percentage than the new 

lognormal). It is also worth mentioning that even the pareto distributions still 

underestimate the contribution of the top 5%, by 14%. 

 

Table 4.4: Summary statistics for measured CH4 emissions and fitted distributions. 

Distribution n Mean CH4 emission 
rate (m3 day-1) 

Contribution of the 
top 5% 

Measurement 
dataset 

4544 56.1 84% 

Lognormal 
(original) 

10000 56.5 14% 

Lognormal (new) 10000 54.2 58% 

Pareto 10000 336.6 70% 

Pareto (2) 10000 225.7 55% 

 

 To better understand how lognormal and pareto distributions compare with respect 

to representing the heavy-tail, we randomly sampled 500 values (with replacement) from 
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each fitted distribution type, and calculated two statistics from the sample: 1) the mean of 

the top 5% of values and the 2) the fraction of total contributed by the top 5%. We 

repeated this 500 times for each fitted distribution, resulting in 500 values of each 

statistic. Figure 4.6 shows the distributions of the results (red boxplots), broken down by 

AER region, compared to the same statistics derived from the measurement dataset (blue 

diamonds). Here we see that the fitted lognormal distributions consistently underestimate 

both the average emission rate of the top 5%, and their contribution to the total. The 

pareto distribution consistently overestimates the mean, and in most cases, underestimates 

the contribution of the top 5%. However, Figure 4.6 does show that the pareto distribution 

is better at representing the contribution of the heavy-tail in comparison to the lognormal 

distribution, but neither show perfect alignment with the measured values. 

 

Similar results were observed in a synthesis study by Brandt et al. (2016). In that 

study, authors aggregated 18 CH4 measurement datasets across the United States and 

found that all datasets showed severe skewness that did not align with a standard 

lognormal distribution. Through a similar analysis looking specifically at the top 5% of 

sources, Brandt et al. (2016) also found that lognormal distributions consistently 

underestimate the contribution of the largest sources. 
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Figure 4.6. Comparison of the top 5% of values of fitted lognormal (left) and pareto 

(right) (red boxplots) distributions to measured emissions for each AER region with 

measurements (blue diamond). The top graphs show the mean of the top 5%, and 

bottom graphs show the percent of total emissions contributed by the top 5%. 

Boxplots represent distributions of individual values calculated from 500 random 

samples of the respective fitted distributions. For the top figures, the y-axis is a 

lognormal scale for better visualization. 

 

4.5.3 Effect of distribution type on total inventory 

Even though all four fitted distributions do not perfectly conform to our measured data, 

we still wanted to examine how the use of different distributions affect the total inventory 

and related uncertainty. Four different model simulations were run using the four 
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distributions to represent EF pdfs. Interestingly, the new lognormal distribution hardly 

changed the average inventory compared to the old lognormal distribution, but as 

expected, it did result in a wider uncertainty range. Total inventory uncertainty using the 

new lognormal distribution was -89% to +380%, which is significantly wider than the 

current reported uncertainty. Brandt et al. (2016) also found that more skewed 

distributions result in larger uncertainties of total emissions. Additionally, modelled 

inventories using truncated and untruncated pareto distributions were significantly higher 

(300-600% more than the reported inventory), but uncertainty ranges were comparable to 

those derived from the lognormal fits (-90% to +330%). Although the pareto distributions 

resulted in a much higher inventory compared to the reported estimate, other 

measurement studies have revealed similar divergences when comparing measured 

emissions to reported estimates. For instance, Robertson et al. (2020) estimates that CH4 

emissions in the New Mexico Permian Basin are 500-900% higher than reported 

estimates by the U.S. Environmental Protection Agency (EPA). Therefore, a 300-600% 

difference is not wholly unrealistic. 

 

4.6 Summary 

In conclusion, our analysis revealed how modelled CH4 emission inventories are 

influenced by emission factor parameterization and, more importantly, the distribution 

chosen to represent emissions. Due to the complexity of O&G CH4 emissions, modelling 

will always be a necessary component for bottom-up inventories, and as with any model, 

there will always be an associated uncertainty. Our results show that when using a Monte 
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Carlo approach, the total inventory uncertainty is strongly influenced by the distribution 

chosen to represent emissions. We also found that the uncertainty range increases with the 

use of more skewed distributions, which is important since measurements show that 

actual emissions show severe skewness. Since the Canadian inventory is constructed 

using simplified approaches, the current uncertainty range is unrealistically narrow given 

what we know about CH4 emission distributions across Canada and the United States. 

 

While our analysis certainly highlighted some of the challenges in modelling 

O&G CH4 inventories, it also revealed some insights on how to improve current 

inventories using data and knowledge that exists today. First, emission factors (whether 

by component or site) can be updated with existing empirical data collected by academics 

and industry as part of regulatory compliance. The Canadian federal government 

currently uses measurements from two studies (CAPP 2005, Clearstone Engineering 

2014) to derive component-level emission factors, which have a combined sample size of 

<300 sites (less than 0.001% of the total population). New and existing measurement data 

can improve emission factor representativeness, and statistical analysis on these 

measurements can determine whether emission factors should be partitioned by other 

factors rather than component-type only (as was done in our analysis). Second, 

incorporating the contribution of super-emitters in inventories (via distribution fitting or a 

simple addition) will likely produce a more realistic uncertainty range. Even though the 

distributions included in our analysis were not statistically comparable to empirical 

distributions, we think that they provide better quantification of uncertainty ranges 

compared to current methods that do not incorporate the heavy-tail at all. It is worth 
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mentioning that such improvements align with IPCC guidelines, and therefore would be 

relatively straightforward to implement in future estimates. 

 

Finally, whenever possible, emission inventories should be validated with 

empirical measurements, as this is ultimately the best way to reduce large uncertainties. 

Although it would be logistically challenging to perform measurement validation on a 

large (provincial, national) scale, it could be easily done using a small geographic subset 

which would still be of significant value. Additionally, new advancements in top-down 

measurement solutions (i.e. satellite, aircraft) will further remove barriers associated with 

model validation. 
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5. Aircraft-based measurements of methane emissions from 
Canada’s offshore oil industry 
 
5.1 Preface 

 
This chapter has not been submitted to a journal at the time of writing. Due to significant 

challenges and uncertainties in the Gaussian approach for estimating emission rates in 

marine environments, further analysis is planned prior to submission for peer review, 

which will include a full mass balance analysis as noted in the future work section of this 

chapter. I led the writing, data collection, and analysis included in this chapter. My 

colleagues Lindi Coyle, Isaac Ketchum and supervisor David Risk assisted with 

campaign preparation and data collection. Colleagues Afshan Khaleghi and Evelise 

Bourlon helped with the analysis of data, and my supervisors David Risk and Lesley 

James provided valuable guidance and feedback throughout the analysis and writing of 

the manuscript. Everyone listed here will be listed as co-authors when a manuscript is 

submitted. 

 

5.2 Abstract 

 
Methane emissions from offshore oil and gas production are poorly understood and are 

rarely quantified using direct measurements. In this study, we collected the first 

independent measurements of methane emissions from Canada’s offshore oil platforms, 

located 300-350 km off the coast of Newfoundland and Labrador. Aircraft-based 

measurements were used to estimate the offshore industry’s contribution to Canada’s CH4 

inventory, and to assess whether the platforms emissions are in line with current federally 

reported estimates. Our measurements revealed that Canada’s offshore platforms emit an 
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average of 10,039 m3 CH4 day-1 (6.8 tonnes CH4 day-1), which is comparable to federal 

estimates reported in 2019. Production-weighted methane intensities calculated using 

measured emission rates and reported oil production show that Canadian offshore 

production is ranges from 1.3-6.1 kg CO2e/bbl, making it among the least methane-

intensive oil produced in all of Canada. 

