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Abstract: Potassium (K) is one of the main and most hazardous trace species released to the gas-phase
during thermochemical conversion of biomass. Accurate experimental data and models of K release
are needed to better understand the chemistry involved. Tunable diode laser absorption spectroscopy
(TDLAS) is used for simultaneous real-time in situ measurements of gas-phase atomic K, water (H2O)
and gas temperature in the vicinity (boundary layer) of biomass particles during combustion in a
laboratory single-particle reactor. Atomic K is detected in a wide dynamic range, including optically
thick conditions, using direct absorption spectroscopy at the wavelength of 770 nm, while H2O
and temperature are determined by calibration-free scanned wavelength modulation spectroscopy
at 1398 nm. The high accuracy and repeatability of the setup allows to distinguish measurements
with varying initial particle mass, laser beam height above the particle and fuel type. Four types of
biomass with different ash composition are investigated: softwood, Salix, Miscanthus and wheat
straw. For Salix and wheat straw, the K release behaviour is, for the first time, compared to a detailed
numerical particle model taking into account the interaction between K/S/Cl composition in the
particle ash. A good agreement is achieved between the measured and calculated time-resolved
atomic K concentrations for the devolatilization phase of the biomass particles.

Keywords: potassium (K); biomass; combustion; laser spectroscopy; TDLAS; numerical particle model

1. Introduction

Biomass plays an increasingly important role as a renewable energy source for produc-
tion of heat, power, transportation fuels and other chemicals via thermochemical conversion
processes, such as combustion and gasification [1,2]. While high-quality woody biomass
shows the most favourable combustion behaviour, the most promising and competitive
types of biomass are agricultural, industrial and municipal waste products (streams), as
well as fast-growing energy crops. However, biomass, in particular the low-grade types,
contains large amounts of potassium (K) and other ash-forming elements that may form
hazardous compounds in solid, liquid or gaseous phase. This causes severe operational
problems, such as fouling, agglomeration and corrosion, in industrial boilers [3,4], which
today prevents the large-scale use of these fuels. There is thus a need to understand and
mitigate the problems related to harmful K species, and therefore, to accurately measure
and model their behaviour during conversion.

The combustion behaviour of solid fuels, such as biomass pellets, is significantly
affected by the conversion conditions (e.g., atmosphere, temperature) [5] and the chem-
ical and physical properties of the fuel, which determine heat and mass transfer rates,
reaction paths and reaction kinetics [6,7]. The main K species released to gas-phase dur-
ing thermochemical biomass conversion are atomic K, potassium hydroxide (KOH) and
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potassium chloride (KCl) [8,9]. Usually, KOH dominates in combustion, due to the high
oxygen availability, while under fuel-rich conditions, the atomic K concentration can be
of the same order of magnitude as, or even exceed, the levels of KOH and KCl [10]. An
efficient way to improve the understanding of fuel conversion is to perform well-controlled
studies of volatile release from biomass particles combusted in laboratory reactors [11–18].
Small-scale single-particle reactors (SPRs) represent the conditions in a typical furnace,
with medium temperatures and low heating rates, and allow to distinguish the main
particle conversion phases: drying, devolatilization (or pyrolysis), char conversion and
ash cooking.

Selective and quantitative in situ detection of all three main K species in high-
temperature reacting flows requires relatively complex optical techniques [10,19–21]. How-
ever, gaseous atomic K, here referred to as K(g), provides a good indication of K release,
especially during the devolatilization phase, and can be detected in a wide dynamic
range and with high time-resolution using tunable diode laser-absorption spectroscopy
(TDLAS) [10,16,22,23]. During recent decades, TDLAS, including direct absorption spec-
troscopy (DAS) and wavelength modulation spectroscopy (WMS), has become an estab-
lished and widely utilized tool to measure gas parameters, such as major species and
temperature, in thermochemical processes on various scales [24,25]. The technique enables
fast in situ measurement with robust setups to obtain absolute species concentrations
without calibration, which is particularly important for quantitative assessment of the
highly reactive K species.

