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A B S T R A C T

Pulverized fuel (PF) combustion systems based on solid biofuels are a key in sustainable energy transition, 
especially when retrofitting coal-fired plants. Nonetheless, challenges persist due to alkali metal-induced emis
sions and ash-related operational issues. This paper investigates the effect of kaolin additivation during pul
verized biomass combustion. Industrial wood pellets were milled and mixed with kaolin at concentrations of 0.5, 
1.0, and 1.5 wt% and combusted in a laboratory-scale PF furnace. Prior laboratory analyses showed that 1.5 wt% 
kaolin additivation increased potassium retention in ashes from 34 % to 96 % at 1100 ◦C and raised ash fusion 
temperatures (e.g., flow temperature from 1277 ◦C to 1432 ◦C), indicating the formation of high temperature- 
stable potassium(K)-aluminum(Al)-silicate compounds. Combustion tests revealed alterations in gaseous emis
sions (nitrogen oxides (NOx) and carbon dioxide (CO2)) as well as changes in the composition of the resulting 
ashes. Chemical and X-ray diffraction analyses suggest a shift of potassium compounds within the ash fractions 
and a formation of stable K-Al-silicate compounds within the bottom ash. However, high ignition losses were 
reported for the bottom ashes, attributable to incomplete combustion linked to short residence times. This was 
also reflected in high CO emissions, which did not show a significant improvement with additivation. Although 
the results from the PF combustion experiments do not allow a generalization of emissions trends due to 
incomplete burnout, the observed trends, along with laboratory results, confirm and highlight the potential of 
kaolin as an additive to mitigate K-related detrimental effects in PF biomass combustion systems.

1. Introduction

The use of biomass for electricity and heat generation has play
ed—and will likely continue to play—a vital role in "green" energy 
provision. In large-scale applications, combustion technologies for solid 
biofuels include grate firing (GF), fluidized bed (FB), and pulverized fuel 
(PF) systems. The latter is significant for retrofitted coal-fired power 
plants, facilitating the transition to biomass-based fuels as part of the 
shift toward green energy, enabling operation at up to 600 MWe [1].

The conversion of pulverized fuel plants from the fuel coal to the fuel 
biomass presents several challenges. This includes, primarily due to the 
chemical composition of biomass fuels compared to coal, slagging due to 
low melting compounds in the ash [2], corrosion caused by high com
bustion temperatures, e.g., due to elevated chlorine (Cl) content, as well 
as the risk of high-dust DeNOx poisoning due to alkali metals such as 
potassium (K) and sodium (Na) [3]. One possibility to mitigate these 
detrimental effects is using fuel additives. Kaolin, a widely assessed 
option [4], is an aluminum-silicate-based mineral primarily composed 

of kaolinite Al2Si2O5(OH)4. This mineral reacts under the conditions 
given within the combustion zone and binds alkali metals (i.e., partic
ularly K) into high-temperature-stable compounds, which are retained 
in the bottom ash. When introduced into the combustion chamber, 
kaolinite undergoes reactions as depicted in equation (1) for tempera
tures above 450 ◦C, equation (2) for temperatures at 980 ◦C and equa
tion (3) for temperatures above 1100 ◦C [5]. 

Al2Si2O5(OH)4 (kaolinite) → Al2O3⋅2SiO2 (meta-kaolin) + 2H2O (1) 

Al2O3⋅2SiO2 (meta-kaolin) → Al2O3⋅SiO2 (spinel) + SiO2 (2) 

3(Al2O3⋅SiO2) (spinel) + 3SiO2 → 3Al2O3 ⋅ 2SiO2 (mullite) + 4SiO2

(3) 

Studies with residence times of 1.2 s have shown that only a fraction 
of kaolinite is converted to mullite, with the majority remaining as 
amorphous meta-kaolin and spinel [6]. Thus, the primary reaction 
products formed during the calcination of kaolin subsequently interact 
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with gaseous alkali species [5]. Equation (4) till (6) illustrate, in a 
simplified manner, the transformation of meta-kaolin into kalsilite or 
kaliophilite (KAlSiO4). The formation of leucite (KAlSi2O6) and ortho
clase (KAlSi3O8) follows a similar pathway to orthoclase but involves the 
incorporation of additional SiO2 molecules. 

Al2O3⋅2SiO2 + 2KCl + H2O → 2KAlSiO4 + 2HCl (4) 

Al2O3⋅2SiO2 + K2SO4 → 2KAlSiO4 + SO3 (5) 

Al2O3⋅2SiO2 + 2KOH → 2KAlSiO4 + H2O (6) 

These reactions suppress the release of volatile, gaseous K-com
pounds such as KOH, KCl, and K2SO4, which may result in. 

• Increased bed ash stability due to the formation of compounds with 
high melting temperatures [2,7],

• mitigation of inorganic particulate matter (PM) emissions [8–13], 
and

• lower CO emissions in the flue gas [14–16].

While these effects of kaolin additivation have been drawn mainly in 
studies in grate firing (GF) systems, the effects of kaolin in PF furnaces 
remain largely unexplored. Fuller et al. [12] investigated the effects of 
an "aluminum-silicate additive" on wood fly ash in a lab-scale pulverized 
fuel reactor. They found that additivation not only reduced K, Fe, Ca, 
Mg, and Na compounds but also led to lower concentrations of Cr and 
soluble Cr(VI) compounds in the fly ash. Similar findings were reported 
by Delgado et al. [17] in a study with a 120 kWth pulverized fuel pilot 
plant, where coal fly ash (rich in Si and Al) was added to the combustion 
process, and pilot-scale data were compared with full-scale experiments 
in commercial power plants. In this pilot plant, PM1 emissions (i.e., 
particulate matter with an aerodynamic diameter <1 μm) were lowered 
by 32 %, while the concentrations of K, Na, S, and Cl in the PM emissions 
were reduced considerably. Full-scale experiments have been conducted 
in two power plants in Denmark. 