 

5.3 Introduction 

 
As part of many new aggressive climate change targets and commitment to “net zero” 

greenhouse gas emissions by 2050, Canada has committed to significant reductions of 

methane (CH4) emissions in coming years. CH4 is a powerful greenhouse gas with the 

ability to trap heat 25 and 84 times better than carbon dioxide (CO2) over 20 and 100-year 

timeframes, respectively (Myhre et al. 2013). The oil and gas (O&G) sector is Canada’s 

largest emitter of CH4, making up nearly half (44%) of the national total in 2019 (ECCC 

2021), and newly enforced regulations are aiming to reduce this amount by 45%, by 2025 

(ECCC 2018). While this reduction target includes the offshore sector, Canada’s offshore 

oil production is thought to be the least CH4 emissions-intensive oil produced in Canada 

(CAPP 2021). However, this is based on self-reported estimates that have not been 

independently validated using direct measurements of platform CH4 emissions.  

 

Compared to onshore production, research on emissions from offshore O&G 

production is scarce, likely in part due to the assumption that offshore platforms have low 

emissions because of increased safety protocols (e.g. 24 hour surveillance, no routine 
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venting, frequent leak surveys). Additionally, the remote nature of the facilities adds 

logistical challenges and increases the cost of measurement campaigns. In efforts to fill 

this gap, offshore O&G platforms in other parts of the world have recently been 

measured, like in the Gulf of Mexico and the North Sea, and these studies have found 

variable results. In some cases, offshore platforms are emitting more than expected 

(Gorchov Negron et al. 2020, Riddick et al. 2019), and in other cases measured emissions 

were more than an order of magnitude lower than reported estimates (Zavala-Araiza et al. 

2021). For example, Gorchov Negron et al. (2020) found that offshore CH4 emissions in 

the U.S. Gulf of Mexico were 0.53 Tg/yr (2.9% loss rate) which is two times higher than 

the value reported in the EPA GHGI. In contrast, Zavala-Araiza et al. (2021)’s estimate 

for the Mexican offshore production in the Gulf of Mexico is 2800 kg/hr, which is ten 

times lower than the value reported in the Mexican national greenhouse gas inventory 

estimate. However, authors note that the Mexican GHG inventory uses a non-Mexican 

specific emission factors in their calculations, which could be the reason for the observed 

discrepancy (Zavala-Araiza et a. 2021). Similar work has yet to be done in Canada’s 

offshore, where oil is produced via four production facilities located 300-350 km off the 

coast of Newfoundland and Labrador (NL). Considering these new findings, and 

Canada’s commitment to reducing the carbon footprint of our O&G industry, in situ 

measurements of Canada’s offshore CH4 emissions is both important and necessary. 

 

In this study, we collected the first independent direct measurements of CH4 

emissions from three of NL’s offshore oil platforms: Hibernia, Hebron, and Sea Rose. 

Aircraft-based measurements and a Gaussian plume model were used to estimate the 
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offshore industry’s contribution to Canada’s CH4 inventory, and to derive production-

weighted emission intensities for each platform. Aircraft measurements were conducted 

during routine production and should be representative of typical emission levels. We 

compare our results to other platforms that have been the focus of similar work, and to 

Canadian onshore environments which are thought to have higher CH4 intensity. 

 

5.4 Study areas 

5.4.1 Offshore production platforms 

 
Newfoundland and Labrador’s offshore industry comprises of four production platforms, 

all of which produce oil from the Jeanne d’Arc Basin, located 300-350 km southeast of 

St. John’s (Figure 5.1) (C-NLOPB 2021a). The individual producing reservoirs within the 

basin that platforms currently produce from are the Hibernia, Ben Nevis-Avalon, and 

Jeanne d’Arc Formations (C-NLOPB 2021a). Current platforms producing oil offshore 

are named Hibernia, Hebron, Sea Rose, and Terra Nova (Figure 5.1). There are no 

pipelines that service NL’s offshore, therefore all produced oil is transported to shore via 

transhipment vessels. 

 

Hibernia (Figure 5.2), the oldest platform, is a Gravity Based Structure (GBS) that 

consists of a 224 m high platform that sits directly on the ocean floor. It has a production 

capacity of 230,000 barrels of crude oil per day (HMDC 2021). Hibernia has been 

producing oil since 1997, and produced 36.2 million barrels of oil (MMbbl) in 2021 (C-

NLOPB 2022). The Hebron platform (Figure 5.2) similarly uses a GBS for oil production, 
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and has been producing oil since 2017 (C-NLOPB 2021a). In 2021, Hebron produced 

50.6 MMbbl of oil (C-NLOPB 2022). 

 

The two other platforms, Sea Rose (Figure 5.2) and Terra Nova, produce oil via a 

Floating, Production, Storage and Off-Loading vessel (FPSO). The Terra Nova FPSO is 

one of the largest FPSO’s ever built, standing at 18 stories high and a storage capacity of 

960,000 barrels of oil (Suncor Energy Inc. 2021). The Terra Nova FPSO was docked (for 

maintenance) during our 2021 measurement campaigns, and therefore was not included in 

this study. The Sea Rose FPSO began producing oil in 2005, and produced 7.3 MMbbl of 

oil in 2021 (C-NLOPB 2022). The Sea Rose has two satellite extensions, North Amethyst 

and South White Rose, which both produce back to the FPSO (Husky Energy 2020). 

Figure 5.3 shows monthly production history (MMbbl) from 1997-2021 for all producing 

fields (C-NLOPB 2022). 

 

Sea Rose

Hebron
Terra Nova

Hibernia

St. John’s

Newfoundland 
and Labrador
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Figure 5.1. Locations of Canada’s offshore production platforms. Note that Terra 

Nova was docked for maintenance at the time of measurements. 

 
Figure 5.2. Photos of Canada’s offshore production platforms. Note that Terra Nova 

was docked for maintenance at the time of measurements (Terra Nova image 

source: Suncor Energy). 

 

Sea Rose FPSO

Terra Nova FPSO Hebron GBS

Hibernia GBS
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Figure 5.3. Monthly production history (November 1997 – 2021) for all producing 

fields. Note that the SeaRose FPSO produces from the White Rose and North 

Amethyst fields (C-NLOPB 2022). 

 

5.4.2 Reported platform emissions and sources 

 
NL’s offshore oil production is the second largest source of CH4 in the province (behind 

solid waste disposal) (ECCC 2021). CH4 emissions for each platform are submitted 

annually to Canada’s Greenhouse Gas Reporting Program (GHGRP), which at the time of 

writing, shows reported CH4 emissions for all platforms up to 2019. Figure 5.4 shows 

reported emissions from 2004 to 2019 for each platform measured in this study, and 

Figure 5.5 shows the historical carbon intensity for each platform (calculated using 

reported emissions and production) (C-NLOPB 2022, Government of Canada 2021).  
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To date, gas that is produced offshore NL is not monetized or brought to market.  

Instead, all produced gas is either reinjected, used onsite as fuel, or flared (C-NLOPB 

2021b). Figure 5.6 shows reported cumulative (up to 2021) gas production and gas 

disposition (Bscf) for NL’s offshore production fields. Considering how produced gas is 

used offshore NL, there are three main sources of CH4 emissions from offshore platforms: 

flaring, power generation, and fugitive equipment leaks. CH4 emissions from flaring and 

power generation occur when there is inadequate combustion efficiency (i.e. not 100%), 

meaning that a portion of the gas is not combusted into CO2, resulting in a release of CH4. 

