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Abstract: Biomass chemical looping gasification (BCLG) is a promising autothermic route for pro-
ducing sustainable, N2-free, and carbon neutral syngas for producing liquid biofuels or high value
hydrocarbons. However, different ash-related issues, such as high-temperature corrosion, fouling and
slagging, bed agglomeration, or poisoning of the oxygen carrier might cause significant ecologic and
economic challenges for reliable implementation of BCLG. In this work, lab-scale investigations under
gasification-like conditions at 950 ◦C and thermodynamic modelling were combined for assessing
the influence of composition, pre-treatment methods, such as torrefaction and water-leaching, and
Ca-based additives on the release and fate of volatile inorganics, as well as on ash melting behavior. A
deep characterization of both (non-)condensable gas species and ash composition behavior, joint with
thermodynamic modelling has shown that different pre-treatment methods and/or Ca-additives can
significantly counteract the above-mentioned problems. It can be concluded that torrefaction alone is
not suitable to obtain the desired effects in terms of ash melting behavior or release of problematic
volatile species. However, very promising results were achieved when torrefied or water-leached
wheat straw was blended with 2 wt% CaCO3, since ash melting behavior was improved up to a
similar level than woody biomass. Generally, both torrefaction and water-leaching reduced the
amount of chlorine significantly.

Keywords: biomass; chemical looping gasification; pre-treatment; release and fate of inorganic
species; agglomeration; fouling and slagging; high temperature corrosion; poisoning of oxygen carrier

1. Introduction

The Paris Agreement has proposed the reduction in carbon dioxide emissions through-
out this century with the aim to limit the increase in the global average temperature to 2 ◦C
or below [1]. In contrast to conventional fuels, which are based on fossil sources, biofuels
are considered as CO2-neutral alternatives for regenerative energy or syngas production.
The fact that the produced CO2 has previously been removed from the atmosphere via
photosynthesis makes biomass-derived feedstocks promising candidates, since the emitted
CO2 can potentially be considered as neutral [2].

A very promising technology for producing sustainable synthetic fuels is chemical
looping gasification (CLG), which represents an important part of the thermochemical
Biomass-to-Liquid (BtL) route. The entire multistep process is described elsewhere [3].
Ishida et al. firstly proposed the term “chemical looping” [4]. The process generally
describes the application of a metal oxide, which is used as an oxygen transport medium to
perform a redox reaction scheme for an increase in energy efficiency in power generation.
The CLG process is carried out at absence of nitrogen and therefore a syngas mixture of high
purity can be achieved. Several advantages make CLG ecologically as well as economically
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promising [5,6]. In addition to the lattice oxygen, the oxygen carrier provides heat for the
endothermic gasification as well, which is beneficial due to the requirement of large energy
supply for a stable operation. Moreover, the gas lower heating value is elevated because
lattice oxygen derived from the oxygen carrier is more inclined to partially oxidize the
biomass fuels in contrast to gas phase oxygen.

The CLG technology has been tested at laboratory scale up to 25 kWth until now [7].
The CLG system is generally composed of two interconnected fluidized bed reactors, i.e.,
the fuel reactor, where the gasification of the fuel takes place, and the air reactor, where the
oxygen carrier is re-oxidized after being reduced in the fuel reactor. A typical operation
scheme of CLG demonstrating both fuel- and air-reactor is illustrated in Figure 1.
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Figure 1. Schematic sketch of the chemical looping gasification process, modified after [8]. The
reduced metal oxide MexOy−1 is circulated to the air reactor to be re-oxidized (MexOy) before a new
cycle starts.

The oxygen carrier “MexOy” provides lattice oxygen for the gasification instead of
molecular oxygen from the air. During the CLG process, several competing reactions occur,
primarily divided into biomass pyrolysis and biomass gasification or ash/char reaction.
The general process of biomass pyrolysis and subsequent char gasification or ash reaction
can be described as follows [7]:

(i) Biomass pyrolysis:

CnH2mOx → char + tar + syngas (CO, H2, CO2, CH4 and CnH2m), (1)

(ii) Biomass gasification:

C + H2O→ CO + H2 (2)

CH4 + H2O→ CO + 3 H2 (3)

C + CO2 → 2 CO2 (4)

The European research project CLARA (Chemical Looping gasification for Sustainable
Production of Biofuels, Horizon 2020 framework program, G.A. 817841) [9], in which
framework these investigations were performed, focuses on the use of biogenic residues, e.g.,
wheat straw, as CO2 neutral fuel in CLG to produce liquid fuels via Fischer–Tropsch synthesis.

However, several ash-related challenges are expected to cause severe problems during
CLG of biomass, as those fuels also cause problems in other conversion processes, which
require sustainable solutions and have to be managed [10]. Since, for instance, herbaceous
feedstocks have, in general, a higher ash content than woody feedstocks, it is necessary to
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investigate and understand in detail the ash behavior and fundamental reaction mecha-
nisms; most notably the ash-related issues. Herbaceous feedstocks, e.g., different straw
varieties, have shown, among others, an extremely high chlorine content, which is directly
related to chlorine-induced steel corrosion [11]. Moreover, the release as well as the trans-
formation of certain problematic species, such as sulfur, potassium, silicon, or phosphorous
lead to different ash-related operational problems during the conversion process. Alkalis,
for instance, are known to form potassium or sodium silicates that have low melting points
due to eutectic effects [12]. The amount of formed slag increases consequently, and bed
agglomeration is significantly promoted. A further crucial aspect, which should be con-
sidered, is the phenomenon of fouling and slagging on the heat transfer surfaces, which
is mainly caused by salts, generally alkali chlorides, but also carbonates or partly alkali
sulfides. The presence of aggressive species in the feedstock’s ash is well known to generate
operational problems of heat exchanging surfaces in power boilers connected with fouling
and slagging [13]. The ash-related operational problems listed above significantly reduce
the total efficiency of gasifier systems, cause extra costs for cleaning and maintenance, and
hinder utilization of biomass-derived fuels as gasifier fuels [14]. Concerning the formation
and the transformation of problematic mineral phases during thermal processes (depending
on the process parameters), many studies were conducted [15–17]. In addition to the ash
content, different inorganic compounds (e.g., K, Na, Si, P, Ca, and Mg) in the ash are critical
for determining ash-related problems [18–20].

