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ABSTRACT: The resistance of the Figaro Taguchi Gas Sensor
(TGS) decreases when exposed to reducing gas enhancements. TGS
gas response can be characterized by comparing measured resistance
to a reference resistance, representative of sampling in identical
environmental conditions but with no reducing gas enhancement.
Thus, this resistance ratio (RR) allows for characterization of
reducing gas response, independent of other environmental effects.
This work presents controlled laboratory experiments, measure-
ments, and modeling for an analysis on the effect of reducing gas
cross-sensitivities on RR. The methane mole fraction ([CH4]) was
raised to approximately 9 ppm from a 0.492 ppm reference level, and carbon monoxide mole fraction ([CO]) was raised to
approximately 4 ppm from a 0 ppm reference level, through multiple simultaneous steps. The independent effect of each gas on RR
was directly multiplied, resulting in an inferior RR compared with measurements, implying an interdependence effect. For example,
for one TGS unit, when deriving [CH4] from RR, a 6 ppm [CH4] measurement would be underestimated by 6% at 1 ppm [CO], but
only by 1.6% at 0.1 ppm [CO]. A key implication of residual interdependence effects is that any gas characterization must be
conducted with the same reference levels of each other reducing gas expected during field deployment, even if measuring a single gas.
A first-order interdependence correction is proposed to account for such interdependence effects. Yet, each TGS behaves differently,
and interdependence testing takes time. Therefore, the TGS best serves to detect single reducing gases, assuming all other reducing
gases to remain constant at their reference levels.

1. INTRODUCTION
Semiconductor-based metal oxide (SMO) materials can be
used as gas sensors1 when activated under a potential
difference,2,3 with n-type SMO sensors sensitive to reducing
gases.4 Atmospheric oxygen adsorbs onto n-type SMO
surfaces, causing the extraction of electrons from the bulk
material, thereby initially raising resistance.5 Reducing gases
readily oxidize upon reaction with this activated oxygen layer,
causing resistance decrease.6,7 Thus, a net increase in reducing
gas exposure causes a net SMO resistance drop. However, a
fundamental challenge is converting measured SMO resistance
into a specific reducing gas mole fraction,7−12 where mole
fraction is defined as the number of molecules of a certain gas
compared to the total number of gas molecules in a defined
volume.13 Deriving mole fractions is further complicated by
other environmental factors such as ambient temperature and
water mole fraction ([H2O]), which can also affect SMO
resistance.2,3,14−17 It is vitally important to understand the
response of SMO sensors to various gas mixtures prior to
sensor deployment.

We characterized the Figaro Taguchi Gas Senor (TGS)
2611-C00 and TGS 2611-E00 manufactured by Figaro
Engineering Inc. (Mino, Osaka, Japan). These grain-based

sensors6,18 measure various reducing gases, including methane
up to high (percentage) levels.19,20 The TGS is cheap (less
than 102 €), is commercially available,9 and can operate in wet
air.21,22 In contrast, many SMO sensors function optimally in
dry conditions.8,23 TGS resistance (R) has been combined with
environmental measurements in a variety of methods to derive
reducing gas mole fractions, including deterministic mod-
els24−27 and machine learning approaches.22,28−30 However,
cross-sensitivities between reducing gases including methane,
carbon monoxide, ethane, and hydrogen sulfide6,12,31,32 may
cause complications in deriving mole fractions of a single gas;
such effects must be understood and characterized.

Reducing gas mole fractions can be derived from the
resistance ratio (RR) between measured TGS resistance when
exposed to a certain gas mixture, compared to a baseline
reference resistance (R0) derived in a reference gas
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mixture;3,6,33 all reducing gases are defined to be at reference
mole fraction levels in the reference gas. RR is defined here
with R0 as the RR denominator. While the reference gas is
typically ambient air-based,3 any gas blend can be used for R0,
provided that (noncharacterized) reducing gas mole fractions
remain invariant.32 This R0 is measured in identical conditions
as those of measured TGS resistance during sampling (with the
exception of reference levels of characterized reducing gas
mole fractions). R0 can vary for numerous reasons but can be
modeled over time as a function of environmental conditions
(excluding characterized reducing gas mole fractions),
principally [H2O] and ambient temperature.32 An RR cancels
the effect of these environmental conditions, allowing for the
independent analysis of the effect of reducing gases during
sampling.3 Jo̷rgensen et al.33 showed this for methane,
observing similar RR curves in different environmental
conditions, by raising the methane mole fraction ([CH4])
from 0 ppm (where ppm is parts per million) up to 100 ppm.
Using RRs is recommended by the sensor manufacturer, albeit
to derive high mole fractions.19,20 RRs have previously been
employed for single reducing gas measurements, assuming all
other reducing gases being fixed at their reference levels,32,33

absolving the requirement to consider cross-sensitivities.
Clifford and Tuma6 converted RR into single gas mole

fractions with an adapted power fit. Shah et al.34 proposed a
similar model, including a reference mole fraction term. This
sets the RR to one at reference mole fraction levels (i.e.,
measured TGS resistance being equal to R0); the RR decreases
with increasing reducing gas mole fraction, such that the RR
tends to zero at an infinite mole fraction. Although only
individual reducing gases (methane, carbon monoxide, and
hydrogen sulfide) have been tested,32 it is proposed that a
combined multiplicative model (CMM) may incorporate the
effect of multiple reducing gases, treating each gas as an
independent multiplicative contributor toward net RR.34 This
relies on each reducing gas reacting competitively with
activated oxygen atoms on the SMO surface but for reducing
gases not to interact with each other. The initial presence of
one reducing gas results in a lower starting resistance, serving
as a new (lower) R0 for a secondary reducing gas to follow the
original model. This proposed behavior means that, for
example, if one gas causes an RR of 0.5 and another gas also
causes an RR of 0.5, the combined effect of the two gases is a
net RR of 0.25 (i.e., starting R0 reduces by 75%).

The Shah et al.34 approach was tested to derive [CH4] at a
landfill site using the TGS 2611-C00 and TGS 2611-E00,
assuming stable and constant levels of all other reducing gases
(including carbon monoxide that influences both TGSs).32

This is a reasonable assumption, with methane being the main
reducing gas emitted from landfill.35 However, in complex
locations with simultaneous variability in multiple reducing
gases (simultaneously enhanced in mole fraction), the
proposed Shah et al.34 multiple-gas CMM must be reliably
tested to account for cross-sensitivities.12 Adequate sensor
testing underpins the accuracy of any mole fraction measure-
ments. Taking methane, for example, it may be coemitted with
other gases, for instance ethane at gas extraction sites36 or
carbon monoxide due to fires (pyrogenic methane emissions)
within boreal wetlands;17 these complex examples both require
a reliable TGS CMM.

