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ABSTRACT: This paper presents a comprehensive cost-efficiency analysis of emission reduction under varying leak detection
frequencies, focusing on the balance between environmental benefits and economic costs. Leak detection frequency significantly
influences the volume of emissions mitigated, with more frequent monitoring enabling quicker leak identification and repair.
However, increasing detection frequency entails higher capital and operational expenses, creating a trade-off between enhanced
emission control and financial feasibility. Through a theoretical examination of emission sources, leak characteristics, and cost
components, the study explores the nonlinear relationship between detection intervals and emission reductions. It further discusses
the comparative advantages and limitations of low-, medium-, and high-frequency detection strategies, emphasizing the diminishing
returns associated with very frequent monitoring. The findings underscore the importance of optimizing detection schedules to
maximize environmental gains per unit cost. Implications for regulatory policy and industrial practice are highlighted, and adaptive
frameworks and economically informed monitoring decisions are advocated. The paper concludes with recommendations for future
research to refine analytical models and assess emerging detection technologies within a cost-efficiency context. This work aims to
inform sustainable emission management by integrating environmental and economic considerations in leak detection strategies.
KEYWORDS: Emission reduction, Leak detection frequency, Cost-efficiency analysis, Environmental management, Monitoring
strategies, Industrial emissions

1. INTRODUCTION Consequently, understanding the relationship between

1.1 Background on Emission Reduction and Leak
Detection

The reduction of harmful emissions, particularly methane and
volatile organic compounds, has become a critical focus
within environmental management due to their significant
impact on climate change and air quality (Dhamodharan et
al., 2019, Koppmann et al., 2005). Methane, for example, is a
potent greenhouse gas with a global warming potential that is
many times that of carbon dioxide over a 20-year horizon
(Paolini et al., 2018). In industrial settings such as oil and gas
facilities, leaks are a major source of uncontrolled emissions,
contributing disproportionately to total environmental
impact. As such, effective leak detection mechanisms play a
pivotal role in minimizing these emissions (Carpenter et al.,
2007, Williams and Koppmann, 2007).

Leak detection encompasses a variety of techniques designed
to identify and quantify the release of gases from equipment,
pipelines, and storage units. These methods range from
manual inspections to advanced sensor networks and remote
sensing technologies (Zuberi and Ali, 2015). The frequency
with which leak detection is performed directly influences the
volume of emissions released, as leaks that persist undetected
contribute  to  cumulative  environmental  damage.

detection frequency and emission reduction is fundamental
for developing effective environmental policies and
operational strategies (Hester and Harrison, 1995, Pandey and
Yadav, 2018).

Over time, regulatory frameworks have evolved to
incorporate leak detection and repair (LDAR) requirements,
emphasizing periodic monitoring to reduce fugitive
emissions. However, the implementation of these regulations
involves balancing the operational costs against
environmental benefits (Paranhos et al., 2015). This
necessitates a systematic analysis of how detection intervals
affect emission outcomes and associated expenditures,
setting the stage for a cost-efficiency analysis that informs
optimal monitoring schedules (Ravikumar et al., 2018,
Chimowitz, 2015).

1.2 Importance of Cost-Efficiency in Environmental
Management

Environmental management practices must consider not only
the effectiveness of emission reduction measures but also
their economic feasibility. Cost-efficiency analysis is critical
because resources for environmental mitigation are often
limited, and decisions must maximize environmental benefit
per unit cost. Especially in industrial sectors, companies need
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to ensure that investments in monitoring and mitigation
technologies are justified by measurable reductions in
emissions and regulatory compliance benefits (Christmann,
2000, Laitinen et al., 2017).

Cost-efficiency involves assessing both direct and indirect
costs associated with emission control strategies, including
equipment installation, maintenance, labor, and operational
disruptions. These costs must be weighed against the
environmental gains achieved, such as reduced greenhouse
gas emissions and improved air quality. Without this
economic perspective, environmental initiatives risk being
either underfunded or overly expensive, limiting their
sustainability and scalability (Balana et al., 2011).

By focusing on cost-efficiency, policymakers and industry
leaders can design more balanced approaches that incentivize
innovation and optimize resource allocation. This ensures
that emission reduction efforts are not only environmentally
sound but also economically viable, fostering broader
adoption of best practices (Sarra et al., 2017, Rosen et al.,
2008). Moreover, cost-efficiency analysis provides a
transparent framework to evaluate alternative leak detection
frequencies, helping stakeholders identify strategies that
deliver the greatest return on investment (Welch and Barnum,
2009, Yang et al., 2015).