• In Avedøre Power Station (800 MWth) [17–19], coal fly ash was 
introduced via combustion air, resulting in fly ash dominated by 
spherical particles rich in Si and Al, and significantly reducing con
centrations of K-containing species (i.e., KCl, K2SO4, and KOH). 
Additionally, negligible amounts of K2SO4 on heat exchanger sur
faces [18], and a decrease in PM1 emissions by 36 % were reported.

• In Studstrup Power Station (900 MWth), coal fly ash was added as a 
slurry to the pellet mill. This additivation led to the incorporation of 
K, resulting in a 43 % reduction in PM1 emissions [17].

Against the lack of investigations of kaolin additivation in PF fur
naces and the influence on K capture and gaseous emissions, this study 
combines laboratory-scale analyses with experiments in a pilot or 
laboratory-scale pulverized fuel furnace to evaluate the transferability of 
results obtained under idealized conditions to more realistic combustion 
scenarios. Laboratory tests with milligram to gram fuel quantities enable 
a systematic investigation of the chemical interactions and formation 
mechanisms of stable potassium-aluminum-silicate compounds under 
controlled conditions. These settings, however, do not capture the re
action kinetics, flow behavior, particle size distributions, and residence 
times typical for technical combustion systems, whether in pilot or in
dustrial scale. By comparing laboratory analysis methods with labora
tory combustion experiments, the study examines the practical 
relevance of laboratory findings for their transferability to pulverized 
biomass combustion, e.g., to estimate an optimal additive content for 
this additive/fuel combination.

2. Materials and methods

The experiments included laboratory analyses and combustion tests 

in a PF furnace. Milled industrial wood pellets were used as the solid 
biofuel, with kaolin added at concentrations of 0.5, 1.0, and 1.5 wt% (e. 
g., 150 g kaolin added for 15 kg material for the 1.0 wt% condition). The 
resulting molar ratios of Al:Si:K provide sufficient theoretical excess of 
Al and Si for complete incorporation of K into the ash (cf. Table 3 below). 
The material was mixed in a concrete mixer for 10 min. Additive con
centrations were selected based on prior experiments with wood in GF 
systems [20,21] and literature on PF systems with coal ash and 
aluminum-silicate-based additives [12,17,19,22]. Laboratory analyses 
of the mixtures included measurements of ash fusion temperatures, ash 
content at 550 ◦C, and potassium (K) retention of 1100 ◦C ashes 
compared to 550 ◦C ashes, both with and without additive (section 2.3). 
Following the laboratory tests, combustion experiments were conducted 
in a PF furnace (section 2.4). Online measurements of gaseous emissions 
(i.e., CO2, CO, NO, NO2, SO2, and O2) were performed (section 2.4.1). 
Ash samples (i.e., bottom ash, cyclone ash, and filter ash from com
bustion) were collected and thereafter analyzed to determine both the 
chemical composition and the crystalline phases as evidence for the 
formation of K and kaolin reaction products (sections 2.4.2 till 2.4.4).

2.1. Solid biofuel: wood pellets

Wood pellets for industrial applications with fuel properties and 
chemical composition as specified in Table 1 were used for the labora
tory and combustion experiments. Prior to mixing with the additive, the 
pellets were milled using a Fritsch pulverisette 16 cross-beater mill 
equipped with a 0.5 mm sieve, resulting in a median particle size dp50 wt 

% of 433 μm. The particle size distribution was measured using a particle 
size analyzer (Retsch, Camsizer XT).

2.2. Additive: kaolin

The additive was kaolin, consisting mainly of the mineral kaolinite 
(Al2Si2O5(OH)4) (supplied by Gebrüder Dorfner GmbH & Co. Kaolin-und 
Kristallquarzsandwerke KG). This kaolin is extracted from naturally 
occurring mineral deposits, with significant reserves located in the USA, 
China, and Germany, among others [26]. The composition of the used 

Table 1 
Fuel properties and chemical composition of the wood pellets (a.r. as received, d. 
b. dry basis) [23–25].

Parameter Unit Wood Pellets Method of analysis

Moisture content wt%a.r 8.0 ISO 18134-2
Ash content wt%d.b. 0.9 ISO 18122
HHV MJ/kgd.b 20.2 ISO 18125
LHV MJ/kgd.b 18.7 ISO 18125

Carbon (C) wt%d.b. 50.0 ISO 16948/ISO 16994
Hydrogen (H) wt%d.b. 7.0 ISO 16948/ISO 16994
Oxygen (O) wt%d.b. 41.7 by mass difference
Nitrogen (N) wt%d.b. 0.12 ISO 16948/ISO 16994
Sulphur (S) wt%d.b. 0.28 ISO 16948/ISO 16994

