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Executive Summary

The objective of this Technical Note is to provide actionable operational intelligence
regarding flare Destruction Removal Efficiency (DRE) and methane releases. We
quantify flare DRE by layering near coincident thermal and spectral remote sensing
data. We define a Thermal to Mass Coefficient (TMC) to convert VIIRS reported Fire
Radiative Power (FRP) to a waste gas combustion rate (kg/hr). When compared
against methane flow rates (kg/hr) from near coincident hyperspectral collections for
the same areq, we are able to calculate the combined total waste gas (Figure 1) and
thus quantify the DRE.

Because the thermal and spectral collections are not fruly coincident, we require a
minimum of three coupled thermal and spectral observations to generate an
indicative baseline assessment DRE range for a given site. This baseline assessment
gives equal weight to all calculated DRE values and reports the full range as well as
the average DRE based on the Physically Reasonable Case. Additionally, the Highest
Physically Plausible Case is also always included in all assessments to demonstrate the
plausible bounds of the calculated DRE. A Lowest Physically Plausible Case is defined
in this technical note but is not included in reporting as the lower bound so as not to
overly bias a reader toward a lower DRE.

Many of the factors we use are constants and variables that are bound by physical
parameters. By considering these we are able to use a physics-based approach to
calculate the TMC, which we combine with reported FRPs and methane flow rates to
quantify the DRE. This Technical Note will detail our assumptions and calculations to
define the following TMC values:

e TMCerc = 800 kg-hr.MW~": Physically Reasonable Case. Based on typical oilfield
gas mixtures, combustion rates, and satellite viewing angles. (1. 6, 8, 9, 15)

e TMChpp = 1532 kg-hr”-MW™: Highest Physically Plausible Case: Establishes the
upper bound of physically plausible DREs by maximizing the waste gas
combustion rate and minimizing the fugitive gas flow rate, as well as optimising
gas mixture for highest possible burn efficiency. While it is highly unlikely that all
uncertainties would combine in such a most efficient case scenario, the TMCpp
serves to define the upper bound DRE for any given site.
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Overview

The Destruction Removal Efficiency (DRE) of a flare is a critical metric for assessing the
environmental impact of oil and gas operations. While Best Available Technology
(BAT) standards assume a DRE of 98% (1), empirical reviews suggest significant
variability averaging 95% DRE and observed as low as 60% DRE (2). This methodology
combines reported methane emission rates from high-resolution hyperspectral (HSI)
satellite data (3, 4) and reported Fire Radiative Power (FRP) from the VIIRS thermall
sensors (5) to calculate the ratio of gas destroyed by combustion versus the total gas
delivered to the flare.

To determine the gas destfruction rate, we build upon the methodology outlined by
Zhang, X., et al.”s (2015) Quantifying Gas Flaring CH4 Consumption Using VIIRS (6) and
the empirical combustion rate retrievals of Wooster, et al.’s (2005) Retrieval of biomass
combustion rates and totals from fire radiative power observations (7). By integrating
these established methods, we define a standardized Thermal to Mass Coefficient
(TMC) that is consistent with both Zhang’s and Wooster’s empirical findings to quantify
DRE from orbit.

Smoke (Carbon)
from inefficient
combustion
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Figure 1: Waste Gas Flare and Observable Emissions. Suomi and ISS graphics courtesy of NASA.
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Background

Methane (CHa) is the primary constituent of waste gas from oil and gas fields as well
as coal mining (8). Waste gas typically ranges from 65% to 85% methane, with the
remainder consisting of ethane, propane, hydrogen sulphide (H.S), and carbon
dioxide (COy) (8, 9). This waste gas must be managed to prevent hazardous pressure
buildup at a site, which can lead to unsafe working conditions, uncontrolled fires, and
explosions. However, methane cannot simply be released into the air as it is a potent
greenhouse gas with a Global Warming Potential (GWP) roughly 80 fimes that of CO2
over a 20-year period (GWPx) and 28-30 times over a 100-year period (GWPig0) (10).
Ideally, waste gas is recaptured to be reinjected into the site, or further processed into
product methane. When infrastructure is lacking, it is flared (burned) to convert CHa
intfo the less-potent CO,. However, there are several conditions in which methane is
released even with flaring infrastructure (Figure 1). These range from the allowed 98%
efficiency (2% of gas sent to a flare will slip info the atmosphere unburnt) to
unmitigated leaking or venting (where up to 100% of gas is released into the
atmosphere) which occurs when flares fail or are bypassed.

