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1. Introduction  

Methane (CH4) emissions from the oil and gas industry have 

recently become a major challenge for climate change 

mitigation efforts. Since natural gas is a transitional energy 

carrier with lower carbon emissions than other energy carriers, 

it can cause substantial emissions if not managed properly. 

Thus, reducing methane emissions from the oil and gas industry 

has become one of the main objectives of climate change 

policies and greenhouse gas mitigation strategies developed and 

implemented worldwide [1]. 

Fugitive methane emissions are those uncontrolled emissions of 

methane that are released throughout the oil and gas value chain 

from upstream production to midstream transportation and 

storage, and downstream processing and distribution. These 

emissions can include planned venting, incomplete combustion, 

process upsets, corrosion, and leaks from a variety of pieces of 

equipment throughout the value chain, including wellhead and 

production equipment, pipelines, storage tanks, custody transfer 

meters, and other measurement and process equipment through 

connections such as valves and flanges [2]. The majority of 

these fugitive emissions are believed to originate from a 

relatively small number of super-emitters, and it is therefore 

very important to be able to accurately identify and quantify 

these large emissions to manage them and report them 

accurately [3].  

Measuring and quantifying methane emissions remain major 

challenges because of their high spatial and temporal 

variability. Therefore, reducing methane emissions is necessary 

because of their significant impact on climate change. 

Abnormal situations, such as equipment failure and 

infrastructure wear and tear, also cause releases that are not 

included in the bottom-up inventories. These types of 

inventories are mainly based on emission factors and activity 

data.  Consequently, substantial discrepancies exist between the 

bottom-up estimations and the measurement data [1]-[3]. 
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Recent developments for methane monitoring include ground-

based, airborne, satellite, drone, as well as AI-based 

measurement technologies. Most of the individual 

measurement techniques are limited in terms of spatial and 

temporal coverage as well as operational constraints. Therefore, 

hybrid measurement frameworks that combine different 

measurement techniques for improved detection and 

quantification of emissions are increasingly applied [4]-[6]. 

Methane emissions from the oil and gas sector and methods for 

their detection and quantification have been recently discussed 

in several review papers. However, these papers did not provide 

an integrated analysis of all factors that affect the detection and 

quantification of methane emissions from oil and gas 

operations. Thus, the current review summarizes the main 

sources of methane emissions, describes existing methane 

monitoring technologies, estimates their related uncertainties, 

and presents a discussion of their use in different parts of the 

world. This review also provides a more in-depth analysis of 

the policies developed at the national and international levels 

for the monitoring of methane emissions, as well as the 

currently available monitoring technologies and their 

applications. In addition, the challenges associated with the 

implementation of several of the recently developed monitoring 

technologies, as well as the challenges associated with the 

monitoring of methane emissions in the oil- and gas-producing 

developing countries, particularly in the Middle East, are also 

discussed [7], [8].  

Various review articles discuss the methane emissions from the 

oil and gas industry as well as different methane monitoring 

technologies. Many of the available review articles focus on 

individual monitoring technologies for methane emissions and 

measurement methods to address specific challenges. For 

instance, monitoring using optical gas imaging, aircraft- and 

drone-based gas plume detection, fixed-site measurement 

systems, the use of top-down atmospheric observations, as well 

as AI-based methane detection and monitoring using satellites 

(Table 1) [7], [8].  

Other reviews incorporate aspects of the different categories of 

emissions from the oil and gas industry, methane monitoring 

technologies, and the uncertainties involved in methane 

measurements. Importantly, however, some reviews also 

provide regional perspectives. While review articles for various 

countries have been recently published, none of the available 

review articles discuss all sources of methane emissions, the 

range of methane monitoring and measurement methods and 

technologies, the uncertainties in methane measurements, the 

climate change policies and their corresponding mitigation 

measures, as well as new emerging methane monitoring 

methods and associated technologies currently under 

development [8], [9].   

Specifically, the available review articles deal with methane 

monitoring challenges in oil- and gas-producing countries with 

developed economies and do not adequately cover perspectives 

of oil- and gas-producing countries with developing economies, 

except for some very recent reviews. As already mentioned, the 

production of oil and gas is increasing in many countries in the 

Middle East, which poses significant methane monitoring 

challenges [7], [8].  

The Middle East accounts for a relatively small amount of the 

current “research attention” on methane Emissions compared to 

other parts of the world, for reasons that relate to both the 

geography of methane Emissions research as well as to the 

energy-rich geography of the Middle East itself. By most 

accounts, the Middle East is home to some of the world’s 

greatest oil and gas reserves and has long been one of the 

centers of global energy production. While a few countries in 

the region conduct some form of methane monitoring, the 

practice is not as well developed in the region to the same extent 

as it has been in North America and Europe. In many countries 

across the region, there is a lack of a monitoring infrastructure, 

a lack of emissions data that is freely available to the public, 

inconsistent or incomplete emissions information that is 

reported, and a constantly shifting landscape of rules and 

regulations concerning methane emissions. As such, there are 

considerable uncertainties in the regional emissions inventories 

developed to date. Therefore, there is a particular need for a 

uniquely regional perspective on current practices for 

monitoring methane Emissions, as well as on current and 

emerging methane monitoring technologies, and on the range 

of actions that can be taken for the purpose of mitigation of 

those emissions [9], [10].  

Furthermore, recently developed monitoring methods and 

corresponding technologies are not covered by the existing 

review articles, such as methane detection using AI, drone-

based methane quantification, satellite-based methane 

monitoring, as well as hybrid multi-scale measurement 

frameworks. [11]-[14].  

As shown in Table 1, instead of reviewing studies on methane 

emission monitoring by means of a technology-oriented, 

source-oriented, or application-oriented approach, or by 

reviewing monitoring methods, satellite-based observations, 

and AI applications for methane monitoring. In detail, this 

review first provides an integrated overview of the methane 

emissions along the oil and gas value chain [9], [10].  

By discussing the respective emission sources, the individual 

operational parts of the value chain, and the monitoring 

technologies and methods, as well as the estimation approaches, 

including their related uncertainties, the analysis is presented 

from a global perspective, with a special focus on differences 

between developed and less developed countries. This review, 

furthermore, discusses emerging methane monitoring using AI, 

drones, and satellites, as well as a hybrid, multi-scale approach, 

and it highlights the respective challenges, limitations, and 

needs for future research to improve the monitoring of methane 

emissions as well as their quantification [9], [12].  

2. Methodology of the Review 

This review was conducted in accordance with the PRISMA 

2020 guidelines (Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses) to identify studies on methane 

emissions from the oil and gas sector using leak detection and 

methane monitoring methods for emission quantification, as 

well as using Optical Gas Imaging (OGI) and other 

methodologies, and for estimating, monitoring, and mitigating. 

Relevant publications were identified through searches in the 

databases Scopus, Web of Science, ScienceDirect, and Google 
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Scholar in 2025. The literature search was updated in January 

2026. Relevant publications were included in the review if they 

had been published between 2000 and 2024. A search string 

was used to search for relevant publications across all 

databases: 

("methane emissions" or "fugitive methane" or "methane 

leakage" or "methane leaks" or "CH₄ emissions" or "CH4 

emissions") and ("oil and gas") and ("leak detection" or 

"methane monitoring" or "emission quantification" or "Optical 

Gas Imaging (OGI)").

Table 1. Comparison of Previous Review Studies and Representative Methane Monitoring Studies with the Present Review.

Study Scope Technologies Covered Regional Analysis AI Integration 

Sun et al. [3]  Technologies & 

uncertainty 

Multiple technologies Limited Limited 

Yang et al. [4]  Direct measurements Direct measurement 

technologies 

Limited No 

Fox et al. [5]  Detection technologies Close-range detection 

technologies 

North America No 

Cooper et al. [6] Satellite monitoring Satellite Global No 

Mehrdad & Du [ 7]  Satellite review Satellite Global Limited 

Zhang et al. [8] Multi-scale framework Multiple Limited No 

Nejad et al. [9]  AI & estimation Multiple Limited AI-based 

estimation 

Fiorucci et al. [11] Remote sensing + AI Satellite/AI Global AI-based remote 

sensing 

Yazdinejad et al. 

[12] 

AI fusion framework Multi-source Canada AI-based 

estimation 

This Review Integrated assessment All technologies Global, including 

developing oil- and gas-

producing regions 

Comprehensive 

A full-text screening of the studies was conducted by the 

authors to select the most relevant studies that provided 

methodological information (detection and measurement of 

methane emissions, quantification of methane emissions, 

monitoring of methane emissions, and technologies and 

methods for estimation of methane emissions), technical 

information (Optical Gas Imaging and other detection methods 

and monitoring technologies), and quantitative information 

(estimation of methane emissions from different sources in the 

oil and gas sector and from different segments of the oil and gas 

industry) as well as information on mitigation and on policy and 

regulation on methane emissions from the oil and gas sector.  

The criteria for inclusion were a focus on methane emissions 

from the oil and gas sector; studies in the English language; 

studies providing relevant information on the detection, 

measurement, quantification, and monitoring of methane 

emissions as well as on the technologies and methods for the 

estimation of methane emissions and on the ways for mitigating 

such emissions. Excluded from the review were studies not 

focused on the oil and gas sector, studies on greenhouse gases 

other than methane, studies with insufficient information, and 

studies that were duplicated. 

The search yielded a total of 480 records. Excluding 60 

duplicates, a total of 420 records were screened by title and 

abstract. By screening the title and abstract of 420 records, a 

total of 220 records were excluded. The full text of 200 articles 

was subsequently assessed for eligibility. Of these, 74 articles 

were excluded due to reasons such as a lack of relevant 

information or because the article dealt with a completely 

different topic. In total, 126 studies were included in the review 

and are summarized in the PRISMA flow diagram below in Fig. 

1. 

The included studies were categorized into five main groups:  

1) the sources of emissions (well sites, pipelines, offshore 

platforms, etc.). 

2) the segments of the operational activities of the oil and gas 

industry (exploration and production, transmission, 

storage, refining and distribution, etc.).  

3) the measurement technologies (Optical Gas Imaging, point 

measurement using sensors and detectors, etc.).  

4) the approaches to estimating emissions (bottom-up 

approach, top-down approach, etc.). 

5) regional studies and studies on new technologies to reduce 

emissions.  

The included studies were then analyzed and compared by 

several criteria, including methodological transparency, 

measurement accuracy, results uncertainty, detection 

capability, spatial and temporal resolution, applicability, costs, 

and study limitations. 
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Figure 1. Identification of studies via databases and registers

3. Methane Emissions in the Oil and Gas Sector 

3.1. Emission Sources  

The oil/gas industry produces methane emissions through both 

planned and accidental release points, which generate 

emissions from various sources. The main sources of methane 

emissions originate from two activities, which include 

combustion slip and deliberate venting, as well as fugitive 

emissions that result from equipment leaks and storage and 

transport system releases [15]-[16]. Measuring these emissions 

is challenging because they emerge from various complex 

emission sources. Several studies have established the different 

pathways through which emissions occur. Smith et al. (2023) 

[17] report that upstream oil and gas production operations 

release methane emissions through three primary sources: 

deliberate venting and combustion slip, and accidental venting. 

Fugitive emissions, venting, and flaring are terms often used, 

but they need to be clearly distinguished. Intentional venting 

and flaring of methane are occasionally included in methane 

accounting and in emission inventories of methane, for 

example, when it is considered to be an uncontrolled emission 

or when it is large in relation to production. In this review, 

attention will be on fugitive emissions of methane estimated to 

arise from gas production processes, and thus Venting and 

Flaring are only mentioned in the context of their emission of 

methane and included in the methane inventory.  

Venting refers to the release of unburned gas from various vents 

and leaks in the gas processing system. Flaring is a measure 

used to burn excess gas. However, flaring can release a portion 

of the flare gas as unburned methane, either in the form of 

plume methane or in the form of diffused background emissions 

resulting from incomplete combustion. This review does not 

attempt to estimate the amount of flare gas released as methane 

but notes that the proportions are available to include venting 

and flaring in their methane accounting. 

Smith et al. [17] reported  that unregulated tank vents and 

hatches lead to major hydrocarbon releases. Wang et al. [18] 

revealed that offshore facilities produce significant methane 

emissions through the Gulf of Mexico facilities, according to 

the first study. The current data on oil and gas infrastructure 

emissions remains insufficiently documented, according to 

Zeng and Morris [19]. Conventional emission inventories often 

fail to capture all sources of emissions because they omit 

malfunctioning equipment and operational irregularities, 

thereby reducing the accuracy of emission estimates [7], [18]. 

Gålfalk et al. [20] demonstrated that ultra-emitters at facilities 

produce most of the worldwide fossil fuel-related methane 

emissions.  

Advanced high-resolution monitoring systems are required 

because operational emissions from flaring require accurate 

tracking, and ultra-emitter events need reliable monitoring. The 

absence of exact methods to track emissions in space and time 

leads to unidentified and inaccurate measurements of source 

emissions, which creates major gaps in greenhouse gas 

inventory data worldwide [19]-[20]. 
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3.2. Operational Segments 

The oil and gas industry operates through three main 

operational phases: upstream, midstream, and downstream. The 

three segments of the sector use separate processes and 

infrastructure systems, which affect both emission amounts and 

types. The identification of these differences enables the 

development of specific emission reduction strategies [21]. 

3.2.1 Upstream operations 

The upstream sector produces the highest methane emissions 

because extraction operations, well completion, and initial 

processing activities occur frequently under varying operational 

conditions [22]. Esparza et al. [23] and Saide et al. [24] showed 

that well sites and flaring operations generate most of their 

emissions from facilities that produce high levels of emissions. 

Ražnjević et al. [25] showed that maintenance activities result 

in substantial variations in emission output, producing sporadic 

methane emission peaks. 

Large-scale assessment studies in recent years again clearly 

show that emissions from the upstream part of the oil and gas 

sector account for the majority of the emissions. Alvarez et al. 

[26] determined that the US oil and gas supply chain has even 

60% higher methane emissions than presented in the inventory 

reports of the companies. Chan et al. [10] determined for the oil 

and gas sector in Western Canada a factor of about two for the 

methane emissions in comparison to the information presented 

in the corresponding inventory reports of the companies. 

Emissions from the upstream operations of the oil and gas 

sector should be considered as critical emission sources. 

The Niger Delta area of Nigeria generates most of its upstream 

facility emissions through the practice of flaring and venting 

operations. The inefficient flaring process results in low 

combustion efficiency, which produces methane emissions 

together with volatile organic compounds [23]. The standard 

operating procedures of Iran's upstream flare system produce 

methane emissions because they use gas regeneration and 

system purging operations [24]. 

3.2.2 Midstream operations 

The midstream activities generate methane emissions mainly 

through compression and transmission processes and storage 

operations, which result from equipment leaks and operational 

inefficiencies [25]. The compressor stations continue to operate 

as permanent locations that produce significant air pollution. Jia 

and Kikumoto [27] established that equipment leaks and faulty 

valves and vents lead to major methane losses during gas 

transmission operations in the United States. Zhou et al. [28] 

demonstrated that super-emitter infrastructure serves as a 

critical element for this industry because multiple faulty 

compressors and pipeline components produce emissions that 

exceed their individual total emission levels. 

Of the midstream sources, the largest emissions have been 

found to come from the compressor stations at transmission and 

storage facilities [26]. Furthermore, Wang et al. [18] 

emphasized that methane accounting requires multi-scale 

measurements because emissions can vary substantially 

between individual facilities and infrastructure components. 