1.3 Objectives and Research Questions

This paper aims to analyze the cost-efficiency of emission
reduction strategies under varying leak detection frequencies,
providing insights into how monitoring intervals influence
environmental outcomes and associated costs. The primary
objective is to establish a theoretical understanding of the
trade-offs involved in selecting detection frequencies that
balance emission reduction benefits against the operational
and financial burdens of monitoring.

To achieve this, the research investigates the relationship
between leak detection intervals and the magnitude of
emissions that can be mitigated through timely repair
interventions. It further explores the cost components
inherent in leak detection processes, including equipment
deployment, inspection labor, and potential production
downtime. By synthesizing these factors, the study seeks to
identify the detection frequencies that optimize cost-
efficiency in emission control efforts.

The key research questions guiding this analysis include:
How do different leak detection frequencies affect the volume
of emissions reduced? What are the cost implications of
increasing monitoring frequency? Moreover, ultimately,
what frequency achieves the most cost-effective balance
between emission mitigation and financial expenditure?
Addressing these questions will provide a foundation for
evidence-based  decision-making in  environmental
management and regulatory policy design.

2. THEORETICAL FRAMEWORK AND KEY
CONCEPTS

2.1 Emission Sources and Leak Characteristics

Emissions from industrial processes arise primarily from
equipment and infrastructure failures, including valves,
flanges, seals, and pipelines. These fugitive emissions are
unintentional releases of gases that escape during production,
processing, and transportation activities (Ogeawuchi et al.,
2024, Okem et al., 2024, Okuh et al., 2024a). Among these,
methane is a predominant component, especially in oil and
gas operations, where leaks can range in size from minor
seepages to major blowouts. The characteristics of leaks, such
as size, frequency, duration, and variability, critically
influence the overall emission profile of a facility (Okuh et
al., 2024b, Olanloye et al., 2024, Uddoh et al., 2024).

Leak behavior is often intermittent and unpredictable,
complicating detection and repair efforts. Some leaks may
remain constant over time, while others fluctuate with
operational changes or environmental conditions (Akinsooto
et al., 2025, Ogunnowo et al., 2025). The detection challenge
is further heightened by the spatial dispersion of leaks, which
may occur across extensive infrastructure networks.
Understanding these leak characteristics is essential to
designing effective monitoring strategies that can capture
both small, frequent leaks and larger, less frequent events
(Okuh et al., 2025, Omisola et al., 2025).

The heterogeneity of emission sources and leak dynamics
requires a nuanced approach in monitoring. Not all leaks
contribute equally to total emissions, and prioritizing
detection efforts on high-emission leaks can significantly
enhance  mitigation  effectiveness.  This  theoretical
understanding underscores the need to tailor detection
frequencies and methods to the specific characteristics of
leaks encountered, setting the groundwork for analyzing cost-
efficiency in emission control (Ayorinde et al., 2024, Kufile
et al., 2024).

2.2 Leak Detection Frequencies: Definitions and
Standards

Leak detection frequency refers to how often monitoring
activities are conducted to identify and address leaks within
industrial systems. These frequencies can vary widely, from
continuous real-time monitoring to periodic inspections
conducted monthly, quarterly, or annually (Olajide et al.,
2023b, Oluoha et al., 2023, Sagay-Omonogor et al., 2023).
The selection of detection frequency is influenced by
regulatory requirements, technological capabilities, and
operational constraints. Defining and standardizing these
frequencies is crucial for consistent application and
benchmarking (Adewoyin et al., 2024, Asolo et al., 2024).
Several regulatory bodies and industry standards specify
minimum leak detection frequencies as part of environmental
compliance frameworks. For example, certain jurisdictions
require monthly or quarterly inspections, while others allow
for less frequent monitoring depending on facility risk
profiles (Notte, 2014, Waarum et al., 2017). International
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standards may also guide best practices, aiming to balance
environmental protection with feasible implementation.
These standards typically define not only the frequency but
also the acceptable detection technologies and repair
timelines (Okuh et al., 2023, Olajide et al., 2023a).

The impact of leak detection frequency on emission reduction
is inherently linked to the timeliness of leak identification and
repair. Higher frequencies enable quicker responses to leaks,
minimizing emission durations, whereas lower frequencies
risk prolonged emissions due to delayed detection. However,
increasing frequency often entails greater costs and
operational complexity. Hence, understanding and defining
detection frequencies within the context of regulatory and
technological frameworks is fundamental to evaluating their
cost-efficiency (Gbabo et al., 2023a, Ogunnowo et al., 2023).