In between these two exfremes are varying degrees of flare efficiency, defined by
the Destruction Removal Efficiency (DRE). Any percentage below 100% represents raw
methane entering the atmosphere. Even a relatively small drop in efficiency, from 98%
to 90%, quintuples the methane footprint of a given flare. DREs below 100% can occur
from any number of reasons to include, malfunction, a higher rate of gas than can be
flared, and high winds (1). Quantifying DRE from remote sensing observations can aid
verification of operations and reporting requirements.

It is important to note that some flares use shrouded (enclosed) burners which cannot
be detected or measured by thermal satellites. This is a positive environmental step
which ensures a flare cannot blow out in heavy winds or otherwise have decreased
DRE. Therefore, CCCA’s DRE characterization methodology is only applicable where
recurring heat signatures (VIIRS) or visible flames can be demonstrated. Neither VIIRS,
nor HSI satellites are able to detect or measure through significant cloud cover.

CarbonMapper Codlition is an international collaboration of public and private
partners including the State of California, NASA’s Jet Propulsion Laboratory, and
Planet Labs Inc. utilizihg hyperspectral imaging (HSI) satellites such as Tanager and
EMIT (3). The International Methane Emissions Observatory (IMEO) is an initiative of the
United Nations Environment Programme (UNEP) that aggregates, analyses, and
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distributes data from multiple satellite operators (including EMIT, EnMAP, PRISMA,
Landsat and Sentinel-2) via its Methane Alert and Response System (MARS) (4).

These sensors are high spatial resolution point-source imagers, with pixel sizes ranging
from 30-60 meters, and area coverage roughly on the order of tens to one hundred
kms wide. They cannot constantly view a given areqa, only having the opportunity
(revisit rate) to see a given site in the range of 5 days to two weeks. Beyond the revisit
rate, they must be specifically tasked to observe a site at the cost of collecting any
other site on the same orbital pass, not in the collection swath.

These sensors detect the specific absorption features unique to methane in the
shortwave infrared spectrum (SWIR) (11). A mass flow rate (kg/hr) is then calculated
by measuring the methane concentration within a plume area (12) (figure 2). Because
the available HSI sensors specifically detect only the methane portion of the fugitive
waste gas, and not the other components, we apply a methane percentage
coefficient (%CH.) to the reported flow rate to estimate the Total Fugitive Waste Gas
Rate (qugiﬂve)-

HSI sensors can only detect and measure unburnt methane. Any methane being
burned is converted info radiant heat energy, which can then be detected and
measured by VIIRS.

cARS0M®
14 plumes Bsouces MAPPER

933 /21
Source Emission R

ate (kg CH4/hr)

Aktobe, Kazakhstan

+

Plum
2713
Source Emission

1 Rate (kg CH4/hr)

N«

Aktobe, Kazakhstan

87 .
Emission Rate

Source

Figure 2: Carbon Mapper Dashboard with Source and Plume Measurements.
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Thermal Data and VIIRS

The Visible Infrared Imaging Radiometer Suite (VIIRS) are multi-spectral Imaging (MSI)
sensors aboard the Suomi NPP and NOAA-20 & 21 satellites. They measure the
radiation emitted by high-temperature sources in the midwave infrared portion of the
spectrum (13). Specifically, VIIRS measures the Fire Radiative Power (FRP). FRP is the
rate of radiant energy release, measured in Megawatts (MW), or when expressed as
a rate, Mega Joules per second (MJ/s). In the context of flares, FRP is a direct proxy
for the rate of chemical energy being converted into heat (7). By quantifying the rate
of heat released, we can calculate the Total Combusted Waste Gas Rate (Qcombusted)-

VIIRS sensors provide global coverage twice daily in a series of three satellites with
each satellite in sun synchronous orbit with a 1:30pm ascending-node orbit, separated
by 50 minutes (14). These collections occur near solar noon and solar midnight at any
given location. The daytime VIIRS collection timing typically aligns with the tasking
windows for spectral satellites which require reflected sunlight for high signal (3, 4). This
synchronization gives us the ability fo couple thermal and spectral observations in a
near coincident fime window ranging from under ten minutes apart to up to 3 hours
(14, 3, 4). Therefore, only daytime VIIRS was considered. This near coincident collection
increases our confidence that the observed flare’s Fire Radiative Power (FRP) is
representative of the FRP at the time of spectral collection (i.e. methane detection).
Nighttime VIIRS detections, while more sensitive (19), collect roughly 12 hours apart
from spectral sensors, and significantly decreases our confidence that the FRP is an
accurate representation at the time of spectral collection.

