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Abstract

This paper addresses problems arising from in situ measurement of gas content and temperature. Such
measurements can be considered indirect. Transmittance or natural radiation of a gas is measured directly. The
latter method (spectral radiation measurement) is often called spectral remote sensing. Its primary uses are in
astronomy and in the measurement of atmospheric composition. In industrial processes, in situ spectroscopic
measurements in the plant are often made with an open path Fourier Transform Infrared (FTIR) spectrometer.
The main difficulty in this approach is related to the calibration process, which often cannot be carried out in the
manner used in the laboratory. Spectral information can be obtained from open path spectroscopic measurements
using mathematical modeling, and by solving the inverse problem. Determination of gas content based on
spectral measurements requires comparison of the measured and modeled spectra. This paper proposes a method
for the simultaneous use of multiple lines to determine the gas content. The integrated absorptions of many
spectral lines permits calculation of the average band absorption. An inverse model based on neural networks is
used to determine gas content based on mid-infrared spectra at variable temperatures.
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1. Introduction

In many industrial processes, and in environmental monitoring, it is necessary to know the
concentrations of gases. Continuous measurement of exhaust gases is legally required for
some processes. Requirements for measuring systems operating in harsh environments are
fulfilled by various optical systems. /n situ optical measurements can be performed in an
active or passive way. Radiation from an object can be transferred to a spectrometer in the
passive mode, or transmitted through the object in the active mode. Absorption is measured
along the chosen path in the active method. “Active” refers to the need for an additional
radiation source (laser or broadband). In the passive method, radiation emitted by an object or
environment, such as combustion, the hot gases in a chimney, or aircraft engine exhaust
gases, are measured. The two main reasons for using optical methods are inaccessibility of the
process due to distance, as in atmospheric measurements, or due to difficult conditions
prevailing around the process.

Fourier Transform Infrared FTIR spectroscopy is an analytical technique applicable in
process and environmental gas measurement. The spectrometer records the spectra of the
individual components at mid-infrared wavelengths. The main advantage of FTIR is fast and
simultaneous analysis of multiple components. In many cases, a special type of open path
FTIR spectrometer (OP-FTIR) is used. These spectrometers are essentially spectral
radiometers that analyze the radiation coming from the environment. The primary application
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of this type of spectrometer is in the measurement of atmospheric pollutants [1,2]. This device
is less common than the typical laboratory FTIR spectrometer, which is a closed system
consisting of a radiation source, a test cell, a Michelson interferometer and a detector. In
classical FTIR, a mixture of gases is placed in a cuvette inside the spectrometer. The
absorption characteristics of the individual components allow us to determine the
concentrations. The OP-FTIR spectrometer is a spectral radiometer, which in practical
applications can be used as a natural process spectrum analyser (in passive mode). Using an
additional source of radiation allows the analysis of the environment between the source and
the spectrometer (active measurement) using transmission. The spectra obtained using OP-
FTIR permit the determination of the constituents and temperature of a sample. The measured
concentration is then integrated along the examined path. The main advantages of OP-FTIR
spectrometers are as follows [3]:

— the possibility of making measurements in situ,

— the possibility of remote sensing,

— continuous operation,

— very simple setup,

— relatively high temporal resolution.

Quantitative analysis of gases from industrial processes and environmental samples is a
complicated task. The main problem is the variability of physical and chemical conditions
(mainly temperature) necessary for calibration, and for determination of the concentration of
certain gases (analytes). The accuracy of a procedure for the determination of components and
temperature depends mainly on the algorithm used. Measurements of environmental gases
and process monitoring encounter the same problems: a high content of water vapour and
carbon dioxide obscuring the spectrum of interest. If very high sensitivity is required, cavity
enhanced absorption spectroscopy should be used [4].

2. Classical, virtual and synthetic calibration in spectroscopy

The classical approach to calibration in spectroscopy requires reference samples; that is,
substances whose properties are sufficiently well known. Calibration requires the
determination of the relationship between the value indicated by an instrument and the value
represented by the underlying reference standard [5]. At the same time, suitable conditions
such as temperature and pressure must be maintained. Uncertainty estimation of calibration
model should also be performed[6].

In open-path measurements, the environment changes naturally, and temperature has the
greatest impact on the spectrum. Figure 1 shows changes in the transmission spectrum of
methane caused by temperature.
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Fig. 1. Influence of temperature on the transmission spectrum of methane (Hitran simulation).
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Environmental influence must be known before the creation of the calibration model
because even calibration methods as advanced as PLS (Partial Least Squares) regression , are
vulnerable to non-modeled interference during calibration [7,8,9]. In some cases of
environmental fluctuation, the LS-SVR method can be applied[10].

