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Abstract

Global efforts to track methane emissions from oil and natural gas operations have recently
converged around measures of methane emissions intensity, including emergent requirements for
reporting as part of import standards. However, multiple definitions of methane intensity have led to
conflicting approaches that hinder clear comparisons among regions and obstruct the development
of effective policy. This study analyzes six of the predominant methane intensity metrics and shows
how half, by attributing methane exclusively to gas production while overlooking co-produced oil and
liquids, can bias comparisons among jurisdictions and have limited practical utility. These naive loss
rates are strongly dependent on gas-oil ratios and tend toward meaningless infinite methane
intensities in oil-dominant operations. The three remaining metrics overcome this limitation and are
recommended as unbiased and directly intercomparable measures of methane performance. We
further show how these latter metrics, which effectively benchmark methane emissions against total
energy production, are computationally and functionally equivalent when emissions are allocated to
oil and gas operations using energy production. Finally, we address the challenge of propagating
emissions through the supply chain, and demonstrate how, for the recommended intensity metrics,
embodied intensities of any facility’s outputs can be easily calculated from feeder-facility intensities
and energy production.

Synopsis

Methane intensity metrics are critical to effective global methane policy and import standards. This
study reveals how three of six common metrics are skewed by a dependence on gas-oil ratios,
while demonstrating three as unbiased, intercomparable, and suitable for supply chain emissions
tracking.

Introduction

As global efforts to reduce oil and gas sector methane emissions intensify, the need for robust,
transparent, and standardized methane intensity metrics has become increasingly apparent. These
metrics, which in broad terms quantify methane emissions relative to a unit of energy produced or
physical output, are essential for benchmarking performance, informing policy, and driving
mitigation. In the best case, an objectively and consistently defined methane intensity metric
enables comparisons across companies, regions, and timeframes, offering a pathway to greater
transparency and accountability. Clear and comparable metrics are the essential underpinning of
proposed import standards within new EU methane regulations’, liquified natural gas (LNG) buyer-
led initiatives such as the Coalition for LNG Emission Abatement toward Net-zero (CLEAN)?®, and
various independent gas certification efforts*®.
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However, the application of methane intensity metrics is fraught with methodological challenges,
including multiple definitions, inconsistent terminology, and differing bases®. The aim of this paper
is to bring clarity to a range of common methane intensity metrics and how they relate, discuss
advantages and limitations, share recommendations for best practice use of methane metrics in
measurement, reporting, and verification (MRV), and show how energy-based metrics enable simple
and robust calculations of methane intensities throughout oil and gas supply chains.

Methane Emission Metrics

Common methane emission metrics can be generalized under one of six definitions as detailed in
Table 1. While these metrics each relate methane emissions to production in some way, they differ
in whether total methane or methane associated with just gas production is considered; whether
total production, only gas production, or only methane within gas production is considered; and
whether the ratios are defined on a mass, volumetric, or energy basis. Confusingly, all may
colloquially be referred to as “methane intensity”. Additionally, metrics may be calculated using
produced oil and gas or marketed oil and gas, although metrics based on marketed outputs are most
indicative of emission impacts at the point of consumption. Since marketed volumes are also more
commonly available across jurisdictions, we subsequently use marketed outputs as the normalizing
basis.

Methane Emission Factor, EF oy, [g/MJ]

As the primary mission of the oil and gas industry is to produce hydrocarbons that are valued for their
energy content, methane emissions per unit of marketed energy — defined here as the methane
emission factor, EF¢y, [8/MJ] -is defensibly what ultimately matters. Beyond oil and gas, this simple
metric also permits direct comparisons across sectors including, for example, relative methane
emissions per delivered energy from hydropower'' or from coal production’™. However, as
summarized in Table 1, despite being a concise emission-to-benefit metric, EFCH4 lacks the
percentage units that are favourable in policy communications and is not readily interpretable as a
“loss rate” during gas and/or oil production.

Methane Energy Intensity, M1, [%]

A simple alternative is to define the methane energy intensity, MI,, which considers the energy
content of emitted methane per unit of delivered energy. This gives a unitless ratio, bounded between
zero and one and readily reported in units of %, that represents the fraction of delivered energy lost
due to emitted methane. Notably M/, is directly related to EFy, via a constant scaling factor (the
mass-based higher heating value of methane, HHVy, /pcu, =0.0555146 MJ/g) such that the two
metrics are interchangeable. Moreover, if total methane emissions are allocated between oiland gas
based on energy production as further discussed below, then M1, is equally interpretable as the
percentage of energy lost as methane from gas production (see Table 1 footnotes), whether from dry
gas (predominantly gas) or associated gas (gas produced in concert with oil or condensate)
production.
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Methane Intensity, M1, [%]

The methane intensity or true “Loss Rate”, MI;, [%], as defined by the Natural Gas Sustainability
Initiative (NGSI)' and similarly used by MiQ®% OneFuture’, and Veritas®, nominally quantifies the
percentage of marketed natural gas that is emitted prior to reaching market. This is conceptually the
easiest metric to communicate in public or policy forums which is a significant advantage. Moreover,
as shown in the equations within Table 1, if total methane emissions are allocated to oil and gas
based on their relative amounts of marketed energy, then M1, scales directly with EF¢y, (scaled by
the gas heating value, volume fraction of methane in gas, and methane density at standard
conditions) and is readily calculable for any site or facility regardless of whether it handles gas and/or
oil. This meansthat M, is useful as a single loss rate metric that can be consistently applied across
oil and gas sites.