VIIRS / NOAA.20 [375m]
VIIRS / NOAA.21 [375m]

VIIRS / Suomi NPP [375m]

MODIS / Aqua [1km)

+ 9200000 .

Figure 3: NASA FIRMS Dashboard with VIIRS Fire Detections for February 2026 (VIIRS orbit fracks: 9 Feb.
2026).
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Wooster et al. (2005) provides the foundational empirical evidence for the relationship
between radiant heat and fuel consumption. By conducting controlled burns of
biomass (e.g.. miscanthus) and measuring fuel mass loss against mid-infrared (MIR)
thermal signals, Wooster et al. (2005) successfully derived a consistent “radiant energy
combustion factor”. Their research demonstrates that radiant heat is a highly
predictable indicator of energy from combustion and was not dependent on biofuel
type. In order to apply their coefficient to gas flaring, we must consider the physical
differences between flares and vegetation fires, from fundamental combustion
differences between natural gas and vegetation, to the shape of flares vs. wildfires
and how much radiant energy is visible to satellite measurements.

The methodology for converting radiant energy to gas mass relies heavily on the work
of Zhang et al. (2015), who established a model specifically for quantifying methane
consumption in oil and gas flaring using VIIRS data. Their framework recognizes that
Fire Radiative Power (FRP) serves as a proxy for chemical energy release. Zhang et al.
(2015) infroduced the necessity of a “form factor” a (alpha) to account for the
discrepancy between a satellite’s single-view observation and a flare’s complex,
three-dimensional radiating surface area. This correction is essential for quantifying
gas combustion, due to flares having a larger portion of their energy physically
“shadowing” itself from an overhead view as compared to a vegetation fire, where
almost all of the heat energy is visible. The a (alpha) form factor is applied uniformly
across all cases as a basic geometric correction. Further empirical measurements
would enable formal error propagation in future iterations of this DRE methodology.
Due to a lack of robust and varied empirical measurements, error propagation is not
formally conducted, and instead the range of DRE calculations is demonstrated
through the bounds calculated by the Physically Reasonable Case, the Highest
Physically Plausible Case and the Lowest Physically Plausible Case.

Zhizhin et al. (2025) measured actual flared gas volumes for 36 test flares at the John
Zink LLC test facility in Tulsa, Oklahoma with simultaneous Nighttime VIIRS collections.
The measured comparison demonstrated a constant coefficient of ~854, moving
away from having an exponential conversion factor.



CENTER FOR
CLIMATE CRIME

~Y/ ANALYSIS

Our methodology integrates these frameworks by:

Applying the principles of radiant energy retrieval validated by Wooster et al.
(2005) to establish the baseline relationship between thermal signatures and
the rate of fuel mass conversion.

Utilizing Zhang et al.’s (2015) flaring-specific correction factor a (alpha) to
account for geometric differences between flares and vegetation fires, and
mass-energy balance equation to ensure the model accounts for the unique
physics of industrial waste gas.

Applying the findings from Zhizhin et al. (2025) that the coefficient is linear and
does not have an exponential component.

Demonstrating that our TMCere Yyields results consistent with the radiative
combustion factors established in broader fire-science literature.

Mathematical framework

The core calculation for Destruction Removal Efficiency (DRE) is defined as the rate of
gas combusted divided by the sum of the rate of the gas combusted plus the rate of
the gas that was not combusted. Or as an equation:

DRE (%) = 100 x Qcombusted

Qcombusted + qugitive

Equation 1: Calculating the Destruction Removal Efficiency from waste gas combustion rate and

fugifive gas mass flow rate.

Where:

Qcombusted: The mass flow rate of waste gas consumed by the flare (kg/hr),
derived from VIIRS reported FRP.

