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ABSTRACT 

Externally fired gas turbine is a technology for power production that is considered suitable for 

future small-scale CHP plants. The heat exchanger is the limiting part of the technology and it is 

related to both physical and chemical stresses on the construction material. In order to reduce the 

chemical stress it is beneficial to reduce deposit formation and consequently the release of ash 

forming matter. This is achieved by capturing mainly K, Na and Zn, which normally form volatile 

species, in the bottom ash as non-volatile compounds. In this work, we explored primary control 

strategies, i.e. process parameters and fuel additives, for reduction of the release of K, Na and Zn 

from the fuel bed during grate combustion. The results showed that a correct setting of process 

parameters significantly reduced the release of K, Na and Zn without the use of additives. 

However, the use of additives (kaolin and ammonium sulfate) reduced the release of both K, Na 

and Zn even further. The reduction in K-release was linked to the formation of KAlSiO4 and K2SO4 

for kaolin and ammonium sulfate respectively. When these additives are applied in fuel 

engineering situations, it is important to control the fuel bed temperature to decrease the risk of 

de-activation (kaolinite) and melting (K2SO4) of the two capturing compounds. Finally, the deposit 

formation process in future small-scale biomass CHP plants can be reduced by controlling the 

release of the major deposit forming ash species. 
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INTRODUCTION 

Power production in small-scale (<10 MW) biomass plants is recognized as an important area of 

bioenergy R&D the coming decades [1]. The power production cost in the small-scale sector is 

however high due to the low efficiency of existing commercial technologies. New technologies 

are therefore desired to raise the efficiency and enable an increased usage of renewable and cost 

effective power production from biomass. One such technology is externally fired gas turbines 

(EFGT), where power production efficiency above 20 % have been proposed [2]. The principles 

of the technology is to transfer heat from hot flue gas to compressed air for expansion in a turbine. 

Direct usage of flue gases in a turbine is not possible due to the high amounts of particulate matter. 

A high efficiency of the CHP plant requires a high temperature of the compressed air, which in 

turn requires high surface temperatures on the heat exchanger.  

The heat exchanger is the limiting part of the EFGT-technology and it is related to both physical 

(creeping, scaling, erosion etc.) and chemical (deposit formation and corrosion) stresses on the 

construction material [3]. The process of deposit formation could be described by four stages; i) 

release of ash forming matter, ii) aerosol formation, iii) transport of ash forming species to the 

surface of the heat exchanger, and iv) build-up and shedding of deposits.      

In order to reduce deposit formation it is essential to decrease the release of ash forming matter. 

This is achieved by capturing mainly K, Na and Zn, which normally form volatile species, in the 

bottom ash as non-volatile compounds that may be removed by the ash feeding system. The alkalis 

can be captured by various anion forming ash constituents under formation of chlorides, sulfates, 

carbonates, silicates, and phosphates. However, the stability of these compounds is strongly 

temperature dependent. A temperature increase generally increases the volatility of the alkali 

compounds (or the partial pressures of the alkali species) but it also increases the risk of ash 

melting and subsequent slag formation. The compounds responsible for Zn capture are more 

difficult to identify due to the low concentrations and detection limits of the analysis instruments, 

but the volatility has been shown to increase with temperature and the degree of reducing 

atmosphere. Hence, controlling the capture of deposit forming species requires control of both 

temperature and fuel composition. 

The clay mineral kaolinite has been widely studied and is generally regarded as an efficient 

capturing mineral for alkali species. However, the efficiency is also temperature dependent since 

high temperatures (>950°C) de-activates kaolinite which lowers the capturing capability. Sulfur 

has also been shown to capture alkalis as sulfates but the melting point at 1069°C also limits the 

usage since many fuel beds of grate burners reach above 1200°C. Adjustments of the process 
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parameters as fuel load, air distribution, air pre-heating, flue gas re-circulation etc. have been 

suggested to influence the release of deposit forming ash-species. The underlying reason for the 

experienced differences in release behavior is probably related to the temperature profile of the 

fuel bed on the grate. Although studies have been conducted on the topic of release of ash forming 

species, there is currently a lack of scientific results that show how the combined effect of fuel 

additives and fuel bed temperature profiles influence the release of ash forming species in grate 

burners. 

In this work, we explore primary control strategies for reduction of the release of K, Na and Zn 

from the fuel bed during grate combustion, by determination of the influence of both process 

parameters and fuel additives on the ash transformation on the grate in general and the release 

behavior of alkali and Zn in particular.   