The building of empirical models for the calibration of open path measurements is possible
only for certain types of measurements. These include measurements of atmospheric
pollutants, for which similar conditions for the gas mixture can be achieved. A greater
concentration of components is applied along shorter paths, and as a result, the same value of
the product of path length and concentration is produced. Recently, the classical least squares
method of matching spectra has been used for the analysis of air pollutants in an exhaust
plume. Currently, attempts are being made to use the PLS method. This method does not
require the collection of matching background spectra for measurement and calibration, which
is impracticable [1]. For some types of gases, databases of FTIR spectra are created, for
example, at 1.0 ppm-m, T=296K and atmospheric pressure [11].

Mathematical modeling is the dominant approach in the open-path measurements (Fig. 2).
This results from difficulties in the reproduction of calibration conditions identical to those
present in the examined object. The ability to generate an arbitrary mixture of gases under any
physical-chemical conditions is the main advantage of mathematical modelling. This allows
the determination of the impact (or lack thereof) of any component or parameter.

Using a high-resolution database such as Hitran [12] is the most popular method of spectral
modeling. This is supported by easy adjustment of the spectrum to the instrumental line shape
(ILS). ILS spectral response can be calculated theoretically, assuming the dominant effect of
apodization, or experimentally, by measuring spectral lines of known shape. In the calculation
of spectra using databases based on physical models of gases, all possible sources of
interference can be taken into account. These databases contain coefficients for the influence
of other components, temperature and pressure on the spectrum of the mixture.

X Synthetic Synthetic
— —> real measured

L spectrum spectrum
- .

T Hitran > ILS —
—»

P
—>

Fig. 2. Forward model for the determination of synthetic spectra, x — vector of individual gas content,
L — synthetic path length, 7 — temperature, P — pressure.

Forward modeling, which allows the calculation of synthetic spectra for specific gas
compositions, can be achieved by mathematical modeling. Determination of the concentration
of an unknown is based on the comparison of the measured spectrum with spectra obtained
from a simple model. The most commonly encountered method for determining the content of
gases uses a simple model and the nonlinear least squares method. Calibration using typical
laboratory measurements therefore does not need to be performed.

Determination of gas concentrations by the inverse problem method requires good
knowledge of the environment (or object) studied: the parameters can be sensitive to small
changes in the data. This is a frequently encountered feature of the inverse problem of indirect
measurements [13,14]. Comparing measured and simulated spectra is the most frequently
used measure of gas concentration retrieval accuracy. The use of the additional measurement
validation method is possible in a few cases. Practical OP-FTIR spectroscopy, and the
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simultaneous alternative method of gas content measurement, were performed for the gas
composition 12500-360000 ppm'm CO, (2150-2310 cm™), 55-520 ppm-m CHj4 (2980-3090
cm™), and 20-6400 ppm'm CO (2000-2230 cm™ below 500 ppm-m and 2039-2057 cm™ for
higher concentrations) [3,15]; in parentheses, the range of the wave number for which
calculations were performed is indicated.

3. FTIR instrumental line shape modeling

Appropriate choice of the measurement wavelength permits inference of the concentration
of a specific component, even with a substantial amount of other gases present. Unfortunately,
in some cases high spectral resolution is required to distinguish rotational gas lines. In an
industrial environment it is not possible to use as high a resolution as in laboratory devices.
Lower resolution, however, means that the results are more susceptible to interference from
other components.

An interferogram is obtained as the output of the FTIR spectrometer. To avoid large side
lobes in the spectrum, the interferogram is multiplied by apodizing functions (windows).
Instrumental line shape (ILS) is the Fourier transform (FT) of a particular type of apodizing
function o(z):

ILS(v)= FT(o(z)). (1)
For a rectangular window, this is the sinc function. For a triangular window, this is the sinc
function (Fig. 1).
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Fig. 3. Comparison of instrumental line shape for rectangular and triangular windows at 1 and 3 cm™ resolution.

The resolution of a spectrometer is its ability to distinguish two spectral lines lying close to
each other. The resolving power of an FTIR spectrometer using a very popular triangular
window imposed on the interferogram (Fig. 3) depends on the maximum retardation of the
interferometer’s moving mirror z, _:

Av=1/z, 3)
The spectrum obtained is the result of the convolution of the real spectrum and the ILS
response of the spectrometer:

H,0)= 1L80)+ HO)= [ SO~ @)
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where:
H(v) - real spectrum,
ILS(v) - Instrumental Line Shape characteristic for the measuring instrument.
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Fig. 4. Comparison of CH, spectra (triangular apodization) at 10 and 5 cm™ resolution.