An improved understanding of existing technologies, such as
TGSs, is essential for their use during reducing gas sampling.
In this study, we characterized the effect of [CH4] and carbon

monoxide mole fraction ([CO]) enhancements (compared to
reference levels) on RR, with an overall objective of deriving
[CH4]. This work aims to build a more general understanding
of the effect of variations in multiple gas mole fractions on
TGS resistance measurements. Additional reducing gases were
not simultaneously tested here, as this is beyond the scope of
this study, although this would be welcome in future work.
Methane and carbon monoxide were specifically tested as they
both interact with the TGS 2611-C00 and two TGS 2611-E00.
Section 2 describes the laboratory testing procedure used to
sample various [CH4] and [CO] gas blends under controlled
conditions. Independent [CH4] and [CO] model fitting
coefficients are derived and tested when applied to each gas
mole fraction combination in Section 3. We also propose an
improvement to the original Shah et al.34 CMM for multiple
reducing gases in Section 3, extending the model by correcting
for previously unaccounted interdependence effects. This
provides a significant improvement in RR estimation compared
with the original CMM approach. Although only two specific
gases were tested here, the conclusions of this work may, in
theory, be applied to any pair of reducing gases with an
interdependence effect. In Section 4, we discuss the
implications of our findings on future TGS gas characterization
work and the significance of any model disparity. We
summarize our outcomes in Section 5.

2. EXPERIMENTAL DESCRIPTION
2.2. Laboratory Testing. A TGS 2611-C00 and two TGS

2611-E00 units from different production batches (labeled
TGS 2611-E00 A and TGS 2611-E00 B) were simultaneously
tested in a logging system, described in Section S1 in the
Supporting Information, which also contained a temperature
sensor. The overall laboratory testing principle was to
characterize RR, while sampling various [CH4] and [CO]
combinations. An R0 for each TGS may ordinarily be
characterized as a function of non-gas mole fraction environ-
mental conditions such as temperature and [H2O], while
sampling a constant reference gas containing reference levels of
all reducing gases.32 However, deriving such a model requires
extensive laboratory testing in a multitude of temperature and
[H2O] combinations. As R0 modeling is not the focus of this
work, an empirical R0 can instead be derived in stable
environmental conditions. A fit can be applied to regular
reference gas sampling intervals as a function of time to
account for natural sensor drift or minor environmental
variability. This approach requires a sufficient number of
reference sampling intervals and changes in environmental
conditions to be sufficiently small, so that they incorporate into
the RR fit as a function of time. With these objectives in mind,
various [CH4] and [CO] enhancement combinations were
sampled between reference gas sampling periods, while
minimizing environmental variability (including [H2O] and
temperature). Only a single set of environmental conditions
was tested (as required here), with previous research33

showing RR gas response to be independent of such
conditions. Thus, the broad conclusions from this work can
be applied in other conditions, as RRs are independent of the
environment in which they are derived.

[CH4] and [CO] gas blends were obtained using mass-flow
controllers (Bronkhorst High-Tech B.V., AK Ruurlo, The
Netherlands), which controlled the flow from various gas
cylinders, while maintaining a fixed net 1.5 dm3 flow rate (at
101 325 Pa and 273.15 K) to the logging cell; this fixed flow
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rate ensures a constant TGS air flow cooling effect. To
maximize [H2O] stability, all gas passed through a dew-point
generator (LI-610, LI-COR, Inc., Lincoln, Nebraska, USA)
with a fixed 8 °C dew-point setting. Air humidification is
essential as the TGS can yield abnormal measurements in dry
conditions.18,21,29 In addition, small [H2O] changes can result
in a prolonged and residual TGS resistance response.34 Hence,
this dew-point was sampled for at least 24 h before testing.

A high-precision reference gas analyzer (Picarro G2401,
Picarro, Inc., Santa Clara, California, USA) sampled down-
stream of the TGS cell, with a maximum sampling frequency of
0.3 Hz. It measures [CH4], [CO], and [H2O] with a 0.2 Hz
manufacturer-rated precision of better than ±0.001, ±0.015,
and ±30 ppm, respectively.37 A laboratory-derived water
correction was applied to all raw wet methane mole fraction
measurements to correct for dilution effects, spectral overlap,
and spectral peak broadening. A simple offset correction was
applied to all raw dry carbon monoxide mole fraction
measurements by subtracting the average measured mole
fraction from periods corresponding to sampling a [CO] of 0
ppm. A time correction was applied to align the reference
instrument time stamp with that of the TGS logger. In
addition, all reference analyzer measurements were interpo-
lated to the higher 1 Hz TGS time stamp. All mole fraction
measurements presented henceforth are dry mole fractions,
and thus, the subsequent TGS characterization analysis is
based on dry [CH4] and [CO].

Gas from three synthetic gas cylinders (Deuste Gas
Solutions GmbH, Schömberg, Germany) was combined up
to maximum targeted levels of 9 ppm of [CH4] and 4 ppm of
[CO]. Cylinder 1 is a zero-air cylinder containing gas with
trace [CH4] and [CO] levels (where trace levels refer to minor
residual contaminant gas levels). Cylinder 2 contains gas with a
[CH4] of 202 ppm and trace [CO] levels. Cylinder 3 contains
gas with trace [CH4] levels and a [CO] of 5 ppm. All cylinder
1 and cylinder 2 gas passed through a carbon monoxide
chemical scrubber (Sofnocat 514, Molecular Products,
Limited, Harlow, Essex, UK). Each synthetic gas cylinder
contains a residual nitrogen, oxygen, and argon natural balance.
It is important to note that TGS RR gas models derived using
synthetic air cylinders cannot be applied to ambient air
sampling, as previous research has shown such model
coefficients to be invalid in ambient conditions.6,32−34,38 This
is not an issue in this TGS characterization study evaluating
the general nature of gas response in laboratory settings, which
considers the same synthetic standard reference gas through-
out the forthcoming analysis.

In this specific interdependence study, the reference
methane mole fraction ([CH4]0) and reference carbon
monoxide mole fraction ([CO]0) were minimized for
heightened TGS sensitivity. This maximizes TGS response to
mole fraction enhancements,6 thus improving RR character-
ization. [CO]0 was simply set to 0 ppm, which could be
reliably achieved by using the carbon monoxide chemical
scrubber. However, a 0.5 ppm [CH4]0 setting was instead
targeted, as removing residual methane is complex, therefore
making it easier to reliably raise [CH4]0 to a predetermined
nonzero level. This reference gas was sampled for at least 2 h at
the start of the test. Then, each testing gas mixture was
sampled for 30 min, before again sampling the reference gas for
30 min. A 30 min duration was deemed to be sufficient to
allow the sensors to stabilize to exposure to each gas mixture.
This process was repeated to sample 30 different testing gas

blends, as illustrated in Figure 1. It was initially planned to
sample each combination of seven different [CH4] levels up to

roughly 9 ppm and five different [CO] levels up to roughly 4
ppm (35 combinations in total) in a random order (to avoid
temporal bias), representing a sufficient number of gas blends
across a large enough range to characterize TGS interdepend-
ence. Unfortunately, this was not achieved as the dew-point
generator ran dry and one gas mixture was accidentally
sampled twice, which has been omitted from the subsequent
analysis. Nevertheless, 29 unique [CH4] and [CO] combina-
tions were tested, representing a sufficiently large data set to
satisfy the objectives of this work.

