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A B S T R A C T

Alkali species have been under intensive research in thermal conversion applications due to their abundance
especially in biomass fuels. Alkali metals, sodium (Na) and potassium (K), are known to cause severe
operational problems in combustion units, such as slagging, fouling, and corrosion. In this work, we present a
monitoring method to follow alkali behavior from vapor to particles in a pilot-scale reactor. In our approach
we combine Tunable Diode Laser Atomic Spectroscopy (TDLAS) for atomic potassium monitoring, Collinear
Photofragmentation and Atomic Absorption Spectroscopy (CPFAAS) for KCl and KOH detection, and Surface
Ionization Detection (SID) for monitoring of total flue gas and aerosol alkali content. Experiments were
carried out in the Chalmers 100 kW oxy-fuel combustion unit that, during these experiments, used propane
as fuel. Alkali species were injected as a water solution directly to the flame. In addition, SO2 was used
to alter the conditions for alkali species formation injecting it directly to the combustion feed gas. Due to
the alkali monitoring system described, we were able to monitor the alkali behavior during nucleation and
sulfation processes. The conditions for dimer formation and heterogeneous nucleation were observed when the
temperature conditions were changed by lowering the thermal input to the unit.
1. Introduction

Interest in alkali element behavior in high-temperature environ-
ments has remained high due to their abundance in biomass and
waste-derived fuels and, on the other hand, due to large high-alkali-
content coal reserves, such as the Zhundong coal reserve [1,2]. Alkali
metals, especially sodium (Na) and potassium (K), are known to cause
severe operational problems in the combustion units, such as slagging,
fouling, and corrosion. The alkali elements may also interfere with the
combustion process itself by promoting or inhibiting the fuel oxida-
tion, depending on the prevailing conditions [3,4]. In addition to the
combustion conditions, the intensity and direction of the alkali related
effects depend on the molecular form that the alkali elements are
present in the process gases and on the combustion unit surfaces. From
corrosion perspective, the most problematic forms of alkali elements
are alkali chlorides: KCl and NaCl. These alkali species induce high
corrosion rates on the heat transfer surfaces. To mitigate the adverse
effects, the temperature on heat transfer surfaces is lowered, hence,
making the alkali species one of the main reasons for lowered efficiency
of biomass and waste-fired power plants when compared to coal-fired
plants [5].

∗ Corresponding author at: Photonics Laboratory, Physics Unit, Tampere University, Tampere, 33101, Finland.
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The main alkali vapor species during the combustion process are
alkali chlorides, hydroxides, and sulfates that are formed through com-
plicated series of reactions. If chlorine is available, the alkali elements
are released from the fuel as chlorides. Otherwise they are usually
released as atomic species or as hydroxides [6]. In fuel-rich conditions,
the main in-flame alkali species are the atomic species [7]. When
the alkali species enter the post-flame region, they form chlorides
and hydroxides that can be further sulfated if sulfur and suitable
conditions are available [8]. In addition to gas phase reactions, alkali
species may take part on number of processes, such as homogeneous
nucleation, coagulation, and heterogeneous condensation, that result in
alkali containing aerosols. The resulting alkali-rich particulate matter
can onset the deposit growth on heat exchanger surfaces leading to
formation of corrosive ash deposits [9]. By simulations and laboratory
experiments, the nucleation temperature of chlorides have been found
to be at around 700 ◦C [10,11]. Formation of particulate matter can
be dramatically increased when sulfation occurs as the sulfates become
quickly supersaturated due to the lower vapor pressure [10,12]. There-
fore, the alkali content in solid phase is highly relevant, especially,
for evaluation of alkali behavior in flue gases resulting from biomass
and oxy-fuel applications. Thus, to obtain full picture of the alkali
vailable online 24 February 2023
016-2361/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access a

https://doi.org/10.1016/j.fuel.2023.127900
Received 15 December 2022; Received in revised form 9 February 2023; Accepted
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

17 February 2023

https://www.elsevier.com/locate/fuel
http://www.elsevier.com/locate/fuel
mailto:jan.viljanen@tuni.fi
https://doi.org/10.1016/j.fuel.2023.127900
https://doi.org/10.1016/j.fuel.2023.127900
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuel.2023.127900&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Fuel 343 (2023) 127900J. Viljanen et al.
species concentration, their behavior, and possible adverse effects on
the unit operation, the alkali species concentration in gas and solid
phase must be monitored simultaneously. Therefore, complementing
alkali diagnostic methods are required.

