
Environmental Science:
Atmospheres

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/1
4/

20
26

 1
2:

40
:3

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Determining met
aLaboratoire des Sciences du Climat et de l’E

Pierre-Simon Laplace, Université Paris-Sacl
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hane mole fraction at a landfill site
using the Figaro Taguchi gas sensor 2611-C00 and
wind direction measurements†

Adil Shah, *a Olivier Laurent,a Grégoire Broquet, a Carole Philippon, a

Pramod Kumar, a Elisa Allegrinib and Philippe Ciais a

Top-down (atmosphericmeasurement-based)methane fluxes from individual emitting facilities are needed

to reduce uncertainties in the global methane budget. This typically requires in situ methane mole fraction

([CH4]), traditionally measured using high-precision optical sensors. We show that the semiconductor-

based Figaro Taguchi Gas Sensor (TGS) is a cheaper alternative. Two TGS loggers were deployed near

a landfill site. Logger-1 uses a pumped cell, containing one TGS 2602, two TGS 2611-C00 and one TGS

2611-E00; laboratory testing showed methane, ethane, carbon monoxide and hydrogen sulphide

sensitivity for each TGS. Logger-2 uses an external fan, containing one TGS 2611-C00. The tested TGS

2611-C00 and TGS 2611-E00 units could yield [CH4] during landfill deployment, by first modelling

a reference baseline resistance in field conditions, representative of background (reference) [CH4]

sampling. Background sampling was identified using wind direction from a designated background

segment, which yielded a baseline resistance model as a function of time (incorporating long-term

background effects), water mole fraction and temperature. The ratio between measured TGS resistance

and modelled baseline resistance was converted into [CH4], using a two-term modified power fit.

Logger-1 methane fitting coefficients were derived during laboratory testing, while Logger-2 coefficients

used a 1.49% field sampling subset, alongside a high-precision reference (HPR) instrument.

Reconstructed minute-averaged Logger-2 [CH4] for TGS 2611-C00 was compared to the HPR up to

31.5 ppm [CH4] (excluding [CH4] fitting data), resulting in a ±0.55 ppm [CH4] root-mean squared error

(RMSE), for 295.2 overall sampling days (excluding data gaps). Reconstructed Logger-1 [CH4] RMSE

compared to the HPR was ±0.67 ppm and ±0.77 ppm for the two TGS 2611-C00 and ±1.17 ppm for the

TGS 2611-E00, up to 29.3 ppm [CH4], for 147.9 overall sampling days. Field TGS 2611-C00 superiority

above other Logger-1 sensors is supported by laboratory tests, which showed TGS 2611-C00 to be most

methane-sensitive. In summary, we show that the TGS 2611-C00 is an ideal low-cost sensor to measure

[CH4] from facility-scale sources, with a field RMSE below ±1 ppm. This work represents the first

application of TGS resistance ratios to yield parts-per-million level [CH4] field measurements, using

a dynamic baseline resistance model.
Environmental signicance

Methane is a potent greenhouse gas,2 yet global background methane mole fraction ([CH4]) is increasing.57,58 Cheap and accurate [CH4] measurements are
urgently required near to facility-scale sources to detect leaks and quantify emissions.5 Low-cost sensors, such as the Figaro Taguchi Gas Sensor (TGS), are
designed to measure high [CH4] enhancements. Yet, we show that TGS sampling can be used to detect [CH4] with an accuracy of better than ±1 ppm, by using
wind direction measurements to identify background sampling. We also show that TGS methane characterisation can either be conducted in the eld or in the
laboratory. Thus, we show that this low-cost sensor has great potential in helping to constrain the global methane budget.
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1. Introduction

Methane (CH4) is Earth's third most important greenhouse gas,
aer water and carbon dioxide (CO2),1,2 with a complex variety of
natural and anthropogenic sources.3,4 As an example of the role
of anthropogenic CH4, emissions from landlls and waste
contribute towards approximately 9% of total global CH4
© 2024 The Author(s). Published by the Royal Society of Chemistry
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emissions according to recent (2017) bottom-up estimates.5

However, there remain large uncertainties in the global
methane budget,6,7 especially due to difficulties in quantifying
emissions from facility-scale sources such as landll sites.8–11

Extensive facility-scale top-down (atmospheric measurement-
based) CH4 ux quantication could be used to support the
improvement of bottom-up ux estimates.5,12 This typically
requires in situ methane mole fraction ([CH4]) measurements
near to emission sources.13,14 However, most traditional high-
precision CH4 sensors targeted to monitor emissions from
facility-scale sources with a sufficiently good measurement
accuracy (dened here to be ±1 ppm [CH4] or better), rely on
optical sensing techniques, which are expensive and cumber-
some.15 Semiconductor-based metal oxide (SMO) sensors may
serve as a cheaper alternative, withmost CH4 SMO sensors using
n-type semiconductors, which bear an excess of free electrons.16

Unlike optical sensors which detect electromagnetic radiation,
SMO sensors detect CH4 through chemical reactions.17 With
suitable calibration and testing, the low cost of SMO sensorsmay
negate their nominally low precision and low sensitivity.18,19

To detect gas mole fraction changes, n-type SMO sensors
rst acquire a layer of surface-adsorbed oxygen, taken from the
surrounding environment.20 This causes a residual SMO resis-
tance, under a potential difference.21 Reducing gases (such as
CH4) react with this surface-adsorbed oxygen, thereby releasing
electrons back into the bulk material, hence causing a resis-
tance decrease.22 SMO sensor selectivity to certain gases can be
tuned by doping the metal oxide with noble metals,23,24 by using
lters25 or even by introducing quantum structures.26,27

Figaro Engineering Inc. (Mino, Osaka, Japan) is a popular
manufacturer of low-cost SMO sensors, composed of packed
grains.28 We focus here on the Figaro Taguchi Gas Sensor (TGS)
range, with an ultimate objective of measuring [CH4] with
a sufficient parts-per-million level accuracy to detect CH4

emissions from facility-scale sources. Unlike many SMO
sensors, the TGS can operate in ambient humidity conditions29

and, in contrast, functions abnormally in dry conditions.30

Nevertheless, TGS resistance is highly sensitive to water mole
fraction ([H2O]) and ambient temperature (T) variations.29,31–33

Furthermore, TGS resistance may behave erratically following
sharp [H2O] changes.34 TGS resistance is also inuenced by
supply voltage.31,34

A variety of TGS model types have been designed to interact
with different ensembles of target gas species. The highly
sensitive TGS 2600 responds to various reducing gases
including hydrogen, CH4, carbon monoxide (CO), ethanol and
iso-butane.35 Its high sensitivity has successfully been exploited
in past work to detect hydrogen28 and CH4.30,32,36–38 Alternatively,
the TGS 2611 is more CH4-selective with two varieties: the TGS
2611-E00 has a lter to improve CH4-selectivity,39 whereas TGS
2611-C00 has no lter, meaning that the latter offers heightened
sensitivity and a faster response,40 at the expense of CH4 selec-
tivity.19 Many previous TGS 2611-E00 studies have attempted to
measure [CH4] by devising various algorithms based on TGS
resistance and environmental measurements.31,34,41–43 On the
other hand, the TGS 2611-C00 has featured in fewer CH4 studies
but has delivered promising results, with [CH4] exhibiting
© 2024 The Author(s). Published by the Royal Society of Chemistry
a clear correlation against TGS resistance.19,29,44,45 Elsewhere, the
TGS 2602 is not marketed as a CH4 sensor and is instead
designed to detect odorous species including hydrogen
sulphide (H2S) and ammonia, though it is also sensitive to
hydrogen, ethanol and other volatile organic compounds.46 The
TGS 2602 has nevertheless been used extensively in combina-
tion with other low-cost sensors to help to account for cross-
sensitivities.19,47–50

Although the TGS 2611-E00 has featured more widely in
previous [CH4] work, we believe that the TGS 2611-C00 may be
more apt where CH4 is the dominant reducing gas species ex-
pected to be emitted in terms of volume, such as from landll
sites. If other reducing gas mole fractions remain relatively
stable, the sensitivity advantage of the TGS 2611-C00 may be
utilised to improve [CH4] measurement capability. Yet, Duan
et al.51 suggest that a vast array of (non-CH4) trace gas species (of
the order of 1% of total volume) may be emitted from landll
sites including sulphur compounds (such as dimethyl sulphide,
methanethiol and H2S), aromatic hydrocarbons, aliphatic
hydrocarbons (such as ethanol and propanol) and oxygenated
compounds (such as ethanol). Thus, the non-CH4 TGS 2602may
also serve to enrich [CH4] measurement algorithms from
potentially complex CH4 sources such as landll sites, by
helping to identify variations in other trace gas species,
although this may require complex approaches beyond the
scope of this work.

In this work, we aim to exploit TGS sampling to measure
[CH4] with a targeted accuracy of ±1 ppm or lower. It is worth
noting here that ±1 ppm is an aspirational TGS target for
facility-scale CH4 emissions. [CH4] measurements at this accu-
racy are deemed to be sufficiently useful to detect emissions
from most facility-scale CH4 sources. Yet, the necessary accu-
racy level also depends on whether or not [CH4] measurements
will be used for ux quantication (and the specic nature of
ux analysis), as well as the magnitude of [CH4] enhancements
above the background from the specic CH4 source in ques-
tion.37,52,53 The specic nature of each individual site, sensor
placement and wind dynamics are all factors to consider.
Sources producing large [CH4] spikes above the background
may have lower [CH4] accuracy requirements.54

In order to derive [CH4] from a TGS eld logger, an appro-
priate calibration approach is necessary. Yet, TGS laboratory
calibration can be challenging as laboratory-derived models
may not be applicable in eld conditions.38,55 Shah et al.34

propose that this may be due to the composition of some testing
gases being slightly different to that of natural air in ambient
eld conditions. For example, natural ambient air can result in
a different TGS signal compared to clean synthetic air, despite
both gas sources containing the same background quantity of
CH4,34 where a background [CH4] level is dened to be 2 ppm
from hereon.56,57 As a consequence, laboratory-derived TGS
resistance models based on (non-CH4) environmental condi-
tions have exhibited large discrepancies at background [CH4],
compared to both laboratory31 and eld34 sampling. It is diffi-
cult to speculate regarding the specic cause of this phenom-
enon, other than to propose that unidentied TGS-sensitive gas
species are present in different air sources.
Environ. Sci.: Atmos., 2024, 4, 362–386 | 363
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Based on the challenges associated with laboratory calibra-
tions, there is great interest in eld calibrations of low-cost
sensors.58 For example, several studies have conducted TGS
eld characterisations, using a high-precision reference
instrument (HPR) for model training and renement.38,47,48,54,55

Most of these previous studies modelled [CH4] directly using
raw TGS resistance, without deriving a baseline resistance
representative of sampling at a xed (predened) reference
[CH4] level. The ability to derive a robust baseline TGS resis-
tance at a reference [CH4] level, and from eld sampling, would
be a valuable asset in estimating [CH4] at a desired ±1 ppm
[CH4] accuracy, by taking the resistance ratio betweenmeasured
TGS resistance and this reference resistance.31,34,55 Furthermore,
using a resistance ratio is recommended by the manufac-
turer,39,40 although this fundamental approach is less easy to
implement if baseline resistance is inuenced by varying (non-
gas mole fraction) environmental conditions.30,31 As far as we
are aware only Jørgensen et al.55 successfully derived [CH4] using
a baseline resistance during eld sampling (where they set their
reference [CH4] level to 0 ppm), although their baseline resis-
tance was assigned a constant value specic to a certain set of
environmental conditions. To our knowledge, it has not yet
been possible to derive a dynamic baseline TGS resistance, as
a function of varying (non-gas mole fraction) environmental
conditions.