Ambient temperature and [H2O] were kept as stable as
possible. The dew-point generator maintained a stable [H2O]
with an average and (standard deviation) variability of (10 703
± 21) ppm during testing. The testing duration is defined as
from 60 min before the first gas combination sampling period
up to 30 min after the end of the final gas combination

Figure 1. (a) TGS 2611-C00 resistance, (b) TGS 2611-E00 A
resistance, (c) TGS 2611-C00 resistance, (d) reference gas analyzer
[CH4], and (e) reference gas analyzer [CO] measurements, all
plotted as black dots. 5 min averaging periods for testing gas
combinations are plotted on top as colored dots in (a), (b), and (c). 5
min R0 derivation periods for each TGS are shown as white-
highlighted dots in (a), (b), and (c), over which corresponding
polynomial fits are plotted as colored lines. All 5 min R0 derivation
periods and averaging periods for testing gas combinations are plotted
on top as cyan dots in (d) and (e).
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sampling period, corresponding to 31 h of total testing. All
testing was conducted in an air-conditioned laboratory. This
resulted in an average ambient temperature and (standard
deviation) variability of (307.3 ± 0.3) K, as measured by the
temperature sensor inside the TGS cell.

3. ANALYSIS AND RESULTS
3.1. Data Preparation. For the subsequent analysis, TGS

2611-C00, TGS 2611-E00 A, and TGS 2611-E00 B measure-
ments were first converted into the ratio between the average
measured TGS resistance and a corresponding R0 value, for
each [CH4] and [CO] testing combination. The average
measured TGS resistance is the numerator within RR, and the
corresponding R0 is the denominator. Figure 1 shows
variability in R0 levels between each TGS, despite the fact
that they all sampled an identical reference gas (see the white-
highlighted dots). This disparity is because each TGS has
unique properties and comes from different batches. In
addition, each TGS had a different position within the
sampling cell that led to slightly different heating and cooling
effects. Furthermore, each TGS was of different age and was
thus exposed to different gases that could impair sensor
performance over time. Yet, all of these issues are irrelevant
when using sensor-specific R0 values to derive RRs, which are
independent of environmental conditions.33 Thus, R0 was
derived for each TGS, which was modeled as a function of time
from available reference sampling. To achieve this, a third-
order polynomial fit was applied to 30 min of reference
sampling at start of the experiment and 5 min of sampling from
the end of each 30 min reference gas sampling interval, as a
function of time (colored lines in Figure 1a−c). This 5 min
average was used as 25 min permitted a sufficient TGS
stabilization time after sampling the previous gas mixture, while
a 5 min averaging duration was deemed to be sufficient to
account for short-term drift and noise. [CH4] was on average
(0.492 ± 0.001) ppm during these periods, according to the
reference gas analyzer, thus serving as [CH4]0 in the
subsequent analysis. This yielded modeled R0 values
corresponding to each measured TGS resistance data point.
Then, a 5 min average in measured TGS resistance was taken
from the end of each successful 30 min testing gas sampling
interval (colored dots in Figure 1a−c), alongside a
corresponding average modeled R0. The ratio between these
two averages was taken for each gas combination. Correspond-

ing [CH4] and [CO] 5 min averages were also taken from the
reference gas analyzer.

3.2. Individual Model Fits. TGS RRs were first used to
derive individual gas characterization fits. Shah et al.32 showed
that [CH4] can be related to RR through
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assuming all other reducing gases at their reference levels.
Clifford and Tuma6 applied a similar RR model to [CH4],
although without a [CH4]0 term. The characteristic methane
mole fraction (m) and the methane power (μ) in eq 1 were
derived for each TGS by fitting all four RRs against
corresponding 5 min average [CH4] values, where [CO] was
equal to [CO]0, with [CH4]0 set to 0.492 ppm (see Table 1 for
values). Shah et al.32 also showed that an analogous fit for
[CO] can be related to RR through
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assuming all other reducing gases at their reference levels. The
characteristic carbon monoxide mole fraction (n) and the
carbon monoxide power (ν) in eq 2 were derived for each TGS
by fitting all four RRs against corresponding 5 min average
[CO] values, where [CH4] was equal to [CH4]0, with [CO]0
set to 0 ppm (see Table 2 for values).

For both fits, a nonlinear least-squares (NLS) regression was
applied between RR and mole fraction (see Figure 2 for
regression fits). All NLS regression analyses in this manuscript
were computed using the “nls” function of R version 4.2.2.39

The root-mean-square error (RMSE) in RR is also given in
Tables 1 and 2 alongside the coefficient of determination (R2)
of each fit. Standard deviation uncertainty values are given for
m, μ, n, and ν, which were provided by R version 4.2.239 using
rescaled covariances based on Hessian matrices. As discussed
in Section 2, despite the fact that this test was conducted in
specific fixed environmental conditions, an RR analysis is
independent of such conditions and the same RR fit can be
expected in different conditions, as observed elsewhere.33

These fits can therefore be used to understand the general
TGS response to multiple reducing gas enhancements,
regardless of variability in other environmental conditions.

Figure 2 shows that good RR fits were derived as a function
of both [CH4] and [CO] individually. It is important to note

Table 1. Derived Eq 1 m and μ Coefficients for Methane, for Each TGS, with the RMSE in RR and the R2 for Each Fit Also
Givena

sensor m (ppm) μ RMSE (mΩ Ω−1) R2 RR change from 0.492 to 1.492 ppm [CH4] (Ω Ω−1)

TGS 2611-C00 10.9 ± 0.7 0.70 ± 0.04 ±0.945 0.999933 −0.0601
TGS 2611-E00 A 13.3 ± 0.5 0.63 ± 0.02 ±0.386 0.999983 −0.0447
TGS 2611-E00 B 12.2 ± 0.5 0.67 ± 0.02 ±0.567 0.999970 −0.0514

aThe RR change for a 1 ppm of [CH4] increase from [CH4]0 (with [CO] equal to [CO]0) is provided.

