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Abstract 6 

Global efforts to track methane emissions from oil and natural gas operations have recently 7 
converged around measures of methane emissions intensity, including emergent requirements for 8 
reporting as part of import standards.  However, multiple definitions of methane intensity have led to 9 
conflicting approaches that hinder clear comparisons among regions and obstruct the development 10 
of effective policy.  This study analyzes six of the predominant methane intensity metrics and shows 11 
how half, by attributing methane exclusively to gas production while overlooking co-produced oil and 12 
liquids, can bias comparisons among jurisdictions and have limited practical utility.  These naïve loss 13 
rates are strongly dependent on gas-oil ratios and tend toward meaningless infinite methane 14 
intensities in oil-dominant operations.  The three remaining metrics overcome this limitation and are 15 
recommended as unbiased and directly intercomparable measures of methane performance.   We 16 
further show how these latter metrics, which effectively benchmark methane emissions against total 17 
energy production, are computationally and functionally equivalent when emissions are allocated to 18 
oil and gas operations using energy production.  Finally, we address the challenge of propagating 19 
emissions through the supply chain, and demonstrate how, for the recommended intensity metrics, 20 
embodied intensities of any facility’s outputs can be easily calculated from feeder-facility intensities 21 
and energy production. 22 

Synopsis 23 

Methane intensity metrics are critical to effective global methane policy and import standards.  This 24 
study reveals how three of six common metrics are skewed by a dependence on gas-oil ratios, 25 
while demonstrating three as unbiased, intercomparable, and suitable for supply chain emissions 26 
tracking. 27 

Introduction 28 

As global efforts to reduce oil and gas sector methane emissions intensify, the need for robust, 29 
transparent, and standardized methane intensity metrics has become increasingly apparent.  These 30 
metrics, which in broad terms quantify methane emissions relative to a unit of energy produced or 31 
physical output, are essential for benchmarking performance, informing policy, and driving 32 
mitigation.  In the best case, an objectively and consistently defined methane intensity metric 33 
enables comparisons across companies, regions, and timeframes, offering a pathway to greater 34 
transparency and accountability.  Clear and comparable metrics are the essential underpinning of 35 
proposed import standards within new EU methane regulations1, liquified natural gas (LNG) buyer-36 
led initiatives such as the Coalition for LNG Emission Abatement toward Net-zero (CLEAN)2,3, and 37 
various independent gas certification efforts4–8. 38 
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However, the application of methane intensity metrics is fraught with methodological challenges, 39 
including multiple definitions, inconsistent terminology, and differing bases9.  The aim of this paper 40 
is to bring clarity to a range of common methane intensity metrics and how they relate, discuss 41 
advantages and limitations, share recommendations for best practice use of methane metrics in 42 
measurement, reporting, and verification (MRV), and show how energy-based metrics enable simple 43 
and robust calculations of methane intensities throughout oil and gas supply chains.   44 

Methane Emission Metrics 45 

Common methane emission metrics can be generalized under one of six definitions as detailed in 46 
Table 1.  While these metrics each relate methane emissions to production in some way, they differ 47 
in whether total methane or methane associated with just gas production is considered; whether 48 
total production, only gas production, or only methane within gas production is considered; and 49 
whether the ratios are defined on a mass, volumetric, or energy basis.  Confusingly, all may 50 
colloquially be referred to as “methane intensity”.  Additionally, metrics may be calculated using 51 
produced oil and gas or marketed oil and gas, although metrics based on marketed outputs are most 52 
indicative of emission impacts at the point of consumption.  Since marketed volumes are also more 53 
commonly available across jurisdictions, we subsequently use marketed outputs as the normalizing 54 
basis. 55 

Methane Emission Factor, 𝑬𝑭𝑪𝑯𝟒
 [g/MJ] 56 

As the primary mission of the oil and gas industry is to produce hydrocarbons that are valued for their 57 
energy content, methane emissions per unit of marketed energy – defined here as the methane 58 
emission factor, 𝐸𝐹𝐶𝐻4

 [g/MJ] – is defensibly what ultimately matters. Beyond oil and gas, this simple 59 
metric also permits direct comparisons across sectors including, for example, relative methane 60 
emissions per delivered energy from hydropower10,11 or from coal production12.  However, as 61 
summarized in Table 1, despite being a concise emission-to-benefit metric, 𝐸𝐹𝐶𝐻4

 lacks the 62 
percentage units that are favourable in policy communications and is not readily interpretable as a 63 
“loss rate” during gas and/or oil production.   64 

Methane Energy Intensity, 𝑴𝑰𝒆 [%] 65 

A simple alternative is to define the methane energy intensity, 𝑀𝐼𝑒, which considers the energy 66 
content of emitted methane per unit of delivered energy.  This gives a unitless ratio, bounded between 67 
zero and one and readily reported in units of %, that represents the fraction of delivered energy lost 68 
due to emitted methane.  Notably 𝑀𝐼𝑒  is directly related to 𝐸𝐹𝐶𝐻4

 via a constant scaling factor (the 69 
mass-based higher heating value of methane, 𝐻𝐻𝑉𝐶𝐻4