Fugitive leaks can occur from any compromised equipment (e.g. broken seal on valves) 

along the gas train. 
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Figure 5.4. Annual emissions for each platform reported to the GHGRP (2004-2019). 
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Figure 5.5. Annual oil production and carbon intensities for each platform based on 

reported oil production and total GHG emissions reported to the GHGRP (2004-

2019). 

 
Figure 5.6. Cumulative gas production (up to 2021) and gas disposition for offshore 

production fields (C-NLOPB 2021b). 

 

5.5 Methods 

5.5.1 Overview  

Our methods can be summarized into four main steps (Figure 5.7), which are as follows. 

1) A twin-otter aircraft was outfitted with instrumentation to measure gas concentrations 

and meteorology continuously. 2) Measurement flights were completed, which involved 

orbiting the platform several times, and flying horizontal transects downwind of each 

platform at varying heights. 3) Raw timeseries data were processed and used in a 

Gaussian dispersion model to estimate CH4 emission rates (m3 day-1) for each plume. 4) 

Per-plume emission rates were used to derive average emissions and production weighted 

emission intensities per platform. Additional details on each step are described in the 

subsections below. The general measurement approach described here has been 

demonstrated across multiple flight campaigns in both on (Baray et al. 2018, Johnson et 
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al. 2017) and offshore (France et al. 2021, Gorchov Negron et al. 2020) regions, though 

quantification approaches differ across studies. 

 
Figure 5.7. Overview of the study methods and workflow. 

 
 
5.5.2 Aircraft instrumentation  

A Twin Otter aircraft (Figure 5.8) was used to measure CH4 emissions around offshore 

platforms. The Twin Otter was equipped with a Picarro 2210-i gas analyzer to measure 

continuous concentrations of CH4, CO2, and C2H6 (Picarro Inc.). The Picarro has a 

measurement frequency of 1.5 Hz and a precision of <0.1 ppb for CH4. A CR1000x 

Campbell Scientific datalogger was used to log the 1.5 Hz Picarro data to a MicroSD. An 

AIMMS-30 measurement system (Aventech Research Inc.), consisting of an Air Data 

Probe (ADP), two GPS antennas, and a Central Processing Module (CPM), was also 

installed on the aircraft to measure aircraft position (latitude, longitude, elevation), 

temperature, pressure, relative humidity, wind speed, and three-dimensional wind 

direction. The GPS antennas were mounted on top of the wings, and the probe was 

mounted on the fuselage above the cockpit. GPS data meteorological data is logged by 

the CPM, which stores all data directly at 1 Hz frequency to an integrated USB FLASH 

memory drive. The AIMMS-30 system has a windspeed accuracy of 0.5 m/s, a 

temperature accuracy of 0.3 °C, a relative humidity accuracy of 2% and was calibrated 
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during a test flight. Raw wind data were manually checked and compared to local 

meteorological stations to ensure wind measurements were accurate and not impacted by 

flight maneuvers. 

 

Two rear-facing air inlets were secured outside the co-pilot door (Figure 5.8). Two 

diaphragm pumps drew ambient air from the inlets through ¼ inch Synflex tubing, with 

one line connecting directly to the Picarro analyzer for continuous measurements, and the 

other connected to the bag sample system (described below) for spot sampling of plumes. 

During flights, time-series concentration data recorded by the Picarro is viewed in real-

time using a laptop, which provided visual indications of when we were measuring CH4 

plumes. 

 

Given the lengths of tubing that the air needs to travel through to the Picarro, and 

the Picarro’s response time, there is lag in the recorded concentration time series that 

needs to be corrected in post-processing. The lag time for the aircraft setup was 

determined by performing a series of “breath tests”, which involves breathing into the air 

inlets and measuring the time it takes for the Picarro to respond. The lag time for our set 

up was 49 and 56 sec, respectively for October and November campaigns, and these 

offsets were applied to data in post-processing. We note that the lag time for the 

instrument can vary from significant changes in altitude, however this was not an issue 

for our measurements as we flew steadily at lower altitudes. 
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Figure 5.8. Twin otter aircraft used for measurements. Locations of rear-facing 

inlets for atmospheric air sampling are shown on the right. The AIMMS-30 air data 

probe can (red) is visible on the left photo. 

 
5.5.3 In-flight calibration 

In-flight calibration of the Picarro gas analyzer was performed twice per flight using a gas 

cylinder filled with breathing grade air mounted to the back wall of the aircraft. During 

each calibration, the Picarro continuously measured air from the cylinder for five minutes 

to ensure equilibrium of measured values were reached. Negligible analyzer drift was 

observed across calibrations (see Appendix for summary statistics), as expected given the 

high precision of the Picarro and its well documented resistance to drift (Picarro Inc. 

2022). 

 

5.5.4 Sampling strategy 

Two different sampling procedures were completed at each platform, as shown in Figure 

5.9. The first procedure involved flying 6-10 stacked orbits around the platforms (~600 – 

1000 m radius), starting at the lowest possible altitude (~150 m ASL), and increasing 
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altitude in between individual orbits by roughly 100 m. This procedure allowed us to 

capture the full profile of the plume. The second procedure involved flying 3-6 transects 

about 1.5 – 15 km downwind (perpendicular to prevailing wind direction) of the platform. 

For the downwind transects, we flew at various altitudes (in ~100 m increments), 

allowing us to capture vertical and horizontal profiles of the plume.  

 

Figure 5.9. Cartoon schematic of the two sampling procedures followed during 

measurement campaigns. 

 

5.5.5 Spot sampling of observed plumes 

Periodic samples of air were collected during offshore flights for isotopic analysis of 

observed CH4 plumes. Air samples were collected in 1L Tedlar bags during flights using 

a custom designed delay system, which was based on recommendations from France et al. 

(2021). To increase probability of successfully capturing observed plumes in bag 

samples, we created an artificial delay that was longer than response time of the Picarro 

600m – 1km  

100m

100m

Wind direction

Orbits Downwind Transects
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analyzer, since the Picarro’s real-time data viewer was used to indicate when a plume was 

detected. 

 

The custom-made delay system consisted of a 12V diaphragm pump that pulled 

air from the outside inlet at a rate of ~10 standard litres per minute (SLPM). This inlet 

was separate from the inlet to the Picarro analyzer. The pump then pushed air into a T-

Splitter, where it split into two coils of tubing. One coil was about 80 m of 1/4 inch 

Synflex tubing, and the other was about 2 m of 1/8 inch ID Vinyl tubing. The lengths of 

tubing were calculated based on the flowrates of the pumps and the lag time from the 

Picarro and lengths of tubing. The 80 m Synflex tubing stores a timeseries of the air 

moving at a calculated speed. The ‘resistance’ (vinyl) tubing diverts some of the flow, 

slowing the rate of airflow going through the Synflex/Tedlar bag. However, considering 

the speed at which the aircraft is passing through the plume, we assumed the actual 

timeseries of the plume could be as little as eight seconds, and therefore we needed a 

mechanism to speed up the flow into the bag. This was achieved by attaching a manual 

valve to the end of the resistance tubing, which, when closed, quickly forced all the 

airflow through the Synflex tubing and into Tedlar bags. Prior to flights, the delay system 

was tested by breathing into the air inlets and collecting a bag sample using the procedure 

describe above and comparing bag sample concentration to the peak from the breath.  
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5.5.6 Emission rate estimates via Gaussian plume model  

Following the measurement campaigns, data from individual instruments were processed 

and merged into consistent timeseries. We then manually selected plume measurements 

suitable for Gaussian dispersion. The Gaussian plume model has been previously used to 

estimate CH4 emissions from onshore (e.g. O’Connell et al. 2019, Zavala-Araiza et al. 