Calcium (Ca) mg/kgd.b. 1740 ISO 16967/ISO 16994
Potassium (K) mg/kgd.b. 941 ISO 16967/ISO 16994
Sodium (Na) mg/kgd.b. 110 ISO 16967/ISO 16994
Magnesium (Mg) mg/kgd.b. 347 ISO 16967/ISO 16994
Phosphorus (P) mg/kgd.b. 142 ISO 16967/ISO 16994
Manganese (Mn) mg/kgd.b. 101 ISO 16967/ISO 16994
Silicon (Si) mg/kgd.b. 636 ISO 16967/ISO 16994
Iron (Fe) mg/kgd.b. 147 ISO 16967/ISO 16994
Aluminum (Al) mg/kgd.b. 140 ISO 16967/ISO 16994
Phosphorus (P) mg/kgd.b. <408 ISO 16967/ISO 16994
Zinc (Zn) mg/kgd.b. 14 ISO 16968
Lead (Pb) mg/kgd.b. 0.58 ISO 16968
Copper (Cu) mg/kgd.b. 10 ISO 16968
Nickel (Ni) mg/kgd.b. 5 ISO 16968
Chrom (Cr) mg/kgd.b. 8 ISO 16968
Barium (Ba) mg/kgd.b. 18 ISO 16968
Chloride (Cl¡) mg/kgd.b. 80 ISO 10304-1
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kaolin is depicted in Table 2. The median particle size was dp50 wt% = 37 
μm.

2.3. Laboratory experiments

Laboratory analyses were conducted to evaluate the combustion 
properties of the additivated wood before combustion experiments in 
the pulverized fuel furnace. The additivated wood samples were 
analyzed in triplicate to assess their water content, ash content, ash 
retention, and K retention. To investigate the thermal degradation 
behavior of the additivated biomass and the gaseous species released 
during decomposition, evolved gas analyses were carried out using 
combined thermogravimetric analysis (TGA) coupled with a micro gas 
chromatograph (μGC). Additionally, ash fusion temperatures were 
investigated.

Issues such as slagging, deposit formation, and fouling during com
bustion are frequently linked to low ash melting temperatures, which 
are strongly influenced by the composition of the solid biofuel and its 
resulting (bottom) ash [28]. Medium to high concentrations of K and Si 
in ashes can form eutectics with relatively low melting points (down to 
769 ◦C) [29]. The formation of K aluminosilicates, on the other hand, 
results in high-temperature-stable compounds (e.g., kalsilite (KAlSiO4) 
or leucite (KAlSi2O6)), though these compounds are not typically present 
in all biomass ashes [30]. Therefore, enriching solid biofuels with 
mineral-based additives can enhance the formation of these 
high-temperature-stable compounds. Nonetheless, such a measure 
might have consequences such as alteration of the ash chemistry, e.g., by 
binding K and other alkali-elements within temperature-stable com
pounds (i.e., "alkali-getter-effect"), physical absorption of condensable 
vapors, and the dilution of problematic, low-melting species [31]. An 
overview of the analyzed samples, as well as the resulting Al/K and Si/K 
ratios from Si, Al, and K from within the biomass and from the intro
duced kaolin is provided in Table 3.

2.3.1. Water and ash content, ash and K retention
Water content was measured at 105 ◦C in a drying oven for 24 h, and 

the ash content was determined in a muffle furnace (Nabertherm L 24/ 
11 BO) at 550 ◦C according to DIN EN 18122 standard [32]. To deter
mine the K retention, part of the ashes produced at 550 ◦C were again 
heated from room temperature to 1100 ◦C in the same muffle furnace 
with a heating rate of ca. 10 K/min up to 550 ◦C, followed by a slower 
heating rate of 3 K/min from 550 to 1100 ◦C. The samples were then 
maintained at the final temperature for 15 min to ensure complete heat 
transfer within the sample. For each analysis, 100 mg of each ash sample 
(i.e., 550 ◦C and 1100 ◦C ash) was then digested with acid in two steps in 
a microwave oven (Anton Paar GmbH Microwave GO) according to DIN 
22022–1 [33]. K concentrations were then measured by atomic ab
sorption spectroscopy (AAS, Analytik Jena AG ContraAA 700). The K 
retention was determined using equation (10), where cK@1100◦C and 
cK@550◦C represent the K concentrations at 1100 ◦C and 550 ◦C, 
respectively, and mash@1100◦C and mash@550◦C denote the corresponding 
ash. The latter ratio of the equation indicates the ash retention. 

Kretention =
cK@1100◦C

cK@550◦C
⋅
mash@1100◦C

mash@550◦C
⋅100 % (10) 

The retention of K demonstrates the amount of K remaining within 
the ash and was not released as volatile compounds (e.g., as KCl or 
K2SO4) at elevated temperatures between 550 ◦C and 1100 ◦C. Adding 
kaolin promotes the formation of temperature-stable K compounds 
within the ash, resulting in higher K retention compared to non- 
additivated solid fuels. Increased K retention thus correlates with 
lower K levels in the flue gas during the combustion of solid fuels.

2.3.2. Gas evolution from thermal degradation
Thermogravimetric analysis (TGA, Mettler Toledo, system TGA 2) 

was coupled with a micro gas chromatograph (μGC, Micro-GC SRA In
struments R990, with Module A: MS-5A 10 m and Module B: PoraPlot U 
10 m, standard gas concentration for CO: 2 mol%, CO2: 3 mol%) to 
measure the evolved gas concentrations of CO and CO2 during TGA 
experiments. About 20 mg of the samples were used in a 150 μL alu
minumoxide crucible; experiments were carried out in duplicates in 
order to validate the observed trends qualitatively. For reference, the 
plain additive was also analyzed. The measurements were performed 
under air with a gas flow of 30 mL/min and a dynamic temperature 
profile of 10 K/min and 20 K/min from 30 till 1100 ◦C. Sampling time 
for the μGC was set at 20 s, the temperature of modules A and B was 
130 ◦C and 90 ◦C, respectively. Helium was used as the carrier gas.

