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ARTICLE INFO ABSTRACT

Keywords: Online quantification of water vapor in hot and complex gases, like raw product gas from biomass gasification, is
Online gas analysis essential for process understanding and control. The complex nature of these gases presents many challenges, e.
QCL

g., band overlap or dust and tar deposits on equipment. Offline measurement by condensing water is labor-
intensive and does not provide continuous real-time data. This study introduces a spectroscopic setup consist-
ing of a quantum cascade laser emitting in the far-infrared range, a gas cell heated to around 250 °C, and a
pyroelectric detector to quantify water vapor content in real-time. A 1%-order distributed feedback grating en-
sures single-mode operation of the laser at the desired water absorption line (2.294 THz). This setup was suc-
cessfully tested for online analysis of raw product gas from steam gasification of waste wood. The average result
from the new spectroscopic setup was 45.8 vol-% water vapor content, compared to the condensation mea-
surement, which showed 46.7 vol-% water vapor content. Uncertainty was determined as —0.7 to +1.1 vol-%
H,0. New data from the QCL-based measurement were available every 1 to 5 s, allowing for a better under-
standing of the process while operating the gasifier. The permanent gas species detected in the raw gas included
CO, Hy, CO,, CH4, NH3, and HS. Additionally, 4.16 g/Nm?jry of tar was detected gravimetrically and 31.21 g/
ngry by gas chromatography-mass spectrometry. Measurement continued without issue in this raw, hot product
gas from biomass steam gasification for two hours. This work showcases quantum cascade lasers’ strong potential
for spectroscopy applications in hot and complex gases.

Gasification
Spectroscopy
Water vapor

resulting severe consequences for the environment and humanity. In
2019, approximately 73 % of net global greenhouse gas emissions came

1. Introduction from the sectors of energy (34 %), industry (22 %), and transport (15 %)
[1]. Using biomass and waste as feedstock in thermochemical conver-

1.1. Importance of water vapor quantification in hot gases sion processes, such as pyrolysis, gasification, and combustion, could
occupy an essential role in the transition of the already mentioned

Climate change has led to greenhouse gas mitigation strategies sectors of energy, industry, and transport and is a critical enabling

aiming to limit the global average temperature increase and the
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Nomenclature A Period length, m
v Wave number, 1/cm
Parameter symbol Parameter description, unit c Standard deviation of baseline signal, V
Aco Absorbance of CO, — Abbreviation Term
CBeer Concentration of H,O in the wet gas volume determined by DA Direct Absorption
spectroscopy, mol/m> DFB Dual Fluidized Bed
cco Concentration of CO in the wet gas, mol/m> FTIR Fourier-Transform InfraRed
Ccondensation Concentration of HoO in the wet gas determined by GATS GATS, Inc.: Small aerospace company

condensation, mol/mol

ClLaser Concentration of H,O in the wet gas determined by
spectroscopy, mol/mol
Optical path length through the measured medium, m

I Measured intensity of light at the lock-in amplifier during
experiment, V

Iy Baseline intensity of light at the lock-in amplifier without
H,0 in cell, V

Io,N2 Baseline intensity of light at the lock-in amplifier with N,

in cell, V

Pressure, Pa

Ideal gas constant (8.3144), J/mol/K

Temperature, K

Molar extinction coefficient, m?/mol

moy T

GC-FID Gas Chromatography — Flame Ionization Detector

GC-MS Gas Chromatography — Mass Spectometry

IR-LAS InfraRed Laser-Absorption Spectroscopy

NDIR Non-Dispersive InfraRed

OF-CEAS Optical Feedback Cavity-Enhanced Absorption
Spectroscopy

QCL Quantum Cascade Laser

SEM Scanning Electron Microscopy

SNG Synthetic Natural Gas

TCD Thermal ConDuctivity

TDLAS  Tunable Diode Laser Absorption Spectrometry
VMR Volume Mixing Ratio

WMS Wavelength Modulation Spectroscopy

technology for various defossilization and negative emission technolo-
gies [2]. Switching the fuel from fossil to biomass and adapting the
process by capturing CO; in situ, e.g., with chemical looping or in the
flue gas, can lead to a so-called net-negative emission process [3]. In
several industrial processes, e.g., thermochemical fuel conversion, en-
ergy generation, chemical production, and steel or concrete production,
measuring the water vapor content in hot gases is crucial in process
control. The variability of waste and biomass feedstocks, e.g., variations
in moisture content resulting from changes in harvesting conditions [4],
presents additional challenges for process control and optimization. The
heterogeneity of these alternative feedstocks further increases the
importance of accurate and real-time water vapor content measurement
for assessing process efficiency, optimizing operational parameters, and
ensuring safe operation.

1.2. Challenges for water vapor quantification on the application example
of raw product gas

Biomass steam gasification is investigated in this new work as an
exemplary technology, notorious for presenting many challenges to
water vapor measurement in raw and hot gas. A successful demonstra-
tion of water vapor quantification in this process would be promising for
a future transfer of this technology into other industries, where gas
compositions are often less challenging to measure. In gasification, the
organic feedstock is not fully oxidized but converted with a gasifying
agent such as steam, under-stoichiometric addition of air or oxygen, or
CO4, into so-called raw product gas [5]. The main components of the raw
product gas are hydrogen, carbon monoxide, carbon dioxide, methane,
steam, and C, and C3 permanent gases. Raw, in this context, refers to the
gas before it is cleaned and still contains condensable species and
possibly particles. The product gas can be further conditioned and pre-
pared for the synthesis of various products; hence, the cleaned version is
called synthesis gas or, in short, syngas. Syngas can be converted and
refined to gaseous energy carriers, transportation fuels, and other
chemical products such as Fischer-Tropsch products [6], synthetic nat-
ural gas (SNG) [7], hydrogen [8] and many more [9]. Biomass gasifi-
cation using a dual-fluidized bed (DFB) reactor design with around
100 kW, biomass input has been a central research interest at TU Wien
and is described in numerous publications, e.g., [7,8,10]. The DFB
design consists of two interconnected reactors, where one generates the

raw product gas in an endothermic process. At the same time, the other
provides heat for the endothermic gasification by combustion of addi-
tional feedstock. DFB reactors for biomass gasification are also relevant
at larger scales, e.g., as shown by the GoBiGas plant that produced
20 MW of SNG until decommissioning in 2018 [11]. A good solution for
measuring water vapor in the raw product gas from these reactors is
missing, which is explained by the wide range of compounds in the gas.

The composition of raw product gas, especially its water vapor
content, is heavily influenced by the amount and type of gasifying agent,
the fuel water content, and the operating temperature [12]. The product
gas’s main gas composition, the so-called gas matrix, can vary signifi-
cantly, complicating the analytics task. Common raw product gas im-
purities include particulate matter like dust and char particles, heavy
organic compounds, and other species such as NH3, H,S, and HCI, which
depend on the fuel used [13]. The formation of tar in the raw product gas
is one of the significant challenges in the thermochemical conversion of
biomass and waste through gasification. Several definitions for the term
“tar” exist. The definitions for tar used in this work follow the pre-
standard CEN/TS 15439:2006, which defines tar as a “generic term
for the totality of all organic compounds present in the product gas from
gasification, with the exception of gaseous hydrocarbons (C1 to C6)”
[14]. Tar can condense at temperatures around 200 °C and ambient
pressure, which leads to significant issues regarding downstream
equipment, e.g., particulate filters or heat exchangers [10]. For analytics
in raw product gas, tar poses various problems for a wide range of gas
analyzers, e.g., band overlap and fouling [15]. These other species
complicate the water quantification task, and water vapor in raw
product gas can also have detrimental effects on other analyses. Klein-
happl [16] discussed these problems, which include the dilution of
solvents, phase separation, slip of non-polar fractions during sampling,
ice formation, baseline instabilities in gas chromatography-flame ioni-
zation detectors (GC-FID), or discrimination during evaporation in GC
injectors.