2018) and offshore (e.g. Riddick et al. 2019, Yacovitch et al. 2020) oil and gas facilities. 

The basis of Gaussian plume model is that the downwind mole fraction of a gas is a 

function of downwind distance from a point source, and is dependent on the source flux 

rate, horizontal wind speed (m/s), and the rate of dispersion (Riddick et al. 2019). The 

original equation, which solves for downwind concentration enhancement, can be 

rearranged to solve for the emission rate at the source:  

! = "#$!$"%&
'()*+($%&$'))

)*")
,-'()*+($%+$'))

)*")
,
       (5.1) 

where Q is the emission rate of the point source, u is the prevailing windspeed (m/s), C is 

the CH4 concentration enhancement downwind (ppmv), hm is the measurement height 

(m), hs is the source height (m), and 0% and 0& are dispersion coefficients representing the 

horizonal and vertical distribution of the plume at the point of measurement. The model 

relies on assumption that the plume is dispersing according to a Gaussian distribution, and 

that the emission rate and wind speeds are constant at the time of measurement. An 

example calculation is shown in the Appendix. 

 

Since C is the CH4 concentration enhancement above ambient background, we 

had to calculate background concentrations of CH4 to subtract from the raw CH4 
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measurements. Background CH4 was calculated using the average of 30 seconds of 

measurements from either side of the plume, as done in other offshore measurement 

studies such as France et al. (2021) and Gorchov Negron et al. (2020). We did this 

calculation separately for every observed plume, as background CH4 can vary due to 

changes in atmospheric stability. The source height was estimated for each platform 

based on publicly available descriptions of the platform heights. 0% and 0& parameters 

were estimated using the Pasquill-Gifford stability class scheme and corresponding 

equations defined by Turner (1994). 

 

5.5.7 Emission rate uncertainty 

We identified three main sources of uncertainty in our emission rate estimates, related to 

estimated parameters used in the Gaussian plume model: 1) background concentration, 2), 

source height and 3) stability class. We used the standard deviation of every set of 

measurements used to calculate ambient background to estimate the magnitude of 

uncertainty related to our estimated background concentrations. Overall, we estimated 

that the uncertainty related to this parameter is less than ±10%, which is negligible 

compared to other uncertainties discussed below. 

 

Since we do not know the exact source height of platform emissions (i.e. flare or 

platform deck), we calculated an emission rate for all plumes using both the deck height 

and the flare height for each platform, and included both results in our analysis. We took 

a similar approach to addressing uncertainty related to stability class, which was by far 
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the biggest source of uncertainty in this study. Through our analysis, we found that 

changes in stability class can result the emission rate to vary by an order of magnitude, 

which is especially significant because it was extremely hard to confidently select a 

stability class based on our empirical data alone. We tried several of the “standard” 

methods to estimate stability classes for our measurements, using measured windspeed, 

daytime insolation, wind direction, and vertical temperature gradients. We also tried the 

method used in Yacovitch et al. (2020), in which 0% is calculated directly from 

measurements transecting the plume, and then 0% and the downwind distance from the 

source are used to do a reverse look up of the Pasquill-Gifford stability class that is 

closest to the measured 0%. For several of our measurements, each method indicated in a 

different stability class, therefore making it difficult to confidently select one for emission 

rate estimates. As a result, individual emission rates for each plume were calculated under 

a range of realistic stability classes (A – F), and the overall mean is used for subsequent 

analysis and comparisons. The upper and lower limits from all estimates (calculated using 

different source heights and stability classes) are used as the uncertainty range for each 

measured plume. 

 

5.5.8 Methane intensity   

We calculated CH4 intensities in grams of carbon dioxide equivalent per megajoule 

(gCO2e/MJ) and kilograms of carbon dioxide equivalent per barrel of oil (kgCO2e/bbl) for 

each platform using our estimated emission rates and reported oil production (2021). 

Average emission rates for each platform were converted to CO2e using a CH4 density 
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678 g/m3 (15ºC, 1 atm), and a global warming potential of 25. Although some studies 

recommend using a higher GWP for methane (e.g. using the 20-year timeframe), we 

chose to use the 100-year GWP for methane as it still remains the standard in Canadian 

and international inventories. Oil production was converted to megajoules using a 

conversion rate of 1 m3 = 38,510 MJ (light crude) (Canada Energy Regulator 2016). 

 

5.6 Results and Discussion 

5.6.1 General 

Flights occurred during two campaigns in the fall of 2021. The first campaign took place 

from October 6th – October 11th, 2021, and the second campaign ran from November 7th – 

November 10th, 2021. A total of nine offshore flights were conducted across both 

campaigns. Flights were constrained by weather, in that we only flew offshore on days 

with low-moderate wind speeds and clear skies. Due to the Twin Otter’s maximum fuel 

range (~5 hours) and the ~1 hour transit to and from the platforms, only one platform was 

measured per flight. All platforms were measured three different times via stacked 

downwind transects and stacked orbits as described above, with each visit considered a 

unique measurement. Figure 5.10 shows the nine flight tracks completed during both 

campaigns. Table 5.1 is a summary of the flights, including the date, time, platform, and 

the number of individual transects that were completed during each flight. 

 

A total of 41 downwind transects were completed across nine flights (Table 5.1). 

During downwind transects, 19 CH4 plumes were detected on eight flights. Here, a plume 

is defined as persistent CH4 enhancements (above background, measured across several 
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seconds) that are clearly distinguishable when viewing the timeseries concentration data. 

SR1 was the only flight where no clear CH4 plumes were observed. However, through 

discussions with the operator, we learned that the Sea Rose platform was undergoing a 

planned shutdown at the time this flight occurred, which explains why no plumes were 

detected during the flight. That said, our measurements suggest that CH4 emissions during 

this shutdown were minimal (if any at all), which is noteworthy as inactive facilities still 

have a potential to emit (via fugitive leaks). 

 

Table 5.1: Summary of offshore flights. 

Date (dd/mm/yyyy) Local Time Platform Flight ID Number of transects 

06/10/2021 13:45 - 14:45 SeaRose SR1 3 

07/10/2021 10:00 - 11:00 Hibernia HI2 5 

07/10/2021 14:45 - 16:00 Hibernia HI3 4 

11/10/2021 12:55 - 13:45 Hebron HE4 4 

07/112021 9:20 - 10:20 SeaRose SR5 5 

08/11/2021 9:25 - 10:20 Hebron HE6 6 

08/11/2021 14:20 - 15:10 Hebron HE7 5 

10/11/2021 9:00 - 10:00 Hibernia HI8 4 

10/11/2021 13:15 - 14:05 SeaRose SR9 5 
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Figure 5.10. Flight tracks for all flights completed during two campaigns in October 

and November 2021. Offshore platforms are shown by colored dots (green = 

SeaRose, red = Hibernia, yellow = Hebron).  
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5.6.2 Complex boundary layer conditions 

During some flights, the conditions of the marine boundary layer made measuring CH4 

plumes from the platforms challenging. Specifically, on the two flights completed on 

November 11th (HI8 and SR9), potential temperature increased steadily with height, 

suggesting that the boundary layer was partly stratified (France et al. 2021). Under these 

conditions, CH4 varies linearly with height (example shown in Figure 5.11), and 

concentration enhancements from platform emissions become hard to differentiate from 

the variable background. Additionally, emissions can also become trapped in vertically 

thin layers, increasing the chances for plumes to be missed altogether (France et al. 2021). 

