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Industries, governments, and regulators need trustworthy emissions data to enable them to make informed

decisions regarding methane abatement strategy and policies. There are many differing data reporting

metrics, as well as a diverse range of both emission sources and methods for monitoring emissions.

Different data structures and terminologies can be used to describe similar objects, activities, or

characteristics associated with methane monitoring. There is no currently accepted definition of what

constitutes a methane monitoring method. Since there is no common basis to describe this information,

confusion concerning language, definitions, and terminology can arise which can undermine confidence

in data. This paper describes a framework, based on a set of taxonomies and a common lexicon, which

aims to address these issues by providing a common structure in which data requirements, emission

sources and monitoring methods can be described. The principles of metrology and quality assurance

are embedded into this framework along with a means to define the temporal and spatial scales of the

reporting and monitoring. It is envisaged that this framework will be developed into a standard to help

facilitate more reliable transfer of information between stakeholders internationally. Usage examples for

this framework include: to aid the development of test standards (between test laboratories, site

operators, and standards bodies); to help ensure the most cost-effective monitoring methods are

deployed for a specific purpose; to help identify technological and methodological gaps between what

monitoring is needed and what is available, or to help drive more focused innovation in this field.
Environmental signicance

The Intergovernmental Panel on Climate Change (IPCC) estimates that the global warming potential (GWP) of methane is 81.2 times that of carbon dioxide over
a 20 year time horizon, and 27.9 times greater over a 100 year time horizon. As the atmospheric lifetime of methane is much shorter than that for carbon dioxide,
targeting reductions in methane emissions may be a viable, but urgent, strategy for successful short-term climate change mitigation. Detection and quanti-
cation of methane emissions is a crucial part of implementing mitigating strategies to reduce emissions. A standard methane framework for describing and
classifying data reporting requirements, emission sources, and monitoring methods based on the principles of metrology will help underpin condence in
reported data.
1 Introduction

The atmospheric methane burden has gained much attention
in recent years, most notably with the signing of the Global
Methane Pledge in 2021.1 Efforts to reduce emissions of
methane from anthropogenic emission sources, and thereby
stall climate impacts, are potentially feasible and cost effective
to implement.2 However, implementing measures to mitigate
methane emissions requires data that can be trusted and are
W11 0LW, UK. E-mail: andy.connor@npl.

tion (ESI) available. See DOI:

the Royal Society of Chemistry
truly representative of the emissions being monitored. Histor-
ically, the reporting of methane emissions has relied on the use
of generalised emission factors. However, a lack of compre-
hensive measurement data and incomplete monitoring means
that emission factors can vary widely leading to large discrep-
ancies in national inventories.3 This has led to a clear need to
measure methane emissions for reporting emissions.

Mitigation of climate risk is not the only driver for moni-
toring methane emissions. There are also safety considerations
and economic benets to minimising leaks, as methane is both
a valuable commodity and can form explosive air mixtures.
Trust in emissions data, underpinned by metrological infra-
structure and quality assurance practices, is essential to making
informed decisions regarding methane reduction practices.
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Methane emissions may need to be measured and reported
over different spatial scales (from emissions on individual
components to regionally aggregated emissions from multiple
distinct sources) and temporal scales (from short-lived emis-
sion events to continuous emissions) to ensure that the
measured data is representative of the emissions source. The
reconciliation of datasets across these wide-ranging spatial and
temporal scales can be especially challenging4 and hence
explicit understanding of the characteristics of different emis-
sion sources realistically requires the deployment of a wide
range of complementary monitoring techniques. There are
many differing requirements for reporting emissions and
associated quality metrics, as well as a diverse range of emission
sources (and associated environments) and methods for
measuring emissions. The following guidance documents have
been developed to help navigate the methane monitoring
landscape. It is evident from these documents that different
terminology is used to describe similar objects, activities, and
characteristics. It is therefore unsurprising that confusion
concerning language, denitions, and terminology is
commonplace:

� GTI Energy has dened a set of protocols5 that describe
how to take measurements, process data, and apply an assur-
ance process to all segments of the natural gas supply chain.

� The Energy Institute of Colorado State University has
published ‘Advancing Development of Emissions Detection’6

which focuses on technology testing.
� The Oil and Gas Methane Partnership (OGMP2.0)7 has

developed a case for a ‘gold standard’ in methane reporting.
� A glossary of terminology in the 2019 renement to the

2006 IPCC Guidelines for National Greenhouse Gas
Inventories.8

� The Methane Guiding Principles partnership has pub-
lished a number of best practice guides including identica-
tion, measurement, and quantication.9

A specic example of terminology is the use of different
terms to describe a single object, or a collection of physical
objects, in the gas industry that emits methane. GTI Energy
used the term ‘Asset’,5 whereas the Energy Institute used the
terms ‘Component’, ‘Equipment Unit’, ‘Equipment Group’ or
‘Facility’ – depending on whether one is referring to individual
or groups of objects.6 OGMP2.O used ‘Asset’, ‘Operating unit’,
‘Site’, ‘Facility’, or ‘Source’.7 Terms used to describe objects in
the IPCC glossary (which is not gas industry focused) include:
‘Pond’, ‘Manure’, or ‘Peatland’, or more generically, ‘Source’.8