1.3. Established water vapor quantification technologies

Measuring the main product gas components in the cold and water-
free state is sufficiently solved, e.g., after appropriate gas purification,
combustion with subsequent cooling, or gas sampling equipped with
condensation and filters. Measuring raw gas in the hot state is much
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more complicated, and no method has established itself as a standard for
online water vapor quantification in raw and hot gases with complex
compositions. Aranda Almansa et al. [15] report the state-of-the-art
measuring procedures for water quantification in raw product gas and
their shortcomings: Offline sampling methods like gravimetric quanti-
fication and solid phase adsorption are low-cost but suffer from manual
procedure issues and often cannot accurately reflect dynamic system
behavior. Online and semi-online sampling via chromatography face co-
adsorption and maintenance challenges. Real-time methods, including
hygrometers, acoustic measurement, and spectrometry, are costly and
often affected by dust, tar deposits, and band overlapping. Further
challenges include the strong light attenuation of product gas, high
temperatures, the significant number of different compounds, and
especially the negative effect of particulate matter in the gas, lowering
the possible optical path length if visible or near-infrared wavelengths
are used [17].

The most widespread spectroscopic devices for combustion and
gasification gas analysis are infrared laser-absorption spectrometers (IR-
LAS), as described in several reviews [18,19]. IR-LAS instruments use
the absorption and emission effects when the spacing between two
discrete rotational-vibrational states equals the photon energy [18]. The
density or concentration of the analyzed species can be derived from the
total absorbed or emitted radiation. Most devices use light sources in the
near- or mid-infrared domain [18]. Tunable laser diodes are widespread
light sources, and tunable diode laser absorption spectroscopy (TDLAS)
has been used extensively for quantitative online and in situ real-time
combustion and gasification diagnostics [18,19]. Multiple signal eval-
uation strategies have been described and compared in the literature and
can be summarized into two groups: direct absorption (DA) and wave-
length modulation spectroscopy (WMS) [18-20]. DA systems are
generally simpler to build and calibrate but less sensitive and resistant to
noise [21]. Sepman et al. have demonstrated in several studies the use of
TDLAS for in situ H,O measurement in the reactor core of a biomass
gasifier [22-25]. These studies showed reliable performance even under
high-temperature and high-soot conditions. A TDLAS sensor near 4350
cm ! was developed for in situ CO, H;0, and soot concentration mea-
surements in a pilot-scale gasifier’s reactor core, achieving temperature-
insensitive species quantification from 1000 K to 1900 K [22]. Ho0
quantification uncertainties were reported as better than 10 %
compared to calculations [24] and 20 % compared to micro-gas chro-
matograph data [22]. Sur et al. have shown that TDLAS can also be
applied in pressurized gasifiers [26].[17,2717].

Other techniques for online or in situ determination of H,O content
include Raman spectroscopy (RS) [28], acoustic measurements [29],
humidity meters [30], soft sensors [31] and others, not all of which are
explained in detail here. RS is highly flexible and can be used for various
analysis tasks in the thermochemical processing of biomass, coal, and
waste [28]. RS is based on inelastic scattering of light, where the fre-
quency of photons is shifted due to interaction with molecular vibrations
[32]. Raman spectroscopy has been demonstrated for HoO quantifica-
tion in biogas [33] and biomass gasification [34] applications. However,
Xu et al. [28] note in their review that Raman spectroscopy has rarely
been used to analyze gas components. They suggest that this is caused by
the low density and Raman cross-section of gases, making it challenging
to obtain high-quality Raman spectra. Karellas and Karl also noted that
high gas flows or tar contents lead to intense background signals,
obscuring the Raman peaks of other gas compounds [34]. An online
estimation method was recently proposed by TUW, consisting of a soft
sensor that estimates raw product gas composition based on a Ham-
merstein model and two extended Karman filters [31]. However, this
method requires training on historical data for the specific plant and
relies on other measurements, such as gas chromatography, which
presents challenges for new or dynamic systems.
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1.4. Water vapor measurement with a THz laser

The present work introduces a quantum cascade laser emitting light
in the far-infrared domain at terahertz frequencies for continuous water
vapor measurement in hot and raw product gas from gasification. As
summarized in a recent review [35], lasers emitting in the THz spectral
region (commonly defined as the frequency range 0.1 — 10 THz) have
been tested for water detection in various applications [35]. Although
the review describes a significant amount of research in this field, there
is little information on high-temperature systems with complex gases
from industrial applications. In general, water vapor has various ab-
sorption lines at sufficiently high temperatures to avoid tar condensation
[30], with some even stronger at high-temperature than at room tem-
perature [36]. Additionally, compared to other lasers used for spec-
troscopy in the visible, near- or mid-infrared spectral domains, THz
lasers have longer wavelengths. These longer wavelengths make them
more resistant to Mie scattering [37,38] from dust, which is typically
present in off-gas flows from industrial applications [30,36]. Most
organic compounds and inorganic ions absorb in the near- or mid-
infrared region between 400-4000cm™!, which is around
12-120 THz [17]. For these reasons, a THz laser in the far-infrared
region is expected to be more robust against band overlapping with
the various organic compounds in gasification processes.

Song et al. investigated THz lasers for their ability to measure water
vapor content in No/H»0 mixtures at 773 K. They found three absorp-
tion peaks at 557 GHz, 658 GHz, and 752 GHz, where water vapor
content could be quantified using a gas cell with a length of 1 m [36].
This work is promising; however, the tests were conducted in batches by
feeding HoO with syringes into the cell, which otherwise only contained
nitrogen from a gas bottle. Therefore, this test did not include the
additional challenges posed by dust and various permanent and con-
densable gases mixed with water vapor in the raw product gas.

Bidgoli et al. investigated a spectroscopic setup for measuring water
vapor from gasification [30]. They did screenings and statistical analysis
with lasers between 300 and 500 GHz and a gas cell with a length of
1.6 m. They concluded that THz gas spectroscopy could efficiently
provide real-time data on water vapor in complex gas mixtures con-
taining dust particles and tar components. However, their publication
had significant trouble correlating the measured signal to a volume
mixing ratio (VMR) of water because of unclear temperatures in the gas
cell. The extensive length of the cell worsened this problem.

This present work uses a similar spectroscopic setup as [30] with hot
(~250 °C) gas flowing through the measurement cell to detect water
vapor and measure its concentration by selective absorption of light
emitted by a quantum cascade laser (QCL). A first experimental
campaign was conducted with synthetically prepared gas mixtures. An
advanced setup was used to measure raw product gas from biomass
steam gasification. THz QCLs are electrically driven lasers with a
semiconductor heterostructure [39]. Their advantages include a
compact design, high output powers, and frequency tunability. The QCL
in this new setup allows for a gas cell with a short beam path of only
86 mm, drastically reducing the cell temperature variations that [30]
observed and making the setup more compact by reducing the gas cell
length by over 90 %. This design is investigated in the present work for
online analysis of water vapor. Raw and hot product gas from biomass
steam gasification is measured and used as an example of a potential
application scenario with significant challenges for online measurement.