3.2.3 Downstream operations 

Historically, the downstream processes received less emphasis 

until recent times, when their cumulative methane emissions 

gained more attention. Fredenslund et al. [29] projected that 

downstream operations, such as Liquefied Natural Gas (LNG) 

facilities and petrochemical plants, would generate substantial 

emissions, increasing the sector's overall output by 2030. These 

developments have led to the creation of regional initiatives as 

an answer to the problem. The oil and gas sectors of Canada, 

the United States, and Mexico agreed to reduce methane 

emissions by 40–45% below 2012 levels by 2025. The sector 

faces challenges in emissions measurement and control because 

its downstream operations are complex, and it lacks an adequate 

real-time monitoring system.  

The majority of methane emissions in the oil and gas industry 

originate from upstream activities (vent-, flare-, well 

completion-, liquid unloading-, and also production-related 

releases) [19], [27], [28]-[30]. Several studies in the recent past 

have included these activities in their assessments to quantify 

the relevant methane releases, in contrast to the inventory data 

provided by the industry, which typically assesses the 

production segment only. For the Upstream activities, even the 

inventories provided by the industry represent only a fraction of 

the actual emissions  [2], [31]-[33]. However, in great contrast, 

the methane emissions of these activities are up to 60 % higher 

than the values already provided in the inventories for the U.S. 

shale gas supply chain, as reported by Alvarez et al. [26]. 

Worldwide, super emitters, denoted as ‘ultra-emitters’ in 

contrast to ‘normal’ high emitters, are mostly located in the 

Upstream activities of the oil and gas industry. Many of these 

so-called ‘ultra-emitters’ emit the corresponding amounts of 

methane by far in excess of those released by the typical 

‘normal’ high emitters, as reported by Lauvaux et al. [2]. 

In contrast to the relatively small number of sources in the 

upstream sector, the methane emissions from the midstream 

sector are attributed to a relatively large number of sources, 

including leakages and background emissions from compressor 

stations, from transmission and storage pipelines, and from 

facilities used for the storage of gas  [23], [34], [35]. Losses of 

methane from the various elements of the midstream sector are 

strongly influenced by the operation of compressors, the 

integrity of associated equipment, and the practices with respect 

to maintenance and repair of such elements [23], [36]. In the 

downstream part of the value chain, the widespread nature of 

sources of methane emissions leads to correspondingly low 

emission intensities [26], [37]. 

The emissions of methane from oil and gas are not distributed 

equally throughout the value chain of crude oil and natural gas. 

The greatest opportunity to reduce the emissions of methane 

from oil and gas exists in the upstream activities. The reduction 

of emissions in the midstream and the downstream activities 

can be improved by better management of the infrastructure, the 

detection of leaks, and an increased efficiency of all activities 

in the midstream and the downstream of the oil and gas value 

chain [25], [38]-[40]. 

The data presented in Table 2 indicates that the upstream sector 

contains the majority of the emissions for each of the oil and 
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gas value chain stages. According to the International Energy 

Agency, 85% of the emissions from the oil and gas value chain 

are attributed to the upstream sector. The large number of 

potential emission sources at production-related activities in the 

upstream sector greatly exceeds those found in other value 

chain sectors. A large number of sources are responsible for 

emissions from the upstream sector, including well completion 

activities, the use of pneumatic equipment for liquid unloading, 

venting, and flaring, as well as methane emissions from fugitive 

emissions from equipment. In contrast, 15% of the emissions 

from the oil and gas value chain are from the midstream and 

downstream sectors. These emissions come from a variety of 

sources, including compressor stations, transmission and 

storage systems, petroleum refineries, liquefied natural gas 

terminals, as well as natural gas distribution to end-users. Even 

though the absolute level of emissions from these sectors is low 

when compared to the upstream sector, the absolute level of 

emissions remains substantial due to the large amount of 

associated infrastructure, as well as the difficulty of identifying 

and repairing ongoing leaks from these systems. 

4. Regional Overview 

The reporting of methane emissions and their patterns show 

differences between regions because of different regulatory 

systems, technological maturity, infrastructure conditions, and 

operational methods [40]. The combination of routine 

monitoring activities with a leak detection system and a 

transparent reporting system under North American and 

European regulatory agencies results in the development of 

dependable emission inventories. These areas have established 

a strong institutional system that unites sophisticated sensor 

networks with a complete measurement system that uses both 

top-down and bottom-up methods [41]-[42]. The Middle East, 

along with particular Asian regions, experiences three major 

challenges, which include an insufficient monitoring system, 

non-existent regulations, and inadequate infrastructure that 

results in unreliable reporting [43]. The section evaluates 

regional development through the case of Iraq to understand 

how oil resources create economic obstacles and potential 

advantages [44].  

The Middle East is one of the world’s largest oil- and gas-

producing regions, and therefore also of particular relevance for 

methane emissions reduction. However, countries in the region 

have lately increased their involvement.

Table 2. Comparative Synthesis of Methane Emission Contributions, Major Sources, and Key Challenges Across the Oil and 

Gas Value Chain.

Segment 

Typical 

Contribution 

(%) 

Major Sources Key Challenges 
Representative 

References 
 

Upstream ≈85% 

Well completion, production equipment, 

pneumatic devices, liquid unloading, 

venting, flaring, fugitive equipment leaks, 

super-emitters 

Intermittent emissions, inventory 

underestimation, remote facilities, 

super-emitter events 

 [29], [31], 

[39],[42]  
 

Midstream 

Part of the 

remaining 

≈15%* 

Compressor stations, transmission 

pipelines, storage facilities, valves, and 

seals 

Leak localization, compressor 

emissions, and long transmission 

networks 

[23], [31], [41], 

[37] 
 

Downstream 

Part of the 

remaining 

≈15%* 

Refineries, petrochemical plants, LNG 

terminals, and the distribution system 

Numerous small leaks, aging 

infrastructure, and continuous 

monitoring 

[31], [35], 

[39],[42] 
 

Note: The International Energy Agency notes that upstream operations account for around 85% of oil and gas methane emissions, with gas transportation and other 
downstream activities and midstream accounting for the remaining 15%. Note also that it could not find any globally accepted split between midstream and 

downstream activities. This is to a large extent due to variations between countries, types of infrastructure, and measurement methodologies.

In initiatives to cut methane emissions, when it comes to the 

monitoring of practices, emissions data, and the rules and 

regulations to be applied, the region lags behind North America 

and Europe. While Saudi Arabia, the UAE, Qatar, Kuwait, 

Oman, and Iran recently participated in initiatives by space 

agencies to monitor methane emissions from space, as well as 

in efforts to cut methane emissions, independent verification of 

measures, as well as of monitoring practices and emissions data 

reported, is still lacking in most countries in the region. As a 

result, there is considerable uncertainty when it comes to the 

methane emission data compiled for the region, and additional 

monitoring networks, improved emissions reporting practices, 

as well as more regional cooperation are required in order to 

trigger and support actions of methane reduction.  

There is also a lack of a framework of institutions and measures 

for the monitoring and control of methane emissions, on the one 

hand, and the geographical and climatic characteristics of the 

majority of countries in the region are of critical importance and 

present specific challenges for such monitoring, on the other 

hand. The desert geography and high  temperatures of the 

region, together with periodic events of severe dust storms, very 

high levels of solar radiation, and the location of a significant 

proportion of oil and gas facilities in very remote areas on the 

ground as well as offshore locations, create significant 

challenges  for ground-based monitoring, and some of the 

monitoring technologies cannot provide reliable continuous 

measurements in the field. Taking into account the very large 

geographical area of oil and gas infrastructure in the majority 

of countries in the region, spread over very large desert areas as 

well as over offshore locations, the challenges and the 

corresponding substantial operational costs of the regular 

inspections of all facilities increase significantly.  
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These findings present several specific challenges for the 

monitoring of methane emissions in the region that are different 

from the ones posed in the other developing regions of the 

world and would require a combined approach that would 

include monitoring and the use of information derived from 

space-borne platforms as well as from airborne sensors, and 

continuous ground-based monitoring [26], [28], [35], [41].  Iraq 

is another large oil producer in the Middle East, where 

development in terms of the monitoring of methane emissions 

and reporting is still limited. 

Multiple research studies in Iraq have conducted assessments of 

greenhouse gas releases from petroleum operations. Hashim et 

al. [36], and Razaq and Hassoon [37] both observed increasing 

CO₂ emissions, while the reported decrease in methane 

emissions was due to political instability, which cut production 

levels rather than reducing actual emissions. Hashim et al. [36] 

and Razaq and Hassoon [37] noted that the reported emission 

figures do not reflect Iraq's actual methane emissions. Johnson 

et al. [44] used satellite data to demonstrate that upstream 

activities produce more emissions than the official statistics 

indicate. Razaq and Hassoon [37] studied pollutant dispersion 

from the Daura refinery, while Hashim et al. [36] used the 

Intergovernmental Panel on Climate Change (IPCC) 

framework to calculate multiple greenhouse gases from refining 

and electricity generation. The results show that Iraq needs 

urgent measures to improve emission-reporting precision and 

implement global standards for open-data accessibility. 

Advancements in independent methane measurement 

technologies have significantly improved the understanding of 

regional emissions from the oil and gas sector. An independent 

airborne LiDAR air quality monitoring system was tested using 

controlled methane release experiments as well as surveys of 

167 oil and gas facilities [45]. Johnson et al. [44] show that the 

independent airborne monitoring system can detect and 

quantify emissions at an operational scale. When comparing the 

independent airborne LiDAR measurements to facility-reported 

emissions, using field-measured wind data for analysis, the 

independent system had a measurement uncertainty  of ±31%, 

and when using the best available atmospheric wind estimates, 

the system had an accuracy of ±68%. Recent independent field 

measurements of methane emissions from the oil and gas sector 

have consistently found that official emissions inventories are 

significantly underestimating actual emissions. 

Independent measurement and monitoring using different 

technologies can provide critical evidence to challenge reported 

emission inventories for methane. There is large-scale field 

measurement work that shows clearly that the reported 

inventories of methane emissions contain a large underestimate. 

 Underestimation of methane emissions from the oil and gas 

sector could lead to unnecessary delays in the development and 

implementation of effective methane mitigation strategies. 

Field measurements of the entire supply chain of the U.S. oil 

and gas sector found emissions to be 60% higher than reported 

in official emissions inventories [46]. Methane emissions from 

the Western Canadian oil and gas sector were found to be nearly 

double those reported by companies in their official emissions 

inventories [10]. Upstream emissions in the Alberta oil and gas 

sector are significantly under-reported by official emissions 

inventories [47], [48]. 

Rapid industrial growth of Gulf nations creates identical 

environmental monitoring problems because their development 

happens before they can build an effective environmental 

monitoring system.  

The main reasons behind monitoring differences become 

evident when analyzing the differences between regulatory 

enforcement, technological capacity, and economic priorities. 

The United States operates various networked monitoring 

systems for Leak Detection and Repair (LDAR) regulations, but 

Middle Eastern countries continue using outdated methods 

because their enforcement lacks strength. The absence of 

monitoring in several Middle Eastern countries  enables 

unregulated emissions to take place, which hinders 

international climate negotiations and prolongs the duration of 

climate change mitigation program execution. The monitoring 

system of developed nations tracks climate targets through an 

open tracking system, which improves business operations and 

public trust [49], [50]. 

The various conditions between these areas need separate 

strategic plans to address their problems. The nations in Iraq 

and its surrounding area should develop their institutional 

capabilities, merge satellite observation data with ground-based 

observation efforts, and establish international partnerships to 

close existing data deficiencies [51]. The proposed solutions 

will improve national greenhouse gas inventory precision, 

which will help countries fulfill their Paris Agreement 

obligations through joint regional climate mitigation plans that 

account for both local constraints and common environmental 

responsibilities [52], [53]. 

Methane source identification and emission intensity, in 

addition to regional regulations, are key parameters to 

determine the optimal technology for the implementation of a 

methane monitoring project. This section describes the most 

common technologies currently used to monitor and detect 

methane emissions in the oil and gas sector. 

4.1. International Methane Reporting Standards 

There is an increasing tendency to turn to measurement-based 

monitoring, reporting, and verification (MRV) for international 

methane reporting [39]. National greenhouse gas inventories 

are to be prepared in line with the IPCC guidelines within the 

framework of the Enhanced Transparency Framework under 

the Paris Agreement [28]. Oil and gas companies must report 

methane emissions under the United Nations Environment 

Program (UNEP) Oil and Gas Methane Partnership 2.0 (OGMP 

2.0) measurement-based reporting framework. International 

Energy Agency IEA’s new guidance, Global Methane Tracker 

2026, in particular, underlines the importance of transparent 

and harmonized MRV and exposes the discrepancies between 

reported greenhouse gas inventories and measurement-based 

data. Above all, for developing countries with oil- and gas-rich 

regions, a harmonized reporting system will improve the 

accuracy, comparability, and transparency of respective 

methane inventories [28], [39], [41]. 
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5.  Measurement Techniques for Methane Emissions 

The measurement of methane emissions from oil and gas 

operations requires reliable methods to produce accurate 

results  [54]. As illustrated in Fig. 2, methane emissions can be 

assessed through direct measurements, bottom-up emission 

inventories, and top-down atmospheric observations, using 

hybrid monitoring approaches. The assessment of emissions for 

their reduction, as well as for the implementation of 

corresponding regulations, by means of the above-mentioned 

methods can be integrated to improve their assessment, to 

reduce their uncertainty, and to support effective methane 

mitigation and regulatory implementation [54],[55]. 

 
Figure 2. Integrated approaches for methane measurements.

5.1. Direct Measurement Techniques 

The direct measurement approach enables scientists to measure 

methane concentrations and emission rates directly at their 

sources [55]. The measurement techniques for direct 

assessment include Optical Gas Imaging (OGI), Fourier 

Transform Infrared Spectroscopy (FTIR), cavity ring-down 

spectroscopy, and flame ionization detectors [56]. 

The infrared camera-based OGI method enables operators to 

visually detect methane leaks. The detection sensitivity of OGI 

depends on environmental conditions and operator skill, as 

stated by You et al. [57], while its non-invasive nature makes it 

suitable for Leak Detection and Repair (LDAR) programs. The 

OGI method produces independent qualitative results, but it 

requires a plume modeling system to generate quantitative 

results [58]–[59].  

The performance of Optical Gas Imaging (OGI) has been 

evaluated in several studies under different operating 

conditions. Its performance varied based on the camera 

specifications, system design, and environmental conditions. 

For the controlled release test of methane emission, 0.1–2.9 kg 

CH₄ h⁻¹ were found [60]. For the multi-platform measurements, 

the reported emission rates varied considerably, i.e., 0.01–50 kg 

h⁻¹ [61]. For an optimized OGI system, even low detection 

limits of 3 scfh have been reported under ideal conditions [62]. 

However, also for OGI, large variations in the detection of gas 

leaks and in the resulting measurement uncertainty have been 

reported in several studies [63], [64]. The variations were found 

to depend on several environmental parameters such as wind 

speed, thermal differences, cloud cover, and ambient 

temperature. 

The combination of portable analyzers with bagging methods 

allows flux measurement, but these methods need large 

amounts of labor to operate and can only measure accessible 

infrastructure. Mobile ground-based platforms with methane 

analyzers on vehicles detect leaks in real time at the facility 

level but need further processing to identify leak sources [65]. 

5.2. Bottom-Up Emission Inventories 

The bottom-up method calculates emissions through the 

combination of activity data (e.g., number of valves, 

compressors) with emission factors obtained from laboratory or 

field measurements. The method serves as a standard approach 

for regulatory reporting and national inventory purposes [66]. 