/𝜌𝐶𝐻4
  = 0.0555146 MJ/g) such that the two 70 

metrics are interchangeable.  Moreover, if total methane emissions are allocated between oil and gas 71 
based on energy production as further discussed below, then 𝑀𝐼𝑒 is equally interpretable as the 72 
percentage of energy lost as methane from gas production (see Table 1 footnotes), whether from dry 73 
gas (predominantly gas) or associated gas (gas produced in concert with oil or condensate) 74 
production.   75 



  3 

Methane Intensity, 𝑴𝑰𝑳𝑹 [%] 76 

The methane intensity or true “Loss Rate”, 𝑀𝐼𝐿𝑅 [%], as defined by the Natural Gas Sustainability 77 
Initiative (NGSI)13 and similarly used by MiQ5, OneFuture7, and Veritas8, nominally quantifies the 78 
percentage of marketed natural gas that is emitted prior to reaching market.  This is conceptually the 79 
easiest metric to communicate in public or policy forums which is a significant advantage.  Moreover, 80 
as shown in the equations within Table 1, if total methane emissions are allocated to oil and gas 81 
based on their relative amounts of marketed energy, then 𝑀𝐼𝐿𝑅 scales directly with 𝐸𝐹𝐶𝐻4

 (scaled by 82 
the gas heating value, volume fraction of methane in gas, and methane density at standard 83 
conditions) and is readily calculable for any site or facility regardless of whether it handles gas and/or 84 
oil.  This means that 𝑀𝐼𝐿𝑅 is useful as a single loss rate metric that can be consistently applied across 85 
oil and gas sites.   86 

Energy Allocation of Emissions 87 

As noted by Allen et al. “energy allocation [of methane emissions] is a rational choice given that the 88 
products are valued for their energy content”14.  As an indication of the prevalence of an energy basis, 89 
most trading of natural gas products, such as the Henry Hub spot price, are calculated on an energy 90 
basis.  Moreover, given that hydrocarbon wells typically produce a mixture of gas, oil, and water, this 91 
approach is often the only logical option for many methane sources which cannot be easily 92 
attributed to oil or to gas alone.  Most obviously, this includes on-site separators and related 93 
equipment that by design handle mixed fluids and can be significant aggregate methane emitters in 94 
aerial surveys15,16.  Methane emissions from these units are inherently tied to the combined flow of 95 
oil and gas.  Similarly, at sites handling both oil and gas, methane emissions from flares, heaters, 96 
generators, drilling, servicing, and maintenance activities are also byproducts of joint oil and gas 97 
production.  This reality is reflected in MiQ guidelines which suggest that methane emissions from 98 
all sources other than gas dehydrator vents and those specifically related to compressors be 99 
“energy-allocated” to oil and gas5.  Although, mathematically, energy allocation implies that 𝐸𝐹𝐶𝐻4

 is 100 
equal for oil and for gas, available inventories from satellite-based flux inversions that attempted to 101 
derive separate oil and gas methane emission factors suggest this is empirically justified.  102 
Specifically, using combined data for 33 countries from Shen et al.12 and Chen et al.17, the 103 
production-weighted average methane emission factor was 0.17 g/MJ for oil and 0.22 g/MJ for gas, or 104 
approximately 0.2 g/MJ in both cases considering the likely uncertainty in these estimates. 105 

  



  4 

Table 1: Methane emission metrics and their equivalencies. 106 

Metric 
Conceptual 

Definition 
Calculation* and Relation to 𝑬𝑭𝑪𝑯𝟒

 Advantages / Disadvantages 

Methane Emission 
Factor, 𝐸𝐹𝐶𝐻4

 

[g/MJ] 
 

(MiQ6, Colorado†18, 
U.S. WEC19) 

Mass of emitted 
methane  

per marketed 
energy 

𝐸𝐹𝐶𝐻4
=

𝑚𝐶𝐻4

𝐸𝑜𝑖𝑙 + 𝐸𝑔𝑎𝑠

 

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

• Lacks units of % that are often favourable in policy; 
not interpretable as a “loss rate” 

Methane Energy 
Intensity, 𝑀𝐼𝑒  [%] 

Energy of emitted 
methane 

per marketed 
energy 

𝑀𝐼𝑒 =
𝑚𝐶𝐻4

𝐻𝐻𝑉𝐶𝐻4

𝜌𝐶𝐻4
(𝐸𝑜𝑖𝑙 + 𝐸𝑔𝑎𝑠)

 

= 𝐸𝐹𝐶𝐻4

𝐻𝐻𝑉𝐶𝐻4

𝜌𝐶𝐻4

 

• Interpretable as % of total energy lost as methane 

• Equally interpretable as % of energy lost with emitted 
methane from gas production‡ 

• Directly related to 𝐸𝐹𝐶𝐻4
 via constant scaling factor 

(𝐻𝐻𝑉𝐶𝐻4
/𝜌𝐶𝐻4

) 

Methane Intensity 
(true “Loss Rate”), 

𝑀𝐼𝐿𝑅  [%] 
 

(NGSI13, MiQ5, 
OneFuture7, 

Veritas8) 
 

Emitted methane 
from gas per 
methane in 

marketed gas 
 

𝑀𝐼𝐿𝑅 =
𝑚𝐶𝐻4

𝐸𝑔𝑎𝑠

𝜌𝐶𝐻4
(𝐸𝑜𝑖𝑙 + 𝐸𝑔𝑎𝑠)𝑋𝐶𝐻4,𝑔𝑎𝑠𝑉𝑔𝑎𝑠

 