2. Theory and calculation
2.1. Selection of laser frequency

Viveros Salazar et al. summarized the necessary steps and consid-
erations to select a suitable laser frequency [20]. Computational pre-

diction of absorption characteristics demands a line list including
information such as wavelength, line strength, and collision-broadening
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effects for each chemical species. In this work, the Spectral Calculator
developed by GATS, Inc. was used to calculate absorption and trans-
mittance at specific wave numbers, temperatures, gas cell lengths, and
volumetric mixing ratios [40]. This calculator uses the HITRAN2020
database [41] as a line list to perform line-by-line molecular absorption
calculations based on the line-by-line model in the LinePak™ library
[42]. The spectral calculator includes weighted air- and self-broadened
halfwidths depending on pressure and temperature from the
HITRAN2020 database to calculate the line shape. This method yields a
combination of Doppler and Lorentz broadening, resulting in the more
general Voigt profile.

The next step for laser frequency selection is estimating operating
conditions [17,20]. Essential conditions to estimate include tempera-
ture, pressure, and other chemical components surrounding the
measured species, which might contribute to absorption. Atmospheric
pressure was selected for measurement since TUW usually does not
pressurize their gasifiers. A temperature range of 100 -400 °C was
considered appropriate to retain some flexibility in operation and avoid
the condensation of water and tar in the cell. The concentration of
gaseous main components and impurities in raw product gas heavily
depends on fuel composition [43]. In addition, raw product gas can
contain various tars, fly char, and dust, for which no information is
available from the Spectral Calculator or in the HITRAN database.
Bidgoli et al. [30] did not report a significant influence of these com-
ponents in their work with laser frequencies between 300 and 500 GHz.
A hot gas filter was used to reduce the particle density in the beam path
in our work. Furthermore, the size of most particles after the gasification
reactor’s filter system in the present work is well below the laser
wavelength of 130.69 pm. Therefore, particles are not assumed to
impede the transmission of laser light significantly [37,38]. This work
uses the simplification that no interaction between the laser light and
any solid particles or molecules other than H>0 or CO occurs.

Once absorption theory and operating conditions are established, the
selection of a laser frequency needs to achieve sufficient selectivity over
other components and absorption signal strength for detection [17,20].
Viveros Salazar et al. suggest a 10 — 90 % laser transmission for sensitive
measurements [20]. The laser transmission depends on the beam path
length (see Section 2.2). Our work also aimed to select a laser frequency
at which the beam path could be relatively short while achieving the
10 -90 % transmission criteria. A short beam path allows for a more
compact setup, promising multiple benefits such as transportability and
less temperature variation inside the measurement cell. Another
important criterium for laser frequency selection is the availability of a

Table 1
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suitable laser.

Data from the Spectral Calculator were used to identify 2.294 THz,
respectively, a wave number of 76.52 cm™, as a suitable water ab-
sorption frequency line for analysis of raw product gas from biomass
gasification among available THz QCLs with sufficient power output.
Other main components in typical product gas show comparably weak
absorption at this frequency. Absorption values of the predominant
product gas species from gasification are listed in Table 1. These values
are calculated at 250 °C and 1.013 bar, for a cell with 86 mm optical
path length, approximating the conditions used in this work. The ab-
sorption of water vapor at the chosen wave number is much stronger
than the absorption of the following closest species, carbon monoxide, at
a similar concentration. Other species absorb this light even weaker by
multiple orders of magnitude. Among impurities, NH3 and HCN are
calculated to show the highest absorption at typical gas concentrations
from biomass gasification in a DFB reactor [44]. Their absorption at the
highest typical concentrations is similar to the absorption of pure CO.

The absorption of H,O at 2.294 THz is calculated between 0.2 — 96
%, corresponding to 0.1 — 100 vol-% HyO in the gas cell. The laser
transmission is between 10-90 % when the H,O concentration is
approximately 5-80 vol-% in the gas cell, suggesting that sensitive
measurement is possible over a wide range of HoO concentrations
(Fig. 1b). In contrast, even at their highest considered VMR, no other gas
component in typical raw product gas from DFB gasification is estimated
at more than 4 % absorption, with average absorption being even lower
by orders of magnitude. Furthermore, the absorption of CO can be
dynamically excluded from the measurement using dry gas composition
data from other measurements, e.g., non-dispersive infrared (NDIR)
measurement. In summary, the frequency of 2.294 THz allows mea-
surement with minimal cross-sensitivity for other gas components. This
design allows the laser to quantify water vapor over a wide range of raw
gas compositions.

Fig. 1a shows 16 Fourier-transform infrared spectrometer measure-
ments, experimentally confirming that the laser emits light at the design
frequency of 2.294 THz. The spectrometer’s resolution of +0.08 cm™! is
defined by the path difference of the interferometer arms and leaves
some margin of error, which is reflected in Fig. 1a. Spectra calculated for
this laser frequency by the Spectral Calculator at various HyO concen-
trations (Fig. 1b) and temperatures (Fig. 1c) are examples of feasible
operating conditions. Fig. 1b shows that H,O concentrations can be well
differentiated over a wide range of water vapor concentrations at
250 °C. Fig. 1c demonstrates that H,O still absorbs at 400 °C, enabling
the measurement in hot and raw gas to avoid extensive fouling from tar

Absorption of the typical raw product gas components and impurities from biomass gasification [45-47] as calculated by the Spectral Calculator [40] at A = 2.294 THz
(v~76.52 cm™) for a gas cell with 8.6 cm length, 1013.25 mbar pressure, 523.15 K. The abbreviation “B.L.” means “below limit”, which was arbitrarily chosen at 1E-

06.

Considered gas concentration

Absorption at the lowest considered concentration

Absorption at the highest considered concentration

Main component vol-% —

H,0 0.1-100 1.7E-03
Na 0.1 -100 B.L.

H, 0.1 -100 B.L.
CH,4 0.1 -100 B.L.
C,H, 0.1-100 B.L.

co 0.1 -100 3.5E-05
CO, 0.1 -100 B.L.

(o2 0.1 -100 B.L.
Impurity ppm (vol.) -

NH; 1,000 — 100,000 1.3E-04
HCN 10 - 1,000 3.3E-04
HyS 10 - 1,000 2.5E-06
Cos 0.1 -100 B.L.
HCl 0.1 -100 B.L.
NO 10 - 1,000 B.L.
N,0 0.1 -100 B.L.
NO, 0.01-1 B.L.

SO, 0.1-100 B.L.

9.6E-01
B.L.
B.L.
3.9E-05
B.L.
3.7E-02
B.L.
1.2E-06
1.8E-02
3.3E-02
2.5E-04
B.L.
2.7E-06
5.6E-06
B.L.
B.L.
5.1E-04
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Fig. 1. A) Experimentally found laser spectra with margins of error resulting from discretized measurements. b-) and c): transmittance calculated with data from the
spectral calculator [40] for various volume mixing ratios of H,O at 250 °C (b), various temperatures at 30 vol-% H50 (c).

condensation. Transmittance at the example water vapor concentration
of 30 vol-% is similar from 250 - 400 °C, showing robustness against
temperature deviations in the measured gas in this range.