The use of average emission factors in bottom-up inventories 

leads to an underestimation of actual emissions because these 
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factors do not reflect the range of super-emitters or their 

emission intensities. The method faces challenges when trying 

to track time-dependent emission patterns, including sporadic 

venting and equipment breakdowns. The bottom-up method 

serves as the main approach for developing emission baselines 

and executing scenario analyses, although scientists recognize 

its limited use cases [67]. 

5.3. Top-Down Atmospheric Observations 

The top-down methods use atmospheric concentration data 

from aircraft, towers, and satellites to perform inverse 

modeling, which allows scientists to calculate facility-level and 

regional emissions. Scientists create high-resolution emission 

maps through aircraft-based research, which enables them to 

detect major pollution plumes during short observation periods 

[68]. However, these systems remain relatively expensive, and 

their operation depends on weather conditions. 

Satellite observations have become increasingly valuable 

because they provide extensive geographical data and better 

image quality. Instruments like the Tropospheric Monitoring 

Instrument TROPOMI) can detect greenhouse gases (GHGs) 

and high-emission events globally [69]. The system 

demonstrates restricted operational capabilities when operating 

under cloudy weather conditions and when used in urban areas 

because they fail to detect specific leak points [70]. 

The methods enable researchers to expand their current ground-

based measurement approaches, which they employ for 

emission report validation and hidden emission site detection. 

5.4. Comparative Assessment 

A more detailed comparison of the major methane detection and 

measurement techniques in terms of their spatial and temporal 

resolution is given in Table 3. The table also provides the major 

strengths and weaknesses of different methane monitoring 

techniques, along with a qualitative assessment of detection 

capability, accuracy, cost, operational complexity, and 

Technology Readiness Level (TRL). While techniques such as 

aerial and satellite observation are superior in terms of large-

scale surveys of emissions from methane at spatially distributed 

sources, individual sources such as industrial facilities can be 

more accurately measured using OGI and mobile analyzers. 

Bottom-up-based emission inventories, which are also used for 

other air pollutants, provide a cost-effective means for 

providing data required for reporting under regulation, but 

cannot detect intermittent as well as so-called super-emitters. 

As a result, no single monitoring technique is most suitable for 

all monitoring goals, and thus an integrated approach will be 

required to monitor methane emissions from human activities 

[71], [72]. 

Comparison of methane monitoring technologies to assess 

detection limit, spatial resolution, cost, and uncertainty gives 

insight into their applicability. Local-scale instruments such as 

optical gas imaging cameras and mobile trace gas instruments 

provide detailed spatial information at the location of emitters 

and are highly effective at identifying individual point sources 

and are easily deployable in a first- or second-derivative 

approach. However, the detection limit can be highly variable 

at different times and depending on the operational skills of the 

users. The detection limit of the local-scale sensors can vary 

depending on the strength of thermal gradients, the presence of 

wind shears, and the skill level of the operator, and can be 

diminished in the presence of wind.  

Conversely, space-based and airborne top-down instruments 

provide broad spatial coverage with the potential to observe 

large areas and source sectors in finer detail than locally, and 

are effective in identifying large emission plumes and sectors 

with high emissions that correspond to emission hotspots. 

These top-down measurements, while offering a broader spatial 

extent, have typically provided fewer details in spatial 

resolution of the overall signal, and there is generally greater 

uncertainty in determining the individual contributions from the 

sources identified. Consequently, a combination of local- and 

top-down approaches is needed to compensate for differences 

in spatial detail. 

Bottom-up inventories serve as a common tool for regulatory 

and policy reporting, but they rely on general emission 

estimates that fail to detect occasional high-emission events at 

specific sites and intermittent emissions. Their calculations are 

less accurate because they use typical emission factors, which 

do not provide exact results when operations become 

complicated [73]. Scientists employ aircraft- and satellite-based 

top-down emission detection methods to analyze both local 

emission patterns and major pollution sources that span 

extensive areas. These detection methods face multiple 

challenges because they require major financial backing and 

suitable weather conditions, yet they cannot pinpoint the exact 

origins of emissions [74]. 

The table emphasizes that each method contributes uniquely to 

methane quantification and that no single technique is sufficient 

on its own. The need for integrated monitoring strategies exists 

because these systems need multiple methods that generate 

precise results and monitor all areas through time-based 

observations. 

The most suitable methods for methane measurement in low-

resource settings include Optical Gas Imaging (OGI) and 

mobile analyzers because they provide affordable and flexible 

field-deployable solutions. The visual leak detection 

capabilities of OGI are fast but become quantitative only when 

combined with additional modeling for leak detection and 

repair programs. The facility-level assessments from mobile 

ground-based analyzers mounted on vehicles operate in real 

time with moderate technical expertise, which makes them 

suitable for areas with limited resources. Bottom-up inventories 

serve regulatory reporting needs well because they are 

inexpensive, but their use of static emission factors results in 

underestimation, particularly for super-emitter events. The 

wide spatial coverage of aircraft surveys and satellite 

observations helps detect unreported emission hotspots, but 

their high operational costs, advanced infrastructure 

requirements, and meteorological sensitivity limit their 

suitability for regular monitoring in resource-limited areas. The 

combination of OGI and mobile analyzer approaches offers the 

most suitable solution for methane monitoring in resource-

constrained environments because they balance cost-

effectiveness with accessibility and reliability [75]. 
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In many cases, the operational feasibility and cost of the 

monitoring technology also play a role in the choice of 

monitoring method. A large number of ground-based 

monitoring activities, including OGI and mobile methane 

monitoring, can be implemented in an economically and 

operationally efficient way. These methods are often low-cost 

and simple to apply, which is an advantage in developing 

countries with limited infrastructure. Airborne and satellite-

based methods are expensive to apply and require complex data 

processing, which is therefore often limited to occasions when 

it is needed for validation or verification of emissions, such as 

verification of emission reductions claimed for inclusion in a 

target, or for checking the accuracy of reported inventory data 

[76]. 

The suitability of the current methane monitoring technologies 

for application in a specific region also largely depends on the 

environmental and operational conditions of that region. In the 

oil-rich Middle East, with high ambient temperatures, arid 

conditions, occasional severe sandstorms, and very large areas 

of oil and gas field infrastructure, some of the common ground-

based monitoring techniques, such as OGI and mobile 

monitoring using trace gas analyzers, can be less effective for a 

number of reasons. In this region, there is also an ongoing 

development of frameworks for the monitoring of air pollutants. 

In such an environment, while some of the ground-based 

techniques can be used in conjunction with aerial and satellite 

monitoring for methane monitoring, using ground-based 

measurements as a reference, an integrated approach that 

incorporates a combination of ground-based, airborne, and 

satellite monitoring would be more effective for a region such 

as the Middle East [26], [28], [35], [41], [75],[76]. 

Table 3. The key characteristics of the measurement method. 

Method OGI Mobile Analyzers Bottom-Up 

Inventory 

Aircraft 

Surveys 

Satellites 

Spatial Scale Facility-level Local to regional National/ facility Regional Global 

Temporal 

Resolution 

Instantaneous Short-term Annual Episodic Daily to weekly 

Strengths Visual leak detection, 

non-invasive 

High mobility, 

quantitative 

Cost-effective, 

policy-oriented 

High-resolution 

plume mapping 

Wide coverage, useful 

for trend analysis 

Limitations Qualitative, sensitive 

to conditions 

Source attribution 

complexity 

Misses variability, 

super-emitters 

Expensive, 

limited by the 

weather 

Low spatial resolution, 

cloud interference 

Typical Detection 

Capability 

Moderate High Low for intermittent 

and super-emitters 

High Moderate–High (large 

emitters) 

Accuracy Moderate–High High Moderate High (≈ ±31–

68%) 

Moderate 

Cost Level Medium Medium Low High Medium–High 

Operational 

Complexity 

Moderate Moderate Low High Moderate 

Technology 

Readiness Level 

(TRL) 

Commercial 

deployment (TRL 9) 

Operational (TRL 8–9) Mature 

methodology (TRL 

9) 

Operational 

(TRL 8–9) 

Commercial 

deployment (TRL 9) 

References [77],[78] [79] [80], [81] [76], [82] [83], [84] 

Note: the qualitative assessments of detection capability, cost level, operational complexity, and technology readiness level (TRL) are largely based on literature 

and could change significantly based on many factors, including the specific instrumentation used, site-specific characteristics, and prevailing practices.

5.5. Integration and Uncertainty 

No single method provides a complete picture of methane 

emissions. Hybrid approaches that integrate top-down 

observations with bottom-up inventories are increasingly 

promoted to reduce uncertainties and improve emission 

accuracy [77]. The process of cross-validation between 

methods enables researchers to find differences between 

methods while improving emission factor accuracy and 

determining which pollution reduction efforts need immediate 

attention [78].  

Methane quantification employing different methods for 

measurement and data processing greatly varies in uncertainty. 

For airborne LiDAR detection of methane sources, the 

uncertainty of the quantified methane source (i.e., emission 

rate) was found to vary between ±31% (when using field-

measured wind) and ±68% (when using atmospheric models). 

A recent controlled release intercomparison study employed ten 

different methane quantification techniques [79]. The resulting 

performance of the different methods varied greatly, with the 

average absolute error of the LiDAR methods approximately 

equal to 29–33%, the average absolute error of the different 

tracer methods approximately equal to 19%, the average 

absolute error of the different Optical Gas Imaging (OGI) 

techniques approximately equal to 63–80%, and the average 

absolute error of the different drone-based techniques 

approximately equal to 140–239%  [80]. The reported 

uncertainty of the different emission quantification methods 

often underestimates the intercomparison results, and thus an 

independent validation of the different emission quantification 

methods, as well as a cross-validation between the different 

techniques, is strongly recommended. 
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The uncertainty in methane emission quantification depends on 

several factors, including the instrumentation used, wind 

effects, the investigated methane source, and the methods 

applied for data processing and methane emission 

quantification. Thus, for reliable methane emission 

quantification, a combination of different techniques is 

recommended to increase robustness [81]-[83]. 

The analysis contains various uncertainties because different 

testing methods generate different results, and developing 

nations lack enough data. The analysis contains various sources 

of uncertainty because different measurement techniques may 

produce varying results. In addition, developing countries often 

lack sufficient monitoring infrastructure and standardized 

measurement protocols, which further increases uncertainty in 

reported methane emissions [84]. The future research agenda 

requires the development of standardized testing protocols 

together with an improved real-time detection system and 

expanded surveillance of areas that lack proper monitoring. 

6. Estimation Models and Data Analysis 

The process of measuring methane emissions from oil and gas 

operations needs both direct field observations and analytical 

models and data processing methods to convert collected data 

into useful results [85]. The models transform collected data 

into emission readings, which scientists employ to identify 

pollution origins, and they allow scientists to study information 

from various time spans and locations while assessing 

measurement precision [86]. The following section describes 

the primary estimation approaches, which include bottom-up 

models together with top-down inverse models and hybrid 

frameworks. 

6.1. Bottom-Up Estimation Models 

The Bottom-up models are used to calculate the methane 

emissions by multiplying the respective activities by the 

corresponding emission factors. These models are mainly used 

for reporting for environmental purposes and for the national 

Greenhouse Gas Inventories on a yearly basis and for long-term 

monitoring of the emissions. 

While measurement technologies are used for direct detection 

or quantification of methane emissions in the field, estimation 

models are used to derive the emission rates from the 

observational data at the facility, sector, or country level. 

Therefore, estimation models act as a bridge between 

measurement technologies, resulting emission inventories and 

assessments. Calculation of emissions through bottom-up  

models require activity data that includes equipment counts and 

operating hours, which are used with emission factors obtained 

from controlled experiments or previous measurements [87]. 

The main tools for building a national inventory system and 

enforcing regulations consist of these models (e.g., IPCC Tier 

1–3 methods). Examples include: 

• The IPCC 2006 Guidelines function as worldwide 

standards for national GHG inventory development 

because they provide a tiered system that adjusts to 

different data quality and complexity levels. 

 

• The GHGRP (U.S. EPA’s Greenhouse Gas Reporting 

Program) requires facilities to submit emissions data 

through established equations and emission factors. 

These models provide cost-effective scalability, but they cannot 

track high-emission variations that result from equipment 

breakdowns, operational irregularities, and environmental 

factors. They also typically underrepresent super-emitters, 

resulting in an underestimation in some sectors [88].  

6.2. Top-Down Inverse Modeling 

Top-down models use atmospheric measurements on a regional 

or national scale to estimate methane emissions. The 

application of top-down models allows for the identification of 

so-called emission hotspots and for the verification of reported 

emissions in national inventories against real emissions. 

The Top-down models use atmospheric methane concentration 

data, which aircraft, towers, and satellites detect, to perform 

inverse modeling (Bayesian inversion) for surface emission 

calculation. The models calculate emission rates through the 

combination of meteorological data with transport models and 

remote sensing observations [89]. 

Users can benefit from multiple advantages when they use top-

down observation techniques [90]. The system functions best 

for verifying emission data, which scientists create through 

bottom-up methods, while it helps identify both new and 

concealed pollution sources. The system works well for both 

local and national emission monitoring because it offers an 

extensive geographic reach, which supports traditional field 

measurement methods. The research methods employed for this 

study contained multiple essential restrictions that affected the 

study. The accuracy of these models depends on the precision 

of atmospheric transport models, but their ability to detect 

pollution remains limited by the sensor technology used for 

monitoring. The ability to detect specific sources through top-

down observations becomes limited when signals from 

different locations overlap in urban areas and complex terrain 

environments [90]. 

6.3. Hybrid Estimation Approaches 

The hybrid approach allows for estimating the emissions using 

bottom-up inventories (which are often used for reporting to the 

regulation, for the national GHG inventory, and for the long-

term tracking of the emissions) and to complete them with 

direct measurements as well as with top-down observations to 

improve the results, decrease the uncertainties, and compensate 

for the limits of the single approaches used. 

The bottom-up and top-down estimation methods show 

different results, which has led researchers to develop hybrid 

models as their solution [88]. The models achieve improved 

results through the combination of empirical data with remote 

sensing information and atmospheric models [90]. 

Researchers used hybrid methods to develop new approaches 

for methane emission measurement according to these 

examples [91]. The combination of satellite data with aircraft 

surveys and ground-based measurements through multiscale 

frameworks allows researchers to achieve a complete 

understanding, which includes all spatial and temporal scales 
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[86]. The data assimilation process merges observational data 

with model predictions to produce more accurate and detailed 

emission maps [92]. The hybrid models function to eliminate 

individual technique weaknesses because they implement a 

dependable and balanced estimation system. The execution of 

these methods needs powerful computers and a suitable data 

acquisition system, which prevents their use in systems with 

restricted processing capabilities [93]. 

6.4. Advanced Estimation Frameworks 

Methane emission estimation nowadays is no longer restricted 

to bottom-up inventories and simple top-down observations. 

Recent years have seen a move towards more advanced 

methodologies, i.e., towards methane emission estimation by 

means of inversion, atmospheric modeling, and data 

assimilation. All these advanced methodologies for emission 

estimation are listed in Table 4 already. In the following, these 

methodologies are described in more detail, i.e., their 

principles, their advantages and disadvantages, as well as recent 

developments are elaborated upon [94], [95]. 