Biomass pre-treatment is a necessary process step for thermochemical conversion of
biomass, as it is required to improve its characteristics in order to enhance both efficiency of
the biomass and the energy utilization [21,22]. Torrefaction is one method to produce bio-
coal, resulting in the removal of unbound water, improving heating values, better ignition,
and combustion properties [23]. Moreover, torrefaction has shown the potential ability to
significantly reduce the chlorine content of raw biomass [24]. Biomass leaching with water
as a solvent is an effective method in order to remove problematic species, such as K/Na
and Cl and to improve biomass feedstock properties for high temperature processes [25–27].
The nature of biomass ash has a strong impact on the ash melting behavior. The negative
effect of low temperature ash melting can be overcome by adding calcium-based additives,
which can better prevent sintering of biomass ash [28]. Most research is focused on analyz-
ing fuel properties by leaching or (dry and wet) torrefaction [25,29–31], however, there are
few studies on the combination of those methods plus using (Ca-based) additives.

The aim of this study was to investigate the influence of different pre-treatment meth-
ods, which are intended to mitigate ash-related issues, on the behavior of ash constituents of
wheat straw. In particular, water-leaching, torrefaction, combination of both steps and/or
blending feedstocks with additives (calcium carbonate in this work) were considered.
Moreover, the interaction of different oxygen carrier materials with ash was investigated.
To classify the effectiveness of the measures, industrial wood pellets were taken as bench-
mark material and pine forest residues were chosen as alternative woody waste biomass.
Molecular Beam Mass Spectrometry (MBMS) was applied to investigate the release and
the fate of inorganic volatile species during gasification. Ashes were characterized by
X-ray diffraction (XRD) and ash fusion test. Lab-scale experiments were complemented
by thermodynamic modelling using FactSage in order to predict release and condensation
of volatile species, phase transformation in the ash, and potential reactions with oxygen
carrier materials. Based on the obtained results, specific conclusions about the risk of bed
agglomeration, slagging and fouling, high-temperature corrosion, and poisoning of oxygen
carriers is discussed.
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2. Materials and Methods
2.1. Materials, Pre-Treatment, and Chemical Characterisation

Wheat straw (harvested in Navarra, North of Spain) was selected as herbaceous
feedstock in this study, because of its availability and potential use in Europe or world-
wide in general. All feedstock samples were chemically and gravimetrically (ash content)
characterized according to the European reference standards’ specifics for solid biofuels
(Table 1). Different pre-treatment methods were applied: Wheat straw was water-leached
and/or torrefied, and additionally the samples were added with 2 wt% CaCO3. Moreover,
industrial wood pellets were taken as benchmark material and pine forest residues were
selected as alternative woody waste biomass.

Table 1. Feedstock characterization according to the European reference standards.

Analysis European Reference Standard

Ash content UNE-EN-ISO18122
Ultimate analysis (C, H, and N) UNE-EN-ISO 16948

Sulfur and Chlorine content UNE-EN-ISO 16994
Major elements (ash components) UNE-EN-ISO 16967

Instead of standard ashing at 550 ◦C with subsequent chemical analysis of major ash
elements, direct microwave acid digestion of the fuels was applied prior to the determina-
tion by optical emission spectroscopy combined with inductively coupled plasma source
(ICP/OES). This option was preferred in order to avoid the volatilization of substances
caused by a pre-treatment in a muffle furnace. The ash content was determined gravi-
metrically at 550 ◦C. Each fuel sample was milled and sieved to a diameter of 0.56 mm to
improve analytical investigations in further steps.

Samples were abbreviated as follows: To = torrefied sample, To-WL = first tor-
refied, then water-leached sample, To + A = sample including 2 wt% CaCO3 as addi-
tive, To-WL + A = torrefied/water-leached sample including 2 wt% CaCO3 as additive,
IWP = industrial wood pellets and PFR = pine forest residues. The torrefaction procedure
was realized inside of a torrefaction laboratory rotating batch reactor, which has been
designed and constructed by CENER (Centro Nacional de Energías Renovables, Sarriguren,
Spain), under the framework of the CLARA project. The reactor is electrically heated by
an independent furnace, which can reach temperatures up to 300 ◦C. The temperature is
controlled by three thermocouples located along the reactor. The torrefaction was carried
out at 260 ◦C in an inert N2-atmosphere (continuous fed of 360 L h−1) for 30–40 min to
avoid combustion of the sample material. The water-leaching process was carried out with
deionized Milli-Q water for 24 h at room temperature (20 ◦C), and with a solid to liquid
ration of 1:10 (solid about 100 g). In the last step, the solid was recovered by filtration and
rinsed three times with 100 mL of deionized Milli-Q water. The wet samples were dried
overnight at 45 ◦C until the moisture content became stable.

2.2. Thermodynamic Modelling

Thermodynamic equilibrium calculations, which are based on the minimization of
Gibbs free energy, were realized to predict inorganic phase formation of ash constituents
under gasification-like conditions, using the computational package FactSageTM 7.3 [32].
The commercial database SGPS was used for pure gaseous and some solid stoichiometric
compounds. Additionally, the database GTOX, which has been developed in cooperation by
Forschungszentrum Jülich and GTT-Technologies was used for the present work [33]. The
chemical compositions of the corresponding fuel ashes were taken into consideration for
thermodynamic equilibrium calculations. Phase formations under pyrolysis-like conditions
were calculated without addition of steam and oxygen, while the phase formations under
gasification-like conditions were calculated considering water (steam/feedstock = 0.5 g/g)
and oxygen (Fe2O3/feedstock = 0.48 g/g, only the oxygen of the oxygen carrier Fe2O3 was
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taken into account). It shall be noted that the latter assumes a full reduction in a completely
oxidized oxygen carrier, which is likely not the case in the real process. However, the
effectively supplied amount of oxygen is similar, so that a reasonable syngas composition
was achieved.

A thermodynamic model comprising a sequence of several equilibrium reactors was
designed to describe important steps of the CLG process, focusing on ash related issues.
It shall be noted that only the gasification part of the process is represented by the model,
whereas the air reactor for re-oxidation of the oxygen carrier materials is not considered.
The scheme of the designed model is presented in Figure 2.

Figure 2. Scheme of the thermodynamic model for investigation of ash related issues in CLG.
Equilibrium calculations were carried out with FactSage 7.3.

2.3. Experimental Hot Gas Analysis by Molecular Beam Mass Spectrometry (MBMS)

For the real-time determination of inorganic gaseous species released during gasifica-
tion, a Molecular Beam Mass Spectrometer (MBMS) was used. The apparatus allows studies
of hot gases from diverse origins in biomass-derived feedstocks under a gasification-like
atmosphere. The general technique of a MBMS is based on common mass spectrometry,
which analyzes the mass–to–charge ratios (m/z) in an electromagnetic field. A detailed
description of the experimental setup of the MBMS can be found elsewhere [34,35].