To understand and generalise the time-dependent K release behaviour for different
biomass sources, a numerical model of the particle and its surrounding is highly valu-
able [2]. It is a way to develop a sub-model for the K release, which can subsequently be
used in simulations of larger reactors with many particles. Experimental data obtained
with optical techniques can be employed to validate such models [17], which is important
for an increased understanding of the chemistry involved and improvement of the model.
The particle model used in this study has been developed over the years [17,26–30] and
was validated experimentally regarding particle mass loss, H2O concentration and gas
temperature [17], as well as total K release [27]. However, the model predictions for the
concentrations of the individual K species at the particle boundary layer have so far not
been compared to selective, quantitative measurements of these K species.

In this work, a TDLAS spectrometer is used for simultaneous detection of K(g), H2O
and gas temperature in the vicinity of biomass particles during combustion in a laboratory
single-particle reactor, with the aim to enable a detailed comparison between measured
and model-predicted K(g) release. The repeatability of the measurement is assessed and
four different types of biomass are investigated. The experimental data for two of the fuels,
wheat straw and Salix, are then compared to time-resolved simulations of K(g), H2O and
temperature obtained using a numerical particle model that is solely based on the fuel
composition and conversion conditions. The model predictions regarding other K and
related species are discussed.

2. Materials and Methods
2.1. TDLAS Spectrometer

A schematic drawing of the experimental setup including the TDLAS spectrometer and
the SPR is presented in Figure 1a. The TDLAS sensor comprised two distributed-feedback
(DFB) diode lasers (Nanoplus, Gerbrunn, Germany), one operating around 770 nm for K(g)
detection with DAS [16], and another that probed two H2O absorption peaks in the vicinity
of 1398 nm using scanned calibration-free WMS (CF-WMS) to simultaneously retrieve path-
averaged H2O concentration and H2O-weighted, path-averaged gas temperature [31]. Two-
line thermometry is a viable alternative to thermocouples, specifically in high-temperature
reacting flows [25,32,33]. The CF-WMS technique ensures high sensitivity, time resolution
and baseline stability, which is beneficial in applications where large and unexpected
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changes in gas temperature and concentration may occur and a background signal without
absorbers is difficult to obtain.
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Figure 1. (a) Schematic drawing of the experimental setup including the two DFB lasers, the
single particle reactor (SPR) and the optical detection system. FC—fibre combiner, BS—beam
splitter, PD—photodetector, OF—optical filter. (b) Photograph of the SPR with TDLAS optics
mounted. (c) Representative photograph of a biomass particle inside the SPR during devolatilization.
(d) Representative photograph of a biomass particle inside the SPR during char conversion.

The 770 nm laser was scanned with a 200 Hz triangular wave (10 averages) around
the electronic D1 transition of atomic K at 769.9 nm. Due to the large line strength
(~106 cm−2/atm) of this transitions from the ground state to the first excited state, very
low detection limits in the can be achieved. However, a large product of K line strength,
concentration and absorption path length, can lead to optically thick conditions, with very
high absorbance around the absorption line centre and transmitted light levels below the
photodetector threshold. A curve fitting algorithm previously presented by Qu et al. [16]
was used to analyse these saturated spectra, essentially by fitting the wings of the line shape.
The 1398 nm laser was scanned with a triangular wave at 40 Hz (10 averages) to which a
sinusoidal modulation at 8 kHz was added to perform CF-WMS. H2O concentration and
temperature were simultaneously retrieved by least-squares fitting simulated to measured
1f -normalized 2f -WMS spectra, with temperature, concentration and nonlinear modulation
amplitude as fitting parameters [31]. In all cases, the absorption path length was set to
20 mm, corresponding to the average flame size estimated visually.