Qrugitive: The mass flow rate of fugitive waste gas escaping the flare (kg/hr),
derived from reported methane flow rate.
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To derive the mass flow rate of the total fugitive waste gas (Qrugitive) from reported
methane mass flow rate (RFRva), we apply the following formula:

RFR,q
qugitive = %CH,

Equation 2: Calculating the fofal fugitive gas flow rate from observed methane flow rate.

Where:

* RFRva: The reported mass flow rate of methane from HSI satellite observations
(kg/hr), adjusted within the reported uncertainty range as defined by case
parameters.

e %CHa The estimated percentage of the total waste gas composed of
methane. Dividing by this coefficient allows us to determine the total volume
of fugitive waste gas (including ethane, propane, etc.) escaping the flare. For
this methodology, we use a simplified model where the uncombusted gas has
the same composition as the waste gas inifially sent to the flare. This is an area
where empirical data would improve the model. Waste gas compositions at a
typical oil and gas field ranges from 65% to 85% methane (8, 9). Anominal value
of 75% will be used when site specific data cannot be found.

To derive the mass flow rate of combusted waste gas (Qcombusted) from radiant heat,
we apply the following formula based on Zhang et al.’s (2015) Quantifying Gas Flaring
CH4 Consumption Using VIIRS (6):

FRP x VIIRSuncertainty x 3600
Qcombusted = Xa
LHV X x

Equation 3: Calculating the waste gas combustion rate from observed Fire Radiative Power.

Where:

* FRP: The reported VIIRS Fire Radiative Power (MW, or MJ/s).

*  VIIRSuncertainty: @ scalar (unitless) adjustment for sensor specific uncertainty (e.g.,
a VIIRS Uncertainty = 1.5 would add 50% of the FRP value back on itself, while
0.9 would subtract 10%). VIIRS standards require that Active Fires Radiative
Power product’s measurement have an uncertainty no greater than 50% (16).
This 50% figure is a product-accuracy spec, not necessarily a consistent one-
directional offset. Typically, any error in the VIIRS FRP behaves randomly
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anywhere in the full range. Any application of the full 50% in either direction
represents an infentfionally worst, or best, case scenario.

3600: Conversion factor from seconds to hours (s/hr), required to convert the
FRP from MJ/s to kg/hr. (3600 seconds in an hour).

LHV: Lower Heating Value of the waste gas. (MJ/kg). This represents the energy
available per unit of mass. The LHV of a given fuel is a defined constant ranging
from 15.5 for dried vegetation to 120 for hydrogen (19).

x (chi): The Radiative Fraction. This represents the proportion of total energy
released during combustion that is emitted as thermal radiation, specifically
within the mid-wave infrared (MWIR) range detectable by VIIRS. This fraction is
semi-inversely related to the Lower Heating Value (LHV); as LHV increases, a
greater proportion of total energy is released outside the sensor’s spectral
range, decreasing the fraction of energy observable by satellite. The radiative
fraction is a well understood variable as it relates to FRP, fuel types, and
combustion variables such as pipe diameter and cross winds. x ranges from 0.1
for efficient hydrogen combustion, to 0.3 for less efficient flares associated with
heavier gas mixtures or poor mixing. x= 0.2 is a generally accepted value
representing the standard operating condition for an industrial flare (1).

a (alpha): The geometric form factor. Accounts for the ratio of a flare’s total
radiating surface area to the surface area retrievable by a satellite sensor
limited to a single viewing angle. Zhang et al. (2015) found that without this
correction, their daytime VIIRS-derived methane consumption model
underestimated field-measured combustion rates at the Bakken field by
approximately 50%, they therefore intfroduce multiplying by the factor a=2 (6).
Again, the o (alpha) form factor is applied uniformly across all cases as a basic
geometric correction. Further empirical measurements would enable formal
error propagation in future iterations of this DRE methodology. Due to a lack of
robust and varied empirical measurements, error propagation is not formally
conducted, and instead the range of DRE calculations is demonstrated
through the bounds calculated by the Physically Reasonable Case, the Highest
Physically Plausible Case and the Lowest Physically Plausible Case.