The terms ‘Emissions’, ‘Emission rate’ or ‘Emissions ux’ are
used to describe the amount of methane emanating from
a source or area. Confusion can arise because the terms
‘Emission ux’, ‘Emissions rate’ and ‘Emissions’ are oen used
interchangeably. ‘Emissions rate’ should be used to describe
the amount of methane over a given period of time, in units of
mass per time, whereas ‘Emissions ux’ should be used to
describe the emission rate through a known surface area, in
units of mass per time per square area. The word ‘emissions’ by
itself should be avoided when describing a quantity, but elab-
orate the measurand being referred to, examples are ‘emissions
rate’, ‘emissions ux’ or a ‘cumulative emissions total’.
1204 | Environ. Sci.: Atmos., 2024, 4, 1203–1217
Another source of confusing terminology is oen found in
the use of various metrological terms including, for example:
uncertainty, accuracy, error, repeatability, reproducibility, and
precision. These terms are dened in the Joint Committee for
Guides, International Vocabulary of Metrology (VIM)10 but are
oen misused due to their colloquial use in the English
language. For example, the usage of uncertainty can be
confused with accuracy, the former is a quantitative expression
of doubt in a measurement, whereas accuracy is a qualitative
statement that expresses the closeness of a measurement to the
true value. Usage of the correct terminology, guidance on how to
apply metrological principles (for example uncertainty calcula-
tions) and expressing the quality of data (for example uncer-
tainty) are important aspects that need to be addressed.

There appears to be no standard denition of what a moni-
toring method is or should consist of amongst stakeholders
engaged in the monitoring of methane. For example,
unmanned aerial vehicles may colloquially be referred to as
‘methods’ for monitoring emissions when they are, in the
absence of anything else, simply platforms from which
measurements can be taken. Some instruments that measure
methane concentrationmay also be referred to as ‘methods’ but
cannot individually provide information on emissions unless
combined with a sampling strategy and emission quantication
model. The Methane Guiding Principles best practice guide9

used the term ‘Method’ to describe a technology or group of
technologies used for detection, measurement, or quantica-
tion, but methods should ideally also describe the process and
quality control and assurance aspects of monitoring methane.
All these different denitions can, at best, lead to confusion
and, at worst, the deployment of platforms or instruments that
do not have the essential elements of a method, for example:
a dened protocol, or evidence of validation and quality
assurance processes. The Joint Committee for Guides, Inter-
national Vocabulary of Metrology (VIM)10 denes a measure-
ment method as ‘a generic description of a logical organization
of operations used in a measurement’. To help ensure that
decisions are based on trustworthy data it is important to have
an accepted denition and list of what constitutes a method.
This framework attempts to address this for emission moni-
toring by dening a method and what constitutes a method.

It would also be of great value to have a common lexicon that
is industrially and geographically neutral and potentially cross
references the existing terms currently in use. In addition, there
needs to be a common structure for how information describes
how data reporting, emissions sources, or methods is repre-
sented. This paper attempts to address the issues and create
a common framework that describes how information should
be structured. It would be logical to group terms that represent
objects, activities, and characteristics into classications that
have similar properties and hence a taxonomy approach was
adopted.

There have been previous attempts at developing taxonomies
in the eld of emissions monitoring, but these have generally
focussed solely on monitoring methods and not considered the
data requirements or emissions sources. Examples include:
© 2024 The Author(s). Published by the Royal Society of Chemistry
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� A review on the capability of satellites for monitoring
methane emissions from the oil and gas sector.11

� A taxonomic structure of methane monitoring methods
with a focus on spatial scalability.12

� A framework13 specically for demonstrating equivalence
between methane leak detection and repair (LDAR) programs in
the context of methane emission mitigation, but not for
methane monitoring more widely.

� A review of close-range and screening technologies for
mitigating fugitive methane emissions in upstream oil and
gas.14

� A review15 and classication of methods for detecting
natural gas pipeline leaks, some of which included the direct
measurement of methane above-ground.

� Keywords16 associated with methods for measuring
methane emissions from oil and gas wells, many of which are
captured across the taxonomies presented in the main paper
here.

This paper presents the concept of a systematic framework
that could be used to describe and categorise data reporting
requirements, emissions sources, and monitoring methods as
a set of taxonomies that identify and categorise keywords, and
a lexicon to dene terminology. Throughout all areas of science,
reproducibility in results is fundamental to providing con-
dence in data and metrology is key to producing reproducible
results.17 The principles of metrology and quality assurance, as
well as scope for representing the wide range of temporal and
spatial scales for emissions, are embedded into the framework
design. The framework is designed to be industry and tech-
nology neutral with an initial focus on methane, but could, in
future, be adapted for other pollutant species for which envi-
ronmental monitoring is vital.

We believe the framework will provide major benets to the
eld of methane emissions monitoring by providing:

� A harmonised system (with a lexicon) to help ensure a more
reliable transfer of information and knowledge between
method providers and stakeholders which would benet the
development of policy and regulations and the standardisation
of methodologies. A harmonised system could also lead to more
reliable reconciliation and integration of datasets since stake-
holders will have consistent terminology and systems for
describing information.

� A means for industrial operators, regulators, and other
stakeholders to select the most cost-effective monitoring solu-
tions, or suite of complementary solutions, based on under-
standing the reporting requirements and source characteristics.
It is recognised that existing monitoring requirements stipu-
lated by regulators can be intentionally vague to allow for
a exible approach based on technologies that are available and
within budget. There is a compromise to be made between
performance and cost. The intention of this framework is that it
would help a stakeholder navigate that compromise by
providing a means to identify technological or methodological
gaps that may need to be addressed in the future.

� To help emerging industries or technology providers to
navigate the complex methane monitoring landscape, for
© 2024 The Author(s). Published by the Royal Society of Chemistry
example stakeholders in the non-oil and gas industries who
may want to apply similar practices to their needs.

The purpose of this paper is to highlight the need for this
framework and describe its concept.