2.2. Measurement of water vapor content

Fixed-wavelength direct absorption spectroscopy is used in this work
to detect H,O. The H,O concentration cjq,r is calculated from Beer-
Lambert’s law (Eq. (1)), which describes the absorption as a function of
line strength, line shape, gas pressure, the concentration of the gas in the
light’s path, and the optical path length [17]. Molar extinction coeffi-
cient data (¢), which summarize several of these dependencies, are
discussed for Hy0 and CO in Section 2.3. The absorption is calculated
from the detected laser intensity during an experiment (I) and a baseline
intensity with no HpO in the cell (Ip). Beer-Lambert’s law typically ex-
presses the concentration in mol/m? (here termed cp,r for differentia-
tion). The ideal gas law accounts for the gas’ thermal expansion. The
H;0 concentration cpger in mol/mol or m3/m® is calculated by
comparing cpeer to the total gas per volume at the temperature T and
pressure p (Eq. (2)). The temperature over the integration path is
assumed as constant. This assumption is justified by preheating the gas
in the sampling line and gas cell with the same heating coil and keeping
the optical path length short at only 8.6 cm. The baseline intensity in Ny
atmosphere (Ipn2) is determined shortly before experiments. The ab-
sorption of gases other than N, specifically CO, lowers the baseline
intensity Iy during the experiment with gas mixtures compared to Iy n2.
Ip is not available as measurement during the experiments and is instead
calculated from Ip N2 (Eq. (3)). The CO absorbance (Aco) is also calcu-
lated from Beer-Lambert’s law using the wet CO gas concentration (cco)
(Eq. (4)). Dry gas composition data from non-dispersive infrared (NDIR)
measurement (Section 3.3.2) are implemented in the solving algorithm

(Section 2.3, Appendix A) to derive cco. The cell’s inner optical path
length through the measured gas has the length d.

logyg (ITO>

r — 1
CBee €H20'd ( )
R-T-logy, (170)

- \/ 2
CLase E'Hzo'd'p ( )
Iy = Ipnz-107A 3

_ Cco€codp Ionz
Ao =""pT = l"gl"( I ) @

2.3. Molar extinction coefficient ¢ and solving algorithm

The molar extinction coefficients of water vapor ey and CO e¢p are
determined from transmittance data given by the Spectral Calculator
[48] for a cell with 86 mm optical path length at a pressure of
1013.25 mbar. Three wave numbers were considered: the design laser
wave number and its experimentally found upper and lower margins of
error: 76.5240.08 cm™ . These data include VMR for H,O and CO be-
tween 0.1 — 100 vol-% and temperatures between 110 — 400 °C, repre-
senting the target operating conditions. Eq. (2) was rearranged to solve
for eyzo and ecp. While o was found to be 1-2 orders of magnitude
below ¢ep20 and relatively constant at a higher wave number, 20 de-
pends on the temperature, water concentration, and wave number
(Fig. 2).

At high temperatures and low water concentrations, the differences
in eggo for the investigated laser frequencies are sizeable, which is



F.J. Miiller et al.

Energy Conversion and Management: X 26 (2025) 100906

a) Molar extinction coefficient €12

0

76.44 cm-1
76.44 cm-1 Fit
® 76.52 cm-1
76.52 cm-1 Fit
® 76.60 cm-1
76.60 cm-1 Fit

e

0.5

100 o0

Tin°C

¢ in mol/mol

b) Molar extinction coefficient €co

® 76.44 cm-1
76.44 cm-1 Fit
® 76.52 cm-1
76.52 cm-1 Fitje
® 76.60 cm-1
76.60 cm-1 Fit

¢ in m2/mol

100 0

Tin°C

¢ in mol/mol

Fig. 2. Molar extinction coefficients fit (surface) based on data from Spectral Calculator (data points). A) H,0, b) CO.

reflected as uncertainty in the results of this work. The molar extinction
coefficient’s dependence on the temperature can be accounted for using
temperature data from the measurement inside the cell. The molar
extinction coefficient’s dependence on the molar H;O concentration
means that Eq. (2) needs to be solved iteratively. For this reason, a
solving algorithm is adopted to determine cyq5r (Appendix A). Data are
typically measured and evaluated internally at an interval of 1 s. Moving
average data with a window size of 60 s are given as output to reduce
noise. The NDIR measurement can be connected to the QCL setup’s
solving algorithm, adjusting the signal baseline for CO cross-absorption
in real-time.

3. Material and methods
3.1. QCL-based H,0 measurement

3.1.1. THz QCL characteristics

The active region of the used laser consists of a bound-to-continuum
design in the GaAs/AlGaAs-material system [49]. A picture taken by
scanning electron microscopy (SEM) is included in Appendix B.

The center frequency of the gain bandwidth is at 2.3 THz. The het-
erostructure was processed into double-metal waveguides. A 1%-order
distributed feedback grating [50] was employed on the 2.5 mm long
ridge waveguide to ensure single-mode operation at the desired water
absorption line (2.294 THz, 130.69 um, 76.52 em™). The emission
wavelength can be tuned slightly by changing the operation tempera-
ture. Different gratings with varying periods were tested to determine
the best fitting to the absorption line. In the first campaign, a laser with a
period of A =19.272 um was used, where the entire width of the ridge is
60 um, and the setback is 10 ym. The second campaign used a device
with an adjusted period of A = 19.22 um. This adaptation was employed
to reduce the required wavelength shift by temperature. This way, the
operating temperature could be lowered, and the output power could be
enhanced. A spectrometer with a resolution of +0.08 cm ™! was used to
check the wave number of the processed laser. The THz QCL is operated
at a temperature of 90 K (resp. 70 K in the second campaign), enabled by
a commercial Stirling cooler with a power of 70 W. A vacuum pump
provides a pressure of 1.6e10° mbar within the laser housing. The
operating temperature is monitored by a PT100 sensor and is stabilized
by a high-performance resistor used as a heater. Both are attached to the
cold finger of the cryostat. Electrical pulses drive the QCL with a repe-
tition rate of 100 kHz and a pulse length of 7 resp. 9.5 ps (duty cycle: 70
resp. 95 %, voltage pulse generator: Agilent 8114A), which are again
modulated with a gating frequency of 13 Hz (frequency generator:
Agilent 33220A). This gating frequency enables signal detection at the
pyroelectric detector, which is comparatively slow (bandwidth ~ 100
Hz).

3.1.2. Gas cell setup

The main components of the spectroscopy setup include the light
source (THz QCL), the gas cell, the pyroelectric detector, and two
parabolic mirrors. A sketch of these components’ arrangement and the
light’s corresponding beam path is shown in Fig. 3a. The measurement
cell is made from alumina (Fig. 3b). The cell is a hollow cylinder sepa-
rated into three closed-off sections by quartz glass windows with a width
of 1 mm each. The outer sections are flushed with nitrogen at 0.5 NL/
min to minimize the danger of the leakage of dangerous gas components
like CO into the ambient. The flushing also lowers the outer quartz glass
windows’ temperature, protecting the pyroelectric detector from over-
load. A downside of this flushing is the increased risk of tar condensation
in the central section caused by lower temperatures at the windows. The
central section has an inner length of 86 mm and contains the measured
gas sample. Trace heating was installed around the measurement cell to
prevent condensation.

A prototype for the measurement cell without integrated tempera-
ture measurement was used during the first campaign with synthetically
prepared gas mixtures from bottled gas. The temperature in the cell
during these tests was measured with an infrared sensor by Beha-
Amprobe on the cell’s outside wall. An uncertainty of +10 °C
compared to the temperature in the cell was assumed for these tem-
perature measurements with the following reasoning: First, no water
condensation inside the cell was observed at 110 °C outside wall tem-
perature, suggesting that the maximum negative deviation could have
been —10 °C. Second, alumina’s high heat conductivity and the small
gas cell size suggest a relatively good heat distribution where even local
hotspots are unlikely to exceed +10 °C. An advanced cell design,
including a thermocouple type K and improved heating and insulation
around the cell, was used for the second campaign measuring hot and
raw product gas from a gasifier. Pictures of the advanced setup are
available in Appendix B.

In the setup, the first parabolic mirror collects the laser beam emitted
from the device, converts it to a parallel beam, and guides it to the
measurement cell. The second parabolic mirror focuses the THz light
from the measurement cell onto the pyroelectric detector. The detector
measures the laser beam’s intensity. To allow for the detection of the
THz light by the pyroelectric detector and read out by a lock-in amplifier
(Stanford Research SR830), the THz QCL is driven by a double-
modulated voltage signal (see Section 3.1.1).