Table 2. Derived Eq 1 m and μ Coefficients for Methane, for Each TGS, with the RMSE in RR and the R2 for Each Fit Also
Givena

sensor n (ppm) ν RMSE (mΩ Ω−1) R2 RR change from 0.0 to 0.1 ppm [CO] (Ω Ω−1)

TGS 2611-C00 0.6 ± 0.2 0.074 ± 0.010 ±2.93 0.990 −0.0114
TGS 2611-E00 A 0.5 ± 0.2 0.107 ± 0.018 ±5.47 0.980 −0.0186
TGS 2611-E00 B 0.7 ± 0.3 0.046 ± 0.010 ±2.72 0.975 −0.0058

aThe RR change for a 0.1 ppm [CO] increase from [CO]0 (with [CH4] equal to [CH4]0) is provided.
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here that, in general, when evaluating the quality of such a fit,
the reference mole fraction (i.e., [CH4]0 and [CO]0) must be
considered as well as the enhancement range above this level,
which should both reflect final sampling conditions. Although
larger mole fraction ranges may extend the eq 1 or 2 fit, this
has no added value in this gas combination study, with the
same [CH4] and [CO] testing ranges used in the forthcoming
analysis. With these caveats in mind, Figure 2 shows the [CH4]
fit to be better than the [CO] fit, with the RR variation in this
study being far larger across the tested [CH4] range than the
[CO] range. Thus, Table 1 RMSE and R2 values are better for
[CH4] than corresponding Table 2 values for [CO]. For
example, the RR RMSE for TGS 2611-C00 for the [CH4] fit is
almost a third of that for the [CO] fit. Yet, an R2 of at least 0.9
for all fits for each TGS implies that all six fits are adequate for
the forthcoming analysis, especially considering that each fit
was derived from only four data points.

3.3. Combined Multiplicative Model Testing. Shah et
al.34 proposed that the RR effect of multiple reducing gases can
be combined multiplicatively for each reducing gas (g) in each
testing gas mixture following
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as given by Shah et al.32 The capital Greek letter “pi”
represents a product of a sequence in the same way that the
capital Greek letter “sigma” represents a summation. [Mg] is
the mole fraction of g, [Mg]0 is the mole fraction of g in the
reference gas, cg is the characteristic mole fraction of g, and γg is
the power of g. A similar CMM was proposed by Clifford and
Tuma6 for the TGS 812, but instead used a single fixed power
(or integer orders of this power) for all gases. The general
CMM presented here effectively assumes that the effect of each
individual reducing gas on RR can be multiplied together to
model the net resistance decrease from the starting R0.
Although [H2O] may be included with the CMM,6 this is not
required in the Shah et al.34 CMM as [H2O] is already
incorporated into R0, meaning that it cancels out in an RR and
is therefore not treated as a reducing gas, contributing toward
net RR.

For the specific case of [CH4] and [CO] variations, eq 3 can
be expressed as
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which assumes net RR to be a product of a methane term and a
carbon monoxide term. This also assumes all other reducing
gas mole fractions to be constant. When [CO] equals [CO]0,
eq 4 simplifies to eq 1 and when [CH4] equals [CO]0, eq 4
simplifies to eq 2, as expected. If any additional reducing gases
were simultaneously tested in this work, they could simply be
included as additional multiplicative terms within eq 4,
according to eq 3.

Equation 4 could be tested with m, μ, n, and ν for each TGS
(see Tables 1 and 2), as a function of corresponding 5 min
averaged [CH4] and [CO] from the reference gas analyzer.
This therefore tests the validity of the original Shah et al.34

CMM with reducing gas enhancement combinations ([CH4]
and [CO] enhancements in this study) for the first time. Each
observed 5 min average RR was compared to RR predicted
using eq 4 in Figure 3. The RMSE between observed and
corresponding predicted RRs is provided in Table 3, along
with the Pearson correlation coefficient and mean bias. For
general reference, RRs fall between 0 and 1 Ω Ω−1, assuming
reducing gas mole fractions to either equal or exceed their
reference levels. The significance of an RR change can also be
gauged considering a mole fraction change. The effect of a 1
ppm [CH4] enhancement compared to [CH4]0 and the effect
of a 0.1 ppm [CO] enhancement compared to [CO]0 is
provided in Tables 1 and 2, respectively. For TGS 2611-C00
for example, a 1 ppm [CH4] enhancement above [CH4]0
corresponds to an RR change of −60 mΩ Ω−1 given by eq 4,
assuming [CO] to be fixed at [CO]0.

Figure 3a,c,e confirms that eq 4 resolves to eq 1 on the
bottom of the plots (when [CO] equals [CO]0) for exclusive
[CH4] variability and eq 2 on the left-hand side of the plots
(when [CH4] equals [CH4]0) for exclusive [CO] variability, as
expected, with small RR residuals. However, simultaneously
high [CH4] and [CO] enhancements above reference levels
(top right-hand corners in Figure 3a,c,e) cause slight RR
underestimation compared to observations. This infers that the
original CMM for methane and carbon monoxide over-
estimates TGS resistance decrease (i.e., predicted TGS
resistance drop from R0) when [CH4] and [CO] are
simultaneously enhanced above their reference levels. This is
supported by Table 3 mean bias errors, which show an overall
negative RR bias when sampling mole fraction combinations
during laboratory testing, for each TGS. We infer from this
that other pairs of reducing gases may also exhibit an
interdependence effect in the same way.

The RR underestimation observed during the laboratory
tests presented here also has implications when using RR and
[CO] to derive [CH4], by inverting eq 4 to make [CH4] the
subject. The original CMM (eq 4) results in a predicted RR
that is lower than measurements. Instead, using the higher
measured RR to derive [CH4] similarly results in modeled
[CH4] that is lower than actual [CH4] measurements (which
correspond to a lower modeled eq 4 RR). To evaluate the
importance of this [CH4] underestimation effect, 5 min
averaged RR and [CO] values were treated as known model
input and eq 4 was rearranged to make [CH4] the subject.
Modeled [CH4] from eq 4 is compared to corresponding

Figure 2. 5 min average (a) [CH4] measurements and (b) [CO]
measurements made by the reference gas analyzer, plotted against
corresponding TGS RRs as colored crosses for the three tested
sensors (see legend for TGS colors). Corresponding eq 1 and 2 model
fits are plotted as colored lines in (a) and (b), respectively.
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measured 5 min average [CH4] from the reference gas analyzer
in Figure 3b,d,f. Mean bias errors and RMSEs comparing
modeled and measured [CH4] are given in Table 3. Figure 3
shows that modeled [CH4] underestimation using eq 4 may be
important when [CH4] and [CO] are simultaneously

enhanced above their reference levels. Yet, the overall
significance of this underestimation depends on model
specificities, choice of reference gas, the nature of the
individual TGS, and conditions during final sensor application.
As an example for this specific test, a 4.3 ppm [CO]

Figure 3. Equation 4 modeled RR as a function of 5 min average measured [CH4] and [CO], plotted as a colored background in Ω Ω−1 for (a)
TGS 2611-C00, (c) TGS 2611-E00 A, and (e) TGS 2611-E00 B. 5 min average RR observations are shown as colored dots in white circles in (a),
(c), and (e), with RR residuals also given. Residuals between measured [CH4] and [CH4] modeled by inverting eq 4 using corresponding 5 min
average measured RR and [CO] are plotted for TGS 2611-C00 in (b), TGS 2611-E00 A in (d), and TGS 2611-E00 B in (f). Each panel has a
unique color scale, where white represents RRs greater than one in (a), (c), and (e).