In this work, two TGS logging systems (summarised in
Section 2) were placed at the edge of a landll site, with both
systems featuring the TGS 2611-C00. Logger-1 is a bespoke
mains-powered logger with a pumped air inlet feeding a TGS
cell, whereas Logger-2 is a commercially available solar powered
logger with a simple fan blowing air towards the sensor. Thus,
this work allowed us to evaluate whether a bespoke system with
higher power demands would be more advantageous than
a commercially available logging system. To derive [CH4] from
both systems, a baseline resistance was rst characterised from
eld sampling, as a function of [H2O] and temperature (see
Section 4), using a reference [CH4] level at the natural atmo-
spheric background (i.e. 2 ppm). Periods of background
sampling for this baseline resistance were identied using wind
direction measurements made by an on-site sonic anemometer,
by assigning background sampling to wind directions coming
away from the landll site. The [CH4] response for Logger-2 was
characterised using a co-located HPR (see Section 4). The [CH4]
response of Logger-1 was characterised in the laboratory, where
TGS sensitivity to other gases was also tested (Section 3). The
outcomes of these laboratory tests are evaluated within Section
3. [CH4] model results from both logging systems and their
comparison to the eld HPR are presented in Section 5, where
we discuss the overall utility of our TGSmeasurement and [CH4]
reconstruction approach. Finally, we conclude the overall
feasibility of our TGS [CH4] derivation method for the long-term
monitoring of CH4 from facility-scale sources in Section 6.

2. Logging systems

Here we briey describe the TGS logging systems. Logger-1 is
a bespoke logger that was extensively laboratory-tested before
364 | Environ. Sci.: Atmos., 2024, 4, 362–386
eld deployment. It contains one Figaro TGS 2602, two Figaro
TGS 2611-C00 (labelled TGS 2611-C00 1A and TGS 2611-C00 1B)
and one Figaro TGS 2611-E00, all sampling at 1 Hz. Air is
pumped into a 0.1 dm3 cell at 1 dm3 min−1. Logger-2 is a ready-
made logger that was permanently deployed in the eld
throughout this study. It contains a single TGS 2611-C00
(labelled TGS 2611-C00 2), providing minute-averaged
measurements of 1 Hz data. Air is blown towards the TGS
using a downwards-facing fan. Both loggers contain a tempera-
ture and relative humidity sensor (SHT85, Sensirion AG, Staefa,
Switzerland). Logger-1 contains an additional pressure and
temperature sensor (BMP280, Bosch Sensortec GmbH, Reut-
lingen, Germany). Logger-1 and Logger-2 are described in
further detail in Section S1 in the ESI.†

3. Laboratory testing
3.1 Sensor response to reducing gases

Before laboratory testing, it is rst important to set out how the
TGS responds to reducing gases, to design any laboratory
experiments accordingly. Shah et al.34 proposed that TGS gas
response can be characterised relative to TGS resistance
measured in a specic standard reference gas (SRG) which
contains reference levels of all reducing gases. This principle is
based on observations from Jørgensen et al.55 who showed
resistance decay with increasing [CH4] to be independent of
(non-gas mole fraction) environmental conditions. The Shah
et al.34 model relates each target reducing gas (g) to the ratio
between measured resistance (R) and resistance in the standard
reference gas (R0), using eqn (1). This equation assumes that the
independent effect of multiple g reducing gases on R0 decrease
can be multiplied directly.

R ¼ R0ðT ; ½H2O�Þ$
Y
g

 
1þ

 �
Mg

�� �Mg

�
0

cg

!!�gg
(1)

[Mg] is the mole fraction of g, [Mg]0 is the mole fraction of g in
the standard reference gas, cg is the characteristic mole fraction
of g and gg is the power of g. All gas mole fractions used in this
manuscript refer to dry mole fraction, unless otherwise stated,
as this is the standard practice for greenhouse gas measure-
ment and modelling research.5,13,56,57,59

It follows that cg and gg can be derived for a single specic
reducing gas by tting the ratio between R and R0 to [Mg], at
multiple levels of [Mg], if [Mg] is equal to [Mg]0 for all other
reducing gases (as all other multiplicative gas terms equal
unity). The combined effect of T and [H2O] on resistance are
naturally accounted for in R0, thus allowing TGS gas response to
be characterised independently.

3.2 Laboratory testing details

Individual tests were conducted to characterise TGS response to
CH4, CO, ethane (C2H6) and H2S. These tests allowed each of the
TGS types inside Logger-1 to be characterised simultaneously.
These four testing gases were chosen as they are all reducing
gases expected to inuence TGS resistance. TGS response to
CO2 was also tested as it is not a reducing gas and therefore, it is
© 2024 The Author(s). Published by the Royal Society of Chemistry
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not expected to result in any TGS resistance change. Thus, this
test was used to verify whether non-reducing gases in general
can inuence the TGS. Observing a null result for CO2 would
also help to validate our overall testing methodology, ensuring
that resistance changes in all other tests could be directly
attributed to the additional presence of a reducing gas (and not
some experimental artefact, for example). For each test,
a specic testing gas was chosen, containing the target gas
species. This testing gas was either sampled in multiple
progressive steps (multiple-mole fraction tests), to characterise
cg and gg (Sections 3.4 and 3.5), or in a single step (single-mole
fraction tests), to compare how the three different TGS types
respond to a xed quantity of a certain species (Section 3.3). The
key value of single-mole fraction tests is to qualitatively test the
importance of each gas species and to compare how different
TGS types respond to each gas.

In each test, a SRG was selected, to best mirror the overall
composition of the testing gas. Some tests used a gas cylinder
lled with ambient air from outside our laboratory as a SRG.
Alternatively, gas from a zero-air generator (UHP-300ZA-S,
Parker Hannin Manufacturing Limited, Gateshead, Tyne and
Wear, UK) was used, which oxidises hydrocarbons and CO,
resulting in 0.00 ppm carbon monoxide mole fraction ([CO])
and 0.00 ppm [CH4]. A third SRG option was to use a synthetic
gas cylinder (Deuste Gas Solutions GmbH, Schömberg, Ger-
many). These synthetic gas cylinders contain a natural balance
of nitrogen, oxygen and argon (some cylinders also contain
0.3 ppm of nitrous oxide), to which other gas species are
synthetically introduced.

All laboratory testing was conducted with a Picarro G2401
gas analyser (Picarro, Inc., Santa Clara, California, USA) drawing
gas from upstream of Logger-1. The Picarro G2401 has
a maximum sampling frequency of 0.2 Hz, with a ow rate of
less than 0.3 dm3 min−1. It measures [CH4], [H2O], [CO] and
carbon dioxide mole fraction ([CO2]) with a 0.2 Hz precision of
less than±0.001 ppm,±0.003%,±0.015 ppm and±0.000005%,
respectively.60 We used raw dry [CO] from the Picarro G2401, to
which an offset correction was applied. A water correction was
applied to all raw wet [CH4] and [CO2] measurements, using raw
(reported) [H2O] from the Picarro G2401. When sampling at
greater than 10 ppm [CH4], reported [H2O] was derived by
applying a third order polynomial t to Picarro G2401 (raw re-
ported) [H2O] measurements from each experiment, as a func-
tion of time, when at less than 10 ppm [CH4]. This was required
as spectral overlap between CH4 and water made Picarro G2401
[H2O] measurements unreliable at high [CH4]. This was deemed
to be a sufficiently accurate [H2O] approximation for the
purposes of this work, where minimal [H2O] changes were
expected.

During laboratory testing, mass-ow controllers (Bronkhorst
High-Tech B. V., AK Ruurlo, Netherlands) were used to create
gas blends and to control overall gas ow to both the Picarro
G2401 and Logger-1, ensuring a constant net ow rate of 1.5
dm3 min−1. Thus, there was always a surplus gas overow. In
addition, a dew-point generator (LI-610, LI-COR, Inc., Lincoln,
Nebraska, USA) was placed directly downstream of the mass-
ow controllers. This humidied any gas to a targeted 1.0%
© 2024 The Author(s). Published by the Royal Society of Chemistry
[H2O]. A sufficient water stabilisation time of at least 24 hours
preceded each test; this is required as the TGS exhibits a pro-
longed resistance delay in response to small [H2O] changes.34

Furthermore, this delay paradoxically occurs in the opposite
direction to the initial resistance change.
3.3 Description and results of single-mole fraction tests

Four single-mole fraction tests were conducted to quantify the
fractional resistance drop observed for each sensor when
sampling the testing gas, compared to sampling the SRG. These
tests allowed the importance of a specic quantity of a specic
gas species to be gauged, in terms of its effect on TGS resistance.
These tests therefore allow the overall importance of each gas to
be evaluated, on each TGS type, as there may be certain
sampling eld conditions when these gases may need to be
accounted for. As these tests effectively treat resistance ratio (i.e.
the right-hand side of eqn (1)) as a constant, they cannot be
used to derive eqn (1) cg and gg coefficients (due to a single
sampled target gas mole fraction).

In each test, the SRG was sampled for at least 45 minutes.
Then the testing gas was sampled for a xed duration, with an
average resistance value taken near the end of this sampling
period (see Table 1 for averaging durations). The SRG was then
sampled again. This was repeatedmultiple times for each test. A
modelled set of R0 values, as a function of time, was derived by
applying a third order polynomial t to stable SRG sampling.
The average resistance ratio between stable resistance (in the
presence of the testing gas) and a corresponding R0 average is
provided in Table 1 for each test. A resistance ratio of one
corresponds to no TGS sensitivity, whereas a resistance ratio
closer to zero corresponds to maximal sensitivity to a particular
target gas (compared to the SRG).

Test 1 sampled different gases containing the same CH4

quantity (2 ppm). Previous work has shown that the choice of
SRG affects TGS 2611-E00 resistance, despite each SRG con-
taining the same 2 ppm [CH4].34 This test was thus used to verify
this behaviour for the three TGS types inside Logger-1. Using
a zero-air SRG, ambient laboratory air was rst sampled thrice.
Then an ambient air cylinder was sampled thrice. Finally,
a synthetic air cylinder containing 2 ppm [CH4] and 0.1 ppm
[CO] was sampled thrice. Each gas was sampled for 10 minutes.
TGS observations from Test 1 are presented in Fig. 1, along with
corresponding Picarro G2401 measurements, which verify that
all three testing gases contained a similar quantity of CH4 and
CO.

Table 1 resistance ratio values conrm that the resistance of
all three TGS types was consistently lower when sampling
ambient air (both from the laboratory and from a cylinder lled
with outside air) than synthetic air, compared to zero-air
generator gas. This supports the hypothesis that there may be
supplementary species in ambient air, causing an enhanced
resistance decrease for each Logger-1 TGS. It is worth noting
from Fig. 1 that TGS 2602 resistance did not fully stabilise
within 15 minutes of gas exposure, meaning that the Table 1
resistance ratio values may be underestimated for this sensor,
for this test. Nevertheless, the same qualitative conclusions can
Environ. Sci.: Atmos., 2024, 4, 362–386 | 365
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Fig. 1 (a) Logger-1 TGS resistance measurements (black dots) from
Test 1, sampling different sources of 2 ppm [CH4] with a zero-air SRG.
Periods used to derive TGS resistance averages are shown as coloured
dots (see legend), along with periods used to derive third order poly-
nomial fit R0 baselines (highlighted white dots), which are shown as
coloured lines. (b) Corresponding [CH4] Picarro G2401 measurements
(red dots). (c) Corresponding [CO] Picarro G2401 measurements (blue
dots).