The two laser beams were coupled into a single optical fibre via a fibre combiner
(Newport, F-CPL-B12355, Deere AvenueIrvine, CA, USA) to simplify light distribution to
the SPR. When passing above the biomass particle in the reactor, the co-aligned, collimated
laser beams had a diameter of 1.2 mm. After exiting the SPR, the two-wavelength light was
separated by a dichroic beam splitter and focused on suitable photodetectors (Thorlabs,
PDA20CS and PDA36A, Newton, NJ, USA) for K(g) and H2O/temperature detection in
a wavelength-multiplexed manner. Narrowband optical filters (Thorlabs, FB770-10 and
FB1400-12) were installed in front of the detectors to ensure minimal interference due to
stray light from the flame (during devolatilization, see Figure 1c) or the glowing biomass
particle (during char conversion, see Figure 1d). Focusing the light on the photodetectors
helped to minimize potential beam steering due to the flame. Synchronized waveform
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generation (National Instruments, PXI-5402, Cary, NC, USA) and data acquisition (National
Instruments, PXIe-6356) boards installed in a PC were used to scan and modulate the lasers
and acquire the detector signals, respectively. Prior to each measurement session, a part of
the light was led through an uncoated, solid fused silica etalon with free spectral range of
1.5 GHz (SLS Optics) to obtain the relative frequency scale of the recorded spectra.

Based on previous work under well-controlled laboratory conditions, the overall
measurement uncertainties in the SPR were estimated to 10% (relative) for K(g) and H2O
and 50 K for temperature [16,31]. The dynamic range of the K(g) measurement was
106, from 40 parts per trillion by volume (pptv)·cm to 40 parts per million by volume
(ppmv)·cm [16]. Taking into account the spectra averaging, and data deduction, the
effective measurement time resolution was 1 s for both K(g) and H2O/temperature.

2.2. Single-Particle Reactor

A laboratory-scale SPR (Figure 1a,b) with internal dimensions of 200 mm× 130 mm×
130 mm was employed to combust the biomass particles [14–16,34]. The temperature of the
electrically heated reactor was regulated by proportional-integral-derivative (PID) control
using a thermocouple. Dry air carrier gas was supplied to the reactor from the bottom
through a pre-heated stainless steel tube, a layer of steel-wool and a ceramic honeycomb
structure to ensure a homogenous, laminar flow around the biomass particle. The biomass
particles were placed in a sample holder made of platinum wires, which was hung in the
centre of the SPR above the honeycomb carrier gas inlet using a stainless steel rod. The rod
was connected to a micrometre translation stage used to adjust the distance between the
particle and the laser beam, i.e., the height-above-particle (HAP). Platinum was used to
avoid chemical reactions between the solid fuel (ash and melt) and sample holder material
during conversion. A pneumatic system was employed to alternate the reactor positions
between sample loading and sample conversion, the former being used to insert the particle
into the SPR. Fuel ignition occurred within a few seconds after switching to the sample
conversion position.

The SPR had small openings in the front and back wall, with diameters of 5 and
10 mm, respectively, that served as optical access ports through which the laser beams were
aligned. The access ports (not equipped with glass windows in this study) were purged
with nitrogen (N2) using a flow rate of 0.2–0.3 L/min to avoid background signals from
ambient H2O and to prevent combustion gases from exiting the SPR though the ports. The
optical components for aligning the laser beams through the reactor and for detection of
the transmission were installed on breadboards mounted on the outer walls of the SPR. The
combustion experiments were performed at an SPR set temperature of 1123 K and using a
carrier flow rate of 4 L/min. In all experiments, only the drying/devolatilization phase
(flame, see Figure 1c) and the char conversion phase (glowing particle, see Figure 1d) were
recorded. The time point corresponding to the end of devolatilization, which is equivalent
to the start of the char conversion, was distinguished visually (flame extinguished) and
via the results of the optical measurements (atomic K significantly decreased; H2O below
detection limit). The end of the char combustion phase was also visually confirmed.

2.3. Biomass Fuels

Four different types of biomass were used in the present study: a high-quality woody
biomass (softwood from spruce), an agricultural residue (wheat straw) and two popular
energy crops (Salix and Miscanthus) with high biomass yield and organic content. Arguably,
of these fuels, the most relevant for the energy industry are wheat straw (availability, cost)
and Salix (fast growing, energy density, chemical composition).