Energy Allocation of Emissions

As noted by Allen et al. “energy allocation [of methane emissions] is a rational choice given that the
products are valued for their energy content”'®. As anindication of the prevalence of an energy basis,
most trading of natural gas products, such as the Henry Hub spot price, are calculated on an energy
basis. Moreover, given that hydrocarbon wells typically produce a mixture of gas, oil, and water, this
approach is often the only logical option for many methane sources which cannot be easily
attributed to oil or to gas alone. Most obviously, this includes on-site separators and related
equipment that by design handle mixed fluids and can be significant aggregate methane emitters in
aerial surveys''®, Methane emissions from these units are inherently tied to the combined flow of
oil and gas. Similarly, at sites handling both oil and gas, methane emissions from flares, heaters,
generators, drilling, servicing, and maintenance activities are also byproducts of joint oil and gas
production. This reality is reflected in MiQ guidelines which suggest that methane emissions from
all sources other than gas dehydrator vents and those specifically related to compressors be
“energy-allocated” to oil and gas®. Although, mathematically, energy allocation implies that EF¢y, is
equal for oil and for gas, available inventories from satellite-based flux inversions that attempted to
derive separate oil and gas methane emission factors suggest this is empirically justified.
Specifically, using combined data for 33 countries from Shen et al.’ and Chen et al.”’, the
production-weighted average methane emission factor was 0.17 g/MJ for oiland 0.22 g/MJ for gas, or
approximately 0.2 g/MJ in both cases considering the likely uncertainty in these estimates.
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Table 1: Methane emission metrics and their equivalencies.

Metric

Conceptual
Definition

Calculation* and Relation to EF oy,

Advantages / Disadvantages

Methane Emission
Factor, EF¢y,

Mass of emitted

A concise, easily calculated emission to benefit ratio —
methane emissions per unit of delivered energy

[g/MI] methane EF,y, = Mch, e Lacks units of % that are often favourable in policy;
per marketed * Eoy t Egas not interpretable as a “loss rate”
(MiQ5, Coloradot?s, energy
U.S. WECY)
e Interpretable as % of total energy lost as methane
Energy of emitted M, = 7mCH4HHVCH" e Equally interpretable as % of energy lost with emitted
Meth:.ane Energy methane pCH«l(E”” + Egas) methane from gas productiont
Intensity, M1, [%] per marketed = EFy, CHy e Directly related to EF¢y, via constant scaling factor
enerey Py (HHVCH4/pCH4)
Methane Intensity e Interpretable as % of gas (or methane) emitted prior
(true “Loss Rate”), Emitted methane to reaching market
Mg (%] _ Men,Egas e A methane “loss rate” that can be consistently
from gas per Ml = : ] .
hane in pen,(Eoi + Egas)Xcn, gasVyas applied across oil and gas sites
(NGSI®3, MiQ3, melt( d Vyas e Varies with methane fraction in gas (Xcya gqs) that is
OneFuture?, marketed gas = EFen, Pcu,XcH, gas rarely publicly available and may vary among basins
Veritas®) and along the production chain which complicates

calculation, but otherwise directly relatable to EFy,

Not Recommended / Potentially misleading when comparing among basins or operators

Simple to calculate

MGRcpy, [%]

marketed gas

pCH4X CH4,gasEgas

Methane to Whole . .
Gas Ratio MGR. = My, . Not. com{oarab/e Iamong bas.ms or operatorsn as it
(naiive “Loss Rate”), ToFaI volume of wg PenVoas varies with relative production of ga.s and oil
MGR,, [%] emitted methane e Not accurately a loss rate but often interpreted as one
9 per volume of —EF HHV o5 (Eoil + Egas) e Becomes infinite as gas production goes to zero
(0GCI®, U.S. marketed gas CHa Pen,Egas e For the same g/MJ methane emissions, penalizes
WEC®) operators who produce oil
e Mixes methane and whole gas
Enerey | MCGR. = Mey, HHV;y, e Not comparable among basins or operators as it
Methane to Gas . gy intota ¢ PeryEgas varies with relative production of gas and oil
Energy Ratio, emitted meth.ane HHV, B E e Becomes infinite as gas production goes to zero
MGR, [%] 218;;22’5\/ n =EF,, CH‘*(—‘”H—Q“S) e For the same g/MJ methane emissions, penalizes
gas * Pcr,Egas operators who produce oil
e Not comparable among basins or operators as it
varies with relative production of gas and oil
Methane to Gas Total emitted MGRgy,, = McH, e Becomes infinite as gas production goes to zero
Methane Ratio * P Xch,gasVgas e For the same g/MJ methane emissions, penalizes
(naive “Methane methane . HHV. (E E operators who produce oil
Loss Rate”), per methane in = EFy M o Varies with methane fraction in gas (Xcya gas) that is
4 ,gas.

rarely publicly available and varies among basins and
along the production chain which complicates
calculation

* Equation variables are defined as follows: m¢y, is the mass of emitted methane [g]; E,;, is the energy content of marketed oil and
condensate [MJ] ; £ is the energy content of marketed gas [MJ]; p¢y, is the density of pure methane at standard conditions of 15°C
and 101.325 kPa [679.83 g/m®]; HHV¢y, is the volumetric higher heating value of pure methane [37.7044 MJ/m3); HHV o is the
volumetric higher heating value of marketed gas [MJ/m?]; Xch, gas is the mole or volume fraction of methane in marketed gas

3 3
[mCH4/mgas]‘

1 Colorado Regulation Number 7 specifies greenhouse gas intensity targets in terms of carbon dioxide equivalent (including
contributions from carbon dioxide, methane, and nitrous oxide) per unit energy in units of barrels of oil equivalent.

% If total methane emissions are allocated to marketed gas and oil on an energy basis, then M1, ;,, =

_ mcn,(Egas/(Eou+Egas) ) HHVcH, _

MI,

PcH4Egas
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An important consequence of attributing methane emissions based on energy is that the three
primary metrics, EF¢y,, M1, and Mg, are directly related via multiplicative scaling factors. This
means they are ultimately interchangeable provided that separate oil and gas production data,
heating values, and gas methane fractions used in calculations are reported; we incidentally
recommend that this be a default requirement for all intensity reporting. Production data®'?> and
heating value data®*=>® are generally readily findable. However, the mole (or volume) fraction of
methane in delivered gas (needed for M1, specifically) is, in the authors’ experience, harder to
source. Although methane fraction in gas at upstream sites in particular can vary widely from
approximately 0.4-0.98%%°, this is not a critical issue so long as the value used in calculations is
reported. Many recent studies’>***? commonly assume a mole fraction 0.9, which could serve as a
default reference. This interchangeability means it is possible to simultaneously plot data in terms
of all three metrics within a single figure as demonstrated in Figure 1b.

