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Abstract

Methane is a highly potent greenhouse gas, and its
mitigation is essential for achieving near-term climate goals.
This paper develops a theoretical framework to assess the
climate impact of early methane leak detection enabled by
continuous monitoring technologies. Unlike conventional
detection approaches reliant on scheduled inspections,
continuous  systems offer real-time surveillance,
significantly reducing the duration of undetected leaks and
enabling immediate mitigation. The framework integrates
principles of emission quantification, leak characterization,
and real-time detection dynamics into climate impact
models, allowing for the evaluation of reductions in
cumulative methane release and associated radiative forcing.
The analysis demonstrates that early detection not only

improves the accuracy and responsiveness of leak
management but also alters the emission duration
distribution, especially by minimizing contributions from
large, persistent leaks. This shift contributes to measurable
reductions in atmospheric methane concentrations and
supports compliance with regulatory and voluntary climate
commitments. Theoretical insights suggest that the broad
deployment of continuous monitoring can play a
transformative role in climate mitigation strategies, offering
rapid, scalable, and verifiable reductions. The paper
concludes with implications for industry and policy, and
outlines key areas for future research to strengthen the link
between monitoring innovation and environmental
outcomes.

Keywords: Continuous Monitoring, Methane Emissions, Leak Detection, Climate Mitigation, Emission Modeling,
Environmental Policy

1. Introduction
1.1 Background
Methane is a potent greenhouse gas with a global warming potential significantly higher than carbon dioxide over a 20-year
timeframe (Ogbowuokara et al., 2023) B4, It plays a critical role in near-term climate change, making its mitigation a priority
in environmental policy and industry practices (Wedderburn-Bisshop et al., 2015, Staniaszek et al., 2022) B3¢ 52, Methane
emissions predominantly originate from oil and gas operations, agriculture, and waste management. Within the oil and gas
sector, unintentional leaks represent a substantial and avoidable source of atmospheric methane (Costa et al., 2021) 151,
Traditionally, leak detection has relied on periodic manual inspections, which often allow emissions to persist for extended
periods before detection and repair (Balcombe et al., 2018, Howarth, 2015) [!2 28],
Recent advances in sensing technology have enabled continuous monitoring systems that can detect leaks in near real-time.
These systems improve upon conventional approaches by providing immediate alerts, which facilitate rapid response and
mitigation (Zhang et al., 2014) B8, The motivation for integrating continuous monitoring into methane management
frameworks stems from the potential to reduce leak durations, lower total emissions dramatically, and therefore contribute
meaningfully to climate mitigation efforts. Understanding the modeling of these impacts is essential for quantifying benefits
and guiding investment and policy decisions (Stolaroff et al., 2012, Ocko and Hamburg, 2022) (5% 321,
This paper addresses the gap between technological capability and climate impact assessment by developing a theoretical
framework to model how early leak detection via continuous monitoring can influence methane emissions and, ultimately,
climate outcomes. The motivation is to provide a structured foundation for evaluating environmental benefits that extend
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beyond operational efficiencies.

1.2 Importance of Early Leak Detection in Climate
Mitigation

Early leak detection fundamentally alters the emission
profile of methane sources by minimizing the time leaks
remain unchecked. Methane's high potency means that even
short-duration leaks can contribute disproportionately to
atmospheric ~ concentrations and radiative  forcing
(Hollenbeck et al., 2021, Ravikumar et al., 2020) 7 0],
Therefore, reducing leak durations through rapid detection is
critical for near-term climate benefits. Continuous
monitoring technologies enable this by offering persistent
surveillance capabilities rather than intermittent inspections,
which can miss transient or small leaks that aggregate into
significant emissions (Tyler and Jones, 1986) [,
Incorporating early detection into climate mitigation
strategies also aligns with increasingly stringent regulatory
frameworks that emphasize emissions transparency and
accountability. Faster identification of leaks allows
operators to prioritize repairs, optimize maintenance
schedules, and reduce overall environmental impact. This
capability supports corporate sustainability goals and
regulatory compliance, which in turn can influence public
perception and market positioning (Fox et al., 2019) 1221,
Furthermore, early detection facilitates more accurate
emissions inventories, which are vital for both policy
formulation and scientific understanding of methane's role in
climate change. By reducing uncertainties associated with
emission estimates, continuous monitoring provides data
that enhances the credibility of mitigation claims and
informs the design of more effective interventions.