Table 3. RMSE, Correlation, and Mean Bias Error between Measured RR and RR Modeled with Eq 4 for Each TGS, Using m,
μ, n, and ν Coefficients from Eqs 1 and 2a

sensor
Pearson correlation

coefficient
RMSE

(mΩ Ω−1)
mean bias error
(mΩ Ω−1)

RMSE in derived [CH4]
(ppm)

mean bias error in derived [CH4]
(ppm)

TGS 2611-C00 1 − 0.00240 ±15.3 −9.92 ±0.593 −0.348
TGS 2611-E00 A 1 − 0.00336 ±19.8 −13.90 ±0.928 −0.599
TGS 2611-E00 B 1 − 0.00073 ±9.1 −6.40 ±0.363 −0.230

aCorresponding [CH4] RMSE and mean bias error values are given when compared to measured [CH4], by solving for [CH4] in eq 4 using
measured RR and [CO] as model input.
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enhancement above [CO]0 results in a −1.2 ppm [CH4]
model underestimation at 7.0 ppm [CH4] (or −17% [CH4])
for TGS 2611-C00. However, a 1.0 ppm [CO] enhancement
above [CO]0 results in a far smaller −0.5 ppm [CH4] model
underestimation at 7.1 ppm [CH4] (or −6.8% [CH4]) for the
same TGS. There are many practical field applications where
−0.5 ppm [CH4] is an acceptable level of uncertainty bias. In
general applications, the magnitude of any interdependence
effect on derived mole fraction must be evaluated between the
specific reducing gases in question and reference mole fraction
levels, which can be different in different applications.

The outcome from this [CH4] and [CO] study is that the
original CMM underestimates RR in this case. This means that
the original CMM underestimates [CH4] when eq 4 is
inverted, using higher measured RR as input (as opposed to a
lower RR corresponding to actual measured [CH4], according
to the original CMM). This suggests that, in general, individual
gases do not independently multiplicatively influence RR and
that there may be some interdependence from different gas
species. A single reducing gas on the SMO surface may change
TGS sensitivity characteristics to another reducing gas. The
physical cause of this phenomenon is beyond the scope of this
empirical gas study. Nevertheless, we propose that this may be
related to chemical SMO surface processes during methane
and carbon monoxide oxidation; SMO surface kinetics are
incredibly complex with several oxidation stages.3,4,7 For
example, some incomplete methane combustion can result in
carbon monoxide as a waste product,2 which may then
subsequently compete for available surface absorption sites
with fresh carbon monoxide in the original sample gas, possibly
explaining an interdependence effect. More research is
recommended on the physical cause of gas interdependence,
such that any potential interdependence effects can be
understood between other pairs of reducing gas species. In
any case, it is surprising that this effect is observed at such low
(trace ppm) mole fraction levels, where one would expect the
molar density to be sufficiently low for independent sensor
interaction, especially considering that both the TGS 2611-
C00 and TGS 2611-E00 have otherwise been tested for
sensitivity up to 10 000 ppm [CH4].19,20

3.4. Modified Combined Multiplicative Model. As the
original Shah et al.34 CMM may underestimate RR with
simultaneously enhanced reducing gas mole fractions (com-
pared to their reference levels), a modified model was devised,
given by
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for the specific case of [CH4] and [CO] enhancements.
Equation 5 includes a methane and carbon monoxide
interdependence coefficient (A), which is a very simple first-
order correction term to combine the two gas mole fraction
enhancements. This additional interdependence term elevates
the original modeled RR closer to 1 through direct
multiplication with the pre-existing terms in eq 4, when
[CH4] and [CO] are both enhanced above their reference gas
levels. This also means that when either gas mole fraction is at
its reference level, eq 5 simplifies to the original single gas
equations (given by eq 1 for [CH4] and eq 2 for [CO]). If
testing additional reducing gases (or a totally different set of
reducing gases), a modified CMM could be formulated
following eq 3 (as standard), alongside additional interde-
pendence terms between each pair of reducing gases exhibiting
an interdependence effect. Each interdependence effect would
need to be identified and characterized. Therefore, a modified
CMM with three reducing gases has up to three
interdependence terms while a modified CMM with four
reducing gases has up to six interdependence terms, following
the series of triangular numbers between number of reducing
gases and number of potential interdependence terms. Yet, the
general assumptions presented here, on the behavior of
interdependence effects on RR, are based only on interactions
between methane and carbon monoxide, which is a limitation
of this work.

In order to derive eq 5 coefficients for methane and carbon
monoxide, two-dimensional [CH4] and [CO] combinations
are required. This is in contrast to the previous eq 1 and 2
analyses, which required variations in only single gas mole
fractions. An NLS regression was thus applied using eq 5
between all 5 min average observed RR values and
corresponding [CH4] and [CO] from the reference gas
analyzer, where original m, μ, n, and ν parameters from eqs
1 and 2 were used as starting values (i.e., a first guess and free
to vary over subsequent iterations). This analysis yielded new
m, μ, n, and ν values alongside A (see Table 4). Standard
deviation uncertainty values are given in Table 4 for the newly
derived coefficients, which were provided by R version 4.2.239

using rescaled covariances based on Hessian matrices.

Table 4. Derived A, m, μ, n, and ν Coefficients from Eq 5 for Each TGS, with the RMSE in RR and the R2 for Each Fit Givena

sensor A (ppm−2) m (ppm) μ n (ppm) ν
RMSE

(mΩ Ω−1)
RMSE in derived
[CH4] (ppm) R2

TGS 2611-C00 0.00178 ± 0.00029 10.2 ± 1.4 0.67 ± 0.07 0.8 ± 0.1 0.082 ± 0.008 ±4.9 ±0.147 0.99767
TGS 2611-E00 A 0.00207 ± 0.00029 15.6 ± 3.7 0.70 ± 0.14 0.7 ± 0.1 0.124 ± 0.008 ±5.0 ±0.217 0.99655
TGS 2611-E00 B 0.00091 ± 0.00010 12.7 ± 0.8 0.69 ± 0.04 1.0 ± 0.1 0.053 ± 0.003 ±1.9 ±0.055 0.99961

aCorresponding [CH4] RMSE values are given when compared to measured [CH4], by solving for [CH4] in eq 5 using measured RR and [CO] as
model inputs.
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New m, μ, n, ν, and A coefficients could then be used to
model corrected RRs as a function of corresponding 5 min
average measured [CH4] and [CO], for this methane and
carbon monoxide test. Individual derived RR values from the
modified CMM are compared to corresponding 5 min average
RR observations in Figure 4a,c,e for each TGS. The RMSE
between observed RR and corresponding modeled RR values
from eq 5 is provided in Table 4 alongside the R2 of each fit.
Figure 4 demonstrates that the modified CMM can better
replicate laboratory-observed RR than the original Shah et al.34

CMM, using 5 min average [CH4] and [CO] as sole model
inputs. Crucially, RR model agreement is much improved
when [CH4] and [CO] are simultaneously enhanced above
their reference levels (the top right-hand corner of each Figure

4a,c,e plot), in contrast to the original CMM (see Figure
3a,c,e).