Naive “Loss Rate” Metrics

The remaining three metrics in Table 1 — Methane to Whole Gas Ratio (commonly termed the “Loss
Rate” or what the Oil & Gas Climate Institute (OGCI) defines as “methane intensity”?°), MGR,,q,
Methane to Gas Energy Ratio, MGR,, and Methane to Gas Methane Ratio (sometimes termed the
“Methane Loss Rate”), MG Ry, —differ in that they implicitly assign all methane emissions to natural
gas. Allen et al.™ have previously highlighted problems with this approach, particularly in regions
where both oil and gas are produced (which includes all major basins in North America). In addition
to being inconsistent with Life Cycle Analysis principles, assighing all methane emissions to natural
gas production inherently and unrealistically implies that there are zero methane emissions
associated with oil production. This can further lead to double counting of emissions should oil be
subsequently assigned methane emissions (e.g., as part of a supply chain calculation as further
discussed below) in a region where all emissions have previously been assigned to natural gas.

Inspecting the definitions of MGRWg, MGR,, and MGRCH4, reveals that these metrics are also
unbounded and all tend to infinity as gas production approaches zero. While separating outthe mass
of gas produced seems intuitive, this separation ultimately means that the resulting metric is not a
“loss rate” but an indirect, and imprecise, representation of gas-oil ratio in the region where they are
calculated. This is apparent in Figure 1a which plots MGR,,, (naive “loss rate” or “OGCIl methane
intensity”) for North American oil and gas basins from recent measurements'>'%*-34 and reveals how
the data follow a simple reciprocal fit of the fraction of marketed energy in the form of natural gas.
This problematic dependence means MGR,4, MGR,, and MGR¢y, are not directly comparable
among different regions with different gas-oil production ratios. Although the scatter about the
reciprocal trend identifies meaningful differences in methane performance, these differences are
largely obscured by a strong dependence on gas fraction of to total energy, which becomes especially
dominant in regions with low gas-oil ratios (i.e., higher relative oil production). It is the authors’
opinion that naive “loss rate” metrics that attribute total emissions solely to gas production are
inherently misleading and should be avoided.

By contrast, Figure 1b plots the same methane emissions data''®334 in terms of the first three
metrics of Table 1; this plot shows no singular dependence on gas-oil ratio. This implies that these
metrics are generally applicable and comparable across different basins, without translation, and
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most importantly, that the scatter among basins indicates performance variations in the amount of
methane emitted per unit of delivered energy. It is worth noting that a recent preprint® comparing
EFcy, relativeto MGR¢y, correctly illustrates that naive loss rates favour gas-dominant sites (through
scaling with the fraction of marketed energy in the form of natural gas), but incorrectly asserts that
EF¢y, favours oil-dominant sites; Table 1 and Figure 1 both show that this is not the case and
specifically that EF¢y, , MI,, and M,y are all agnostic to gas-oil production ratios.

Finally, it is notable that it is possible to plot the three primary metrics of Table 1 - EF¢y,, MI,, and
MI, g - using a single set of data points on a single graph. As noted above, EF¢y, and M/, are related
by a constant scaling factor. However, if a common reference gas heating value and gas methane
fraction are assumed (i.e., HHV 45 = 38.169 MJ/m?® and Xy, = 0.9 as further discussed below), then
these two metrics also scale directly with M, as indicated by the rightmost axis.
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Figure 1: (a) Measured methane to whole gas ratios (MGRWg) for North American oil and gas basins derived from
published satellite and aerial studies'>'®3"-**, Reciprocal fit reveals that MGR,,, is primarily dependent on the relative
fractions of oil and gas produced within a basin and is not comparable among basins. (b) Methane Emission Factor
(EFcya [8/MJ]) and Methane Energy Intensity (M1, [%]) show no trends with gas fraction of produced energy and instead
reveals relevant methane performance differences among basins. Rightmost axes also show how MI; ; scales directly
with EFcy4 and MI, when assuming a common gas heating value and methane fraction (HHV; 45 = 38.169 MJ/m? and
Xcusa =0.9in this case).

Comparison of Recent Methane Intensity Targets on an Equivalent Basis

Using equations from Table 1, it is possible to compare various published methane targets on a
common basis, as illustrated in Figure 2. Targets defined using either M1, or EF¢y, metrics appear
as horizontal lines, since they have no inherent dependence on the gas fraction of total produced
energy. This includes OneFuture’s 2025 target of 0.28% for gas production (which is a component of
an overall production-through-distribution target of 1.00%)’ and MiQ’s “Grade A” targets, which
specify 0.05% for onshore gas production® and 50 g/BOE for onshore petroleum production® (which
converts to 0.00817 g/MJ using their specified oil energy content of 5.8 MMBtu/bbl and is equivalent
to a true loss rate of M1, =0.0511%, assuming the suggested typical natural gas heating value of
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38.169 MJ/m® and methane fraction of 0.9). The horizontal dotted green line represents Colorado’s
2030 greenhouse gas emission target of 6.80 tCO.e/kBOE for “Majority Operators”'®, which
conservatively equates to a loss rate of MI; p = 0.236% assuming only methane is emitted and using
the regulation-prescribed methane global warming potential (GWP10) of 30 from the IPCC Fifth
Assessment Report® and an oil energy content of 5.689 MMBtu/bbl (6.001 GJ/bbl)%. In practice, the
actual applicable methane target would be lower assuming the operator also emits CO,. This
ambiguity is one reason why separate rather than combined GHG targets are recommended®.
Moreover, as noted in the IPCC Sixth Assessment Report “expressing methane emissions as CO,
equivalent emissions using GWP1o, overstates the effect of constant methane emissions on global
surface temperature by a factor of 3—-4 ... while understating the effect of any new methane emission
source by a factor of 4-5 over the 20 years following the introduction of the new source”.3%%
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Figure 2: Comparison of various published methane targets converted to a common basis of Methane Intensity (true loss
rate), M1y [%] (left axis) and Methane Emission Factor, EF¢y, [g/MJ] (right axis). Where required, a standard gas heating
value of 38.169 MJ/m? and methane fraction of 0.9 is assumed. *Colorado 6.80 t/CO-e target for majority operators'®is
converted assuming only methane is emitted and using the regulation specified methane global warming potential value

of 30 from the IPCC Fifth Assessment Report®. Actual methane target would be lower in practice if the operator also has

CO:z emissions.