As a result, only one clear CH4 plume was observed on SR9 (Figure 5.11, circled in red), 

and only two plumes were observed on HI8. 
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Figure 5.11. Measured CH4 concentrations at differently altitudes flown during 

transects and orbits on Flight SR9 (November 11th). On this day the marine 

boundary layer was stratified, causing CH4 to vary linearly with height. As a result, 

only one clear CH4 plume (circled in red) was observed during a downwind transect 

at low altitude (187 m). 

 

On days when boundary layer is well mixed, CH4 stays relatively constant with 

altitude, and potential temperature also remains constant (neutral stratification of the 

boundary layer) (France et al. 2021). These conditions make it easier to identify plumes 

that meet the criteria for Gaussian dispersion emission rate estimates. Figure 5.12 shows 

the observed differences between a stratified (SR9) and well mixed (HE6) marine 

boundary layer. Here we can see that during flight SR9, CH4 steadily decreases with 

height, making any potential emissions hard to differentiate from the background 

variability. In contrast, during flight HE6, CH4 is relatively stable with height, and 

deviations from measured emissions are easily distinguishable from background. 
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Figure 5.12. Measured variability of CH4 concentrations, potential temperature, and 

windspeed at different flying altitudes for a stratified (SR9) and well mixed (HE6) 

boundary layer.  
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5.6.3 CH4 emission rate estimates 

After carefully observing measured meteorological conditions, time series concentrations 

of gases, and plume characteristics, 15 out of 19 plumes measured during downwind 

transects were identified as suitable for Gaussian dispersion estimates. Of those, ten were 

from Hebron, four were from Hibernia and one was from Sea Rose. Reasons why four 

plumes were determined as unsuitable for emission rate estimates are discussed below. 

 

Figure 5.13 shows an example of an ideal plume measurement deemed 

appropriate for dispersion calculations. On this day (flight HE4), the boundary layer was 

well mixed, with consistent wind speeds and direction dispersing the plume in Gaussian 

form. We also flew transects at varying horizontal distances on this flight (instead of 

stacked transects as was done on all other flights) because the cloud ceiling was very low, 

preventing us from flying at higher altitudes during measurements. The plume was 

intercepted four times, allowing for four emission rates to be calculated (one per plume). 
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Figure 5.13. Map of downwind transect measurements for HE4. Colors of individual 

points represent measured CH4 concentrations, with blue and purple colors showing 

the CH4 enhancements from the emitting platform (black dot). 

 

As mentioned, boundary layer conditions during flights HI8 and SR9 created 

challenges for identifying CH4 plumes from those measurements. Four downwind 

transects were completed on HI8, but only two plumes observed (Figure 5.14). The 

second plume directly overlapped with elevation changes, and therefore we were unable 

to confirm whether the plume was coming from the platform. As a result, the plume was 

excluded, and only the first one was used for emission rate estimates (Figure 5.14). 
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Figure 5.14. Timeseries of measured CH4 concentrations and altitude for HI8 

transects.  

 

During SR5, two CH4 plumes were observed, but both were deemed unsuitable for 

Gaussian dispersion emission rate calculations for the following reasons (Figure 5.15). 

First, both plume shapes did not align with the standard Gaussian curve, and one plume 

showed two distinct peaks. Second, both plumes were much wider than others that were 

measured during other flights (with elevated concentrations sustaining for a few minutes) 

(Figure 5.15). This was especially usual because the measured wind speeds were the 

highest on average out of all flights, so theoretically we would expect the plumes to be 

narrower. Third, both plumes overlapped with elevation changes.  
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Figure 5.15. Timeseries of measured CH4 concentrations and altitude for SR5 

transects.  

 

The last plume that we excluded was measured on flight HE7. During this flight, 

three plumes were observed, but like plumes measured on SR5, this plume was wider 

than expected, and overlapped with altitude changes (Figure 5.16). The two remaining 

plumes measured on this flight were included.  
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Figure 5.16. Timeseries of measured CH4 concentrations and altitude for HE7 

transects.  

 

Figure 5.17 shows boxplots representing the estimated CH4 emission rates for the 

15 plumes. As previously mentioned, several emission rates were calculated for each 

plume, using different combinations of stability class and source height (platform base 

height and flare height), to incorporate the uncertainty related to these parameters. The 

black diamonds show overall mean for each plume. Average per plume emission rates 

ranged from 5195 m3 day-1  (Hibernia) to 24,746 m3 day-1 (Hebron). Except for HE7, 

individual plumes measured on the same flight show good agreement. The two plumes 

measured on HE7 showed a significant difference in CH4 enhancement (0.036 ppm for 

7.1 and 0.013 ppm for 7.2), which likely explains the differences in estimated emission 

rates. 
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Figure 5.17. Estimated emission rates for 15 measured CH4 plumes. Individual 

boxplots represent the range of emission rates under different source heights and 

atmospheric stability classes. The black diamond indicates the mean emission rate 

for each plume, and the black line is the median. Black dots outside the boxes are 

outliers. 

 

5.6.4 Methane intensity 

 
Our calculated CH4 intensities for the three offshore platforms are listed in Table 5.2 

below. It should be noted that these values are based on reported oil production for 2021 

(C-NLOPB 2022), and assumes 365 days of production. Compared to onshore 

developments in Canada, offshore CH4 intensities are low, and agree with previous 

estimates made by industry. MacKay et al. (2021) reported CH4 intensities for six oil and 

gas regions in western Canada, which ranged from 0.17 gCO2e/MJ in Peace River to 32 
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gCO2e/MJ in Lloydminster. Out of all six regions included in the study, only the Peace 

River region ranked lower than the offshore platforms included in our analysis. Our 

estimated offshore CH4 intensities are also well below other estimates for US-based 

production (Alvarez et al. 2018). That being said, Canadian offshore oil production 

should have a competitive edge in markets that are increasingly demanding lower carbon-

intensive choices. 

 

Table 5.2. CH4 emission intensities for Canada’s offshore production platforms. 

Values are based on reported oil production for 2021 (C-NLOPB 2022). 

 
Methane intensity 

gCO2e/MJ kgCO2e/bbl 

Hibernia 0.21 1.27 

Hebron 0.26 1.61 

Sea Rose 1.00 6.13 

 

5.6.5 Comparisons to reported estimates 

Figure 5.18 shows flight averaged CH4 emission rates, colored by platform. The mean 

emission rate per flight is the black diamond, and the red (Hebron), green (Hibernia), and 

blue (Sea Rose) dashed lines are the most recently available reported CH4 emissions for 

each platform (2019). Total reported emissions were converted to daily emissions 

assuming 365 days of production in 2019, except for Sea Rose, in which we used 180 

days of production, which was information provided to us from the operator. Overall, 

average emission rates for the Hebron, Hibernia, and Sea Rose platforms were 13,131 m3 
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day-1, 7242 m3 day-1, and 7221 m3 day-1, respectively. For all platforms, measured 

emission rates are comparable to most recent estimates reported in the GHGRP (Figure 

5.17). Figure 5.19 shows the measured vs. reported emissions in tonnes of CH4 per year 

(left), and kgCO2e per bbl (right). Note that the difference in Sea Rose emissions shown 

here is expected due to the lower production in 2019 (180 days). 

 

 

 

Figure 5.18. Flight averaged CH4 emission rates derived from multiple plume 

transect measurements. Boxplots represent estimated ranges of emission rates under 

different source heights and atmospheric stability classes. The mean emission rate 

per flight is the black diamond, and the black solid line is the median. The red 
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(Hebron), green (Hibernia), and blue (Sea Rose) dashed lines are the most recently 

available reported CH4 emissions for each platform (2019). 