The four fuel types differed regarding their physical properties and chemical compo-
sitions (Table 1). The moisture contents, determined by standard wet chemical analysis,
ranged from 6.1% to 10% for softwood and wheat straw, respectively. The softwood had
the highest particle density, 1243.4 kg/m3, while it was only 243.4 kg/m3 for Miscanthus.
The chemical composition differed with respect to total ash content as well as form and
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relative content of the major ash forming elements, notably K, calcium (Ca), silicon (Si) and
chloride (Cl). Wheat straw contained the highest amount of K, followed by Miscanthus,
Salix and softwood. However, wheat straw also included high amounts of Cl and Si. These
differences will affect the K release behaviour of K during combustion.

Pelletized biomass was chosen to simulate realistic combustion conditions in indus-
trial furnaces, although the larger particle size complicates the interpretation of the results
as particle properties (e.g., size, heating rate, radial temperature gradient, chemical compo-
sition) change during conversion. Unless otherwise stated, the pellets used in this study
were of cylindrical shape with a diameter of 8 mm and a mass of 500 ± 10 mg.

2.4. Numerical Particle Model

A numerical model of the particle and its surrounding is used to simulate the re-
lease behaviour of the K species from different biomass sources based on their chemical
composition given in Table 1.

Table 1. Physical and chemical properties, including fuel analysis, of softwood, Salix, Miscanthus
and wheat straw biomass particles.

Unit Softwood Salix Miscanthus Wheat Straw

Particle mass kg 5.00 × 10−4 5.00 × 10−4 5.00 × 10−4 5.00 × 10−4

Particle volume m3 4.02 × 10−7 4.52 × 10−7 4.02 × 10−7 5.03 × 10−7

Particle density kg/m3 1243.4 1105.2 1243.4 994.7

Calorimetric and proximate analysis

LHV MJ/kg dry 18.9 18.7 17.9 16.6
Moisture wt-% rec. 6.1 8.9 8.2 10.0

Ash content wt-% dry 0.42 0.98 3.22 9.05

Ultimate analysis

C wt-% dry 50.07 49.43 47.58 44.28
H wt-% dry 6.2 6.13 5.8 5.62
N wt-% dry 0.04 0.28 0.24 0.88
O wt-% dry 43.3 43.2 43.1 40.0

Main ash-forming elements

K mg/kg dry 499 1460 2780 14600
Na mg/kg dry 29.9 21.1 87.1 214
Ca mg/kg dry 904 2310 1110 5110
Mg mg/kg dry 136 254 480 1130
Fe mg/kg dry 46.7 59.2 191 546
Zn mg/kg dry 10.9 30.7 11.5 22.7
Al mg/kg dry 76.6 49.5 233 701
Si mg/kg dry 308 285 10,100 22,100
P mg/kg dry 47.5 493 298 882
S mg/kg dry 56.3 234 343 1390
Cl mg/kg dry 23 40.1 239 3510

The particle model considers heat and mass transfer inside and outside of the particle,
where gradients of species and temperature are resolved using an adaptive mesh. Particle
shrinkage, evolution of porosity and multi-component diffusion are taken into account.
Formation and subsequent reactions of the volatiles in the gas phase are also considered in
the model. Since the focus of this paper is on the release of K, a global gas phase chemistry
is used to model homogeneous volatile combustion [6,35]. A detailed description of
the model, the governing equations and validations can be found in [17]. Recently, we
developed a sub-model for the K release from biomass, where the interaction between
K/S/Cl composition in the particle ash is taken into account [30]. This sub-model is
explained in more detail in the following section.
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Sub-Model for the Release of K/S/Cl from Biomass

The presence of organic and inorganic compounds in biomass, specifically potassium,
sulphur and chlorine, poses a significant challenge in biomass thermochemical conversion
systems. To understand the release behaviour of these species, a sub-model is added to
the particle conversion model, where the temporal release of these species during biomass
combustion is calculated. However, the release of K from biomass is highly dependent
on other elements in the structure of biomass. Chlorine and sulphur, for instance, can
significantly facilitate K release, while the presence of silicate and aluminium can lead to
formation of stable compounds that stay in the ash structure. The current model takes into
account the interaction between K, Cl and S through a set of elementary reactions.