= 𝐸𝐹𝐶𝐻4

𝐻𝐻𝑉𝑔𝑎𝑠

𝜌𝐶𝐻4
𝑋𝐶𝐻4,𝑔𝑎𝑠

 

• Interpretable as % of gas (or methane) emitted prior 
to reaching market 

• A methane “loss rate” that can be consistently 
applied across oil and gas sites 

• Varies with methane fraction in gas (𝑋𝐶𝐻4,𝑔𝑎𝑠) that is 

rarely publicly available and may vary among basins 
and along the production chain which complicates 
calculation, but otherwise directly relatable to 𝐸𝐹𝐶𝐻4

 

Not Recommended / Potentially misleading when comparing among basins or operators 

Methane to Whole 
Gas Ratio  

(naïve “Loss Rate”), 
𝑀𝐺𝑅𝑤𝑔 [%] 

 
(OGCI20, U.S. 

WEC19) 

Total volume of 
emitted methane 

per volume of 
marketed gas 

𝑀𝐺𝑅𝑤𝑔 =
𝑚𝐶𝐻4

𝜌𝐶𝐻4
𝑉𝑔𝑎𝑠

 

= 𝐸𝐹𝐶𝐻4

𝐻𝐻𝑉𝑔𝑎𝑠(𝐸𝑜𝑖𝑙 + 𝐸𝑔𝑎𝑠)

𝜌𝐶𝐻4
𝐸𝑔𝑎𝑠

 

• Simple to calculate 

• Not comparable among basins or operators as it 
varies with relative production of gas and oil 

• Not accurately a loss rate but often interpreted as one 

• Becomes infinite as gas production goes to zero 

• For the same g/MJ methane emissions, penalizes 
operators who produce oil  

• Mixes methane and whole gas 

Methane to Gas 
Energy Ratio, 

𝑀𝐺𝑅𝑒 [%] 

Energy in total 
emitted methane 

per energy in 
marketed gas 

𝑀𝐺𝑅𝑒 =
𝑚𝐶𝐻4

𝐻𝐻𝑉𝐶𝐻4

𝜌𝐶𝐻4
𝐸𝑔𝑎𝑠

 

= 𝐸𝐹𝐶𝐻4

𝐻𝐻𝑉𝐶𝐻4
(𝐸𝑜𝑖𝑙 + 𝐸𝑔𝑎𝑠)

𝜌𝐶𝐻4
𝐸𝑔𝑎𝑠

 

• Not comparable among basins or operators as it 
varies with relative production of gas and oil 

• Becomes infinite as gas production goes to zero 

• For the same g/MJ methane emissions, penalizes 
operators who produce oil 

Methane to Gas 
Methane Ratio 

(naïve “Methane 
Loss Rate”),  
𝑀𝐺𝑅𝐶𝐻4

 [%] 

Total emitted 
methane 

per methane in 
marketed gas 

𝑀𝐺𝑅𝐶𝐻4
=

𝑚𝐶𝐻4

𝜌𝐶𝐻4
𝑋𝐶𝐻4,𝑔𝑎𝑠𝑉𝑔𝑎𝑠

 

= 𝐸𝐹𝐶𝐻4

𝐻𝐻𝑉𝑔𝑎𝑠(𝐸𝑜𝑖𝑙 + 𝐸𝑔𝑎𝑠)

𝜌𝐶𝐻4
𝑋𝐶𝐻4,𝑔𝑎𝑠𝐸𝑔𝑎𝑠

 

• Not comparable among basins or operators as it 
varies with relative production of gas and oil 

• Becomes infinite as gas production goes to zero 

• For the same g/MJ methane emissions, penalizes 
operators who produce oil  

• Varies with methane fraction in gas (𝑋CH4,𝑔𝑎𝑠) that is 

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

* Equation variables are defined as follows: 𝑚𝐶𝐻4
 is the mass of emitted methane [g]; 𝐸𝑜𝑖𝑙  is the energy content of marketed oil and 107 

condensate [MJ] ; 𝐸𝑔𝑎𝑠 is the energy content of marketed gas [MJ]; 𝜌𝐶𝐻4
 is the density of pure methane at standard conditions of 15°C 108 

and 101.325 kPa [679.83 g/m3];  𝐻𝐻𝑉𝐶𝐻4
 is the volumetric higher heating value of pure methane [37.7044 MJ/m3]; 𝐻𝐻𝑉𝑔𝑎𝑠 is the 109 

volumetric higher heating value of marketed gas [MJ/m3]; 𝑋𝐶𝐻4,𝑔𝑎𝑠 is the mole or volume fraction of methane in marketed gas 110 
[mCH4

3 /mgas
3 ]. 111 

† Colorado Regulation Number 7 specifies greenhouse gas intensity targets in terms of carbon dioxide equivalent (including 112 
contributions from carbon dioxide, methane, and nitrous oxide) per unit energy in units of barrels of oil equivalent. 113 