 

Figure 5.19. Comparison of reported vs. measured CH4 emission rates (left) and CH4 

intensities (right) for each platform. Emission rates are overall averages derived 

from individual plume measurements. 
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Due to the nature of our measurement technique, it is difficult to attribute observed CH4 

emissions to exact sources on the platforms. However, through discussions with the 

operators and other offshore petroleum experts, we suspect that most of the observed 

emissions from the platforms are originating from the flare stacks, for reasons described 

below.  
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Since the platform’s flare tips are constantly exposed to wind and weather, we 

expect that combustion efficiency is frequently compromised, resulting in greater 

potential for CH4 emissions. Castiñeira and Edgar (2008) found that combustion 

efficiency drops to 90% when winds are 11 m/s, and similarly Johnson and Kostiuk 

(2002) saw turbulent conversion efficiencies at 87% for their experiments at 13 m/s 

windspeeds. The median wind speed for offshore NL is over 10 m/s for seven months of 

the year and over 12 m/s for three months of the year, and these values do not include 

wind gusts which reach much higher (C-Core 2017). Our measured wind speeds during 

plume transects used to estimate emissions ranged from 5-16 m/s, with over 75% of 

values measuring 10 m/s or higher. As well, aerial measurements of Mexico’s offshore 

sector and ship-based measurements of offshore platforms off the coast of Southeast Asia 

also found flaring to be a major contributor to observed CH4 emissions (Zavala-Araiza et 

al. 2021, Nara et al. 2014). A recent study by Plant et al. (2022) also found that onshore 

flares across the U.S. are only destroying 91.1% of CH4. 

 

Lastly, we believe that emissions from power generation and fugitive leaks are 

minimal. While the volume of gas used for power generation is about 3-4 times more than 

the volume of gas that is flared, the combustion efficiency is much higher as combustion 

occurs inside boilers/turbines as opposed to at the flare tip that is exposed to wind and 

weather. As well, leak detection and repair (LDAR) surveys are done twice a year, which 

should result in low fugitive emissions. 
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5.6.7 Comparisons to other offshore platforms 

 
Figure 5.20 shows a comparison of our overall average platform CH4 emission rate (i.e. 

mean emissions from all three platforms) to other platforms recently measured in other 

parts of the world. In general, our estimates are within similar range to those estimated for 

other platforms, although two studies that measured platforms in the North Sea show 

notably lower emissions per platform for this region. Yacovitch et al. (2020) and Gorchov 

Negron et al. (2020) both estimate CH4 emissions from platforms in the US Gulf of 

Mexico, and found order of magnitude differences in average emissions, although 

Gorchov Negron et al. (2020) noted that when they exclude platforms with 

disproportionately high emissions, their estimates agree well with ship-based observations 

by Yacovitch et al. (2020). 

 

 Platform-level emissions may vary due to several factors such as production and 

platform complexity and design (Gorchov Negron et al. 2020). Unfortunately, for the 

studies shown in Figure 5.20, much of this information is lacking, therefore it is difficult 

to determine if any of these factors are contributing to observed platform-level differences 

in emissions across these studies. 

  

While we lack platform-level production data for all studies in Figure 5.20, we 

have some indication that differences in oil and gas production may explain some of the 

observed differences in emissions from these platforms and production regions. It seems 

that areas where oil production is dominant (e.g. Canada and Malay Peninsula), CH4 
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emissions are higher than areas with significant gas production. For instance, the 

platforms in the North Sea produce about 0.01% of the oil produced by Canada’s offshore 

platforms, but more than seven times more gas (UK Oil and Gas Authority 2021). 

Moreover, the Malay Peninsula is dominated by oil production and has similar daily 

production rates as Canada’s offshore (U.S. Energy Information Administration 2021). It 

is possible that this is because when oil production is the priority, there may be less 

incentive to conserve produced gas. Similar conclusions have also been noted for 

Canada’s onshore production (MacKay et al. 2021), and both Gorchov Negron et al. 

(2020) and Riddick et al. (2019) found a negative relationship between CH4 emissions 

and natural gas production for the offshore sectors in the Gulf of Mexico and the North 

Sea. 

 

 

Figure 5.20: Comparison of facility-level CH4 emission rates to other offshore 

production facilities measured in other recent studies. For this study, individual (i.e. 
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per flight, per plume) emission rates were averaged to get a facility average for each 

platform. 

  

In addition to average platform emissions, some offshore studies estimate an 

overall loss rate for their study regions, that is the total CH4 emitted divided by the natural 

gas produced. Assuming constant CH4 emissions and using reported gas production for 

2021 (C-NLOPB 2022), we calculate a cumulative loss rate of 0.23% for NL’s offshore 

platforms. This is comparable to the 0.19% estimated for the North Sea (Riddick et al. 

2019), but notably lower than the 2.9% estimated for the US Gulf of Mexico (Gorchov 

Negron et al. 2020). 

 

5.7 Future work 

 
Further analysis of the measurements is planned to better refine platform emission rates. 

First, the orbit measurements which were mostly excluded from this analysis, will be used 

to estimate emission rates using Environment and Climate Change Canada’s Top Down 

Emission Rate Retrieval (TERRA) algorithm. This method will likely produce more 

accurate emission rates than the ones presented in this study, although emission rates 

estimated from both methods should show good agreement. Second, we will analyze bag 

sample measurements of observed plumes, and use them to create keeling plots to better 

understand the isotopic signature of platform emissions. Finally, we will be acquiring 

platform activity data (i.e. assumed emissions and sources) from operators to compare 
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with our observed results, which will help us better understand the primary sources of 

observed emissions and potentially identify mitigation strategies. 

 

5.8 Summary 

 
In conclusion, this study demonstrates the feasibility of aircraft-based measurements for 

CH4 emissions monitoring for Canada’s offshore industry, but also highlights the short-

comings of using a Gaussian dispersion model to estimate emission rates from offshore 

platforms. Overall, CH4 emissions from Canada’s offshore platforms are in line with 

federally reported estimates and are comparable to emissions from other offshore oil 

platforms in other parts of the world. We estimate 2021 annual CH4 emissions from 

Hibernia, Hebron, and SeaRose are 6873 tonnes, which is not significantly higher than the 

combined reported value of 5549 tonnes in 2019. Production weighted CH4 intensities 

ranged from 1.3-6.1 kgCO2e/bbl which means that oil produced offshore of NL among 

the least CH4-intensive oil produced in Canada and the US. 

 

We suspect that flaring is the primary source of CH4 emissions from NL’s 

offshore platforms, given the harsh wind and weather conditions that are common in the 

offshore region. Better and improved flare recovery systems including better flare 

monitoring and control, maintenance to remove black soot, and ensuring more uniform 

combustion (heat transfer) can reduce back burning and improve combustion efficiency. 
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Another important conclusion from our study echoes findings from an aircraft-

based study in the North Sea (France et al. 2021), which is that the conditions of the 

marine boundary layer can have a significant impact on the success of measuring CH4 

plumes, and subsequently estimating emission rates via dispersion modelling. It is 

possible that such conditions were more prevalent during the time of year that our 

campaigns took place (mid to late fall). Conducting campaigns at a different time of year 

could yield better meteorological conditions, or at the very least, would allow for more 

replicate flights. 

 

In closing, this research is important for achieving Canada’s greenhouse gas 

reductions under the Pan Canadian Framework on Clean Growth and Climate Change. 