Fig. 2 (a) Logger-1 TGS resistance measurements (black dots) from
Test 2, sampling 0.1 ppm [CO] with an ambient SRG. Periods used to
derive TGS resistance averages are shown as coloured dots (see
legend), along with periods used to derive third order polynomial fit R0

baselines (highlighted white dots), which are shown as coloured lines.
(b) Corresponding [CO] Picarro G2401 measurements (blue dots).
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be inferred for this sensor, regarding the effect of different
background gas compositions on resistance.

Test 2 was used to evaluate the inuence on resistance
decrease of a typical background [CO] level in ambient air.
Ambient air cylinder gas was passed through a CO scrubber
(Sofnocat 514, Molecular Products, Limited, Harlow, Essex, UK)
to form a SRG. This was blended with pure gas (no CO scrubber)
from the same cylinder, targeting 0.10 ppm [CO]. This was
sampled in six 15minutes intervals. TGS observations from Test
2 are presented in Fig. 2, along with corresponding Picarro
G2401 measurements, which show [CO] alternating between
0.0 ppm and 0.1 ppm. Test 2 resistance ratio values in Table 1
show that 0.1 ppm [CO] causes a resistance drop for all four
sensors, using an ambient air SRG. The fractional resistance
decreases associated with the presence of CO for both the TGS
2611-E00 and the two TGS 2611-C00 are a similar order of
© 2024 The Author(s). Published by the Royal Society of Chemistry
magnitude. This is despite the fact that the TGS 2611-E00
incorporates an integrated lter to reduce sensitivity to (non-
CH4) interfering gases.

Test 3 assessed TGS response to C2H6, which is a reducing gas
with similar chemical properties to CH4. Gas from the zero-air
generator served as a SRG. A synthetic air cylinder containing
50 ppm ethane mole fraction ([C2H6]) and trace quantities of CH4

was sampled in four 1 hour intervals. This prolonged sampling
period was necessary due to a delayed TGS resistance response.
TGS observations from Test 3 are presented in Fig. 3, with C2H6

exposure periods also shown. Table 1 resistance ratio values show
high TGS C2H6 sensitivity, yet the 11% resistance drop for the TGS
2602 is dwarfed by a 57%, 57% and 45% resistance drop for TGS
2611-C00 1A, TGS 2611-C00 1B and TGS 2611-E00, respectively.
Thus, all sensors exhibit C2H6 sensitivity but at different levels.

Test 4 was used to verify TGS CO2 insensitivity for all TGS types
inside Logger-1, as previously observed for the TGS 2611-E00.34

Gas from a synthetic air cylinder containing 0.1% [CO2] passed
through a chemical CO2 scrubber (Ascarite II, Thermo Fisher
Scientic, Waltham, Massachusetts, USA), to serve as a SRG. Pure
gas from the same cylinder was then sampled for six 15 minutes
intervals. TGS observations from Test 4 are presented in Fig. 4,
along with corresponding Picarro G2401 measurements, which
show [CO2] to alternate between 0.0% and 0.1%. A resistance ratio
of one for all four sensors (see Table 1) conrms that none of the
Environ. Sci.: Atmos., 2024, 4, 362–386 | 367
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Fig. 3 (a) Logger-1 TGS resistance measurements (black dots) from
Test 3, sampling 50 ppm [C2H6] with a zero-air SRG. Periods used to
derive TGS resistance averages are shown as coloured dots (see
legend), along with periods used to derive third order polynomial fit R0

baselines (highlighted white dots), which are shown as coloured lines.
(b) Corresponding [C2H6] estimates based on mass-flow controller
flow rates (green dots).

Fig. 4 (a) Logger-1 TGS resistance measurements (black dots) from
Test 4, sampling 0.10% [CO2] with a synthetic SRG. Periods used to
derive TGS resistance averages are shown as coloured dots (see
legend), along with periods used to derive third order polynomial fit R0

baselines (highlighted white dots), which are shown as coloured lines.
(b) Corresponding [CO2] Picarro G2401 measurements (green dots).
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TGS units exhibited CO2 sensitivity. This supports our under-
standing that TGS resistance decrease is caused by the additional
presence of reducing gases.

It is worth noting here that for some of these tests, there was
a gradually evolving baseline resistance. For example, for Test 3,
Fig. 3 clearly shows baseline resistance to slowly increase over
time. This cannot be attributed to temperature or water mole
fraction changes which were small (see Table 1). The most likely
cause was some form of memory effect from previous tests,
causing the baseline resistance to take some time to stabilise.
This was occasionally observed during this work following large
changes in the overall composition of sampling gas. Neverthe-
less, the low standard deviation in average resistance ratio
values given in Table 1 conrms that an evolving baseline is not
an issue when evaluating a resistance ratio (as opposed to raw
absolute resistance). Taking a resistance ratio can thus elimi-
nate the inuence of background baseline variability, allowing
for independent analysis of the effect of reducing gas exposure.

In summary, these single-mole fraction tests allow us to
qualitatively assess the importance of certain gases on each TGS
type. Resistance ratio values also provide some additional
quantitative insight for a specic mole fraction level of each gas,
allowing for comparisons between different TGS types. These
tests allow us to conclude that both 50 ppm of C2H6 and
0.1 ppm of CO effect all three TGS types. These tests also show
368 | Environ. Sci.: Atmos., 2024, 4, 362–386
that CO2 has no effect on any of the sensors, as expected, as it is
not a reducing gas. Most importantly, Test 1 reinforces the
signicance of the effect of different SRGs on sensor response.
Although different gas samples may contain the same quantity
of CH4 and CO, other trace gas components in these different
gas sources (synthetic versus ambient) clearly affect overall TGS
resistance.
3.4 Description of multiple-mole fraction tests

Four multiple-mole fraction tests were conducted, by sampling
a range ofmole fractions of a single gas in each experiment. These
tests were used to derive eqn (1) cg and gg coefficients by tting
decreasing TGS resistance ratio to increasing gas mole fraction. In
each test, the SRG was sampled for at least 45 minutes. Then the
testing gas was gradually introduced in multiple steps through
dilution with the SRG, up to amaximum level and then back down
again (see Table 2 for details). A 2 minutes average resistance was
taken from the end of each sampling step. The SRG was then
sampled again to complete the testing cycle. This cycle was
repeated multiple times for each test. A modelled set of R0 values,
as a function of time, was then derived by applying a third order
polynomial t to stable SRG sampling periods.

Test 5 was used to characterise CH4 TGS response, using
ambient air cylinder gas as a SRG. Gas from a cylinder con-
taining 10% [CH4] in argon (Air Products SAS, Saint Quentin
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fallavier, France) was diluted with the SRG up to a 1000 ppm
[CH4] target in 15 minutes steps. This cycle was repeated four
times. A chemical CO scrubber (Sofnocat 514) was placed
upstream of the dew-point generator during testing, resulting in
a consistent [CO] level of 0 ppm throughout this test. TGS
observations from Test 5 are presented in Fig. 5, along with
corresponding [CH4] Picarro G2401 measurements. Resistance
clearly decreased with increasing [CH4] for each TGS, as illus-
trated in Fig. 5. It is also interesting to note that all three sensors
(except TGS 2602) reached a similarly low resistance level at
high [CH4], regardless of the baseline resistance level, as the
available activated oxygen on the SMO surface became
saturated.

CH4 response was also characterised in Test 6, but instead,
using synthetic air cylinder gas as a SRG; the SRG contained
2 ppm [CH4] and 0.1 ppm [CO]. This test was used to evaluate
whether a similar t could be derived for a single reducing gas
(CH4 in this case) regardless of the choice of SRG, by compared
to Test 5 which used an ambient air SRG. The synthetic SRG was
blended with gas from another synthetic cylinder containing
202 ppm [CH4] and 0.1 ppm [CO] in 15 minutes steps, up to the
maximum [CH4] level. This cycle was repeated twice. No CO
scrubber was needed as both gas sources have a similar [CO]
level. TGS observations from Test 6 are presented in Fig. 6,
along with corresponding Picarro G2401 [CH4] measurements.
Fig. 5 (a) Logger-1 TGS resistance measurements (black dots) from
Test 5, sampling [CH4] in steps with an ambient SRG. Periods used to
derive TGS resistance averages are shown as coloured dots (see
legend), along with periods used to derive third order polynomial fit R0

baselines (highlighted white dots), which are shown as coloured lines.
(b) Corresponding [CH4] Picarro G2401 measurements (red dots).

370 | Environ. Sci.: Atmos., 2024, 4, 362–386
Resistance clearly decreased for each TGS with increasing [CH4],
as illustrated in Fig. 6. The decrease in resistance was less
pronounced for the TGS 2602 with increasing [CH4]. However,
sensor behaviour in general for Test 6 was similar to that of Test
5.

Test 7 was used to characterise TGS CO response at various
[CO] levels. A key advantage of this test is that it allows us to test
the applicability of eqn (1) to a single gas other than CH4. Gas
from the zero-air generator served as a SRG. It was blended with
gas from a synthetic air cylinder containing 5 ppm [CO] (and
small traces of CH4) up to the maximum [CO], in 15 minutes
steps. This cycle was repeated thrice. TGS observations from
Test 7 are presented in Fig. 7, along with corresponding [CO]
Picarro G2401 measurements. Resistance clearly decreased for
each TGS with increasing [CO], as illustrated in Fig. 7. The
magnitude of resistance change was similar for all of the
sensors, except for the TGS 2602, which is clearly less sensitive
to CO than the other sensors. Yet, this test shows that the TGS
2602 is far more sensitive to 10 ppm [CO] than 202 ppm [CH4]
sampled during Test 6.

Test 8 was used to characterise TGS response to H2S, which is
a potent reducing gas with potential to interact with SMO
sensors. Gas from the zero-air generator was used as a SRG. It
was blended with gas from a synthetic air cylinder containing
10 ppm hydrogen sulphide mole fraction ([H2S]), with trace
Fig. 6 (a) Logger-1 TGS resistance measurements (black dots) from
Test 6, sampling [CH4] in steps with a synthetic SRG. Periods used to
derive TGS resistance averages are shown as coloured dots (see
legend), along with periods used to derive third order polynomial fit R0

baselines (highlighted white dots), which are shown as coloured lines.
(b) Corresponding [CH4] Picarro G2401 measurements (red dots).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Logger-1 TGS resistance measurements (black dots) from
Test 7, sampling [CO] in steps with a synthetic SRG. Periods used to
derive TGS resistance averages are shown as coloured dots (see
legend), along with periods used to derive third order polynomial fit R0

baselines (highlighted white dots), which are shown as coloured lines.
(b) Corresponding [CO] Picarro G2401 measurements (blue dots).