‡ If total methane emissions are allocated to marketed gas and oil on an energy basis, then 𝑀𝐼𝑒,𝑔𝑎𝑠 =
𝑚𝐶𝐻4(𝐸𝑔𝑎𝑠 (𝐸𝑜𝑖𝑙+𝐸𝑔𝑎𝑠)⁄ )HHVCH4

ρCH4𝐸𝑔𝑎𝑠
=  𝑀𝐼𝑒  114 
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An important consequence of attributing methane emissions based on energy is that the three 115 
primary metrics, 𝐸𝐹𝐶𝐻4

, 𝑀𝐼𝑒, and 𝑀𝐼𝐿𝑅, are directly related via multiplicative scaling factors.  This 116 
means they are ultimately interchangeable provided that separate oil and gas production data, 117 
heating values, and gas methane fractions used in calculations are reported; we incidentally 118 
recommend that this be a default requirement for all intensity reporting.  Production data21,22 and 119 
heating value data23–25 are generally readily findable.  However, the mole (or volume) fraction of 120 
methane in delivered gas (needed for 𝑀𝐼𝐿𝑅 specifically) is, in the authors’ experience, harder to 121 
source.  Although methane fraction in gas at upstream sites in particular can vary widely from 122 
approximately 0.4–0.9826–29, this is not a critical issue so long as the value used in calculations is 123 
reported.  Many recent studies12,30–32 commonly assume a mole fraction 0.9, which could serve as a 124 
default reference.  This interchangeability means it is possible to simultaneously plot data in terms 125 
of all three metrics within a single figure as demonstrated in Figure 1b.  126 

Naïve “Loss Rate” Metrics 127 

The remaining three metrics in Table 1 – Methane to Whole Gas Ratio (commonly termed the “Loss 128 
Rate” or what the Oil & Gas Climate Institute (OGCI) defines as “methane intensity”20), 𝑀𝐺𝑅𝑤𝑔, 129 
Methane to Gas Energy Ratio, 𝑀𝐺𝑅𝑒, and Methane to Gas Methane Ratio (sometimes termed the 130 
“Methane Loss Rate”), 𝑀𝐺𝑅𝐶𝐻4

 – differ in that they implicitly assign all methane emissions to natural 131 
gas.  Allen et al.14 have previously highlighted problems with this approach, particularly in regions 132 
where both oil and gas are produced (which includes all major basins in North America).  In addition 133 
to being inconsistent with Life Cycle Analysis principles, assigning all methane emissions to natural 134 
gas production inherently and unrealistically implies that there are zero methane emissions 135 
associated with oil production.  This can further lead to double counting of emissions should oil be 136 
subsequently assigned methane emissions (e.g., as part of a supply chain calculation as further 137 
discussed below) in a region where all emissions have previously been assigned to natural gas.   138 

Inspecting the definitions of 𝑀𝐺𝑅𝑤𝑔, 𝑀𝐺𝑅𝑒, and 𝑀𝐺𝑅𝐶𝐻4
, reveals that these metrics are also 139 

unbounded and all tend to infinity as gas production approaches zero.  While separating out the mass 140 
of gas produced seems intuitive, this separation ultimately means that the resulting metric is not a 141 
“loss rate” but an indirect, and imprecise, representation of gas-oil ratio in the region where they are 142 
calculated.  This is apparent in Figure 1a which plots 𝑀𝐺𝑅𝑤𝑔 (naïve “loss rate” or “OGCI methane 143 
intensity”) for North American oil and gas basins from recent measurements15,16,31–34 and reveals how 144 
the data follow a simple reciprocal fit of the fraction of marketed energy in the form of natural gas.  145 
This problematic dependence means 𝑀𝐺𝑅𝑤𝑔, 𝑀𝐺𝑅𝑒, and 𝑀𝐺𝑅𝐶𝐻4

 are not directly comparable 146 
among different regions with different gas-oil production ratios.  Although the scatter about the 147 
reciprocal trend identifies meaningful differences in methane performance, these differences are 148 
largely obscured by a strong dependence on gas fraction of to total energy, which becomes especially 149 
dominant in regions with low gas-oil ratios (i.e., higher relative oil production).  It is the authors’ 150 
opinion that naïve “loss rate” metrics that attribute total emissions solely to gas production are 151 
inherently misleading and should be avoided.   152 

By contrast, Figure 1b plots the same methane emissions data15,16,31–34 in terms of the first three 153 
metrics of Table 1; this plot shows no singular dependence on gas-oil ratio.  This implies that these 154 
metrics are generally applicable and comparable across different basins, without translation, and 155 
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most importantly, that the scatter among basins indicates performance variations in the amount of 156 
methane emitted per unit of delivered energy.  It is worth noting that a recent preprint9 comparing 157 
𝐸𝐹𝐶𝐻4

 relative to 𝑀𝐺𝑅𝐶𝐻4
 correctly illustrates that naïve loss rates favour gas-dominant sites (through 158 

scaling with the fraction of marketed energy in the form of natural gas), but incorrectly asserts that 159 
𝐸𝐹𝐶𝐻4

 favours oil-dominant sites; Table 1 and Figure 1 both show that this is not the case and 160 
specifically that 𝐸𝐹𝐶𝐻4