 

METHOD 

Fuels 

The biomass chosen for the present study was a typical spruce stem wood raw material that was 

pelletized to produce three different fuel pellet (8 mm) assortments; pure wood, wood + kaolin, 

and wood + ammonium sulfate. The pelletizing was performed at Glommers Miljöenergi AB in 

Glommersträsk, Sweden with a pellet press containing two feeding lines, one for the raw biomass 

powder and one for the additive. The addition level of kaolin was chosen based on previous work 

[4] that suggested 1.0 wt-% of kaolin per dry kg of stem wood. The suggestion was based on 

chemical equilibrium calculations and the fraction of gaseous K-species. Sulfur can be supplied in 

different forms and speciation, and for this study ammonium sulfate (NH4)2SO4 was chosen due 

to the high reactivity during combustion [5], safe handling and robust dozing. The large molecular 

weight of (NH4)2SO4 in relation to that of elemental sulfur facilitated addition of the low levels 

required for the sulfur additive. The addition level of (NH4)2SO4 was calculated based on the molar 

amounts of K, Na, Ca, Mg and S in the fuel mixtures. It was added in such stoichiometric amounts 

to provide for complete formation of K/Na-sulfates and Ca/Mg-sulfates, resulting in 0.36 wt-% 

per dry kg of stem wood. The resulting total ash contents and composition of ash forming elements 

are presented in Table 1 and Figure 1. 
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Table 1. Total ash content (wt-% db) and concentration (mg/kg db) of ash forming elements in the 

fuels. 

 Pure 

wood 

Wood + 

kaolin 

Wood + 

ammonium 

sulfate 
Ash 0.40 0.95 0.47 
K 543 521 521 
Na 17 38 19 
Ca 822 843 827 
Mg 227 239 228 
Al 51 1295 51 
Fe 40 65 36 
Si 183 1571 230 
P 62 54 54 
S 58 209 1223 
Cl 28 45 40 
Zn 12 11 12 
Mn 108 107 111 

 

 

Figure 1. Elemental composition of the ash forming elements in the three biomass assortments 

presented as mole fraction of displayed elements, determined by wet chemical analyses.  

Grate reactor 

The reactor consisted of a continuous fuel feeding system, a stationary step grate burner, and 

primary (PC) and secondary (SC) combustion chambers. The set-up is illustrated in figure 2. The 

burner (40 kW Ariterm MultiJet) was docked into a primary combustion chamber (40/100/80 cm 

W/L/H) that was separated from the connected electrically heated specially designed secondary 

combustion chamber. The burner was equipped with primary and secondary air supply systems 

that were individually controlled in terms of flow (mass flow controllers) and temperature 

(electrical heaters). The primary air was supplied through the grate rod holes (Figure 2, right) and 
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the secondary air through the steel slots above the ceramics (Figure 2, right). The reciprocating 

function of the grate was disabled to increase the fuel residence time on the grate, meaning that 

the ash was pushed from the burner to the ash bin by the fuel feed screw. Two type N 

thermocouples were inserted through the front hatch and fastened in such a way that it was possible 

to move each one separately and measure the temperature at different locations. An inspection 

window at the back of the primary zone was used as a support for the temperature measurements 

of the burner. Another thermocouple was used to determine the temperature of the primary zone. 

None of the thermocouples were shielded from radiation. The secondary chamber was equipped 

with three individually controlled mass flow controllers to distribute the air.  

 

Figure 2. Pictures of the grate reactor set-up (left) and Ariterm MultiJet burner (right). 
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Experimental matrix  

Six experiments were performed as the three fuel assortments were combusted twice each, once 

with process parameter settings resulting in a “cold” fuel bed and once with settings for a “hot” 

fuel bed. The six actual combustion experiments were preceded by an extensive campaign to 

pinpoint how the different process parameters affected the temperature profile of the fuel bed. The 

process parameters that were varied were fuel load, total air flow, air distribution, air pre-heating, 

and rate of grate reciprocating. Visual inspections and temperature measurements acted as a basis 

for the evaluation.  

Previous research efforts have suggested that air staging, i.e. to reduce the primary air and 

increase the secondary air to accomplish a gasification-like process, would be a measure to reduce 

the alkali release by lowering the fuel bed temperature. The present study, however, used a 

different approach. For the cold case, a high fuel bed lambda was used to cool the bed by a forced 

heat transfer. For the hot case, a low fuel bed lambda in combination with a higher fuel load 

allowed the fuel bed to gain size with sufficient amounts of air to oxidize the char without the 

excessive cooling effect. Thus, the focus of the study was more on the actual conditions on the 

grate, rather than how the adjustment of different process parameters influences the bed 

temperature. This is in all cases very appliance specific, and in this work we wanted to have clearly 

separated fuel bed temperatures. 