Fig. 8 (a) Logger-1 TGS resistance measurements (black dots) from
Test 8, sampling [H2S] in steps with a synthetic SRG. Periods used to
derive TGS resistance averages are shown as coloured dots (see
legend), along with periods used to derive third order polynomial fit R0

baselines (highlighted white dots), which are shown as coloured lines.
(b) Corresponding [H2S] estimates based on mass-flow controller flow
rates (green dots).
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quantities of CH4. [H2S] levels of 6 ppm, 10 ppm and 3 ppmwere
sampled in 30 minutes intervals. This cycle was repeated thrice.
This longer 30 minutes sampling period was required for
delayed sensor stabilisation in response to H2S. TGS observa-
tions from Test 8 are presented in Fig. 8, with each targeted
[H2S] level. Resistance clearly decreased for each TGS with
increasing [H2S], as illustrated in Fig. 8, although resistance
variability was less pronounced for the TGS 2602. For the other
three sensors, there was a more gradual resistance decrease
with increasing [H2S], with greater resistance variability.
3.5 Results of multiple-mole fraction tests

TGS resistance measurements from Test 5, Test 6, Test 7 and
Test 8 were used to derive eqn (1) cg and gg coefficients. First, the
ratio between 2 minutes average measured resistance (in the
presence of the testing gas) and a corresponding modelled R0

average (in the absence of the testing gas) was derived for each
sensor. For each resistance ratio, corresponding gas mole
fractions were also required. For CO, all [CO] measurements
were taken from the Picarro G2401, sampling the same Logger-1
gas stream. For CH4, most [CH4] measurements were taken
from the Picarro G2401. However, the Picarro G2401 can
become unreliable at high [CH4] due to poor spectral tting.
Instead, [CH4] values above 150 ppmwere estimated frommass-
ow controller settings, considering the ow rate of each gas
© 2024 The Author(s). Published by the Royal Society of Chemistry
source into the overall gas mix. Based on mass-ow controller
manufacturer-rated accuracy values, this results in a maximum
uncertainty of ±0.6% for derived [CH4] values above 150 ppm,
assuming the specied cylinder mole fraction to be accurate.
[H2S] was also derived from mass-ow controller settings with
a similar uncertainty, as no H2S gas analyser was used.

The relationship between resistance ratio and gas mole
fraction is plotted in Fig. 9 for the four multiple-mole fraction
tests. For each plot, a non-linear least squares (NLS) regression
was applied between resistance ratio and g gas mole fraction,
following eqn (1), yielding cg and gg values for each Logger-1
TGS for each test (see Table 2). All NLS regressions referred to
in this manuscript were derived using the “nls” function of R
version 4.2.2.61 Standard deviation uncertainties in Table 2 for
each cg and gg value were derived using rescaled covariances
based on Hessian matrices, provided by R version 4.2.2.61 The
coefficient of determination (R2) for each TGS resistance ratio t
is presented in Table 2, alongside the root-mean squared error
(RMSE) in resistance ratio. An inverted RMSE in gas mole
fraction is also provided, by using the original estimated cg and
gg coefficients, but by inverting eqn (1) to make the target gas
mole fraction the subject.

For Test 5, Fig. 9 shows that all four sensors are sensitive to
CH4 in ambient sampling conditions including the TGS 2602,
despite it not beingmarketed as a CH4 sensor. This gure shows
Environ. Sci.: Atmos., 2024, 4, 362–386 | 371
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Fig. 9 The ratio between 2minutes averagemeasured TGS resistance and amodelled SRG R0 (coloured crosses) for Logger-1 (a) plotted against
[CH4] with an ambient air SRG, (b) plotted against [CH4] with a synthetic air SRG, (c) plotted against [CO] with a synthetic air SRG and (d) plotted
against [H2S] with a synthetic air SRG. Mole fraction values are fitted to resistance ratio, using eqn (1) coefficients (coloured curves).
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that the TGS 2611-C00 is more CH4-sensitive than the TGS 2611-
E00. This is probably due to the absence of an integrated lter,
improving TGS 2611-C00 sensitivity. Although the TGS 2602 is
poorly CH4-sensitive, an eqn (1) t could still be derived. But
realistically, TGS 2602 CH4 sensitivity may be difficult to observe
in ambient conditions with cross-sensitivities due to the varia-
tion of other species, naturally present in ambient air. When
comparing the Test 5 cg and gg estimates in Table 2, it is clear
that both TGS 2611-C00 units yield similar eqn (1) t values.
However, estimated cg values vary signicantly between the
different TGS types, for example, cg for the TGS 2611-C00 is
9 ppm, whereas cg is 18 ppm for the TGS 2611-E00. The differ-
ence is even more stark for the TGS 2602.

For Test 6 which used a synthetic air SRG, Fig. 9 shows that
the variability in sensitivity of the different TGS types is similar
compared to that using an ambient air SRG (Test 5). This means
to say that the TGS 2611-C00 is consistently more CH4-sensitive
regardless of the choice of SRG, as expected. However, Table 2
also shows that the magnitude of the derived eqn (1) coeffi-
cients is different in the different SRGs. For TGS 2611-C00 for
example, cg is 7 ppm in Test 6 (synthetic SRG) but it takes
a higher value of 9 ppm in Test 5 (ambient SRG). This may, in
part, be due to the different sampled [CH4] range in each test,
yielding ts of a different nature. However, it may also be
possible that there were other effects at play, making gas
372 | Environ. Sci.: Atmos., 2024, 4, 362–386
characterisation coefficients derived with an ambient air SRG
potentially more reliable when applied to typical ambient eld
conditions.

When evaluating the quality of the eqn (1) t for Test 5 and
Test 6 using Table 2, the Test 5 inverted RMSE values are
larger than Test 6 values (except for the TGS 2602) as Test 5
sampled over a wider [CH4] range. By limiting [CH4] to below
30 ppm, a reduced inverted RMSE can instead be acquired for
Test 5 of ±33.6 ppm, ±0.495 ppm, ±0.830 ppm and
±0.906 ppm for TGS 2602, TGS 2611-C00 1A, TGS 2611-C00 1B
and TGS 2611-E00, respectively. This shows that TGS 2611-
C00 and TGS 2611-E00 can both provide [CH4] measurements
at a parts-per-million accuracy level from Test 5 in ambient
sampling conditions in principle, provided that a suitable R0

is derived as a rst step. Following eqn (1), this also funda-
mentally requires mole fractions of other reducing gases to
either be relatively stable or be independently measured, as
only one unknown gas mole fraction can be derived from
a resistance ratio.

For the CO analysis of Test 7, Fig. 9 shows all three TGS types
to be CO-sensitive. The TGS 2602 and TGS 2611-C00 1A share
a similar resistance ratio curve. Meanwhile, TGS 2611-C00 1B
and the TGS 2611-E00 are both more CO-sensitive, with a lower
resistance ratio curve. This is reected in Table 2 values which
show cg and gg for TGS 2611-C00 1A to differ considerably
© 2024 The Author(s). Published by the Royal Society of Chemistry
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compared to values for TGS 2611-C00 1B. It is surprising that
one of the TGS 2611-C00 units (TGS 2611-C00 1B) is almost
equally CO-sensitive as the TGS 2611-E00, because the TGS
2611-E00 has a lter designed to reduce sensitivity to non-CH4

interfering gases. This result, combined with the single-mole
fraction CO result from Test 2 (see Table 1), places doubt on
the efficacy of this lter for CO. Yet, this test is still useful as it
conrms that the eqn (1) resistance ratio decay model is valid
for CO as well as for CH4, when tested separately. Thus, each
tested TGS may, in principle, be used to make eld [CO]
measurements, assuming constant [CH4].

Finally Test 8 was used to characterise TGS H2S sensitivity.
The Fig. 9 curves show all four sensors to be H2S-sensitive, with
the TGS 2602 being the most sensitive. Thus, [H2S] may also be
measured from TGS eld sampling in principle, assuming other
reducing gas mole fractions to remain constant. Yet, despite its
high sensitivity, TGS 2602 resistance ratio decreases abruptly at
low [H2S], making it more difficult to predict [H2S] from resis-
tance ratio. Conversely, resistance ratio for the other sensors
decreases more gradually across a larger [H2S] range. The TGS
2611-E00 is the least H2S-sensitive, perhaps due to its integrated
lter.

To summarise these multiple-mole fraction tests, each
Logger-1 TGS is sensitive to CH4, CO and H2S, exhibiting
a decreasing resistance ratio (between measured resistance and
R0) with increasing target gas mole fraction. Each test yielded
eqn (1) cg and gg coefficients. Each t (expect one) resulted in
a R2 value of at least 0.8, given in Table 2. The only exception was
the poor TGS 2602 t for Test 6, with a R2 of 0.48, which was due
to the [CH4] sampling range being insufficient to exhibit
a signicant resistance decrease compared to the baseline
resistance for this (non-CH4) sensor. On the other hand, Test 5
which spanned a greater [CH4] range resulted in a R2 of 0.96 for
the same sensor. Another key outcome from these tests is the
overall difference between Test 5 and Test 6 coefficients, which
shows that the choice of SRG may affect the nature of a gas
response t, making this an important consideration in future
work.
Fig. 10 (a) A map of the SUEZ Amailloux landfill site and the surroundin
indicated by the yellow circle with a magenta dot. The cyan lines are ori
backgroundwind segment. The underlying aerial photograph is taken from
A photograph of the air inlets for the LICOR LI-7810 and the two TGS lo

© 2024 The Author(s). Published by the Royal Society of Chemistry
4. Field deployment and testing
4.1 Site description

The two TGS logging systems were deployed at the SUEZ
Amailloux landll site in the west of Metropolitan France. The
logger air inlets were on the site perimeter (+46.758281° N,
−0.349997° E), approximately 2.5 m high and away from direct
localised CH4 sources as illustrated in Fig. 10. This positioning
allowed the sensors to sample the greater overall landll
emission plume. Logger-2 provided minute-average measure-
ments between 1 April 2022 and 31 May 2023 with minor data
transmission gaps. Logger-1 sampled at 1 Hz between 24
November 2022 (no later than 2 months aer the start of
laboratory testing) and 31 May 2023; these measurements were
all subsequently minute-averaged. In the eld, Logger-2 was
solar powered while Logger-1 used mains power. As the Logger-
2 fan air inlet was directly below the TGS, no lag time correction
was needed. For Logger-1, there was a minor delay between the
inlet and sensors (less than 20 s), so no lag time correction was
applied.

Shah et al.34 showed that brief instantaneous [H2O] changes
cause an initial sharp jump in TGS resistance followed by
a prolonged decay towards a stable resistance level in the
opposite direction to the initial resistance change. To account
for this, all TGS sampling following a sharp [H2O] change was
omitted from further analysis. This procedure is described in
full detail in Section S2 in the ESI,† resulting in an initial data
loss of 10.69% for Logger-1 sampling and 9.24% for Logger-2
sampling. Any further analysis assumes this data to be
removed from the original dataset. This le 243 022 remaining
Logger-1 data points and 537 005 remaining Logger-2 data
points for the subsequent analysis, with each data point corre-
sponding to 1 minute of sampling.