, 𝑀𝐼𝑒, and 𝑀𝐼𝐿𝑅 are all agnostic to gas-oil production ratios.   161 

Finally, it is notable that it is possible to plot the three primary metrics of Table 1 – 𝐸𝐹𝐶𝐻4
, 𝑀𝐼𝑒, and 162 

𝑀𝐼𝐿𝑅 – using a single set of data points on a single graph.  As noted above, 𝐸𝐹𝐶𝐻4
 and 𝑀𝐼𝑒  are related 163 

by a constant scaling factor.  However, if a common reference gas heating value and gas methane 164 
fraction are assumed (i.e., 𝐻𝐻𝑉𝑔𝑎𝑠 = 38.169 MJ/m3 and 𝑋𝐶𝐻4 = 0.9 as further discussed below), then 165 
these two metrics also scale directly with 𝑀𝐼𝐿𝑅 as indicated by the rightmost axis.   166 

 167 
Figure 1: (a) Measured methane to whole gas ratios (𝑀𝐺𝑅𝑤𝑔) for North American oil and gas basins derived from 168 

published satellite and aerial studies15,16,31–34.  Reciprocal fit reveals that 𝑀𝐺𝑅𝑤𝑔 is primarily dependent on the relative 169 
fractions of oil and gas produced within a basin and is not comparable among basins. (b) Methane Emission Factor 170 

(𝐸𝐹𝐶𝐻4 [g/MJ]) and Methane Energy Intensity (𝑀𝐼𝑒  [%]) show no trends with gas fraction of produced energy and instead 171 
reveals relevant methane performance differences among basins.  Rightmost axes also show how 𝑀𝐼𝐿𝑅 scales directly 172 

with 𝐸𝐹𝐶𝐻4 and 𝑀𝐼𝑒  when assuming a common gas heating value and methane fraction (𝐻𝐻𝑉𝑔𝑎𝑠 = 38.169 MJ/m3 and 173 
𝑋𝐶𝐻4 = 0.9 in this case). 174 

Comparison of Recent Methane Intensity Targets on an Equivalent Basis 175 

Using equations from Table 1, it is possible to compare various published methane targets on a 176 
common basis, as illustrated in Figure 2.  Targets defined using either 𝑀𝐼𝐿𝑅 or 𝐸𝐹𝐶𝐻4

 metrics appear 177 
as horizontal lines, since they have no inherent dependence on the gas fraction of total produced 178 
energy.  This includes OneFuture’s 2025 target of 0.28% for gas production (which is a component of 179 
an overall production-through-distribution target of 1.00%)7 and MiQ’s “Grade A” targets, which 180 
specify 0.05% for onshore gas production5 and 50 g/BOE for onshore petroleum production6 (which 181 
converts to 0.00817 g/MJ using their specified oil energy content of 5.8 MMBtu/bbl and is equivalent 182 
to a true loss rate of 𝑀𝐼𝐿𝑅 = 0.0511%, assuming the suggested typical natural gas heating value of 183 
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38.169 MJ/m3 and methane fraction of 0.9).  The horizontal dotted green line represents Colorado’s 184 
2030 greenhouse gas emission target of 6.80 tCO2e/kBOE for “Majority Operators”18, which 185 
conservatively equates to a loss rate of 𝑀𝐼𝐿𝑅 = 0.236% assuming only methane is emitted and using 186 
the regulation-prescribed methane global warming potential (GWP100) of 30 from the IPCC Fifth 187 
Assessment Report35 and an oil energy content of 5.689 MMBtu/bbl (6.001 GJ/bbl)36.  In practice, the 188 
actual applicable methane target would be lower assuming the operator also emits CO2.  This 189 
ambiguity is one reason why separate rather than combined GHG targets are recommended37.  190 
Moreover, as noted in the IPCC Sixth Assessment Report “expressing methane emissions as CO2 191 
equivalent emissions using GWP100 overstates the effect of constant methane emissions on global 192 
surface temperature by a factor of 3–4 … while understating the effect of any new methane emission 193 
source by a factor of 4–5 over the 20 years following the introduction of the new source”.38,39 194 

 195 
Figure 2: Comparison of various published methane targets converted to a common basis of Methane Intensity (true loss 196 
rate), 𝑀𝐼𝐿𝑅 [%] (left axis) and Methane Emission Factor, 𝐸𝐹𝐶𝐻4

 [g/MJ] (right axis).  Where required, a standard gas heating 197 
value of 38.169 MJ/m3 and methane fraction of 0.9 is assumed.  *Colorado 6.80 t/CO2e target for majority operators18 is 198 

converted assuming only methane is emitted and using the regulation specified methane global warming potential value 199 
of 30 from the IPCC Fifth Assessment Report35.  Actual methane target would be lower in practice if the operator also has 200 