Accordingly, two different temperature profiles in the fuel bed were obtained. In the cold case 

the temperature in the primary chamber was about 700°C whereas the flames above the fuel bed 

reached up to approximately 1100°C. However, at the char burnout zone on the lower grate step 

the temperature was steady at around 900°C. The temperature in the primary chamber for the hot 

experiments were about 950°C and 1250°C for both flames and char burnout zone. During the 

mapping work of the temperature profile, when the thermocouples were moved several times to 

record the maximum temperatures, occasionally the thermocouples stopped logging, which 

happens when the temperature exceeds 1300°C.  

The final settings for the two respective cases are presented in Table 2 and were kept constant 

for the three fuel mixtures. Excess oxygen in the flue gas channel was kept at 10-12 % by supplying 

air through the first two nozzles in the secondary chamber. The amount of false air was roughly 

20 % and entered mainly through the ash bin and the front door.   
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Table 2. Process parameters for the cold and hot fuel bed. 

 Fuel effect 

(kW) 

Bed 

lambda 

Burner lambda Air pre-heating for 

grate rods 

Cold 17 1.5 1.5 No 

Hot 36 0.8 1.1 300°C 

 

 Sample collection 

Three sample fractions were collected from each experiment; bottom ash, fine and coarse 

particles, and flue gases. The samples were only collected during steady state combustion, which 

was reached after approximately 6 hours of operation based on temperature measurements in the 

primary chamber. The experiment started by emptying the ash bin and lasted 7-17 hours depending 

on fuel load and ash content of the fuel mixture. Long runs were desired to minimize errors derived 

from low ash amounts and sample losses. The experiments were ended after the ash bin was 

emptied. By doing this, the bottom ash represented solely ash formed during steady state operation 

without compounds related to start and stop of the burner. 

Fine and coarse particles were collected by a 13-stage low-pressure impactor (Dekati). The 

impactor size-fractionated the particles according to aerodynamic diameter, from 0.03 to 10 µm. 

Non-greased aluminum foils were used as substrates and the temperature was kept high enough to 

avoid condensation of water vapors and crystal growth due to hygroscopic effects. The particles 

were collected isokinetically (three replicates) from the flue gas channel (300-400°C) and were 

used for the release quantifications.  

The main flue gas components (CO2, H2O, CO, NO/NO2, SO2, HCl) were measured by FTIR 

equipped with an O2 sensor to monitor the overall combustion. The instrument was calibrated prior 

to the combustion experiments to ensure a correct analysis. 

All PM-samples (filters and foils) were stored in desiccators after collection to avoid 

deterioration of hygroscopic crystalline phases in the ash samples.   

Analytical methods 

The ash forming elements (except Cl) in the fuels were analyzed by wet chemical methods 

involving microwave assisted digestion (EN15290) and subsequent ICP-AES analysis. Closed 

bomb combustion and ion chromatography was applied for chlorine. 

The fine (<1 µm) particle samples (impactor substrate 1-6) were similarly analyzed for K, Na 

and Zn by ICP-AES after dissolution with HNO3 in ultrasonic bath.  
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SEM-EDS (Phillips XL30 ESEM) was applied to certain samples to determine the overall 

elementary composition of the fine and coarse particles. The back scatter detector was used and 

an electron voltage of 20 keV enabled detection of the relevant elements. 

P-XRD analyses were performed on the bottom ash samples to identify the phase composition. 

The instrument was equipped with a Bruker d8Advance X-ray diffractometer that was set in θ-θ 

mode, and Våntec-1 detector. The crystalline phases were initially identified with the PDF-2 

database [6] together with the Bruker software. Semi-quantitative determination of the crystalline 

phases was performed after Rietveld technique refinement and utilization of crystal structure data 

from ICSD [7].    

 

RESULTS AND DISCUSSION 

Combustion performance 

FTIR measurements confirmed that complete burnout was achieved for the flue gases. Ashing 

experiments of quartz filters collected from the sampling line like-wise confirmed that the aerosol 

contained only ash matter and was free of unburned matter. The filters were only used to separate 

particles from the gas going through the flow measurement device that was connected to the 

vacuum pump in the end of the sampling line. Complete char burnout was achieved in all cases 

except for the wood-kaolin and wood-ammonium sulfate cases during the hot conditions where 

roughly half of the bottom ash consisted of unburned matter. The high fuel bed temperature as 

aimed for in the work was however retained.     