1.3 Objectives

The primary objective of this study is to develop a
conceptual modeling framework that captures the climate
impact of early leak detection enabled by continuous
monitoring. This involves integrating leak detection
dynamics with methane emission characteristics and
translating these into quantifiable climate outcomes. By
focusing on theoretical analysis rather than empirical case
studies, the approach emphasizes generalizable insights that
can broadly inform policy and industry strategies.

This work begins by defining the relationships between
detection timing, leak duration, and emission volumes,
drawing on established atmospheric and environmental
science principles. It then explores how continuous
monitoring can shift these parameters relative to traditional
detection methods. The framework incorporates metrics to
evaluate reductions in emission quantities and their
implications for atmospheric methane concentrations and
radiative forcing.

The approach is deliberately systematic, aiming to bridge
the technological aspects of leak detection with
environmental modeling. By doing so, it provides a
foundation for subsequent empirical validation and practical
application, supporting decision-makers in prioritizing
monitoring investments based on projected climate benefits.

2. Conceptual Framework for Leak Detection and
Climate Impact

2.1 Principles of Continuous Monitoring Technology
Continuous monitoring technology is built on the premise of
persistent, automated surveillance of facilities for the
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purpose of detecting gas leaks in real time (Adenubi ef al.,
2023) ©l, These systems typically utilize a combination of
fixed sensors, remote sensing devices, and data analytics
platforms to identify anomalies in atmospheric gas
concentrations (Olajide et al., 2023a, Olajide et al., 2023b)
(44, 41 Unlike periodic inspection methods, continuous
monitoring operates around the clock, enabling early
detection of both large and small leaks that might otherwise
go unnoticed for extended periods (Oluoha et al., 2023,
Sagay-Omonogor et al., 2023) 147511,

The key technological components include high-sensitivity
methane sensors, telemetry systems for real-time data
transmission, and software algorithms that interpret sensor
data to trigger alerts. Fixed-point sensors are strategically
deployed across infrastructure to maximize coverage, while
advanced configurations may also incorporate optical gas
imaging or laser-based detection systems. These tools can
detect methane at very low concentration thresholds,
ensuring prompt identification of emission events
(Ogunnowo et al., 2023, Okuh et al., 2023) 140411,

What distinguishes continuous monitoring is its ability to
deliver time-resolved data streams, which allow operators to
detect, localize, and quantify emissions more effectively.
This capability significantly reduces the latency between
leak  occurrence and response (Enemosah  and
Chukwunweike, 2022, Cheung et al., 2018) [!7 31 The
system's real-time nature forms the foundation of its climate
relevance, enabling immediate intervention, which
ultimately reduces the volume of methane released into the
atmosphere (Gbabo et al., 2023b, Gbabo et al., 2023a) [26.23],

2.2 Leak Detection Dynamics and Response Times

Leak detection dynamics refer to the temporal and
operational characteristics that govern how quickly and
accurately a leak is identified, assessed, and addressed. In
traditional systems, leak detection depends on scheduled
inspections, often monthly or quarterly, meaning leaks can
persist undetected for days or even weeks. This delayed
detection window significantly inflates total emissions. In
contrast, continuous monitoring drastically shortens the
detection-to-response interval, offering the potential for
near-instant awareness and faster mitigation (Adelusi ef al.,
2023c, Asata et al., 2023) [> 111,

Response time is a critical metric that directly affects total
emissions from a leak event. A shorter response time
reduces the cumulative methane released, thus lowering its
climate impact. Continuous monitoring enables rapid alerts
that inform maintenance crews or control center personnel,
facilitating quicker dispatch and repair actions. The
efficiency of this response depends not only on detection
technology but also on the organizational protocols for
responding to alarms (Ogunnowo et al., 2022, Adelusi et al.,
2023a, Adelusi et al., 2023b) 1341,

Importantly, continuous systems also enhance detection
reliability. They can distinguish between background
concentration fluctuations and actual emission events,
reducing false positives and unnecessary interventions.
Moreover, they offer temporal granularity that allows
operators to track the evolution of leak events over time.
This capability not only aids in timely mitigation but also
provides valuable data for system diagnostics and long-term
emission prevention planning (Ogeawuchi et al., 2022a,
Ogeawuchi et al., 2022b) 3536,
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2.3 Linkage Between Leak Detection and Emission
Reductions