The main challenge on understanding the potassium dynamics in
industrial-scale systems has been the lack of adequate alkali diag-
nostics. Despite the increasing number of alkali analysis techniques,
the harsh environment in large-scale units has been limiting the al-
kali analysis mostly into bench-scale reactors. Laser diagnostic tools
for alkali species have been utilized extensively in high-temperature
gases and some of the laser-based techniques have been demonstrated
also in industrial scale [13]. For example, Tunable Laser Absorption
Spectroscopy (TDLAS) [14,15], that is a mature technique for atomic
potassium quantification, and Ultraviolet Differential Optical Absorp-
tion Spectroscopy (UV-DOAS) [16], developed for molecular alkali
species diagnostics, have been in use for industrial-scale alkali monitor-
ing. A laser-based technique called Collinear Photofragmentation and
Atomic Absorption (CPFAAS) [17] has been demonstrated for molecule
specific KCl and KOH detection in industrial-scale units [18]. In addi-
tion, the photofragmentation-based technique was recently combined
with TDLAS making it capable to simultaneously detect K, KCl and
KOH in a flame and in a flue gas stream [7]. The combination of
photofragmentation and TDLAS has also been demonstrated in a pilot-
scale entrained flow gasifier unit [19]. However, the detection ability
of molecule selective laser-based methods is limited to selected alkali
species in gas phase.

In this work, we demonstrate an experimental method to follow
alkali species during combustion – from vapor to particles – that would
enable the alkali path monitoring and determination of the fractions of
alkali species in the flue gas and in the particles in varying conditions.
The CPFAAS method is combined with TDLAS to enable simultaneous
monitoring of K, KCl and KOH fractions in the gas phase in the
transition region from the in-flame to the post-flame conditions and in
the flue gas. We complement the species-specific laser diagnostic alkali
information with the use of a Surface Ionization Detector (SID) [20]
that is capable of monitoring the total alkali concentration, i.e. both
gas and solid phase, in the flue gas [21,22]. The information obtained
with the two independent methods are compared and combined to form
a more complete picture of the alkali path through the system. It is
demonstrated that adjacent monitoring methods are required for alkali
monitoring especially in dynamic combustion conditions with load-
ramping and varying fuel and additive qualities and quantities. The
possibilities and limitations of the adjacent measurement systems are
explored and discussed. The experiments are carried out in the 100 kW
Chalmers Oxy-fuel reactor that is a combustion unit capable of different
combustion conditions and rapid condition shifts. The unit is equipped
with multiple optical access points along the combustion axis enabling
laser diagnostics along the reactor axis. The laser-based diagnostic sys-
tem is demonstrated to be able to monitor potassium species in different
combustion environments, including oxy-fuel environment (high CO2
and SO2 concentrations) and the response of different potassium species
to SO2 injection is investigated in different distances from the burner.

2. Experimental arrangement

2.1. Combustion unit

The experiments were carried out in the Chalmers 100 kW oxy-fuel
unit [23,24]. The unit has an inner height and diameter of 2400 mm
and 800 mm, respectively, as shown in Fig. 1. The unit is equipped with
measurement ports at seven different distances along the suspended
flame axis on four sides of the cylindrical unit. In addition, there is
an eighth measurement position in the flue gas exit. In this work, the
unit was operated with propane as the fuel with, in most cases, a
feeding rate of 1.73 g/s (80 kW) and a stoichiometric oxygen-to-fuel
ratio of 1.15. The unit was operated in two different conditions: air
2

Fig. 1. Schematic presentation of the Chalmers 100 kW oxy-fuel unit. The reactor has
measurement ports on all four sides on all levels marked with Port 1–8.

Table 1
The main combustion gas concentrations in different combustion cases and theoretical
maximum SO2 concentrations during two different injection levels.

Air OF25

Thermal input (kW) 80 80
Oxygen-to-fuel ratio 1.15 1.15
O2 2.6 3.0
CO2 10.2 81.0
H2O 13.6 16
Residence time (s) 4.4 5.6
SO2 injection low/high (ppm) 300/600 975/2300

combustion (Air) and oxy-fuel condition. During the oxy-fuel operation,
the combustion air was replaced with dry recirculated flue gas to which
oxygen was added to reach a concentration of 25% of oxygen in the
combustion gas (OF25). The main components in the resulting flue gas
are presented for both cases in Table 1. The facility has the possibility to
add gaseous species into the combustion air or into the recirculated flue
gas. In this work, this system is used to inject SO2. The injection flow
is controlled using a mass flow controller set to reach different flue gas
concentrations. The theoretical SO2 concentrations in flue gas in the
different combustion and injection cases are presented in Table 1. In
addition, the unit has a system for spray injection of aqueous solutions
directly into the flame. The spray nozzle has a spray angle of 15◦ and is
located 40 mm below the burner. This spray system was used to inject
aqueous solutions containing KCl and NaCl into the flame. The water
solution flow is controlled with a peristaltic pump (Prominent, DELTA
1612) with flow rate set to 0.9 lph. The flow rate was held constant
throughout the experiments. The concentration of injected species was
altered by changing the alkali concentration in the solution aiming at
flue gas alkali concentrations of 10 ppm, 50 ppm, and 100 ppm.