Particle size distribution 

Figure 3 shows that the particle mass size distributions were unimodal in all cases except for the 

hot experiment with kaolin. This indicates entrainment of coarse particles from the fuel bed for the 

hot experiment with kaolin. SEM-EDS analysis of substrate 12 showed high concentrations of 

both Al and Si. The peak mass concentration for PM1 was found at substrate five for all 

experiments except for the cold experiment with kaolin that had the highest concentration at 

substrate 3 and 4. This indicates that the major part of the fine mode particles (mass basis) from 

the cold experiment with kaolin had a geometric mean diameter of 100-183 nm whereas the fine 

mode particles in all other cases were slightly larger around 300 nm.  
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Figure 3. Particle mass size distribution for a typical experiment for the different fuel assortments.  

As shown by Figure 3 and further illustrated in Figure 4, it was clear that the particle emissions 

were affected by both the additives and the process parameters. Both additives reduced the 

emissions compared to the pure wood fuel, and the cold experiments reduced the emissions 

compared to the hot experiments. Hence, the combined effect of additives and process parameters 

was most efficient in reducing particle emissions during grate combustion. Comparing the two 

additives, kaolin was more efficient than ammonium sulfate, but the difference was smaller during 

the hot experiments. The emissions from the hot ammonium sulfate case was almost at the same 

level as the cold case with pure wood.  

The determined emission level during the experiments with pure wood was clearly higher than 

previously reported. Extensive literature data exist here and for example in Schmidl et al. [8], it 
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was shown that typical particle emissions (PM10) from wood pellet combustion in grate boilers are 

17-29 mg/Nm3 (at 10 % O2). Another noteworthy observation was that the collected particles by 

the impactor measurements were yellow, instead of the more typical white color. Some substrates 

of fine mode samples were therefore analyzed by SEM-EDS to detect irregular elements and an 

enrichment of chromium was seen. Thus, it is likely that alkali species reacted with the chromium 

present in the oxide scale of the secondary chamber, which partly also can explain the high mass 

concentration of particle emissions since the molecular weights (on a molar basis) of KCl and 

K2SO4 are about 23 % and 10 % lower, respectively, than potassium chromate (K2CrO4). The 

difference in molecular weight alone can thus not fully explain the relatively high particle mass 

emissions. 

 

 

Figure 4. Mass concentration of fine particles (PM1) and total particulate matter in the flue gases 

collected with the impactor presented as mean value with standard deviation for three replicates.  
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Release of K, Na and Zn from the fuel bed 

The trends observed for the fine particle emissions, as discussed above, can be compared with 

the calculations of the release of respective elements from the fuel bed, as presented in Figure 5. 

This indicates that the reduction in particle emissions that were seen for the different experiments 

was due to a decreased release of the elements K, Na, and Zn. Kaolin reduced the release more 

effectively than ammonium sulfate for both K and Na, but the relative reduction for Na was most 

prominent. Hence, differences between K and Na behavior were observed. The release of Zn was 

reduced similarly as the alkalis, but an evident reduction was possible also without additives if the 

process parameters were correctly set. The high release during the hot experiment was probably a 

combined result of the high temperature and the reducing conditions. Zn (g) is stable under 

reducing conditions and the high vapor pressures promote an extensive release from the fuel bed. 

Noteworthy was that even though the additives were efficient in reducing the release, a low release 

was achieved simply by using the correct process parameters.   

 

 

Figure 5. The release of K, Na and Zn calculated from the elemental concentration in fine particles.  

Mineral composition of bottom ash 

Phase composition analysis was performed to identify the possible capturing phases of mainly 

potassium since the other two elements are present in such low concentrations that the detection 

by XRD is difficult. Overall, a large number of phases (22) were identified in rather varying 

distribution between the studied experiments. 
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No crystalline alkali containing phases were observed for pure wood. Three possible 

explanations were considered; i) formation of amorphous K/Ca-silicates, ii) formation of 

amorphous K/Ca-carbonates, iii) losses of K-compounds on boiler walls and flue gas channel.    

For the kaolin mixture, however, significant amounts of KAlSiO4 were observed, a solid and 

thermally stable K-capturing phase with a high melting point. However, about equal amounts of 

the mineral were observed for the cold and hot experiments even though the release was clearly 

lower for the cold experiment. The presence of CaK2(CO3)2 in the bottom ash of the cold 

experiment may partly also explain the higher capture, as previously also shown in a wood fired 

updraft gasifier [9]. The presence of mullite in the bottom ash from the hot kaolin experiment 

indicates that the higher release during the hot experiment compared to the cold was probably due 

to the de-activation of metakaolinte. Another observation that supports this is that cristobalite was 

identified. This phase is usually only formed via amorphous silica, which in this case most 

probably comes from the de-activation of metakaolinite. Hence, the use of kaolin in fuel 

engineering situations requires knowledge about the temperature profile of the grate burner. 