Notably, targets based on the MGR,, 4, which attribute total oil and gas methane emissions to gas
alone as discussed above, vary depending on the gas fraction of total energy (inclined red line). This
includes the OGCI 2025 “intensity” target of 0.2%2°*° and the threshold for the onset of methane fees
at petroleum and natural gas facilities under the U.S. Waste Energy Charge (WEC)', which is
currently slated to commence in 2035*'. As the gas fraction of total energy goes to zero such that
MGR,,4 tends to infinity, a target defined with MGR,,; necessarily implies no methane emissions are
permitted at sites without gas production, even though the oil stabilization process often emits
methane. This issue was presumably recognized during the development of the WEC rules, which
specify a separate limit of 10 tcua/MMbbl (equivalent to M1, of 0.01% or EF;y, of 0.0017 g/MJ) for
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sites that send “no natural gas to sale”'®. Curiously, these two different limits create a theoretical
disincentive to mitigation at sites where gas represents less than 4.7% of total produced energy from
oil and gas (see blue region in the inset axes of Figure 2). In principle, sites in this range could be
paradoxically incentivized to simply cease gas conservation to access a higher methane limit without
incurrence of fees. While this is unlikely to be a significant issue in practice, it highlights the inherent
challenge of using MGR,,; as a metric for upstream oil and gas sites.

Important Considerations when Evaluating Methane Intensities along Supply Chains

Calculating methane intensities across supply chains, where emissions may occur at distinct and
often independently operated stages — from upstream extraction and processing to midstream
transportation and downstream distribution — can present special challenges. While segment-
specific methane intensities can be estimated, they are not necessarily additive due to differences
in system boundaries and allocation practices. Most notably, volumes of oil and gas entering and
leaving each segment, and potentially the energy content of products, may not be constant due to
on-site consumption or chemical processing. For example, a midstream gas plant may consume a
portion of received gas for operations while also separating out natural gas plant liquids (NGPL, i.e.,
ethane, propane, butane, pentane, etc.) as a separate product stream and removing impurities (e.g.,
water, carbon dioxide, and other inert gases). Itis possible or even likely that an upstream operator
may not know the exact link between their products and those at the end of the supply chain, nor
specifically how much of their product is required to produce one unit of final marketed product.
However, assuming energy allocation of methane emissions as discussed above, then it is still
straightforward to calculate the methane emission factor (and hence M1, and MI;g) at each stage of
the supply chain.

For any facility j, receiving energy products from one or more upstream facilities i, the total supply
chain methane emission factor for its output, EF¢y, ;, is calculated as:

Zi(EFCH4,iEi) + Mcy, j

E;

EFCH4,j = (1)

where E; are the energy products received from each upstream facility i, EF¢y, ; is the methane
emission factor for each facility i, m¢y, ; is the methane emitted directly by facility j, and E; are the
marketed energy products leaving facility j. Importantly, Equation (1) holds whether facility j
processes or consumes any portion of the received energy products E; and/or produces its own
separate products that collectively aggregate to its outputs E;. More generally, so long as each facility
along the supply chain similarly calculates their methane emission factor using Eq. (1), then EF¢y, ;
represents the cumulative upstream supply chain methane emission factor of each input E; into
facility j. This means that Eq. (1) accurately tracks the methane emissions throughout the supply
chain, and specifically, that EF;y, ; calculated at any point represents the total (cumulative) supply
chain emissions up to that point. Finally, even if the mole fraction of methane in gas varies along the
supply chain, the methane intensity (M1, g) can still be readily calculated at each stage (including at
the point of the final consumer) simply by substituting Eq. (1) into the MI; 5 equations of Table 1, while
using the relevant mole fraction (X¢y, gas,j) for that pointin the supply chain.
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Although energy allocation of emissions is recommended as discussed above, if an alternative
allocation approach is desired (e.g., MiQ’s current suggested approach of allocating all emission by
energy except for compressor-related and dehydrator vent emissions), then Eq. (1) can still hold if it
is generalized to incorporate separate emission factors for each product, k (e.g., gas, oil, NGPL, etc.):

YiAjik i(EFch,ikEir) + Meu, jx
EFcy, jx = E
ik

(2)

Here, mcy, ;x is the methane emitted directly by facility j thatis allocated to product k, Aj i i isfacility
Jj’s allocation of methane emissions for each product k received from facility i, Ej  is the marketed
energy leaving facility j as product k, and EF¢y, j i is facility j’s methane emission factor for product
k. Finally, for basin-, state-, or national-scale surveys, where the full supply chain is captured within
the survey, then Eq. (1) or (2) are not necessary, and EF¢y,, M1, and M1, can be directly calculated
as in Table 1 using all final marketed energy outputs from the basin (specifically including NGPL).

Finally, we note that the numerator of the above equations always translates directly into the mass
of methane emissions cumulative over the supply chain up to and including the facility of interest.
Therefore, simple modifications of the denominator of these equations can calculate the embodied
methane emissions in an end-use product. For example, for a downstream fertilizer plant, j, Eq. (1)
provides an accurate representation of methane emissions per mass of fertilizer produced by
replacing E; with mass of fertilizer produced and noting that mcy, ; is the methane emitted from the
fertilizer plant.

Recommendations

Based on the preceding analysis, metrics that attribute total methane emissions to gas alone should
be avoided since they primarily measure the relative proportion of oil and gas production in a region
of interest and are not comparable among basins. This includes MGR,,, (also known as the OGCI
“methane intensity” or gas loss rate), MGR,, and MGR¢y, (also known as methane loss rate). These
metrics are especially problematic for supply chain calculations (refer to Eq. 2), where the naive
allocation of all emissions to a single product (gas) could lead to artificially low estimates of
intensities of other products in the supply chain and/or give rise to double counting of emissions.

By contrast, methane emission metrics that compare total methane emissions to total oil and gas
energy - EF¢y, [g/MJ] and M1, [%] - or compare attributed methane emissions from gas to marketed
gas production — MI; p [%] — are easily calculated, broadly applicable with no inherent dependence
on relative gas and oil production, and are ultimately interchangeable.

