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The evaluation of fugitive odorous emissions represents a key challenge in the assessment of odour impacts
from industrial plants and installations. These emissions are characterized by diffuse release mechanisms,
marked spatial and temporal variability, and considerable uncertainties in the estimation of emitted flows.
Although fugitive sources are increasingly considered within regulatory and authorization frameworks, their
characterization remains a topic of ongoing technical and scientific debate, due to the inherent complexity of
these emission sources. Several approaches are currently adopted to estimate fugitive emissions, mainly based
on mass flow calculations derived from emission factors, Leak Detection and Repair (LDAR) programs or direct
measurements, such as Quantitative Optical Gas Imaging (QOGI). However, such methodologies generally
provide results only in terms of mass emissions and do not allow a direct evaluation of Odour Emission Rates
(OER), which are required for odour dispersion modelling and impact assessment. In this context, the present
paper introduces the Odour Fugitive Emission Potential (OFEP) as a parameter intended to link estimated
fugitive mass losses to the associated odour emissions, by coupling odour and Total Volatile Organic Carbon
(TVOC) concentrations measured at the interface of the fugitive source. The proposed approach enables the
inclusion of fugitive emission sources within the overall odour emission scenario, contributing to a more
comprehensive and consistent assessment of industrial odour emissions.

1. Introduction

Fugitive emissions are unintended releases of gaseous substances from industrial facilities, typically originating
from equipment leaks such as valves, flanges, connectors, pumps, and compressors (Szweda, 2000). Unlike
point sources, fugitive emissions are characterized by their diffuse nature, lack of defined release points, and
spatial dispersion across plant units (Yang et al., 2016). These emissions are commonly associated with the
handling, processing, and storage of volatile compounds in sectors such as oil and gas, petrochemical, and
chemical industries, but are also relevant in other contexts including landfills, waste treatment facilities, and
anaerobic digestion plants. Due to their intrinsic characteristics, fugitive emissions are difficult to detect, quantify,
and control, representing a persistent challenge in industrial emission management (Carrera et al., 2025).

The relevance of fugitive emissions extends across multiple dimensions, including environmental impact, safety,
and economic performance (Al-Hamdani et al., 2017). In detail, from an environmental perspective, fugitive
releases contribute significantly to atmospheric pollution, particularly through the emission of Volatile Organic
Compounds (VOCs), which at the global scale are key precursor of photochemical smog and secondary
pollutants, while at the local scale they may be responsible for odour nuisance on nearby community.

Fugitive emissions can represent a substantial fraction of total plant emissions, particularly under poor
maintenance conditions. As instance, CONCAWE reports an emission factor of 0.2 kgvoc per tonne of refinery
feed, confirming their relevance in emission inventories (Hoven and Megaritis, 2019).

In recent years, regulatory frameworks have increasingly recognised the relevance of fugitive emissions in odour
impact assessment. For instance, the ltalian Directorial Decree n. 309 (MASE, 2023; Zalin and Sironi, 2024)
explicitly requires their inclusion, while acknowledging the technical difficulties associated with their
characterization. Despite the lack of fully standardized methodologies, fugitive emissions cannot be excluded a
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priori and must be identified and, where possible, quantified. A key challenge in this context lies in the mismatch
between the outputs of existing estimation methodologies and the requirements of odour impact assessment.
Most current techniques for fugitive emission quantification, including Leak Detection and Repair (LDAR)
programs and optical or micrometeorological methods, provide results in terms of mass emission rates (e.g.,
kg/h). However, odour impact assessments rely on the estimation of Odour Emission Rates (OER), typically
expressed in odour units per unit time (oue/s), which are required as input for atmospheric dispersion models.
The lack of a direct relationship between mass emissions and odour emissions represents a critical limitation in
the integration of fugitive sources into odour assessments.

This highlights the need for methodologies capable of linking fugitive mass emissions to their associated odour
impact, enabling a more consistent and comprehensive evaluation of industrial emissions.

