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This article aims to present the possibilities for the passive spectral measurements and qualitative interpre-
tations of inside-the-object gases. The basic features and applications of open-path Fourier transform infrared
spectroscopy for measuring atmospheric and process exhaust gases are discussed. Methods for modelling and in-
terpreting the spectra used for in situ measurements are presented. As an example, a spectrum simulation was
investigated using CO2, a gas present in substantial quantities in various exhaust gases. The spectrum varied sig-
nificantly with temperature allowing its use for diagnostics purposes. Thus, examples of measurements made using
passive transmission with a heated object as a radiation source are presented. A baseline correction procedure was
necessary to obtain a transmission (or absorbance) spectrum. The gas content and temperature were determined

based on these measurements.
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1. Introduction

Optical methods are widely applied for gas measure-
ments in various industrial fields and environmental mon-
itoring [1]. With the aid of special equipment, one can
process diagnostic information at a reaction site [2—4].
Under harsh industrial environments, spectral measure-
ments can provide valuable information. However, de-
spite their vast potential, in situ spectroscopic measure-
ments are not commonly used largely due to the difficul-
ties in obtaining information from the measured spectra.
As with many indirect measurements a mathematical re-
lationship between the desired process parameters and
the directly measured values must be found [5, 6].

During pyrolysis and combustion, the gas content and
temperature must be monitored. The predominant gases
in these processes are carbon dioxide and water vapour.
Gases such as CO, CHy, NO, and others may also be
present in lower concentrations. Carbon dioxide is the
main greenhouse gas that causes climate change. Car-
bon dioxide is often measured using a non-dispersive in-
frared (NDIR) technique, which can be applied to mon-
itor stack emissions [7] or the air quality inside build-
ings. One problem with such measurements is the de-
pendence of the sensor parameters on the temperature;
however, attempts have been made to alleviate this is-
sue [8]. New NDIR sensor systems can monitor COg con-
tent over a broad range from the ppm scale to 20 vol.%
for a 32 mm optical path length [9]. Spectral measure-
ments of carbon dioxide can also be used to characterise
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the flow. Changes in the rotational line intensity can
mirror the state of flow [10]. Due to its high absorption,
the COy spectral band between 2200 and 2400 cm ™! is
used to estimate the temperature. The temperature pro-
file of the spectrometer line of sight is measured using a
spectral remote-sensing method [11, 12]. However, this
method can introduce a strong absorption from atmo-
spheric CO4 causing significant errors. Thus, the spectral
band near 2270 cm~!, in which this effect is negligible,
is applied [13]. The measurement of CO2 using a spec-
trally narrow quantum cascade detector with a Fourier
transform spectrometer is also proposed [14].

Fourier transform infrared (FTIR) spectroscopy is
widely used to measure various gases, often in the anal-
ysis of gases derived from the thermal degradation of
biomass [15, 16]. This technique is also used to measure
the scattering by particles, such as water vapour [17].
Light extinction of particles can significantly impact the
absorption measurements of the medium [18, 19]. The
primary advantage to this method is its ability for si-
multaneous qualitative and quantitative analyses of mul-
tiple components. Open-path FTIR (OP-FTIR) spec-
troscopy measures the transmission path in the atmo-
sphere. The integrated concentration along the length
of the measured path is then quantified. The spectro-
meter is characteristically independent from the radia-
tion source. There is no sampling system separate from
the test object and no need to store, dry or cool the sam-
ples. The active version utilises an additional radiation
source.