For public and policy communications, the Methane Intensity or true “Loss Rate”, MI;p [%], as
adopted by NGSI™®, MiQ® OneFuture’, and Veritas®, is advantageous because it conceptually
describes the percentage of natural gas or methane that is emitted prior to reaching market.
However, because M1 scales directly with EF¢y, as demonstrated, it is perhaps even more useful
as a single, easy to communicate “loss rate” metric that can be consistently applied across oil and
gas sites.
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Although country-, state-, and/or basin-level natural gas heating value data (HHV,s) to calculate
MI, , are generally available?*® similar to oil and gas production data®"?, to the authors’ knowledge
the fraction of methane in natural gas by volume (X.y4) is not. In the absence of specific data, a
commonly used value of X¢y, =0.9 is suggested as a default, along with HHV,, = 38.169 MJ/m®
which is the simple average of available country-level data at industry standard conditions of 15°C
and 101.325 kPa®*. These values are used in the reference calculations for Figures 1 and 2. To
simplify implementation and promote standardization of calculations, Table S1 and S2 of the
Supplemental Information provide a referenced list of suggested reference values and conversions.

Ultimately, whether EF¢y,, M1, or M1, (first 3 rows of Table 1) are reported, we strongly recommend
that researchers, companies, and analysts commit to also transparently reporting the production
volumes, heating values, methane fractions (if applicable), and methane emission totals used in
calculations. This will ensure that methane intensity results are always transparently presented and
comparable; will enable trivial recalculations using different data or assumptions if desired; and,
most importantly, will support easy and accurate calculation of supply chain emissions using Eq. (1)
or EqQ. (2).

Data Availability

All data in this manuscript are available directly from the cited sources.
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The online Supplementary Information file contains tabulated heating value data for use in reference
calculations and brief discussion of the importance of accounting for natural gas plant liquids
(NGPL).

Acknowledgments

This work was supported by Natural Resources Canada (NRCan, grant number EIP-22-002), British
Columbia Ministry of Energy and Climate Solutions (Grant No. TP23CASG0011MY), and the Natural
Sciences and Engineering Research Council of Canada (NSERC, Grant Nos. ALLRP 590391-23 and
RGPIN-2024-06485).

Author Contributions

Conceptualization: MRJ, BMC; Data curation and analysis: MRJ, BMC, RLK; Writing — Original Draft:
MRJ; Writing — Review & Editing: All authors

Competing Interests

The authors declare no competing interests.
References

(1 European Union. Regulation (EU) 2024/1787 of the European Parliament on the Reduction of
Methane Emissions in the Energy Sector and Amending Regulation (EU) 2019/942. Off. J. Eur.

10



317

318
319
320

321
322
323

324
325

326
327

328
329

330
331
332

333
334

335
336
337

338
339
340
341

342
343

344
345
346
347

348
349
350
351

352
353
354

355

Union 2024, 1787 (5), 1-61.

JOGMEC. Recommended Guideline for Greenhouse Gas and Carbon Intensity Accounting
Frameworks for LNG/Hydrogen/Ammonia Projects; Japan Organization for Metals and
Energy Security JOGMEC), 2023. https://www.jogmec.go.jp/content/300384406.pdf.

JOGMEC. Coalition for LNG Emission Abatement toward Net-zero (CLEAN).
https://www.jogmec.go.jp/english/news/release/content/300384837.pdf (accessed 2025-
06-27).

Equitable Origin. EO100™ Standard for Responsible Energy Development.
https://energystandards.org/responsible-energy-development/ (accessed 2025-07-09).

MiQ. MiQ Standard for Methane Emissions Performance for Natural Gas - Onshore
Production v1.0.0; MiQ Foundation, 2022. https://mig.org/document/oil-gas-onshore/.

MiQ. MiQ Standard for Methane Emissions Performance for Petroleum Operations - Onshore
Production v1.0; MiQ Foundation, 2022. https://miq.org/document/oil-gas-onshore/.

ONE Future. Methane Emissions Estimation Protocol (V6); Our Nation’s Energy Future
Coalition, Inc. (ONE Future), 2023. https://onefuture.us/wp-content/uploads/2023/12/ONE-
Future-Protocol_Version-2023-for-CY2022-Emissions_12.15.2023.pdf.

Veritas. All Segments Methane Emissions Intensity (v2.0); GTl Energy, 2023.
https://veritas.gti.energy/protocols.

Seymour, S.; Kang, M.; Schwietzke, S.; Zavala-araiza, D.; Hamburg, S. P. Methane Emission
Intensity Metrics: Unmasking the Trade-Offs. Res. Sq. 2025, 18.
https://doi.org/10.21203/rs.3.rs-6753363/v1.

Levasseur, A.; Mercier-Blais, S.; Prairie, Y. T.; Tremblay, A.; Turpin, C. Improving the
Accuracy of Electricity Carbon Footprint: Estimation of Hydroelectric Reservoir Greenhouse
Gas Emissions. Renew. Sustain. Energy Rev. 2021, 136 (October 2020), 110433.
https://doi.org/10.1016/j.rser.2020.110433.

Scherer, L.; Pfister, S. Hydropower’s Biogenic Carbon Footprint. PLoS One 2016, 77 (9), 1-
11. https://doi.org/10.1371/journal.pone.0161947.

Shen, L.; Jacob, D. J.; Gautam, R.; Omara, M.; Scarpelli, T. R.; Lorente, A.; Zavala-Araiza, D.;
Lu, X.; Chen, Z.; Lin, J. National Quantifications of Methane Emissions from Fuel Exploitation
Using High Resolution Inversions of Satellite Observations. Nat. Commun. 2023, 14 (1).
https://doi.org/10.1038/s41467-023-40671-6.

NGSI. NGSI Methane Emissions Intensity Protocol Version 1.0; Natural Gas Sustainability
Initiative (NGSI), 2021.
https://www.aga.org/contentassets/c87fc10961fe453fb35114e7d908934f/ngsi_methaneint
ensityprotocol_v1.0_feb2021.pdf.