RMSE RR values, which provide a metric of overall model
constraint, are smaller for the modified CMM for methane and
carbon monoxide (see Table 4) than when testing the original
CMM (with m, μ, n, and ν derived from RR average subsets)
against the full RR data set (given in Table 3). For example,
the RMSE for TGS 2611-C00 reduces from ±15.3 mΩ Ω−1 for
the original CMM to ±4.9 mΩ Ω−1 for the modified CMM.
The validity and shape of the correction given by eq 5 is also
evaluated by comparing new coefficients to original eq 1 and 2
coefficients in Section S2 of the Supporting Information. This
shows that m and μ changed by no more than 20% compared
to values from eq 1, whereas n and ν changed by no more than
40% compared to values from eq 2. Coefficients from eq 2

Figure 4. Equation 5 modeled RR as a function of 5 min average measured [CH4] and [CO], plotted as a colored background in Ω Ω−1 for (a)
TGS 2611-C00, (c) TGS 2611-E00 A, and (e) TGS 2611-E00 B. 5 min average RR observations are shown as colored dots in white circles in (a),
(c), and (e), with RR residuals also given. Residuals between measured [CH4] and [CH4] modeled by inverting eq 5 using corresponding 5 min
average measured RR and [CO] are plotted for TGS 2611-C00 in (b), TGS 2611-E00 A in (d), and TGS 2611-E00 B in (f). Each panel has a
unique color scale, where white represents RRs greater than one in (a), (c), and (e).
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were less constrained (i.e., they exhibited a larger variation
compared to the new coefficients) than those from eq 1, which
is hardly surprising considering its poorer fit with higher
RMSEs. As an extra test, the same full two-dimensional [CH4]
and [CO] combination data set was used to derive new eq 4
coefficients in Section S3 of the Supporting Information. This
analysis was conducted to confirm that the use of eq 5 was the
true cause in improved RR RMSE values, as opposed to
potential issues in coefficients from original eq 1 and 2 fits
when applied to full testing data set. As a final test, the
justification for added constraint from the eq 5 A parameter
was confirmed by conducing Akaike information criterion
(AIC) and Bayesian information criterion (BIC) tests by using
eq 5 as opposed to eq 4, when applied to the full two-
dimensional RR data set, which are presented in Section S4 in
the Supporting Information. Thus, the simple inclusion of an A
gas interdependence term in the original CMM considerably
improves RR estimation from multiple raw measured [CH4]
and [CO] levels, simultaneously enhanced above their
reference levels.

Next, as for the original CMM, it is useful here to evaluate
the influence on [CH4] derivation from RR using this modified
CMM. This was achieved using all observed 5 min averaged
measured RRs and measured [CO] values as eq 5 input. [CH4]
was derived by minimizing the squared residuals between
observed and modeled RR through gradual [CH4] adjust-
ments, as eq 5 has no analytical [CH4] solution. These new
modeled [CH4] values are compared to measured 5 min
averages made by the reference gas analyzer in Figure 4.
RMSEs using the modified CMM given by eq 5 are provided in
Table 4, compared to corresponding 5 min average measure-
ments made by the reference gas analyzer. Figure 4b,d,f [CH4]
residuals are clearly smaller than corresponding Figure 3
values. In addition, derived [CH4] RMSE is much improved;
for example, it reduces from ±0.593 ppm for the original
CMM for TGS 2611-C00 to ±0.147 ppm for the modified
CMM (see values in Tables 3 and 4). This shows that the
modified CMM provides better overall constraint and thus
better [CH4] estimation from RR, when sampling simulta-
neous multiple reducing gas enhancements.

Finally, the improvement in modified CMM [CH4]
estimation from RR and [CO] can be evaluated across a
continuous [CH4] and [CO] range (up to 10 and 5 ppm
tested here, respectively), compared to the original CMM. A
continuous RR was obtained using eq 5 with derived m, μ, n, ν,
and A. Then, the original CMM was used to derive [CH4]
from these RR values and corresponding [CO] measurements,
by inverting eq 4 to make [CH4] the subject. This analysis
fundamentally assumes eq 5 to provide an accurate
representation of laboratory RR observations as a function of
[CH4] and [CO]. This is a reasonable assumption, considering
relatively low RR RMSEs from the modified CMM (see Table
4).

Residuals between [CH4] predicted by the original CMM
compared to [CH4] used as eq 5 input (to derive expected
RR) are shown in Figure 5. This is analogous to Figure 3b,d,f
plots, supporting the previously discussed conclusions of eq 4
[CH4] underestimation, but with Figure 5 not being limited to
discrete [CH4] and [CO] laboratory sampling points. For the
TGS 2611-C00, for example, a 6 ppm [CH4] level and 0.1 ppm
[CO] level results in [CH4] underestimation of 0.0959 ppm
(or −1.60% [CH4]), assuming a [CH4]0 of 0.492 ppm and a
[CO]0 of 0 ppm. However, a 6 ppm [CH4] level and 1 ppm

[CO] level results in a much larger eq 4 [CH4] under-
estimation of 0.341 ppm (or −5.68% [CH4]). Thus, this work
emphasizes the importance of accurately identifying and
incorporating interdependence effects within a specific model
when using TGS RR to predict gas mole fractions in complex
gas mixtures.

4. DISCUSSION
Reducing gases, such as those detected by TGSs, require
atmospheric observations for a multitude of reasons, depend-
ing on the reducing gas in question. For example, hydrogen is
extremely flammable, which can pose safety concerns,
especially with its increasing use as an end-use fuel. Carbon
monoxide is a reducing gas that can cause health issues when
respired. Methane is a potent greenhouse gas leading to global
warming with many natural and anthropogenic sources. It is

Figure 5. Difference between [CH4] used as input to derive an RR
using the modified CMM given by eq 5 and [CH4] derived from
corresponding RR using the original CMM given by eq 4, plotted as
colored dots in ppm for (a) TGS 2611-C00, (b) TGS 2611-E00 A,
and (c) TGS 2611-E00 B. Each plot has a unique sensor-specific color
scale. Residuals of a [CH4] of less than 0 ppm are plotted in gray.
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therefore essential to understand how the TGS behaves when
simultaneously exposed to more than one reducing gas such
that a suitable mole fraction model can be derived from RR in
complex environments. The importance of any variations in
the reference gas composition must also be evaluated when
deriving mole fractions for a single reducing gas. Therefore, in
this study, we characterized the RR effect of simultaneous
[CH4] and [CO] enhancements (with these two gas mole
fractions serving as an example), to better understand the
potential importance of interdependence effects when
modeling TGS response to multiple reducing gases, simulta-
neously enhanced in mole fraction.