2.2. Gas composition and temperature measurements

The gas composition was measured using a temperature-controlled
sampling system. In this system the hot gases are sampled using a
water-cooled probe with a 6 mm electrically heated center pipe through
which the gas is extracted. The center pipe is heated to 180 ◦C to avoid
condensation. The probe is connected to an FTIR (MultiGas 2030, MKS
Instrument Inc.) and a paramagnetic oxygen analyzer via a fully heated
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Fig. 2. Schematic of the (a) CPFAAS+TDLAS arrangement and (b) the SID sampling and dilution arrangement. The beam path was aligned through the reactor center and the SID
ampling probe was placed 3 cm away from the beam path in Port 7.
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ampling line, including heated filters and pumps, all set to 180 ◦C.
The FTIR is used to detect several different components, such as H2O,
CO2, SO2, and HCl. During oxy-fuel combustion, an additional CO2
nalyzer (NGA 2000) was used to obtain calibrated CO2 values up to
00% concentration. The temperature is determined using a suction
yrometer equipped with a thermocouple type B. The thermocouple is
hielded using a ceramic tube through which the hot gas is sucked.

.3. Laser diagnostic arrangement

Potassium species K, KCl, and KOH were monitored in gas phase
sing in-situ laser technique called CPFAAS that was equipped with
unable laser diode for TDLAS. The laser measurement arrangement is
hown in Fig. 2. Atomic potassium concentration is monitored using
istributed feedback (DFB) diode laser (Nanoplus GmbH) that is wave-
ength modulated across potassium D2 line at 766 nm. The temporal
eam transmission through the center of the combustion unit is moni-
ored using a photodetector (PDA10A, Thorlabs Inc) that is connected
o a spectrometer (HDO6054, LeCroy). A reference potassium cell (SC-
-19375-Q-W, Photonics Technologies) is used to monitor and validate

he atomic potassium probe beam wavelength. Two photofragmenting
aser pulses are synchronized with the potassium probe wavelength
odulation and aligned collinearly with the potassium probe beam

nabling the detection of atomic potassium fragments produced by the
aser pulses. The first laser pulse is emitted at wavelength of 355 nm.
t has a temporal width of 5 ns and a furnace input pulse energy of 800
J (Ultra Big Sky series, Quantel). The second laser pulse is emitted at
avelength of 266 nm, with a temporal width of 1 ns, and a furnace

nput pulse energy of 20 μJ (FQSS-266-200, CryLas GmBh). The tem-
oral separation of the laser pulses is long enough (>100 μs) to allow
he transmission signal to recover after the initial photofragmentation.
he laser pulse at 355 nm dissociates KOH whereas the laser pulse at
66 nm dissociates both KCl and KOH. Thus, the contribution of atomic
otassium originating from KOH during the laser pulse at 266 nm can
e subtracted using the information obtained during the laser pulse at
55 nm [25]. The laser beams were aligned through the combustion
nit utilizing the measurement ports described in Section 2.1. The ports
ere equipped with sapphire glass windows and flushed with N flow.
3

2

The precursor molecule concentration 𝑋𝑝𝑟𝑒𝑐 is obtained by us-
ng Eq. (1) that consider extinction of the fragmenting laser pulse when
t propagates through the measurement volume [26].

𝑝𝑟𝑒𝑐 = 𝛼𝐿max
𝐴𝑓

𝐸𝑖𝑛𝐿
ℎ𝑐
𝛾𝜆𝑓

𝑘𝑇
𝑝

1
𝜎𝐾 (𝜈)𝜎𝑝𝑟𝑒𝑐

ln
(

𝐸𝑖𝑛
𝐸𝑜𝑢𝑡

)

1 − 𝐸𝑜𝑢𝑡
𝐸𝑖𝑛

, (1)

where 𝛼𝐿𝑚𝑎𝑥 is the maximum increase in the probe beam absorptivity
after the fragmenting laser pulse, 𝐴𝑓 is the area of the fragmenting
beam, 𝐸𝑖𝑛 is the energy of the fragmentation laser pulse at the furnace
input, 𝐿 is the interaction length of the beams and the sample, i.e. in
this case, the unit diameter, ℎ is the Planck’s constant, 𝑐 is the speed
of light, 𝛾 is the photofragmentation efficiency, 𝜆𝑓 is the fragmentation
wavelength, 𝑘 is the Boltzmann’s constant, 𝑇 is the sample temperature,
𝑝 is the sample pressure, 𝜎𝐾 (𝜈) is the wavelength dependent absorption
cross section of atomic potassium, 𝜎𝑝𝑟𝑒𝑐 is the absorption cross section
of corresponding precursor molecule, and 𝐸𝑜𝑢𝑡 is the energy of the
fragmentation laser pulse at the furnace output [26]. The photofrag-
mentation efficiency is assumed to be unity for both KCl and KOH. The
𝑎𝐿𝑚𝑎𝑥 is obtained using exponential fitting double exponential curve
to the obtained temporal absorbance signal [27]. The 𝜎𝐾 (𝜈) value at
the time of the fragmentation and subsequent 𝑎𝐿𝑚𝑎𝑥 measurement is
determined by comparing the temporal relation of the fragmenting
laser pulse and the tuning of the potassium probe laser wavelength [7].
The absorption cross section values for fragmenting laser pulses used in
this work are 𝜎𝐾𝐶𝑙,266 = 0.74×10−21 m2, 𝜎𝐾𝑂𝐻,355 = 0.15×10−21 m2 and
𝜎𝐾𝑂𝐻,266 = 0.1 × 10−21 m2 [18]. Thus, the limit of detection (LoD) for
the single shot detection of KCl and KOH were 1 ppm and 0.05 ppm,
respectively.