Release experiments under gasification-like conditions at 950 ◦C were performed. A
four-zone furnace was used and the alumina-tube inside the furnace was connected to the
MBMS nozzle, which represents the gas inlet of the apparatus. Gasification of the sample
took place within the first two zones at 950 ◦C. A temperature zone was set at 1400 ◦C to
crack all formed hydrocarbons, as only inorganic species should be investigated. The setup
of the tube furnace can be seen in other publications [34,35].

In total, three measurements were realized for each sample and averaged for semi-
quantitative analyses and error calculations. The same atmospheric conditions as for the
ashing procedure were used for the release experiments, i.e., 15 vol% H2O-steam and 5 vol%
CO2 in He (to increase resolution of the MBMS). The total gas flow was set to 4 L/min for
each experiment. Then, 50 mg of fuel was gasified in a single run. The samples were kept
in the furnace for varying retention times, depending on the first overview of all spectra,
from 2 min to max. 6 min and were characterized afterwards. The retention time reflects
the reaction sequence, as species show different release behavior or, more precisely, only
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devolatilization or subsequent char gasification and ash reaction. Intensity-time profiles
of 23CO2

++, 34H2S+, 35Cl+, 36HCl+, 37Cl+, 38HCl+, 39K+, 47PO+, 55KO+, 58NaCl+, 60COS+,
62P2

+, 63PO2
+, 64SO2

+, 74KCl+, 81Na2Cl+, 97NaKCl+, 106P2O4
+, 113K2Cl+, and 122P2O5

+ were
recorded and normalized to the 23CO2

++ base level signal for quantification.

2.4. Ash Sample Preparation for Ash Fusion Tests and X-ray Powder Diffractometric Analysis

Ash of each feedstock sample was produced under gasification-like conditions at
constant temperature (550 ◦C). The gasifying medium comprised 15 vol% H2O-steam in
Ar, and 5 vol% CO2 was added as substitution for the oxygen carrier. At the beginning of
the process, a small amount of oxygen was added to accelerate the carbon conversion. A
lambda sensor was used during the ashing procedure for controlling the partial pressure
of oxygen. When the partial pressure of oxygen increased, the ashing procedure was
almost completed and the oxygen supply was stopped to prevent oxidizing conditions
or combustion. Afterwards, the ash samples were annealed at 550 ◦C for 3 h in an argon-
hydrogen (Ar/4% H2) atmosphere to ensure formation of crystalline compounds. The
detection of crystalline compounds is indispensable for X-ray diffractometric investigation.
For the determination of ash melting behavior by hot stage microscopy, the ash was pressed
into a cylindrical pellet with a diameter of 5 mm (strength ~1.5 kN). One drop of pure
isopropanol was added as surfactant to keep the pellet stable during the pressing process.
Due to various carbon content (which affects the density of the sample material), the sample
height varied between 4 mm to 7 mm. Note that the same amount of ash was weighed for
each sample preparation.

2.5. Ash Fusion Test by Hot Stage Microscopy (HSM)

Hot stage microscopy was used for the determination of the melting behavior of the
fuel ashes. The typical sample geometry is represented by a cylindrical pellet (Section 2.4),
which is placed inside of a tube furnace. The furnace chamber was flushed with a constant
flow of 13 vol% carbon dioxide and 87 vol% Argon. Based on equilibrium calculations, the
defined amount of carbon dioxide was required to keep possibly formed carbonates stable.
The furnace was heated from room temperature up to 1300 ◦C at 5 K/min. A CCD camera
was placed behind the furnace outlet, and photos were taken at every degree Celsius. A
corresponding software evaluated the change of the sample shape (height ratio of the pellet)
in dependence of the temperature change. Depending on this information, conclusions can
be drawn about the ash melting behavior. The evaluation is based on the ratio of current
sample height/original sample height (coefficient hx/h0) according to Pang et al. [36].

3. Results
3.1. Experimnetal Part
3.1.1. Fuel Composition

Table 2 gives the proximate and ultimate analysis of the treated fuels. The torrefied
samples have higher carbon contents, as compared to the raw wheat straw sample. De-
pending on the elements, the difference in the ash forming matter varies. The torrefied
sample shows a higher concentration of Ca and K in contrast to the raw material, whereas
the torrefied and subsequently water-leached sample shows a lower concentration of K,
which might be explained by element-specific differences in the water solubility.

The bar diagram illustrates the difference of the ash content between herbaceous, as
well as woody biomass (IWP/PFR), resulting from different amount of inorganics. Among
other things, it can be observed that CaCO3-additivation of the wheat straw samples
increases the ash content evidently.
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Table 2. Chemical composition of the pre-treated wheat straw samples as well as the benchmark
materials. The actual contents in each fuel sample are presented on a dry solid basis. O was calculated
by difference. To: torrefied, To-WL: torrefied/water-leached, To + A: torrefied plus 2 wt% CaCO3,
To-WL + A: torrefied/water-leached plus 2 wt% CaCO3, IWP: industrial wood pellets and PFR: pine
forest residues.

wt% Raw To To-WL To + A To-WL + A IWP PFR

C 48.8 56.4 56 54.5 57.5 50.8 52.7
H 6.2 5.9 6.1 6.1 6.0 6.0 6.4
N 0.4 0.45 0.3 0.3 0.32 0.07 0.339
O 44.6 37.3 37.4 39.1 36.2 43.2 40.5
S 0.05 0.065 0.035 0.03 0.03 0.008 0.05

Ash components (major elements only)/mg kg−1

Cl 230 145 50 50 200 60 70
Al 846 1090 943 1540 1220 62 174
Ca 4060 5550 5140 11,700 13,700 1300 3390
Fe 860 7890 672 1430 1690 82 134
K 4720 5995 2070 7190 3970 486 1370

Mg 460 1001 775 944 909 232 453
Na 129 116 75 328 418 13 34
P 313 417 223 441 383 94 217
Si 7205 9455 7725 10,500 14,000 1050 958

Figure 3 shows the ash content of the pre-treated straw samples as well as PFR/IWP.
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presented on a dry solid basis.

3.1.2. Experimental Hot Gas Analysis

Samples listed in Table 2 have been investigated by MBMS method regarding the
release and fate of inorganic species. Both, devolatilization and char gasification/ash
reaction were examined. To understand the influence of different pre-treatment methods
and the release behavior of the most important species, a semi-quantitative analysis was
performed, which allows the determination of relative peak intensities. The obtained results
can be compared with each other semi quantitatively by means of bar diagrams; however,
an absolute conclusion about the species content (e.g., absolute concentration of one species,
such as KCl, SO2, and so forth) cannot be drawn.