2 Methods

The design of this taxonomy was carried out in two phases.
1. The collation of terms (keywords or phrases) that are used

to describe and categorise methane reporting requirements,
emissions sources, and monitoring methods and their associ-
ated technologies. The terms originated from four decades of
work undertaken with a wide range of stakeholders: govern-
ment departments, academia, standards committees, industry,
collaborative research and development, instrument manufac-
turers, measurement service providers, site operators, tech-
nology innovators; and from a UK, European, and international
perspective. It is recognised that multiple denitions exist that
describe similar objects or properties; an attempt has been
made to ensure that those chosen for this framework (or alter-
natives) are technology and industry neutral.

2. The design of the framework and taxonomy follows these
concepts:

� To identify keywords that describe methane emission
monitoring, sorted into those that describe reporting require-
ments (what data is needed), emission sources, and monitoring
methods (how data is obtained).

� To sort keywords into ‘properties’ and ‘descriptors’. Prop-
erties are used to quantify and categorise information, and
descriptors are used where some form of qualitative description
is required. For example, the physical height of an emission
source can be quantied but may require some form of textual
description to provide context, for example: ‘a vent located on
top of a large building or are stack’. Some keywords could be
subjective, for example ‘ease of access for a monitoring loca-
tion’; having the means to identify and categorise objective and
subjective phrases is useful.

� To describe a method and all its constituent parts.
� To categorise terms that have similar characteristics and to

apply an ‘object-oriented approach’ to describing physical
objects and their associated data.

� The principles of metrology must be embedded into this
framework to ensure the creation of trustworthy data necessary
for informed decision-making. Metrology is embedded into this
framework by including relevant keywords such as uncertainty,
traceability, and calibration into the taxonomies. All measure-
ment quantities should be expressed using units dened by the
International System of Units (SI) where possible, including
those non-SI units that are considered acceptable for use within
the SI.18 However, we acknowledge that other systems of units
may be in use but note that these typically provide a lower
degree of traceability.

� The framework has been designed with a focus on
anthropogenic sources of methane. Conceivably the framework
could be adapted to account for gaseous species that are rele-
vant for clean energy such as hydrogen and carbon dioxide, and
also naturally-occurring methane emission sources too.
Environ. Sci.: Atmos., 2024, 4, 1203–1217 | 1205
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It should be noted that this work is not intended to review
available methane monitoring methods, nor does it provide an
intercomparison or even justication of all monitoring options.
Detailed descriptions of methods can be found elsewhere
although some particularly relevant literature is referenced for
convenience.

3 Results and discussion
3.1 Key denitions

The correct usage of terminology is important for developing
standards globally. Therefore, a lexicon of key denitions in the
eld of emissions monitoring is included in the ESI.†

The framework denes the following spatial categories used
across many of the taxonomies:

� Component: dened as an entity that forms part of
a process or system; on an approximate spatial scale of centi-
metres to metres (for example, a ange that joins two pipes).
Component is a widely accepted term for such a scale.

� Functional element: dened as a spatially separate entity
that performs a specic purpose or function; on an approximate
spatial scale of metres to hundreds-of-metres (for example, slug
catcher at a renery, a process tank, boiler unit, or storage unit).
Synonyms widely used include ‘equipment’ or ‘asset’. However,
entities at this spatial scale may not necessarily be equipment
(oen mechanical in nature) or assets (oen with implied
ownership), they could be livestock or water treatment ponds.
‘Functional element’ is therefore considered here to be a more
appropriate term that could be applied universally across all
emission source types.

� Site: dened as a spatially separate premises that performs
an activity consisting of a number of functions or consists of
one (or more) functional elements; on an approximate spatial
scale of hundreds-of-metres to a kilometre (for example,
a landll site, tank farm, anaerobic digester plant). In some
cases, there may be a cluster of sites that are in close proximity
that would cover a scale greater than one kilometre (for
example, a renery). Synonyms widely used include ‘facility’,
‘plant’ or ‘farm’. ‘Site’ was chosen for industry neutrality.

� Regional: dened as a collection of industrial sites, or
distinctive areas of transport, urban, or domestic activity; on an
approximate spatial scale of one kilometre to hundreds-of-
kilometres (for example, a city).

� National: dened as a collection of regions; on an
approximate spatial scale of hundreds-of-kilometres and
greater (for example, countries, or groups of countries). This
scale is associated with national inventory reporting.

� Global: referring to the total integrated system (emissions
sources) on this planet.

The framework denes the following temporal categories:
� Snapshot: a single report representing a state at a given

time, or two reports separated by a time period or before and
aer an event (for example, repair). The intention is that the
number of reports are limited (most likely two or less).

� Periodic: a periodic report with a dened period (or
frequency). The intention is that the number of reports are not
necessarily limited (most likely more than two).
1206 | Environ. Sci.: Atmos., 2024, 4, 1203–1217
� To monitor continuously at a dened sampling rate.
As stated in the introduction, the correct use of terminology

and expression of the quality of data are important. Therefore,
commonly used (and misused) metrological terms (accuracy,
bias, calibration, error, resolution, repeatability, reproduc-
ibility, precision, traceability, uncertainty, validation, and veri-
cation) are included within the lexicon. For brevity this paper
does not provide a full comprehensive list of all metrological
terms. Care must be exercised when the term ‘accuracy’ is used
to describe objects or events – ‘accuracy’ is a qualitative state-
ment and has therefore not been included in the taxonomies
but does appear in the lexicon.

Calibration, repeatability, reproducibility, traceability, vali-
dation, and verication are all actions that are listed as
descriptive elements within the taxonomies, i.e. actions that
require text to describe the relevant conditions, and uncertainty
being the measurand at those conditions.

In terms of guidance on how to apply metrological princi-
ples, the UK National Physical Laboratory provides a beginners
guide to uncertainty which provides guidance on how to
correctly calculate uncertainties and reduce uncertainty in
measurements.19
3.2 Framework overview

The framework comprises three sets of taxonomies which are
used to classify and dene various properties and descriptors to
provide a thorough but easily understood breakdown of each set
(Fig. 1). The taxonomies within each set are described in later
sections. The three sets are:

1. Monitoring need: a set of taxonomies which classies and
describes the purpose of the emissions monitoring and what
reported data is required.