The atomic potassium concentration along the line-of-sight can be
obtained utilizing the Beer–Lambert’s law

𝐼(𝜈) = 𝐼𝑐 + 𝐼0(𝜈) exp[−𝛼(𝜈)𝐿], (2)

where 𝐼(𝜈) is the intensity of the observed transmitted light, 𝐼𝑐 is
he frequency-independent part of the laser light intensity, 𝐼0(𝜈) is the
requency-dependent intensity of the light inserted to the measurement
olume, 𝛼(𝜈) is the frequency-dependent absorbance that occurs along
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the light propagation path, and L is the interaction length of the sample
and the light [14]. To obtain 𝐼0(𝜈), the transmission intensity through
empty furnace was measured before and after the day of measurements
and between the change of solutions when pure water was injected to
the unit through the peristaltic pump. A Voigt curve was used as fitting
to obtain the temperature-dependent potassium absorption lineshape
from the measured signal.

2.4. Surface Ionization Detector (SID)

The total alkali concentration in gas phase and in particles was
monitored using a SID. It is an online measurement method that draws
flue gas from the sampling zone, dilutes the sample gas, and cools
it down. The primary particles, i.e., the particles formed prior the
sampling, combine with condensing alkali components and impact on
a hot platinum filament that is positioned across the sample flow.
The particles impinging the filament melt and undergo a phenomenon
referred to as surface ionization [28,29]. The platinum filament is
charged with a positive voltage causing a strong repelling force to the
created K+ and Na+ cations. The cations draw a current upon collection
to a detector plate that can be correlated to the total alkali concen-
tration in the sample flow. To obtain the alkali mass concentration
(mg/m3) corresponding to the observed ion current, reference measure-
ments were performed using known mass loadings of synthesized alkali
particles [30]. In addition to SID analysis, the particle size distribution
is monitored using scanning mobility particle sizer (SMPS) system (TSI
3082) consisting of a differential mobility analyzer (TSI 3081) and a
condensation particle counter (TSI 3750) using a soft neutralizer (TSI
3088). The schematic of the dilution and sample extraction arrange-
ment is shown in Fig. 2. The calibration particles were generated using
a constant output atomizer (TSI 3076). The calibration was performed
using alkali salts KCl, K2SO4, KNO3, and KOH. Detailed description of
the calibration can be found in Ref. [30].

The extraction and conditioning of the sample gas is performed
using a temperature-controlled probe which enable extraction from the
reactor region of interest. In this work, sample gas was extracted from
measurement Port 7 that is in the region where particle nucleation
can be observed for various conditions. As SID method is incapable to
distinguish between alkali species present in gas phase or solid phase,
this region serves as an ideal region to compare in-situ laser diagnostics
and SID alkali monitoring. The probe has several openings around the
inlet to enable fast and efficient dilution and quenching of the sample.
The overflow of the dilution gas cools the sample rapidly creating aero-
dynamic quenching [31]. To examine the amount of deposition losses
in the probe line, the probe was rinsed with purified water before and
after each day. The probe rinse was diluted 20 times and analyzed with
inductively coupled plasma mass spectrometry (ICP–MS, Thermo iCAP
Q), and signal intensities for elemental mass were analyzed with ICP–
MS (Thermo iCAP Q) and inductively coupled plasma optical emission
spectrometry (ICP–OES, Thermo iCAP 6500) for elements in the ppb
and parts per million (ppm) ranges, respectively. The sampling losses
were found to be insignificant to the resulted alkali concentrations [30].
To determine the dilution ratio, CO2 levels of the diluted sample was
measured (LI-COR LI-850) and compared to the CO2 measurements of
the undiluted gas. The undiluted CO2 concentration was measured with
a Fourier transform infrared spectroscopy (MKS MGS3000) extracted
downstream of Port 7.