A method that is currently more commonly used than the others 

for estimating emissions from point sources is Bayesian 

Inversion. This type of framework has the advantage that a 

priori information, as well as atmospheric observations, can be 

used in a probabilistic framework to estimate a posteriori 

emission. Such a framework can take into account the 

uncertainty of prior emissions, as well as of the transport model 

and the atmospheric observations, as well as a priori 

information. There are many studies that have used the 

framework of Bayesian Inversion to improve a priori 

information on methane emissions. Recently, there have been 

more and more studies in which the framework of Bayesian 

Inversion is coupled with atmospheric transport models as well 

as with hybrid variational–ensemble Kalman filter (VEKF) 

approaches. Such a combination allows efficient computation 

as well as a good spatial representation of methane emissions at 

a regional scale, as well as at an even smaller scale (i.e., at city 

scale) [94]. 

Table 4. Comparison of Advanced Methane Emission Estimation Frameworks. 

Estimation framework Principle Main strengths Main limitations 
Typical 

applications 

Representative 

references 

Bayesian inversion 

Updates prior 

emission inventories 

using atmospheric 

observations within 

a probabilistic 

framework 

Quantifies posterior 

uncertainty; improves 

emission inventories; 

integrates multiple 

observations 

Sensitive to prior 

assumptions and 

transport-model errors; 

computationally 

demanding 

Regional and 

national methane 

inventory 

refinement 

[96] 

Atmospheric transport 

models 

(Eulerian/Lagrangian) 

Simulate methane 

transport and 

source–receptor 

relationships 

Suitable for regional-

scale inversion; 

supports aircraft and 

satellite observations 

Dependent on accurate 

meteorological inputs 

and boundary-layer 

representation 

Top-down regional 

emission estimation 

and hotspot 

identification 

[96] 

Gaussian plume models 

Estimate emissions 

from concentration 

enhancement under 

steady atmospheric 

conditions 

Simple, 

computationally 

efficient, suitable for 

point-source estimation 

Reduced accuracy 

under variable wind 

fields and complex 

terrain 

Facility-scale leak 

quantification 
[97] 

Inverse dispersion modelling 

Uses stochastic 

atmospheric 

dispersion to 

estimate emission 

rates 

Better representation of 

atmospheric turbulence; 

improved uncertainty 

estimation 

Higher computational 

complexity; requires 

detailed meteorological 

information 

Facility and farm-

scale methane 

emission estimation 

[97] 

Machine-learning estimation 

frameworks 

Integrate multi-

platform 

observations for 

emission prediction 

and data fusion 

Automated plume 

detection, source 

attribution, real-time 

analysis, improved 

scalability 

Requires high-quality 

training datasets and 

field validation 

Multi-scale 

methane 

monitoring and 

integrated emission 

estimation 

[77], [96], [98]-

[100] 

Atmospheric transport models are one of the core tools for 

estimating methane emissions using a top-down approach, on a 

global, regional, country, or even city scale. They are typically 

run in conjunction with corresponding methane observations 

(e.g., from aircraft, spaceborne sensors, or ground-based 

stations) to estimate the transport of methane to a given receptor 

(or to compute footprints that can be used for inversion). This 

transport can occur through several different atmospheric 

regimes, but the primary regime for the transport of methane is 

the atmospheric boundary layer. As noted previously, there 

have been tremendous improvements in our ability to 

understand and analyze wind fields, but the representation of 

the atmospheric boundary layer (where most transport of 

methane occurs) remains highly variable and one of the largest 

sources of uncertainty in the transport step of an emission 

estimate. 

In recent years, there has been a significant amount of work 

carried out using Gaussian plume models and inverse 

dispersion modeling for determining methane emissions from 
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individual facilities. Some of the advantages of these models 

include: (1) the ability to make rapid assessments of emissions 

for a given set of weather conditions; (2) the ability to take into 

account many of the aspects of atmospheric transport that affect 

the behavior of a plume, including turbulence; and (3) recent 

studies have used Bayesian methods for determining the 

uncertainty in the model parameters, which can be used to make 

improved assessments of the emissions from a given source.  

However, as with other methods for determining emissions 

using atmospheric transport models, there are many 

uncertainties associated with the use of such models for 

determining emissions, not the least of which is the uncertainty 

in the current weather. Thus, even with the best of models, there 

is considerable uncertainty in the results obtained. 

Other aspects, such as the propagation of errors of single 

sources, have to be considered during emission estimation. 

These errors are numerous, and they affect the emission 

estimates of single sources, such as the accuracy of methane 

sensors, the methane background concentration, wind speed, 

the errors of atmospheric transport models, the emissions of 

intermittent sources, and also the uncertainties of model 

parameters. All these errors can be propagated through Monte 

Carlo simulations or by a Bayesian analysis using the 

uncertainties of prior information. Studies that use a top-down 

inversion approach to estimate the emissions of multiple 

sources reported a range of posterior uncertainties (11%–28%) 

for improved bottom-up emission inventories for climate policy 

and monitoring [95].  

Recent advances in methane monitoring have incorporated 

machine-learning-based (ML) methods into the broader range 

of methane monitoring approaches using multiple data. For 

example, satellite imagery, as well as data from airborne 

surveys, Optical Gas Imaging (OGI), and mobile and ground-

based monitoring stations, can all be used to improve detection 

and attribution of methane sources, and even to estimate the 

emissions of individual sites. Hybrid approaches have also been 

developed, which combine AI with more traditional modeling 

and inversion techniques to improve source estimation and 

allow for near real-time updates to methane emission estimates 

using several types of monitoring data [96]-[99]. 

Methane emission estimation has recently moved on from 

bottom-up inventories and simple top-down observations. New 

advanced estimation frameworks of methane emissions are 

based on inversion, atmospheric modeling, and data 

assimilation (Table 4). In this paper, the individual tools for 

methane emission estimation are described in more detail. Their 

principles, advantages, disadvantages, and recent developments 

are discussed for application in methane emission estimation 

[100]-[104]. 

6.5. Data Analysis Tools and Uncertainty Quantification 

The process of data analysis serves as a fundamental step for 

methane measurement processing, emission estimation, and 

uncertainty evaluation [105]. The following tools and methods 

are used for this purpose: 

• Statistical analysis: Regression models, bootstrapping, and 

uncertainty propagation [106]. 

• Monte Carlo simulation: Often used to simulate variability 

in emission factors and operational parameters [107]. 

• Machine learning: Emerging tools such as neural networks 

and decision trees are being used to identify emission 

patterns and optimize leak detection strategies [108]. 

The different sources of uncertainty in methane emission 

estimates result from measurement inaccuracies and the 

assumptions used in emission factors and meteorological 

conditions, as well as the restrictions of sampling time and 

space. The various factors affecting reported data accuracy and 

comparison potential exist together as a system. The accurate 

measurement of uncertainty stands as a fundamental 

requirement for generating dependable reports that enable 

scientists to evaluate emission data across different research 

approaches. 

The three main approaches to methane emission estimation 

receive a detailed comparison in Table 5. The three methods for 

methane emission estimation require different amounts of data 

and produce results at varying resolutions, while varying in cost 

and operational readiness for policy and operational 

applications [109]. Bottom-up methods persist in widespread 

use because they offer easy implementation and large-scale 

deployment and work well with existing regulatory systems. 

The application of fixed emission factors in these methods 

produces lower than actual emission rates because it fails to 

capture super-emitter events [110]. 

The observation-based top-down methods use atmospheric data 

to perform emission estimation through atmospheric data 

analysis. The methods enable researchers to locate hidden 

emission sources while validating national emission records 

[111]. The methods have restricted spatial precision for 

pinpointing exact locations, but their accuracy depends on both 

meteorological modeling and atmospheric transport models 

[112]. 

The use of hybrid methods has spread across advanced research 

and policy-making environments because these methods unite 

bottom-up site-specific data collection with top-down broad-

scale measurement capabilities [113]. The integrated 

frameworks require additional resources to function, but they 

provide better reliability and robustness for methane emission 

estimation according to [114]. Table 5 shows that researchers 

must select suitable estimation techniques based on their 

research objectives and financial resources, and their required 

level of precision for methane management. 

There is no better method for estimating methane emissions 

than others. While the bottom-up method is very useful for 

reporting, it has big underestimation problems, mainly for 

intermittent emission events as well as for so-called super-

emitters. The top-down approach is only suitable for the 

verification of reported emissions on a regional scale; however, 

it is not possible to attribute the emitted methane to single 

sources. Therefore, Hybrid multi-scale models are the most 

appropriate tools to fill the current gaps and to reduce 

uncertainties. These frameworks are also very suitable for the 

challenging region of the Middle East, where only very limited 

monitoring infrastructure is in place, and the environmental 
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conditions are also challenging. An independent verification of 

the emissions does not exist yet for this region. 

Table 5. Comparison of Methane Emission Estimation Approaches. 

Approach Description Strengths Limitations Typical Application Reference 

Bottom-up 

Estimates based on 

activity data and 

emission factors. 

- Cost-effective- Scalable for 

national inventories- 

Compatible with regulatory 

frameworks 

- May miss super-emitters- 

Depends on average factors- 

Low temporal resolution 

IPCC inventories, 

facility reporting (e.g., 

EPA) 

[83] 

Top-down 

Uses atmospheric 

methane observations 

with inverse modeling. 

- Captures actual atmospheric 

burden- Identifies unreported 

sources- Effective for large 

areas 

- High uncertainty in source 

attribution- Expensive (e.g., 

aircraft)- Weather sensitive 

Regional assessments, 

validation of 

inventories 

[82] 

Hybrid 

Combines bottom-up 

and top-down data for 

improved accuracy. 

- Balanced approach- 

Reduces uncertainties- better 

source attribution and scaling 

- Requires extensive datasets- 

Computationally intensive- Data 

integration challenges 

Advanced research, 

policy planning, 

verification system 

[100] 

7. Emerging Technologies and Innovations in Methane 

Detection 

This sub-section will provide an overview of the types of 

emerging technologies used to measure and detect emissions of 

methane using new techniques and methods of monitoring.  The 

innovations presented in Table 6 work to overcome traditional 

method restrictions through their combination of improved 

sensitivity, expanded spatial reach, automated operation, and 

immediate data collection capabilities. 

  

Table 6. Summary of Emerging Technologies for Methane Emission Detection and Analysis.

Technology Advantages Limitations Readiness Level 
Representative 

References 

Enhanced OGI 

Improved leak visualization, higher 

detection sensitivity, rapid field 

inspection, and non-contact 

monitoring 

Performance affected by 

environmental conditions (wind, 

humidity), qualitative interpretation, 

and operator-dependent analysis 

Commercial 

deployment 
[96], [99] 

Image Analysis 

(AI + OGI) 

Automated leak identification, 

quantitative image processing, 

reduced human bias, improved 

processing speed 

Requires large, annotated datasets, 

algorithm training and validation, 

computational requirements, and 

limited generalization under varying 

field conditions 

Emerging to 

operational 

deployment 

[98]-[100] 

Drone-based 

Platforms 

Access to remote and hazardous 

facilities, high spatial resolution, 

rapid deployment, and reduced 

inspection time 

Limited flight duration, weather 

sensitivity, payload restrictions, 

aviation regulations, and battery 

limitations 

Operational 

deployment 
[96], [101] 

High-Resolution 

Satellites 

Large-scale coverage, repeated 

observations, detection of super-

emitters, and regional and global 

emission monitoring 

Cloud interference, revisit-time 

limitations, lower sensitivity for small 

leaks, and atmospheric effects 

Commercial 

deployment 
[96]-[98] 

AI-based Data 

Fusion 

Integrates satellite, airborne, and 

ground-based observations, improves 

source attribution, enhances 

emission estimation accuracy, 

supports near-real-time analysis 

Complex data integration, high 

computational demand, dependence 

on data availability and 

interoperability, need for standardized 

validation 

Emerging deployment [96], [101] 

IoT-Based 

Sensors 

Continuous real-time monitoring, 

automated alerts, scalable network 

deployment, supports predictive 

maintenance 

Sensor calibration and maintenance 

requirements, communication 

reliability, power consumption, and 

reduced performance in harsh 

environments 

Operational 

deployment 
[96] 
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While new technologies have the potential to be applied for the 

detection of greenhouse gas emissions, the applicability, 

depending on the scale, complexity, and intensity of the 

applications, differs greatly. Thus, the detection capabilities of, 

for example, artificial intelligence-based image analysis and 

drone surveillance can be greatly increased both in terms of 

accuracy and spatial coverage [115]. To deploy the technology 

on a larger scale, however, this usually requires an optimized 

operational workflow, large high-quality training datasets, 

high-performance computing, as well as logistics [80]. 

Furthermore, satellite-based methane detection is proving 

highly suitable for mapping methane emissions on a global 

level; however, there are still many applications for which the 

small emissions are difficult to register, as well as complex 

industrial areas where it is difficult to attribute the source of the 

emissions [83],[98]. In this regard, emerging detection 

technologies should be applied in a multi-scale detection 

concept where ground-level, air, and space-based technologies 

can be deployed 

a- Enhanced Optical Gas Imaging (OGI) 

Using AI to improve the efficiency of emission detection and to 

automatically detect leaks and unusual situations will greatly 

reduce the time that personnel have to spend carrying out 

inspections of monitoring points. This technology is already  

being widely used for methane monitoring in various types of 

applications in North America and Europe, where it processes 

data from the huge amounts of data from on-site monitoring 

points. In the Middle East, with its extensive oil and gas 

infrastructure and harsh environmental conditions, this 

technology will also improve the efficiency of emission 

detection and reduce the time spent carrying out inspections of 

monitoring points [115], [116]. 

Traditional OGI cameras, which use infrared technology, have 

proven useful for leak detection when operators are within short 

distances [117]. The detection of low concentration levels has 

become possible through recent advancements, which have 

improved the thermal sensitivity of these detectors [118], [119]. 

The system achieves better feature detection because of its 

improved image resolution. The system now operates with 

built-in automated leak quantification algorithms, which 

function together with the detection system. The system from 

Li et al. successfully operates in challenging environmental 

settings [120]. 

The integration of modern OGI tools with machine learning 

algorithms for image classification improves leak detection 

precision because these systems deliver enhanced consistency 

and objectivity [121]. The new technologies help scientists  

reduce human errors while they improve their ability to detect 

and measure methane plumes. 

b- Image Analysis Techniques for Methane Quantification 

While in the US, Canada, and Europe, drone-based methane 

monitoring is mainly used for facility inspections as part of 

LDAR (Leak Detection and Repair) programs, in the Middle 

East Drone monitoring could increase the efficiency of 

inspections significantly, especially for the monitoring of 

remote pipelines, well pads, etc., which are hard to access and 

for which the cost of on-site work would be too high and for 

which the frequency of monitoring could be increased 

significantly [121], [122]. 

The current state of digital image processing and computer 

vision technologies enables them to perform complex data 

analysis of OGI and drone imagery information [76]: 

• Frame differencing and motion tracking algorithms are 

used to isolate gas plumes from the background [101]. 

• Scientists use pixel intensity-based quantification to 

determine plume density and emission rates [88]. 

• The combination of machine learning and deep learning 

models enables methane emission detection and 

classification through training CNNs with annotated 

thermal video datasets. 2022). 

• The system enables temporal plume tracking and leak size 

estimation through its analysis image software integration, 

which becomes more effective when users add 

environmental data, including wind speed measurements. 

The image analysis techniques serve as essential steps to 

convert OGI video data from qualitative to quantitative 

methane emission measurements, which improves the 

usefulness of visual inspection tools. 

c- Drone-Based Methane Monitoring 

Methane monitoring by Satellite is applied around the world; 

several space missions are in operation that continuously survey 

regions for methane emissions on a daily basis using satellite 

sensors such as TROPOMI and the Canadian commercial 

satellite GHGSat. The vast desert landscapes of the Middle 

East, with their many oil and gas installations on land as well as 

at sea, provide a unique monitoring challenge that can be filled 

by satellite emissions monitoring from space [123], [124]. 