Potassium can be found in organic and inorganic form in the biomass structure.
Inorganic potassium in the form of K+ can form crystallized salts as the particle starts to
dry. This process is considered in the model through the following reaction:

Inorganic K (K+) → φ1KCl+ φ2K2SO4 + φ3K2CO3 (R1)

where the constant φ1 is calculated based on the Cl content by assuming that Cl in the
biomass is mainly bonded to potassium [9]. The potassium in excess amount to stoichio-
metric Cl can be bonded to S, forming K2SO4, or bonded to the carbonate group as K2CO3.

The organic potassium is transformed to char-bonded potassium as the particle tem-
perature increases. A part of the organic potassium is transformed into carboxyl groups,
releasing atomic potassium into the gas phase [7]. The transformation and decomposition
of the organic potassium is considered in the model through the following reactions:

Organic K (R-COOK) → Char-K (R2)

Organic K (R-COOK) → R-COOH (carboxyl groups) + CO2+K(g) (R3)

It was suggested by van Lith et al. [11] that an ion-exchange reaction with chain-
bonded carboxylic groups and KCl occurs, resulting in alkaline carboxylate and release of
hydrogen chloride (HCl), as presented in the following reaction,

R-COOH (carboxyl group) + KCl ↔ R-COOK+α1HCl+α2CH3Cl (R4)

Evaporation of KCl is the main source of potassium and chlorine release at relatively
low temperature, 970–1070 K [7,9,36]. This is considered in the model through reaction (R5),

KCl(s) → KCl(g) (R5)

At higher temperatures, potassium can be released through evaporation of K2SO4
or K2CO3 or reaction of these compounds with the gas phase H2O. A four step reaction
scheme is considered in the model for high temperature release of potassium during the
char combustion, as presented in the following reactions,

K2SO4(s) → K2SO4(g) (R6)

K2SO4(s) + H2O → 2KOH + SO2+0.5O2 (R7)

K2CO3(s) → 2K(g) + CO2 + 0.5O2 (R8)

K2CO3(s) + H2O → 2KOH + CO2 (R9)

The final part of the model is related to the sulphur release. Not all sulphur in the
biomass structure is bonded to potassium. A large portion of sulphur may be found in the
free ion form, S2− [9]. A two-step reaction scheme is assumed for the release of sulphur,
as follows,

S2− → Crystallized S-Compounds (R10)
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Crystallized S-compounds → SO2 (R11)

The set of reactions, as presented above, provide the sub-model for the release of
potassium. The kinetic rate constants and the complete set of assumptions and verification
of the model can be found in [30].

3. Results and Discussion
3.1. Repeatability and Dependence on Initial Particle Mass

Figure 2 displays H2O concentration, gas temperature and K(g) concentration at HAP
4 mm above softwood particles as a function of conversion time. Figure 2a shows three
repetitions for an initial particle mass of 500 ± 10 mg, whereas Figure 2b presents the
results for four different initial particle masses (500, 600, 800 and 1000 mg). Since the H2O
concentration during char combustion was below the detection limit of the TDLAS sensor
(<0.1%), H2O and temperature could only be reliably assessed in the devolatilization stage
(Dev.), while the K(g) time series includes the char conversion. The gas temperature above
the particle during char burning was close to the SPR set temperature (1123 K).
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Figure 2. (a) Time series of H2O, gas temperature and K(g) at HAP 4 mm above softwood particles
with initial mass of 500 mg (three replicates). The devolatilization (Dev.) phase (0–50 s) and the char
combustion phase (50–250 s) are indicated by arrows. (b) Time series of H2O, temperature and K(g)
at HAP 4 mm above softwood particles with initial masses of 500, 600, 800 and 1000 mg. H2O and
temperature could be measured only during devolatilization, while the K(g) time series includes the
char conversion.