2.3.3. Ash fusion temperature
For the analysis of the ash fusion behavior, three characteristic 

temperature points are considered: shrinkage starting temperature 
(SST), hemisphere temperature (HT), and flow temperature (FT). Ash 
samples (biomass ashed at 550 ◦C according to DIN EN 18122 [32], cf. 
section 2.3.1) were pressed into cylinders (3–4 mm in height and 
diameter), placed in a heating microscope (Hesse Instruments e. K., 
EM301) and heated up to 1600 ◦C. The characteristic temperature points 
were detected following DIN EN ISO 21404 [34].

2.4. Combustion experiments

The combustion experiments of the milled wood pellets were con
ducted in a PF furnace at the Institute for Energy Systems, Technical 
University of Munich (TUM) [35]. A schematic drawing of the reactor is 
shown in Fig. 1. This reactor consists of an externally heated ceramic 
reaction tube measuring 2000 mm in length and 144 mm in diameter. 
Before combustion, the tube was pre-heated to 1300 ◦C and kept at that 
temperature throughout the experiments. The (additivated) wood was 
then fed into the top of the tube via a vibration channel at a mass flow 
rate of 0.66 kg/h, corresponding to a power output of 3.2 kW (in the case 
of no additive).

Ash samples were collected from three locations (i.e., bottom (B), 
cyclone (C), and filter (F)), resulting in a total amount of 12 samples 
(refer to Fig. 1 for ash collection points). Table 4 provides an overview of 
the collected ash samples and their respective denotation.

2.4.1. Gaseous emissions
To achieve an air-fuel ratio of λ = 1.2, the air-flow (i.e., primary, 

secondary, and tertiary) in the reactor was adjusted to maintain an 

Table 2 
Composition of kaolin additive [27].

Parameter Unit Kaolin

SiO2 wt%a.r. 50.2
Al2O3 wt%a.r. 34.4
H2O wt%a.r. 12
CaO wt%a.r. <0.1
TiO2 wt%a.r. 0.4
Fe2O3 wt%a.r. 0.5
K2O wt%a.r. 2.1
Na2O wt%a.r. 0.2
MgO wt%a.r. <0.1
P2O5 wt%a.r. 0.2

Table 3 
Denotation of (with kaolin additivated) wood samples used for laboratory 
experiments.

Sample Addition of kaolin in wt% Al/K in mol% Si/K in mol%

Ref – 0.2 0.9
K05 0.5 1.6 2.6
K10 1.0 2.7 3.9
K15 1.5 3.7 5.1
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excess oxygen concentration of 3.5 vol%. The gas retention time was set 
to 5 s, while the gas analysis probe was inserted at the port at the lower 
end of the tube (Fig. 1), where CO2, CO, NO, NO2, and O2 concentrations 
were recorded every 6 s (ABB AO2020 gas analyzer, calibration spans: 
CO2 0–20 vol%, NO 0–1500 mg/Nm3, NO2 0–2500 mg/Nm3, CO 0–10 
000 vpm (volumetric parts per million), O2 0–25 vol%).

2.4.2. Ash samples
Bottom and cyclone ash samples were collected from the trays after 

the combustion experiments. Filter ash was collected by scraping off the 
fabric filter with a spoon. To ensure sufficient amounts for subsequent 
chemical analysis, more specifically for IC analyses, the fabric filters 
were additionally rinsed with ethanol, and the washed-out ash was 
dried. Ignition losses from the bottom ash were determined according to 
DIN EN 18122 [32] at 550 ◦C in a muffle furnace (Nabertherm L 24/11 
BO).

2.4.3. Chemical ash composition
The elemental composition of all ash samples (including K, Na, Al, 

Ca, Mg, and Fe) was determined via two-step acid digestion in a mi
crowave, followed by AAS analysis (refer to section 2.3.1). Water- 
soluble chloride (Cl− ) and sulfate (SO4

2− ) ions were measured using 
ion chromatography (IC, Dionex Sodron ICS-90) according to DIN EN 
ISO 10304–1 [36].

2.4.4. Crystalline phases of bottom ash
Crystalline phase analyses of the bottom ash for the identification of 

reaction products from K incorporation by kaolin additivation were 
performed using X-ray diffraction (XRD, Siemens D500) with Cu Kα 
radiation at 30 mA and 40 kV. Step scanning was conducted over a range 
of 3◦–63◦, and the resulting diffractograms were analyzed using a 
reference database (Bruker, EVA software).

3. Results and discussion

3.1. Laboratory experiments

To investigate the potential for K retention within the bottom ash due 
to kaolin additivation, laboratory analyses were conducted prior to 
combustion experiments in the pulverized fuel furnace.