The inlets for the two TGS loggers were co-located with
a LICOR LI-7810 gas analyser (LI-COR, Inc., Lincoln, Nebraska,
USA) air inlet. The LICOR LI-7810 uses optical feedback cavity-
enhanced absorption spectroscopy to measure dry [CH4], dry
[CO2] and [H2O] with a 1 Hz manufacturer-rated precision of
g vicinity. The location of the air inlets for the TGS logging systems is
entated at 317° and 173° from the air inlets, to indicate the designated
Google Maps (imagery (2022): CNES/Airbus, Maxar Technologies). (b)

gging systems.
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±0.0006 ppm, ±0.00035% and ±0.0045%, respectively.62

Following LICOR LI-7810 lag time correction, a supplementary
water correction and laboratory calibration was applied to
[CH4]. There were occasional data gaps for various reasons
including power cuts and lack of data download (instrumental
storage is limited to roughly 2 months). All available 1 Hz cor-
rected LICOR LI-7810 [CH4] measurements were minute-
averaged, with any average containing fewer than 59 data
points discarded from further analysis. The maximum minute-
averaged LICOR LI-7810 [CH4] during Logger-1 and Logger-2
sampling was 29.3 ppm and 31.5 ppm, respectively.

A two-dimensional sonic anemometer (MetPak Pro Weather
Station, Gill Instruments Ltd, Lymington, Hampshire, UK) was
also deployed on the site. It was originally aligned with True
North and provided 1 Hz wind measurements which were
subsequently minute-averaged. It was initially mounted onto
a telescopic mast in the centre of the site. However, the mast
occasionally twisted by up to approximately ±10°. The
anemometer was therefore relocated to the air inlets on 22
November 2022 and mounted to a xed pole. Thus, the
combined dataset from both locations is valid with an uncer-
tainty of ±10°.

4.2 Water mole fraction

[H2O] corresponding to each TGS minute-average measurement
was calculated in two steps for both loggers. First, vapour
pressure in each logger was derived as a function of minute-
averaged SHT85 temperature measurements, using Tetens'
equation, given by Murray.63 Vapour pressure was then con-
verted into [H2O] using ambient pressure and minute-averaged
SHT85 relative humidity measurements. For Logger-1, BMP280
minute-averaged pressure was used. With no Logger-2 pressure
sensor, pressure was assigned a constant ambient value of 105

Pa. Pressure measurements from Logger-1 or the sonic
anemometer were not applied to Logger-2, as each system
sampled over a unique time range with specic data gaps. Thus,
for a realistic atmospheric range of between 9.5 Pa and 10.5 Pa,
using a xed 105 Pa pressure results in a ±0.05% maximum
[H2O] uncertainty, at 1% [H2O].

4.3 Dynamic baseline resistance in a standard reference gas

Shah et al.34 showed that applying a laboratory-derived R0 model
to eld sampling can result in poor correspondence with
measured resistance. Therefore, a R0 baseline was instead
derived from eld sampling for both logging systems, by char-
acterising TGS resistance measurements during background
sampling. These periods of background sampling were identi-
ed using sonic anemometer wind direction. The basic prin-
ciple was to collect as many TGS measurements as possible
from air arriving from upwind of the landll site, where it was
likely that background air was being sampled. The objective was
not to identify every single background measurement, but
a sufficiently large ensemble of measurements with which to
develop a eld R0 model.

Background assignment took advantage of TGS air inlet
placement towards the North-East corner of the landll site (see
374 | Environ. Sci.: Atmos., 2024, 4, 362–386
Fig. 10). Based on this particular conguration, sampling from
three-hs of wind directions (i.e. 216° out of 360°) in the
opposite direction to the landll (relative to TGS air inlet posi-
tion) were classied as periods of background sampling. This
corresponds to wind directions of between 317° and 173°,
assuming 245° to be the direction of the centre of the landll
site (i.e. opposite to the background wind direction window).
This background segment is shown by cyan lines in Fig. 10. As
an additional step, good background status was only assigned
to TGS measurements where at least 20 individual 1 Hz wind
measurements contributed towards minute-average wind
direction and where minute-average wind speed was at least
1 m s−1. As an example, the identication of periods of back-
ground sampling for December 2022 is presented in Fig. 11 for
LICOR LI-7810 [CH4] measurements. Fig. 11 shows that wind
direction is a valid tool to identify background sampling
periods, as background-assigned [CH4] is typically 2 ppm in this
gure (i.e. the natural atmospheric background). For the full
datasets, the average LICOR LI-7810 [CH4] during background-
assigned sampling periods was (2.06 ± 0.04) ppm and (2.05 ±

0.11) ppm for Logger-1 and Logger-2, respectively, correspond-
ing to periods in which the loggers also recorded good data with
stable [H2O]. This shows that thanks to favourable sensor air-
inlet placement, periods of background sampling can success-
fully be identied from wind direction alone.

Next, a background model was derived from all TGS resis-
tance measurements made during these background-assigned
sampling periods, as a function of measured temperature and
derived [H2O]. Shah et al.34 showed that the eqn (2) four-term
model t best characterises R0, without over-parametrisation,
based on AIC and BIC tests performed on simplied eqn (2)
models. Thus, a NLS regression was applied to all background-
assigned TGS resistance, temperature and [H2O] values,
following eqn (2), to yield these four parameters.

R0 = A(t)$(1 − ([H2O]$(B − (T$C))) − (T$D)) (2)

A is a R0 offset, B is a R0 water correction coefficient, C is a R0

temperature-water correction coefficient, D is an R0 temperature
correction coefficient and t is R0 sampling time. It is worth
noting that as this is an empirical equation, any gain factor or
offset in temperature or [H2O] is naturally accounted for,
provided that these parameters are derived for a single TGS at
a xed position in each logging system. It therefore follows that
these parameters are specic to each TGS, as each TGS has
a unique position in each logger, with a unique temperature
gradient between the TGS and the point of temperature
measurement. This implicitly assumes the ow rate to be
constant in each logging system as this can inuence temper-
ature gradients.

Aer deriving an initial set of eqn (2) A, B, C, and D model
parameters, temporal variability in A was characterised, while
keeping B, C and D xed. This temporal component was intro-
duced to account for the variation of potential long-term factors
that may slowly inuence R0 over time (other than temperature
and [H2O]) such as natural sensor dri, airow variability or
variability in the composition of other trace gas species in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Minute-averaged sonic anemometer wind direction measurements from December 2022 (blue dots), with background wind
measurements (dark blue dots) identified from the background sector limits (black dashed lines). Low-quality wind averages are omitted here
(see text for quality control details). (b) Corresponding minute-averaged LICOR LI-7810 [CH4] measurements (red dots), with periods of
background-assigned sampling also highlighted (dark red dots).
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background air. A NLS regression was applied to all moving sets
of 8 000 consecutive background-assigned resistance measure-
ments spanning each TGS dataset (representing approximately
5.6 days of discontinuous background sampling), using eqn (2)
with xed B, C and D, to derive different A values as a function of
R0 sampling time. This means to say that A was derived between
background-assigned sampling point 1 and 8 000, between
background-assigned sampling point 2 and 8 001, between
background-assigned sampling point 3 and 8 002 and so on.
Due to the discontinuous nature of background assignment,
Table 3 R0 baseline fitting coefficients derived using background TGS s
number of the refinement cycle yielding these coefficients. An average
represents a percentage water mole fraction

Logging system Sensor B (%−1)
C
(kK−1 %−1) D

Logger-1 TGS 2611-C00 1A 0.770 2.00 1
TGS 2611-C00 1B 0.939 2.50 1
TGS 2611-E00 0.717 1.84 1

Logger-2 TGS 2611-C00 2 0.432 1.18 1

© 2024 The Author(s). Published by the Royal Society of Chemistry
some sets of 8 000 measurements are very close in time and
some are sparser, depending on wind directions and hence,
background TGS assignment.

For each set of 8 000 background-assigned measurements,
a corresponding average A time was derived. This average A time
is different from the median time, as each set of 8 000
background-assigned measurements is not time-continuous.
Then, the raw A values from the model output were linearly
interpolated from the raw A time stamp (of median times) to the
original full TGS dataset time stamp (including both
ampling. The RMSE and R2 is given for each baseline fit along with the
interpolated value of A is given for the full dataset. The “%” unit here

(kK−1) RMSE (kU) R2
Renement
cycle Average A (kU)

.51 �1.070 0.962 30 119 � 2

.47 �0.942 0.962 21 100 � 1

.52 �0.697 0.956 24 78 � 1

.95 �1.306 0.970 9 148 � 8
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background-assigned and non-background-assigned data).
Thus, an initial set of A values was derived for the entire dataset,
including non-background-assigned sampling periods.
However, A values could not be interpolated to the ends of each
TGS dataset, as the lowest and highest average A times corre-
sponded to the average times of the rst and last 8 000
background-assigned TGS data points.

Newly interpolated A values were then held xed and new B,
C and D values were generated following eqn (2), by applying
a NLS regression to resistance measurements and correspond-
ing interpolated A values, during background-assigned
sampling periods only. This process was repeated through
multiple cycles of renement until the R2 reached a maximum
level, to yield nal values of A (as a function of sampling time),
B, C and D, given in Table 3. An average value of A is given for the
full dataset in Table 3; this average A value does not correspond
to an average of the raw model outputs, as it applies to the
timeseries of A aer linear interpolation for each full TGS
dataset (including all background-assigned and non-
background-assigned sampling periods). These nal baseline
coefficients were then used to derive a full R0 baseline for each
TGS. However, during this renement procedure, it was not
possible to resolve R0 model coefficients for the TGS 2602 as
background-assigned resistance measurements could not be
constrained by temperature and [H2O] alone, despite use of
a dynamic A. This indicates that background-assigned sampling
was inuenced by other short-term effects, that a longer-term A
value could not capture for this sensor. Therefore, an R0 base-
line cannot be derived for the TGS 2602.

During this R0 baseline modelling procedure, R0 for the
entire dataset (for background-assigned and non-background-
assigned periods alike) was modelled from available resis-
tance measurements made exclusively during background-
assigned sampling. The temporal component of baseline
resistance was characterised by allowing the eqn (2) A offset to
vary over time. Therefore, each raw derived A value was based
only on available background-assigned resistance measure-
ments. R0 was inferred for non-background-assigned sampling
periods from surrounding background-assigned sampling
periods. This procedure inherently requires a sufficient number
of background-assigned data points, which is conducive to
a larger background sampling wind direction window. It was
assumed that any large time gap in background-assigned
sampling was designated a suitable modelled A value from
the available surrounding background-assignedmeasurements.
This requires the time duration for signicant A variability to be
longer than the largest background-assigned resistance
measurement gaps. Thus, there may be greater R0 baseline
uncertainty during periods with fewer background-assigned
measurements, which could be a fundamental limitation of
this approach in situations with a highly variable A.
4.4 Deriving methane mole fraction

Next, [CH4] was derived from the ratio between R and R0, using
eqn (3).
376 | Environ. Sci.: Atmos., 2024, 4, 362–386
½CH4� ¼
  �

R0ðT ; ½H2O�Þ
R

�1=gm

� 1

!
$cm

!
þ ½CH4�0 (3)

Eqn (3) is essentially an inversion of eqn (1), where [CH4]0 is
the background methane mole fraction (set to precisely 2 ppm
in this work), cm is themethane characteristic mole fraction and
gm is the methane power. Use of this designated xed 2 ppm
background mole fraction is supported by the LICOR LI-7810
background-assigned average [CH4] values presented in
Section 4.3, which are based on the origin of wind ow.