2.3 Cost-Efficiency Metrics in Emission Reduction
Cost-efficiency metrics provide a quantitative basis to
evaluate the economic effectiveness of emission reduction
measures relative to their environmental benefits. These
metrics typically relate the total cost incurred by monitoring
and mitigation activities to the volume of emissions reduced,
allowing comparison across different strategies and detection
frequencies (Sun et al., 2025). Commonly used indicators
include cost per unit of emission avoided or abated, providing
insight into the financial investment required to achieve a
given environmental outcome (Adelusi et al., 2023c, Asata et
al., 2023, Ghabo et al., 2023b).

Evaluating cost-efficiency involves accounting for all
relevant expenses, including capital expenditures for
equipment, operational costs such as labor and maintenance,
and indirect costs like production downtime (Ogeawuchi et
al., 2022, Ogunnowo et al., 2022). It also requires measuring
the emission reduction achieved, often through emission
inventories, monitoring data, or theoretical models. The
precision and reliability of these data points directly affect the
robustness of cost-efficiency assessments (Adelusi et al.,
2023a, Adelusi et al., 2023b).

By integrating cost and emission data, cost-efficiency metrics
help decision-makers prioritize strategies that maximize
environmental gains while minimizing financial burdens.
These metrics also facilitate transparent communication
among stakeholders, promoting informed investment in
emission control technologies. In the context of leak detection
frequency, cost-efficiency metrics enable analysis of how
incremental increases or decreases in monitoring intervals
impact the balance between costs and emission reductions,
guiding optimal resource allocation (Gaeta et al., 2025).

3. ANALYTICAL APPROACH TO COST-
EFFICIENCY

3.1 Relationship Between Detection Frequency and
Emission Reduction

The frequency at which leak detection activities occur has a
direct and significant impact on the volume of emissions
reduced. Increased detection frequency allows leaks to be

identified and repaired more quickly, thereby shortening the
duration that emissions are released into the atmosphere. This
relationship is often nonlinear, where initial increases in
frequency lead to substantial emission reductions, but
marginal benefits diminish as detection becomes more
frequent. Understanding this dynamic is crucial to optimizing
monitoring schedules (Zheng et al., 2025).

Leaks that persist undetected for longer periods result in
cumulative emissions that can be substantial, particularly for
high-volume leaks. More frequent inspections reduce the
average leak duration, decreasing total emissions over time.
However, the effectiveness of increased frequency depends
on factors such as the reliability of detection methods, repair
response times, and the variability of leak occurrence. Hence,
while higher frequencies generally correlate with greater
emission reductions, the actual gains are influenced by
operational and contextual factors.

Moreover, the timing and nature of leaks affect this
relationship. Some leaks may be short-lived or intermittent,
and frequent monitoring increases the probability of detection
during such events. Conversely, continuous monitoring
technologies can detect leaks in real-time but are often more
costly. Analytical approaches must therefore model these
nuances to estimate the emission reductions attributable to
different detection frequencies accurately.

3.2 Cost Components Associated with Leak Detection
Leak detection incurs a variety of cost components that
collectively define the economic burden of monitoring
programs. These costs can be broadly categorized into capital
expenditures, operational expenses, and indirect costs.
Capital expenditures typically include the purchase and
installation of detection equipment, such as sensors,
analyzers, and monitoring infrastructure, which represent
initial investments with long-term implications (Keck and
Chen, 2025, Zendehboudi et al., 2025).

Operational expenses encompass recurring costs such as
labor for inspections, maintenance of equipment, calibration
of sensors, data management, and analysis. These costs vary
with the frequency of detection; more frequent inspections
increase labor hours and operational resource consumption.
Additionally, indirect costs may arise from production
downtime or process interruptions required to access
equipment or conduct repairs once leaks are detected, which
can affect overall facility productivity (Tai et al., 2025).