As an example, results of the MBMS-measurements for untreated wheat straw are
shown in Figure 4. The depicted graph shows the intensity-time profiles of different inor-
ganic species as a function of the measurement runtime. Although specific species showed
a corresponding release behavior (e.g., 39K+), other species showed only background noise
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(e.g., 47PO+). Conversely, the background noise means that no reaction in form of any
release was observed.
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Recorded mass spectra of sulfur dioxide are presented in Figure 5.
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Figure 5. Intensity-time profiles of SO2
+ (m/z = 64) in dependence of different pre-treatment methods.

Raw wheat straw sample (a), torrefied sample (b), and (i) torrefied, then (ii) water-leached sample (c).
The intensity-time profiles exemplify the effect of the applied pre-treatments. The torrefied and
subsequently water-leached sample shows almost no more char gasification/ash reaction (c).

At the very beginning, a short volatile peak can be observed, which represents the
pyrolysis peak, while in the second step, a significantly broader peak occurs, and this signal
may explain the release of matter which is stronger chemically bound. Thus, the signal
denotes the occurrence of the char gasification and ash reactions, which appear typically
after the devolatilization process. The pyrolysis peak is characteristically denoted by a fast
reaction kinetic, whereas the char gasification and the ash reaction is denoted by a slow
kinetic rate.

The influence of both torrefaction and water-leaching can be clearly seen in the
intensity-time profiles. Every sample shows a short peak at the very beginning (red-
dish area), which denotes a typical pyrolysis reaction. Although the raw material shows an
obvious secondary release reaction in form of a broad ash/char reaction peak (greenish
area), the torrefied and the torrefied/water-leached samples show only a range denoted
by small intensity, which may be interpreted as ash/char reaction. Conversely, this means
that sulfur compounds (most likely inorganic sulfates) can be successfully washed out by
water-leaching. In addition, torrefaction showed a notable decreasing effect on the release
behavior of SO2. As mentioned by Knudsen et al. [37], it was observed that S is typically
released in a mild temperature range (torrefaction temperature), as cysteine and methionine
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start already decomposing at around 170–190 ◦C. Both cysteine and methionine are the
main S-containing precursors for plant proteins [24].

In Figure 6, the normalized results of different peak areas are shown (both devolatiliza-
tion and ash/char reaction).
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reaction was observed.

Three measurements were performed per sample. Thus, large error bars typically
illustrate the relatively high inhomogeneity of the herbaceous feedstocks in general. Nev-
ertheless, certain trends can be observed. The release of hydrochloric acid (m/z = 36) is
successfully decreased when the sample was (i) torrefied and then (ii) water-leached. Even
torrefaction shows a decrease in the release of HCl. Keipi et al. [38] presented in their study
how the concentration of chlorine dropped during torrefaction, since chlorine in biomass
fuels may theoretically be reactive at torrefaction temperatures. As expected, the released
amount of potassium chloride (m/z = 74) originating from the torrefied/water-leached
sample is lower in contrast to the raw material. Interestingly, both woody feedstocks have
shown, in general, a low content of released sulfur species (COS, SO2, and H2S) during
gasification-like conditions, although the amount of sulfur in the ash seems to be approxi-
mately the same, such as in the herbaceous feedstock. The amount of released HCl is about
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the same as for the torrefied/water-leached material, which represents an appropriate
result at first appearance.

During the ash/char reaction, only the release of sulfur dioxide (m/z = 64) was ob-
served, which originates from the decomposition and reaction of sulphates contained in the
ash. Due to a short residence time in the flow-channel reactor, it is not reduced to H2S in the
gas phase despite the relatively low oxygen partial pressure and high water concentration.
This, in turn, indicates that the hydrogen sulfide released during the devolatilization phase
should mainly originate from sulfidic, primarily organically bound sulfur. Again, the wide
dispersion of the error bar indicates a relatively high inhomogeneity of the raw material,
meaning that the sulfur content varies from sample to sample. Both torrefaction and
torrefaction/water-leaching decrease the amount of sulfur dioxide tendentially. Taking the
ultimate analysis into account (Table 2), the industrial pine pellets have expectedly shown
the lowest amount of released sulfur dioxide during ash/char reaction. When the straw
sample is torrefied and then water-leached, almost the same amount of SO2 is released as
from IWP during the char gasification or ash reaction.

In addition to the torrefied and water-leached samples, Figure 6 exhibits the semi-
quantitative analysis of the CaCO3-blended samples (torrefied and torrefied/water-leached
feedstock including 2 wt% CaCO3, fuel-to-additive ratio). Interestingly, a slight decrease
in the release can be observed for the sulfur-containing compounds H2S, SO2, and COS.
In addition, a slight decrease in the release of KCl can be observed in comparison with
the samples without additive (To and To-WL). Despite relatively inhomogeneous fuels, a
slight trend can be seen here and the Ca-additive shows a noticeable effect on the release
behavior of certain species. Figure 7 highlights the effect of Ca or the ratio of Ca to K
in the sample on the amount of KCl, HCl or sulfur-containing species released during
pyrolysis/devolatilization phase.
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It should be noted that the amount released should be considered as a semi-quantitative
result. An increased amount of Ca in the fuel lowers the amount of KCl released. Although
IWP, in contrast to To-WL + A, has a relatively low Ca content in the fuel, a corresponding
higher amount of released KCl can be observed. Likewise, the higher the ratio of Ca to K,
the lower the amount of HCl, H2S and SO2. Ca found in the sample is expected to form
CaO instead of CaCO3 as major ash component at a high temperature (950 ◦C). CaO may
act as HCl sorbent according to

2HCl + CaO→ CaCl2 + H2O. (5)

Similar observations were reported by Shemwell et al. [39], where HCl gas was treated
using CaO, CaCO3, and calcium formate with the result that high removal efficiencies
were determined. In comparison with To-WL + A, To + A shows a stronger release of HCl.
According to the ultimate analysis (Table 2), To + A shows a significantly higher K content,
which conversely means that a higher KCl content must be present in the fuel sample.
Possibly, CaO also reacts with KCl, according to Equation (6):

2KCl + CaO→ CaCl2 + K2O. (6)

KCl is known to be the main source for HCl formation [35], which, in turn, might
explain a decrease in HCl formation (besides the proposed reaction given in Equation (5)).

A likely explanation for the correlation between Ca and sulfur content might be given
by the fact that Ca is an active suppressor for the release of the S species H2S and SO2 [35].

3.1.3. X-ray Powder Diffraction Analysis

Ash samples, prepared under gasification-like conditions, were investigated diffracto-
metrically in order to understand the phase formation during gasification. In Figure 8, the
recorded XRD spectra of the (pre-treated and/or CaCO3-blended) feedstocks as well as
IWP and PFR are presented.
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Figure 8. XRD spectra of the sample material (ashes): pre-treated and/or CaCO3-blended wheat
straw (a), industrial wood pellets (b), and pine forest residues (c).