To determine the impact of resolution on measured values, simulations of the spectra of
methane at different resolutions are presented in Figures 4 and 5.
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Fig. 5. Comparison of CH, spectra (triangular apodization) at 1 and 5 cm™ resolution.

Process exhaust gas measurements mainly employ low resolution spectroscopy. Low
resolution FTIR spectrometers are simpler and more reliable than high resolution units. Low
resolution measurement is faster with a greater signal-to-noise ratio. A low resolution (4 cm™)
was used for practical measurement of biomass pyrolysis gases in the following spectral
ranges: CO, (2400-2250 cm™), CO (2240-2020 cm™) and CH4(3195-1860 cm™)[16]. The
integrated absorption area was calculated for the ranges shown in parentheses. Due to the
non-linear relationship between the area of absorption and gas content, the dependency was
approximated by a second-degree polynomial. Integration of the absorption area of the bands
was also used for comparison of the spectra with the spectral databases which could be used
for remote measurement [17]. The integration method can reduce the number of calibration
samples required. The method is resistant to perturbations (that is, robust) and more accurate
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than other methods [18]. The higher number of calibration points in typical multivariate
methods results from the need to take into account every possible source of variability in the
process.

4. The method proposed for the determination of gas concentrations using open path
FTIR

To assign a value to a measured quantity, an exact relationship between the two quantities
must be determined. This relationship is called a mathematical model of indirect
measurements [19,20]. For spectroscopic measurements, such a model can be determined
empirically, or by the use of mathematical modeling. Empirical models, which are created on
the basis of measurements, are used for laboratory spectroscopy. For open-path
measurements, such models can be produced only for selected atmospheric measurements for
paths of uniform temperature. This is performed by reconstruction of paths in the laboratory,
using similar concentrations and distances. For plume analysis, spectral matching using
classical least squares analysis was used until recently. More recently, many tests of PLS
methods have been reported. This method does not require identical background spectra for
measurement and calibration, which is impractical [1].

For in situ measurements, the use of spectral modeling is very common. In the open-path
measurements approach, only the direct model is known. The model parameters input are:
gas mixture composition, temperature and pressure. The output of the model is a spectrum.
To carry out spectral interpretation, the inverse problem has to be solved. A mathematical
model of this problem exists only for simple cases, such as laboratory measurements under
stable conditions, especially temperature. General mathematical inverse models do not exist
in changeable conditions, or if there is a nonlinear relationship between the absorption and
concentration. Thus, iterative methods using a direct model are used to solve this problem.
Decreasing the difference between the measured and modeled spectra is the purpose of each
iteration.

These two approaches to solve for the variables are termed the forward-model approach
and inverse-model approach [21]. A forward model that transforms the gas concentrations into
a spectrum can be built for open-path measurements. Thanks to this model, the concentration
of a component can be determined iteratively by comparing the model output to the measured
spectrum. For measurements requiring on-line results, the search for a solution to the inverse-
model-based reconstruction becomes more natural. The long-term iterative process can often
be avoided here. Neural networks may be the solution in such cases. They are known for their
capacity for universal approximation.

The virtual calibration procedure presented above can be used for active measurements,
and also for the case of a homogeneous layer at a known temperature. If the temperature of a
layer changes, the more sophisticated inverse problem method is needed. The use of
calibration methods which are robust to temperature change is also necessary. When building
a forward model, the problem arises due to lack of knowledge for the ILS spectrometer. The
ILS must be consistent with the actual parameters of the spectrometer used. Integral
absorption [22] is a method which simplifies the analysis of complex spectra where ILS is not
known exactly.

Collection of multi-line spectra gives lower limits of detection in comparison with single-
line measurement. The limit of detection for multi-line fitting is dependent on the shape of the
spectra. However, it decreases with an increase in the integrated area of absorption [23].
Multi-line fitting models allow the utilisation of spectral sections with weak absorption. These
spectral sections are then placed in an area where the sources and detector manufacturing are
strongly developed and cheap [24]. The multi-line integrated absorption spectroscopy method
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is also used to analyze data collected using lasers. This method relies on the integrated
absorption parameter of many closely spaced lines, which gives a 15-fold improvement in the
detection limit compared to the standard method [25]. The method of integrated absorption in
several bands can eliminate the need for an accurate determination of the spectrometer ILS,
and of errors resulting from the inaccurate calibration of a wavelength.
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Fig. 6. CH, Methane spectra after the integration of 6 bands for 3 different temperatures.