2. State of the art on fugitive emission quantification

The quantification of fugitive emissions has been the subject of extensive research and regulatory development
over the past decades, leading to the establishment of several methodologies based on different measurement
principles and levels of complexity. These approaches can be broadly classified into indirect estimation
methods, such as emission factors (Hoven and Megaritis, 2019; U.S. EPA, 1997), and direct or semi-direct
measurement techniques, including Leak Detection and Repair (LDAR) programmes (Sotoodeh, 2021), optical
methods (llonze et al., 2024; Ravikumar et al., 2017), and micrometeorological techniques (Lotesoriere et al.,
2023).

2.1 LDAR methodology: principles and applications

LDAR program represents the reference methodology for the quantification and management of fugitive
emissions (Lotrecchiano et al., 2025), enabling both emission estimation and reduction through systematic field
inspection, and are therefore widely adopted across major industrial sectors. LDAR program was initially
developed in the United States in the 1970s within the framework of the EPA and the Clean Air Act, in response
to the need to address VOC emissions from industrial sources. This method was designed to identify, monitor,
and repair leaks from pressurized components through standardized procedures and portable detection
instruments. The methodology has been progressively formalized through technical reference documents,
including the EPA Protocol for Equipment Leak Emission Estimates (U.S. EPA, 1997) and Method 21 (U.S.
EPA, 2017). From an operational perspective, LDAR programs are based on the periodic screening of plant
components such as valves, flanges, pumps, compressors, and connectors. Measurements are typically carried
out using Flame lonization Detectors (FID) or Photolonization Detectors (PID), capable of detecting VOC
concentrations in the proximity of potential leak points. The monitoring procedure follows standardized protocols
to ensure consistency in probe positioning, measurement conditions, and data recording. Each component is
uniquely identified and tracked over time, allowing for systematic inspection and maintenance planning. The
measured concentration values, commonly referred as “screening values”, are subsequently converted into
mass emission rates through the application of empirical correlation equations. These correlations, developed
by the EPA based on extensive experimental datasets, establish relationships between measured
concentrations and emission rates, given the type of component and the magnitude of the detected signal
(Invernizzi et al., 2021). In the European context, the importance of LDAR has been progressively recognized
within the framework of integrated pollution prevention and control. The introduction of the IPCC Directive and
its subsequent evolution into the Industrial Emission Directive (IED) (European Commission, 2010) has led to
the inclusion of LDAR programs among the Best Available Techniques (BAT) for sectors such as oil and gas
refining (European Commission, 2015), making its implementation a regulatory requirement for many industrial
installations. In parallel, technical standardization efforts have led to the development of harmonized European
methodologies, such as EN 15446:2008, which provide guidelines for the measurement of fugitive VOC
emissions from equipment leaks, in agreement with the EPA guidelines. Despite its widespread adoption and
proven effectiveness, several limitations are associated with the LDAR methodology. The accuracy of emission
estimates depends strongly on the validity of the correlation equations, which may not fully capture site-specific
conditions or variability in fluid composition. Moreover, LDAR measurements are typically performed at discrete
time intervals, providing only a snapshot of emission conditions and potentially overlooking temporal variability.
Finally, accessibility constraints may further limit the inspection of certain components in complex or hazardous
environments.

2.2 Recent developments: Smart LDAR and QOGI

In recent years, significant efforts have been devoted to enhancing traditional LDAR programs through the
integration of advanced detection technologies and more flexible monitoring strategies, leading to the
development of so-called “Smart LDAR” method.
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One of the most relevant technological advancements in this field is the increasing adoption of Optical Gas
Imaging (OGlI) systems. OGl is based on infrared cameras capable of visualizing gas plumes by exploiting the
absorption of infrared radiation at specific wavelengths characteristic of target compounds, such as
hydrocarbons and methane. Compared to conventional LDAR technique, based on sniffing techniques, OGI
allows for rapid screening of large plant areas, enabling operators to identify leaks in a non-intrusive manner
and significantly reducing inspection times. The growing relevance of OGI has been recognized in both
regulatory and technical frameworks. In the United States, the EPA has introduced an Alternative Working
Practice (AWP) (U.S. EPA, 2006) allowing the use of OGI in addition to the traditional methods described in
Method 21. Similarly, in the European context, OGI has been increasingly acknowledged in technical guidelines
EN 17628:2022 and BREFs documents (European Commission, 2015).