3. Results and discussion

3.1. Combustion unit temperature profiles

The temperature profile of the unit is measured with suction py-
rometry. The temperature during air combustion reaches the maximum
temperature of 1750 ◦C in Port 2 and thereafter decrease to about
800 ◦C in Port 7. There was no notable difference in temperature
4

Fig. 3. (a) The temperature profile between Ports 2 and 7 of the combustion unit
during air combustion. (b) The radial temperature at Port 6 during the different
combustion cases.

between the different injection liquids. The temperatures in Fig. 3 are
from the air combustion case with pure water injection. The obtained
temperature profile between ports 2 and 7 during air combustion
is presented in Fig. 3a that was obtained by measuring point-wise
temperature at seven different distances from the unit wall at each port
level and using linear interpolation between the measured temperature
values. The temperature at Port 7 was found to be dominated by the
unit wall temperature and, thus, it was very similar in both combustion
cases. The temperature profiles in Port 6 varied between the cases
and are presented in Fig. 3b. In case of air combustion, the visual
flame tip was observed to fluctuate between Port 5 and Port 6. In
case OF25 condition the visual flame was shorter. The differences in
the temperature profile and in the flame length are important for the
interpretation of the gas phase alkali results.

3.2. Laser transmission and signal formation

The TDLAS+CPFAAS system was set to Port 2 to monitor whether
KCl remains intact or is dissociated in the flame after the injection. As
expected in the temperature of 1750 ◦C and in fuel-rich conditions,
the KCl dissociated into atomic potassium to the extent that the flame
was completely opaque for the near-infrared potassium probe beam
across the tuning range already when the KCl seeding was only 10 ppm.
Therefore, no quantitative information was obtained from Port 2. The
flame remained opaque also during simultaneous KCl and SO injection.
2
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Fig. 4. An example of a measured single shot absorbance by the TDLAS+CPFAAS
system. The 𝑥-axis is measured as time but can be converted into wavelength for atomic
potassium absorption line fitting using the lineshape obtained with reference potassium
cell transmittance that has well known characteristics.

As mentioned, the visual flame tip fluctuated between Port 5 and
Port 6 or remained above the Port 6 level in case of OF25. Thus, the
interaction length between the atomic potassium in the flame and the
probe beam would be shorter in these ports enabling lower probe beam
absorption and, consequently, quantitative potassium species detection.
Indeed, during KCl injection aimed for 10 ppm to 100 ppm in the flue
gas, the observed absorbance was favorable for quantitative potassium
species detection in Ports 5, 6 and 7 for OF25 conditions and in Ports
6 and 7 for Air case.

The example single shot absorbance curve in Fig. 4 is collected
during Air combustion case with TDLAS+CPFAAS through Port 6. The
potassium probe laser beam is wavelength modulated over time and,
therefore, the x-axis of collected TDLAS+CPFAAS signals can repre-
sent time or wavelength. The probe beam wavelength was monitored
utilizing transmission signal through the reference potassium cell that
enabled, firstly, locating the correct wavelength for potassium detec-
tion, and, secondly, provides a reference for the time-to-wavelength
axis conversion as the reference lineshape and width is well known.
The threshold for the probe beam absorbance saturation, i.e., when the
probe beam transmission goes to zero in the peak of the absorption line,
in propagation through the unit is approximately 5 ppb. Qu et al. have
demonstrated a method to quantify atomic alkali species also in thick
optical conditions [14]. However, especially in Port 5 and, during air
combustion, also in Port 6, the flame fluctuation caused occasionally
the transmission to drop to zero across the whole wavelength range
and no quantitative information could be obtained from these signals.
Despite the N2 flushing, the windows in port inlets suffered from fine
deposition over the seeding period that could be seen as a shift in
the frequency-dependent interference fringes in the signal. Thus, to
reduce the uncertainty in quantification of the atomic potassium and
determination of the potassium lineshape parameters, the 𝐼0 signal was
measured switching the injected solution to water and recording the
temporal transmission signal immediately after the switch when no
potassium species were observed.

The potassium absorption lineshape was observed to vary between
the port locations and combustion cases. Therefore, the potassium
absorption lineshape parameters for wavelength dependent absorption
cross sections in KCl and KOH quantification were validated sepa-
rately for Ports 5, 6, and 7 in all combustion cases. As no atomic
potassium was detected in Port 7 during KCl injection, KNO3 solution
was injected into the unit instead. Theoretical injection of 30 ppm
of KNO3 produced atomic potassium concentration of 3 ppb to the
Port 7 level enabling validation of the potassium lineshape in Port
7. As the temperature distribution in Port 7 is almost flat with little
5

variation between the proximity of the wall and the center of the unit,
the obtained wavelength dependent absorption cross section curve for
KCl quantification in Port 7 can be considered to hold across the unit
diameter. On the other hand, the absence of atomic potassium enabled
the detection of KCl in the proximity of the absorption peak similarly to
fixed wavelength CPFAAS [25] that has shown to have low variation
in fragmented potassium absorption section across wide temperature
range, thus, further reducing the uncertainty in the potassium absorp-
tion cross section. In addition, the obtained KCl values agreed well
with SID values that were independently calibrated, as will be shown
in Section 3.3. In Port 6 for Air case and in Port 5 for OF25 case,
the temperature distribution cause uncertainty to the KCl and KOH
quantification as the potassium lineshape is obtained from the center
of the unit that is in higher temperature than the outer gas layers.
This may lead to underestimation of the KCl concentration as KCl is
typically met in lower temperatures than atomic potassium or KOH.
However, the obtained KCl concentrations were close to the theoretical
maximums and, thus, no clear underestimations were observed.