The time series displayed in Figure 2a suggest that the pellet measurements performed
with the current experimental setup are repeatable. Consistent results (shapes, absolute
values, devolatilization time) were obtained for three softwood particles with the same
initial mass for all parameters. A similarly high repeatability was also found for the
other fuel types and at different heights above the pellets. Here, repeatability refers solely
to the method and the experimental setup, not the biomass particles themselves, as the
uniformity of the pelletized biomass is out of the scope of the current work. Local variations
in fuel composition could be the reason for the small differences between the repeated
measurement in Figure 2a, e.g., during char conversion. However, overall, the pellets used
in this study seemed to have been uniform.
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From the time series for different initial particle masses (Figure 2b) it can be observed
that the average gas temperatures were comparable for all masses, but that the released H2O
increased with mass, probably due to the larger absolute moisture content of the particles
with larger mass. Another reason for the increase in H2O concentration could be that the
larger pellets led to a larger flame/plume size, which was not accounted for in the spectra
evaluation as the absorption path length was fixed to 2 cm. Moreover, the figure clearly
shows that the devolatilization and overall conversion times increase with initial particle
mass, as expected. However, interestingly, the K(g) concentrations are largely independent
of particle mass, which points to conversion conditions and chemical composition being
the main factors governing K release, not primarily the absolute K content.

3.2. Dependence on Biomass Type

Figure 3 displays (on the same scales) time series of simultaneously measured H2O, gas
temperature and K(g) at HAP 4 mm above softwood (Figure 3a), Miscanthus (Figure 3b),
wheat straw (Figure 3c) and Salix (Figure 3d) particles with initial mass of 500 ± 10 mg.
In accordance with the energy density data shown in Table 1, the pyrolysis of woody-
type fuels (softwood, Salix) takes longer than that of straw-based fuels (wheat straw,
Miscanthus). Softwood has the highest energy density and longest devolatilization time
(~60 s), while Miscanthus has the lowest energy density and shortest pyrolysis time (~40 s).
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Figure 3. Simultaneous measured K(g) concentration (solid black line), H2O concentration (dashed blue line) and gas
temperature (dotted red line) at HAP 4 mm above different biomass particles as a function of conversion time. (a) softwood;
(b) Miscanthus; (c) wheat straw; and (d) Salix.

The measured H2O concentrations and flame temperatures are comparable for all
fuels, except for wheat straw, which shows a higher temperature. With regard to softwood
(Figure 2), for all fuels, significant K(g) levels are present only during the devolatilization
stage. This is due to the flame, as the decomposition rates of gaseous KOH and KCl to
atomic K increase with temperature, and the presumably fuel-rich conditions close to
the particle, where the released compounds displace the air/oxygen. The detected K(g)
concentrations are several orders of magnitude lower during char combustion, probably
because of the lower gas temperature and higher oxygen availability favouring the forma-
tion of gaseous KOH instead of K(g). Similar trends for K(g), H2O and temperature were
previously observed [12,14,16,23,37].

Wheat straw clearly shows the highest K(g) concentration during devolatilization (and
largest total K(g) release), the main reason being the much higher total K content in the fuel
(Table 1). However, while the original K content of wheat straw is 30 times larger than that
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that of softwood according to the table, the measured difference in K(g) concentration (and
total release) is significantly smaller than 30. This is most likely because the potassium is
released as KCl (high Cl content) or KOH rather than K(g), and that the concentrations of Si
and Ca in wheat straw lead to the formation of K-containing compounds in the solid (ash)
or liquid (slag) phase, such that less K is released to the gas phase. Interestingly, the study
reveals distinct differences in K(g) release between the fuels during char conversion. For
the woody biomass, K(g) concentrations were overall higher and increasing, whereas the
opposite behaviour was found for the straw-based fuels, with the lowest concentrations
observed for Miscanthus.