Allen, D. T.; Chen, Q.; Dunn, J. B. Consistent Metrics Needed for Quantifying Methane
Emissions from Upstream Oil and Gas Operations. Environ. Sci. Technol. Lett. 2021, 8 (4),
345-349. https://doi.org/10.1021/acs.estlett.0c00907.

Johnson, M. R.; Conrad, B. M.; Tyner, D. R. Creating Measurement-Based Oil and Gas Sector

11



356
357

358
359
360
361

362
363
364
365
366
367

368
369
370
371
372

373
374
375

376
377
378

379
380
381

382
383
384

385
386
387

388
389
390

391
392

393
394
395

396

(17)

(23)

Methane Inventories Using Source-Resolved Aerial Surveys. Commun. Earth Environ. 2023,
4 (1), 139. https://doi.org/10.1038/s43247-023-00769-7.

Conrad, B. M.; Tyner, D. R.; Li, H. Z.; Xie, D.; Johnson, M. R. A Measurement-Based Upstream
Oil and Gas Methane Inventory for Alberta, Canada Reveals Higher Emissions and Different
Sources than Official Estimates. Commun. Earth Environ. 2023, 4 (416), 1-10.
https://doi.org/10.1038/s43247-023-01081-0.

Chen, Z.; Jacob, D. J.; Gautam, R.; Omara, M.; Stavins, R. N.; Stowe, R. C.; Nesser, H.;
Sulprizio, M. P.; Lorente, A.; Varon, D. J.; Lu, X.; Shen, L.; Qu, Z.; Pendergrass, D. C.;
Hancock, S. Satellite Quantification of Methane Emissions and Oil-Gas Methane Intensities
from Individual Countries in the Middle East and North Africa: Implications for Climate
Action. Atmos. Chem. Phys. 2023, 23 (10), 5945-5967. https://doi.org/10.5194/acp-23-
5945-2023.

CDPHE. Regulation Number 7: Control of Emissions from Oil and Gas Operations (5 CCR
71007-9); Colorado Department of Public Health and Environment (CDPHE): Denver, CO,
2025.
https://www.sos.state.co.us/CCR/GenerateRulePdf.do?ruleVersionld=11898&fileName=5
CCR 1001-9.

United States. Inflation Reduction Act of 2022, Pub. L. No. 117-169, 136 Stat. 1818; Senate
and House of Representatives of the United States of America, 2022.
https://www.congress.gov/bill/117th-congress/house-bill/5376.

OGCI. Oil & Gas Climate Initiative Reporting Framework (v3.7); Oil & Gas Climate Initiative
(OGCI), 2024. https://www.ogci.com/wp-
content/uploads/2024/11/0GCI_Reporting_Framework_2024_Final.pdf.

U.S. EIA. International Data: Dry Natural Gas Production.
https://www.eia.gov/international/data/world/natural-gas/dry-natural-gas-production
(accessed 2023-11-03).

U.S. EIA. International Data: Annual Petroleum and Other Liquids Production.
https://www.eia.gov/international/data/world/petroleum-and-other-liquids/annual-
petroleum-and-other-liquids-production (accessed 2023-11-03).

Eurostat. Calorific Values.
https://ec.europa.eu/eurostat/databrowser/view/NRG_BAL_CV__custom_16747509/defaul
t/table?lang=en (accessed 2025-05-21).

U.S. EIA. Heat Content of Natural Gas Consumed.
https://www.eia.gov/dnav/ng/ng_cons_heat_a_EPGO0_VGTH_btucf_a.htm (accessed 2025-
05-18).

IEA. Natural Gas Information - Database Documentation; International Energy Agency (IEA),
2025. https://www.iea.org/data-and-statistics/data-product/oil-information.

Tyner, D. R.; Johnson, M. R. Improving Upstream Oil and Gas Emissions Estimates with
Updated Gas Composition Data; Carleton University Energy & Emissions Research Lab.:
Ottawa, ON, 2020.

Johnson, M. R.; Coderre, A. R. Compositions and Greenhouse Gas Emission Factors of

12



397
398

399
400
401

402
403

404
405
406
407
408
409

410
411
412
413
414

415
416
417
418
419

420
421
422

423
424
425

426
427
428
429
430
431

432
433

434
435
436
437
438

(31)

(35)

Flared and Vented Gas in the Western Canadian Sedimentary Basin. J. Air Waste Manage.
Assoc. 2012, 62 (9), 992-1002. https://doi.org/10.1080/10962247.2012.676954.

Conrad, B. M.; Johnson, M. R. Mass Absorption Cross-Section of Flare-Generated Black
Carbon: Variability, Predictive Model, and Implications. Carbon N. Y. 2019, 149, 760-771.
https://doi.org/10.1016/j.carbon.2019.04.086.

Conrad, B. M.; Johnson, M. R. Field Measurements of Black Carbon Yields from Gas Flaring.
Environ. Sci. Technol. 2017, 517 (3), 1893-1900. https://doi.org/10.1021/acs.est.6b03690.

Alvarez, R. A.; Zavala-Araiza, D.; Lyon, D. R.; Allen, D. T.; Barkley, Z. R.; Brandt, A. R.; Davis,
K. J.; Herndon, S. C.; Jacob, D. J.; Karion, A.; Kort, E. A.; Lamb, B. K.; Lauvaux, T.;
Maasakkers, J. D.; Marchese, A. J.; Omara, M.; Pacala, S. W.; Peischl, J.; Robinson, A. L.;
Shepson, P. B.; Sweeney, C.; Townsend-Small, A.; Wofsy, S. C.; Hamburg, S. P. Assessment
of Methane Emissions from the U.S. Oil and Gas Supply Chain. Science (80-. ). 2018, 361
(6398), 186-188. https://doi.org/10.1126/science.aar7204.

Shen, L.; Gautam, R.; Omara, M.; Zavala-Araiza, D.; Maasakkers, J. D.; Scarpelli, T. R.;
Lorente, A.; Lyon, D. R.; Sheng, J.; Varon, D. J.; Nesser, H.; Qu, Z.; Lu, X.; Sulprizio, M. P.;
Hamburg, S. P.; Jacob, D. J. Satellite Quantification of Oil and Natural Gas Methane
Emissions in the US and Canada Including Contributions from Individual Basins. Atmos.
Chem. Phys. 2022, 22 (17), 11203-11215. https://doi.org/10.5194/acp-22-11203-2022.