3.3. Potassium detection during sulfation

The ability to track the gas phase reactions of the potassium species
is demonstrated by measuring the evolution of the K, KOH, and KCl
fractions during sulfation process at different distances from the burner.
The K, KCl and KOH concentration values shown in Table 2 are aver-
aged over 500 individual signals and, thus, the values represent 50 s
of the unit operation. The aimed KCl seeding for the sulfation tracking
in gas phase was chosen to be 10 ppm as it enabled 50 s long signal
acquisition without complete loss of probe beam transmission in all
measurement ports used. In higher KCl seeding conditions, occasionally
the fluctuating flame and resulting transmission loss caused higher
uncertainty to the obtained data. It is worth to notice that the atomic
potassium and KOH are not evenly distributed along the measurement
volume but concentrated to the central part of the reactor. Hence, the
local concentrations of atomic potassium and KOH can be substantially
higher than the obtained line-of-sight values. Based on the KCl con-
centrations obtained at Port 6 and Port 7 levels, the most efficient
sulfation during air combustion occurs between Ports 6 and 7. In case
of OF25, sulfation was observed already at Port 6 as the temperature
had reduced to a level that favors alkali sulfation [32]. In addition, the
S/K ratio was higher during OF25 which also promotes KCl sulfation
as shown by Ekvall et al. in Ref. [24] that includes a numerical study
on the sulfation occurring in the same unit with the parameters used
in this work.

The current laser measurement system can deliver data on potas-
sium species concentration with temporal resolution of up to 10 Hz.
The sulfation behavior of the potassium species K, KOH, and KCl was
observed during the initiation of SO2 injection with the aim to see
how species are affected by fast transient of the SO2 concentration. As
can be seen in Table 2, the atomic potassium concentration was not
affected within the dynamic range of the atomic potassium detection
by the SO2 injection and the same was observed in temporally re-
solved concentration curves. The obtained atomic potassium signal was
heavily saturated despite the SO2 injection. This was expected as the
atomic potassium was mainly located in the areas with temperatures
exceeding 1000 ◦C that is not favorable for alkali sulfation in reducing
conditions [33]. To study the sulfation details of atomic potassium
in pilot-scale facilities, an extension to the dynamic range of atomic
potassium detection could be obtained using potassium D1 line instead
of the potassium D2 line for the atomic potassium detection [14].

Example curves of KCl and KOH measured in Port 6 during the
Air combustion case are shown in Fig. 5a, where the single shot
concentration data is averaged over 0.5 s intervals. The KCl and KOH
levels were not affected by the SO2 injection at Port 6 level during Air
combustion case even at the S/K ratio of 60 that is the highest obtained
in this study. When the temporal concentrations were observed in Port
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Table 2
The average concentrations of potassium species during the different combustion cases in Port 5, 6 and 7. The values are averaged over 50 s
of combustion unit operation and represent the averaged amount along the unit diameter.

Case Air OF25

S∕K 0 30 0 98

K KCl KOH K KCl KOH K KCl KOH K KCl KOH
(ppb) (ppm) (ppm) (ppb) (ppm) (ppm) (ppb) (ppm) (ppm) (ppb) (ppm) (ppm)

Port 5 >5 – 0.4 ± 0.2 >5 – 0.5 ± 0 − 2
Port 6 >5 9 ± 4 0.1 ± 0.1 ≥5 8 ± 4 0.1 ± 0.1 – 12 ± 1 0.2 ± 0.1 – 5 ± 2 0.1 ± 0.1
Port 7 – 12 ± 3 – – 3 ± 3 – – 7 ± 2 – – – –
Table 3
Comparison values at Port 7 level obtained by SID and CPFAAS during different seeding
cases.

Alkali salt (ppm) KCl (100) KCl (50)+NaCl (50)

S∕K 0 3 6 0 6 12
CPFAAS [KCl] (ppm) 89 51 29 54 35 20
SID [KCl]𝑒𝑞 (ppm) 80 51 32 79 57 37

7, as shown in Fig. 5b, a rapid response in KCl concentration was
obtained after initiation of SO2 injection at t = 0 s. Complete sulfation
in the limits of the LoD was observed already at S/K = 30. This further
demonstrates that there is efficient sulfation between the Ports 6 and 7.
The region between the Ports 6 and 7 is in the post-flame zone where
the temperature is reduced from 950 ◦C to around 800 ◦C. The strong
temporal fluctuation in Fig. 5a arise mainly from the proximity of the
LoD and the reduced certainty in the fitting procedure. Proximity of the
fluctuating flame may also contribute to the temporal behavior of the
alkali elements. The fluctuations in KCl concentration also increased
when the KCl injection was increased to 100 ppm as can be seen in
Fig. 5c. This might be due to the alkali induced fluctuations in the
combustion behavior, however, this will be a topic of another study.