In the passive version, the radiation derives from nat-
ural sources, such as the sun or hot gases. However,
this case requires the use of an emission or absorption
spectrum. If the studied gas layer is located between
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the layers or an element of higher temperature, then an
absorption spectrum is obtained. If the measured layer
has a temperature higher than the ambient temperature,
then an emission spectrum will be observed. The pas-
sive method is less sensitive than the active method, par-
ticularly when the temperature in the gas layer of in-
terest is near the ambient temperature. The advantage
to these approaches, in comparison with active open-
path absorption measurements, especially under indus-
trial conditions, is that they do not require adjustments
to the source or spectrometer. Exemplar measurements
for assessing fire gases are obtained at 180°C [20]. This
method also works well for analysing the thermal decom-
position of sewage sludge [21]. An interesting practical
application of the passive technique is the quantification
of exhaust gases from aircraft engines [22]. OP-FTIR
is also frequently used to measure the gaseous emissions
from the combustion of biomass [23].

In industry, emission spectroscopy is typically used to
measure the radiation spectra of flames. This technique
is clearly most commonly associated with temperature
measurements. However, attempts have been made to
determine the contents of both soot and a homogeneous
layer containing water vapour and CO, gases [24]. This
method is attractive primarily because it is capable of
remote sensing; for example, it can be used in environ-
ments such as volcanoes where other methods become
difficult [25].

The semi-active method introduces a radiation source
whose size corresponds to that of the spectrometer field of
view [26]. This method does not require accurate align-
ment between the source and the spectrometer. The ra-
diation source has a lower temperature than that in the
classic active system; however, its temperature exceeds
that of the passive system.

2. Modelling of gas spectra

Calibration involves building a model between the
spectrum and the content of the specific components.
Classical calibration requires the measurement of high-
quality calibration samples with an appropriate concen-
tration range adapted to the specific application. Special
equipment, such as a ventilation test chamber, may be
used for this purpose [27]. During the calibration process
one must maintain a constant temperature, pressure and
pressure uniformity along the gas cell length.

The classical least-squares (CLS) technique can be
used to precisely measure atmospheric gases. Spectral
ranges are selected such that the absorbance does not
exceed 0,4. For CO, this range is 2020-2200 cm™!;
for 2CO0,, it is 2020-2306 cm~!; and for 13CO,, it is
2020-2290 cm~! [28]. To continuously monitor atmo-
spheric gases the range of 2150-2320 cm~! for CO,, CO
and N3O retrieval is used [29]. The CLS method can
be applied only over small ranges of the concentration—
path length product because the concentration can be
underestimated at higher values [30]. Another popu-

lar method for analysing open-path spectra is the par-
tial least-squares (PLS) method [31]. Significant non-
linearity and thus Beer’s law derogating can occur if the
absorbance the spectral lines exceeds 0.5 [32]. This situ-
ation limits the possibility of using linear CLS and PLS
methods or forces the use of weaker spectral lines. For
quantitative analysis of the spectra, a neural network can
be used as a non-linear method [33].
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Fig. 1. COg transmittance at 300 K (infinite resolu-
tion).
1
co2
T=300 K
08}
100 ppm'm
Q
S 06}
S
£
2]
c
2 04r 1000 ppm-m
0.2}
10000 ppm'm
0 ) M N 1|00000 ppm:m
2200 2250 2300 2350 2400 2450
Wavenumber [1/cm]
Fig. 2. COg transmittance changes due to the concen-

tration path length at 300 K (1 cm™" resolution).

In the open-path measurements, however, the domi-
nant approach uses a forward model, by which the spec-
trum can be determined based on the temperature, pres-
sure, and gas content. To determine content, one must
solve the inverse problem, which typically uses a non-
linear least-squares method. Because a mathematical so-
lution to the inverse of the forward model is impossible,
an iterative process is applied. The synthetic data from
direct modelling are compared with the measured data
(observations) until achieving an assumed fit. Similar
mathematical approaches for inverse problems are used
in various scientific fields. The solution method is of-
ten independent of the physical problem under consider-
ation. Many inversion methods are available for which
comparisons can be found in the literature [34-36]. A
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Fig. 3. Influence of temperature on transmittance for
10000 ppmm COz (5 cm ™' resolution).
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Fig. 4. Influence of temperature on transmittance of
100000 ppmm CO2 (5 cm™* resolution).