3.2. Gas production

This work describes two experimental campaigns. The setup proto-
type was used to investigate synthetically prepared gas mixtures and
validate the basic functionality. The advanced setup was tested in a
second campaign with raw product gas produced via steam gasification
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Fig. 3. Gas measurement cell. a) Sketch of gas and light pathways (“DFB QCL"=distributed feedback quantum cascade laser) and b) 3D design drawing.

of waste wood in a DFB gasifier. More detailed information on the gas
sampling and measurements is given in Section 3.3.

3.2.1. First campaign: Synthetically prepared gas mixtures

A gas preparation unit consisting of bottled gases, mass flow con-
trollers (MFC), an electrically heated water evaporator, and a water
pump was used to prepare the synthetic gas mixtures for the first
campaign. Fig. 4 shows a basic flowsheet of the setup, with only one gas
sampling point alternating between the HoO condensation or the HoO
laser and dry product gas measurements. The pipes downstream of the
evaporator were electrically heated to approximately 200 °C to prevent
condensation.

Table 2 lists the target values of the dry gas composition for the
permanent gases and the varying H,O content. The carrier gas for
MIX 1-3 is nitrogen, while the carrier gas for MIX 4-6 resembles a
typical product gas from fixed-bed air gasification [51]. The target water
vapor content ranges between 10 and 50 vol-%. The liquid water flow to
the evaporator was only controlled by the pump, and so the actual
values might have differed.

3.2.2. Second campaign: DFB gasification

A 100 kWy, DFB gasification pilot plant at TU Wien was used to
produce raw product gas. The DFB pilot plant and the SNG process chain
have been described in various publications by TU Wien [7,44,46,52].
As the gasification process is not within the scope of this study, only a
summary is given here.

A basic flowsheet of the setup is shown in Fig. 5, including the most

Table 2
Target gas compositions used for experiments with synthetically premixed gas.
Experiment N, [¢0] CO, Hy CH4 H,0
vol- vol- vol- vol- vol- vol-%
%d.ry %dry %dry %dry %dry
MIX 1 100 - — - - 25.0
MIX 2 100 — — — — 10.0
MIX 3 100 — — - - 50.0
MIX 4 45 20 13.3 19.25 2.45 42.5
MIX 5 45 20 13.3 19.25 2.45 50.0
MIX 6 45 20 13.3 19.25 2.45 35.0

relevant temperatures during the investigated gasification campaign’s
stationary operation. DFB gasification is built on the principle of two
interconnected fluidized beds. In the gasification reactor, biomass is
gasified with steam or other gasification agents like COy at approxi-
mately 800 °C, producing a raw product gas. Residual, ungasified char is
transported to the combustion reactor with a circulating bed material. In
the combustion reactor, char is combusted with air, and the hot bed
material is transported back to the gasification reactor to drive the
endothermic gasification reactions. The raw product gas leaves the
gasifier via a cyclone and a radiation cooler where particles are reduced,
and cooling occurs. A hot gas filter further reduces dust concentrations
before the product gas is directed to a downstream synthetic natural gas
process chain. For the investigated gasification campaign, 22.5 kg/h
waste wood was gasified with steam at approximately 777 °C with an
80/20 wt-% mixture of olivine/limestone as bed material.

First campaign
N, — MFC —
H,O condensation
measurement
H, — MFC —
~200 °C
CO — MFC — H,0 laser dry product gas
me;surement —  measurement
CO,—) MFC }— (+ cleaning & drying)
~115°C
CH;— MFC — evaporator
. topost-
Ho " combustion
2
water pump

Fig. 4. Basic flowsheet of the gas preparation unit for synthetic mixtures.
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Fig. 5. Basic flowsheet of the raw product gas preparation from a 100 kWy, DFB gasifier.

3.3. Gas sampling and conditioning

This chapter describes the differences in sampling procedures for the
various measurements conducted in this work.

3.3.1. Condensation and dissolution measurements

Water vapor, tar, NHs, and H3S content can be measured discon-
tinuously by condensing or dissolving them and relating the sampled
amount to the dry carrier gas flow through the sampling line. This
methodology is well established and is the current standard used during
gasification experiments at TU Wien. Such results have been reported in
various publications, e.g., [7,10], and are based on the procedure
described in the tar guideline [14]. The resulting H>O data is termed
CCondensation in this work.

Only one gas sampling point was available during the first campaign
with synthetic gas mixtures, resulting in an alternating collection of
water vapor quantification data by laser and condensation. On the
contrary, individual sampling points for each H,O measurement and the
dry product gas measurement were available during the second
campaign. The second campaign also included tar measurements during
the HO condensation measurement. Furthermore, NH3 and HsS content
in the raw product gas were quantified at the same sampling point with
slightly adjusted methods.

The sampling setup for discontinuous tar and water vapor content
measurement is depicted in Fig. 6. A heated cyclone and glass-wool
stuffed filter cartridge removed particles that could otherwise distort

Ball Valve, Cyclone and
Filter (glass wool)
vy

the measurement. Condensate was collected in chilled Impinger bottles
filled with toluene in a cryostat filled with glycol at —8 °C. A diaphragm
pump drew a sample gas stream through the cooled toluene in the
Impinger bottles and a bellows gas meter measured the dry gas volume.
The standard volume of sampled dry gas was calculated from the bel-
lows gas meter’s readout via the ideal gas law, using an integrated
temperature measurement and ambient pressure data from a nearby
weather station run by GeoSphere Austria [53]. The liquid mixture was
transferred from the bottles into a separating funnel, where the denser
water phase was collected at the bottom. This phase was separated into a
measuring cylinder to determine the total volume of the liquid water
collected. Depending on the estimated water content, sampling was
done for 12 — 18 min.

Aqueous solvents replaced toluene to collect NH3 and HjS, for which
the cryostat was tempered to +2 °C. NH3 was captured in a 0.05
M H3SO4 and H,S in 35 wt-% KOH. H,S was determined by titration and
NH;3 by ion chromatography from these aqueous samples. The exact
procedure is further detailed in [54].

Gravimetric tar content is determined from the mass of solid residues
after solvent distillation and evaporation of a sub-sample [14]. Another
sub-sample of the tar-toluene mixture was further analyzed by coupled
gas chromatography-mass spectrometry (GC-MS) to determine the tar
concentration and composition. These data were used to derive the tar
dew point. The dew point for these mixtures can be estimated from
vapor/liquid equilibrium calculations for single components [56], fol-
lowed by the application of Raoult’s law [57].

Sampling for 12-18 minutes

H Impinger Bottles (Toluene) N

Trace Heating
220 °C

2

(-
Sample Gas

i

Diaphragm Pump and
Bellows Gas Meter

Cryostat with Glycol (at -8 °C)

Fig. 6. Discontinuous tar and H>O condensation measurement via condensation in toluene, adjusted from [55].
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3.3.2. Spectroscopic measurements

The new QCL-based H>0 measurement and Emerson’s NGA2000 dry
gas analyzer were used to collect data continuously. Gas was sampled
from a single port, and both spectroscopic measurements were serialized
during the first campaign (Fig. 7). The second campaign with raw
product gas used two separate sampling lines: One without trace heating
for the dry gas measurement and one without dry gas analyzer for the
QCL-based HoO measurement. Fig. 7 shows the combined installation
layout. The sampling point for the HyO laser measurement during the
second campaign was placed after the inline hot gas filter to avoid high
particle loads without installing another particle separation system.