The technical knowledge generated from this study can be used by both industry and 

regulators to increase inventory certainty, and to inform future regulatory design as we 

move towards our net zero goals. 
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6. Conclusions and Recommendations for Future Work 

6.1 Conclusions 

In conclusion, recent methane (CH4) emissions measurements from oil and gas (O&G) 

facilities yield important insights for emissions patterns across the Canadian O&G sector. 

Analysis of measurements from onshore O&G sites in western Canada in Chapter 2 

showed that emissions vary geographically, which we believe is due to variable extraction 

techniques, region-specific regulation, and fluid types. On average, oil-producing sites 

emit more CH4 than gas producing sites, since CH4 is a by-product of oil production, and 

at many sites, installing equipment to capture CH4 is not economically favorable. The 

heavy-oil region of Lloydminster, which straddles the Alberta-Saskatchewan border, was 

the highest emitting area in all of Canada, on absolute and intensity-based scales. 

Fortunately, new regulations should address some of these prominent emission sources 

(especially vented emissions) that were observed in Lloydminster.  
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While Chapter 2 showed that average site-level emissions vary by production 

region, our analysis in Chapter 3 revealed a common trend across the entire onshore 

Canadian O&G sector: CH4 emissions follow extremely skewed distributions, with 10% 

of sites contributing to over 50% of emissions. These rare “super-emitters” represent a 

low hanging fruit for reduction efforts and should thus be a primary focus of regulatory 

monitoring programs, as well as future technology development.  

 

In addition to examining emission patterns and distributions, site-level 

measurements collected in Alberta were used in a Monte Carlo model to derive a 

measurement-based CH4 inventory for the provincial upstream O&G sector. Our 

measurement-based inventory for Alberta was about 1.5 times higher than the federally 

reported estimate for the same year, which was in line with other studies of specific areas 

in Canada and the US. On the other hand, measurements of CH4 emissions from Canada’s 

offshore platforms (Chapter 5) show that offshore CH4 emissions are in line with 

federally reported estimates. 

 

When comparing measured emissions from offshore platforms to onshore sites, 

offshore platforms have much higher (about an order of magnitude) absolute emission 

rates. However, this is expected, as offshore platforms have substantially higher 

production than typical onshore O&G sites. From an efficiency standpoint, that is when 

emissions are normalized by production, offshore production outperforms onshore 

production. For context, combined oil production for the three active offshore platforms is 



 

 156 

roughly 10% of oil production for the entire province of Alberta, however, our estimated 

CH4 inventory for Alberta is about 200 times higher than our estimate for Canada’s 

offshore. In other words, there is a 200-fold increase in emissions for only a 10-fold 

increase in production. 

 

Compared to absolute emissions, production-weighted emission intensities are 

much more variable across regions, with three orders of magnitude differences between 

the highest and lowest intensities. Our analysis revealed that older, low producing regions 

like Medicine Hat (Alberta) have high intensities, which has both environmental and 

economic implications that should be considered as we move towards a low-carbon 

future. In contrast, Montney (British Columbia) and Peace River (Alberta) regions 

showed very low emission intensities. Emission intensities were also low for offshore oil 

production, which endorses previous claims made by industry. Therefore, O&G produced 

in these areas should have a competitive edge in markets that are increasingly demanding 

lower carbon-intensive choices. 

 

Chapter 4 revealed interesting insights on modelled CH4 emission inventories. 

Arguably the most important finding from this analysis was that the extremely skewed 

nature of O&G CH4 emission distributions are an important factor that needs to be 

considered in inventory models. When the heavy-tail (or super emitters) are not factored 

in to emissions distributions, the resulting inventory will be underestimated. Our analysis 

also revealed that the uncertainty for O&G CH4 inventories is likely much wider than 

current estimates, and that using the simplified error propagation method to calculate 
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uncertainty will not capture the asymmetrical uncertainty limits caused by super emitters. 

Based on our results, we recommend that new measurements (that are being collected by 

academic and industry as a result from new reporting requirements) should be used to 

inform future inventory estimates, to improve overall uncertainty and to ensure annual 

reductions are accurately estimated. 

 

In closing, both the data and conclusions presented in this thesis can and should 

accelerate reductions of O&G CH4 emissions in Canada. Humanity is at a race against 

time to avoid unreversible climate change, and so it is imperative that we must continue 

our efforts in understanding the most efficient ways to address this global issue. 

 
6.2 Contributions 

 
The research presented in this thesis significantly advances current knowledge on O&G 

CH4 emissions in Canada and provides key insights for achieving Canada’s GHG 

reductions under the Pan-Canadian Framework on Clean Growth and Climate Change. 

Major contributions include:  

1. A regionally-nuanced estimate of Canadian upstream O&G CH4 emissions, 

including production-weighted emission intensity estimates by development, 

which is an important metric used by companies and investors with 

Environmental, Social, and Governance (ESG) standards. These new 

measurement-based estimates fill important knowledge gaps for onshore emission 

patterns and magnitudes. 
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2. A publicly available CH4 emissions measurement database for Canada, containing 

more than 20,000 component-level, and 9500 site-level measurements that were 

not previously accessible. These data can be used for future research, and are 

extremely useful for producers, regulators, and technology companies working on 

CH4 measurement and mitigation.  

3. Development of a measurement-based CH4 inventory model and framework that 

will help increase inventory certainty and inform regulatory design. Since the 

current regulations were developed at a time when emissions were not well 

understood, it is possible that they are more burdensome and costly for industry 

than what is necessary for compliance. Optimizing regulatory frameworks will 

remove potential barriers for compliance and could even result in some producers 

aiming beyond compliance, especially if the economics of doing so are 

favourable. Additionally, improving regulation efficiency also promotes better 

relationships and collaboration among producers and regulators (provincial and 

federal), which is important since achieving our goals will not be possible without 

a collaborative effort across all parties working on this timely issue. 

4. The first-ever direct measurements of CH4 emissions from Canada’s offshore oil 

and gas industry, which provide novel insights on CH4 emission levels from 

different production platforms.  

 

O&G related CH4 emissions are not specific to Canada – they are a global issue. 

The IPCC has stated that reducing global CH4 emissions will play a critical role in 

keeping global temperatures below 2°C. Furthermore, improved CH4 inventory models 
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may also be extensible to other pollutant inventories, in Canada and abroad, since these 

inventories are constructed using similar methods (and thus have common limitations that 

are addressed in this thesis).  

 

6.3 Recommendations for future work 

As with any research topic, there is always room for further investigation. With respect to 

the research presented in this thesis, the following is a list of recommendations for future 

work. First, the scope of this thesis excludes emissions from inactive (i.e. abandoned) 

sites, mainly because there are limited data on CH4 emissions from abandoned sites in 

Canada. Future research should focus on collecting new measurements from inactive 

infrastructure and incorporating them into future inventory estimates. Emissions from 

abandoned wells were only recently (as of 2021) included in Canada’s national inventory, 

and while this is a good first step, the estimate is likely underestimating actual emissions. 

Williams et al. (2020) states that emission inventories for inactive sites likely have the 

largest uncertainties out of all sources included in national reporting. Not only are 

emission levels not well understood, but the actual number of abandoned wells is also 

unclear, further increasing the inventory uncertainty. The site count uncertainty is not 

unique to abandoned wells either. In fact, when we compared active site counts across 

different databases (e.g. AER’s ST37 and IHS wells and facilities), the numbers of active 

infrastructure is not consistent. Although this discrepancy was not addressed in this thesis, 

future work should consider it, especially for inventory modeling. Site count uncertainty 

could be resolved using similar methods that we used to address emission factor 
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uncertainty, which was by fitting data to a distribution of values rather than using a single 

value. 