Case Definitions and Assumptions

The Physically Reasonable Case assumes standard operating conditions for an oil-field
flare, to include generally accepted numbers for when site specific information is
unavailable; such as the methane concentration of gas mixtures, Lower Heating
Value (LHV), and radiative fraction. When site specific numbers are available, we

10
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replace the commonly accepted stand in numbers. Additionally, the Physically
Reasonable Case uses the nominal reported methane emission rate from
CarbonMapper, NASA JPL, or IMEO, and the nominal reported Fire Radiative Power
from NASA. In the case of multiple reported methane emission rates or FRP, we use
the most conservative numbers reported; which is the lowest reporfed nominal
methane emission rate, and the highest reported FRP.

*  VIIRSuncertainty = 1. Nominal reported FRP (no correction) (5).

e %CHs =0.75. This is 76% Methane. Standard for oil-field associated gas (mixed
with COg, HsS, butane, etc.) (8, 9).

e LHV =45 MJ/kg. A standard LHV for natural gas (15).
* x =0.2. Mid-range radiative fraction for natural gas (1).
*  RFRval = RFRhom. NOmMinal reported methane flow rate (3, 4).

* a = 2. A geometric correction consistent with Zhang et al.’s (2015) empirical
findings (6).

Recall Equation 3:

FRP x V”RSuncertainty X 3600
Qcombusted = Xa
LHV X x

To set our Physically Reasonable Case Temperature to Mass Coefficient (TMCprc) we
use FRP = 1. in this way we can multiply any FRP by the TMCprc directly.

FRP x 1 % 3600

TMCpre = —5% 02
kg
TMCpre = 800 =

So that now:
Qcombustea = FRP X 800
Recalling also Equation 1:

DRE (%) = 100 x Qcombusted

Qcombusted + qugitive

11
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And Equation 2:

RFR,q
qugitive = %CH,

We can then calculate DRE using TMCpre:

FRP x 800

RFP,q;
0.75

DRE(%) = 100 x
(FRP x 800) +

For an example case of an observed FRP of 5 MW and an observed RFRq of 200 kg/hr
(+/- 300 kg/hn):

5x 800
DRE(%) = 100 X 505
(5 X 800) + 0.75
DRE =77%

This case represents the upper bound of efficiency. It intentionally biases all variables
to make the highest plausible DRE by maximizing the calculated waste gas
combustion rate and minimizing the fugitive waste gas mass flow rate. This case uses
the extreme ends of generally accepted numbers such as the methane
concentration of gas mixtures, Lower Heating Value (LHV), and radiative fraction.
Additionally, the Highest Physically Plausible Case uses the lower bound of uncertainty
for lowest reported methane emission rate from CarbonMapper, NASA JPL, or IMEO,
and the highest reported Fire Radiative Power from NASA/NOAA plus 50% as this is the
maoaximum for daytime VIIRS uncertainty (16). It is statistically unlikely that all
uncorrelated uncertainties would stack in an additive manner as described by the
TMChpp. Typically, uncorrelated uncertainties behave in a more random pattern, more
likely to balance out the biases. This makes our TMChpp in fact, not statistically plausible,
but we include it to define the upper bound for any given analysis.

* VIIRSyncertainty = 1.5, Corrects for a maximum potential daytime VIIRS
undercounting of 50% (16).

* %CHs = 0.85. The upper end of how much methane is in natural gas methane,
maximizing the energy-to-methane ratio (8, 9).

e LHV =47 MJ/kg. The upper end of LHV for natural gas (15).

12
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e x = 0.15. The lower bound for pure methane in a small diameter pipe (most
favourable for DRE) (1).

*  RFRva = RFRmin. The lower bound of the uncertainty range for reported methane
flow rates (3, 4).

* a = 2. A geometric correction consistent with Zhang et al.’s (2015) empirical
findings (6).

Recall Equation 3:

FRP X VIIRSyncertainty X 3600
Qcombusted = LHV X x Xa

Again, we use FRP = 1, in this way we can multiply any FRP by the TMCypp directly.