We confirm that the Shah et al.34 gas characterization model
applies to both methane and carbon monoxide individually.
This is reflected in an R2 of at least 0.9 for individual [CH4]
and [CO] fits (see Tables 1 and 2, respectively). However, this
work also exhibits limitations in the original Shah et al.34

CMM (generalized by eq 3 for multiple reducing gases), when
[CH4] and [CO] are simultaneously enhanced, compared to
their specific predefined reference gas levels. This is because
the original CMM assumes the RR change due to one target
gas species to be independent of the RR effect of all other
reducing gas species. In reality, laboratory testing for
simultaneous [CH4] and [CO] enhancements showed
modeled RRs (derived using eq 4) to be slightly lower than
corresponding observed values (see Figure 3a,c,e). This is
therefore indicative of an interdependence effect due to cross-
sensitivities between the two reducing gases tested in this
work, lowering their combined effect on RR (i.e., increasing
net RR closer to one).

We provide an extension to the original CMM to account
for this interdependence effect, by proposing a modified CMM
for gas characterization. This is given by eq 5 for [CH4] and
[CO] enhancements, as tested in this study, which provides a
better representation of observed RR. The improvements of
this modified CMM are emphasized in Figure 5 when using
RR to estimate [CH4], where [CH4] is corrected by −1.9 ppm
for the TGS 2611-C00, at 10 ppm [CH4] and 4 ppm [CO]
(assuming a [CH4]0 of 0.492 ppm and a [CO]0 of 0 ppm). It is
important to state that interdependence effects have only been
characterized for two specific reducing gases in this work.
Other reducing gases may also cause RR disparity, which could
also be resolved by including interdependence terms within a
modified CMM. However, it is possible that a specific pair of
reducing gases exhibits no interdependence effects, which
would need to be assessed for each pair of reducing gases, if
necessary. In a case with more than two variable reducing
gases, we propose that each interdependence term between
each reducing gas and each other reducing gas could simply be
included multiplicatively within a modified CMM, although
this needs to be confirmed in future work. It is also important
to note that eq 5 uses a relatively basic first-order correction
term. This was chosen as there were insufficient sampling
points across the existing [CH4] and [CO] space to explore a
more complex correction (e.g., a power fit). Additional future
characterization tests may yield a better understanding of
interdependence effects. However, with the low cost and
targeted accuracy of SMO sensors, testing to further improve
the proposed modified CMM may be unfeasible and
unnecessary, considering the associated effort for minimal
improvement in RR characterization as a function of
interdependent gas response. Thus, the basic modified CMM
for gas characterization (given by eq 5) for [CH4] and [CO]

variability) is typically sufficient, serving as a useful
contribution to improve reducing gas mole fraction measure-
ment using TGS sampling.

This work (along with a previous study32) confirms that the
Shah et al.34 gas characterization model applies to single
reducing gases. However, this fit has never been tested for
oxidizing gases. It is presumed that the power in such a fit
would be preceded by a positive sign for an individual
oxidizing gas, leading to an RR of greater than 1. In the
presence of multiple gas enhancements, an oxidizing gas term
would simply be included in the original CMM (eq 3) as an
additional multiplicative term with a positive signed power,
alongside reducing gas terms with negative signs preceding
each power. We presume that interdependence correction
terms within a modified CMM may either use a positive or
negative interdependence term, depending on the specificities
of the interaction (if any) between the oxidizing gas in
question and each other reducing gas. This would need to be
tested in future work for confirmation (if relevant) depending
on the sampling environment. However, the oxidative capacity
of Earth’s atmosphere is usually relatively stable, with
molecular oxygen as the main oxidizing gas in the atmosphere.
Most reducing gas emissions either occur alone or alongside
emissions of other reducing gases and not alongside oxidizing
gases (such as chlorine or ozone, for example).

A key outcome from this specific work on methane and
carbon monoxide is that each TGS requires a unique set of m,
μ, n, ν, and A values, even sensors of the same type, as each
coefficient for the three TGS units is different (see Tables 1, 2,
and 4), confirming previous observations.6,22,25,27,34 This is
supported by different R0 values for each sensor, as shown in
Figure 1, despite the fact that each TGS sampled the same
reference gas. Yet, regardless of individual differences, each
TGS adhered to the overall modified RR CMM for methane
and carbon monoxide given by eq 5. Thus, the original CMM
for gas characterization can be rectified in the same way, with a
simple first-order multiplicative interdependence correction
term, for both TGS types in this study, provided that adequate
testing is conducted on each unique sensor.

The key utility of any RR model in a field application is to
invert the model to yield an unknown gas mole fraction from
measured RR.33 Yet, for the example of measuring [CH4] with
carbon monoxide interference, the use of eq 5 (the modified
CMM) is more difficult than eq 4 (the original CMM), as
[CH4] cannot be solved analytically from eq 5. In addition,
both the modified CMM (which includes gas interdepend-
ence) and the original CMM (without gas interdependence)
only allow derivation of a single unknown gas mole fraction.
This requires a measurement of all other reducing gas mole
fractions enhanced above their reference gas levels. For
example, as discussed in Section 1, if deriving [CH4] where
ethane or carbon monoxide emissions also occur, then a
separate ethane mole fraction ([C2H6]) or [CO] measure-
ment, respectively, would be required.

Yet there are many applications where only a single reducing
gas mole fraction can be assumed to vary, thus simplifying gas
characterization models. As well as absolving the need for mole
fraction measurements of all other reducing gases, this can also
avoid the time-consuming task of calculating individual
interdependent gas correction terms between each varying
reducing gas; for this specific work (only two interdependent
gases), A required at least one full day of laboratory testing.
Instead, each individual TGS only needs to be characterized in
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response to a single reducing gas species. For the example of
measuring [CH4] with carbon monoxide interference, [CO]0
can be set to any level, as [CO]0 is defined according to [CO]
during methane characterization testing. [CO]0 may logically
be assigned to the ambient background level as for both eqs 4
and 5, when [CO] equals [CO]0 (i.e., assuming constant [CO]
of [CO]0 in the field), then both equations resolve to eq 1,
which is independent of [CO]. This principle was applied by
Shah et al.32 who measured TGS [CH4] at a landfill site, where
[CO] was assumed to be fixed at its ambient background level.
However, constant [CO] (at [CO]0) was only an assumption
and [CO] inevitably varied from [CO]0 during ambient
sampling, thereby influencing RR alongside [CH4]. This can
result in an additional uncertainty on [CH4] estimates, which
was deemed to be insignificant in the Shah et al.32 study, with
dominant [CH4] variability. Nevertheless, in general, the
additional uncertainty incurred by a naturally variable back-
ground composition assumed to be constant must be adjudged
to be sufficiently small relative to the required accuracy of the
final application.