The relationship between leak detection and emission
reductions is governed by two key factors: the time-
integrated volume of emissions and the effectiveness of
mitigation measures. When a leak is detected early, the
amount of methane released before repair is significantly
curtailed (Adelusi et al., 2022, Agboola et al., 2022) 219,
Continuous monitoring enhances this effect by drastically
reducing detection latency, thereby minimizing the emission
footprint of individual leak events. Over time, this leads to a
measurable reduction in total emissions from monitored
infrastructure (Eyinade ef al., 2022a, Eyinade et al., 2022b)
[19, 20]

By enabling faster identification and repair, continuous
monitoring changes the statistical distribution of leak
durations and sizes within an emission inventory. Typically,
a small proportion of leaks, often referred to as "super-
emitters", account for the majority of methane released.
Continuous systems are particularly effective at identifying
these high-impact events early, thereby reducing their
disproportionate contribution to overall emissions (Oluoha
et al.,2021, ONIFADE et al., 2021) [46: 481,

Moreover, real-time detection enables a proactive rather
than reactive approach to leak management. This paradigm
shift not only reduces emissions but also enhances safety
and operational efficiency (EYINADE et al., 2020, Odedeyi
et al., 2020, OGUNNOWO et al., 2020) [18 33 381 The
continuous flow of data supports trend analysis, predictive
maintenance, and performance benchmarking, all of which
contribute to sustained emission reductions over time.
Ultimately, this linkage underscores the role of detection
technology as an active component in climate mitigation

strategies (Adeleke et al., 2021, ADEWOYIN et al., 2021)
[1,9]

3. Climate Impact Modeling Methodology

3.1 Emission Quantification and Leak Characterization
Accurate modeling of climate impact begins with the
quantification of methane emissions and detailed
characterization of leak events. Emission quantification
involves estimating the mass of methane released over time,
typically expressed in kilograms or metric tons. This
estimate depends on variables such as leak size, pressure
conditions, gas composition, and duration. Continuous
monitoring systems improve these estimates by capturing
high-resolution time-series data that detail the onset,
magnitude, and evolution of each leak (Adewoyin et al.,
2020b, ADEWOYIN et al., 2020a) &7,

Leak characterization complements quantification by
classifying leaks according to their emission rates, temporal
profiles, and operational contexts. For example, leaks may
be categorized as transient or persistent, high-flow or low-
flow, and routine or anomalous (Gbabo et al., Ogunnowo).
This classification is critical for modeling purposes, as
different leak types exhibit distinct behaviors and responses
to detection and repair. Moreover, distinguishing between
background fluctuations and true leaks ensures the accuracy
of modeled outcomes (Okuh et al., Okuh et al.).
Incorporating sensor data allows for empirical calibration of
emission factors, replacing generalized assumptions with
site-specific measurements. This enhances the fidelity of
inventory estimates and supports dynamic modeling of
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emissions over time. By combining real-time data with
engineering-based estimations, continuous monitoring
enables a robust foundation for linking operational
observations with broader climate modeling frameworks
(Gbabo et al.).

3.2 Integration of Leak Detection into Emission
Reduction Models

To evaluate the climate benefits of early detection, it is
essential to integrate leak monitoring data into emission
reduction models. These models typically simulate how
various interventions, such as detection, maintenance, or
process optimization, impact total emissions over time.
Continuous monitoring introduces a dynamic input into
these models by altering the detection latency, which
directly influences the modeled reduction in methane release
(Manes et al., 2016, Chraim et al., 2015) 3% 141,

Integration requires defining a baseline scenario, often based
on conventional detection intervals, against which
improvements from continuous monitoring can be
measured. This comparative modeling allows for the
estimation of avoided emissions by calculating the
difference in cumulative release between baseline and
enhanced detection scenarios. Emission reduction curves are
then generated to visualize the sensitivity of total emissions
to detection frequency and response speed.