2. Emission source: a set of taxonomies which classies and
describes the source to be monitored or being monitored (i.e.,
the different types of emission sources, their properties, and the
environments in which they occur).

3. Monitoring method: a set of taxonomies which classies
and describes how the monitoring is to be undertaken.

The three sets of taxonomies could be used independently or
in parallel. For example, developing a monitoring standard may
require using just the monitoring need and emission source
sets without explicitly dening what method should be used.
Whereas all three sets could be applied together to select an
appropriate monitoring method to meet a particular need and
suitable for a particular source. The arrows shown in Fig. 1
illustrate the potential for multi direction and iterative ow of
information between the sets. For example, choosing a moni-
toring method will require information regarding the data
reporting requirements and emissions source, but the reporting
requirements may have to be revised based on the availability of
methods within a dened budget.

A case study demonstrating application of the framework to
the quantication of methane emissions from liqueed natural
gas (LNG) is presented in the ESI.† The case study provides an
example of how to dene the purpose and data reporting
requirements using the monitoring needs set of taxonomies
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Overview of the methane emission monitoring framework showing three sets of taxonomies: the monitoring need, the emission source,
and the monitoring method.
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and examples of emissions sources are given using the emission
source taxonomy to describe them. Part of the case study
involved selecting a site for monitoring; an example of how the
emissions source taxonomy was used to achieve this is given.
The monitoring methods set of taxonomies were used to dene
a specication for a method that could meet the data reporting
requirements and used to describe the properties of a method
(NPL's mobile Differential Absorption Lidar) that was deployed
to carry out the monitoring work. The difference between the
method specication and the property of a method highlights
the compromises that may have to made when choosing
a method, such as budget, safety, logistical constraints.

It should be noted that the taxonomies within each set are
not intended to be exhaustive but serve primarily as a basis for
reecting on the requisite considerations for monitoring of
emissions.
3.3 A set of taxonomies that describe the monitoring need

Two taxonomies are presented in this set; a taxonomy which
denes and classies the monitoring purpose and a taxonomy
which denes and classies the data reporting requirements.

The monitoring purpose taxonomy (Fig. 2) describes and
classies:

� Driver: factors that instigate emission monitoring.
� Aim: what is to be achieved by the emissions monitoring.
� Actor: those involved in the monitoring.
� Stakeholder: those who have an interest in the monitoring.
� Sector: the overarching economic sector for which moni-

toring is required.
We distinguish two classes of monitoring:
© 2024 The Author(s). Published by the Royal Society of Chemistry
1. Emissions driven: the purpose is to measure a property of
an emission source through either the methane concentration,
emission rate or its source location. Examples are:

� A Leak Detection and Repair (LDAR) programme.
� Exploratory monitoring to gain knowledge about an under-

studied emission source, for example, to understand emissions
characteristics from a new or change of process on a site.

� To understand the different types of emission sources from
an emerging industry such as biogas.

� Obtaining the necessary evidence data for regulatory
compliance, for example, of a landll site(s).

For emissions driven monitoring, the data reporting
requirements need to be dened and a method (or comple-
mentary set of methods) chosen to undertake the monitoring of
the emission source. The choice of method(s) should be based
on the data requirements and the known characteristics of the
emissions source (i.e. what is required). However, it is recog-
nised that the choice of method may be limited by cost and
availability (i.e. what is available). It is envisaged that the
framework could be used to perform a technological and
methodological gap analysis between what is required and what
is available. This could help ensure more informed decisions
regarding the choice of monitoring methods and better
understanding of the scope and limitations of any measure-
ment campaign. Gap analysis could also be used to drive tech-
nological and method development. The data reporting
requirements should also point the user to existing protocols
relevant to specic industries, such as the GTI Energy Veritas
protocols for monitoring emissions from oil and gas sites.5

2. Method driven: the purpose is to develop a monitoring
method. For example, the purpose of method-driven
Environ. Sci.: Atmos., 2024, 4, 1203–1217 | 1207
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Fig. 2 Taxonomy for describing and classifying the purpose of emission monitoring. Keywords are defined in the lexicon in the ESI.†
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monitoring may be to perform method development, with the
aim of understanding a method's performance under particular
conditions or for a particular application. A different example of
method-driven monitoring could be the intercomparison of
multiple methods applied to a controlled release experiment
simulating a leak on a natural gas pipeline. The focus is on the
monitoring method taxonomy; however the emissions
taxonomy could be used to help select appropriate emissions
source(s) or site(s) to carry out representative eld testing of the
method. The taxonomy should also point the user to existing
guides or protocols.6

The categories shown in Fig. 2 could be further sub-
categorised, for example the driver category, ‘research’ could
be further sub-categorised as follows:

� Emission factors: develop, improve, validate.
� Understand the source: leakage paths, identify range of

emissions, identify non-continuous emitters, measure gas
composition, identify source type: diffuse, elevated or point.

In many cases, the aims and drivers are intrinsically related,
in that certain drivers imply certain aims. For example, drivers
such as regulation, safety, or audit, usually have the aim of
complying to a standard or procedure. The aim should, in turn,
dene the data reporting requirements, which may simply be
reporting a site emission rate, or staying below a concentration-
threshold. Other drivers, such as research, legislation (to
provide advice or information for the development of specic
policy legislation), informing policy, or public reassurance,
oen have the aim of producing advice or yielding scientic
knowledge. Similarly, process improvement drivers will typi-
cally be for commercial aims. Method-driven drivers are likely
to require complex data to provide the necessary information to
adequately compare methods and their associated techniques.