As can be seen in Figure 8, the samples are predominantly amorphous. The low-
temperature feedstock ash mostly consists of non-crystalline compounds, which are difficult
to detect by means of XRD method [40]. This, in turn, means that a quantitative phase
analysis by Rietveld method becomes difficult and inaccurate. A disadvantage of the
applied XRD method is the morphology of the samples, since only crystalline compounds
can be virtually evaluated. As the investigated ash samples show a relatively high amount
of amorphous content, it can be assumed that they have the strongest impact on ash
deposits formation, but they certainly cannot be detected by the XRD method [41,42].

However, the major phases, such as CaCO3 or SiO2, in the form of quartz could
be evaluated. SiO2 has been often determined in ashes produced from agricultural
residues [43–45]. Both CaCO3-blended feedstock ashes (raw and torrefied/water-leached)
show the highest peak intensities concerning calcite. Even the samples, which have not
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been blended, show small amounts of CaCO3. No potassium chloride is detected in the
samples, which might be explained by the fact that the chlorine content in the investi-
gated samples is generally quite low. The chlorine content determined in all fuels was
slightly above the measurement limit (note the ultimate analysis in Table 2), which, in turn,
means that the major content must have been already washed out. Maybe the wheat straw
feedstock has been stored on the field for longer time. Mason et al. [46] investigated the
potassium content in the solid phase of different biomass materials, among others wheat
straw. They found, in relation to the K content, that KCl when present, it is not necessarily
the dominant species in the solid phase [46].

Both IWP and PFR have shown hydroxylapatite or portlandite. Ca(OH)2 is typically
formed when CaO reacts with water, and CaO, in turn, is formed when CaCO3 decomposes
at elevated temperature. P is primarily found in form of hydroxylapatite Ca5(PO4)3(OH) or
calcium whitlockite (β-Ca3(PO4)2) in the ashes from woody biomass [47]. Ca phosphates,
such as hydroxylapatite or whitlockite, are more stable than the K–Ca phosphates and will
therefore preferably be the final product [48].

The crystalline phase formation strongly depends on the ashing temperature. With
increasing temperature some phases will form (e.g., silicates or aluminosilicates), but other
phases will decompose, such as chlorides and carbonates [49]. Likewise, the heating rate
might have a significant impact on the thermal characteristics of ash samples. Yang et al. [50]
found that different heating rates showed a significant effect on fusion characteristics.

3.1.4. Ash Fusion Testing

The evaluation of the ash melting behavior investigated by hot stage microscopy
(HSM) was carried out on the basis of Pang et al. [36] in relation to the initial height h0
of the cylindrical ash sample and its corresponding change of height profile hx during
a stepwise heating process (coefficient hx/h0). The coefficient hx/h0, which is indirectly
correlated with phase formations or transitions, is determined by shrinkage of the pellets. In
Figure 9, the determined coefficients of the (pre-treated) samples are plotted in dependence
of temperature. Results, which have been generated by HSM, are supposed to be a valuable
indication of the ash melting behavior, especially relative behavior. Nevertheless, they
are not supposed to be considered as absolute values because of the inhomogeneity of
biomass-derived fuels (the ash melting behavior of different samples might show different
characteristics) [51]. According to the determined height profile coefficient hx/h0, snapshots
of the samples were taken for every temperature degree step (Figure 10).
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Figure 9. Height profile of ashes investigated by HSM in dependence of increasing temperature. The
dashed red line denotes the defined gasification temperature of 950 ◦C.
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Figure 10. Snapshots recorded during ash fusion test. The change of the geometry of the pellets
indicates first reactions or melting.

Raw straw ash starts slightly shrinking at 720 ◦C. However, no influence on agglomer-
ation is expected in that case. The steep decrease in coefficient at 1020 ◦C indicates the start
of melting while increases thereafter are likely caused by gas formation. In comparison,
both IWP and PFR showed in a temperature range between 700 and 800 ◦C a noticeable,
initial deformation in form of a pellet shrinkage, however, the size of the pellets remained
stable until the end of the measurement (Tend = 1300 ◦C). For the pre-treated samples, it
was observed that the slight initial deformation is shifted to approximately 750 ◦C and the
severe deformation to 1050 ◦C. Moreover, a decrease in size was observed in a temperature
range of 800 ◦C to 950 ◦C for the torrefied sample, where the ash behavior may become
more problematic.

The most promising results were achieved by the CaCO3-blended feedstocks. Both
torrefied as well as torrefied/water-leached samples showed a relative stable geometrical
profile up to higher temperature of 1120 ◦C and 1240 ◦C, respectively.

Therefore, they seem to be the most auspicious candidates. In reverse, this proves that
the melting point is likewise increased. Nevertheless, the stability of the woody ash pellets
seems to be highest at 1300 ◦C.

3.2. Thermodynamic Modelling
3.2.1. Release and Condensation of Volatile Inorganic Species

The gas phase fugacity for the most volatile inorganic components was calculated
and is presented in Figure 11. The diagrams essentially display the same results as the
experimental ones obtained in Figure 6, exhibiting a trend as a function of pre-treatment. In
terms of the model calculations, the equilibrium is achieved in contrast to the experimental
investigations, where usually no equilibrium is reached due to kinetic limitations.
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Figure 11. Calculated gas phase fugacity of volatile species at isothermal conditions (950 ◦C) for
pyrolysis-like conditions with no steam/oxygen added (a) and gasification-like conditions with
steam/oxygen added (b).

For this reason, the thermodynamic model calculation, in contrast to the experimen-
tal approach, indicates different release behavior of volatile species (in terms of release
intensity), which makes a direct comparison difficult.

In addition to the prediction of the release of volatile species into the gas phase,
calculations on condensation of inorganic compounds (alkali chlorides, carbonates, and
slag-mixtures) under gasification-like conditions, starting from 950 ◦C were performed. In
Figure 12a, it can be observed that the condensation temperature of alkali chlorides released
during gasification of pre-treated wheat straw varieties (both torrefied and torrefied/water-
leached samples) are shifted towards lower temperatures. The amount of formed salts
also decreased, when the wheat straw was treated. Torrefaction is known to decrease
the amount of chlorine in feedstocks [38], thus, a lower content of chlorine provides a
lower content of alkali chloride in turn. These observations are in a good agreement with
the results obtained by chemical characterization (note the Cl content in Table 2). The
condensation temperature of the alkali chlorides is found to be always lower than their
corresponding melting points, which means that the salts should not be too sticky.
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The cooling temperature is 950 ◦C.