Unmanned Aerial Vehicles (UAVs) use infrared cameras 

together with small methane sensors to detect areas that 

standard monitoring techniques fail to reach, including offshore 

rigs and flare stacks  [125], [126]. The research by [120] 

identifies three essential advantages, which are: 

• High-resolution surveys over targeted infrastructure. 

• Vertical profiling of emissions. 

• The system allows for quick deployment of emergency 

detection and needs to work with existing image and gas 

analysis pipelines, which will process data after the flight. 

 

d- Satellite Constellations and High-Resolution Remote 

Sensing 

Airborne monitoring systems are deployed for regional 

methane mapping and for emission verification in North 

America and Europe. Due to the large area of the Middle 

Eastern oil fields, such a monitoring system provides the 

required flexibility for effective and cost-efficient area 

monitoring in a short time frame [70], [96]. 
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The next generation of satellites (e.g., GHGSat, Sentinel-5P, 

Carbon Mapper) offers [113]: 

• Daily revisit times, 

• Sub-100-meter spatial resolution, 

• Global super-emitter detection capability. 

The development of machine learning algorithms for satellite 

signal correction and interpretation has started, but their 

operational readiness remains limited because cloud cover and 

atmospheric interference prevent source identification in 

complex environments [114], [119]. 

e- Artificial Intelligence and Data Fusion 

Wireless sensor networks for monitoring methane are 

increasingly being used for permanent monitoring at industrial 

sites. The number of on-site inspections required to inspect 

large processing facilities on a regular basis is being reduced in 

order to improve leak detection in real time. 

AI-based platforms now combine satellite data, drone footage, 

and ground sensor readings into real-time emission maps. 

Applications include [111], [113]. 

• Leak detection and localization, 

• Predictive maintenance modeling, 

• Source attribution using environmental and operational 

metadata. 

Data fusion from a multi-scale and multi-sensor system helps 

mitigate the limitations of any single technology and creates 

more robust and continuous emission profiles [29]. 

f- Internet of Things (IoT) and Miniaturized Sensors 

The installation of IoT-connected methane sensors throughout 

large facilities enables facilities to perform continuous system 

monitoring, which detects immediate leaks that trigger alerts 

that get sent to the SCADA system and cloud platforms [93]. 

The sensors produce inaccurate readings because of their 

affordable price and ability to expand, making them suitable for 

identifying system issues and monitoring network compliance 

in extensive distributed networks [100], [103]. New 

technologies operate with established techniques to generate 

enhanced results through better image quality and an automated 

system and combine data from multiple scales. The future 

development of methane detection and quantification methods 

will rely on three essential advancements, which combine the 

OGI system with image analysis algorithms and drone and 

satellite technology, and an AI-based data fusion system [109], 

[110]. The combination of these tools allows researchers to 

develop an affordable methane reduction system that produces 

precise results when implemented at large oil and gas facilities 

[95], [99] 

A Hybrid system that integrates the above monitoring system 

and platforms has recently been put into operation in some of 

the most advanced methane management projects around the 

world. This system can be highly effective in countries in the 

Middle East where there are numerous environmental 

conditions and a limited ground-based monitoring system. 

When considering environmental conditions in the Middle East, 

as detailed in Section 4, several of the above-mentioned 

limitations become more pronounced. These limitations are 

mainly influenced by high ambient temperatures, by the 

occasional occurrence of large dust storms, by high solar 

radiation, and by the typical “dispersed” character of the oil and 

gas production facilities. These facilities are spread over large 

areas in remote desert locations as well as offshore locations. 

The performance of various monitoring tools and their 

operational use is affected by these conditions [26], [28], [35], 

[41], [70]. 

8. Challenges and Future Research Directions 

-Technical challenges with methane monitoring in the oil and 

gas sector. 

 Existing methane monitoring technologies for the oil and gas 

sector have limitations. There are numerous methods to monitor 

methane emissions from the oil and gas sector individually. 

Thus, a standardization of these monitoring methods is not 

possible, as different methods can be used to estimate the same 

emissions, and thus different results are possible [92]. Bottom-

up estimates of emissions from the oil and gas sector on the 

basis of all individual sources are typically lower than actual 

emissions because general emission factors for various 

categories of sources are usually not sufficient to account for 

local conditions at individual sources [34]. Top-down estimates 

of total emissions for a sector or region from monitoring data 

typically do not identify individual sources, especially when 

there are hundreds to thousands of sources [34]. Also, there are 

significant technical challenges with the integration of ground-

based, aerial, and space-based monitoring systems with a 

variety of measurement methods that use different spatial 

resolutions and require different data processing [90].  

➢ Implementation-related challenges. 

Due to their high complexity and the large number of single 

monitoring points, methane monitoring systems are very costly. 

Under harsh weather conditions and in the absence of validation 

in real fields, the use of such a system is impeded. For oil- and 

gas-producing countries, especially those in the Middle East, 

severe environmental conditions at the locations of production 

on land and at sea, as well as a lack of infrastructure at the sites, 

pose substantial challenges for methane monitoring [41], [70], 

[89], [90], [92], [103], [109]. 

➢ Cost to Implement 

Modern technologies used for methane monitoring using 

aircraft and satellites, as well as continuous ground 

measurements and sophisticated AI-based platforms for 

monitoring, require significant initial investment to install and 

ongoing costs for personnel to collect and analyze data, as well 

as to manage information technology (IT) platforms to process 

the data collected. A cost-effective system, a hybrid monitoring 

approach, and a risk-based approach that identifies the greatest 

polluters will likely be the most economically effective 

approach to effective environmental protection and reduction of 

impacts. 
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➢ Policy and regulatory challenges. 

A number of the oil- and gas-producing countries worldwide 

are hindered by an incomplete monitoring infrastructure, a lack 

of technical expertise, a lack of emissions reporting, and a weak 

regulatory framework for methane monitoring. The quantitative 

determination and reporting of methane emissions is further 

challenged by a lack of political stability and funds required for 

emission databases and measures for the reduction of 

emissions. For Iraq, also, despite a large number of oil and gas 

fields, the existing institutional and infrastructure framework 

hampers the quantitative determination and reporting of 

methane emissions. 

➢ Future Research Priorities 

A review of current challenges of methane monitoring in oil and 

gas industry to identify research priorities for improving 

methane monitoring revealed several areas of concern that need 

to be addressed in future research. The first area of concern 

relates to the lack of standard protocols for monitoring methane 

emissions from the oil and gas industry, and the significant 

differences between bottom-up, top-down, and direct 

measurement methods of emissions from oil and gas sources. 

These challenges need to be addressed through the development 

and implementation of standard MRV (measurement, reporting, 

and verification) frameworks and methodologies that enable 

monitoring to be ‘harmonized’ to enable monitoring to be 

compared and contrasted. 

Additionally, most current monitoring techniques lack data to 

quantify and to characterize emissions from various sources due 

to several limitations inherent to each monitoring technology. 

In order to quantify and to characterize emissions from various 

sources of methane with the required accuracy, monitoring 

frameworks with various spatial scales are required. These 

frameworks would benefit from the implementation of a 

diversity of direct on-ground measurements (e.g., OGI) as well 

as from the utilization of aerial vehicles, aircraft, and space-

borne sensors, and from the application of computational 

methods for the integrated data analysis (e.g., AI, big data). 

Methane monitoring for oil- and gas-producing countries 

outside of North America faces a lack of monitoring 

infrastructure and a lack of technical capability to perform the 

monitoring required to measure emissions. It is common that 

emissions from oil- and gas-producing activities in these 

countries are not reported. Even where they are reported, the 

quality of reported emissions is often poor, and there are 

additional environmental challenges, such as high 

temperatures, that can affect monitoring as well as mitigation 

of emissions. Establishing a monitoring network on a regional 

basis, increasing institutional capacity to monitor oil- and gas-

producing activities, creating open public data on emissions 

databases, as well as validating satellite data using good quality 

ground-based measurements, are critical in enhancing emission 

transparency and enabling required actions to mitigate 

emissions in these countries [126]. 

Most important for future research on methane emissions from 

oil and gas production would be the establishment of a 

monitoring framework for methane monitoring that is 

standardized, integrated, and region-specific. It should make 

best use of all available monitoring technologies and, by doing 

so, reduce the uncertainty of the existing inventories for all oil 

and gas-producing countries worldwide. For the growing 

number of oil and gas-producing countries in the Middle East, 

such a monitoring framework is particularly important. 

9. Conclusion 

Methane monitoring of the oil and gas sector has seen 

considerable progress through the combination of measurement 

and remote sensing. Combining bottom-up information with 

top-down information has improved characterization of 

emissions. Significant regional, technical, and reporting gaps 

remain, however. 

The advancement of technology has not eliminated all major 

restrictions that persist. A single detection method fails to 

deliver a complete and uniform picture of methane emissions. 

The bottom-up inventory system cannot identify super-emitters, 

but top-down assessment methods cannot identify emission 

sources. The Middle East, together with other areas, lacks a 

proper monitoring system, standardized protocols, and a clear 

reporting system. The present technical obstacles, together with 

institutional limitations, stop data integration between systems 

that use different measurement systems and operate on different 

platforms. 

Future progress should focus on three areas: (1) development of 

standardized monitoring and reporting frameworks; (2) cost-

effective technologies for low-resource environments; and (3) 

integrated multi-scale monitoring systems. By addressing these 

areas, it is possible to decrease uncertainty related to existing 

greenhouse gas inventories, improve emission reporting, and 

support development of more effective policies to mitigate 

methane emissions. 

Abbreviations  

(CEMS) Continuous Emission Monitoring System  

(E&P) The Emission and Production  

 (EPA) Environmental Protection Agency 
(ESG) Environmental, Social, and Governance 

 (LES) Large-Eddy Simulations 
(LDAR)  Leak Detection and Repair  

(STE) Software Test Environment  

(sUAS)  Small Unmanned Aircraft System  

 (LiDAR) Light Detection and Ranging  

(UAVs) Unmanned Aerial Vehicles 

Monitoring, Reporting, and Verification  

 

 

  

(MRV) Monitoring, Reporting, and Verification  

(IPCC) Intergovernmental Panel on Climate 

Change (UNEP)  United Nations Environment Programme 

(OGMP)  Oil and Gas Methane Partnership 

(IEA) International Energy Agency 
Conflict of interest  

The authors declare that they have no known competing 

financial interests or personal relationships that could influence 

the work reported in this review. 

Author Contribution Statement 

Israa M. Altameemi (PhD student): Conceptualization, 

Investigation, Data curation, Writing – original draft, Writing – 

review & editing. 



Journal of Engineering and Sustainable Development, Vol. 30, No. 06, November 2026                                       ISSN 2520-0917 

974 

Noor Faizah Fitri Md Yusof (Professor, Environmental 

Engineering): Critical review of manuscript. 

Use of LLM and AI 

During the preparation of this manuscript, the authors used 

ChatGPT (developed by OpenAI) to improve readability and 

language clarity. After using this tool, the authors carefully 

reviewed and edited the content to ensure accuracy and 

integrity. The authors take full responsibility for the content of 

the published article. 

Research Funding 

The authors declare no known competing financial interests or 

personal relationships that could have appeared to influence the 

work reported in this paper. 

Data Availability 

Not applicable. No new data were generated or analyzed in this 

review article. 

References 

[1] D. T. Allen et al., “Field trial of methane emission quantification 

technologies,” in Proc. SPE Annual Technical Conference and Exhibition, 
2020, Art. no. SPE-201537-MS. doi: https://doi.org/10.2118/201537-MS. 

[2] T. Lauvaux et al., “Global assessment of oil and gas methane ultra-
emitters,” Science, vol. 375, no. 6580, pp. 557–561, 2022. doi: 
https://www.science.org/doi/10.1126/science.abj4351  

[3] S. Sun, L. Ma, and Z. Li, “Methane emission estimation of oil and gas sector: 

A review of measurement technologies, data analysis methods and 

uncertainty estimation,” Sustainability, vol. 13, no. 24, Art. no. 13895, 
2021. doi: https://doi.org/10.3390/su132413895. 

[4] X. Yang et al., “City-scale methane emissions from the midstream oil and 
gas industry: A satellite survey of the Zhoushan archipelago,” Journal of 

Cleaner Production, vol. 449, Art. no. 141673, 2024. doi: 
https://doi.org/10.1016/j.jclepro.2024.141673. 

[5] T. A. Fox, T. E. Barchyn, D. Risk, A. P. Ravikumar, and C. H. Hugenholtz, 

“A review of close-range and screening technologies for mitigating fugitive 
methane emissions in upstream oil and gas,” Environmental Research 

Letters, vol. 14, no. 5, Art. no. 053002, 2019. doi: 
https://doi.org/10.1088/1748-9326/ab0cc3. 

[6] J. Cooper, L. Dubey, and A. Hawkes, “Methane detection and quantification 

in the upstream oil and gas sector: The role of satellites in emissions 

detection, reconciling and reporting,” Environmental Science: 

Atmospheres, vol. 2, no. 1, pp. 9–23, 2022. doi: 
https://doi.org/10.1039/D1EA00046B. 

[7] S. M. Mehrdad and K. Du, “Satellite-based methane emission monitoring: 

A review across industries,” Remote Sensing, vol. 17, no. 22, Art. no. 
3674, 2025. doi: https://doi.org/10.3390/rs17223674. 

[8] Y. Zhang, Z. Wang, J. Hu, and C. Pu, “Intelligent management of carbon 
emissions of urban domestic sewage based on the Internet of Things,” 

Environmental Research, vol. 251, Art. no. 118594, 2024. doi: 
https://doi.org/10.1016/j.envres.2024.118594. 

[9] J. G. Nejad et al., “Advances in methane emission estimation in livestock: 

A review of data collection methods, model development and the role of 
AI technologies,” Animals, vol. 14, no. 3, Art. no. 435, 2024. doi: 
https://doi.org/10.3390/ani14030435. 

[10] E. Chan et al., “Eight-year estimates of methane emissions from oil and 

gas operations in Western Canada are nearly twice those reported in 

inventories,” Environmental Science & Technology, vol. 54, no. 23, pp. 
14899–14909, 2020. doi: https://doi.org/10.1021/acs.est.0c04117. 

[11] M. Fiorucci et al., “Remote sensing and AI for monitoring methane 
emissions,” in Proc. Abu Dhabi International Petroleum Exhibition and 

Conference, 2025, Art. no. D041S150R005.  doi: 
https://doi.org/10.2118/229275-MS. 

[12] A. Yazdinejad, H. Wang, and J. D. Kong, “Advanced AI-driven methane 
emission detection, quantification, and localization in Canada: A hybrid 

multi-source fusion framework,” Science of the Total Environment, vol. 

998, Art. no. 180142, 2025. doi: 

https://doi.org/10.1016/j.scitotenv.2025.180142. 

[13] M. R. Johnson, D. R. Tyner, and B. M. Conrad, “Origins of oil and gas 
sector methane emissions: On-site investigations of aerial measured 

sources,” Environmental Science & Technology, vol. 57, no. 6, pp. 2484–
2494, 2023. doi: https://doi.org/10.1021/acs.est.2c07318. 

[14] D. R. Lyon, R. A. Alvarez, D. Zavala-Araiza, A. R. Brandt, R. B. Jackson, 

and S. P. Hamburg, “Aerial surveys of elevated hydrocarbon emissions 
from oil and gas production sites,” Environmental Science & Technology, 

vol. 50, no. 9, pp. 4877–4886, 2016. doi: 
https://doi.org/10.1021/acs.est.6b00705. 