Who is affected by, and involved in, emission monitoring is
also important when considering the monitoring purpose. This
category is subdivided into stakeholders, actors, and sector.
Stakeholders are dened as anybody with an active interest or
1208 | Environ. Sci.: Atmos., 2024, 4, 1203–1217
concern in the monitoring conclusions. Actors are dened as
those with an active role in undertaking the monitoring. The
category sector refers to the overarching industrial or economic
sector which is being monitored. Identifying the stakeholders
and aims will help determine the complexity of data required;
the data complexity is likely to be greater for purposes relating
to scientic knowledge compared with purposes relating to
compliance. The actors may inuence the appropriate
method(s) which could be used, or the choice of method(s) may
determine the required actor(s), for example, by identifying the
required skill set to operate a measurement instrument.
Understanding the industry is important since there may be
data reporting or logistical requirements specic to certain
industries, or different standards, protocols, and terminology
that the taxonomy could highlight. Since these categories are
related it is important that they are all considered holistically
when determining the data reporting requirements.

Fig. 3 illustrates the data reporting requirements taxonomy,
which is divided into two separate classes comprising proper-
ties (keywords which can be quantied or categorised) and
descriptions (keywords which cannot be easily quantied or
categorised as they require some description to inform context;
for example, the word budget could imply different meanings
under different contexts). In Fig. 3, the measurand is typically
concerned with the ‘what’, whilst the data granularity denes
the ‘where’ (spatial) and the ‘when’ (temporal) aspects of data.
Data descriptions typically relate to the type of output required
(for example, a dataset, a public report, a new standardised
method), or to metadata which may be of relevance to the
monitoring method itself.

The data reporting requirements for regulatory compliance
will likely consist of succinct information about the emission
rates and associated uncertainties, the emission sources
monitored, and site conditions, whereas method development
will require more detailed information, for example: detection
limit, bias, minimum quantiable emissions, repeatability,
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ea00120f


Fig. 3 Taxonomy for describing and classifying the data reporting requirements. Many of the data reporting requirement properties could
benefit from added description or context (for example, preferred units of measurement). Keywords are defined in the lexicon in the ESI.†
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linearity and response time (potentially more information than
that detailed in Fig. 3).

Metrological factors are included in the data reporting
requirements taxonomy because it is important that they are
considered when determining the reporting requirements and, if
appropriate, included in the requirements. Understanding the
metrology may be necessary when providing evidence of valida-
tion, or when deciding what auditing should be carried out.

The spatial and temporal properties will have quantitative
properties associated such as geographic location, time of day,
frequency of monitoring etc.

The purposes and data requirements for monitoring, as well
as the stakeholders and actors relevant to a particular sector,
may change over time. Hence, the taxonomies may need to be
regularly reassessed to account for evolving circumstances.

3.4 A taxonomy to describe emissions sources

The emission source taxonomy describes and classies emis-
sion sources based on their characteristics such as spatial scale,
emission characteristics, and physical properties (Fig. 4). As
with the data reporting requirements taxonomy (Fig. 3), the
keywords in the emission source taxonomy are distinguished as
properties or descriptors. There are three classes of emissions
sources that have been proposed for methane monitoring:20

1. Fugitive emissions. These are unintentional emissions
which may be due to:

� Leaks from components such as pipework or anges.
� Permeation through seals or casings.
� Emissions from gas sampling operations.
2. Vented emissions. These are emissions from intentional

activities such as:
� Venting and purging.
� Start and stop operations.
� Incidents.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3. Emissions due to incomplete combustion. This type of
emission may impose additional challenges such as physical
challenges (e.g. height of ares, temperature), or the gas
composition of the exhaust.

The emission source taxonomy presented here is concerned
with describing and characterising anthropogenic or industrial
emission sources. The emission source taxonomy also allows
for the identication and description of extraneous emission
sources which may interfere with monitoring of the target
emission source.

Emission source properties are further subdivided into
characteristics which can be classied as relating to the emis-
sion itself or relating to the physical nature of the source.
Physical characteristics include details such as the height of the
release point whilst emission characteristics include details
such as gas composition and the temporal nature of the emis-
sions (for example, continuous or non-continuous).

3.5 A set of taxonomies for describing monitoring methods

A method is a procedure or a set of instructions for monitoring
emissions, which may involve emission detection, localisation
and/or quantication. Fig. 5 illustrates a taxonomy that
describes and categorises a method's properties. A method
should specify the following:

� Scope: a clear denition of the physical magnitude to be
measured (for example, gas concentration or leak rates),
whether they are direct measurements or estimations (for
example, based on models), and if applicable, a means for
converting gas concentrations to emission rates.

� A sampling strategy that describes how themeasurement is
to be performed and how the data will be collected, assimilated,
and reported.

�Measurement objectives and an agreed and established
measurement procedure.
Environ. Sci.: Atmos., 2024, 4, 1203–1217 | 1209
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Fig. 4 Taxonomy for describing and classifying emission source properties and characteristics. Many of the emission source properties could
benefit from additional description or context (for example, preferred units of measurement). Keywords are defined in the lexicon in the ESI.†
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�Metrology factors (traceability, calibration, applicable
standards, auditing, method transparency) and ways to validate
method performance and a quality system to provide con-
dence in data. A description of the scope and conditions for
which the validation (and uncertainty) was performed.

� Training and competencies that will be required to operate
the method (including training for data analysis).

� Limitations, dependencies, and assumptions related to the
method as a whole, as well as to the measurement instrument,
sampling strategy, and emission quantication approach.
Fig. 5 Taxonomy for describing and classifying a method and its prope

1210 | Environ. Sci.: Atmos., 2024, 4, 1203–1217
� Recommended instruments.
The monitoring method determines the measurement

requirements which describe how the measured data is to be
obtained, including performance criteria such as measurement
uncertainty. This is different from the data reporting require-
ments (see Fig. 3) which describe what data are required.