 

Second, future work should continue to build upon the public data resource that 

was created from this research, and we encourage anyone who is collecting emission 

measurements to contribute to the public data repository described in Chapter 3. 

Compared to Alberta, emissions data for other oil and gas producing provinces 

(Saskatchewan, British Columbia, Manitoba) is limited. Although Alberta is the biggest 

oil and gas producing province, emissions reductions from all provinces is necessary to 

meet our national reduction goals. As well, through this work we have seen that emissions 

vary across geographies, therefore more measurements in understudied regions could 

reveal new patterns specific to those areas. Greater spatial coverages will also further 

reduce inventory uncertainty. Increased accessibility to measurement data not only 

improves our understanding of emission patterns, but it also helps technology innovators 

because it helps paint an accurate picture of the detection needs and is also essential for 

advanced data analysis such as artificial intelligence (AI) and machine learning. 

 

Third, additional analysis of the new offshore measurements collected as part of 

this thesis has already begun, which includes a full mass balance analysis using the orbit 

measurement data. This analysis will address the short-comings of the Gaussian approach 

presented in Chapter 5. The Top Down Emission Rate Retrieval Algorithm (TERRA) will 

be used, which was developed by scientists at Environment and Climate Change Canada 

and has been successfully used to measure emission rates from Canadian oil sands 
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facilities. This mass balance method has better accuracy compared to the standard 

Gaussian plume model used in this thesis, although emission rates estimated from both 

methods should show good agreement. Additionally, bag sample measurements of 

observed plumes will be analyzed to better understand the isotopic signature of platform 

emissions. Finally, we will be acquiring platform activity data (i.e. assumed emissions 

and sources) from operators to compare with our observed results, which will help us 

better understand the primary sources of observed emissions and potentially identify 

mitigation strategies. 

 

7. Appendix 
 
7.1 Summary of in-flight calibration for Chapter 5 

 
Table 7.1. Mean and standard deviation of CH4 concentration (ppmv) measured by 

the Picarro analyzer during in-flight calibrations (~5 min) conducted during 

offshore flights. 

Calibration 
gas Flight ID Date and time 

of calibration 
Mean CH4 

conc. (ppmv) 
SD CH4 conc. 

(ppmv) 

CAL1 SR1 
06/10/2021 
13:07:48 – 
13:12:08 

1.970 0.0005 

CAL1 SR1 
06/10/2021 

14:37 – 14:43 1.971 0.0005 

CAL1 HI2 
07/10/2021 

09:31 – 09:36 1.970 0.0004 

CAL1 HI2 
07/10/2021 

11:05 – 11:10 1.971 0.0004 

CAL1 HI3 
07/10/2021 

14:35 – 14:41 1.971 0.0005 

CAL1 HI3 
07/10/2021 

15:48 – 15:53 
1.971 0.0005 
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CAL1 HE4 
11/10/2021 

12:08 – 12:14 
1.969 0.0005 

CAL1 HE4 11/10/2021 
13:54 – 14:00 

1.971 0.0004 

CAL2 SR5 07/11/2021 
08:42 – 08:50 

1.973 0.0005 

CAL2 HE6 08/11/2021 
08:53 – 09:01 

1.973 0.0007 

CAL2 HE6 
08/11/2021 

10:30 – 10:36 1.974 0.0004 

CAL2 HE7 
08/11/2021 

13:31 – 13:39 1.973 0.0005 

CAL2 HE7 
08/11/2021 

15:16 – 15:22 1.974 0.0005 

CAL2 HI8 
10/11/2021 

08:28 – 08:36 1.973 0.0004 

CAL2 HI8 
10/11/2021 

10:07 – 10:13 
1.973 0.0005 

CAL2 SR9 
10/11/2021 

13:06 – 13:11 
1.973 0.0005 

CAL2 SR9 
10/11/2021 

14:09 – 14:15 
1.973 0.0005 

 
 
7.2 Gaussian dispersion sample calculation (Chapter 5, equation 5.1) 

 
The following is an example calculation of how CH4 emission rates are calculated from 

raw timeseries data collected from the offshore measurement campaign. Note that all data 

processing and emission rate calculations are complete in R programming software, 

which is advantageous as it automates several steps, which allows the user to efficiently 

calculate emission rates for every plume under a range of scenarios. Using R also reduces 

the probability of manual error in the calculations.  

 

The example below uses empirical data from plume 4.1 and calculates estimated 

emissions from the Hebron platform using equation 5.1. For this example, we use the 
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flare height as the source height (hm) and Pasquill stability class “C” to define the 

dispersion coefficients (0% and 0&). As mentioned in Chapter 5, we estimated emissions 

(using the same process below) under a range of stability class (A-F) and source height 

combinations (base, flare), and used the overall mean emission rate for subsequent 

analysis. In order words, the Gaussian dispersion equation (equation 5.1) was used to 

calculate multiple emission rates for every measured plume that met the required criteria. 

Flight averaged emissions and uncertainties were then calculated using all individual 

plume emission rate estimates calculated for each flight. 

 

Step 1: Define parameters for Gaussian equation using empirical data. 

Table 7.2. Input parameters for equation 5.1, based on empirical data from plume 

4.1. 

Input 
parameter Description Calculation method 

Value for 
transect 

4.1 

C 
CH4 concentration 

enhancement 
downwind (ppmv) 

Empirically derived using 
measured peak concentration and 

subtracting the measured 
background concentrations (60 

sec average from crosswind 
measurements) 

0.018 

ℎ' 
Measurement 

height (m) 

Empirically derived using 
measured altitude at time of 

plume measurement 
197.9 

ℎ( 
Emission source 

height (m) 
Estimated based on publicly 

available information 
178 (flare) 

0% and 0& Dispersion 
coefficients 

Estimated based on empirical data 
(wind speed, width of plume, and 
distance to source) and Pasquill-

Gifford stability class scheme 

Stability 
class C 

 
0% = 

358.88 
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0&= 215.69 

2 
prevailing wind 

speed (m/s) 

Empirically derived using 
measured windspeed at time of 

plume measurement 
15.88 

 
Step 2: Solve for Q (ppmv/sec) using the defined parameters. 
 

3 =
250%0&26

789 :− (ℎ' − ℎ()"
20&"

> + 789 :− (ℎ' + ℎ()"
20&"

>
 

 

3 =
25(358.88)(215.69)(15.88)(0.018)

789 :− (197.9 − 178)
"

2(215.69)" > + 789 :− (197.9 + 178)
"

2(215.69)" >
 

3 = 113798.45	99'I/)7K 

 

Step 3: Convert Q (ppmv/sec) to m3/day using ideal gas law (pv=nrt, n=massCH4emitted/M) 
and CH4 density at 15ºC and 1 atm. 
 
Constants: 
R = 8.31447 
MCH4 = 16.04 g/mol 
p = 101325 Pa 
T = 288.15 K 
DCH4 = 678 g/m3 
1 Lg = 106 g 
1 day = 86400 seconds 

3)*
'#/(,-

=
3..'/(,-

M 1N × O × P × 19Q
 

3)*
'#/(,-

=
3..'/(,-

M 1
16.04 × 8.31447 × 288.15 ×

1
101325Q

 

3)*
'#/(,-

=
113798.45	
[0.001474] 

3)*
'#/(,-

= 77413911.6 
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3'#
/0%

= 3)*
'#/(,-

×
1T

101LT ×
1

678T/'2 × 86400
)7K
UVW 

3'#
/0%

= 77413911.6 ×
1T

101LT ×
1

678T/'2 × 86400
)7K
UVW 

3'#
/0%

= 9685.14 