An accurate understanding of these cost components is vital
for comprehensive cost-efficiency analysis. Different
detection frequencies will alter the balance of these costs; for
example, continuous monitoring may require higher capital
investment but lower recurring labor costs, while manual
periodic inspections may have lower capital costs but higher
labor expenses. Accounting for all relevant costs ensures a
holistic evaluation of monitoring strategies.
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3.3 Trade-offs Between Frequency and Cost-Effectiveness
Selecting the optimal leak detection frequency involves
balancing the trade-offs between increasing emission
reductions and rising costs. While higher frequencies tend to
enhance environmental outcomes by reducing leak durations,
they also escalate monitoring expenses. The key analytical
challenge lies in identifying the frequency at which the
incremental cost of additional monitoring outweighs the
marginal emission reduction benefit, thereby maximizing
cost-effectiveness.

At low detection frequencies, costs are generally minimized,
but emission reductions are limited due to prolonged
undetected leaks. Conversely, extremely high frequencies or
continuous monitoring can produce diminishing returns,
where the additional emission reductions achieved come at
disproportionately higher costs. This creates a cost-efficiency
curve that typically exhibits an optimal point or range of
detection frequency, balancing these competing factors
(Muennamnor and Boonma, Dai et al., 2025).
Decision-makers must therefore evaluate this trade-off in the
context of operational realities, regulatory requirements, and
environmental priorities. Analytical models and economic
frameworks can quantify these relationships, helping to
identify strategies that optimize resource allocation.
Ultimately, understanding these trade-offs facilitates
informed policy-making and operational planning that aligns
environmental goals with financial sustainability (Biza et al.,
2025).

4. COMPARATIVE DISCUSSION OF DETECTION
FREQUENCIES

4.1 Low-Frequency Detection: Benefits and Limitations
Low-frequency leak detection typically involves inspections
conducted annually or semi-annually, representing the
minimal monitoring effort required to identify and repair
leaks. One of the primary benefits of this approach is the
relatively low operational cost, which includes fewer labor
hours and minimal disruption to routine operations. For
facilities with limited resources or lower risk profiles, low-
frequency detection may be the most feasible option to
maintain regulatory compliance while containing costs
(Hamilton and Charalambous, 2013).

However, the major limitation of low-frequency detection
lies in its reduced effectiveness at minimizing emissions.
Because leaks can persist for months before being detected,
cumulative emissions can be significant, particularly for
high-volume leaks. The long intervals between inspections
mean that leaks remain active longer, contributing
disproportionately to environmental harm. This delay
undermines the potential environmental benefits of
monitoring programs, especially in sectors where rapid leak
mitigation is critical (Farah and Shahrour, 2024, Cui et al.,
2016).

Additionally, low-frequency detection may fail to capture
intermittent or variable leaks that do not coincide with

scheduled inspections. This limitation can lead to
underreporting of actual emissions and missed opportunities
for early repair. While cost-saving, this approach poses risks
for environmental performance and may ultimately incur
higher regulatory penalties or remediation costs in the long
term, suggesting a need to weigh benefits against
environmental responsibilities carefully (Welker-Hood et al.,
2004).

4.2 Medium-Frequency Detection: Balancing Cost and
Reduction

Medium-frequency detection, often involving monthly or
quarterly inspections, strikes a balance between cost and
emission reduction effectiveness. This approach enables
more timely identification of leaks, significantly reducing
their duration compared to low-frequency schedules. By
detecting leaks more regularly, facilities can repair issues
before they escalate, mitigating emissions more effectively
and improving overall environmental performance (Festa-
Bianchet, 2023).

From a cost perspective, medium-frequency detection
increases operational expenses relative to low-frequency
regimes, primarily through additional labor and maintenance
activities. However, these increased costs are often offset by
the greater emission reductions achieved, improving the cost-
efficiency ratio. This balance makes medium-frequency
detection a pragmatic choice for many industries seeking to
meet environmental standards without incurring excessive
expenses.

Moreover, medium-frequency schedules provide flexibility
in prioritizing high-risk areas or equipment with known
vulnerabilities. By focusing resources where leaks are more
likely or impactful, facilities can optimize inspection efforts
and enhance emission control outcomes. This strategic
allocation  supports more effective environmental
management and can facilitate compliance with evolving
regulations, positioning medium-frequency detection as a
widely adopted compromise solution (Sadeghi et al., 2023,
Agarwala et al., 2024).

4.3 High-Frequency Detection: Marginal Gains vs.
Increased Costs

High-frequency leak detection involves weekly, daily, or
even continuous monitoring, utilizing advanced technologies
such as sensor networks and automated systems. This
approach maximizes the potential for early leak
identification, substantially reducing the volume of emissions
released. In theory, high-frequency detection can approach
near-real-time responsiveness, allowing facilities to repair
leaks almost immediately after occurrence.