A method may be standardised, with prescribed procedures
which specify the best available practice, method validation and
verication, uncertainty estimation, and application under
different circumstances. Alternatively, a method may be under
rties. Keywords are defined in the lexicon in the ESI.†

© 2024 The Author(s). Published by the Royal Society of Chemistry
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active development, with procedures that are not yet dened
due to a lack of knowledge regarding these aspects. It is ex-
pected that standardised methods will likely better meet the
metrological requirements of monitoring, but it should be
acknowledged that not all methods have undergone such
rigorous analysis, particularly those that rely on emerging and
state-of-the-art measurement and processing techniques.

In Fig. 5, the ‘sampling strategy details’ in the description
arm should be used to describe how the data are combined into
a nal report and how the performance (for example,
measurement instrument spatial resolution) determines the
uncertainty and granularity of the reported data. The spatial
and temporal granularity denes what the method can produce
in terms of the reported data.

A method may contain the following three elements:
1. Measurement instrument: a device used for making

measurements. A measurement instrument contains a sensor
or a detector. The choice of sensor or detector is based on the
measurement requirements (which are in turn based on the
data reporting requirements – Fig. 3).

2. Sampling strategy: this describes how the measurement
data are collected and represented, as well as the platform used
to collect the data.

3. Emission quantication: this describes how the methane
concentration measurements are converted into a methane
emission rate (or emission ux).

Methane monitoring methods must consist of at least
a measurement instrument and a sampling strategy but do not
necessarily require an emission rate calculation (for example, if
only methane concentration needs to be measured for the
purpose of emission detection or emission localisation only).
Although there are many measurement instruments, sampling
strategies, and emission quantication techniques available,
the monitoring purpose(s) (Fig. 2) may not be met by any single
combination of these method elements alone. A suite of
complementary methods, consisting of multiple measurement
instruments, sampling strategies, or emissions quantication
techniques may therefore be required.

Taxonomies are required to describe the properties of an
instrument, sampling strategy or emission quantication. Fig. 6
illustrates a taxonomy which describes and categorises the
properties associated with an instrument.

It is important to identify the source of information for each
performance metric. For example, when reviewing the perfor-
mance specications for a measurement instrument, is the
information obtained from manufacturer supplied data (in
which case the specications may be referring to best case
scenarios or have been derived during limited conditions within
a stable laboratory environment) or is the information based on
testing conducted in an operationally relevant environment?
Performance metrics should be veried taking into consider-
ation the scope and conditions in which the instrument is to be
used.

The following sections present taxonomies for each of the
three method elements introduced above. The taxonomies
represent a possible structure which will be of benet to users
assessing the large, and oen bewildering, array of techniques
© 2024 The Author(s). Published by the Royal Society of Chemistry
available for monitoring methane emissions. The taxonomies
are not intended to be exhaustive, and some techniques may be
absent. The design of the taxonomies allows for new measure-
ment instruments, sampling strategies (and associated plat-
forms), and emission quantication calculations to be
integrated within them. Unfortunately, it is beyond the scope of
this work to provide full and complete descriptions for each
technique. Detailed descriptions of the underlying principles
behind each technique can be found elsewhere.

We have tried to dispense here of the difficult and oen
problematic and ambiguous referral of methods as either
bottom-up or top-down, which is largely dependent on the
spatial and temporal scale in question and whether measure-
ments are extrapolated to a greater spatial (or temporal) scale or
disaggregated to a lower spatial (or temporal) scale.11,12 For
example, the denition of bottom-up could be equally applied
to the quantication of component scale emissions (when
assessing emissions from a single site) and to site scale emis-
sions (when assessing emissions from a production region),
and some methods could be applied equally to bottom-up or
top-down measurements. It is important to reconcile indepen-
dent measurement-derived emission rates at multiple spatial
and temporal scales to establish comparability across scales,
but this is not always trivial.12

3.5.1 Measurement instrument. Fig. 7 shows a taxonomy of
methane measurement instruments for the measurement of
atmospheric methane amount fraction (or methane concen-
tration). Similar structures have also been presented by
others.13,21 In the taxonomy presented here, measurement
instruments are principally categorised as either optical or non-
optical. For the measurement of methane, optical instruments
typically exploit the vibrational frequencies of the carbon-
hydrogen chemical bond and the absorption or emission of
specic wavelengths of electromagnetic radiation in the
infrared region.22 Measurement instruments using absorption
spectroscopy can be further differentiated based on their use of
either an active light source (i.e., the measurement instrument
has its own source of light, such as a laser), or a passive light
source (i.e., the measurement instrument uses an external
source of light, such as sunlight). Measurement instruments
using absorption spectroscopy can be further distinguished
based on the path the light source takes, and whether that path
is within a closed system (closed-path), or open system (open-
path).

3.5.2 Sampling strategy. Fig. 8 presents a taxonomy which
denes and categories keywords and considerations for the
strategy used for sampling methane. The sampling strategy will
primarily differ depending on if the measurement instrument is
a remote sensor or point-sensor as the former can measure at
a distance and potentially cover large areas with one system,
whereas a point-sensor has to be deployed in the measurement
area and typically provides a much smaller coverage area. There
are a number of considerations that aid with the development
of a comprehensive sampling strategy; number of platforms
used, the spatial and temporal density of sampling, and the
number of repeat measurements. These are determined by the
measurement requirements.
Environ. Sci.: Atmos., 2024, 4, 1203–1217 | 1211
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Fig. 6 Taxonomy for describing and classifying a method element (in this case, the measurement instrument) and its properties. Keywords are
defined in the lexicon in the ESI.†
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For a particular method the density of sampling may need to
provide sufficient information to understand the emissions in
terms of its temporal and spatial characteristics. For example,
the temporal frequency of sampling should be sufficiently high
enough to capture the shortest duration non-continuous
emissions, or to capture the frequency of variability in
Fig. 7 Taxonomy for describing and categorising measurement instrume
Keywords are defined in the lexicon in the ESI.† Optical absorption sp
sources are highlighted in blue. Optical absorption spectroscopy inst
underlined.