[15] G. Aydin, I. Karakurt, and K. Aydiner, “Analysis and mitigation 

opportunities of methane emissions from the energy sector,” Energy 
Sources, Part A: Recovery, Utilization, and Environmental Effects, vol. 34, 

no. 11, pp. 967–982, 2012. doi: 
https://doi.org/10.1080/15567031003716725 

[16] T. I. Yacovitch, C. Daube, and S. C. Herndon, “Methane emissions from 

offshore oil and gas platforms in the Gulf of Mexico,” Environmental 
Science & Technology, vol. 54, no. 6, pp. 3530–3538, 2020. doi: 
https://doi.org/10.1021/acs.est.9b07148. 

[17] B. Smith, S. Buckingham, D. Touzel, A. Corbett, and C. Tavner, 

“Development of methods for top-down methane emission measurements 

of oil and gas facilities in an offshore environment using a miniature 
methane spectrometer and long-endurance uncrewed aerial system,” SPE 

Production & Operations, vol. 38, no. 4, pp. 565–573, 2023. doi: 
https://doi.org/10.2118/206181-PA. 

[18] J. L. Wang et al., “Multiscale methane measurements at oil and gas 

facilities reveal necessary frameworks for improved emissions 
accounting,” Environmental Science & Technology, vol. 56, no. 20, pp. 
14743–14752, 2022. doi: https://doi.org/10.1021/acs.est.2c06211. 

[19] Y. Zeng and J. Morris, “Detection limits of optical gas imagers as a 

function of temperature differential and distance,” Journal of the Air & 

Waste Management Association, vol. 69, no. 3, pp. 351–361, 2019. doi: 
https://doi.org/10.1080/10962247.2018.1540366. 

[20] M. Gålfalk, S. Nilsson Påledal, and D. Bastviken, “Sensitive drone 
mapping of methane emissions without the need for supplementary ground-

based measurements,” ACS Earth and Space Chemistry, vol. 5, no. 10, pp. 
2668–2676, 2021. doi: 
https://doi.org/10.1021/acsearthspacechem.1c00106. 

[21] D. J. Varon et al., “Satellite discovery of anomalously large methane point 

sources from oil/gas production,” Geophysical Research Letters, vol. 46, 

no. 22, pp. 13507–13516, 2019. doi: 
https://doi.org/10.1029/2019GL083798. 

[22] D. T. Allen, D. Smith, V. M. Torres, and F. C. Saldaña, “Carbon dioxide, 
methane and black carbon emissions from upstream oil and gas flaring in 

the United States,” Current Opinion in Chemical Engineering, vol. 13, pp. 

119–123, 2016. doi: https://doi.org/10.1016/j.coche.2016.08.014. 

[23] Á. E. Esparza, M. Ebbs, N. De Toro Eadie, R. Roffo, and L. Monnington, 

“Utilizing remote sensing and data analytics techniques to detect methane 
emissions from the oil and gas industry and assist with sustainability 

metrics,” SPE Production & Operations, vol. 38, no. 4, pp. 640–650, 2023. 
doi: https://doi.org/10.2118/215818-PA. 

[24] P. E. Saide et al., “Evaluating methods to estimate methane emissions from 

oil and gas production facilities using LES simulations,” Environmental 
Science & Technology, vol. 52, no. 19, pp. 11206–11214, 2018. doi: 
https://doi.org/10.1021/acs.est.8b01767. 

[25] A. Ražnjević et al., “Technical note: Interpretation of field observations of 

point-source methane plume using observation-driven large-eddy 

simulations,” Atmospheric Chemistry and Physics, vol. 22, no. 10, pp. 
6489–6505, 2022. doi: https://doi.org/10.5194/acp-22-6489-2022. 

[26] R. A. Alvarez et al., “Assessment of methane emissions from the U.S. oil 

and gas supply chain,” Science, vol. 361, no. 6398, pp. 186–188, 2018. doi: 
https://doi.org/10.1126/science.aar7204  

[27] H. Jia and H. Kikumoto, “Source term estimation in complex urban 

environments based on Bayesian inference and unsteady adjoint equations 

simulated via large eddy simulation,” Building and Environment, vol. 193, 
Art. no. 107669, 2021. doi: 
https://doi.org/10.1016/j.buildenv.2021.107669. 

[28] X. Zhou et al., “Mobile measurement system for the rapid and cost-

effective surveillance of methane and volatile organic compound emissions 

https://doi.org/10.2118/201537-MS
https://www.science.org/doi/10.1126/science.abj4351
https://doi.org/10.3390/su132413895
https://doi.org/10.1016/j.jclepro.2024.141673
https://doi.org/10.1088/1748-9326/ab0cc3
https://doi.org/10.1039/D1EA00046B
https://doi.org/10.3390/rs17223674?utm_source=chatgpt.com
https://doi.org/10.1016/j.envres.2024.118594
https://doi.org/10.3390/ani14030435
https://doi.org/10.1021/acs.est.0c04117
https://doi.org/10.2118/229275-MS
https://doi.org/10.1016/j.scitotenv.2025.180142
https://doi.org/10.1021/acs.est.2c07318
https://doi.org/10.1021/acs.est.6b00705
https://doi.org/10.1080/15567031003716725
https://doi.org/10.1021/acs.est.9b07148
https://doi.org/10.2118/206181-PA
https://doi.org/10.1021/acs.est.2c06211
https://doi.org/10.1080/10962247.2018.1540366
https://doi.org/10.1021/acsearthspacechem.1c00106
https://doi.org/10.1029/2019GL083798
https://doi.org/10.1016/j.coche.2016.08.014
https://doi.org/10.2118/215818-PA
https://doi.org/10.1021/acs.est.8b01767
https://doi.org/10.5194/acp-22-6489-2022
https://doi.org/10.1126/science.aar7204
https://doi.org/10.1016/j.buildenv.2021.107669


Journal of Engineering and Sustainable Development, Vol. 30, No. 06, November 2026                                       ISSN 2520-0917 

975 

from oil and gas production sites,” Environmental Science & Technology, 

vol. 55, no. 1, pp. 581–592, 2021. doi: 

https://doi.org/10.1021/acs.est.0c06545. 

[29] A. M. Fredenslund, J. Hinge, M. A. Holmgren, S. G. Rasmussen, and C. 
Scheutz, “On-site and ground-based remote sensing measurements of 

methane emissions from four biogas plants: A comparison study,” 

Bioresource Technology, vol. 270, pp. 88–95, 2018. doi: 
https://doi.org/10.1016/j.biortech.2018.08.080. 

[30] T. L. Vaughn et al., “Temporal variability largely explains top-
down/bottom-up difference in methane emission estimates from a natural 

gas production region,” Proceedings of the National Academy of Sciences, 

vol. 115, no. 46, pp. 11712–11717, 2018. doi: 
https://doi.org/10.1073/pnas.1805687115. 

[31] A. E. Ite and U. J. Ibok, “Gas flaring and venting associated with petroleum 
exploration and production in the Nigeria’s Niger Delta,” American 

Journal of Environmental Protection, vol. 1, no. 4, pp. 70–77, 2013. doi: 
https://doi.org/10.12691/env-1-4-1. 

[32] M. Davoudi, M. R. Rahimpour, S. M. Jokar, F. Nikbakht, and H. 

Abbasfard, “The major sources of gas flaring and air contamination in the 
natural gas processing plants: A case study,” Journal of Natural Gas 

Science and Engineering, vol. 13, pp. 7–19, 2013. doi: 
https://doi.org/10.1016/j.jngse.2013.03.002 

[33] R. Subramanian et al., “Methane emissions from natural gas compressor 

stations in the transmission and storage sector: Measurements and 
comparisons with the EPA greenhouse gas reporting program protocol,” 

Environmental Science & Technology, vol. 49, no. 5, pp. 3252–3261, 2015. 
doi: https://doi.org/10.1021/es5060258. 

[34] D. Zimmerle, T. Vaughn, C. Bell, K. Bennett, P. Deshmukh, and E. Thoma, 

“Detection limits of optical gas imaging for natural gas leak detection in 
realistic, controlled conditions,” Environmental Science & Technology, 

vol. 54, no. 18, pp. 11506–11514, 2020. doi: 
https://doi.org/10.1021/acs.est.0c01285. 

[35] K. Konschnik and S. M. Jordaan, “Reducing fugitive methane emissions 

from the North American oil and gas sector: A proposed science-policy 
framework,” Climate Policy, vol. 18, no. 9, pp. 1133–1151, 2018. doi: 
https://doi.org/10.1080/14693062.2018.1427538. 

[36] B. M. Hashim, M. A. Sultan, A. Al Maliki, and N. Al-Ansari, “Estimation 

of greenhouse gases emitted from energy industry (oil refining and 
electricity generation) in Iraq using IPCC methodology,” Atmosphere, vol. 
11, no. 6, Art. no. 662, 2020. doi: https://doi.org/10.3390/atmos11060662. 

[37] A. Razaq and A. F. Hassoon, “Estimation effect of weather factors on 

biogas emissions rate (methane) from landfill stations in Baghdad 

Governorate,” Iraqi Geological Journal, vol. 55, no. 2F, pp. 212–223, 
2022. [Online]. Available: https://igj-
iraq.org/igj/index.php/igj/article/view/1069. 

[38] Z. Chen et al., “Satellite quantification of methane emissions and oil–gas 

methane intensities from individual countries in the Middle East and North 

Africa: Implications for climate action,” Atmospheric Chemistry and 
Physics, vol. 23, no. 10, pp. 5945–5967, 2023. doi: 
https://doi.org/10.5194/acp-23-5945-2023. 

[39] R. M. Shubbar, D. I. Lee, H. A. Gzar, and A. S. Rood, “Modeling air 

dispersion of pollutants emitted from the Daura Oil Refinery, Baghdad-Iraq 

using the CALPUFF modeling system,” Journal of Environmental 
Informatics Letters, vol. 2, no. 1, pp. 28–39, 2019. doi: 
https://doi.org/10.3808/jeil.201900014. 

[40] H. L. Brantley, E. D. Thoma, W. C. Squier, B. B. Guven, and D. Lyon, 

“Assessment of methane emissions from oil and gas production pads using 

mobile measurements,” Environmental Science & Technology, vol. 48, no. 
24, pp. 14508–14515, 2014. doi: https://doi.org/10.1021/es503070q. 

[41] B. Anifowose and M. Odubela, “Methane emissions from oil and gas 
transport facilities—Exploring innovative ways to mitigate environmental 

consequences,” Journal of Cleaner Production, vol. 92, pp. 121–133, 

2015. doi: https://doi.org/10.1016/j.jclepro.2014.12.066. 

[42] IEA, Global Methane Tracker 2026. Paris, France: International Energy 

Agency, 2026. [Online]. Available: https://www.iea.org/reports/global-
methane-tracker-2026. 

[43] Á. Esparza, M. Ebbs, and J.-F. Gauthier, “Application of remote sensing 
techniques to detect methane emissions from the oil and gas sector to assist 

operators with sustainability efforts,” in Proc. SPE Annual Technical 

Conference and Exhibition, 2022, Art. no. SPE-209980-MS. doi: 
https://doi.org/10.2118/209980-MS. 

[44] M. R. Johnson, D. R. Tyner, and A. J. Szekeres, “Blinded evaluation of 

airborne methane source detection using Bridger Photonics LiDAR,” 

Remote Sensing of Environment, vol. 259, Art. no. 112418, 2021. doi: 
https://doi.org/10.1016/j.rse.2021.112418. 

[45] T. G. van Kessel, L. J. Klein, M. Ramachandran, E. J. Zhang and H. 

Hamann, "Satellite Guided Mobile Wireless Methane Detection for Oil and 

Gas Operations," 2020 IEEE 6th World Forum on Internet of Things (WF-
IoT), New Orleans, LA, USA, 2020, pp. 1-4, doi: 
https://doi.org/10.1109/WF-IoT48130.2020.9221071.   

[46] A. Corbett and B. Smith, “A study of a miniature TDLAS system onboard 

two unmanned aircraft to independently quantify methane emissions from 

oil and gas production assets and other industrial emitters,” Atmosphere, 
vol. 13, no. 5, Art. no. 804, 2022. doi: 
https://doi.org/10.3390/atmos13050804. 

[47] A. R. Waxman, A. Khomaini, B. D. Leibowicz, and S. M. Olmstead, 

“Emissions in the stream: Estimating the greenhouse gas impacts of an oil 

and gas boom,” Environmental Research Letters, vol. 15, no. 1, Art. no. 

014004, 2020. doi: https://doi.org/10.1088/1748-9326/ab5e6f. 

[48] A. Safitri, X. Gao, and M. S. Mannan, “Dispersion modeling approach for 
quantification of methane emission rates from natural gas fugitive leaks 

detected by infrared imaging technique,” Journal of Loss Prevention in the 

Process Industries, vol. 24, no. 2, pp. 138–145, 2011. doi: 
https://doi.org/10.1016/j.jlp.2010.11.007. 

[49] T. Reinelt, A. Delre, T. Westerkamp, M. A. Holmgren, J. Liebetrau, and 
C. Scheutz, “Comparative use of different emission measurement 

approaches to determine methane emissions from a biogas plant,” Waste 

Management, vol. 68, pp. 173–185, 2017. doi: 
https://doi.org/10.1016/j.wasman.2017.05.053. 

[50] G. Gargiulo, “Detection of methane fugitive emissions using drones,” The 
APPEA Journal, vol. 61, no. 2, pp. 400–401, 2021. doi: 
https://doi.org/10.1071/AJ20088. 

[51] J. S. Rutherford et al., “Closing the methane gap in US oil and natural gas 

production emissions inventories,” Nature Communications, vol. 12, Art. 
no. 4715, 2021. doi: https://doi.org/10.1038/s41467-021-25017-4. 

[52] D. Turner, “Practical lessons from implementing a top-down, drone-based 

methane emissions quantification technology into global oil and gas 
operations,” Australian Energy Producers Journal, vol. 64, no. 1, pp. 44–
53, 2024. doi: https://doi.org/10.1071/EP23031. 

[53] J. D. Albertson et al., “A mobile sensing approach for regional surveillance 

of fugitive methane emissions in oil and gas production,” Environmental 
Science & Technology, vol. 50, no. 5, pp. 2487–2497, 2016. doi: 
https://doi.org/10.1021/acs.est.5b05059. 

[54] J. Kamieniak, E. P. Randviir, and C. E. Banks, “The latest developments 

in the analytical sensing of methane,” TrAC Trends in Analytical 

Chemistry, vol. 73, pp. 146–157, 2015. doi: 
https://doi.org/10.1016/j.trac.2015.04.030. 

[55] O. Schneising, J. P. Burrows, R. R. Dickerson, M. Buchwitz, M. Reuter, 

and H. Bovensmann, “Remote sensing of fugitive methane emissions from 

oil and gas production in North American tight geologic formations,” 

Earth’s Future, vol. 2, no. 10, pp. 548–558, 2014. doi: 
https://doi.org/10.1002/2014EF000265. 

[56] D. Hollenbeck, D. Zulevic, and Y. Chen, “Advanced leak detection and 
quantification of methane emissions using sUAS,” Drones, vol. 5, no. 4, 
Art. no. 117, 2021. doi: https://doi.org/10.3390/drones5040117. 