1x1.5x%x 3600

TMChrr = 275015

kg

TMCHPP = 1532m

So that now:

Qcombustea = FRP X 1532

Recalling also Equation 1:

Qcombusted

DRE (%) = 100 x
Qcombusted + qugitive

And Equation 2:

RFR,y
qugitive = M

We can then calculate DRE using TMChpp:

FRP x 1532

RFP,q
(FRP x 1532) + —5 5%

DRE (%) = 100 x

13
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For an example case of an observed FRP of 5 MW and an observed RFRvq of 200 kg/hr
(+/- 300 kg/hn):

5% 1532
DRE (%) = 100 X 600
DRE =92%

This case represents the lower bound of efficiency. It intentionally biases all variables
to make the lowest possible DRE by minimizing the calculated waste gas combustion
rate and maximizing the fugitive waste gas mass flow rate. As with the TMCypp, it is
statistically unlikely that all uncorrelated uncertainties would stack in this manner.
Typically, uncorrelated uncertainties behave in a more random pattern, more likely to
balance out the biases. This makes our TMCep in fact, not statistically plausible, but we
show it here to demonstrate that our TMCere is a reasonable real world conservative
conversion factor.

VIIRSuncertainty = 0.5. Corrects for a maximum potential daytime VIIRS
overcounting of 50% (16).

%CH4 = 0.65. A more mixed gas with less methane, as measured in Kazakhstan
9.

LHV = 40 MJ/kg. A reasonably low LHV for a heavily mixed waste gas, with high
amounts of CO> and H,S that bring the LHV down (15), minimizing the energy-
to-methane ratio.

x = 0.3. This is the upper bound for waste gas mixtures (1).

RFRvai = RFRmax. The upper bound of the uncertainty range for reported
methane flow rates (3, 4).

a = 2. A geometric correction consistent with Zhang et al.’s (2015) empirical
findings (6).

Recall Equation 3:

FRP X VIIRS yncertainty % 3600

Qcombusted = LHV X x Xa

14
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Again, we use FRP = 1, in this way we can multiply any FRP by the TMCep directly.

— 1 % 0.5 X 3600
LPP =40 % 0.3
TMC, p» = 300 kg

Lpp = MW X hr

So that now:
Qcombustea = FRP X 300
Recalling also Equation 1:

Qcombusted

DRE (%) = 100 x

Qcombusted + qugitive

And Equation 2:

RFR,q
qugitive = m

We can then calculate DRE using TMC pe:

FRP x 300

RFP,
0.65

DRE (%) = 100 x

(FRP x 300) +

For an example case of an observed FRP of 5 MW and an observed RFRyq of 200 kg/hr
(+/- 300 kg/hn):

5x300
DRE(%) = 100 X 350
(5 X 300) + 065
DRE = 45%

Table 1 provides a consolidated reference of the parameters used to calculate the
three Thermal to Mass Coefficients (TMC), illustrating the boundaries established for
this methodology. These summarized parameters establish the bounds of physical
possibility. By centralizing these coefficients, we create a standardized lens through
which to evaluate DRE.

15
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Factors TMCprrc TMChpp TMCrp
Coefficient Value 800 1532 300
VIIRS uncertainty 1 1.5 0.5

%CHa 0.75 0.85 0.65
LHV 45 47 40
X 0.2 0.15 0.3
RFR\/Ol RFRnom RFRmin RFRmox
a 2 2 2
DRE for Example Case:
GO 77% 92% 45%
RMR = 900 kg/hr (+/-
300 kg/hr)

Table 1: Thermal to Mass Coefficient Parameters.

Findings Comparison

Our TMC calculations generally agree with the coefficients defined by Wooster et al.
(2005) which defined a radiant energy combustion factor based on directly
measuring fuel consumed by weight vs measured FRP from a MIR sensor comparable
to VIIRS. The MIR camera measures between 3.6-3.9um (7) and the VIIRS daytime fire
band is 3.55-3.93um (14). In the Wooster experiment, they burned miscanthus to
simulate wildfires and measured a radiant energy combustion factor of 0.368 (+/-
0.015) with an r2 of 0.98 and a p<0.0001. Wooster et al. (2005) determined that fuel
type did not have an effect on this coefficient and that it could be applied in general
regardless of fuel. However, Wooster et al. (2005) only measured biomass (vegetation)
and not natural gas or any gas state fuel. Here we provide a functional form check
by using established LHV and chi for miscanthus in our TMCpre calculation and
comparing to the empirical coefficient of Wooster et al. (2005).