3.1.1. Water and ash content, ash and K retention
The findings obtained from the analyses of both the reference 

biomass and additivated biomass samples are presented in Fig. 2. The 
water content of the milled biomass (Ref, without additive) was 6.1 wt% 
and slightly lower than the 8.0 wt% of the pellets (Table 1). This dif
ference can be attributed to the heat generated during the milling pro
cess, resulting in a water reduction of the solid biofuel. A slight increase 
in water content was observed with rising additive concentrations (K05, 
K10, K15); this is most likely due to the introduction of moisture from 
the additive (12 wt%, cf. Table 2). As expected, the ash content 
increased with rising kaolin concentrations due to the additivation of 
non-combustible Al-Si-based material. Ash retention expresses the 
amount of ash remaining after sample heating to 1100 ◦C, indicating the 
amount of (inorganic) ash compounds that do not evaporate into the gas 
phase at high temperatures. The potassium (K) retention expresses the 
relative amount of K incorporated within the ash at 1100 ◦C. Both 
retention values rise with additive content: without kaolin (Ref), 81 wt% 
of the total ash remained at 1100 ◦C, while with 1.5 wt% kaolin (K15) 
the retention increased to 92 wt% (Fig. 2 B, Ash retention). This rise can 
be attributed partly to the higher contents of Al and Si due to kaolin, 
leaving a higher portion of ash not evaporating into the gas phase 
(melting temperature of kaolin >1600 ◦C [37]) and partly to the 
incorporation of K (and other alkali metals, such as Na) into compounds 
with high melting temperatures, such as kalsilite (KAlSiO4, Tmelt >

1600 ◦C) and leucite (KAlSi2O6, Tmelt > 1500 ◦C) [6]. The incorporation 
of K is also reflected in the K retention (Fig. 2 B, K retention): for samples 
without additive (Ref), the K retention is at 34 wt% but increases to 86, 
92, and 96 wt% with 0.5, 1.0, and 1.5 wt% kaolin (K05, K10, K15), 
respectively.

3.1.2. Gas evolution from thermal degradation
The results of the measurements of the gas evolved during ther

mogravimetric analyses experiments of the four (additivated) biomass 
samples, expressed as the molar CO/CO2 ratios, are shown in Fig. 3. 
Additionally, the respective weight-loss curves and the first derivatives 
(DTG curves) of these biomass samples and kaolin as a reference are 
presented. The results corresponding to a heating rate of 10 K/min are 
shown in the left column, whereas those for 20 K/min are displayed in 
the right column.

The weight loss curve for the biomass samples can be subdivided into 
three stages: from 30 to ca. 200 ◦C, from 200 to 370 ◦C, and from 370 up 
to 600 ◦C. For both heating rates, three DTG peaks can be observed. 
However, at the higher heating rate of 20 K/min, these peaks show a 
slight shift toward elevated temperatures. These three DTG peaks 
correspond to the evaporation of moisture from the samples, the release 
of volatile components mainly originating from holocellulose and par
tial lignin decomposition, and the combustion of the remaining lignin 
and char, respectively [38].

Kaolin exhibits a characteristic mass loss peak around 550 ◦C, which 
can be attributed to phase changes and dehydroxylation (equation (1), 

Fig. 1. Schematic set-up of pulverized fuel (PF) furnace with fuel inlet at the 
top and the ash collection points at the bottom (i.e., bottom, cyclone, and filter 
ash). Adapted from [35].

Table 4 
Denotation of (with kaolin additivated) wood samples and the denotation of the 
collected ash fractions following the combustion trials.

Fuel Bottom ash Cyclone ash Filter ash

Ref B00 C00 F00
K05 B05 C05 F05
K10 B10 C10 F10
K15 B15 C15 F15
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section 1).
Regarding the molar CO/CO2 ratios observed for the biomass sam

ples, two notable maxima appear. The first maximum correlates with the 
first DTG peak, while the second peak or shoulder corresponds to the 
third local maximum in the DTG curve. At a heating rate of 20 K/min, 
these maxima are spread over a wider temperature range, whereas at 10 
K/min they are narrower. Above 600 ◦C, the CO/CO2 ratio at specific 
measurement points decreases to zero. This behavior is attributed to the 
overall low release of CO and CO2 in this temperature range, where some 
CO concentrations fall below the detection threshold.

When considering the additivated samples heated at 20 K/min, the 
third DTG maximum appears slightly broader. Specifically, the peak 
ends at about 580 ◦C in the reference biomass sample (20 K/min, Ref), 
whereas it extends beyond 600 ◦C in the presence of 1.5 wt% kaolin (20 
K/min, K15). This effect is likely due to the mass loss associated with 
kaolin present in the samples up to ca. 700 ◦C. Furthermore, for both 
heating rates (10 and 20 K/min), the second shoulder peak in the CO/ 
CO2 ratio decreases upon kaolin additivation. This observation suggests 
either a reduced relative release of CO compared to CO2 from the 
biomass or an enhanced oxidation of CO to CO2 following its release, 
oxidizing prior to measurement in the micro gas chromatograph (μGC). 
This can be attributed to the fact that at temperatures above 450 ◦C, 
where the second peak in the CO/CO2 ratio is observed, kaolin un
dergoes phase transformations leading to the formation of its reactive 
phase, meta-kaolin. Meta-kaolin can then react with KOH and KCl, 
binding these species in the ash and thereby preventing them from 
inhibiting the oxidation of CO to CO2.

The trends described above align with research findings showing the 
mitigation of CO emissions with the additivation of kaolin during the 
combustion of solid biomass [14–16], indicating the potential of kaolin 
in these concentrations to mitigate CO emissions in pulverized fuel 
furnaces.