The sampled gas was sucked through a section with trace heating,
which covered the sampling line and the gas cell’s central section. A
temperature measurement located on the sampling line’s outside wall
was used for temperature control, which was set to 150 °C in the first
campaign and 315 °C in the second campaign. Chilled impinger bottles
filled with heating oil, followed by a glass-wool stuffed filter cartridge,
were used to dry and clean the gas before the diaphragm pump. Finally,
the gas stream was directed through the dry gas analyzer. This dry gas
analyzer combines NDIR spectroscopy to measure CO, CO,, and CHy,
paramagnetic Oy analysis, and a thermal conductivity (TCD) sensor to
measure Hs.

4. Results

4.1. First experimental campaign measuring synthetically prepared gas
mixtures with setup prototype

Data for determining the water vapor content spectroscopically
(craser) are given in Table 3. Each experiment’s baseline signal (Ip n2) is
the average signal measured over a few minutes of flowing only nitrogen
through the cell. This procedure was performed before each experiment
MIX 1-3 and once before experiments MIX 4-6. The extinction coeffi-
cient egpo results from the iterative solving procedure described in
Section 2.3. The uncertainties for egso and crger include the
spectrometer-related uncertainties in wave number determination and
temperature measurement. A pressure of 1.013 bar in the cell is assumed
for this measurement. Data used for determining ccondensation are also
presented in Table 3. There is no uncertainty provided for this mea-
surement for two reasons: First, the uncertainties in this process are
primarily related to manual labor steps and, therefore, are not easily
standardized. The uncertainties stem from handling and separation
procedures, e.g., incomplete transfer of liquids between various equip-
ment. Second, since there is a lack of established water vapor measuring
procedures in gasification, this method has not been checked and

Gas Cell

N, Offgas

W s W

b

Impinger Bottles
(Light Heating Oil or similar)
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validated against other methods in any studies.

The results from the condensation and spectroscopic measurements
are combined with dry gas data to calculate the full gas composition in
Fig. 8. The rest of the gas mixtures was Na. The high uncertainties for
CLaser are rooted in the estimated temperature uncertainty inside the gas
cell and the laser’s wave number. These factors lead to uncertainty in
calculating ¢ (Fig. 2) and, by extension, ¢y The data of both types of
water vapor measurement fit well, especially considering the unknown
accuracy of the condensation measurement. The average results for cjqser
are 4 — 18 % and for ccondensation 5 — 18 % below the target water vapor
concentration. This negative deviation suggests that the pump likely
delivered less than the target water flow rate. In conclusion, the spec-
troscopic setup provides results that agree with an established mea-
surement over a wide range of HpoO concentrations and typical gas
mixtures from gasification.

4.2. Second experimental campaign measuring raw and hot product gas
from biomass steam gasification with advanced setup

The advanced spectroscopy setup was operated for around two hours
during steam gasification of waste wood, and measurements were
collected every 1 to 5 s. The baseline signal intensity in an Ny atmo-
sphere (Ip,n2) was measured as 5.71 mV at the lock-in amplifier before
the experiment. The signal measured at the detector remained nearly
constant during two hours of measuring hot and raw product gas from
steady-state gasification. The average signal at the lock-in amplifier
during the first hour of measurement was 2.03 mV, which is close to the
average of 2.07 mV during the second hour. The baseline intensity Iy n2
was used as a constant factor for calculating cjqs.r by Eq. (2) during the
experiment in real-time. The results of these calculations are shown in
Fig. 9.

Fig. 9a shows the measurement uncertainty resulting from the
margin of error for experimentally determining the laser wave number.
The average difference over the two hours of gasification between v =
76.44 cm ™! and v = 76.52 cm™! is rather small at 0.4 vol-%, while the
difference between v = 76.52 cm ™! and v = 76.60 cm ™! is twice that at
0.8 vol-%. These results combine to a wavelength-uncertainty-related
error of —0.4 to +0.8 vol-% H3O. In the second campaign, the temper-
ature was measured inside the cell by a Thermocouple type K with an
error of +1.5 °C. This improvement drastically reduces the temperature-
related uncertainty, which is further helped by the decreased tempera-
ture sensitivity of this water vapor absorption line at temperatures be-
tween 220 - 400 °C (Fig. 1b). The resulting temperature-uncertainty-
related error is around +0.3 vol-% H0. The temperature and wave-
length uncertainties combine to an estimated measuring error of

Continuous Sampling

Filter (glass wool) Offgas

2

) Trace Heating
Sample Gas up to 400 °C

Heating Section

and Diaphragm Pump 4}

CO mm— ---% NDIR
CO, ™= ---% NDIR
CH, =m— --.-% NDIR
H, = --.-% TCD
0, 3 --.-% Param.

Gas Analyzer
(Gas Prep. Unit Experiments)

Cryostat with Glycol (at +4 °C)

Fig. 7. Setup for the novel spectroscopic H,O measurements, adjusted from [55]. Det. = Pyroelectric detector, QCL = THz quantum cascade laser.
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Table 3
Results for experiments with synthetically prepared gas mixtures.
Wave Average baseline Average experimental Extinction
number signal signal coefficient H,0 H,0
v Temperature T  Ipn2 I €H20 target H20 craser CCondens.
em™! K mvV mvV m?/mol vol-% vol-% vol-%
MIX1 76.52+0.08 38310 9.57 4.66 0.485 - 0.555 25.0 216 +1.5 22.8
MIX2 76.52+0.08 383+ 10 10.62 8.30 0.378 - 0.445 10.0 9.3+0.8 8.2
MIX3 76.52+0.08 383+ 10 9.66 1.61 0.647 - 0.723 50.0 40.9 £ 2.6 46.5
MIX4 76.52+0.08 390 + 10 5.73 1.38 0.593 - 0.663 42.5 35.9+2.1 37.5
MIX5 76.52+0.08 388+ 10 5.73 0.82 0.662 - 0.736 50.0 439+25 47.6
MIX6 76.52+0.08 390 + 10 5.73 1.57 0.576 — 0.644 35.0 33.6 £ 2.0 32.1
calculated in the process simulation software IPSEpro suggested
50 T i T T T T 44.6 — 45.3 vol-%. Over two hours, the average cpqsr result was 48.2 vol-
0,
L H2 oLaser . X .
These measurements were performed in a raw product gas with Hy,
.0 8
?40 I 2~ Condens. CO, CO, CHy, and N» as the main dry gas components. Of these com-
ES I co !
) co ponents, only CO was suggested by the Spectral Calculator to influence
9 I CO, the HyO quantification in this QCL setup noticeably. Including CO
c 30 |OH 2 measurement data from NDIR in the solving algorithm allowed for
) [_ICH, dynamically accounting for CO absorption. 15378 ppm NHj and 387
g ppm HsS were also found in the dry gas. While these species’ absorption
5 20} was not dynamically considered, the spectral calculator estimates their
e influence was low. Absorption values of 2E-03 for NH3 and 9E-05 for
8 H,S were calculated, corresponding to an H,O overestimation of 0.1 vol-
10 %. This value can be used for calibration in post-processing, changing
the spectroscopic measurement to 45.8 vol-% from 10:27 to 10:39 and
48.1 vol-% over the experimental duration. The total tar content in the

MIX1 MIX2 MIX3 MIX4 MIX5 MIX6
Experimental Data Point

Fig. 8. Comparison of H,O concentrations measured by condensation
(H2Ocondens.) and spectroscopy (H2Opaser) in various experiments with syn-
thetically prepared gas mixtures.

—0.7 to +1.1 vol-% H30. This error margin substantially improved from
the first campaign, which had higher uncertainties.