Eqn (3) assumes CH4 to be the only reducing gas with
signicant eld mole fraction variability. This is a reasonable
assumption for a typical landll site where the two main
emitted gases in terms of volume are CH4 and CO2,64–66 with
trace quantities of other gases constituting a very small
percentage of total landll emissions.51,67–69 Consequently, this
model requires for [CO] variability to be small, compared to its
background level, making the effect of any [CO] variability on
resistance ratio negligible compared to the effect of CH4. This is
also usually a reasonable assumption at a landll site which do
not usually emit CO in signicant quantities, although deep-
seated res at some sites may be a source of CO emissions
due to incomplete combustion.70

To derive [CH4] for the TGS units inside Logger-1, cm and gm

were taken from laboratory Test 5, which was conducted using
an ambient air source (a gas cylinder lled with outside air) as
a SRG, with a similar ambient air composition as expected at the
landll site. Although CO was absent during Test 5, the same
ambient background [CO] level was assumed to be naturally
present during both background-assigned sampling and non-
background assigned sampling, meaning that any CO effect
cancels out in the resistance ratio. The TGS 2602 produced no
reconstructed [CH4] values as it was impossible to yield a base-
line R0 t (as described in Section 4.3) and, hence, no resistance
ratio could be derived.

For the single TGS unit inside Logger-2, no laboratory testing
was conducted as Logger-2 has no specic controlled air inlet.
Therefore, to calculate [CH4], cm and gm for TGS 2611-C00 2
were derived from eld sampling by comparing TGS resistance
ratio not assigned as coming from a background wind direction
with 8 000 correspondingminute-averaged LICOR LI-7810 [CH4]
measurements of at least 3 ppm [CH4], taken from themiddle of
the dataset (representing 1.49% of Logger-2 sampling). This
1 ppm mole fraction enhancement limit avoided too much
weight being applied to the abundance of low [CH4] measure-
ments and instead focussed on identifying [CH4] spikes. A NLS
regression was applied between these [CH4] measurements and
resistance ratios following eqn (1), as illustrated in Fig. 12 up to
21.2 ppm [CH4], yielding cm of 5.26 ppm and gm of 0.349. This
t has a resistance ratio RMSE of ±0.0217 U U−1 and a R2 of
0.841. Applying the same initial estimated eqn (1) cm and gm

coefficients and raw resistance ratios to eqn (3) (i.e. to make
[CH4] the subject) revealed an inverted RMSE in [CH4] of
±0.593 ppm.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The ratio betweenmeasured resistance andmodelled R0 (cyan
dots) for TGS 2611-C00 2 inside Logger-2 plotted against 8 000 non-
baseline-assigned corresponding minute-averaged LICOR LI-7810
[CH4] measurements, greater than 3 ppm [CH4], made at the SUEZ
Amailloux landfill site. [CH4] measurements are fitted to resistance
ratio, using derived eqn (1) coefficients (dark yellow curve).
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5. Methane mole fraction results and
discussion
5.1 Modelled methane mole fraction

Reconstructed [CH4] measurements from TGS 2611-C00 1A,
TGS 2611-C00 1B, TGS 2611-E00 and TGS 2611-C00 2 are pre-
sented in Fig. 13, with corresponding LICOR LI-7810 [CH4]
measurements shown for reference, where available. For TGS
2611-C00 2 inside Logger-2, themeasurements used to derive cm
and gm are highlighted in cyan for distinction in Fig. 13. A R0

baseline could not be derived for TGS 2602 inside Logger-1 (as
discussed in Section 4.3) and so, this sensor yielded no [CH4]
estimates. Section S3 in the ESI† provides plots analogous to
Fig. 13 but for each individual sampling month, allowing for
a more detailed visual inspection of the reconstruction method
for both loggers. Any [CH4] values in Fig. 13 (or the Section S3
plots†) of less than 2 ppm are a consequence of a resistance
ratio greater than 1, which may ordinarily be discarded, but are
included here (and throughout this manuscript) to demonstrate
the aptitude of the overall [CH4] reconstruction approach. In
addition, the correlation between TGS [CH4] and LICOR LI-7810
[CH4] measurements is shown in Fig. 14, for data where the
LICOR LI-7810 and TGS loggers sampled simultaneously with
a common timestamp. Sampling used to model cm and gm for
TGS 2611-C00 2 (Logger-2) is excluded from Fig. 14.

Themean absolute error and the RMSE in reconstructed TGS
[CH4] for the four sensors, compared to LICOR LI-7810 [CH4], is
provided in Table 4. These values represent statistics derived
from precisely 213 019 and 425 129 minute-averaged Logger-1
and Logger-2 data points, respectively. This data corresponds
to periods when reconstructed TGS [CH4] could be derived,
when minute-averaged LICOR LI-7810 [CH4] was available and
excluding periods used to derive cm and gm for TGS 2611-C00 2
in Logger-2. In total, this corresponds to 147.93 and 295.23
discontinuous sampling days for Logger-1 and Logger-2,
© 2024 The Author(s). Published by the Royal Society of Chemistry
respectively. Table 5 presents similar values to those in Table
4, but during common time periods when Logger-1, Logger-2
and the LICOR LI-7810 all yielded minute-average measure-
ments with a common time stamp (and excluding Logger-2
sampling periods used to derive cm and gm for TGS 2611-C00
2). Table 5 values represent sampling from precisely 190 994
data points, equivalent to 132.63 discontinuous sampling days.

In order to evaluate the t between the different data series,
the Pearson correlation coefficient between measured LICOR
LI-7810 [CH4] and reconstructed [CH4] from each TGS is also
given in Table 4 (all available data) and Table 5 (common
Logger-1 and Logger-2 data). Correlation was additionally
quantied separately without background-assigned sampling
(coming away from the landll site), as these background-
assigned sampling periods mostly correspond to measure-
ments at 2 ppm [CH4], which should have a xed resistance
ratio of 1. However, due to uncertainty in the empirical R0

model, measured resistance was not precisely equal to the R0

baseline during these background-assigned periods. A compo-
nent of R0 model uncertainty therefore contributes towards the
full Pearson correlation coefficient. On the other hand, there
should be improved correlation excluding periods of
background-assigned sampling, as this correlation applies to
the same full [CH4] range, but with less focus on the back-
ground. This fundamentally assumes that our [CH4] recon-
struction method is able to model [CH4] spikes as observed by
the HPR (as illustrated in Fig. 13 and Section S3 plots†), despite
potential limitations in TGS [CH4] accuracy at a xed [CH4] level.
TGS [CH4] excluding background-assigned sampling is thus
better correlated with the LICOR LI-7810 in Table 4.
5.2 Evaluation of methane mole fraction results

Here we evaluate our TGS [CH4] reconstruction approach both
in terms of the ability to capture individual CH4 spikes and
overall [CH4] correlation, compared to the LICOR LI-7810 HPR.
The general performance of our technique compared to the
HPR can be evaluated visually from the plots in Section S3† for
each month and from Fig. 13 for all sampling data. These
gures clearly show that each TGS could identify CH4 spikes
during non-background-assigned sampling periods (i.e. when
sampling at greater than 2 ppm [CH4]). Furthermore, Fig. 13
and Section S3† plots exhibit our ability to provide a reasonable
[CH4] estimate for these spikes, which is supported by Fig. 14
correlation values, thus satisfying our broader objectives.

However, when evaluating the reconstruction approach over
time, Fig. 13 shows that Logger-1 [CH4] estimates were occa-
sionally below the natural atmospheric background (for
example, mid-December 2022 to mid-January 2023 and mid-
April 2023 to mid-May 2023). This may be due to the persis-
tent nature of winds during certain prolonged time intervals,
which largely came from the direction of the landll site,
resulting in minimal background-assigned sampling. As
a consequence, Logger-1 R0 modelling was poor during such
periods. However, this was less of an issue for Logger-2 which
sampled for a much longer overall duration, thus permitting
better renement of eqn (2) R0 model parameters, despite large
Environ. Sci.: Atmos., 2024, 4, 362–386 | 377
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Fig. 13 Measured resistance plotted for (a) TGS 2611-C00 1A as magenta dots, (c) TGS 2611-C00 1B as dark magenta dots, (e) TGS 2611-E00 as
dark cyan dots and (g) TGS 2611-C00 2 as dark yellow dots, with resistance from the background-assigned sampling sector shown as green dots.
The R0 modelled baseline is plotted in the background as black dots in (a), (c), (e) and (g). Modelled [CH4] measurements plotted as blue dots for
(b) TGS 2611-C00 1A, (d) TGS 2611-C00 1B, (f) TGS 2611-E00 and (h) TGS 2611-C00 2, with [CH4] in the background-assigned sampling sector
shown as black dots. Corresponding minute-average [CH4] measurements made by the LICOR LI-7810 HPR are shown in the background as red
dots in (b), (d), (f) and (h). Sampling used to derive cm and gm for TGS 2611-C00 2 is shown as cyan dots in (g) for resistancemeasurements and (h)
for modelled [CH4].

378 | Environ. Sci.: Atmos., 2024, 4, 362–386 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 The correlation between reconstructed TGS [CH4] (coloured lines) and [CH4] measured by the LICOR LI-7810 HPR (blue dots), plotted as
a function of the ratio between measured resistance and modelled baseline R0. Uncertainty ranges are plotted as dashed lines, which were
derived by combining Table 1 cm and gm uncertainty values and Table 3 R0 RMSE values, where R0 was taken to be its average value for the
duration of sampling for each sensor. TGS sampling in the background-assigned sampling segment is highlighted (black dots).

Table 4 The RMSE, mean absolute error, mean bias and correlation between minute-averaged LICOR LI-7810 [CH4] measurements and
reconstructed TGS [CH4]. The correlation excluding periods when the wind was blowing from background-assigned wind directions is also
given. For TGS 2611-C00 2, all given values exclude measurements used to model cm and gm

Logging system Sensor
Pearson correlation
coefficient

Pearson correlation coefficient
(excluding background-assigned
sampling)

RMSE
(ppm)

Mean absolute
error (ppm)

Mean bias
(ppm)

Logger-1 TGS 2611-C00 1A 0.774 0.800 �0.669 �0.500 −0.267
TGS 2611-C00 1B 0.772 0.797 �0.766 �0.560 −0.262
TGS 2611-E00 0.586 0.634 �1.170 �0.887 −0.412

Logger-2 TGS 2611-C00 2 0.877 0.887 �0.548 �0.357 +0.059

Table 5 The RMSE, mean absolute error, mean bias and correlation between minute-averaged LICOR LI-7810 [CH4] measurements and
reconstructed TGS [CH4], during common time periods when both Logger-1 and Logger-2 yielded minute-averaged measurements and
excluding Logger-2 sampling periods used to model cm and gm for TGS 2611-C00 2. The correlation excluding periods when wind was blowing
from background-assigned wind directions is also given

Logging system Sensor
Pearson correlation
coefficient

Pearson correlation coefficient
(excluding background-assigned
sampling)

RMSE
(ppm)

Mean absolute
error (ppm)

Mean bias
(ppm)

Logger-1 TGS 2611-C00 1A 0.774 0.800 �0.645 �0.481 −0.227
TGS 2611-C00 1B 0.775 0.800 �0.743 �0.539 −0.215
TGS 2611-E00 0.588 0.634 �1.151 �0.865 −0.351

Logger-2 TGS 2611-C00 2 0.859 0.874 �0.677 �0.470 +0.236

© 2024 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Atmos., 2024, 4, 362–386 | 379
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gaps in background assignment periods. Comparing only the
TGS 2611-C00 units, the R2 for the R0 t is 0.962 inside Logger-1,
whereas the R2 has a slightly improved level of 0.970 for Logger-
2. This emphasises the complications in comparing measure-
ments from different loggers sampling over different time
windows, even if only comparing during common sampling
periods.