Moreover, the amount of formed salts of the torrefied/water-leached feedstocks seems
to be decreased successfully when comparing with the raw feedstock. Blending the pre-
treated samples with 2 wt% CaCO3 does not seem to generally affect the quantitative
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formation of both KCl and NaCl. Finally, the calculated amount of condensed salts for
pine forest residues and industrial wood pellets is significantly lower than for wheat
straw. In contrast, the formation of condensed carbonates (K2CO3 mainly) seems to be
significantly higher than in (pre-treated) wheat straw, while IWP shows only small amounts
of condensed carbonates. Additionally, considering the pine forest residues, a small amount
of slag is condensing at around 840 ◦C. According to the predicted thermodynamic activities,
mainly potassium sulfide was found in the slag. Interestingly, according to the shapes of
both condensation curves, a typical phase formation can be observed, which means that
potassium sulfide decomposed and potassium carbonate formed instead. Potassium sulfide
becomes unstable beyond, as well as below its melting point, which explains the phase
transition. This phenomenon was also observed in case of torrefied and CaCO3-blended
wheat straw samples. Both torrefied and torrefied/water-leached samples show small
amounts of condensed carbonates. The thermodynamic equilibrium calculations did not
exhibit any condensed carbonates for torrefied or torrefied/water-leached fuels without
CaCO3 additive.

In addition to the alkali salts, carbonates and sulfides, the condensation of liquid
potassium cyanide was found for pine forest residues (only under pyrolysis conditions).
Obviously, there should be a thermodynamic equilibrium in the temperature range between
700 ◦C and 820 ◦C, which favors the formation of KCN. Hansson et al. [52] reported that
nitrogen-containing species, such as hydrogen cyanide, ammonia, and isocyanic acid,
were identified while biomass-based feedstocks (amongst others bark pellets) have been
pyrolyzed in a fluidized bed reactor at temperatures between 700 ◦C and 1000 ◦C.

3.2.2. Ash Behavior

Thermodynamic equilibrium calculations (performed by FactSageTM) were used in
order to predict inorganic phase formations of the (treated) material samples.

Based on the knowledge of the SiO2-CaO-K2O system, the fusibility tendencies can be
predicted (Figure 13)—the main elements Ca, K, and Si, are responsible for agglomeration
process [53]. The ash of the raw fuel is located in the liquid–solid two-phase-area and
relatively close to the slag phase, while the ashes of IWP and PFR are located in the solid
area. Woody biomass rather shows a noticeable lower K and Si content than WS (note the
ultimate analysis in Table 2), which favors a high melting point of the ash. Torrefaction
obviously does not seem to affect the ash melting behavior as already observed in the
measurements performed by HSM. However, the other pre-treated samples show different
behavior in terms of their phase states. According to the model calculation, torrefaction
alone does not show the desired effect on the ash melting, while subsequent washing
(To-WL) of the sample shows a positive effect on the ash melting. However, torrefaction
of the sample and adding 2 wt% of CaCO3 can suppress the ash melting, as the ash of the
sample is located in the solid phase area.

The prediction of mineral phases was performed for both pyrolysis, as well as gasifi-
cation conditions taking into account oxygen and steam. With regard to the formation of
mineral phases, there was no major difference observed between pyrolysis and gasification
reaction in general. This means that both processes seem to reveal the same reaction se-
quence. For the sake of clarity, only the calculated results of inorganic phase formations
under gasification-like conditions are presented in the following. In the first step, all phases
were numerically predicted in dependence of the temperature, starting from 400 ◦C and
ending at 1300 ◦C. The main phases were summarized and sorted for a better overview (al-
kali chlorides, sulfides, carbonates and oxides/silicates). Figure 14 presents the calculated
phase composition of the raw feedstock ash, in which the complete phases, as well as the
grouped phases, are displayed.
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Figure 13. Calculated ternary phase diagram for the SiO2-CaO-K2O system using FactSage [32]. The
phases were predicted for (pre-treated) wheat straw, as well as IWP (benchmark material) and PFR
(chosen as alternative woody waste biomass). The calculation was performed under isothermal
conditions at 950 ◦C.
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Figure 14. Calculated mineral proportions of raw wheat straw ash under gasification-like conditions.
(a) Overview phase map, where all predicted phases are mapped. (b) Summarized phases (mainly
oxides and molten slag). The dashed red line denotes the gasification temperature of 950 ◦C.

The shape of the black area in Figure 14 is representing the amount of molten slag
and can be considered as a pseudo-melting curve. The raw material shows at 950 ◦C (fixed
gasification temperature in this study) over 90 wt% of molten slag. At 600 ◦C, on the
other hand, mainly oxides in the solid state and small amounts of alkali metal salts were
predicted. The amount of molten slag increases with increasing temperature. Figure 15
presents the predicted phase maps of each sample listed in Table 2.

IWP, which has been selected as benchmark material for this study, shows an amount
of less than 40 wt% molten slag at 950 ◦C. The slag formation of the torrefied sample is
shifted towards higher temperature in contrast to the raw material, approximately 100 ◦C.
Even the content of alkali metal chlorides, as well as the amount of slag at gasification
temperature is lower than in the raw feedstock. The observed effect is perceptible but not
satisfying in the proper sense for the chemical looping gasification process, as reactors
shall typically operate at temperatures above 900 ◦C. Torrefaction and subsequent water-
leaching of the feedstock exhibit more promising results, and the quality of the benchmark
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material can nearly be achieved. Obviously, the most reliable results are achieved when the
torrefied or torrefied/water-leached material is blended with 2 wt% CaCO3. In this case,
a molten slag content of less than 20 wt% can be achieved. When blending the feedstock,
a small amount of calcium-rich carbonates was found at lower temperatures. Since the
content of calcium in the ash is significantly increased due to blending with the additive,
the formation of carbonates is consequently favored. PFR shows a relatively high content
of carbonates in contrast to the herbaceous feedstocks. The slag includes, but is not limited
to, liquid carbonates, and this explains why the transition between carbonates and slag
seems to proceed fluently in this case. No carbonates are found anymore at temperatures
above 800 ◦C, as carbonates typically thermally decompose in this range.
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Figure 15. Calculated mineral proportions for industrial wood pellets, pine forest residues, and
pre-treated or CaCO3-blended wheat straw ash. The dashed line denotes the fixed gasification
temperature (950 ◦C).

In Figure 16, a summarized comparison of the investigated (pre-treated) feedstocks
is presented. The information given in the bar chart was taken from the calculated phase
maps in Figure 15.
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Figure 16. Comparison of the ash fusibility of the investigated samples (according to the calculated
phase maps). The dashed red line denotes the amount of molten slag or solid oxides of the benchmark
material IWP.