Lu, X.; Jacob, D. J.; Zhang, Y.; Shen, L.; Sulprizio, M. P.; Maasakkers, J. D.; Varon, D. J.; Qu, Z.;
Chen, Z.; Hmiel, B.; Parker, R. J.; Boesch, H.; Wang, H.; He, C.; Fan, S. Observation-Derived
2010-2019 Trends in Methane Emissions and Intensities from US Oil and Gas Fields Tied to
Activity Metrics. Proc. Natl. Acad. Sci. 2023, 120 (17), 2017.
https://doi.org/10.1073/pnas.2217900120.

Schneising, O.; Buchwitz, M.; Reuter, M.; Vanselow, S.; Bovensmann, H.; Burrows, J. P.
Remote Sensing of Methane Leakage from Natural Gas and Petroleum Systems Revisited.
Atmos. Chem. Phys. 2020, 20 (15), 9169-9182. https://doi.org/10.5194/acp-20-9169-2020.

Conrad, B. M.; Tyner, D. R.; Johnson, M. R. The Futility of Relative Methane Reduction Targets
in the Absence of Measurement-Based Inventories. Environ. Sci. Technol. 2023, 57 (50),
21092-21103. https://doi.org/10.1021/acs.est.3c07722.

IPCC. Chapter 8: Anthropogenic and Natural Radiative Forcing. In Climate Change 2013: The
Physical Science Basis. Contribution of Working Group | to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change; Stocker, T. F., Qin, D., Plattner, G.-K.,
Tignor, M., Allen, S. K., Boschung, J., Nauels, A, Xia, Y., Bex, V., Midgley, P. M., Eds.;
Cambridge University Press: Cambridge, United Kingdom and New York, NY, USA, 2013; pp
659-740.

U.S. EIA. Monthly Energy Review; DOE/EIA-0035 (2025/4); United States Energy Information
Administration (U.S. EIA), 2025. www.eia.gov/mer.

Allen, M. R.; Peters, G. P.; Shine, K. P.; Azar, C.; Balcombe, P.; Boucher, O.; Cain, M.; Ciais,
P.; Collins, W.; Forster, P. M.; Frame, D. J.; Friedlingstein, P.; Fyson, C.; Gasser, T.; Hare, B.;
Jenkins, S.; Hamburg, S. P.; Johansson, D. J. A.; Lynch, J.; Macey, A.; Morfeldt, J.; Nauels, A.;
Ocko, I.; Oppenheimer, M.; Pacala, S. W.; Pierrehumbert, R.; Rogelj, J.; Schaeffer, M.;
Schleussner, C. F.; Shindell, D.; Skeie, R. B.; Smith, S. M.; Tanaka, K. Indicate Separate

13



439
440

441
442
443
444

445
446
447
448
449
450
451
452

453
454

455
456

(39)

Contributions of Long-Lived and Short-Lived Greenhouse Gases in Emission Targets. npj
Clim. Atmos. Sci. 2022, 5 (1), 18-21. https://doi.org/10.1038/s41612-021-00226-2.

Lynch, J.; Cain, M.; Pierrehumbert, R.; Allen, M. Demonstrating GWP: A Means of Reporting
Warming-Equivalent Emissions That Captures the Contrasting Impacts of Short- ANd Long-
Lived Climate Pollutants. Environ. Res. Lett. 2020, 15 (4). https://doi.org/10.1088/1748-
9326/ab6d7e.

Forster, P.; Storelvmo, T.; Armour, K.; Collins, W.; Dufresne, J.-L.; Frame, D.; Lunt, D. J.;
Mauritsen, T.; Palmer, M. D.; Watanabe, M.; Wild, M.; Zhang, H. Chapter 7: The Earth’s
Energy Budget, Climate Feedbacks, and Climate Sensitivity. In Climate Change 2021: The
Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of
the Intergovernmental Panel on Climate Change; Masson-Delmotte, V., Zhai, P., Pirani, A.,
Connors, S. L., Péan, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M. |., Huang,
M., Leitzell, K., Lonnoy, E., Matthews, J. B. R., Maycock, T. K., Waterfield, T., Yelekgi, O., Yu,
R., Zhou, B., Eds.; Cambridge University Press, 2021.

OGCI. Methane Intensity Target. https://www.ogci.com/methane-emissions/methane-
intensity-target/ (accessed 2025-07-07).

United States. H.R.1 - One Big Beautiful Bill Act; 2025. https://www.congress.gov/bill/119th-
congress/house-bill/1/text/eas.

14



N

O 00N WU

10

11

12

13

14

Methane

Supporting Information

by the Numbers: The Need for Clear and Comparable
Methane Intensity Metrics

Matthew R. Johnson®”, Bradley M. Conrad?, Daniel J. Zimmerle?, Robert L. Kleinberg?

1Energy & Emissions Research Lab (EERL), Carleton University, Ottawa, ON, Canada
2Methane Emissions Technology Evaluation Center, Colorado State University, Fort Collins, CO, USA

3Columbia University Center on Global Energy Policy

“To whom correspondence and material requests should be addressed: Matthew.Johnson@carleton.ca; +1-613-520-2600 ext.4039.

File contains 4 pages, 3 tables

Table of Contents

S1

S2

S3

Suggested default values for reference calculations..........cccccereeiiiiiiieiireniierereencereneeeeenenenn

Importance of Natural Gas Plant LIQUids (NGPL).......ccciveeuieeriemnierieennierrennsierreensseseesnsessennnenes

References

S1



15

16
17

18

19
20

21

S1 Suggested default values for reference calculations

Table S1: Suggested default higher (gross) heating values (calorific values) of gaseous species at standard
conditions of 15°C and 101.325 kPa. For use when site-specific data are not used or not available.