The transient response of KCl concentration to SO2 injection was
studied with different S/K ratios. Fig. 5b shows the KCl response in
three of the S/K cases in Port 7 level. The rate of sulfation is quite
similar for all tested ratios, however, the steady state levels differ. In
Fig. 5c it is shown one more S/K ratio and a seeding case where 50% of
the KCl is replaced with NaCl, i.e. the sulfur-to-alkali ratio (S/A) is the
same in both cases but S/K ratio is doubled. Again, the response rate
is very similar but interestingly the KCl concentration after initiation
of SO2 injection, when the system has reached the steady state, is the
same in both cases with target concentrations of 100 ppm in alkali
content in the flue gas. This observation suggests that sulfation of NaCl
is favored over KCl sulfation leaving behind higher KCl level than an
equal rate of sulfation would contribute. However, more measurements
with a matrix of different S/K and S/A ratios is required to confirm this
observation.

The responses of the laser diagnostic system and SID method were
compared during the KCl sulfation process. The laser propagation path
and the SID sampling point are at the same distance from the burner at
Port 7 level and approximately 3 cm apart in the middle of the reactor.
To compare the quantitative alkali concentration values between the
laser system and the SID, the reactor was seeded with different alkali
solutions aiming to have a KCl-equivalent concentration of 100 ppm
in the flue gas during air combustion. In addition, three different SO2
concentrations, 0 ppm, 300 ppm, and 600 ppm, were introduced. The
results are summarized in Table 3. When seeding 100 ppm of KCl, the
quantitative KCl concentration values from SID and CPFAAS agree well
with 80.1 ppm and 88.5 ppm, respectively. The KCl concentration is
reduced in the gas phase when SO2 is introduced to the combustion
gas, as can be seen in the CPFAAS KCl concentration. The obtained
SID signal is reduced as well due to the SID method’s lower response
to K2SO4 molecules [30]. The simultaneous injection of KCl and NaCl
shows the benefit of two complementing methods as the other one
tells the total alkali content in the flue gas and the other provides
6

Fig. 5. (a) Transient KCl and KOH concentrations at Port 6 level, (b) transient KCl
concentration in gas phase at Port 7 in case of different K/S ratios, and (c) KCl
concentration in gas phase at Port 7 level in equal S/Alkali ratios but different amounts
of potassium during initiation of SO2 injection at t = 0 s in the case of air combustion.

information on the selected species. The sulfation process creates a
challenge for species identification and alkali quantification also for the
parallel systems introduced in this work. If the KCl + NaCl seeding case
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Table 4
The overall combustion conditions and SID and CPFAAS measured KCl concentrations
during the four different load cases investigated in this work. Load 1 is equal to the Air
combustion case. The temperature is defined using the CPFAAS signal recovery curve
[34].

Load case Load 1 Load 2 Load 3 Load 4

Thermal input (kW) 80 62 29 29
Oxygen-to-fuel ratio 1.15 1.22 2.24 1.37
Residence time (s) 4.4 6.1a 7.7a 13.2a

Theoretical KCl (ppm) 100 124 149 237

Measurement results

SID [KCl]𝑒𝑞 (ppm) 90 94 131 182
CPFAAS [KCl] (ppm) 101 61 7 3
Temperature (◦C) 859 731 670 600

aEstimated from volumetric flow and obtained temperature values.

with SO2 seeding cases shown in Table 3 would be an unknown flue gas
sample, the interpretation of the results would be difficult and cause
uncertainties without additional measurement data from, e.g., FTIR on
SO2 content in flue gas.

3.4. Detection of homogeneous alkali nucleation

To demonstrate the possibility to study the KCl phase transition
from vapor to particles, the unit load and, consequently, temperature
was stepwise decreased, while keeping the KCl seeding constant. The
laser-detected KCl concentration in gas phase decreased from 100 ppm
to 3 ppm during the load ramp down. Simultaneously, the observed
SID signal increased as the total alkali concentration increased in the
flue gas due to the reduced volumetric gas flow in the unit, as shown
in Table 4 as increased residence time. The KCl vapor temperature was
analyzed using the recovery of the CPFAAS transmission signal after
the fragmentation pulse [34]. The vapor temperature also showed a
decreasing trend as the load was reduced. The reduction in temperature
below 750 ◦C coincides with the beginning of the substantial reduction
of gas phase KCl concentration. Simultaneously, the KCl-equivalent
alkali concentration obtained with SID remained persistent and started
to increase with reduction in the volumetric flow through the unit
as the KCl seeding remained constant. The losses in KCl-equivalent
concentration compared to the theoretical seeding increased in lower
load cases presumably due to the increased KCl deposition to the unit
cooling rods as the result of the lower volumetric flow and coinciding
increased residence time. However, the SID suffered from dilution prob-
lems during the ramp down experiment and, therefore, the uncertainty
in this experiment is higher than previously reported 2.5% [30].