16
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*  VIIRSyncertainty = 1. Nominal reported VIIRS value
e LHV =17.5MJ/kg. The average LHV of Miscanthus (17)
e x=0.15.(7)

* a = 1. Consistent with the geometry of a vegetation fire’s surface area being
almost entirely physically observable by satellite.

Wooster et al. (2005) defined a radiant energy combustion factor of

k
Qcombusted (Tg) = 0.368(%0.015) X FRP

Converting from kg/ s to kg/hr gives us

k
Qeombusted (h—f) = 3600 X 0.368 (+0.015) X FRP

k
[Qcombusted (h_i) = 1324.8 (£54) X FRP ]

Recall Equation 3

FRP x V”RSuncertainty X 3600
Qcombusted = Xa
LHV X x

Using our parameter definitions from above for the Wooster case:

FRP x 1 % 3600
17.5 X 0.15

kg
Qcombusted (W) = 1371 X FRP

We can also compare in kg/s to see in Wooster et al.’s (2005) original units simply by
dividing by the 3600 used to convert from seconds to hours

TMCpge =

kg
Qcombusted (?) = 0.381 X FRP

Which is within the range of the coefficient defined by Wooster et al. (2005) and
indeed on the more conservative (higher DRE) end. The upper range of the Wooster
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et al. (2005) coefficients are: 1378.8 kg/hr and 0.383 kg/sec compared to our TMCprc
derived 1371 kg/hr and 0.381 kg/s.

Our TMC calculations also agree with the empirical findings of Zhizhin et al. (2025)
which measured actual flared gas volumes for 36 test flares at the John Zink LLC test
facility in Tulsa, Oklahoma with simultaneous Nighttime VIIRS collections. The gas
supply used in the testing was near 93% methane and 7% ethane, which would
produce a more efficient burn than our Physically Reasonable Case that assumes 75%
methane. Zhizhin et al. (2025) further assumed natural gas volume to be measured at
Standard Conditions of 60 F, 14.73 psia (15.6 C, T atm or 288.7 K, 101.56 kPa). Note that
Zhizhin et al. (2025) used VIIRS Night Fire Data (VNF) which is more precise and
accurate than general daytime VIIRS FRP measurements due to VNF being able to
use more sensitive Near Infrared (NIR) and Shortwave Infrared (SWIR) thermal bands
that are otherwise saturated from solar signal during the day. However, both the VIIRS
daytime FRP and VNF FRP are measured in MW and represent the same physical
radiation measurement.

Zhizhin et al. (2025) measured the mass flow rate in Bilion Cubic Meters / Year
(BCM/Year) and measured a coefficient of 0.0104 for FRP to BCM/Year which converts
to a coefficient of 8564.8 which is within 7% of our calculated TMCprc of 800.

In order to compare Zhizhin’s coeffcietn to our TCM first we must convert from
BCM/Year to kg/hr.

Step 1: Calculate the Molar Mass of the Gas Mixture

e Methane (CH,): 93% x 16.04 g/mol = 14.917 g/mol
e Ethane (C,Hg): 7% x 30.07 g/mol = 2.105 g/mol
o Total Molar Mass (M): 14.917 4+ 2.105 = 17.022 g/mol (0.017022 kg/mol)

Step 2: Calculate Density at Standard Conditions

P

Using the Ideal Gas Law (p = #):
o Pressure (P): 14.73 psia = 101,560 Pa (N /m?)
o Temperature (T): 60°F = 288.7 K

e Universal Gas Constant (R): 8.314 J/(mol - K)

101,560 Pa x 0.017022 kg/mol
P ="78314 J/(mol - K) x 288.7 K

~ 0.720 kg/m?
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Step 3: Convert BCM/year to kg/hr
1. Hourly volume from 1 BCM/year:

1,000,000,000 m3
8,760 hours/year

~ 114,155.25 m3/hr

2. Convert volume to mass flow rate:

114,155.25 m®/hr x 0.720 kg/m® ~ 82,192 kg/hr

o
2

John Zink VNF v4 RH vs BCM No Ougliers John Zink VNF v4 RH vs Mass Flow Rate (No Outliers)
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(Prediction Interval = 2,877 kg/hr|

30004 |Y = 854.8X
R? = 0.9799

y =0.0104x
R?=0.9799

o
>
L

30000

25000

e
w
L

20000

e
N
L

15000

10000

e
-

o Single Flares

Metered BCM/Year Equivalents
Metered Mass Flow Rate (kg/hr)

w
=]
=]
]

o Double Flares = brediction interval

—— Trendline: y = 854.8x

o

o 10 40 50

T T T T 20 30
0 10 20 30 40 50 Radiant Heat (MW)
Radiant Heat (MW)

Figure 4: Empirical FRP coefficients from Zhizhin et al. (2025). In the original BCM/ Year and converted fo
Kg/hr. the slope represents the coefficient to be applied to the FRP to converf fo combustion rate.