Nevertheless, direct comparisons may be made between
loggers, to some degree, by evaluating Table 5 RMSE and
correlation values; this compares reconstructed TGS [CH4] to
the HPR, only during simultaneous Logger-1 and Logger-2
sampling. However, alongside the caveat of the effect of
different sampling windows on R0, different TGS units of the
same type can also vary, especially if sourced from different
batches.34,37,41,45 With these caveats in mind, and comparing
only one TGS type (TGS 2611-C00) to the HPR, Table 5 shows
that Logger-2 yielded a similar [CH4] RMSE (±0.677 ppm), as
from Logger-1 (±0.645 ppm and ±0.743 ppm). However,
correlation was a slightly improved for Logger-2 (0.859)
compared to Logger-1 (0.774 and 0.775). It is thus difficult to
form a clear conclusion when comparing between these two
loggers, with both systems providing competitive [CH4]
estimates.

Table 4 values reinforce the conclusions from Table 5, but
instead apply to the full dataset, thus allowing for the overall
evaluation of the [CH4] derivation approach, specic to different
sampling windows. Despite different sampling durations, it is
clear that the TGS 2611-C00 is a suitable sensor to measure
[CH4] in both loggers, with a [CH4] RMSE of below±0.8 ppm for
TGS 2611-C00 1A, TGS 2611-C00 1B and TGS 2611-C00 2, with
each sensor yielding a Pearson correlation coefficient of at least
0.7 compared to [CH4] from the HPR. This shows that the TGS
2611-C00 can be used in different CH4 characterisation
approaches, endorsing the utility of both Logger-1 (laboratory
CH4 calibration) and Logger-2 (eld CH4 calibration) to derive
[CH4]. Yet over each full sampling period, the two TGS 2611-C00
units inside Logger-1 had a mean overall bias of −0.267 ppm
and −0.262 ppm compared to the HPR whereas the sensor
inside Logger-2 had a much smaller bias of +0.059 ppm, which
is probably a manifestation of longer overall Logger-2 sampling,
resulting in a better R0 t.

In terms of evaluating different TGS types, it is only possible
to compare Logger-1 sensors, which sampled simultaneously,
with the same caveat regarding the limited number of TGS units
(see above). Yet it was clear that of the two Logger-1 TGS 2611-
C00 units, both had a similar performance with a similar CH4

response when tested in the laboratory. They also yielded
a similar eld [CH4] RMSE compared to the HPR. The TGS 2602
could not be used to derive [CH4], not because of a lack of CH4

response (see Section 3.5, where there is clearly some CH4

sensitivity), but due to difficulties in dynamically characterising
R0 as a function of temperature, [H2O] and R0 sampling time.
This may be due to TGS 2602 sensitivity to a cocktail of inter-
fering (non-landll) background species, causing non-CH4

short-term resistance interference during background-assigned
sampling periods.
380 | Environ. Sci.: Atmos., 2024, 4, 362–386
Of the other TGS types simultaneously tested in Logger-1, the
two TGS 2611-C00 were clearly superior to the TGS 2611-E00,
which can clearly be visualised from the plots in Section S3,†
resulting in better HPR eld correlation coefficients (see Table
4). The same can said for [CH4] RMSE compared to the HPR,
which was ±1.17 ppm for the TGS 2611-E00, while TGS 2611-
C00 1A and TGS 2611-C00 1B resulted in an RMSE of
±0.669 ppm and ±0.766 ppm, respectively. This is contrary to
the conclusions of others, who have overlooked or dismissed
the utility of the TGS 2611-C00 to measure [CH4].19,31 The TGS
2611-C00 has no lter leading to improved CH4 sensitivity
compared to the TGS 2611-E00, thus making the TGS 2611-C00
a suitable option for this landll emission source.
5.3 General discussion

In this work we present a unique combination of TGS eld
characterisation, used to rst derive a R0 baseline, and labora-
tory calibration, to characterise CH4 response. This approach
enabled us to both dynamically characterise a R0 reference
resistance as a function of environmental conditions, whilst
precisely characterising TGS CH4 response through controlled
Logger-1 laboratory testing, without need for a HPR in the eld.
Due to the lack of a controlled air inlet, Logger-2 could not be
tested in the laboratory in this way. We therefore instead
demonstrated Logger-2 CH4 characterisation with a HPR in eld
conditions, using 2.34% of non-background-assigned sampling
above 3 ppm [CH4] (8 000 data points), resulting in a good
model t with a R2 of 0.84.

Our approach of characterising TGS environmental response
from eld sampling has proved fruitful in similar previous
work.32,33,54 However, environmental eld sampling has never
before been used to characterise a R0 baseline resistance
representative of sampling at a reference [CH4] level (to our
knowledge), with Jørgensen et al.55 instead xing R0 from eld
sampling. By setting our reference [CH4] level to the natural
atmospheric background, we could derive a TGS R0 baseline
resistance model by assigning periods of TGS background
sampling using wind direction measurements, which is unique
to this work and a key development in TGS testing. This R0

approach requires no laboratory testing and no HPR. Only wind
direction is required. Another key feature of our approach was
to identify and remove TGS sampling following sharp [H2O]
changes (see Section S2 in the ESI† for details) which can
otherwise cause atypical TGS resistance response.34 This is
a crucial step to enhance R0 baseline characterisation and also
to improve the overall TGS resistance dataset, before deriving
[CH4].

Our R0 approach therefore allows [CH4] to be derived from
the ratio between measured resistance and R0, as temperature
and [H2O] effects are incorporated into the four-term R0 model.
Additionally, as eqn (2) A coefficients are empirically derived,
unidentied causes of background-assigned resistance varia-
tion (such as long-term changes in levels of interfering trace gas
species) are naturally incorporated into R0. Furthermore,
introducing a temporal resistance component has been shown
to improve TGS [CH4] estimation in the past,45,47 which has
© 2024 The Author(s). Published by the Royal Society of Chemistry
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previously been attributed to sensor ageing, causing slow
deterioration in sensitivity.30,37 By virtue of our successful R0

derivation method, we also demonstrated the successful
applicability of eqn (1), rst proposed by Shah et al.,34 to yield
[CH4] from eld resistance ratios, assuming variability in
a single reducing gas.

R0 modelling requires an ensemble of TGS measurements at
the reference (background) [CH4] level. We conclude that using
wind direction was a successful approach, with corresponding
HPR [CH4] averages at our study site ((2.06 ± 0.04) ppm for
Logger-1 sampling and (2.05 ± 0.11) ppm for Logger-2
sampling) being close to the natural atmospheric back-
ground.56,57 Uncertainty in identifying background periods of
samplingmay have been reduced further by minimising the size
of the wind segment for background assignment. However,
a 216° (60%) sized wind direction window of between 317° and
173° was chosen as a sensible compromise, as a larger ensemble
of background-assigned measurements optimises R0 model-
ling. Although we xed our reference [CH4] level to a back-
ground 2 ppm value, this level of background assignment
precisionmay be unsuitable from certain sources where smaller
[CH4] enhancements are expected, as subtle [CH4] variations
may be undetectable. However, Fig. 3 shows that there was no
issue in detecting [CH4] enhancements above the background
from the landll site in this study. Though we could have used
the measured HPR background values to improve [CH4], we
decided against this to best emulate autonomous TGS deploy-
ment without a HPR. This allowed us to robustly test the
performance our [CH4] reconstruction technique.

During eld deployment, our [CH4] method occasionally
yielded less than 2 ppm. This is due to some natural error in our
empirical R0 baseline resistance model (as discussed in Section
5.2) and thus, there were inevitably periods when R0 was less
than measured resistance. Assuming a perfect R0 model and no
measurement error, a measured resistance greater than R0

corresponds to [CH4] below the background level (i.e. less than
2 ppm in this work), according to eqn (3). In reality [CH4] did not
drop below the 2 ppm background (see HPR measurements in
Fig. 3) and these low [CH4] values were instead an artefact of an
imperfect R0 baseline. Though such [CH4] estimates are clearly
incorrect (and can realistically be omitted in real-world appli-
cations) they are included in this analysis to best demonstrate
the aptitude of our [CH4] modelling approach in Fig. 13 and 14.
Furthermore, this avoids TGS [CH4] from being articially
positively biased overall in Tables 4 and 5, as there should be
periods when the dynamic R0 is both too high and too low over
the full sampling duration.

When evaluating the different TGS types tested in this work,
the TGS 2602 could not be used, as it was not possible to model
R0 for this sensor. Both the TGS 2611-C00 and TGS 2611-E00
could be used to derive [CH4], though the TGS 2611-C00 units
were better than the TGS 2611-E00. Due to its improved sensi-
tivity, we conclude that the TGS 2611-C00 is better suited where
emissions of other reducing gas species, such as CO, are
unlikely to be an issue. In addition, laboratory Test 4 showed no
TGS 2611-E00 selectivity advantage concerning CO interference,
as TGS 2611-C00 1B was slightly more sensitive to 0.1 ppm [CO]
© 2024 The Author(s). Published by the Royal Society of Chemistry
than TGS 2611-E00, when using an ambient air SRG (see Table
1). From sources with a more complex variety of emission gases,
the TGS 2611-E00 may be a safer option, at the expense of [CH4]
sensitivity. We suggest that great care should be taken in future
to evaluate the true benets of the TGS 2611-E00 above the TGS
2611-C00 regarding CH4 selectivity, when selecting a TGS for
eld deployment. To verify the outcomes of this work, we
recommend further TGS testing on more sensors from different
batches, both in the laboratory and during prolonged eld
deployment.

Reconstructed TGS 2611-E00 and TGS 2611-C00 results from
this work show that [CH4] with a parts-per-million level accuracy
can be derived for a fraction of the cost of a high-precision gas
analyser such as the LICOR LI-7810 (see correlation values in
Table 4). Our approach can both reliably identify CH4 peaks (see
Section S3 plots†) whilst offering reasonable [CH4] estimates.
This transcends the stated manufacturer application of these
sensors as CH4 alarms.39,40 Yet, a fundamental requirement of
our approach is on-site wind measurements to identify
sampling from a background-assigned wind direction window
when deriving R0. Anemometer cost may be negated if installing
a network of TGS logging systems on a single site, as only one
anemometer is required per site. Furthermore, an anemometer
is typically required in any CH4 emission detection or ux
quantication work. Finally, an anemometer does not need to
be highly precise for the purposes of assigning a large wind
direction window, further minimising potential cost.

While each individual TGS costs less than 50 V, the entire
Logger-1 system cost approximately 2000 V in raw materials
(excluding labour and equipment costs). This is still an order of
magnitude cheaper than a high-precision optical gas sensor.
Furthermore, Logger-1 was overengineered with many supple-
mentary features, such as multiple TGS units and complex
electronic circuitry (see Section S1 for details†). This logging
system cost would inevitably decrease in batch production.
Logger-2 has a similar up-front cost to Logger-1, although data
transmission costs should also be considered; we received
complimentary Logger-2 data access in this study.