Additionally, these models can account for nonlinear effects,
such as diminishing returns when detection capabilities
exceed operational repair capacities. They may also include
probabilistic elements to simulate leak occurrences and
durations, enabling a stochastic understanding of outcomes
under different monitoring regimes. This approach provides
decision-makers with a predictive tool to assess the marginal
climate benefits of investing in continuous monitoring
across varying scales and deployment strategies (Dong et
al., 2019) (161,

3.3 Metrics for Evaluating Climate Impact

Quantifying the climate impact of leak detection strategies
requires translating emission reductions into standardized
climate metrics. One of the primary metrics used is the
Global Warming Potential over a 20-year horizon (GWP20),
which reflects methane's potency relative to carbon dioxide
in short-term radiative forcing. Emission reductions are
expressed in carbon dioxide-equivalent (CO:e) units,
enabling comparison across mitigation efforts and sectors.
Another valuable metric is the time-integrated radiative
forcing, which estimates the total energy trapped by
methane emissions over a defined period. This allows for
modeling the cumulative impact of earlier leak resolution on
atmospheric energy balance. The use of time-integrated
metrics is particularly important in understanding how faster
leak detection shifts climate trajectories in the near term,
often the most critical window for avoiding tipping points.
Additional metrics include avoided emissions per unit when
monitoring investment and leak abatement efficiency, which
assess cost-effectiveness and operational performance.
These indicators help determine how efficiently a
monitoring strategy converts technological capability into
environmental benefit. Collectively, these metrics provide a
comprehensive framework for evaluating how continuous
monitoring not only reduces emissions but also contributes
tangibly to achieving climate stabilization goals.
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4. Theoretical Analysis of Continuous Monitoring
Benefits

4.1 Reduction in Methane Emission Durations

A central theoretical advantage of continuous monitoring is
its ability to reduce the duration of methane emission events.
In traditional leak detection frameworks, leaks may go
unnoticed for extended periods, days to even months, due to
scheduled inspection intervals. Continuous systems
eliminate this latency by providing real-time or near-real-
time alerts when a leak begins, significantly shortening the
time methane is released into the atmosphere (Hollenbeck et
al., 2021) 27,

From a modeling standpoint, this translates into a
transformation of the leak duration distribution curve.
Instead of a right-skewed distribution with a long tail of
persistent, high-volume leaks, continuous monitoring results
in a left-skewed distribution concentrated around shorter
durations. This reduction in average and maximum leak
lengths directly decreases total emissions, particularly from
large, sustained leaks that disproportionately affect climate
outcomee (Meribout, 2021) B,

Moreover, continuous monitoring facilitates prompt
feedback loops within operations. The faster identification
and repair of leaks enables operators to address the root
causes of failures before they escalate or recur. This
dynamic creates compounding environmental benefits over
time, as fewer leaks occur, and those that do are resolved
rapidly. Theoretically, this aligns with the goal of achieving
emission control at scale, where systemic responsiveness
replaces episodic intervention (Sullivan et al., 2010).

4.2 Impact on Atmospheric Methane Concentrations

The cumulative effect of reduced leak durations is a
measurable decrease in the quantity of methane released into
the atmosphere. Over time, this has implications for
atmospheric methane concentrations, especially when
monitoring is deployed widely across high-emitting sectors
like oil and gas. Theoretical models suggest that sustained
reductions in emissions, even at a regional level, can slow or
stabilize atmospheric accumulation, helping to moderate
near-term warming trends.

Unlike carbon dioxide, methane has a relatively short
atmospheric lifetime, about 12 years, meaning reductions in
its emissions yield relatively rapid climate benefits. This
property makes methane an ideal target for immediate
intervention, and continuous monitoring supports this by
delivering rapid reductions. Theoretical atmospheric models
show that with consistent mitigation from major sources,
global methane concentrations can be reduced in just a few
decades, leading to a measurable decrease in radiative
forcing.

Further, localized reductions can affect regional climate
systems and air quality. For example, lower methane levels
reduce the formation of tropospheric ozone, a secondary
pollutant and greenhouse gas. These secondary effects
compound the primary climate benefits, suggesting that
continuous monitoring not only improves emission profiles
but also contributes to broader atmospheric health and
stability (West and Fiore, 2005, Fiore et al., 2008) [>7-211,

4.3 Potential Contribution to Climate Change Mitigation
Continuous monitoring holds transformative potential for
climate change mitigation when viewed through the lens of
integrated environmental policy and emissions strategy.
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Theoretical analysis positions it as a pivotal tool for
achieving methane reduction targets under national climate
commitments and international frameworks such as the
Global Methane Pledge. Its capacity to drive rapid,
verifiable reductions aligns with near-term mitigation
priorities, particularly in sectors with high emission
intensities.