A key implication of the modified CMM on TGS response is
the requirement for gas characterization terms to be derived
using a reference gas with an identical composition to the field
sampling gas, except for explicitly characterized reducing gases.
Otherwise (noncharacterized) interdependent gas terms will
not cancel out in RR causing differences in the nature of the
gas characterization fit. This general requirement applies when
both using the original CMM generalized by eq 3 (for either a
single or multiple gases) as well as if introducing gas
interdependence terms within this model (for multiple
gases). To make sense of this, for example, measuring [CH4]
with carbon monoxide, based on the original understanding of
eq 4, when [CO] is equal to any fixed value, the carbon
monoxide multiplicative term is a constant regardless of
[CH4]. This allows m and μ to be derived with any constant
[CO] setting as the same fixed multiplicative constant will be
present when sampling [CH4]0 (i.e., the reference gas
representing R0) as well as when sampling [CH4] greater
than [CH4]0, therefore canceling out in an RR. However,
according to eq 5, when [CO] is not equal to [CO]0, the
interdependence term is not constant and varies with [CH4].
Therefore, a universal set of m and μ values cannot be derived
at any [CO] level and [CO] must be defined as being equal to
[CO]0 during any RR methane characterization testing. This
general requirement for interfering gases to be at their
reference levels during gas characterization may explain why
gas characterization coefficients derived in synthetic air are
different to those derived in ambient air,32 with Shah et al.34

showing that interfering reducing species may be naturally
present in ambient air. These potential ambient interfering
species may have a methane interdependence effect.

This oversight in reference gas characterization conditions
occurred in the Shah et al.32 landfill study, where methane
characterization was conducted at a [CO] of 0 ppm, while
[CO]0 was assumed to be at an ambient (nonzero)
background level in the field. This inevitably led to a
suboptimal methane characterization RR fit, due to carbon
monoxide absence. In hindsight, Shah et al.32 should have
either derived A (to postcorrect for methane and carbon
monoxide interdependence at a fixed ambient [CO] level) or
derived methane coefficients in a reference gas containing an
ambient [CO] level, with the latter being the simpler option.
Yet, based on the disparity induced in this study by using the

original CMM instead of the modified CMM shown in Figure
5, an ambient [CO] field enhancement (approximately 0.1
ppm) above the 0 ppm reference level during gas character-
ization in that study was unlikely to be too significant on m and
μ methane coefficients. Furthermore, Shah et al.32 successfully
targeted a [CH4] accuracy of ±1 ppm, which was verified using
a reference instrument, making m and μ derived assuming
validity of the original Shah et al.34 CMM to be a reasonable
approximation in that study.

In summary, the findings from this work have a minor
influence on the Shah et al.32 landfill study to derive [CH4],
which was a special case in ideal conditions. The influence of
carbon monoxide interdependence on methane fitting
coefficients was expected to be small due to minor ambient
[CO] field enhancements compared to the 0 ppm [CO]
present during laboratory testing. Yet, this does not reflect best
practice and future work should either postcorrect for [CO]
interdependence or conduct methane characterization at an
appropriate [CO]0 level, as discussed above. In addition, the
Shah et al.32 landfill study assumed that [CO] did not vary
from its ambient level, due to absence of major carbon
monoxide sources. This would be an unsuitable approach to
measure [CH4] in the vicinity of fires or vehicular emissions
(i.e., near roads), which can result in [CO] being consistently
elevated above the ambient background. This effect could
either be corrected with methane characterization testing at an
elevated [CO] level (for interdependence effects to cancel in
the methane characterization RR) or with methane and carbon
monoxide interdependence characterization for postcorrection.
If [CO] variation is expected, this would also need to be
accounted for using a separate [CO] measurement, where a
judgment would need to be made on whether to include
interdependence effects, depending on accuracy requirements.
Similarly, a gas extraction site may also pose problems in TGS
[CH4] or [C2H6] measurements due to simultaneous
emissions of both gases. Interdependence effects may be vital
for improved accuracy. A separate measurement of either
[C2H6] or [CH4] would also be needed as only one unknown
gas can be derived. Thus, this work emphasizes the importance
of either conducting gas characterization with suitable
background levels of other reducing gases (even if ignoring
interdependence effects and applying the original CMM as an
approximation) or by characterizing the interdependence effect
between each pair of reducing gases expected to diverge in the
field compared to their defined reference levels during
laboratory testing.

5. CONCLUSIONS
The resistance of SMO sensors is influenced by reducing gases;
this is the principle for retrieving gas mole fraction levels in
field applications. The ratio between sensor resistance with
enhanced reducing gas levels (the numerator) compared to
resistance with reference reducing gas levels (the denominator)
can be modeled as a function of reducing gas mole fractions.
This RR removes the effect of (non-reducing gas mole
fraction) environmental conditions as a first step, allowing for
independent analysis of TGS reducing gas response. A robust
characterization and understanding of the response of sensors,
such as the TGS, to reducing gas mixtures is essential for their
informed deployment when sampling the ambient atmosphere.
To evaluate the influence of different reducing gases on RR, we
tested one TGS 2611-C00 and two TGS 2611-E00 units under
exposure to different [CH4] and [CO] combinations, in a
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controlled laboratory experiment. [CH4] was varied between
0.5 and 9.4 ppm, and [CO] was varied between 0 and 4.3 ppm.
Each reducing gas was hypothesized to effect net RR
independently of all other reducing gases. We found this
original assumption to be a valuable approximation in certain
gas mixtures. However, some RR model disparity was observed
during simultaneously high [CH4] and [CO] enhancements.
Although this study only characterized interdependence effects
between two specific gases, we infer from this that similar
interdependence effects may be observed between any other
two reducing gases, whereby each gas in the mixture may
influence the effect of every other reducing gas on net RR. This
means that TGS RR may not decrease by as much as it would
do if each reducing gas independently influenced RR. The
general presence of interdependence effects is not an issue if
using TGS sampling to derive single gas mole fractions.
However, this nevertheless requires the reference gas during
gas characterization to be identical to gas during final sensor
deployment, for residual background interdependence effects
to cancel; this is in contrast to testing requirements inferred
from our original understanding of TGS response to multiple
gases, which allowed for any reference gas mixture during RR
characterization of a single reducing gas. If using TGS sampling
to observe multiple reducing gas enhancements (for example,
to measure [CH4] in a wetland area with variable [CO] due to
fires), we propose a simple correction to improve the original
gas characterization model by including an interdependent gas
characterization term. In theory, the same principle can be
applied in more complex environments where more than two
reducing gases are enhanced in mole fraction (compared to
reference levels), by simply including interdependence terms
between each reducing gas and each other reducing gas within
an RR model, although the presence and nature of all such
effects should be tested in future work if necessary. The reason
for this reducing gas interdependence effect (observed here
between methane and carbon monoxide) is not clear, but it
may be due to semiconductor surface interactions between
multiple reducing gases. In any case, this work provides a
useful understanding of the potential complications of using
TGS sampling to measure mole fraction enhancements from
multiple reducing gases. It also allows us to conclude that TGS
sampling may be more suited to measure the mole fraction of a
single reducing gas.
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