Building upon OGI principles, Quantitative Optical Gas Imaging (QOGI) technique has been developed to
estimate emission rates from visualized gas plumes (Wilson, 2016). This method relies on image processing
algorithms, based on camera configuration and environmental parameters (i.e., wind speed, temperature, gas
properties) to infer mass flow rates. Although further studies on the reliability of the technique and measurement
uncertainty are needed, the QOGI technique represents a promising step toward the direct quantification of
fugitive emissions using optical techniques. This is particularly relevant as it enables the quantification of fugitive
emissions also in non-traditional sectors such as landfills and anaerobic digestion plants (Cangialosi et al.,
2024).

3. From mass emissions to odour emissions

The integration of fugitive emissions into odour impact assessment is hindered by a fundamental methodological
gap between the quantities typically provided by emission estimation techniques and those required for odour
modelling. Existing methods, including LDAR and advanced optical techniques, quantify emissions in terms of
mass flow rates (e.g., kg/h), whereas odour impact assessment relies on the estimation of OER, expressed in
odour units per unit time (oue/s). This mismatch prevents the direct inclusion of fugitive emissions in atmospheric
dispersion models and limits the completeness of odour impact studies.

3.1 OTV-based approach: conversion through chemical speciation

In principle, if the chemical composition of the emitted fluid is known, a theoretical conversion from mass
emissions to odour emissions can be performed by exploiting Odour Threshold Values (OTVs) available in
literature (Nagata, 2003; Polvara et al., 2025). The contribution of each flow to the overall odour emission can
be estimated individually. Under these assumptions, the OER associated with a given compound, i, can be
expressed as:

loug/m® R-T

ER; = Lgg; -
OER; = Lrg; OTV; MW, P

(1)

where:
e OER;[oug/s] is the odour emission rate of compound i;
e Lrei[mg/s] is the fugitive mass emission rate of compound i;
e OTVi[ppm]is the Odour Threshold Value of compound i, corresponding to and odour concentration of
1 oug/m3;
e MW, [g/mol] is the molecular weight of compound i;
e R[J/mol/K], T [K], and P [Pa] are the gas constant, temperature (i.e., 293 K) and pressure (i.e., 101325
Pa), respectively
The total OER can then be estimated by summing the contributions of each individual species.
However, this approach is often impracticable in real industrial contexts. Fugitive emissions typically consist of
complex and variable mixtures, whose composition is not known or easily measurable. Moreover, odour
perception does not follow simple additive rules, and interactions between compounds can lead to synergistic
or masking effects. These limitations significantly reduce the applicability of OTV-based method for fugitive
emission assessment.

3.2 OFEP approach: field measurement of the leakage

In the absence of reliable compositional information, a direct experimental characterization of fugitive emissions
becomes necessary. This requires the measurement of both odour concentration and a representative chemical
parameter at the emission interface.

In this context, the present work introduces the Odour Fugitive Emission Potential (OFEP) as a novel parameter
aimed at bridging the gap between mass emissions and odour emissions. OFEP parameter is based on the
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relationship between odour concentration and Total Volatile Organic Carbon (TVOC) concentration, both
measured at the interface of a fugitive emission source. By coupling these parameters, it is possible to define a
parameter that expresses the odour potential per unit of emitted VOC mass (i.e., oue/mgc).

The proposed methodology is schematically illustrated in Figure 1.

Olfactometric sampling at the
fugitive emission’s interface

(LDAR-approach - EN 15446:2008) .
@ Dynamic olfactometry - EN 13725:2022

Cod [oug/m?]

\ @ TVOCanalysis - EN 12619:2013
Crvoc [mgc/Nm?]