direct model must take into account all gas and instru-
mental parameters because it can introduce errors, which
can be significant if the instrument is misaligned [37].
Hence, the most important factor for interpreting the
measurements is the creation of an appropriate direct
model and an iterative procedure. The accuracy of the
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Fig. 5. Influence of temperature on transmittance of

7000 ppmm CO (1 cm™* resolution).

forward model should be verified for known measurement
conditions. Open-path FTIR spectrometers are primar-
ily used to measure atmospheric gases. Spectra obtained
at temperatures that exceed those encountered under at-
mospheric conditions are used to verify the spectra calcu-
lated via simulation [38]. Experimental results are rarely
presented in the literature. To determine the absorp-
tion coefficients of gases at high temperatures, a special
cuvette is required. Accurate CO, measurements at tem-
peratures from 300 to 1550 K confirm the validity of the
spectral model created using the line-by-line method and
narrow-band databases, especially up to 600 K [39]. Sim-
ilar high-resolution measurements have been made for in-
dustrial applications at temperatures up to 1773 K [40].
The spectral measurements at elevated temperatures also
demonstrate good accuracy (up to 3% difference in the
transmissivity) for different spectral models with COq
and H5O used either in the spectroscopy or combustion
processes for radiative transfer modelling [41-43]. The
temperature can be determined from the absorption spec-
trum using the ratio of two absorption lines provided that
optically thin conditions are utilised [44]. For example,
the 2020-2100 cm~! spectral range is used to determine
of CO and CO4 [45]. Simulations of issues at hand can be
performed to correctly analyse the measurement data [46]
and the impact of various factors such as the tempera-
ture on the retrieval process [47]. For this purpose, the
HITRAN database is utilised [48]. Figures 1-4 provide
the CO5 transmissivity spectra for atmospheric concen-
trations and temperatures of exhaust gases created by
different processes. The gas spectrum exhibits a strong
characteristic absorption band at 2300-2400 cm~!. In
this range, the transmittance is zero for concentrations
above 1000 ppmm. The 2200-2300 cm ™! range is sen-
sitive to temperature changes depending on the concen-
tration. As depicted in Fig. 5 temperature influence on
the CO spectrum is also significant.

3. Measurements and their analyses

The main drawback to passive FTIR is the need for
baseline correction. Algorithms can automatically per-
form this procedure; however, most require operator in-
tervention. Manual correction to on-line measurements
is difficult or even impossible. To perform an unattended
operation, an automatic correction algorithm such as a
wavelet, transform is necessary [49]. The most common
method utilises a polynomial held by the points of the
spectrum without rotational line absorption [50], which
implies the need for measurements with relatively high
resolutions of at least 1 cm~'. At lower resolutions, the
individual spectral lines may overlap making it difficult
to find a point on the spectra with no absorption. Vis-
ibility of the individual rotational lines must be visible
for compiling the background shape. Another method
for determining the background involves the removal of
all components from the spectra via iteration [51].

Measurements were made using a Bruker OPAG 33
spectrometer with a resolution of 1 cm~'. The measure-
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ment site was used to study the processes of biomass
gasification and combustion. All measurements were ob-
tained using the passive technique. The gas absorption
features are shown in the spectrum because they were
located between the hot regions of the structure and the
spectrometer (Fig. 6). A typical spectrum is presented
in Fig. 7. To retrieve the gas content using such mea-
surements, the baseline spectra must first be estimated.
A typical spectrum obtained after such an operation is
presented in Fig. 8. A comparison between the atmo-
spheric CO2 and the gases from biomass gasification in
an 8 m path length is provided in Fig. 9. As indicated,
the absorption of CO3 in the 2300-2400 ~! spectral range
is characteristically high. Significant CO absorption and
several lines representing water vapour are also visible.

Fig. 6. Setup involving an FTIR spectrometer and
biomass gasification of flue gases.
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Fig. 7.
CO.