Fig. 9b shows the composition of the raw product gas over the
experimental duration. The water vapor measurement results at the
design wave number of v = 76.52 cm ™! were combined with the dry gas
composition to give this raw gas composition. The average HoO con-
centration for the condensation measurement, conducted from 10:27 to
10:39, was 46.7 vol-%. The spectroscopic measurement, on average,
yielded 45.9 vol-%. Mass and energy balancing simultaneously

raw product gas was determined as 31.21 g/ngry by GC-MS, of which
most were benzene and only 11.75 g/Nrn(?iry were not benzene, toluene,
ethylbenzene, or xylenes (Appendix C). Gravimetric tar was determined
as 4.18 g/Nmﬁry. The tar dew point was calculated at 192 °C, suggesting
that the temperature in the cell was sufficient to avoid tar condensation.
This finding, the measurement’s stability over two hours, and the
comparison with the condensation measurement suggest that this novel
device is well-equipped to handle tar-contaminated gases.

5. Discussion

This section discusses some possible errors that might have influ-
enced the H,O concentration results and how those errors could be
reduced in future works.

Systematic errors are consistent and repeatable and occur due to
flaws in the measurement system. This work used the simplification that
the measurement signal at the lock-in amplifier is reduced from the
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Fig. 9. H,O measurement data for hot and raw product gas from biomass steam gasification. a) Uncertainty was introduced into water vapor measurement due to

uncertainty in laser wave number, and b) Raw product gas composition data.
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baseline signal only by absorption from Hy0 and CO. Other effects that
would reduce the baseline signal during measurement are neglected,
which could lead to overestimating the H,O content in the gas. Mea-
surement data in this work and HITRAN2020 data are available for NHs,
H,S, Hj, CO,, and CH4. Hy, CO,, and CH4 do not absorb significantly at
2.293 THz (see Section 2.1). Data on NH3 and H,S abundance were
unavailable as online measurements, but post-processing revealed that
these species led to overestimating the HoO concentration by 0.1 vol-%.
If the setup was changed to allow for online measurement of NH3 and
H,S, this error could be dynamically eliminated. The absorption from
other components could not be considered since measurement or
HITRAN2020 data were missing. An estimation for the maximum error
during measurement can be given as the sum of errors induced by typical
product gas impurities (see Table 1). If every impurity were present at its
maximum considered concentration, this would result in a baseline
decrease of around 5.1 %. At 250 °C, 1 atm, and exz0 of 0.5 m?/mol, this
would correspond to a maximal Hy0 overestimation of 2.5 vol-%. This
maximum error is primarily a result of absorption by 10 vol-% NH3 and
0.1 vol-% HCN, which are very high numbers for biomass gasification.
This estimation does not include the unknown absorption of any species
for which data was unavailable in the HITRAN2020 database.

The baseline signal could also have been reduced through light
scattering by particles or window fouling, possibly inducing another
systematic error. The influence of these non-H,O-absorption-losses
could be investigated in future work. This investigation could include
dedicated experimental campaigns measuring the impact of various
components. Alternatively, other measurement techniques could be
adopted, such as normalized wavelength modulation spectroscopy,
which has been reported to reduce these errors [18,20]. Another sys-
tematic error results from using simulated lineshape profiles to calculate
the molecular absorption coefficients. Voigt profiles typically show re-
siduals within 2 % of measured lineshape around standard temperature
and pressure but can be less accurate under certain circumstances [18].

Random errors arise from unpredictable fluctuations in the process.
The conditions in the laboratory with the gasifier were not as controlled
as in an optical laboratory and were representative field tests of a real-
istic application environment. Various machines, heat sources, people,
and dust were close to the gasifier and spectroscopic setup; furthermore,
the windows were open, and the laboratory was not air-conditioned.
Under these laboratory conditions and without encasing the setup, the
baseline signal intensity in an Ny atmosphere (Ipn2) was measured as
5.71 mV at the lock-in amplifier before the experiment. The signal-to-
noise ratio was calculated as averaged signals versus the standard de-
viation ¢ of the transmitted signal. At 6 = 0.24 mV, the resulting signal-
to-noise ratio was 23.8 for the baseline signal. The signal-to-noise ratio
was much lower at around 8 during actual measurement using the same
standard deviation. Consequently, this means that very high H,O con-
tent and correspondingly low signals at the lock-in-amplifier would have
very low signal-to-noise ratios, a drawback of the employed fixed-
frequency approach. Encasing the setup could increase the signal-to-
noise ratio since the baseline and signal-to-noise ratios were higher in
the optical laboratory. Additionally, encasing the setup would be
necessary for more extended tests to exclude any absorption from
ambient moisture and ensure that ambient moisture variation between
the time of baseline measurement and experiment does not alter the
results. A laser with a higher power output could also increase signal-to-
noise ratios.

Dynamic errors occur when the measurement system cannot respond
quickly to the measured quantity. In the context of gasification analysis,
the repetition rates of the used electronic equipment are fast enough to
avoid such errors. The computation interval for new measurements was
somewhat arbitrarily chosen as “every few seconds”, sufficient for
observing the product gas from a pilot-scale gasifier. One potential dy-
namic error occurs during temperature measurement in the cell by a
thermocouple. The increase in czqsr data near the start of the gasification
experiment is not explained by a trend in the raw voltage signal at the
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lock-in amplifier. Instead, this trend appears once the raw signal is
combined with the gas cell temperature data. The temperature increase
near the start is explained by a change in gas supply from nitrogen to hot
and raw product gas less than three minutes before the condensation
measurement. As a result, the gas temperature might have been
underestimated before the setup’s temperature was stabilized. One so-
lution for future experiments is to avoid switching between gas supplies
at varying temperature levels this close to the measurement. Another
solution could be to implement spectroscopy-based temperature mea-
surement with a faster response time, e.g., as Sepman et al. showed [23].

Instrumental errors are inherent to the measuring instruments and
can be reduced by regular maintenance and calibration. Temperature
measurements are one of the two primary sources of uncertainty dis-
cussed and presented in this work. Integrating the thermocouple directly
into the cell helped to reduce this uncertainty considerably. The other
prominently discussed uncertainty resulting from instrumental error is
the laser frequency. The spectrometer’s resolution is defined by the path
difference of the interferometer arms as + 0.08 cm™! and leaves some
uncertainty when measuring the laser wavelength. This uncertainty is
mainly due to the laser’s emitted frequency depending on the laser’s
temperature. Consequently, refined measuring and stabilizing proced-
ures for the laser’s temperature could reduce this uncertainty. These
instrumental errors induced an error of —0.7 to +1.1 vol-% H5O in this
work.

A total estimation of measurement error can be given as the sum of
partial errors that could be quantified. These errors include mis-
classifying absorption by other gases as absorption by HyO and tem-
perature- and wavelength-uncertainty-related errors. If all impurities
listed in Table 1 were assumed to be unknown, the error would be
increased to —3.2 to +1.1 vol-% Hy0. Consequently, careful consider-
ation should be given to the NH; and HCN content if nitrogen-rich
feedstocks are combined with this measurement. The absorption by
other components, including those not listed in the HITRAN2020 data-
base, remains unknown. Future works should aim to investigate the
baseline variability resulting from absorption and scattering.

The measured water vapor contents are plausible for biomass steam
gasification [52], although higher than expected if the water—gas shift
reaction were in equilibrium at these operating conditions. The high
value is likely a result of TUW operating their DFB gasification process
with excess steam to achieve the desired superficial gas velocity for
fluidization. This measurement could be used to optimize the steam
ratio in future campaigns. The results from the new laser measurements
are within the uncertainty calculated for the new measurement in this
section compared to the discontinuous concentration measurement and
mass balance. The excellent agreement between these results highlights
the potential of this technology as a reliable online measurement that
can improve process understanding and control for processes with
complex gas mixtures.