The formed amount of slag/oxides was calculated at gasification-like conditions
(950 ◦C). The higher the slag part, the lower the amount of solid oxides and thus, the
stickier the sample is. With about 10 wt%, PFR shows a relatively low amount of molten
slag in comparison to the other samples.

3.2.3. Interaction and Poisoning of Oxygen Carrier Materials

Three different oxygen carrier materials were selected (LD Slag, Sibelco and Ilmenite),
and interactions between the oxygen carriers and the fuel constituents were investigated
in terms of the gas and condensed phase. The chemical composition of the oxygen carrier
materials is listed in Table 3.

Table 3. Chemical composition of selected oxygen carriers (in wt%). Ilmenite contains additionally
5.5 wt% of inert materials, which have not been taken into account for thermodynamic calculations.
Both Sibelco and Ilmenite were calcined.

Oxygen Carrier MnO2 Fe2O3 SiO2 Al2O3 CaO Fe2TiO5 TiO2

LD Slag 5.42 26.85 14.08 1.29 52.36 - -
Sibelco 72.99 9.05 7.31 7.97 2.67 - -

Ilmenite - 11.2 - - - 54.7 28.6

According to the thermodynamic flow chart (Figure 2), calculations under gasification
conditions were performed, considering the following ratios: Oxygen carrier/fuel = 40/1,
steam/fuel = 0.6 g/g, and air–fuel ratio λ = 0.3. The gasification temperature remains
at 950 ◦C. The partial pressure was calculated for the most notable species and can be
seen in Figure 17. Both Fe(II) hydroxide and aluminum hydroxide seem to keep constant
in the gas phase and they are not affected by pre-treatment of samples. Since Sibelco
shows the lowest iron and the highest aluminum content of the oxygen carriers, the partial
pressure reflects the relative ratio. Interestingly, the partial pressure of orthosilicic acid
is significantly lower in case of LD Slag than in case of Sibelco or Ilmenite. It is known
that calcium binds silicon primarily as calcium silicates [54], thus lowering the activity
of silica. Since LD Slag is almost half comprised of calcium oxide, silica is completely
bound as calcium silicates, which suppress, in turn, the formation of orthosilicic acid. Both
Fe(II) chloride and Mn(II) chloride prove, that chlorine, which is contained in wheat straw
fuel, reacts with iron/manganese to form chloride compounds (with exception of Ilmenite,
which does not contain any manganese). The torrefied and subsequently water-leached



Energies 2022, 15, 3422 19 of 25

sample shows an obvious decrease in the formation of volatile salts in comparison with the
untreated source material.
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Figure 17. Predicted partial pressure of oxygen carrier constituents in contact with (pre-treated)
wheat straw samples, as well as IWP and PFR under gasification-like, isothermal conditions (950 ◦C).
The most important species, mainly in the range of pi > 10−12 atm are presented in dependence of the
applied oxygen carrier (see Table 3).

Thermodynamic calculations with FactSage confirmed that mainly magnesium and
potassium from the ash seem to interact with mineral phases from oxygen carriers to form
intermediates and mixtures. For example, the ash of the raw as well as the torrefied material
showed in combination with the titanium-rich oxygen carrier Ilmenite the formation of
potassium titanate or even partially small amounts of sodium titanate (K2Ti6O13, respec-
tively, Na2Ti6O13), which pictures a typical process of poisoning of the oxygen carrier in
this case. When the samples were torrefied and washed before, no interactions between
K and titania were observed anymore. The fact that water-leached samples show only
small amounts of potassium, may explain the suppression of potassium titanate formation.
According to the equilibrium calculations, both LD Slag and Sibelco did not show any
interaction with the feedstock ash.

4. Discussion

Several investigation methods have been applied and combined to clarify the effect
of pre-treatment methods and/or Ca-blending on inorganic constituents in wheat straw
and their behavior and impact in chemical looping gasification. As already expected, the
torrefied material showed a slightly higher content of ash in contrast to the raw material,
while the torrefied/water-leached sample showed a lower content. The amount of ash of
the Ca-blended feedstocks is also significantly higher. These results are consistent with the
outcomes of the chemical characterization, as the ash only represents the non-combustible
inorganic compounds. The woody fuels, both IWP and PFR, showed a relatively low ash
content, as expected, due to their low amount of inorganic compounds. A lower ash content
is conversely affiliated with a lower risk in terms of reactor operation. In the following
sections, the most critical ash-related issues in CLG will be discussed and both experimental
and calculated data as well are compared. In relation to the obtained results, conclusions
are drawn about fouling and slagging, agglomeration, high-temperature corrosion, and
poisoning of oxygen carriers.
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4.1. Fouling and Slagging

The phenomenon of deposit formation on heat transfer surfaces (e.g., superheater
tubes and boiler walls) is described by fouling and slagging, which is considered to cause
two major problems associated with biomass fuel utilization [55]. The mineral deposits
found on heat transfer surfaces are often comprised of alkali compounds [55]. Release
experiments and thermodynamic equilibrium calculations in this study showed that mainly
alkali salts and carbonates are released under typical CLG conditions, which condense in
colder parts of the plant. In turn, this means that the higher the amount of volatile alkali
compounds in biomass, the higher the potential risk of issues caused by condensation.
Both torrefied and most notably water-leached wheat straw samples achieved the highest
shift in predicted condensation temperature of alkali salts in comparison with the raw
feedstock, thus showing almost the same condensation behavior as IWP. Therefore, these
results seem to be promising, as the condensation temperatures of KCl (and partially NaCl)
are much lower than their melting points and, thus, the deposits should not be too sticky
for industrial scale application.

4.2. Bed Agglomeration

The phenomenon of bed agglomeration is a further obstacle, which describes the inter-
action between the molten or sticky ash compounds and the bed material. In consequence,
the agglomeration causes a defluidization and, finally, a shutdown of the reactor unit. Both
ash fusion tests (performed by HSM) and thermodynamic modelling have confirmed that
torrefaction of the samples slightly decreased the melt fraction at 950 ◦C and the ash melting
point was lightly increased. However, the effect is far from being sufficient for industrial
application, as the amount of molten slag is still too high. In contrast to the torrefied
samples, the torrefied/water-leached ones are more promising, as the effect of increasing
the melting point is obviously more pronounced. It should also be noticed that the absolute
amount of ash is generally decreased by pre-treatment versions of the feedstock, which
can positively reduce the risk of bed agglomeration due to higher ratio of bed material to
(molten) ash. In comparison with IWP as benchmark, the ashes of torrefied/water-leached
fuels showed nearly an appropriate melting behavior. Both samples (To and To-WL),
which have been blended with 2 wt% CaCO3 (carbonate-to-feedstock-ratio) are the most
promising candidates, and the results obtained by HSM and thermodynamic modelling
are consistent with each other. Considering a gasification temperature of 950 ◦C, melting
should not cause any problems in this case. The calculated amount of molten slag for
both samples was even lower than for the benchmark material. Although IWP indicated a
slag/oxide ratio of 40/60, the torrefied sample (incl. additive) showed and ratio of 20/80
and the torrefied/water-leached sample (incl. additive) a ratio of nearly 10/90. These
results are in a good accordance with the experimental ash fusion tests. At this point, it
has to be mentioned, that the major impact on melting temperatures of the sample ashes
is influenced by the presence and concentration of alkali metals and the possibility of
low-melting eutectics formation [49].