From a systems modeling perspective, continuous
monitoring supports the transition from reactive to proactive
environmental management. It enables operators to shift
from compliance-based responses to performance-driven
strategies that emphasize real-time accountability. This
evolution enhances the resilience and agility of methane-
intensive sectors, making them more compatible with
decarbonization goals. Moreover, it creates a pathway for
transparent, data-driven reporting, which is essential for
both regulatory compliance and stakeholder trust
(Ramanathan and Feng, 2009) 4],

Theoretically, if adopted at scale and integrated with repair
protocols, continuous monitoring can contribute a
significant share of the reductions needed to limit global
temperature rise to 1.5°C. Its effectiveness in mitigating a
short-lived climate pollutant enhances its strategic
importance. While not a standalone solution, it acts as a
high-leverage intervention within a broader climate toolkit,
offering both immediacy and impact in the global response
to climate change (Madronich et al., 2023) 2%,

5. Conclusion

This paper has developed a theoretical framework to model
the climate impact of early leak detection enabled by
continuous monitoring. It has demonstrated how persistent,
real-time surveillance transforms the detection and repair
landscape in methane-intensive operations, particularly
within the oil and gas sector. By significantly reducing the
duration of undetected leaks, continuous monitoring
contributes to immediate and substantial reductions in
methane emissions.

The analysis has also shown that early detection shifts the
emission profile of leak events, allowing for more accurate
quantification and targeted intervention. This, in turn,
facilitates improved emission inventories and more effective
climate modeling. The integration of high-resolution
monitoring data into emission reduction models allows for
the estimation of climate benefits using metrics such as
global warming potential and time-integrated radiative
forcing. Finally, the theoretical assessment has established
that widespread deployment of continuous monitoring can
contribute meaningfully to climate change mitigation. Its
potential lies not only in its technical capabilities but in its
ability to influence operational behavior, regulatory
compliance, and strategic emissions planning. These
findings reinforce the value of continuous monitoring as a
cornerstone of methane management and a key enabler of
near-term climate action.

The theoretical insights presented have significant
implications for both policy development and industrial
practice. For policymakers, continuous monitoring offers a
verifiable, data-driven mechanism to enforce methane
regulations and track progress toward national and
international climate targets. Its integration into reporting
frameworks can  improve transparency, enhance
accountability, and reduce uncertainties in emissions
estimates, making it a valuable asset for regulatory bodies
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and environmental agencies.

For industry actors, the deployment of continuous
monitoring technologies supports operational efficiency and
environmental responsibility. Real-time detection not only
reduces emissions but also minimizes safety risks,
equipment losses, and reputational harm. From an
investment perspective, it offers a compelling return by
preventing large-scale leaks and enabling predictive
maintenance strategies. Additionally, adoption of such
technologies can serve as a competitive differentiator,
positioning companies as proactive climate leaders.

The broader implication is the emergence of continuous
monitoring as both a compliance tool and a strategic asset.
Its role in modernizing leak detection and repair (LDAR)
programs signifies a shift from episodic inspections to
intelligent, adaptive systems that align environmental
performance with climate imperatives. Embedding such
tools within regulatory incentives or carbon accounting
mechanisms can amplify their climate impact and drive
broader adoption across the sector.

While this paper provides a robust theoretical framework,
several areas merit further exploration to strengthen the
understanding and application of continuous monitoring in
climate mitigation. First, empirical studies are needed to
validate the assumptions underlying modeled leak durations
and emission reductions. Field data on detection accuracy,
false positives, and repair timelines would enhance the
fidelity of climate impact projections and support calibration
of modeling tools.

Second, future research should examine the cost-
effectiveness of continuous monitoring under varying
deployment scenarios. This includes evaluating trade-offs
between sensor density, detection thresholds, and response
protocols. Economic optimization models could help
determine where and how these systems should be deployed
to maximize environmental returns on investment,
particularly in regions with differing regulatory and
infrastructure contexts. Lastly, interdisciplinary research
linking environmental science, data analytics, and
behavioral economics could investigate how monitoring
technologies influence organizational decision-making and
emissions governance. Understanding the feedback loops
between data visibility, human response, and mitigation
outcomes can offer deeper insights into the full system
benefits of early leak detection. These future efforts will be
essential for translating theoretical promise into real-world
climate progress.
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