Measured single-beam spectra for CO2 and

Figure 10 provides the spectrum of COs measured at
a 1 em™! resolution and smoothed by moving the aver-
age filter. Because the measured concentration and path
length for atmospheric COs is low, absorption occurs in
the range of 2320-2370 cm~!. Figure 10 clearly demon-
strates the alignment between the measured spectrum
and that derived from the direct model. This figure also
indicates the correct baseline estimation obtained using a
polynomial. The estimated value of the COs concentra-
tion is 950 ppmm (for 300 K). After smoothing the rota-
tional line is no longer visible, but filtering aids in increas-
ing the quality of the match between the measured and
calculated spectra for low signal-to-noise passive spectra.
The large misfit between 2200 and 2250 cm~! in Fig. 11 is

Transmittance

20050 2100 2150 2200 2250 2300 2350 2400 2450
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Fig. 8. Measured spectra after baseline correction.

'"'w il

081

0.7}
06

05F

Transmittance

04f
031

0.2}

Hot
co2

011

1 1 I
2000 2100 2200 2300
Wavenumber [1/cm]

2400 2500

Fig. 9. Comparison of the measured spectra with cold
atmospheric CO2 and warm, high-path length CO2 and
CO concentrations.

due to interference from the CO. The inversion procedure
yielded a temperature of 360 K and a COs concentration
of 21500 ppm m.

Figure 12 provides a comparison of the measured and
calculated spectra at 1 cm ™! resolution (without smooth-
ing). The large values in the difference (residual) spec-
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Fig. 10. Comparison between the measured and calcu-
lated spectra from the forward model after an iterative
fitting for atmospheric COo.
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Fig. 11. Comparison between the measured and calcu-
lated spectra from the forward model after an iterative
fitting for warm CO; derived from biomass gasification.
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Fig. 12. Comparison of the measured and calculated

spectra using the forward model after an iterative fitting
for warm CO derived from biomass gasification.

trum are related to the water vapour absorption lines.
Figure 12 clearly shows four such lines. Using detailed
analysis for each CO rotational line (Fig. 13), a good fit
can be obtained between the measurements and calcula-
tions, although the direct model only takes into account
the shape of the ILS associated with the window applied
to the interferogram. No ILS correction resulted from the
field of view of the spectrometer. The example utilised
an estimated path length of 7100 ppmm at 360 K.

4. Conclusions

The temperature of gases measured in industrial pro-
cesses using in situ methods can vary to a greater extent
than those measured using conventional atmospheric OP-
FTIR. Therefore, three spectral windows wider than that
found for atmospheric gas retrieval are needed. If, how-
ever, a wider spectral window is utilised to analyse pas-
sive gas absorption spectra, a proper background spectra
must be selected. The use of conventional approxima-
tion via the polynomial method does not always produce
the desired results. An iterative procedure that includes

1 F
0.8
(]
g0 6
50
£
2
S0.4 — Calculated
L IS Measured
—— Difference
0.2}
0 WMNWVWWWM

2120 2130 2140 2150 2160 2170 2180
Wavenumber [1/cm]

Fig. 13. Comparis on between the measured and cal-
culated rotational lines spectra from the forward model
after an iterative fitting for warm CO derived from
biomass gasification.

correction for background spectra can improve the out-
come of the algorithm for determining gas content. The
correctness of the baseline may be evaluated using the
difference between the measured and calculated spectra,
which is particularly obvious in spectra containing evenly
spaced rotational lines such as that of CO. The residual
spectrum has high-frequency components, which after in-
tegration within the bands approach or reach zero. These
high-frequency components in the difference spectra can
be interpreted as errors that arise from the simplicity of
the ILS utilised. Therefore, a correct determination of
the baseline requires low values of low-frequency compo-
nents. The simulations, measurements and their com-
parison demonstrate the possibility of determining the
content and temperature of gases via passive FTIR ab-
sorption with heated construction elements serving as a
radiation source.
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