6. Conclusion and outlook

This study introduced a novel spectroscopic device, including a
quantum cascade laser emitting at 2.294 THz, a hot gas cell, and a py-
roelectric detector to quantitatively measure HyO in hot and raw prod-
uct gas from biomass gasification. This design was chosen based on
absorption data from the HITRAN2020 database calculated in the
Spectral Calculator by GATS. Elevated temperatures of around 250 °C
facilitated water vapor quantification without tar condensation
impeding the measurement. The second campaign successfully adopted
an advanced gas cell design at around 250 °C to avoid tar condensation
and operate without interruption for two hours. The water vapor was
embedded in a mixture that contained Hy, CO5, CO, CHy4, N5, NH3, HsS,
and tar. Tar content in the raw product gas from steady-state gasification
was determined as 31.21 g/Nrnﬁry by GC-MS and 4.18 g/Nmﬁry gravi-
metrically. The average signal at the lock-in amplifier during the first
hour of measurement was 2.03 mV, which is close to the average of
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2.07 mV during the second hour of steady-state gasification. These re-
sults show that this technology can be used for hot and raw gases,
including mixtures of permanent gases and uncondensed tar.

The measurements by QCL yielded results that were close to the
results from offline analysis by condensation. When measuring raw
product gas from biomass steam gasification, the condensation mea-
surement showed 46.7 vol-%, while the spectroscopic measurement, on
average, yielded 45.8 vol-%, and mass balancing suggested 44.6 — 45.3
vol-%. Both the condensation and the mass balancing results are within
the uncertainty calculated for the spectroscopic measurement, which
was —0.7 to +1.1 vol-% H20. The new laser method also provided
preliminary results every 1 to 5 s in real-time, starkly contrasting the
established condensation procedure, which produces average data for a
given timespan and incurs a labor-related delay. Over two hours, the
average Cpqser result was 48.1 vol-%. These points underscore that fixed-
wavelength direct absorption using a QCL emitting in the far-infrared
range is a promising option for water vapor quantification in harsh
environments.

Further temperature and gas composition screenings and validation
campaigns could reinforce the findings of this study and help with po-
tential applications outside of biomass gasification. A limitation of this
work is the uncertainty in laser frequency, which was a primary source
of water vapor content uncertainty in measurement and is increasingly
problematic at low water vapor contents and high temperatures in the
gas cell. This uncertainty is primarily due to the laser’s emitted fre-
quency depending on the laser’s temperature. Consequently, refined
measuring and stabilizing procedures for the laser’s temperature could
reduce this uncertainty. Furthermore, the baseline variability in various
gas mixtures should be investigated in future work. Signal-to-noise ra-
tios could likely be increased by encasing the setup. Wavelength mod-
ulation spectroscopy could be considered to improve sensitivity and
resistance against noise. The heating and insulation setup could also be
further improved to avoid a drop in cell temperature when switching
from cold to hot gas feeds.
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The molar extinction coefficient’s dependence on the molar H,O concentration means that Eq. (2) needs to be solved iteratively. For this reason, a

solving algorithm is adopted to determine cqr by the following steps:

1. Initialization

a. Create parametrized, quadratic fits for egzp and e¢p that depend on the temperature and molar concentration and are based on data from the

Spectral Calculator. (Fig. 2)

b. Use 10 vol-% as a first guess for cpqsr and the dry gas measurement data from NDIR as a first guess for c¢o.
c. Use the baseline intensity in nitrogen atmosphere as starting guess for Iy.

2. Iteration loop

a. Calculate new estimates for ez and eco from the parametrized fits, using the measured gas temperature and the latest guess for cjqs.r and cco as

parameters.

b. Calculate a new cpqsr from Eq. (2) using constant values for R (8.3144 J -mol’loK’l), p (101325 Pa), d (0.086 m), the latest estimate for the
baseline intensity Iy, real-time measurement data for the temperature T and experimental intensity I, and the latest estimate for egz0.

c. Calculate a new c¢p from the new cpqr and dry gas composition data for CO from NDIR measurement.

d. Calculate a new estimate for the baseline intensity Iy from the latest cco and Iy y2 data from Eq. (3) and Eq. (4), using the same constant values

as in step 2b.

e. Compare the new calculation of cyqsr from step 2b to the previous estimate of ¢y 4 If the difference between the two latest estimates for cygser is
smaller than 0.01 vol-%, then accept the latest ¢4 as the measurement result. Otherwise, repeat the iteration loop.
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Appendix B. - Pictures of the setup

Information on the used equipment is also available in Section 3.1.

60 pm
—_

Fig. B1. Scanning electron microscope picture of ridge-type lasers with 1%-order distributed feedback grating for wavelength-selective single-mode emission
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Fig. B3. Advanced gas cell setup: a) Without insulation, b) With insulation
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Fig. B4. Core gas cell setup including heated gas sampling line, quantum cascade laser, cryogenic cooler, parabolic mirror, gas drain line leading to Impinger bottles
for condensation
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Fig. B5. Full setup including everything from Figure B- 4 and on the right table from top to bottom: oscilloscope, frequency generator (Agilent 33220A), voltage
pulse generator (Agilent 8114A), lock-in amplifier (Stanford Research SR830)

Appendix C. - Detailed tar analysis

This tar analysis was conducted by GC-MS in the Testing Laboratory for Combustion Systems at Technische Universitat Wien. The tar dew point for
this mixture was estimated as 192 °C from vapor/liquid equilibrium calculations for single components [56], followed by the application of Raoult’s
law [57].

Table C1. Tar compound analysis via GC-MS. “n.m.”=not measured.

Compound Concentration Compound Concentration
mg/Nmgy mg/Nmdry

Benzene 19,459 Indole

Toluene n.m. Biphenyl 197

2-Methylpyridine n.m. 1-Vinylnaphthalene n.m.

(continued on next page)
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(continued)
Compound Concentration Compound Concentration
Ethylbenzene n.m. 2-Vinylnaphthalene 61
m- and p-Xylene n.m. Isoeugenol n.m.
o-Xylene + Styrene 464 Acenaphthylene 1433
Phenylacetylene n.m. Acenaphthene 57
3- and 4-Methylpyridine n.m. Dibenzofuran n.m.
Mesitylene n.m. Fluorene 415
Phenol 42 Dibenzothiophene n.m.
Benzofuran n.m. Anthracene 389
1H-Indene 1053 Phenanthrene 1365
2-Methylphenol <19.93 Carbazole n.m.
3- and 4-Methylphenol <19.93 4,5-Methylenephenanthrene n.m.
2-Methylbenzofuran n.m. 9-Methylanthracene n.m.
2,6-Dimethylphenol n.m. Fluoranthene 585
2,5- and 2,4-Dimethylphenol n.m. Pyrene 375
3,5-Dimethylphenol n.m. Benzo[a]anthracene 120
2,3-Dimethylphenol n.m. Chrysene 120
3,4-Dimethylphenol n.m. Benzo[b]fluoranthene 95
2-Methoxy-4-Methylphenol n.m. Benzo[k]fluoranthene 37
Naphthalene 4552 Benzo[e]pyrene 85
1-Benzothiophene n.m. Benzo[a]pyrene n.m.
Quinoline n.m. Perylene <19.93
2-Methylnaphthalene 172 Dibenz[a,h]anthracene <19.93
Isoquinoline n.m. Benzo[g,h,i]perylene 23
1-Methylnaphthalene 75 Indeno[1,2,3-cd]pyrene 35
1-Indanone n.m. Anthanthrene n.m.
Eugenol n.m. Coronene <19.93

Data availability

Data will be made available on request.
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