Product Molar Mass | Density Higher (Gross) Heating Value Source / Reference
[kg/kmol] [kg/m3] [ki/kg] [MJ/m3] [BTU/scf]*
Calculated as the simple
Natural Gas 38.169 1024.43 average of produced gas from
IEA country-level data during
2019-2023 (IEA, 2025)
U.S. Wet Gas 43.071 1156 U.S. EIA 2023 data (Table B2),
U.S. Dry gas 38.600 1036 (U.S. EIA, 2025c)
Methane 16.0428 0.6798 55571.0 37.7044 1011.94
Ethane 30.069 1.28253 51951.9 66.067 1773.18
Propane 44.0956 1.89923 50370.1 93.936 2521.17
n-Butane 58.1222 2.54425 49546.8 121.793 3268.83
i-Butane 58.1222 2.53328 49388.8 121.404 3258.39
n-Pentane 72.1488 49046.0 .
i-Pentane 72.1488 48950.0 NIST Chemistry WebBook
n-Hexane 86.1754 48717.5 (Lemr’fw:iFngl.Fi)Zow)
i-Hexane 86.1754 48629.0
Heptane 100.202 48474.0
Hydrogen 2.01588 0.08521 141948. 12.102 324.81
Ethylene 28.054 1.1941 50336.3 59.722 1602.89
Propylene 42.08 1.8087 48941. 87.099 2337.67
Butene 56.106 2.4502 48456.4 114.981 3086.00

* The International Table BTU is used consistent with (U.S. EIA, 2025a) for which 1 BTU = 1,055.055 852 62 J

Table S2: Suggested default higher (gross) heating values (calorific values) of liquid species if site-specific data
are not used or not available.

Higher (Gross) Heating Value (HHV)

Product [MMBtu/bbi] [GJ/bbl] (G/mit Source / Reference
Average of EIA Monthly Energy
Crude Qil 5.688 6.001 37.746 Review data for 2019-2023
(Table A2) (U.S. EIA, 2025a)
. . . u = . -1.
(given API Grav.lty or Specific HHV [G)/bbl] = HHV [MMBtu/bbl] * 1.05505585262 (U.S. EIA, 2025a)
Gravity) HHV [GJ/m?] = HHV [G)/bbl] / 0.1589873
Average of EIA Monthly Energy
Natural Gas Plant Liquids (NGPL) 3.587 3.784 23.804 Review data for 2019-2023
(Table A2) (U.S. EIA, 2025a)
Natural Gasoline (29% isopentane,
29% neopentane, 20% normal
pentane, 13% normal hexane, 4% 4.638 4.893 30.778
cyclohexane, 3% benzene, and 2%
(U.S. EIA, 2025a)
toluene)
Kerosene 5.670 5.982 37.627
Lubricants 6.065 6.399 40.248
Residual Fuel Qil 6.287 6.633 41.721

t 1 barrel of oil (bbl) is equal to 0.1589873 m? (U.S. EIA, 2025a)
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S2 Importance of Natural Gas Plant Liquids (NGPL)

In some cases, a significant part of the value of marketed hydrocarbons are the natural gas plant liquids
(NGPL): ethane (C;Hg), propane (CsHs), normal butane and isobutane (C4H10), and natural gasoline (CsHi
and larger)(U.S. EIA, 2025b). These are separated from pipeline grade natural gas and non-hydrocarbon
gases in gas processing plants. In the United States production of NGPL has been growing rapidly since
2010; in 2024 they amounted to 9 percent by volume of marketed gas production (U.S. EIA, 2025a). In
wet gas plays such as Bakken, Eagle Ford, and Utica the fraction is larger. For calculations at the basin
level, it is important that natural gas plant liquids be included in the marketed energy denominators in
the first three entries of Table 1 of the main text.

For calculations at upstream sites, the heating value of the produced wet gas (i.e., the complete gas
stream including any higher hydrocarbons that are subsequently removed at a downstream natural gas
plant, i.e., NGPL) should be used. Bakken production provides an extreme but not unusual example for
the importance of accounting for NGPL. Using the corrected mean raw gas (wet gas) composition at
wells in the Bakken from Table S3 (raw gas before processing) (Brandt et al., 2016), the corresponding
heating value (calculated using NIST REFPROP, Lemmon et al., 2018) is 60.8121 MJ/m3 (1632.15 BTU/scf).
This is 57% higher than the typical U.S. dry gas heating value of 38.6 MJ/m? given in Table S1.

Table S3: Mean reported raw gas composition at wells (gas composition before processing) in the Bakken from
Table S4 of (Brandt et al., 2016).

ordte Mole Fractions as in Mole Fractions
(Brandt et al., 2016) | Normalized to Sum to 1
Methane (C1) 0.4924 0.49090
Ethane (C2) 0.2103 0.20966
Propane (C3) 0.1509 0.15044
n-Butane (n-C4) 0.0506 0.05045
i-Butane (i-C4) 0.0168 0.01675
n-Pentane (n-C5) 0.0126 0.01256
i-Pentane (i-C5) 0.0090 0.00897
Hexane (C6) 0.0165 0.01645
Hydrogen Sulfide (H,S) 0.00005 0.00005
Carbon Dioxide (CO3) 0.0070 0.00698
Nitrogen (N,) 0.0367 0.03659
Argon (Ar) 0.0002 0.00020

Using the mean API Gravity for Bakken oil of 41.93 (Brandt et al., 2016) in conjunction with the formula in
Table S2, Bakken crude oil (which includes lease condensate) has an estimated higher heating value (HHV)
of 5.648 MMBtu/bbl. The production-weighted mean wet gas-oil ratio is 1273 scf/bbl (Brandt et al., 2016),
which means 2.078 MMBtu of wet gas are produced for each barrel of oil. Thus, the total mean produced
energy (oil + wet gas, equal to oil + dry gas + NGPL) at Bakken wells is 7.726 MMBtu/bbl. If a typical dry
gas heating value of 1036 Btu/scf from Table S1 were instead used in calculations (effectively neglecting
produced NGPL), then the total produced energy would be incorrectly underestimated as 6.967 (10% less),
leading to a 10% overestimation of EF¢y,, while the ratio of energy in gas (when incorrectly assumed dry)
to total energy (neglecting NGPL) would be 30% less, leading to a 30% underestimation of M1, z.
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