[57] Y. You, R. M. Staebler, S. G. Moussa, J. Beck, and R. L. Mittermeier, 

“Methane emissions from an oil sands tailings pond: A quantitative 

comparison of fluxes derived by different methods,” Atmospheric 
Measurement Techniques, vol. 14, no. 3, pp. 1879–1892, 2021. doi: 
https://doi.org/10.5194/amt-14-1879-2021. 

[58] A. A. Nottrott, “Large-eddy simulation, atmospheric measurement and 

inverse modeling of greenhouse gas emissions at local spatial scales,” 

Ph.D. dissertation, University of California, San Diego, San Diego, CA, 

USA, 2014. [Online]. Available: 
https://escholarship.org/uc/item/08x1j1p8. 

[59] D. R. Tyner and M. R. Johnson, “Where the methane is—Insights from 

novel airborne LiDAR measurements combined with ground survey data,” 

Environmental Science & Technology, vol. 55, no. 14, pp. 9773–9783, Jul. 
2021. doi: https://doi.org/10.1021/acs.est.1c01572. 

[60] M. R. Johnson, D. R. Tyner, S. Conley, S. Schwietzke, and D. Zavala-
Araiza, “Comparisons of airborne measurements and inventory estimates 

of methane emissions in the Alberta upstream oil and gas sector,” 

https://doi.org/10.1021/acs.est.0c06545?utm_source=chatgpt.com
https://doi.org/10.1016/j.biortech.2018.08.080
https://doi.org/10.1073/pnas.1805687115
https://doi.org/10.12691/env-1-4-1
https://doi.org/10.1016/j.jngse.2013.03.002
https://doi.org/10.1021/es5060258
https://doi.org/10.1021/acs.est.0c01285?utm_source=chatgpt.com
https://doi.org/10.1080/14693062.2018.1427538
https://doi.org/10.3390/atmos11060662
https://igj-iraq.org/igj/index.php/igj/article/view/1069?utm_source=chatgpt.com
https://igj-iraq.org/igj/index.php/igj/article/view/1069?utm_source=chatgpt.com
https://doi.org/10.5194/acp-23-5945-2023
https://doi.org/10.3808/jeil.201900014
https://doi.org/10.1021/es503070q
https://doi.org/10.1016/j.jclepro.2014.12.066
https://www.iea.org/reports/global-methane-tracker-2026?utm_source=chatgpt.com
https://www.iea.org/reports/global-methane-tracker-2026?utm_source=chatgpt.com
https://doi.org/10.2118/209980-MS
https://doi.org/10.1016/j.rse.2021.112418
https://doi.org/10.1109/WF-IoT48130.2020.9221071
https://doi.org/10.3390/atmos13050804?utm_source=chatgpt.com
https://doi.org/10.1088/1748-9326/ab5e6f
https://doi.org/10.1016/j.jlp.2010.11.007
https://doi.org/10.1016/j.wasman.2017.05.053
https://doi.org/10.1071/AJ20088
https://doi.org/10.1038/s41467-021-25017-4
https://doi.org/10.1071/EP23031
https://doi.org/10.1021/acs.est.5b05059
https://doi.org/10.1016/j.trac.2015.04.030
https://doi.org/10.1002/2014EF000265
https://doi.org/10.3390/drones5040117
https://doi.org/10.5194/amt-14-1879-2021
https://escholarship.org/uc/item/08x1j1p8
https://doi.org/10.1021/acs.est.1c01572?utm_source=chatgpt.com


Journal of Engineering and Sustainable Development, Vol. 30, No. 06, November 2026                                       ISSN 2520-0917 

976 

Environmental Science & Technology, vol. 51, no. 21, pp. 13008–13017, 
2017. doi: https://doi.org/10.1021/acs.est.7b03525. 

[61] E. Atherton et al., “Mobile measurement of methane emissions from 

natural gas developments in northeastern British Columbia, Canada,” 
Atmospheric Chemistry and Physics, vol. 17, no. 20, pp. 12405–12420, 
2017. doi: https://doi.org/10.5194/acp-17-12405-2017. 

[62] J. L. France et al., “Facility level measurement of offshore oil and gas 

installations from a medium-sized airborne platform: Method development 

for quantification and source identification of methane emissions,” 
Atmospheric Measurement Techniques, vol. 14, no. 1, pp. 71–88, 2021. 
doi: https://doi.org/10.5194/amt-14-71-2021. 

[63] D. Zavala-Araiza et al., “Methane emissions from oil and gas production 

sites in Alberta, Canada,” Elementa: Science of the Anthropocene, vol. 6, 
Art. no. 27, 2018. doi: https://doi.org/10.1525/elementa.284. 

[64] D. J. Jacob et al., “Satellite observations of atmospheric methane and their 

value for quantifying methane emissions,” Atmospheric Chemistry and 
Physics, vol. 16, no. 22, pp. 14371–14396, 2016. doi: 

https://doi.org/10.5194/acp-16-14371-2016. 

[65] A. Karion et al., “Methane emissions estimate from airborne measurements 

over a western United States natural gas field,” Geophysical Research 

Letters, vol. 40, no. 16, pp. 4393–4397, 2013. doi: 
https://doi.org/10.1002/grl.50811. 

[66] D. T. Allen et al., “Measurements of methane emissions at natural gas 
production sites in the United States,” Proceedings of the National 

Academy of Sciences, vol. 110, no. 44, pp. 17768–17773, 2013. doi: 
https://doi.org/10.1073/pnas.1304880110. 

[67] A. N. Hristov et al., “Symposium review: Uncertainties in enteric methane 

inventories, measurement techniques, and prediction models,” Journal of 
Dairy Science, vol. 101, no. 7, pp. 6655–6674, 2018. doi: 
https://doi.org/10.3168/jds.2017-13536. 

[68] K. S. Ro, M. H. Johnson, R. M. Varma, R. A. Hashmonay, and P. Hunt, 

“Measurement of greenhouse gas emissions from agricultural sites using 

open-path optical remote sensing method,” Journal of Environmental 
Science and Health, Part A, vol. 44, no. 10, pp. 1011–1018, 2009. doi: 
https://doi.org/10.1080/10934520902996963. 

[69] H. M. El-Houjeiri, A. R. Brandt, and J. E. Duffy, “Open-source LCA tool 

for estimating greenhouse gas emissions from crude oil production using 

field characteristics,” Environmental Science & Technology, vol. 47, no. 
11, pp. 5998–6006, 2013. doi: https://doi.org/10.1021/es304570m. 

[70] R. Harriss, R. A. Alvarez, D. Lyon, D. Zavala-Araiza, D. Nelson, and S. 

P. Hamburg, “Using multi-scale measurements to improve methane 

emission estimates from oil and gas operations in the Barnett Shale region, 
Texas,” Environmental Science & Technology, vol. 49, no. 13, pp. 7524–
7526, 2015. doi: https://doi.org/10.1021/acs.est.5b02305. 

[71] D. Franke, A. Bahr, J. Gütschow, M. Blumenberg, S. Ladage, R. Lutz, and 

M. Pein, “Attempt to estimate historical methane emissions from the oil 

and natural gas sector,” in EGU General Assembly 2020, Online, May 4–

8, 2020, EGU2020-4469. doi: https://doi.org/10.5194/egusphere-egu2020-
4469. 

[72] K. Ritter, M. Lev-On, and T. Shires, “Industry experience in deriving 

updated emission factors to characterize methane emissions for select 

emission sources in natural gas systems,” Carbon Management, vol. 5, no. 
5–6, pp. 507–517, 2014. doi: 
https://doi.org/10.1080/20430779.2015.1036752. 

[73] S. Thakur and H. Solanki, “Role of methane in climate change and options 

for mitigation—A brief review,” International Association of Biologicals 

and Computational Digest, vol. 1, no. 2, pp. 275–281, 2022. doi: 
https://doi.org/10.56588/iabcd.v1i2.80. 

[74] J. A. de Gouw et al., “Daily satellite observations of methane from oil and 
gas production regions in the United States,” Scientific Reports, vol. 10, 

no. 1, Art. no. 1379, 2020. doi: https://doi.org/10.1038/s41598-020-57678-
4. 

[75] L. Shen et al., “Satellite quantification of oil and natural gas methane 

emissions in the US and Canada including contributions from individual 
basins,” Atmospheric Chemistry and Physics, vol. 22, no. 17, pp. 11203–
11215, 2022. doi: https://doi.org/10.5194/acp-22-11203-2022. 

[76] O. Schneising, M. Buchwitz, M. Reuter, S. Vanselow, H. Bovensmann, 

and J. P. Burrows, “Remote sensing of methane leakage from natural gas 

and petroleum systems revisited,” Atmospheric Chemistry and Physics, 
vol. 20, no. 15, pp. 9169–9182, 2020. doi: https://doi.org/10.5194/acp-20-
9169-2020. 

[77] H. J. Deglint, W. D. Shaw, and J.-F. Gauthier, “Using a satellite-aircraft 

hybrid system based on the same sensor to monitor oil and gas facilities for 

methane emissions,” The APPEA Journal, vol. 61, no. 2, pp. 384–388, 
2021. doi: https://doi.org/10.1071/AJ20182. 

[78] M. R. Harrison, R. M. Cowgill, L. M. Campbell, and R. A. Lott, Methane 

Emissions from the Natural Gas Industry, vols. 1–15, Final Rep. GRI-

94/0257 and EPA-600/R-96-080. Research Triangle Park, NC, USA: U.S. 
Environmental Protection Agency, National Risk Management Research 

Laboratory, 1996. [Online]. Available: https://www.epa.gov/natural-gas-
star-program/methane-emissions-natural-gas-industry. 

[79] D. A. Kirchgessner, R. A. Lott, R. M. Cowgill, M. R. Harrison, and T. M. 

Shires, “Estimate of methane emissions from the U.S. natural gas 
industry,” Chemosphere, vol. 35, no. 6, pp. 1365–1390, 1997. doi: 
https://doi.org/10.1016/S0045-6535(97)00236-1. 

[80] D. J. Zimmerle et al., “Methane emissions from the natural gas 

transmission and storage system in the United States,” Environmental 

Science & Technology, vol. 49, no. 15, pp. 9374–9383, 2015. doi: 

https://doi.org/10.1021/acs.est.5b01669. 

[81] R. Patyńska, “Methodology of estimation of methane emissions from coal 
mines in Poland,” Studia Geotechnica et Mechanica, vol. 36, no. 1, pp. 89–
101, 2014. doi: https://doi.org/10.2478/sgem-2014-0011. 

[82] A. Singh et al., “Satellite-based quantification of methane emissions from 

wetlands and rice paddies ecosystem in North and Northeast India,” 

Hydrobiology, vol. 1, no. 3, pp. 317–330, 2022. doi: 
https://doi.org/10.3390/hydrobiology1030023. 

[83] H. Q. Bang and V. H. N. Khue, “Air emission inventory,” in Air 
Pollution—Monitoring, Quantification and Removal of Gases and 

Particles, J. Del Real Olvera, Ed. London, U.K.: IntechOpen, 2018. doi: 
https://doi.org/10.5772/intechopen.79928. 

[84] M. Crippa et al., CO₂ Emissions of All World Countries: JRC/IEA/PBL 

2022 Report, EUR 31182 EN. Luxembourg: Publications Office of the 
European Union, 2022. doi: https://doi.org/10.2760/07904. 

[85] S. V. Kumar, G. A. A. Mary, and M. Mahdal, “Integrated edge deployable 
fault diagnostic algorithm for the Internet of Things (IoT): A methane 

sensing application,” Sensors, vol. 23, no. 14, Art. no. 6266, 2023. doi: 
https://doi.org/10.3390/s23146266. 

[86] A. Pandey, O. Momeni, and P. Pandey, “Design and implementation of 

IoT-enabled device for real-time monitoring of greenhouse gas emissions, 
and pressure in anaerobic reactors,” IEEE Access, vol. 12, pp. 133848–
133862, 2024. doi: https://doi.org/10.1109/ACCESS.2024.3449217. 

[87] D. H. Cusworth et al., “Intermittency of large methane emitters in the 

Permian Basin,” Environmental Science & Technology Letters, vol. 8, no. 
7, pp. 567–573, 2021. doi: https://doi.org/10.1021/acs.estlett.1c00173. 

[88] T. R. Scarpelli et al., “Updated global fuel exploitation inventory (GFEI) 
for methane emissions from the oil, gas, and coal sectors: Evaluation with 

inversions of atmospheric methane observations,” Atmospheric Chemistry 

and Physics, vol. 22, no. 5, pp. 3235–3249, 2022. doi: 

https://doi.org/10.5194/acp-22-3235-2022. 

[89] M. Dadashzadeh, F. Khan, K. Hawboldt, and R. Abbassi, “Emission factor 
estimation for oil and gas facilities,” Process Safety and Environmental 

Protection, vol. 89, no. 5, pp. 295–299, 2011. doi: 
https://doi.org/10.1016/j.psep.2011.06.005  

[90] D. R. Lyon et al., “Constructing a spatially resolved methane emission 

inventory for the Barnett Shale region,” Environmental Science & 
Technology, vol. 49, no. 13, pp. 8147–8157, 2015. doi: 
https://doi.org/10.1021/es506359c. 

[91] A. Karion et al., “Aircraft-based estimate of total methane emissions from 

the Barnett Shale region,” Environmental Science & Technology, vol. 49, 
no. 13, pp. 8124–8131, 2015. doi: https://doi.org/10.1021/acs.est.5b00217. 

[92] L. Höglund-Isaksson, A. Gómez-Sanabria, Z. Klimont, P. Rafaj, and W. 

Schöpp, “Technical potentials and costs for reducing global anthropogenic 

methane emissions in the 2050 timeframe—Results from the GAINS 

model,” Environmental Research Communications, vol. 2, no. 2, Art. no. 
025004, 2020. doi: https://doi.org/10.1088/2515-7620/ab7457. 

[93] X. Li, Y. Zhang, G. de Leeuw, X. Yao, Z. He, H. Wu, and Z. Yang, “A 

review of city-scale methane flux inversion based on top-down methods,” 
Remote Sensing, vol. 17, no. 18, Art. no. 3152, 2025. doi: 
https://doi.org/10.3390/rs17183152. 

[94] Environment Agency, Quantifying Methane Emissions Using 

Inverse Dispersion Modelling. Bristol, U.K.: Environment 

Agency, Sep. 2023. [Online]. Available: 

https://doi.org/10.1021/acs.est.7b03525?utm_source=chatgpt.com
https://doi.org/10.5194/acp-17-12405-2017
https://doi.org/10.5194/amt-14-71-2021
https://doi.org/10.1525/elementa.284
https://doi.org/10.5194/acp-16-14371-2016
https://doi.org/10.1002/grl.50811
https://doi.org/10.1073/pnas.1304880110
https://doi.org/10.3168/jds.2017-13536
https://doi.org/10.1080/10934520902996963
https://doi.org/10.1021/es304570m
https://doi.org/10.1021/acs.est.5b02305
https://doi.org/10.5194/egusphere-egu2020-4469
https://doi.org/10.5194/egusphere-egu2020-4469
https://doi.org/10.1080/20430779.2015.1036752
https://doi.org/10.56588/iabcd.v1i2.80
https://doi.org/10.1038/s41598-020-57678-4
https://doi.org/10.1038/s41598-020-57678-4
https://doi.org/10.5194/acp-22-11203-2022
https://doi.org/10.5194/acp-20-9169-2020
https://doi.org/10.5194/acp-20-9169-2020
https://doi.org/10.1071/AJ20182
https://www.epa.gov/natural-gas-star-program/methane-emissions-natural-gas-industry?utm_source=chatgpt.com
https://www.epa.gov/natural-gas-star-program/methane-emissions-natural-gas-industry?utm_source=chatgpt.com
https://doi.org/10.1016/S0045-6535(97)00236-1
https://doi.org/10.1021/acs.est.5b01669
https://doi.org/10.2478/sgem-2014-0011
https://doi.org/10.3390/hydrobiology1030023
https://doi.org/10.5772/intechopen.79928
https://doi.org/10.2760/07904
https://doi.org/10.3390/s23146266
https://doi.org/10.1109/ACCESS.2024.3449217
https://doi.org/10.1021/acs.estlett.1c00173
https://doi.org/10.5194/acp-22-3235-2022
https://doi.org/10.1016/j.psep.2011.06.005
https://doi.org/10.1021/es506359c
https://doi.org/10.1021/acs.est.5b00217
https://doi.org/10.1088/2515-7620/ab7457
https://doi.org/10.3390/rs17183152


Journal of Engineering and Sustainable Development, Vol. 30, No. 06, November 2026                                       ISSN 2520-0917 

977 

https://www.gov.uk/government/publications/quantifying-
methane-emissions-using-inverse-dispersion-modelling. 