3.1.3. Ash fusion temperatures
The presence of K in biomass ashes not only contributes to the for

mation of inorganic particulate matter (PM) emissions and increased CO 
emissions due to incomplete combustion [16] but also leads to the for
mation of K-Si compounds with low melting temperatures (Tmelt). This 
reduces ash fusion temperatures, increasing the risk of slagging in 
combustion furnaces. With kaolin, reactions bind K (and Si) as K-Al-si
licates with high melting temperatures, which can mitigate slagging 
issues. The results in Fig. 4 demonstrate this behavior: shrinkage starting 
temperature (SST), hemisphere temperature (HT), and flow temperature 
(FT) increased with increasing kaolin concentrations, indicating the 
formation of the K-Al-silicates as mentioned above. With the additiva
tion of 1.5 wt% kaolin (K15), the ash fusion temperatures rose to 
1273 ◦C (SST), 1326 ◦C (HT), and 1432 ◦C (FT).

3.2. Combustion experiments

Following the laboratory experiments, combustion tests were con
ducted in the PF furnace.

3.2.1. Gaseous emissions
Fig. 5 presents the gaseous emissions (i.e., CO, CO2, NO, and NO2, 

also cumulated in NOx, as well as O2), along with the fuel mass input and 
relative reactor pressure during the combustion of the additivated wood 
(K05, K10, K15) and the reference fuel. The data include emissions 
during the respective experimental duration (Table 5), but have been 
cleaned to exclude periods without fuel supply due to solid bridges. 

• The CO emissions demonstrated significant fluctuations, reaching 
levels of up to 23 000 vpm, often exceeding calibration spans. The 
absolute values are thus to be regarded as only conditionally reliable. 
Overall, no apparent differences were observed between the refer
ence and additive cases. These high emissions suggest incomplete 
combustion, which can only partly be attributed to the position of the 
measurement probe in the lower quarter of the reactor rather than in 
the exhaust channel. The ash analysis provides further confirmation 
of incomplete combustion (i.e., bottom ash, section 3.2.3).

• Regarding CO2 emissions, the reference case (Ref, wood without 
additive) exhibited a higher median concentration of 11.7 vol% than 
the additivated samples. The median concentrations of the cases with 
1.0 and 1.5 wt% kaolin were nearly the same (10.4 and 10.2 vol% for 
K10 and K15, respectively), while CO2 concentrations for the 0.5 wt 
% case (K05) fluctuated considerably (median: 11.1 vol%). The 
lower CO2 concentrations in the additivated cases may be due to 
dilution from increased O2 levels.

• During the combustion of the reference material, lower O2 levels 
than during the combustion of additivated fuels were measured. 
Although the air-flow was set at 3.5 vol% O2 for the targeted λ = 1.2, 
the median concentrations reached 3.1, 4.3, 4.4, and 4.2 vol% O2 for 
Ref, K05, K10, and K15, respectively. With similar air-flows, this 
difference could be attributed to two potential mechanisms: (1) 
dilution of combustibles within the fuel due to the additive, reducing 
overall O2 consumption, or (2) inhibition of oxidation by the addi
tive. The inhibition effect may result from the endothermal conver
sion of kaolin into meta-kaolin, which locally reduces the 
temperatures required for complete combustion. Additionally, 
diffusion limitations could have occurred due to the coverage of 
wood particles with kaolin, further hindering oxidation. However, 
the limited residence time in the reactor did not compensate for this 
effect. In grate-bed firing systems, kaolin additivation has typically 
improved oxidation conditions, leading to lower CO emissions, while 
reported O2 levels remained largely unaffected [10,15,21,39].

• NOx emissions (also shown separately as NO and NO2 in Fig. 5) also 
exhibited high variability, with a tendency for increased 

Fig. 2. Laboratory analyses of non-additivated (Ref) and additivated fuel samples (K05-K15: 0.5-1.5 wt% kaolin). A Water and ash content, B ash and potassium (K) 
retention of samples heated at 1 100 ◦C compared to 550 ◦C.
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concentrations in the additive samples. However, when normalizing 
CO emissions to a uniform O2 content, the additivated fuels appear to 
exhibit higher CO emissions compared to the reference. This con
tradicts the expected trend, as NOx emissions usually correlate 
inversely with CO emissions: both are oxidation products of nitrogen 
and carbon from biomass, with NOx as a final oxidation product and 
CO as an intermediate that can further oxidize to CO2 [40]. 

Typically, decreasing CO emissions correspond to increasing NOx 
emissions, but this relationship is not evident in the present case.

Overall, these data indicate that the PF system was operated far from 
equilibrium, likely due to insufficient residence time for wood particles 
and gases within the reactor. This limits the conclusions that can be 
drawn for the influence of kaolin additivation on gaseous emissions in 
PF furnaces and underscores the need for deeper investigation under 

Fig. 3. Weight loss curves, the first derivative of the weight loss (DTG), and the CO/CO2 ratio during TGA experiments from 30 till 1 100 ◦C with a heating rate of 10 
K/min (left column) and 20 K/min (right column) for Kaolin (Kao, only weight loss), non-additivated (Ref) and additivated (K05, K10, K15: 0.5, 1.0, 1.5 wt% kaolin) 
pulverized wood pellets.
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more controlled, steady-state conditions. Measures to enhance complete 
burnout could include reducing air velocity and reducing particle size to 
increase particle residence time in the reactor.