For methane, different parts of the spectrum can be selected in the range 2800-3200 cm™.
The spectrum depicted in Fig. 6 was divided into 6 bands. For each band the integrated
absorption was calculated. Figure 6 shows the influence of temperature on the absorption
value in each band.

—
Measured N NN
band — mnversion Retrieved
integrated — model concentration
spectrum —>
—

Fig. 7. The inverse model based on the neural network used in the determination of concentration on the basis of
spectra integrated in 6 bands.

All six integrated bands permit the determination of the concentration of methane. The
synthetic calibration set can be obtained by calculation for a specified number of
concentrations. Following that, it can be used to determine a synthetic calibration model. A
neural network (Fig. 7) is used as an inverse model because of nonlinear dependence of the
spectrum on temperature and concentration. Such a model may be utilized for the
determination of methane concentration on the basis of variable- temperature spectra. Figure 8
shows neural network properties as an inverse model for synthetic data. Over most of the
concentration range, the absolute error is limited to 2 ppm-m (Fig. 9), increasing only above
900 ppm-m. A multi-layer perception-based neural network was used for model construction.
By use of the direct problem, a teaching and validation network set was prepared.
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Fig. 8. The relationship between the value derived from the inverse model and the real CH4 concentration from
the simulation.
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Fig. 9. The absolute error for the simulated recovery of methane.

Empirical confirmation of the depicted method was carried out using two types of data.
The first dataset was CHs measurement over a length of 2.25 m, concentration 400.5 ppm,
resolution 0.25 cm™ and temperature 100°C [26]; therefore, the integrated absorption over the
path was 901.124 ppm-m. The neural network inverse model result was 967 ppm-m, a relative
error of 7.3%. The second measurement was carried out by the author. The path length was 8§
m, and hot burner elements were used as the radiation source. Gases generated by biomass
gasification flowed through the chamber [27]. The estimated CH4 concentration was 1070
ppm-m.
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Fig. 10. Comparison of the measured spectrum (EPA) and that obtained from the inverse model (0.25 cm™
resolution).
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Fig. 11. Comparison of the measured spectrum (EPA) and that obtained from the inverse model (5 cm’™
resolution).

In the high-resolution spectrum (Fig. 10), there are differences between measured and
simulated spectra, caused by inaccuracy in the modeled ILS. After reducing the resolution by
convolution of both spectra with the Gaussian function (5 cm™ width), the ILS inaccuracy
problem was eliminated, and the differences between model and measurement were small, as
shown in Fig. 11.
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Fig. 12. Comparison of the measured spectrum (biomass gasification) and that obtained from the inverse model
(1 em™ resolution).
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Fig. 13. Comparison of the measured spectrum (biomass gasification) and that obtained from the inverse model
(5 cm' resolution).

For biomass gasification measurements, the radiation source exhibited larger fluctuations,
creating obstacles to proper modeling of the background spectrum. This can be seen from the
larger differences between the measured and simulated spectra that occur between rotational
lines (Fig. 12). The low resolution spectrum is a better fit to the simulation (Fig. 13).

5. Summary

This paper presents a method to determine gas concentrations using in situ measurements.
A typical analytical laboratory calibration procedure is presented, for which maintaining
consistent physical and chemical conditions are critical. For in situ use in the above-
mentioned atmospheric or process measurements, such as combustion or biomass processing,
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these requirements are difficult to sustain. Therefore, standard analytical calibration cannot be
used. For this reason, mathematical modeling methods are used for the generation of so-called
virtual or synthetic spectra. For testing a homogeneous gas layer, simulated spectra may be
used for virtual calibration. The cuvette, with a mixture of gases and appropriate physical-
chemical conditions, is replaced by mathematical modeling. Using data from simulations and
well-known chemometric methods, a calibration model is created. Using this model, gas
concentrations are determined from the measured spectra. Due to difficulties in accurate ILS
modeling, spectral line integration can be used to improve the accuracy of concentration
determinations. Bands are formed by integrating several lines. Several bands can be used
simultaneously to determine the concentration of the desired component. Where the
relationship between absorbance and concentration is non-linear, neural networks may be
utilized as the inverse model. Nonlinearity occurs where the product of concentration and
path-length is large. As an example of the method, the mid-infrared spectrum of methane is
presented. A model prepared from synthetic data demonstrated itself against both synthetic
evaluation data and two types of measured data.
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