[95] Z. Barkley et al., “Quantification of oil and gas methane emissions in the 

Delaware and Marcellus basins using a network of continuous tower-based 
measurements,” Atmospheric Chemistry and Physics, vol. 23, pp. 6127–
6144, 2023. doi: https://doi.org/10.5194/acp-23-6127-2023. 

[96] M. J. Krause, G. W. Chickering, T. G. Townsend, and D. R. Reinhart, 

“Critical review of the methane generation potential of municipal solid 

waste,” Critical Reviews in Environmental Science and Technology, vol. 
46, no. 13, pp. 1117–1182, 2016. doi: 
https://doi.org/10.1080/10643389.2016.1204812. 

[97] A. E. Esiri, O. A. Babayeju, and I. O. Ekemezie, “Standardizing methane 

emission monitoring: A global policy perspective for the oil and gas 

industry,” Engineering Science & Technology Journal, vol. 5, no. 6, pp. 
2027–2038, 2024. doi: https://doi.org/10.51594/estj.v5i6.1220. 

[98] I. Jahan, M. Mehana, G. Matheou, and H. Viswanathan, “Deep learning-
based quantifications of methane emissions with field applications,” 

International Journal of Applied Earth Observation and Geoinformation, 

vol. 132, Art. no. 104018, 2024. doi: 
https://doi.org/10.1016/j.jag.2024.104018. 

[99] A. Li, A. Pandey, and P. Pandey, “Application of IoT in monitoring 
greenhouse gas emissions in anaerobic reactors,” Energies, vol. 18, no. 23, 
Art. no. 6191, 2025. doi: https://doi.org/10.3390/en18236191. 

[100] D. K. Chauhan, I. Alkatheeri, and J. J. Saceda, “Accelerating to net zero 

goal through efficient methane emissions management,” in Proc. SPE 

International Conference and Exhibition on Health, Safety, Environment, 
and Sustainability, Abu Dhabi, UAE, 2024, Art. no. SPE-220284-MS. doi: 
https://doi.org/10.2118/220284-MS. 

[101] H. Xia, A. Strayer, and A. P. Ravikumar, “The role of emission size 

distribution on the efficacy of new technologies to reduce methane 

emissions from the oil and gas sector,” Environmental Science & 
Technology, vol. 58, no. 2, pp. 1088–1096, 2024. doi: 

https://doi.org/10.1021/acs.est.3c05245. 

[102] S. Suditu et al., “A case study on advanced detection and management of 

fugitive methane emissions in the Romanian oil and gas sector,” 

Sustainability, vol. 17, no. 24, Art. no. 11359, 2025. doi: 
https://doi.org/10.3390/su172411359. 

[103] J. G. J. Olivier, J. J. M. Berdowski, J. A. H. W. Peters, J. Bakker, A. J. H. 
Visschedijk, and J. J. Bloos, Applications of EDGAR Emission Database 

for Global Atmospheric Research, RIVM Rep. no. 773301001. Bilthoven, 
The Netherlands: National Institute for Public Health and the Environment, 

2002. [Online]. Available: https://www.rivm.nl/publicaties/applications-
of-edgar-emission-database-for-global-atmospheric-research. 

[104] M. Crippa et al., “Gridded emissions of air pollutants for the period 1970–

2012 within EDGAR v4.3.2,” Earth System Science Data, vol. 10, no. 4, 
pp. 1987–2013, 2018. doi: https://doi.org/10.5194/essd-10-1987-2018. 

[105] G. Janssens-Maenhout et al., “EDGAR v4.3.2 Global Atlas of the three 

major greenhouse gas emissions for the period 1970–2012,” Earth System 

Science Data, vol. 11, no. 3, pp. 959–1002, 2019. doi: 
https://doi.org/10.5194/essd-11-959-2019. 

[106] K. MacKay et al., “Methane emissions from upstream oil and gas 

production in Canada are underestimated,” Scientific Reports, vol. 11, Art. 
no. 8041, 2021. doi: https://doi.org/10.1038/s41598-021-87610-3. 

[107] D. Zavala-Araiza et al., “Reconciling divergent estimates of oil and gas 
methane emissions,” Proceedings of the National Academy of Sciences of 

the United States of America, vol. 112, no. 51, pp. 15597–15602, 2015. doi: 
https://doi.org/10.1073/pnas.1522126112. 

[108] P. Balcombe, K. Anderson, J. Speirs, N. Brandon, and A. Hawkes, “The 

natural gas supply chain: The importance of methane and carbon dioxide 
emissions,” ACS Sustainable Chemistry & Engineering, vol. 5, no. 1, pp. 
3–20, 2017. doi: https://doi.org/10.1021/acssuschemeng.6b00144. 

[109] N. Bel Hadj Ali, T. Abichou, and R. Green, “Comparing estimates of 

fugitive landfill methane emissions using inverse plume modeling obtained 

with Surface Emission Monitoring (SEM), Drone Emission Monitoring 
(DEM), and Downwind Plume Emission Monitoring (DWPEM),” Journal 

of the Air & Waste Management Association, vol. 70, no. 4, pp. 410–424, 
2020. doi: https://doi.org/10.1080/10962247.2020.1728423. 

[110] T. H. Mohammadloo et al., “Quantitative estimate of several sources of 

uncertainty in drone-based methane emission measurements,” Atmospheric 
Measurement Techniques, vol. 18, no. 5, pp. 1301–1324, 2025. doi: 
https://doi.org/10.5194/amt-18-1301-2025. 

[111] D. Fosco, M. De Molfetta, P. Renzulli, B. Notarnicola, C. Carella, and G. 

Fedele, “Innovative drone-based methodology for quantifying methane 

emissions from landfills,” Waste Management, vol. 195, pp. 79–91, 2025. 
doi: https://doi.org/10.1016/j.wasman.2025.01.033. 

[112] C. Scheutz, J. E. Knudsen, N. T. Vechi, and J. Knudsen, “Validation and 

demonstration of a drone-based method for quantifying fugitive methane 

emissions,” Journal of Environmental Management, vol. 373, Art. no. 
123467, 2025. doi: https://doi.org/10.1016/j.jenvman.2024.123467. 

[113] G. Pétron et al., “A new look at methane and nonmethane hydrocarbon 
emissions from oil and natural gas operations in the Colorado Denver-

Julesburg Basin,” Journal of Geophysical Research: Atmospheres, vol. 

119, no. 11, pp. 6836–6852, 2014. doi: 
https://doi.org/10.1002/2013JD021272. 

[114] M. Omara et al., “Constructing a measurement-based spatially explicit 
inventory of US oil and gas methane emissions (2021),” Earth System 

Science Data, vol. 16, no. 9, pp. 3973–3991, 2024. doi: 
https://doi.org/10.5194/essd-16-3973-2024. 

[115] M. Cain et al., “Methane and the Paris Agreement temperature goals,” 

Philosophical Transactions of the Royal Society A: Mathematical, Physical 
and Engineering Sciences, vol. 380, no. 2215, Art. no. 20200456, 2022. 
doi: https://doi.org/10.1098/rsta.2020.0456. 

[116] B. Rouet-Leduc and C. Hulbert, “Automatic detection of methane 

emissions in multispectral satellite imagery using a vision transformer,” 

Nature Communications, vol. 15, Art. no. 3801, 2024. doi: 
https://doi.org/10.1038/s41467-024-47754-y. 

[117] S. Sun, L. Ma, and Z. Li, “A source-level estimation and uncertainty 
analysis of methane emission in China’s oil and natural gas sector,” 

Energies, vol. 15, no. 10, Art. no. 3684, 2022. doi: 
https://doi.org/10.3390/en15103684.  

[118] G. Tassielli, L. Cananà, and M. Spalatro, “Detection of methane leaks via 

a drone-based system for sustainable landfills and oil and gas facilities: 
Effect of different variables on the background-noise measurement,” 

Sustainability, vol. 16, no. 17, Art. no. 7748, 2024. doi: 
https://doi.org/10.3390/su16177748. 

[119] P. Bouilhol et al., “Use of drone technology for methane emissions 

quantification—Level 4 and Level 5 reconciliation as per OGMP,” in Proc. 
Abu Dhabi International Petroleum Exhibition and Conference, 2024, Art. 
no. SPE-221956-MS. doi: https://doi.org/10.2118/221956-MS. 

[120] Y. Li et al., “Top-down inversion of urban-scale sectoral methane (CH₄) 

emissions and their response to environmental drivers,” Atmospheric 
Environment, vol. 363, Art. no. 121621, 2025. doi: 
https://doi.org/10.1016/j.atmosenv.2025.121621. 

[121] M. K. Tenkanen et al., “Partitioning anthropogenic and natural methane 

emissions in Finland during 2000–2021 by combining bottom-up and top-

down estimates,” Atmospheric Chemistry and Physics, vol. 25, no. 4, pp. 
2181–2206, 2025. doi: https://doi.org/10.5194/acp-25-2181-2025. 

[122] E. Chan et al., “Hybrid bottom-up and top-down framework resolves 

discrepancies in Canada’s oil and gas methane inventories,” 

Communications Earth & Environment, vol. 5, Art. no. 566, 2024. doi: 
https://doi.org/10.1038/s43247-024-01728-6. 

[123] B. M. Conrad, D. R. Tyner, H. Z. Li, D. Xie, and M. R. Johnson, “A 

measurement-based upstream oil and gas methane inventory for Alberta, 
Canada reveals higher emissions and different sources than official 

estimates,” Communications Earth & Environment, vol. 4, Art. no. 416, 
2023. doi: https://doi.org/10.1038/s43247-023-01081-0. 

[124] A. B. Andrews et al., “Quantitative mapping of methane emissions in oil 

& gas facilities,” in Proc. SPE Annual Technical Conference and 
Exhibition, 2023, Art. no. SPE-214909-MS. doi: 
https://doi.org/10.2118/214909-MS. 

[125] W. S. Daniels et al., “Toward multiscale measurement-informed methane 

inventories: Reconciling bottom-up site-level inventories with top-down 

measurements using continuous monitoring systems,” Environmental 
Science & Technology, vol. 57, no. 32, pp. 11823–11833, 2023. doi: 
https://doi.org/10.1021/acs.est.3c01121. 

[126] S. Schwietzke, W. M. Griffin, H. S. Matthews, and L. M. P. Bruhwiler, 

“Global bottom-up fossil fuel fugitive methane and ethane emissions 

inventory for atmospheric modeling,” ACS Sustainable Chemistry & 
Engineering, vol. 2, no. 8, pp. 1992–2001, 2014. doi: 
https://doi.org/10.1021/sc500163h 

https://www.gov.uk/government/publications/quantifying-methane-emissions-using-inverse-dispersion-modelling?utm_source=chatgpt.com
https://www.gov.uk/government/publications/quantifying-methane-emissions-using-inverse-dispersion-modelling?utm_source=chatgpt.com
https://doi.org/10.5194/acp-23-6127-2023
https://doi.org/10.1080/10643389.2016.1204812
https://doi.org/10.51594/estj.v5i6.1220
https://doi.org/10.1016/j.jag.2024.104018
https://doi.org/10.3390/en18236191
https://doi.org/10.2118/220284-MS
https://doi.org/10.1021/acs.est.3c05245
https://doi.org/10.3390/su172411359?utm_source=chatgpt.com
https://www.rivm.nl/publicaties/applications-of-edgar-emission-database-for-global-atmospheric-research?utm_source=chatgpt.com
https://www.rivm.nl/publicaties/applications-of-edgar-emission-database-for-global-atmospheric-research?utm_source=chatgpt.com
https://doi.org/10.5194/essd-10-1987-2018
https://doi.org/10.5194/essd-11-959-2019
https://doi.org/10.1038/s41598-021-87610-3
https://doi.org/10.1073/pnas.1522126112
https://doi.org/10.1021/acssuschemeng.6b00144
https://doi.org/10.1080/10962247.2020.1728423
https://doi.org/10.5194/amt-18-1301-2025
https://doi.org/10.1016/j.wasman.2025.01.033
https://doi.org/10.1016/j.jenvman.2024.123467
https://doi.org/10.1002/2013JD021272
https://doi.org/10.5194/essd-16-3973-2024
https://doi.org/10.1098/rsta.2020.0456
https://doi.org/10.1038/s41467-024-47754-y
https://doi.org/10.3390/en15103684
https://doi.org/10.3390/su16177748?utm_source=chatgpt.com
https://doi.org/10.2118/221956-MS
https://doi.org/10.1016/j.atmosenv.2025.121621
https://doi.org/10.5194/acp-25-2181-2025?utm_source=chatgpt.com
https://doi.org/10.1038/s43247-024-01728-6
https://doi.org/10.1038/s43247-023-01081-0
https://doi.org/10.2118/214909-MS
https://doi.org/10.1021/acs.est.3c01121
https://doi.org/10.1021/sc500163h

	1. Introduction
	By discussing the respective emission sources, the individual operational parts of the value chain, and the monitoring technologies and methods, as well as the estimation approaches, including their related uncertainties, the analysis is presented fro...
	2. Methodology of the Review
	3. Methane Emissions in the Oil and Gas Sector
	3.1. Emission Sources
	3.2. Operational Segments
	4.1. International Methane Reporting Standards

	5.  Measurement Techniques for Methane Emissions
	5.1. Direct Measurement Techniques
	5.2. Bottom-Up Emission Inventories
	5.3. Top-Down Atmospheric Observations
	5.4. Comparative Assessment
	5.5. Integration and Uncertainty

	6. Estimation Models and Data Analysis
	6.1. Bottom-Up Estimation Models
	6.2. Top-Down Inverse Modeling
	The Top-down models use atmospheric methane concentration data, which aircraft, towers, and satellites detect, to perform inverse modeling (Bayesian inversion) for surface emission calculation. The models calculate emission rates through the combinati...
	Users can benefit from multiple advantages when they use top-down observation techniques [90]. The system functions best for verifying emission data, which scientists create through bottom-up methods, while it helps identify both new and concealed pol...
	6.3. Hybrid Estimation Approaches
	6.4. Advanced Estimation Frameworks
	6.5. Data Analysis Tools and Uncertainty Quantification

	7. Emerging Technologies and Innovations in Methane Detection
	When considering environmental conditions in the Middle East, as detailed in Section 4, several of the above-mentioned limitations become more pronounced. These limitations are mainly influenced by high ambient temperatures, by the occasional occurren...
	8. Challenges and Future Research Directions
	9. Conclusion