1212 | Environ. Sci.: Atmos., 2024, 4, 1203–1217
continuous emissions. However, in some cases integrated or
average data may be sufficient. The density of spatial sampling
will have consequences for characterising the morphology of
the emission plume and for distinguishing between multiple
emission sources. In practice, achieving high levels of temporal
and spatial granularity can be difficult to achieve.
nts with example techniques. The techniques listed are not exhaustive.
ectroscopy instruments which typically make use of open-path light
ruments which typically make use of closed-path light sources are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Taxonomy for describing and categorising sampling strategies and sampling platforms. Keywords are defined in the lexicon in the ESI.†
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The choice of sampling platform (the platform upon which
the measurement instrument is mounted) is part of the
sampling strategy. Platforms can either be stationary (their
geolocation is xed) or mobile (their geolocation is variable).
Some platforms may be capable of both mobile and stationary
sampling, and both types of sampling may be used within the
same method; for example, a car could be used to rst nd an
emission plume (mobile sampling) and then sample within that
plume by stopping within it (stationary sampling). Each class of
sampling platform has different benets and limitations. Many
mobile platforms can conveniently cover large spatial areas
(particularly at the site spatial scale) without having to deploy
multiple measurement instruments. However, mobile plat-
forms may only capture a ‘snapshot’ in time at each location,
whereas stationary platforms can be used to sample for
lengthier time periods (or continuously) in a single location. On
the other hand, multiple stationary platforms may need to be
deployed to obtain the required spatial coverage, and there may
be logistical or practical (for example, hazard zones) limitations
that restrict their coverage (although this could apply to mobile
platforms too).

Sampling platforms can be further divided based on their
sampling location within the atmosphere. Platforms can be
operated on the ground (i.e., surface-based), above the ground
but within the atmosphere (generally considered to be up to
∼100 km in altitude; for example23,24), or can be operated
beyond the atmosphere (i.e., spaceborne25,26).

In the case of mobile platforms, their movement offers
a further distinguishing feature. Movement can be either
controlled (by the method user or actor) or uncontrolled.
Controlled platforms can be directly manoeuvred to target
sampling in a specic location whereas uncontrolled platforms
cannot. Uncontrolled platforms may be subject to movement
© 2024 The Author(s). Published by the Royal Society of Chemistry
dictated by the local wind eld, as is the case for a sampling
balloon. In some cases, differentiating between controlled and
uncontrolled may be difficult, and some sampling platforms
could conceivably be either, under different circumstances.
This may occur when the method user or actor does not have
direct control of a platform but the platform can be targeted at
specic sources by an external operator, as is the case for some
satellites. It is important to try to understand the boundaries
between factors that are controlled and uncontrolled. For
example, wind and site operational conditions may dictate
where a method is deployed and which areas can be monitored.

3.5.3 Emissions quantication. The combination of
methane concentration data (acquired by the measurement
instrument) and the sampling strategy creates a data product
such as a concentration–time series at a specic location or
a two-dimensional map of concentrations. An emission rate
may be derived from the data product using some form of
emission model or calculation. Many of these models can
equally be used to aid with identifying the source location or
source origin of an emission. Fig. 9 presents a taxonomy for
classifying different emission models which can be used to
estimate emission rates. Models can vary greatly in complexity,
can be based upon differing assumptions regarding atmo-
spheric physics, and may have different statistical approaches
to dealing with the ambient atmospheric methane background
and uncertainty propagation.

A source of confusion is the use of the terms ‘emissions
measurements’ or ‘ux measurements’. As stated previously,
‘emission rate’ is a calculated quantity derived from measure-
ments of concentration combined with other measurements
(e.g., wind speed) and/or models. Therefore, the term ‘emis-
sions measurement’ is an oxymoron as it refers to a quantity
derived from other measurements and not a quantity that is
Environ. Sci.: Atmos., 2024, 4, 1203–1217 | 1213
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Fig. 9 Taxonomy for describing and categorising models for calculating the emission rate. Keywords are defined in the lexicon in the ESI.†
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measured directly. Therefore, currently emissions rates should
be referred to as measurement-derived emissions rate.

The ‘no-concentration-measurement’ options are included
here for completeness but do not require either of a measure-
ment instrument or sampling strategy. For example, calculating
an emission rate from an industrial site can be done using
statistical activity data and previously calculated emission
factors. Parameterised models use engineering-based calcula-
tions to estimate emissions.11 Whilst this approach will esti-
mate an emission rate, the result is reliant on the accuracy of
previously calculated emission factors and activity data for the
specic site or process. Methane-measurement-based options
(all other options in Fig. 9) would be preferable inmost cases for
specic emission monitoring. It should be noted that emission
factors and parameterised calculations can only be assessed for
their accuracy (and updated) using a direct methane emissions
monitoring method.

Emission rate calculation models can be classied in
different ways. Some models make use of a correlation factor
between the measured methane concentration and known
emission rates derived under controlled conditions. EN15446 27

describes an approach in which the maximum concentration of
methane measured within a certain distance of a leak is corre-
lated to an emission rate using a lookup table. Models that rely
on correlation factors are oen simple to implement but rely on
the accuracy of the derived correlation factors; correlation
factors will be less applicable the further the practical condi-
tions differ from the controlled conditions. Machine-learning
algorithms have applicability here for the rapid statistical pro-
cessing of large amounts of data correlating emission observa-
tions and known emission rates.28,29 However, many approaches
using machine-learning models have yet to be validated and
1214 | Environ. Sci.: Atmos., 2024, 4, 1203–1217
their metrological suitability remains generally unknown,
particularly with respect to uncertainty derivation and
transparency.