Conclusion

The ability to quantify the Destruction Removal Efficiency of a flare from remote
sensing data is vital for global methane accounting. When a facility’s DRE drops, the
climate impact of that facility becomes severe, necessitating immediate operational
infervention.

By combining the methodology outlined by Zhang, X., et al.’s (2015) Quantifying Gas
Flaring CH4 Consumption Using VIIRS, and the empirical data and study of Wooster et
al.’s (2005) Refrieval of biomass combustion rates and fotals from fire radiative power
observations, we are able to demonstrate a standardized technical approach for
assessing flare Destruction Removal Efficiency from orbit.

While this methodology is currently based on a physics-informed, semi-empirical
approach, a full empirical study and rigorous ground truth testing would improve our
understanding, accuracy, and confidence.
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Limitations and Assumptions

While regulatory bodies often cite a 98% DRE, actual performance is dictated by gas
composition and crosswinds. High winds can spatially stretch a flare, potentially
causing the VIIRS sensor to detect radiant energy over a larger physical area and
report a larger FRP than is actually present (1). However, because this would lead to
higher quantified DRE, we have excluded wind-correction from the VIIRS portion of
this methodology which maintains a conservative baseline, while preserving simplicity.
Further inclusion of wind would improve accuracy and decrease the range of
potential characterized DREs.

Further, both VIIRS and HSI sensors provide instantaneous measurements. Because
flares and gas flow rates can be highly volatile (2), only truly coincident collections
can give a direct DRE measurement. For this reason, we use a minimum of three near
coincident collections to quantify a site’s DRE. Increased collection frequency directly
improves the confidence inferval of site DRE characterization. Further study into using
HSI sensors longest SWIR bands to simultaneously measure a source’s FRP and
methane emissions would resolve the lack of truly coincident collection.

VIIRS FRP measurements are subject to atmospheric attenuation and pixel-integration
limits (1). Further, daytime FRP measurements compete with higher noise floors due to
solar-heated ground surfaces radiating thermal energy. NOAA allows for a maximum
50% uncertainty on any published product (2). Our methodology uses the reported
FRP for the TMCprc and include the full +50% in our TMChpe.

Additionally, with three VIIRS sensors following within 50 minutes of each other, there
are often multiple measurements of the same detected fire (up to a maximum of 6
measurements per day and 6 per night depending on collection geometries and
overlapping orbital passes). We use the maximum measured FRP for the daytime
passes to ensure we are not underestimating the DRE.

Daytime VIIRS sensitivity becomes unreliable in detecting fires under 3.7 MW (18). For
sites with recurring detected fires (even only at night) a conservative DRE
characterization should use an assumed FRP of 3.7 MW to ensure the DRE is not under-
quantified.
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Carbon Mapper and IMEO provide databases of high-resolution point-source
detections and associated mass flow rates from several space based spectral sensors
to include Tanager-1, EMIT, EnMap, and PRISMA (3, 4). We use the published rates and
uncertainties directly from these organisations. Note that local windspeed data is
considered in these calculated mass flow rates (10). In this way our calculations do
not suffer the VIIRS wind overestimation effect and do not artificially decrease our
calculated DRE.
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  93 % × 16 . 04  g/mol = 14 . 917  g/mol


   C 2  H 6
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  M
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  0 . 017022  kg/mol


  𝜌 =   P M  R T


  P


  14 . 73  psia = 101 , 560  Pa


  N /   m 2


  T


   60 ∘ F = 288 . 7  K


  R


  8 . 314  J/(mol ⋅ K)
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  114 , 155 . 25    m 3 / hr × 0 . 720    kg/m 3 ≈ 𝟖 𝟐 , 𝟏 𝟗 𝟐  kg/hr