3.3. Comparison to Numerical Particle Model—Wheat Straw and Salix

The numerical particle model and the potassium release sub-model presented in
Section 2.4 were used to simulate the particle conversion and K release behaviour for
the given experimental conditions for two of the fuels. A straw-based biomass (wheat
straw) and a woody-type biomass (Salix) were chosen for the comparison. The particle
properties, ultimate and ash analysis of the samples presented in Table 1, were used as
input parameters for the numerical model. According to reactions (R2), (R3) and (R10), the
fractions of organic and inorganic potassium and sulphur should also be provided to the
model. Ideally, these data are obtained through ash analysis. In this study, however, since
the data were not available, the values were chosen based on data in the literature. It was
assumed that 80% of the potassium is in the inorganic form and 50% of sulphur is in the
free ion (S2−) form. These values were kept constant for both wheat straw and Salix. The
numerical simulation resulted in time-dependent data for volatile release from the fuel
during conversion and a corresponding 2D representation of the gas phase boundary layer
around the particle. The 2D concentration data was averaged along the line-of-sight at
given HAPs to obtain concentration values that can be compared to the TDLAS results.

Figure 4 presents a comparison between TDLAS-measured (3 replicates) and model-
predicted average H2O concentration, gas temperature and average K(g) concentration
for wheat straw (Figure 4a–c) and Salix (Figure 4d–f) at a HAP of 4 mm. In addition
to H2O, panels (a) and (d) also display the predicted normalized particle mass during
conversion. In Figure 4b,e, the experimental gas temperature at HAP 4 mm is compared to
the predicted temperature at HAP 2 and HAP 4 mm, as well as the predicted temperatures
at the particle centre and surface. Overall, a similar behaviour is observed for the two fuels.
The minor differences stem from the higher ash content of the wheat straw samples and the
differences in the particle densities, as presented in Table 1. As seen in both experiments
and simulation, the devolatilization process was shorter for the wheat straw particle (~40 s)
than for Salix (~50 s).

The present particle model was already validated concerning H2O concentration, gas
temperature and mass loss in a previous study using a similar experimental setup [17].
Additionally, in this work, measured and simulated H2O concentrations are close. As
concluded in the study by Fatehi et al. [17], the discrepancy in gas temperature at a given
HAP can be explained by the fact that a global reaction mechanism was used and that the
TDLAS data provide an average (and H2O-weighted) temperature across the flame (and
hot flame front). Figure 4b,e shows that the modelled temperature is considerably lower at
HAP 2 mm than at HAP 4 mm, such that the average between these two would correspond
rather well to the measured temperature. In general, the experimental results represent an
axial average due to the finite size of the laser beam (diameter 1.2 mm).

An excellent agreement is found between the measured and simulated K(g) concen-
tration profiles of both wheat straw and Salix (Figure 4c,f). During devolatilization, a
significantly lower concentration is correctly predicted for Salix. In the char combustion
phase, the measured K(g) is around a factor of 10 lower than the model prediction, presum-
ably because the actual combustion conditions during that phase were different from those
assumed in the simulation.
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Figure 4. Comparison between measured and simulated H2O (a,d), temperature (b,e) and K(g) (c,f) at HAP 4 mm for wheat
straw (a–c) and Salix (d–f). Solid lines represent results obtained by the numerical particle model, whereas markers display
TDLAS data.

Figure 5 shows a more detailed comparison between model-predicted and experi-
mental K(g) concentrations at HAP 2, 4 and 8 mm, focusing on the devolatilization. A
good agreement is achieved, where the model predictions are well within the experimental
range. In general, K(g) decreases with increasing HAP. Since the gas phase reaction kinetics
were not modelled, this indicates that diffusion is the dominant process, and that the hot
plume was increasingly diluted by the surrounding air at higher HAP. The good agreement
is also evident from the shape of the K(g) time series during devolatilization. For Salix,
a concentration peak is observed in the beginning, after which the level is fairly constant.
However, for wheat straw, the concentration is first low and then rises steadily until a
maximum is reached at the end of devolatilization. This is most probably due to the high
availability of quickly volatilising chlorine in wheat straw (Table 1), leading to the release
or formation of KCl instead of K(g).