CO2 emissions. 201 

Notably, targets based on the 𝑀𝐺𝑅𝑤𝑔, which attribute total oil and gas methane emissions to gas 202 
alone as discussed above, vary depending on the gas fraction of total energy (inclined red line).  This 203 
includes the OGCI 2025 “intensity” target of 0.2%20,40 and the threshold for the onset of methane fees 204 
at petroleum and natural gas facilities under the U.S. Waste Energy Charge (WEC)19, which is 205 
currently slated to commence in 203541.  As the gas fraction of total energy goes to zero such that 206 
𝑀𝐺𝑅𝑤𝑔 tends to infinity, a target defined with 𝑀𝐺𝑅𝑤𝑔 necessarily implies no methane emissions are 207 
permitted at sites without gas production, even though the oil stabilization process often emits 208 
methane.  This issue was presumably recognized during the development of the WEC rules, which 209 
specify a separate limit of 10 tCH4/MMbbl (equivalent to 𝑀𝐼𝐿𝑅 of 0.01% or 𝐸𝐹𝐶𝐻4

 of 0.0017 g/MJ) for 210 
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sites that send “no natural gas to sale”19.  Curiously, these two different limits create a theoretical 211 
disincentive to mitigation at sites where gas represents less than 4.7% of total produced energy from 212 
oil and gas (see blue region in the inset axes of Figure 2).  In principle, sites in this range could be 213 
paradoxically incentivized to simply cease gas conservation to access a higher methane limit without 214 
incurrence of fees.  While this is unlikely to be a significant issue in practice, it highlights the inherent 215 
challenge of using 𝑀𝐺𝑅𝑤𝑔 as a metric for upstream oil and gas sites.   216 

Important Considerations when Evaluating Methane Intensities along Supply Chains 217 

Calculating methane intensities across supply chains, where emissions may occur at distinct and 218 
often independently operated stages – from upstream extraction and processing to midstream 219 
transportation and downstream distribution – can present special challenges.  While segment-220 
specific methane intensities can be estimated, they are not necessarily additive due to differences 221 
in system boundaries and allocation practices.  Most notably, volumes of oil and gas entering and 222 
leaving each segment, and potentially the energy content of products, may not be constant due to 223 
on-site consumption or chemical processing.  For example, a midstream gas plant may consume a 224 
portion of received gas for operations while also separating out natural gas plant liquids (NGPL, i.e., 225 
ethane, propane, butane, pentane, etc.) as a separate product stream and removing impurities (e.g., 226 
water, carbon dioxide, and other inert gases).  It is possible or even likely that an upstream operator 227 
may not know the exact link between their products and those at the end of the supply chain, nor 228 
specifically how much of their product is required to produce one unit of final marketed product.  229 
However, assuming energy allocation of methane emissions as discussed above, then it is still 230 
straightforward to calculate the methane emission factor (and hence 𝑀𝐼𝑒  and 𝑀𝐼𝐿𝑅) at each stage of 231 
the supply chain.   232 

For any facility 𝑗, receiving energy products from one or more upstream facilities 𝑖, the total supply 233 
chain methane emission factor for its output, 𝐸𝐹𝐶𝐻4,𝑗, is calculated as: 234 

𝐸𝐹𝐶𝐻4,𝑗 =
∑ (𝐸𝐹𝐶𝐻4,𝑖𝐸𝑖)𝑖 + 𝑚𝐶𝐻4,𝑗

𝐸𝑗
 (1) 

where 𝐸𝑖  are the energy products received from each upstream facility 𝑖, 𝐸𝐹𝐶𝐻4,𝑖  is the methane 235 
emission factor for each facility 𝑖, 𝑚𝐶𝐻4,𝑗 is the methane emitted directly by facility 𝑗, and 𝐸𝑗  are the 236 
marketed energy products leaving facility 𝑗.  Importantly, Equation (1) holds whether facility 𝑗 237 
processes or consumes any portion of the received energy products 𝐸𝑖  and/or produces its own 238 
separate products that collectively aggregate to its outputs 𝐸𝑗.  More generally, so long as each facility 239 
along the supply chain similarly calculates their methane emission factor using Eq. (1), then 𝐸𝐹𝐶𝐻4,𝑖  240 
represents the cumulative upstream supply chain methane emission factor of each input 𝐸𝑖  into 241 
facility 𝑗.  This means that Eq. (1) accurately tracks the methane emissions throughout the supply 242 
chain, and specifically, that 𝐸𝐹𝐶𝐻4,𝑗 calculated at any point represents the total (cumulative) supply 243 
chain emissions up to that point.  Finally, even if the mole fraction of methane in gas varies along the 244 
supply chain, the methane intensity (𝑀𝐼𝐿𝑅) can still be readily calculated at each stage (including at 245 
the point of the final consumer) simply by substituting Eq. (1) into the 𝑀𝐼𝐿𝑅 equations of Table 1, while 246 
using the relevant mole fraction (𝑋𝐶𝐻4,𝑔𝑎𝑠,𝑗) for that point in the supply chain. 247 
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Although energy allocation of emissions is recommended as discussed above, if an alternative 248 
allocation approach is desired (e.g., MiQ’s current suggested approach of allocating all emission by 249 
energy except for compressor-related and dehydrator vent emissions), then Eq. (1) can still hold if it 250 
is generalized to incorporate separate emission factors for each product, 𝑘 (e.g., gas, oil, NGPL, etc.):  251 

𝐸𝐹𝐶𝐻4,𝑗,𝑘 =
∑ 𝐴𝑗,𝑖,𝑘 ∑ (𝐸𝐹𝐶𝐻4,𝑖,𝑘𝐸𝑖,𝑘)𝑘𝑖 + 𝑚𝐶𝐻4,𝑗,𝑘

𝐸𝑗,𝑘
 (2) 