Both Logger-1 and Logger-2 have drawbacks, for example,
unlike Logger-1, Logger-2 is ready to deploy with minor eld
installation work. Yet Logger-2 requires eld calibration
alongside an expensive HPR, such as the LICOR LI-7810, with
laboratory calibration not possible due to the lack of an air inlet,
as discussed above. Although this work only used 8 000 data
points from the full dataset (i.e. 5.56 discontinuous sampling
days), the full eld characterisation period spanned 64.3 days,
as background-assigned data was not used and a minimum
3 ppm [CH4] threshold was imposed. A sufficiently large [CH4]
characterisation dataset is required for good eqn (1) model
tting, with enough [CH4] enhancements of a sufficient
magnitude above the background. Thus, realistic net HPR eld
characterisation time depends on the specicities of the site
and sensor placement; the CH4 characterisation period may be
far shorter than 2 months if [CH4] spikes of a higher magnitude
are intercepted more regularly. Furthermore, a CH4 eld char-
acterisation may simultaneously be applied to multiple loggers
by rst co-locating them all with a single HPR and then
Environ. Sci.: Atmos., 2024, 4, 362–386 | 381
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relocating the loggers aer acquiring a sufficiently large gas
characterisation dataset. Although Logger-1 was also charac-
terised with a reference instrument, this was conducted in
laboratory settings for a xed duration, where there is greater
logistical exibility; [CH4] can be controlled using gas blends
rather than relying on unpredictable eld [CH4] enhancements.

Another advantage of Logger-1, is that it features a pump
with a ow controller to precisely control sensor airow,
whereas Logger-2 uses a simple exterior fan. Yet, it is difficult to
quantify the true value of using a pumped sampling cell in this
work, as there were many other variables involved when
comparing Logger-1 to Logger-2. Logger-2 fan speed may dete-
riorate over time, which will inuence sensor behaviour,31

although our dynamic R0 should incorporate such effects. An
advantage of the Logger-1 pumped cell, is that it remains
warmer than its surroundings, therefore buffering sharp
temperature changes. Nevertheless, the lack of a pump with its
high power demands makes Logger-2 a competitive option, as it
can be powered with a relatively small solar panel and battery.
This allows Logger-2 deployment anywhere on a vast eld site.
On the other hand, Logger-1 requires up to 10 W, which would
require a much larger solar panel and battery power system,
which can be costly and may be more difficult to install at
a logistically challenging eld site. To summarise, it is not
impossible to compare directly between Logger-1 and Logger-2
due to the different [CH4] characterisation methods used, the
limited number of TGS units tested and the different sampling
windows. Nevertheless, it can be concluded from this work that
Logger-2 is a competitive option to derive [CH4] with a similar
accuracy to Logger-1.
5.4 Future work and outcomes

Logger-1 combined with an anemometer has proved to be an
effective [CH4] measurement system (see correlation values in
Table 4). However, a limited Logger-1 sampling duration
resulted in an inferior R0 t compared to Logger-2 and, hence,
occasional unrealistic [CH4] estimates below the natural atmo-
spheric background, as shown in Fig. 13. Continued prolonged
Logger-1 eld deployment, alongside the LICOR LI-7810 HPR,
would test the robustness of our [CH4] reconstruction approach
over time and in a variety of meteorological conditions. It would
also test whether our dynamic R0 baseline approach can over-
come potential issues with TGS ageing or changes in back-
ground gas composition. It may be interesting to test other
[CH4] derivation approaches with Logger-1 and Logger-2 data
using more complex algorithms or machine learning tech-
niques.29,48 Such approaches may be used in conjunction with
the added insight gained from our work on characterising [CH4]
using the Shah et al.34 Eqn (1) adapted power t and in
conjunction with our work on R0, in particular, identifying
periods of background sampling from wind direction. In addi-
tion, although the TGS 2602 could not be used due to our
inability to derive a R0 baseline (see Section 4.3), it may be
exploited in more complex [CH4] reconstruction models in
future to identify the presence of species causing cross-
sensitivities with other TGS units.19,50
382 | Environ. Sci.: Atmos., 2024, 4, 362–386
In our [CH4] reconstruction approach, a large accumulated
dataset was required for a dynamic R0 baseline t. As 8 000
background-assigned resistance values were used to yield each
A value, A (and hence [CH4]) could not be derived from the ends
of each dataset. We therefore waited to accumulate a large
enough dataset before deriving [CH4], to minimise the propor-
tion of data loss. In addition, a larger dataset improved B, C and
D renement for R0, with better constraint of A as a function of
R0 sampling time. The requirement for a large dataset, with
missing [CH4] at the ends, means that our current approach
does not provide instantaneous [CH4]. Thus, future work must
be conducted to test the feasibility of short-term [CH4] estima-
tion, which will be essential if this approach is to be used for
rapid identication of CH4 leaks. This will be invaluable when
sampling from sources that require leak repair at short notice.
We propose that this may be achieved using the last available A,
B, C and D values to derive a rough initial value of R0, whichmay
then be rened at a later stage.

In future landll TGS sampling work, we propose that
systems such as Logger-1 should be deployed along the entire
site perimeter, following laboratory TGS [CH4] characterisation
(avoiding a eld-derived HPR [CH4] characterisation). In such
a conguration, regardless of wind direction, a CH4 emission
plume would always be intercepted. Sensor placement at
a complex heterogeneous emission source (such as a landll
site or coal mine) is limited to the site perimeters, as deriving
a R0 baseline at a background [CH4] reference level requires
a signicant portion of sampling in background-identiable
conditions. It would not therefore be possible to apply our
[CH4] reconstruction approach to sampling from the middle of
a complex heterogeneous area emission source, as emissions
may occur from all directions, with many poorly dened and
constantly changing non-localised sources. Yet our approach
may permit greater exibility in sensor placement where CH4

emissions occur from specic localised infrastructure with well-
dened (xed) positions. Examples of potential sites include
anaerobic digestion facilities, wastewater treatment plants or
oil and gas extraction sites, provided that specic site congu-
ration is not overly complex (for example, with multiple over-
lapping point emissions sources or complex site topography). A
dense enough network of Logger-1 systems, alongside an
anemometer, would allow for the precise source of leaks to be
targeted from specic localised infrastructure within such
a site. We recommend roughly twice as many loggers are needed
as identiable emission sources, although this crude guide is
highly dependent on the individual characteristics of the site in
question. A dense sampling network would also benet greatly
from rapid [CH4] estimation, as discussed above.

To enable full exibility for a eld network of TGS logging
systems, such as Logger-1, solar power will be of great use.
Developing and testing a Logger-1 solar powered battery power
source will be a critical next step. This power supply must be
able to cope with the demands of a pump as well as deployment
in mid-latitude winter, where days can last 8 hours and in fully
overcast conditions (in Metropolitan France, for example).
Internet availability is also a valuable consideration for remote
data access.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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To fully exploit the work presented in this manuscript, [CH4]
measurements from an extensive network around a single site
should be tested in ux quantication algorithms.54 As a rst
step, ux quantication can be attempted from the currently
stationary sensor location. A suitable inversion ux approach
may be applied to both TGS and LICOR LI-7810 [CH4]
measurements for ux comparison. The ability to derive TGS
CH4 emission uxes would be a great step towards better
regulation of anthropogenic CH4 emission sources. Cheap TGS
networks would allow regulators and operators to take direct
action to both identify and quantify CH4 emissions. By
comparing top-down (atmospheric measurement-based) ux
estimates to bottom-up (inventory based) ux estimates, efforts
can be made to improve constraint of the global methane
budget.

6. Conclusion

In this work, we set out to measure methane mole fraction
([CH4]) with a parts-per-million level accuracy, using the
semiconductor-based Figaro Taguchi Gas Sensor (TGS). A
bespoke logging system (Logger-1) costing approximately 2000
V (in terms of raw materials) was designed, containing the TGS
2602, TGS 2611-C00 (two units) and TGS 2611-E00. Logger-1 has
a xed ow rate, to regulate sensor cooling in the cell. Extensive
laboratory tests revealed all of the sensors to be sensitive to
methane, ethane, hydrogen sulphide and carbon monoxide.
During testing, the TGS 2611-C00 units were more methane-
sensitive than the TGS 2611-E00, as the TGS 2611-C00 lacks
an integrated lter. Although this lter is designed to reduce
interference from non-methane interfering gases, both sensor
types were similarly sensitive to carbon monoxide.

Logger-1 was deployed at a landll site in France, yielding
a total of 189 days of discontinuous eld sampling. Another
ready-made logging system (Logger-2) was also installed in the
same location for 411 days of discontinuous sampling, con-
taining a single TGS 2611-C00. As Logger-2 has no controlled air
inlet, air was directed upwards to the sensor using a downwards
facing fan. [CH4] was derived for both loggers by rst modelling
a baseline reference resistance, corresponding to resistance at
a background [CH4] level. Periods of background air sampling
were identied as coming from away from the landll site using
on-site wind direction measurements. A four-term baseline
resistance t was derived for both loggers based on temperature
and water mole fraction. A dynamic time component was also
incorporated into this t, to account for supplementary back-
ground effects that could slowly affect sensor performance. A
baseline resistance model could not be derived for the TGS 2602
so it could not be used to yield [CH4].

To derive [CH4] for the remaining sensors, the ratio between
measured resistance and baseline reference resistance was
used. This was applied to [CH4] tting coefficients from Logger-
1 laboratory testing. For Logger-2 with no laboratory testing,
methane coefficients were instead derived using 1.49% of eld
sampling, which was compared to [CH4] measured by a co-
located high-precision reference instrument. This reference
instrument was then used to assess the aptitude of the two
© 2024 The Author(s). Published by the Royal Society of Chemistry
different [CH4] approaches. This revealed a root-mean squared
error of ±0.67 ppm and ±0.77 ppm for the two TGS 2611-C00
units in Logger-1, ±1.17 ppm for the TGS 2611-E00 in Logger-1
and ±0.55 ppm for the TGS 2611-C00 in Logger-2, which
sampled for a much longer duration. Logger-2 sampled up to
31.5 ppm [CH4] whereas Logger-1 sampled up to 29.3 ppm. This
demonstrates that both the TGS 2611-C00 and TGS 2611-E00
can be used to derive [CH4]. This also demonstrates that [CH4]
can be derived using a eld calibration alongside a reference
instrument, but can also be derived using a laboratory calibra-
tion, with no need for a reference instrument in the eld.
Finally, despite different [CH4] characterisation methods and
the limited number of sensor units tested, we can conclude that
Logger-2 is, at least, a competitive alternative to Logger-1.

In future, we recommend more testing on different TGS
batches, to verify the outcomes of this work. Further stationary
TGS sampling is also required, to test the robustness of our
[CH4] derivation method over time and in different meteoro-
logical conditions, when compared to a reference instrument.
To augment Logger-1 exibility, a solar-powered battery system
should be designed for better portability. Then, a network of
pumped low-cost TGS logging systems can be deployed around
the perimeter of a complex heterogeneous area emission
source, such as a landll site, to be able to intercept methane
emission plumes from different wind directions. [CH4]
measurements from a sampling network may be used in ux
quantication algorithms, to quantify facility-scale methane
emissions and thus, to help constrain the global methane
budget.

Code availability

The code used to derive methane mole fraction from Logger-1
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