Another feasible option would be to apply To-WL feedstock without any (Ca-based)
additives, however, in view of the predicted results, it would be more favorable then
decreasing the gasification temperature from 950 ◦C to 900 ◦C or lower. No ash-related
problems should occur then, and the expected phase formations should be similar to IWP.

4.3. High-Temperature Corrosion

Biomass contains in general a high amount of chlorine, which has a negative effect on
the metal behavior, as it is directly correlated to chlorine induced corrosion [56]. The release
experiments have highlighted that the method of torrefaction/water-leaching significantly
influences the amount chlorides released during ash reactions. Since To-WL samples
showed a lower ash content than the raw material, the amount of reactive inorganic species
remained in the feedstock is decreased. In case of the benchmark material IWP, the amount
of HCl released was almost similar. However, the effect of torrefaction or torrefaction/water-
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leaching on the release behavior can also be clearly displayed in that case. Both torrefaction
and water-leaching combined decrease the content of problematic inorganic species in
the ash. Thus, torrefaction is not sufficient for application in an industrial scale, while
the combination with water-leaching seems to be promising for removing problematic
species. In addition to the influence on the ash melting behavior, the CaCO3-additive
has shown a slight effect on the release behavior of inorganic compounds, mainly sulfur-
containing species. From a thermodynamic point of view, CaO or CaCO3 can react with
sulfur oxides in the temperature range 800–950 ◦C [57–60]. It is known that calcium reacts
with SO2 to form calcium sulfate and thus reduces SO2 emissions [61]. In addition, a slight
decrease in released amount of KCl was observed. It has been suggested elsewhere that
Ca, S, and P may contribute to the capture and deposition of gaseous alkali chlorides
(KCl or NaCl) [62–64]. A resulting formation of sulfates from the CaCO3 additive and
various sulfur species (H2S, SO2, COS) originating from the fuels could possibly also lead
to a reduced release of KCl. The formation of alkali chlorides through different sulfation
reactions can be decreased by sulfur-based additives [65–67].

Results obtained by thermodynamic modelling are in general consistent with the
experimental ones, as obviously observable deviations occur in some cases. It should be
mentioned that the calculations are only representing a thermodynamic model (which is based
on Gibbs free energy minimization) and do not always correspond to kinetically controlled,
real-experimental conditions. Therefore, inconsistency can be observed in that case.

4.4. Oxygen Carrier Poisoning

The backbone of any CLG application is the oxygen carrier material. In addition to
the above-mentioned problems, oxygen carriers suffer reactions with ash-derived particles
and the gas phase as well. For example, it is known that sulfur poisons the oxygen
carrier activity [68]. Thermodynamic equilibrium calculations have indicated that chlorine
(derived from the gas phase) might interact with iron and manganese in LD Slag, Sibelco
and Ilmenite to form corresponding volatile chlorides. This effect can be counteracted by
torrefying and/or water-leaching the samples, as chlorine can be successfully washed out
of the feedstock. Thus, due to a lower amount of chlorine, the risk of poisoning is also
reduced. Furthermore, according to predicted results, alkali and alkaline earth oxides can
be incorporated in several solid phases of the oxygen carriers. In case of Ilmenite, alkali
titanates should be formed. However, it should be mentioned here that torrefied/water-
leached wheat straw has shown the most promising effect to reduce this risk.

5. Conclusions

Combination of various biomass pre-treatment technologies can be instrumental in
boosting the bioeconomy as a whole. The main objective is to enable the fuel flexibility
and to reduce logistical challenges and high transportation costs. Treatment of biomass
aims at converting a feedstock into a fuel showing similar characteristics to that of original
fossil fuels, which, in turn, becomes attractive for saving costs and lowering the impact on
plant performance.

Different pre-treatment methods, based on water-leaching and torrefaction, as well
as blending wheat straw with CaCO3 were applied and their influence on the behavior
of ash constituents was investigated in this study by different experimental methods and
thermodynamic modelling. Results obtained by thermodynamic modelling are, in general,
consistent with the experimental ones, as obviously deviations occur in some cases (e.g.,
when comparing the results obtained by experimental hot gas analysis, and calculated
gas phase fugacity of volatile species). Note that the calculations are representing only
a thermodynamic model and do not always correspond to kinetically controlled, real-
experimental conditions. Therefore, inconsistency can be observed in that case.

The provided results shall contribute to tackling ash-related issues, such as agglomer-
ation, fouling and slagging, poisoning of oxygen carriers, or high-temperature corrosion,
which are representing typical problems during CLG process. According to the obtained
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results, dry torrefaction can be considered as an effective pre-treatment method for re-
moving chlorine. However, torrefaction is not effective enough for removing problematic
species, such as alkalis. It increases the material density (the amount of ash is slightly
increased), which means that it eliminates volatile organic compounds and water. Sum-
marizing the above, it can be said that torrefaction can be considered as a de-chlorinating
process, which can prevent the formation of related pollutants, as well as the accelerated
corrosion in the thermochemical process. Torrefaction combined with water-leaching seems
to be more promising in terms of removing problematic species, such as alkali chlorides or
even partially sulfur compounds. Torrefaction/water-leaching has successfully decreased
the amount of molten slag formed at a gasification temperature of 950 ◦C. The “quality”
of the benchmark material IWP was almost reached. The most promising results regard-
ing ash melting behavior were achieved when pre-treated (both To and To-WL) wheat
straw was blended with 2 wt% CaCO3. Samples including additives have shown that
their ash melting point could be increased significantly (thermodynamic modelling and
HSM measurements), while the release of chlorine and sulfur species is reduced (MBMS
measurements), so that the utilization in a fluidized bed seems to be feasible. In summary,
one can say that torrefaction alone is not effective enough for removing problematic species
or increasing the ash melting point for the wheat straw under investigation. Basically, both
experimental investigations and thermodynamic equilibrium calculations confirmed that
combination of pre-treatment methods seem more promising. Therefore, this approach
should be validated in future studies in pilot plants.
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