Here, 𝑚𝐶𝐻4,𝑗,𝑘 is the methane emitted directly by facility 𝑗 that is allocated to product 𝑘, 𝐴𝑗,𝑖,𝑘 is facility 252 
𝑗’s allocation of methane emissions for each product 𝑘 received from facility 𝑖, 𝐸𝑗,𝑘 is the marketed 253 
energy leaving facility 𝑗 as product 𝑘, and 𝐸𝐹𝐶𝐻4,𝑗,𝑘 is facility 𝑗’s methane emission factor for product 254 
𝑘.  Finally, for basin-, state-, or national-scale surveys, where the full supply chain is captured within 255 
the survey, then Eq. (1) or (2) are not necessary, and 𝐸𝐹𝐶𝐻4

, 𝑀𝐼𝑒, and 𝑀𝐼𝐿𝑅 can be directly calculated 256 
as in Table 1 using all final marketed energy outputs from the basin (specifically including NGPL). 257 

Finally, we note that the numerator of the above equations always translates directly into the mass 258 
of methane emissions cumulative over the supply chain up to and including the facility of interest.  259 
Therefore, simple modifications of the denominator of these equations can calculate the embodied 260 
methane emissions in an end-use product.  For example, for a downstream fertilizer plant, 𝑗, Eq. (1) 261 
provides an accurate representation of methane emissions per mass of fertilizer produced by 262 
replacing 𝐸𝑗  with mass of fertilizer produced and noting that 𝑚𝐶𝐻4,𝑗 is the methane emitted from the 263 
fertilizer plant.   264 

Recommendations 265 

Based on the preceding analysis, metrics that attribute total methane emissions to gas alone should 266 
be avoided since they primarily measure the relative proportion of oil and gas production in a region 267 
of interest and are not comparable among basins.  This includes 𝑀𝐺𝑅𝑤𝑔 (also known as the OGCI 268 
“methane intensity” or gas loss rate), 𝑀𝐺𝑅𝑒, and 𝑀𝐺𝑅𝐶𝐻4

 (also known as methane loss rate).  These 269 
metrics are especially problematic for supply chain calculations (refer to Eq. 2), where the naïve 270 
allocation of all emissions to a single product (gas) could lead to artificially low estimates of 271 
intensities of other products in the supply chain and/or give rise to double counting of emissions.  272 

By contrast, methane emission metrics that compare total methane emissions to total oil and gas 273 
energy –  𝐸𝐹𝐶𝐻4

 [g/MJ] and 𝑀𝐼𝑒  [%] – or compare attributed methane emissions from gas to marketed 274 
gas production – 𝑀𝐼𝐿𝑅 [%] – are easily calculated, broadly applicable with no inherent dependence 275 
on relative gas and oil production, and are ultimately interchangeable.   276 

For public and policy communications, the Methane Intensity or true “Loss Rate”, 𝑀𝐼𝐿𝑅 [%], as 277 
adopted by NGSI13, MiQ5, OneFuture7, and Veritas8, is advantageous because it conceptually 278 
describes the percentage of natural gas or methane that is emitted prior to reaching market.  279 
However, because 𝑀𝐼𝐿𝑅 scales directly with 𝐸𝐹𝐶𝐻4

 as demonstrated, it is perhaps even more useful 280 
as a single, easy to communicate “loss rate” metric that can be consistently applied across oil and 281 
gas sites.   282 
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Although country-, state-, and/or basin-level natural gas heating value data (𝐻𝐻𝑉𝑔𝑎𝑠) to calculate 283 
𝑀𝐼𝐿𝑅 are generally available23–25 similar to oil and gas production data21,22, to the authors’ knowledge 284 
the fraction of methane in natural gas by volume (𝑋𝐶𝐻4) is not.  In the absence of specific data, a 285 
commonly used value of 𝑋𝐶𝐻4 = 0.9 is suggested as a default, along with 𝐻𝐻𝑉𝑔𝑎𝑠 = 38.169 MJ/m3 286 
which is the simple average of available country-level data at industry standard conditions of 15°C 287 
and 101.325 kPa25.  These values are used in the reference calculations for Figures 1 and 2.  To 288 
simplify implementation and promote standardization of calculations, Table S1 and S2 of the 289 
Supplemental Information provide a referenced list of suggested reference values and conversions. 290 

Ultimately, whether 𝐸𝐹𝐶𝐻4
, 𝑀𝐼𝑒, or 𝑀𝐼𝐿𝑅 (first 3 rows of Table 1) are reported, we strongly recommend 291 

that researchers, companies, and analysts commit to also transparently reporting the production 292 
volumes, heating values, methane fractions (if applicable), and methane emission totals used in 293 
calculations.  This will ensure that methane intensity results are always transparently presented and 294 
comparable; will enable trivial recalculations using different data or assumptions if desired; and, 295 
most importantly, will support easy and accurate calculation of supply chain emissions using Eq. (1) 296 
or Eq. (2).  297 
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Table S1: Suggested default higher (gross) heating values (calorific values) of gaseous species at standard 16 

conditions of 15°C and 101.325 kPa.  For use when site-specific data are not used or not available. 17 