2t

Odour Fugitive Emission Potential
OFEP [oug/mg ]
Coq 293.15K

OFEP = e ke
Cryoc 273.15K

Figure 1: Proposed methodology for OFEP estimation

The approach consists of sampling the fugitive emission directly at the interface, following a procedure
analogous to LDAR measurements. The sampling is performed by collecting the emitted gas into suitable
sampling bags, in compliance with EN 13725:2022. The collected samples are then analyzed in the laboratory
to determine:

e the odour concentration (Cod), using dynamic olfactometry in accordance with EN 13725:2022;

e the TVOC concentration (Ctvoc), measured by FID, according to EN 12619:2013.
Given these measurements, and the corresponding normalization temperatures of the analytical techniques
involved (i.e., 293.15 K for dynamic olfactometry and 273.15 K for TVOC analysis), it is possible to estimate the
OFEP parameter (oug/mgc), as:

Coa  293.15K

OFEP = & oc 27315K (2)

where the temperature correction term ensures consistency between measurement conditions.
Once the OFEP has been determined, it can be combined with mass emission estimates obtained from LDAR
or equivalent methodologies to derive the corresponding OER.

OER = Ly - OFEP 3)

A point worth noting is that OFEP is expressed on a carbon basis (oue/mgc), whereas fugitive emission rates
derived from LDAR or equivalent methodologies are typically reported as total VOC mass fluxes (e.g., kg/h).
However, this apparent mismatch is mitigated by the fact that LDAR measurements are commonly performed
using FID, which respond to carbon content rather than specific molecular species, thus ensuring consistency
between the parameters. Moreover, it should be noted that EPA correlation equations used in LDAR inherently
rely on empirical relationships derived from heterogenous datasets, encompassing different monitoring
instrumentation and operating conditions. In this context, the level of approximation introduced by the carbon-
based formulation of OFEP is largely consistent with the assumptions already embedded in current fugitive
emission estimation methodologies.

However, some limitations must be acknowledged. The large number of fluids potentially involved in fugitive
emissions may require the development of plant-specific inventories, making the full characterization process
time- and resource-consuming. In practice, the level of detail achievable depends on how fugitive emissions are
managed within the plant inventory: while a single representative OFEP value at plant scale may be insufficient
to capture heterogeneity, a more refined characterization can be achieved by grouping emissions according to
fluid type or process units, depending on data availability.
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3.3 Preliminary results

Preliminary field tests were carried out to assess the repeatability and reproducibility of proposed OFEP
methodology. These tests were conducted across different industrial contexts, including refineries,
petrochemical plants, and landfills, to account for a range of fugitive emission scenarios. Repeatability was
evaluated by collecting three samples at defined time intervals (approximately 2 minutes) by the same operator.
Reproducibility was assessed by collecting three samples at the same time intervals by different operators.
Although these results are preliminary, they provide initial insight into the robustness of the method.
Measurement performed by the same operator showed a good agreement, with an average standard deviation
of around 20%. Conversely, when different operators were involved, a larger variability was observed, with
OFEP values varying by up to a factor of approximately 3. This variability, in terms of the extreme limits of the
measurements, is nevertheless comparable to the inherent uncertainty of the olfactometric method - on the
order of a factor of 2 - which is linked to its own resolution.

4. Conclusions

The introduction of the Odour Fugitive Emission Potential (OFEP) provides a practical and consistent approach
to address the current methodological gap between mass-based fugitive emission estimates and odour impact
assessment requirements. In particular, the proposed method responds to the need, highlighted by recent
regulatory frameworks such as the Italian Directorial Decree n. 309 of MASE, but also indirectly by IED 2.0, to
include fugitive emissions within odour impact studies, despite the intrinsic difficulties associated with their
characterization. By linking mass emissions to OER, OFEP enables the systematic inclusion of fugitive
emissions in the overall odour emission scenario.

The proposed approach is not limited to the oil and gas sector, where LDAR programs are most commonly
applied, but can be extended to a wide range of industrial contexts. Its applicability relies on the availability of
two key elements: the localization of fugitive emission sources and the estimation of their mass flow rates, which
can be obtained through established techniques such as LDAR, bagging or optical methods. This flexibility
makes OFEP a valuable tool for integrating fugitive emissions into odour assessments across different industrial
sectors. Future developments of this work will focus on the experimental validation of the proposed methodology
through controlled released tests under known conditions of composition. Such studies will allow the
assessment of repeatability and reproducibility of the OFEP parameter, as well as the refinement of the
methodology for its broader application.
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