An important input parameter that can affect the outcome of the model is the fraction
of organic K in the ash. According to reaction R3, the release of atomic K is directly
proportional to the available organic K, thus, by increasing the organic content in the
model, higher values of K(g) can be expected. In future studies, the amounts of organic
and inorganic K should be determined through the ash analysis to directly improve the
predictability of the model. However, one should note that the ratio between organic and
inorganic K in the biomass ash cannot be chosen arbitrarily. There are some limitations
related to the amount of Cl in the ash: since chlorine is primarily bonded to potassium,
the inorganic K content is at least equal to the stoichiometric Cl content. The percentage
of organic/inorganic sulphur, on the other hand, mainly affects the release of SO2 (not
measured in this work) and has negligible effect on the final K release.
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3.4. Model Predictions for KOH and KCl Release

In order to give an overview of the expected release behaviour of all three main
K species, Figure 6 presents the concentrations of gaseous KOH, KCl, K(g), HCl and
chloromethane (CH3Cl) for wheat straw (Figure 6a,b) and Salix (Figure 6c,d) as predicted
by the numerical model. Panels (a) and (c) show the devolatilization phase in detail, while
panels (b) and (d) display both devolatilization and char combustion.
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Figure 6. Model-predicted concentrations of KOH, KCl, K(g), HCl and CH3Cl at HAP 4 mm for wheat straw (a,b) and Salix
(c,d). Panels (a,c) focus on the devolatilization phase, while panels (b,d) also include the char combustion stage.

Evidently, for the conversion conditions used in this work, the simulations predict that
atomic K is a minor compound compared to KCl and KOH, which are highly abundant.
KCl dominates in the beginning of the pyrolysis, due to the high availability of chlorine gas,
whereas in the char conversion phase, as the particle temperature increases and oxygen
reaches the particle, KOH starts to be released (Figure 6a,b). A similar behaviour was also
observed experimentally [12].

As expected from the fuel composition, the concentrations of the K species and the
total K release are much higher for wheat straw than for Salix. For example, >100 times
more KCl is released from wheat straw compared to the Salix sample, due to the high Cl
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(and K) content in the straw-based biomass. As presented in Table 1, chlorine accounts
for 7% of the ash in wheat straw, while this value is only 0.7% in the case of Salix. Thus,
chlorine facilitates the release of potassium during devolatilization through evaporation of
KCl. Apart from the K species, small amounts of HCl and CH3Cl are also released during
pyrolysis. However, the mass fractions of these species are orders of magnitude lower than
those of KCl. Future studies comparing the particle model to experimental data should
include measurements of KOH and KCl. The model can be improved by including the
gas-phase reactions of the trace elements (K/Cl/S) in the vicinity of the particle.

4. Conclusions

In this work, a robust wavelength-multiplexed TDLAS spectrometer was employed
for simultaneous time-resolved detection of atomic potassium, H2O and gas temperature
close to softwood, Miscanthus, wheat straw and Salix particles combusted in a laboratory
reactor. The experimental approach enabled precise and repeatable K(g) measurements
in both the devolatilization and the char conversion phase. During devolatilization, K(g)
concentrations were several orders of magnitude higher than during char combustion, with
wheat straw releasing the most K(g) overall. The fact that the measured K(g) concentrations
were largely independent of particle mass points to chemical composition and conversion
conditions being the main factors that govern K release, not primarily the absolute K
content in the fuel. For wheat straw and Salix, the experimental K(g) data were, for the
first time, compared to simulations of the K(g) release behaviour using a numerical particle
model solely based on the fuel composition and reactor operating conditions. A good
agreement was observed, providing confidence in the model, which further predicts that
for combustion KCl and K(g) dominate during devolatilization and KOH during char
conversion. The work constitutes a first step towards validating the model predictions for
the distribution of volatile K between gaseous K(g), KOH and KCl.
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