Product 
Molar Mass  Density  Higher (Gross) Heating Value 

Source / Reference 
[kg/kmol] [kg/m3] [kJ/kg] [MJ/m3] [BTU/scf]* 

Natural Gas    38.169 1024.43 

Calculated as the simple 
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. EIA, 2025c) U.S. Dry gas    38.600 1036 

Methane 16.0428 0.6798 55571.0 37.7044 1011.94 

NIST Chemistry WebBook 
(REFPROP) 

(Lemmon et al., 2018) 

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   

n-Hexane 86.1754  48717.5   

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 18 
 

Table S2: Suggested default higher (gross) heating values (calorific values) of liquid species if site-specific data 19 
are not used or not available. 20 

Product 
Higher (Gross) Heating Value (HHV) 

Source / Reference 
[MMBtu/bbl] [GJ/bbl] [GJ/m3]† 

Crude Oil 5.688 6.001 37.746 
Average of EIA Monthly Energy 

Review data for 2019−2023 
(Table A2) (U.S. EIA, 2025a)  

Crude Oil 
(given API Gravity or Specific 

Gravity) 

Specific gravity (SG) = 141.5 / (131.5 + API gravity) 
HHV [MMBtu/bbl] = SG * (7.801796 ‐ 1.3213 * SG2) 
HHV [GJ/bbl] = HHV [MMBtu/bbl] * 1.05505585262 

HHV [GJ/m3] = HHV [GJ/bbl] / 0.1589873  

(U.S. EIA, 2025a) 

Natural Gas Plant Liquids (NGPL) 3.587 3.784 23.804 
Average of EIA Monthly Energy 

Review data for 2019−2023 
(Table A2) (U.S. EIA, 2025a)  

Natural Gasoline (29% isopentane, 
29% neopentane, 20% normal 

pentane, 13% normal hexane, 4% 
cyclohexane, 3% benzene, and 2% 

toluene) 

4.638 4.893 30.778 

(U.S. EIA, 2025a) 

Kerosene 5.670 5.982 37.627 

Lubricants 6.065 6.399 40.248 

Residual Fuel Oil 6.287 6.633 41.721 
† 1 barrel of oil (bbl) is equal to 0.1589873 m3 (U.S. EIA, 2025a) 21 
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S2 Importance of Natural Gas Plant Liquids (NGPL) 22 

In some cases, a significant part of the value of marketed hydrocarbons are the natural gas plant liquids 23 

(NGPL): ethane (C2H6), propane (C3H8), normal butane and isobutane (C4H10), and natural gasoline (C5H12 24 

and larger)(U.S. EIA, 2025b).  These are separated from pipeline grade natural gas and non-hydrocarbon 25 

gases in gas processing plants.  In the United States production of NGPL has been growing rapidly since 26 

2010; in 2024 they amounted to 9 percent by volume of marketed gas production (U.S. EIA, 2025a).  In 27 

wet gas plays such as Bakken, Eagle Ford, and Utica the fraction is larger.  For calculations at the basin 28 

level, it is important that natural gas plant liquids be included in the marketed energy denominators in 29 

the first three entries of Table 1 of the main text.  30 

For calculations at upstream sites, the heating value of the produced wet gas (i.e., the complete gas 31 

stream including any higher hydrocarbons that are subsequently removed at a downstream natural gas 32 

plant, i.e., NGPL) should be used.  Bakken production provides an extreme but not unusual example for 33 

the importance of accounting for NGPL.  Using the corrected mean raw gas (wet gas)_ composition at 34 

wells in the Bakken from Table S3 (raw gas before processing) (Brandt et al., 2016), the corresponding 35 

heating value (calculated using NIST REFPROP, Lemmon et al., 2018) is 60.8121 MJ/m3 (1632.15 BTU/scf).  36 

This is 57% higher than the typical U.S. dry gas heating value of 38.6 MJ/m3 given in Table S1.   37 

Table S3: Mean reported raw gas composition at wells (gas composition before processing) in the Bakken from 38 
Table S4 of (Brandt et al., 2016). 39 

Species 
Mole Fractions as in 
(Brandt et al., 2016) 

Mole Fractions 
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 (H2S) 0.00005 0.00005 

Carbon Dioxide (CO2) 0.0070 0.00698 

Nitrogen (N2) 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 40 

Table S2, Bakken crude oil (which includes lease condensate) has an estimated higher heating value (HHV) 41 

of 5.648 MMBtu/bbl.  The production-weighted mean wet gas-oil ratio is 1273 scf/bbl (Brandt et al., 2016), 42 

which means 2.078 MMBtu of wet gas are produced for each barrel of oil.  Thus, the total mean produced 43 

energy (oil + wet gas, equal to oil + dry gas + NGPL) at Bakken wells is 7.726 MMBtu/bbl.  If a typical dry 44 

gas heating value of 1036 Btu/scf from Table S1 were instead used in calculations (effectively neglecting 45 

produced NGPL), then the total produced energy would be incorrectly underestimated as 6.967 (10% less), 46 

leading to a 10% overestimation of 𝐸𝐹𝐶𝐻4, while the ratio of energy in gas (when incorrectly assumed dry) 47 

to total energy (neglecting NGPL) would be 30% less, leading to a 30% underestimation of 𝑀𝐼𝐿𝑅.  48 
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