The obtained particle size distribution, given in Fig. 6, shifts during
the load reduction. Initially, at higher load, the particle size distribution
show two distinct modes around particle diameters of 30 and 140 nm,
respectively. These modes are typically observed during fresh nucle-
ation of a supersaturated vapor, as when the high alkali containing
sample gas is rapidly cooled with cold dilution gas. As the burner
load is reduced the size distribution shifts towards larger particles,
towards a so-called accumulation mode, where nucleated particles have
grown by condensation and impaction suggesting that the particles
are formed prior to the sampling. The reduction of the burner load
coincides well with decreased gas species concentration, increased SID
mass concentration, and a shift in observed aerosol size distribution.

The temperature dependence of KCl nucleation was modeled in
FactSage 7.2 software to interpret the results further. This model as-
sumes global thermodynamic equilibrium, predicting thermodynami-
cally stable species based on Gibbs free energy minimization in a mass
balance constrained system. The model assumes ideal mixing and is
not constrained by mass transport or chemical reaction kinetics. The
FactSage model used FactPS database for thermodynamic properties
of the reacting components and was run at temperature increments of
7

Fig. 6. The evolution of detected particle size distribution during load ramp-down.

Fig. 7. The mol% of total potassium as function of temperature modeled using FactSage
software.

25 ◦C in the range from 500–1500 ◦C, corresponding to the temperature
range of the reactor. The obtained mol% fractions of total potassium
content are shown in Fig. 7. The nucleation model agrees well with
the previously presented models [10,12] and the observations in the
current study. The transition from Load 1 to Load 2 reduced the flue
gas temperature to 730 ◦C and did not cause significant difference
in the total KCl equivalent value obtained by SID nor in particle size
distribution. However, substantial reduction of 40% in KCl vapor was
observed with the laser diagnostics. This reduction is equivalent to the
modeled formation of gaseous (KCl)2 dimers that are not visible for the
laser diagnostics and do not cause significant changes in the SID and in
the particle size distribution signals. As the load was further lowered,
the KCl vapor temperature in flue gas reduced to 670 ◦C and caused
substantial changes in the particle size distribution and reduction of
gas phase KCl. The distribution shifted towards larger particles and the
nucleation mode disappeared indicating that the particles were formed
prior the sampling. The FactSage model agrees with the observations
during the load ramp down from Load 2 to Load 3 showing that the
temperature crosses the point where homogeneous nucleation occur
and the main fraction of KCl is transformed from gas phase to solid
phase.

The agreement of the FactSage model and the obtained measure-
ment results with parallel measurement systems are strong evidence
that we observe a precise temperature threshold where nucleation ap-
pears. Nucleation front and nucleation events are typically challenging
to study, however, in the present study we have been able to follow
this process in a pilot-scale combustion environment. Furthermore, the
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work demonstrates how simultaneous use of in-situ laser diagnostics
for monitoring the gas phase potassium behavior and SID for total
alkali content monitoring in flue gas flow are required to obtain more
complete picture of the alkali behavior in dynamic industrial-scale
combustion applications. SID measurements rely on extractive sampling
and, thus, cannot distinguish whether the detected alkali signal origi-
nates from primary particles or particles formed during extraction and
conditioning. Closer inspection on detected particle size distribution
could help in the recognition, however, this approach is case specific
and depends on the extraction system. On the other hand, optical in-situ
gas phase detection of selective species may omit information about
alkali species content during operational changes that are becoming
more and more common due to the heterogeneous fuels and increasing
dynamics of the power grid [35]. In addition, demonstration of the laser
measurement system in oxy-fuel conditions is a powerful statement of
the method’s abilities in various combustion conditions. Thus, the use
of parallel alkali measurement systems introduced in this work opens
multiple research lines.

4. Conclusion

A combination of methods that can follow alkali species from vapor
to particles in a pilot-scale combustor is introduced. The laser-based
in-situ measurement technique TDLAS+CPFAAS enable monitoring of
K, KCl, and KOH in different stages of the combustion and is here
demonstrated for various combustion conditions: Air and OF25. The
SID is capable to detect the total alkali content in the gas phase and
in freshly formed particles providing additional insight on the faith
of the alkali species, thus, providing complementing information for
selective gas phase data obtained with laser diagnostics. Heterogeneous
fuel qualities and dynamic power grid have become more and more
common, therefore, information of alkali behavior in highly dynamic
environments is desired. Utilizing the combination of in-situ laser meth-
ods and the SID, we demonstrate continuous alkali monitoring during
load ramping and show the movement of the KCl nucleation zone along
the unit axis. The critical temperature where the nucleation occurs was
shown to be approximately 700 ◦C that agrees well with the FactSage
model. The ability to observe potassium dynamics in gas phase and in
solid phase in varying combustion conditions enable vast selection of
future studies and experiments that can clarify the alkali behavior in
high-temperature processes.
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