3.2.2. Ash samples
The masses of the collected ash samples from the respective com

bustion experiments in the PF furnace are summarized in Table 5. For 
filter ashes, only the scraped ashes are considered here, while the 
ethanol-rinsed amounts were used only for IC analyses. Due to the 
plant's geometric design and ash losses between connecting lines of the 
different ash collection points, a complete elemental balance of the ash 
input and output streams is not possible, and the ash collection weights 
are only considered as indicative trends for the respective collection 

Fig. 4. Ash fusion behavior of non-additivated (Ref) and additivated fuel 
samples (K05, K10, K15: 0.5, 1.0, 1.5 wt% kaolin) according to DIN EN ISO 
21404 [34] (SST shrinkage starting temperature, HT hemisphere temperature, 
FT flow temperature).

Fig. 5. Boxplots of gaseous emission (CO, CO2, NO, NO2, NOx, O2), fuel input, and reactor pressure during the combustion of non-additivated (Ref) and additivated 
(K05, K10, K15: 0.5, 1.0, 1.5 wt% kaolin) pulverized wood pellets in a pulverized fuel (PF) furnace. Boxes span from quartile 25 % (Q1) to 75 % (Q3) (interquartile- 
range IQR), line marks median, dots show outliers, whiskers cover the range of accepted values, reaching from box to datapoints within 1.5IQR: (minimum value 
without outliers < Q1–1.5xIQR, maximum value without outliers > Q3 + 1.5xIQR).

Table 5 
Ash sample collection weights from combustion experiments in pulverized fuel 
(PF) furnace with non-additivated (Ref) and additivated wood (K05, K10, K15: 
0.5, 1.0, 1.5 wt% kaolin).

Fuel Duration of experiment hh: 
mm:ss

Ash weight at collection in g

Bed ash 
(B)

Cyclone ash 
(C)

Filter ash 
(F)

Ref 04:25:28 12.6 0.8 0.2
K05 03:40:15 10.5 2.1 1.5
K10 02:48:16 8.7 0.8 0.2
K15 02:53:35 9.8 2.4 0.3
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points. Aside from increased bottom ash sample weight with longer 
experiment durations, no clear trend is observed in the cyclone and filter 
ash collection weights. Compared to the reference (Ref) and C10 sam
ples, the cyclone collection weights for C05 and C15 are approx.three 
times higher than those of the reference fuel. The filter ash amount 
represents only the material scraped off the fabric filter with a spoon (i. 
e., excluding the washed-out fraction with ethanol, refer to section 
2.4.2). Notably, the collected filter ash for F05 stands out with 1.5 g, 
significantly higher than the 0.2 to 0.3 wt% recorded for Ref, F10, and 
F15. This suggests that larger ash particles may have been entrained into 
the flue gas system, reaching the fabric filter in greater quantities.

The ignition losses (Table 6) indicate high amounts of unburned fuel, 
ranging between 70 and 80 %. One possible explanation is that the 
median particle size of the fuel was too small, leading to insufficient 
retention time for the larger fuel particles within the reactor, preventing 
complete combustion.

3.2.3. Chemical composition of ashes
No conclusive trends were observed regarding the chemical 

composition of the bottom ashes from the PF furnace combustion trials 
(Fig. 6). The concentrations of key elements (i.e., K, Na, Al, Ca, Mg, Fe, 
Cl− , SO4

2− , Mn, Zn, Cu, Cr, Ni, and Cd) were generally low (e.g., 7 to 
10 mgK/gash, <2.8 mgNa/gash, 2 to 6 mgAl/gash, 11 to 22 mgCa/gash) and 
exhibited high standard deviations, which makes the data insufficiently 
reliable. These variations are likely connected to the ignition losses due 
to incomplete burnout, as depicted in Table 6 and discussed in section 
3.2.1.

In the case of the cyclone ash, K fractions were higher in C05 and C15 
(i.e., 99 and 118 mgK/gash, respectively), whereas C10 (81 mgK/gash) 
had slightly lower values than the reference case (88 mgK/gash). The 
relatively large amounts of C05 and C15 collected (Table 5) suggest 
either that bottom ash was carried over into the flue gas system (as the 
cyclone was positioned at a similar height to the bed ash container) or 
that more additive-derived reaction products were sequestered in the 
cyclone. This is reflected in the increased K concentrations, while Ca, 
Mg, and Fe levels remained nearly unchanged. However, no significant 
rise in aluminum concentrations was observed, which would indicate 
the accumulation of kaolin or K-Al-Si compounds. Given that the sum of 
detected species accounted for only <350 mg/gash (or < 470 mg/gash 
when expressed as oxides), the presence of undefined components such 
as Si, P, and unburned material could have contributed to dilution ef
fects [18,22]. Further analyses were not possible due to low remaining 
sample sizes. For C10, only a small amount of ash was collected, and 
some material was lost during shipment, leading to gaps in the IC 
analysis results (i.e., Cl− and SO4

2− ).
The ashes from the fabric filters showed a slight trend of decreasing K 

with increasing additive (116, 94, 82, and 104 mgK/gash for F00, F05, 
F10, and F15, respectively). The highest ash masses were collected for 
F05 and F15 (Table 5), also considering the duration of the respective 
combustion experiments. Notably, the collected filter ash for F05 stands 
out with 1.5 g, significantly higher than the 0.2 to 0.3 wt% recorded for 
Ref, F10, and F15. This suggests that larger ash particles may have been 
entrained into the flue gas system, reaching the fabric filter in greater 
quantities. Here, Ca emissions were significantly higher (151 and 

117 mgCa/gash for F05 and F15, respectively) compared to F00 and F10 
(88 and 81 mgCa/gash, respectively). A similar trend was observed for 
Cl− and SO4

2− .
The decrease of K in the filter ash generally complies with studies in 

literature, reporting alkali-capture by additives and thereby lowering of 
particle formation (e.g., with coal fly ash [12,17,18]).