Other emission rate calculation models use a model of
atmospheric ow, or transport and dispersion, to derive an
emission rate from concentration data. Flow can be measured
(or modelled) directly or indirectly. In most cases direct or
indirect ow would be measured (for example, using a wind
sensor, pressure gauge or 3D anemometer). However, in some
cases, the measurement may need to substituted with a wind
model. In direct ow approaches, the ow of air is contained
and can be controlled using pressure differentials (for example,
vacuum pumps). Indirect ow approaches use the wind eld as
a proxy for ow and assume that the atmospheric transport of
methane is driven mainly by the wind and atmospheric turbu-
lence. Box models are typically simpler and may only account
for larger scale dispersion driven primarily by the mean wind
vector and boundary layer processing. More complex models,
such as micrometeorological models and inverse dispersion
models, may account for smaller scale and turbulent dispersion
but at greater computational cost. Higher resolution meteoro-
logical data (measured or modelled) may be needed for the
higher delity models.
3.6 Maps to illustrate method scope

Spatio-temporal maps have been used to illustrate the spatio-
temporal range of monitoring methods,9 typically using two
orthogonal axes: spatial scale (from component to global) and
temporal scale (second to year) where the scale represents the
range or resolution of the measurement. Fig. 10 illustrates an
example of such a map, showing the temporal categories (as
described above) rather than the oen-used temporal
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Methane monitoring and reporting spatio-temporal scale.
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resolution of the method along the x-axis. The spatial scale is
limited from component to site for brevity but can be expanded
to include regional to global scale if needed. The temporal
category describes the temporal scope of the method, i.e.
a method that can only practically provide a snapshot
measurement, periodically or monitor continuously. The map
includes examples of monitoring methods, platforms, and
techniques. There are many conceivable congurations for
these types of maps. It could be useful to include the platform
and sampling strategy (e.g. point sensor or remote sensor) since
such information could indicate the physical accessibility to
undertake measurements. Such maps can be useful for under-
standing the scope of an instrument, technique or indicate
technological or methodological gaps in monitoring.
4. Conclusions

We present a harmonised framework for describing and clas-
sifying data reporting requirements, emission sources, and
monitoring methods, including a lexicon of terminology.

This paper attempts to address the issues of terminology, the
complexity of how data is represented, and the wide range of
methods and their associated technologies by dening a set of
taxonomies to represent this information. This framework
makes a clear distinction between describing reporting
requirements (what data is needed) and emissions sources and
monitoring methods (how data is obtained). This distinction is
necessary to highlight any methodological and technological
gaps between what data is needed and what can be obtained
using existing methods. Terms (where relevant) have been
separated into those that are qualitative (descriptions) and
quantitative (properties) which provides the basis for catego-
rising objective and subjective terms. The framework is industry
neutral and aimed at stakeholders whomay have different levels
of experience from an operator in a mature industry (in terms of
methane monitoring) to emerging industries and novel tech-
nology providers. This framework also denes the essential
© 2024 The Author(s). Published by the Royal Society of Chemistry
ingredients of a method; currently there is no such universally
accepted description in atmospheric monitoring.

Methane reduction strategies must be based on data that can
be trusted and are representative of the source being moni-
tored. These criteria are fundamental to determining whether
monitoring is adequate. The principles of metrology and quality
assurance are therefore embedded into the framework along
with a means to dene the temporal and spatial scale of the
reporting and monitoring. It is envisaged that categorising and
classifying reporting requirements, emission sources, and
monitoring methods could be adopted and integrated into
existing methane monitoring guidance and standardise general
practice to encourage consistency across industries, technolo-
gies, and monitored species.

The methane emissions monitoring landscape is complex.
For example, data can be described over different spatial and
temporal scales, using different types of measurand (e.g.
concentration, emissions rate etc.), and there are many ways in
which instrumentation can be deployed. A standard and
harmonised process for classifying and describing reporting
requirements, emissions sources and monitoring methods
would not only help to reduce the confusion in terminology
between the wide range of stakeholders that are typically
involved in emissions monitoring, but also help better articu-
late this complex landscape to avoid error, confusion, and mis-
understanding. It is recommended to collate case studies
(perhaps anonymised) to highlight areas where terminology
and the complexity of the methane landscape has caused
problems – this would help develop standards that are acces-
sible and relevant to stakeholders.

The purpose of this paper has been to highlight the need and
concept behind this framework, and not to necessarily dene
the framework in detail. Indeed, the framework is unlikely to be
fully exhaustive and new concepts, technologies, and tech-
niques are intended to be captured and incorporated as they are
developed. The next step is to develop this framework into
a standard, initially a British Standards Institute Publicly
Environ. Sci.: Atmos., 2024, 4, 1203–1217 | 1215
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Available Specication, and then eventually into an interna-
tional standard, that could be used to facilitate more reliable
transfer of information (for example, between stakeholders
developing standards or monitoring methods, or for the
reconciliation of datasets). Further work is required to develop
the taxonomies to provide a more comprehensive list of types of
emissions sources, methods, and associated technologies. The
terms dened in this paper may require revision to ensure
compatibility across all industries and geographies. Further
work is also needed to cross reference the terms dened within
the lexicon here with the wide-ranging terminology that is used
throughout the methane monitoring landscape. A committee
could be convened to make a nal decision on terms and to
manage the standardised framework.
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