Despite these environmental advantages, the costs associated
with high-frequency detection are significantly higher than
those of lower-frequency approaches. Capital expenditures
for sophisticated monitoring equipment and continuous data
analysis infrastructure can be substantial. Additionally,
operational costs, including system maintenance and data

6226 \ Semiu Temidayo Fasasit, ETJ Volume 10 Issue 08 August 2025



“Cost-Efficiency Analysis of Emission Reduction Under Varying Leak Detection Frequencies”

management, escalate with increased monitoring intensity.
For many facilities, these costs may outweigh the incremental
emission reductions achieved beyond a certain detection
frequency (Boffa et al., 2022).

Furthermore, the law of diminishing returns applies strongly
in high-frequency detection scenarios. After a certain point,
increasing monitoring frequency results in only marginal
gains in emission reduction but incurs exponentially higher
costs. This dynamic complicates decision-making, as
stakeholders must evaluate whether the environmental
benefits justify the financial investment. Ultimately, the
choice of high-frequency detection requires careful
consideration of facility-specific factors and cost-benefit
analyses to ensure practical and sustainable emission
management (Fu et al., 2014).

5. CONCLUSION

This analysis has demonstrated the critical influence of leak
detection frequency on the cost-efficiency of emission
reduction efforts. Increasing detection frequency generally
leads to more timely identification and repair of leaks,
significantly reducing cumulative emissions. However, the
relationship between detection frequency and emission
reduction is nonlinear, with diminishing returns at higher
monitoring intervals. Low-frequency detection offers cost
savings but risks extended leak durations and greater
environmental harm, while medium-frequency detection
presents a balanced approach that enhances emission control
without  excessive costs. High-frequency detection
maximizes emission reductions but incurs substantially
higher capital and operational expenses, often leading to
marginal gains that challenge cost-effectiveness.

Cost components associated with leak detection, capital
investment, operational expenses, and indirect costs vary
widely depending on the chosen monitoring frequency and
technology. The trade-offs between emission mitigation
benefits and financial expenditures underscore the
importance of identifying optimal detection intervals. By
applying cost-efficiency metrics, decision-makers can
prioritize monitoring strategies that achieve the greatest
emission reduction per unit cost, ensuring environmental
goals are met sustainably. Overall, the findings highlight that
a one-size-fits-all detection frequency does not exist; rather,
optimal monitoring schedules must be tailored to facility-
specific characteristics, regulatory environments, and
economic considerations.

The insights gained have significant implications for both
environmental policymakers and industry practitioners. For
regulators, the findings advocate for flexible frameworks that
recognize the cost-efficiency trade-offs inherent in leak
detection frequency. Policies that prescribe overly stringent
detection intervals without consideration of economic
impacts may impose undue financial burdens without
commensurate environmental benefits. Instead, adaptive

regulations that incentivize optimization based on cost-
efficiency could enhance compliance and foster innovation.

For industry, the analysis underscores the need to integrate
economic evaluations into emission control strategies.
Companies can improve operational sustainability by
adopting detection frequencies aligned with both regulatory
demands and internal cost-benefit assessments. Investing in
monitoring technologies that provide reliable data at optimal
frequencies can reduce total emissions while managing
expenses effectively. This approach supports environmental
stewardship alongside financial performance. Additionally,
collaboration between policymakers and industry to develop
guidelines informed by cost-efficiency principles could
enhance the practicality and effectiveness of emission
reduction programs. Such partnerships may accelerate the
adoption of best practices and improve environmental
outcomes at scale.

Future research should focus on refining analytical models
that capture the complex interactions between leak
characteristics, detection technologies, and cost structures.
Enhanced modeling approaches could incorporate real-world
variability in leak behavior, repair response times, and
operational constraints to provide more precise cost-
efficiency assessments. Such models would better support
decision-making by reflecting the dynamic nature of
industrial operations.

Additionally, exploring the integration of emerging
technologies, such as advanced sensor networks and machine
learning algorithms for leak detection, can provide insights
into their impact on cost-efficiency. Comparative studies
evaluating traditional versus innovative detection methods
under varying operational contexts could guide technology
adoption and investment decisions. Finally, interdisciplinary
research bridging environmental science, economics, and
engineering is encouraged to develop holistic frameworks
that align environmental objectives with economic viability.
Such efforts would strengthen the foundation for sustainable
emission management policies and industry practices,
facilitating progress toward global climate goals.
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