No substantial trends were evident for trace metals (Mn, Zn, Cu, Cr, 
Ni, and Cd). Cd, Ni, Cr, and Cu remained close to or below detection 
limits. For filter ash, Zn concentrations were highest in F00 (39 mgZn/ 
gash) and decreased with the additive content. One possible explanation 
is related to ZnO's vapor pressure and its interaction with lower-melting- 
point K compounds such as KCl or K2SO4. With less KCl and K2SO4 
present (e.g., due to kaolin additivation), fewer condensable species may 
have adhered to ZnO particles, reducing their size and making them less 
likely to be retained by the fabric filter [41]. Mn concentrations in the 
filter ash (2.1, 4.3, 2.3, and 2.9 mgMn/gash for F00-F15, respectively) 
were comparable to the cyclone ashes, with the highest concentration 
observed in F05, which had the largest total ash mass. No evident in
fluence of the additive on Mn concentrations was observed here.

3.2.4. Crystalline phases of bottom ash
X-ray diffraction (XRD) analyses were conducted for the bottom 

ashes (B00-B15), as displayed in Fig. 7, with a focus on identifying 
phases related to kaolin reaction pathways and K incorporation (i.e., K- 
Al-Si-compounds). The diffractograms indicate a significant presence of 
amorphous material and carbon residues, as evidenced by background 
noise in the signals. SiO2 was detected in all bottom ashes, while peaks 
corresponding to K-Al-Si reaction products—such as orthoclase (KAl
Si3O8), leucite (KAlSi2O6), and kalsilite (KAlSiO4)—became visible with 
kaolin additivation of ≥0.5 wt%. In the case of B15, muscovite (KAl2

Si3AlO10(OH)2) was also detected. According to De Riese et al. [42], the 
ability of kaolin to capture potassium decreases with increasing tem
perature, as compounds like kalsilite (KAlSiO4) become less stable at 
higher temperatures. This could explain why KAlSi3O8 was detected in 
all bottom ash samples here, whereas KAlSiO4 is more commonly found 
in grate-bed combustion systems, where temperatures are typically 
lower [20]. Overall, the results from XRD analyses confirm the reactions 
of K with kaolin and its incorporation into the bottom ashes, even 
though the elemental analysis of the ashes (Fig. 6) did not exhibit a rise 
in total concentrations of K with additive content in the fuel.

4. Conclusions

The present study demonstrates that in laboratory conditions, kaolin 
additivation significantly enhances potassium retention within the ash 
and increases ash fusion temperatures. Namely, the potassium retention 
rose from 34 % in the non-additivated reference fuel to up to 96 % in 
samples with the highest additive concentration of 1.5 wt% kaolin, 
correlating with increased ash fusion temperatures—shrinkage starting 
temperature (SST), hemisphere temperature (HT), and flow temperature 
(FT) increased up to 1273 ◦C, 1326 ◦C, and 1432 ◦C. In pulverized 
biomass combustion systems, this suggests a reduction in the release of 
volatile potassium species.

Combustion experiments carried out in a PF furnace revealed that 
despite the promising ash chemistry modifications and the formation of 
stable potassium-aluminosilicate compounds in the bottom ashes, such 
as kalsilite (KAlSiO4), leucite (KAlSi2O6), and orthoclase (KAlSi3O8), 
identified using X-ray diffraction, the overall combustion efficiency in 
this present study was limited by incomplete burnout. This was evi
denced by high CO emissions of up to 23 000 vpm and substantial 
ignition losses in bottom ash (up to 85 wt%). Furthermore, gaseous 
emission measurements indicated no significant reduction in CO emis
sions between the reference and additivated samples, and some varia
tion in NOx emissions, also suggesting that combustion reactions were 
far from equilibrium. This limits the conclusions that can be drawn for 
the influence of kaolin additivation on gaseous emissions in PF furnaces 

Table 6 
Ignition losses of bed ash (n = 5) from combustion ex
periments in pulverized fuel (PF) furnace with non- 
additivated (B00) and additivated wood (B05, B10, B15: 
wood with 0.5, 1.0, 1.5 wt% kaolin).

Bed ash Ignition losses in wt%

B00 75.4 ± 16.0
B05 72.4 ± 14.3
B10 82.0 ± 8.1
B15 85.0 ± 8.8
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and underscores the need for deeper investigation under more 
controlled, steady-state conditions. This incomplete combustion was 
likely due to insufficient residence time and suboptimal particle size 
distributions in the laboratory reactor, resulting in limited oxidation of 
the fuel particles. Specifically, adjusting furnace conditions—such as 
increasing gas and particle residence times—by reducing the particle 
size of the pulverized biomass feed needs to be aligned to enhance 
burnout.

The comparative evaluation across scales demonstrates that under 
laboratory conditions, the potential of kaolin to bind potassium into 
temperature-stable compounds was clearly demonstrated, while corre
sponding trends were also observed in the pilot-scale furnace. An eval
uation of the full benefits of kaolin additivation in PF furnaces – 
particularly in terms of emission mitigation – can only be fully realized 
when fuel properties and furnace operation are jointly optimized.
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