Another interesting observation from the kaolin experiments is the formation of Ca2Al2SiO7 and 

(Na,Ca)AlSi3O8. Usually when kaolin addition levels are calculated, only the K and Na contents 

are considered. The present work, and other work [4], indicate that the Ca-content might need to 

be considered when kaolin is added to biomass fuels for alkali capture.  

Even though stem wood is considered a non-slagging fuel, and kaolin is considered an anti-

slagging additive, significant amounts of slag were formed during the hot experiments with kaolin. 

Around 70 % of the collected bottom ash consisted of heavily sintered slag but the relatively short 

duration of the experiments did not entail any operational disturbances. 

In the experiments with the ammonium sulfate K was captured as K2SO4 as found by the XRD. 

Somewhat surprisingly, also the hot experiments contained the K-salt, even though the maximum 

temperature found on the grate was clearly above the melting temperature of K2SO4. However, it 

is possible that even though the maximum temperature would result in almost complete 

vaporization, some fuel particles might pass through the burner at places where the temperature is 

lower than the maximum temperature. Visual inspections of the fuel bed reveals that the path of 

the individual fuel particles vary considerably especially during the hot experiments when the 

height of the fuel bed was increased. Mathematical modeling of the fuel bed would be a support 

in the interpretation of the results both with respect to temperature profiles, concentrations of gas 

species and the paths of individual fuel particles. The low concentrations of CaSO4 in the bottom 

ash indicates that Ca will not interfere with the alkali sulfate formation. Furthermore, the presence 
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of K-alumina silicates in the bottom ash in the experiments with the ammonium sulfate might 

indicate that the ash sample was contaminated by the previous experiments using kaolin due to 

insufficient cleaning of grate and ash bin.  

Finally, it was clear from these experiments using either kaolin or ammonium sulfate additives, 

that the release reductions obtained for K presumably can be explained by the formation of 

crystalline K-containing phases. No Zn-species were identified, possibly due to low 

concentrations.   

 

Table 3. Phase composition (by P-XRD) of the bottom ash from the six experiments presented as 

weight percent of the crystalline fraction.   

  
Wood 

cold 

Wood 

hot 

Wood 

kaolin 

cold 

Wood 

kaolin 

hot 

Wood 

ammonium 

sulfate 

cold 

Wood 

ammonium 

sulfate hot         

quartz SiO2 3 1 7 4 3 1 

microcline KAlSi3O8     8 5 

plagioclase (Na,Ca)AlSi3O8 3 6 18 17 8 1 

lime CaO  2   1 2 

portlandite Ca(OH)2  2   1 1 

calcite CaCO3 24 2 12 5 11 14 

fairchildite CaK2(CO3)2   3   1 

anhydrite CaSO4 1 1 4 6 2 2 

periclase MgO 16 26 8 5 10 13 

arcanite K2SO4     14 16 

aphthitalite K3Na(SO4)2     1  

larnite CaSiO4 16 18   12 11 

merwinite Ca3Mg(SiO4)2 14 15 5 2 12 9 

bredigite Ca7Mg(SiO4)x 17 12    6 

akermanite Ca2MgSi2O7  3    1 

gehlenite Ca2Al2SiO7   18 18 3 2 

kalsilite KAlSiO4   11 12 5 4 

leucite KAlSi2O6     2 3 

mullite Al6Si2O13    21   

apatite Ca5(PO4)3(OH) 5 5 3 3 5 7 

hematite Fe2O3 2 6 11 7 2 2 

cristobalite SiO2    2   

 SUM 101 99 100 100 100 101 

 

CONCLUSION 

The present work showed that a correct setting of process parameters during grate combustion 

have the possibility to significantly reduce the release of K, Na and Zn without the use of additives. 
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Such correct setting seems to be related to the fuel bed temperature, where a high fuel bed lambda 

can be used to lower the fuel bed temperature owing to the cooling effect of the excess air. 

The use of additives reduced the release of both K, Na and Zn even further, especially when 

using kaolin but also ammonium sulfate as additive. For the kaolin additivation case, the release 

reduction of K was most likely linked to the formation of KAlSiO4 in the bottom ash while the 

formation of K2SO4 can explain the release reduction when using ammonium sulfate as additive. 

When kaolin is applied in fuel engineering situations, it is important to control the fuel bed 

temperature since it seems like a high temperature de-activates, and thus decreases the capturing 

ability of the metakaolinite. Also, the Ca-content of the biomass should be considered in parallel 

with the K-content when the addition levels of kaolin are calculated due to the formation of Ca/Al-

silicates. This work has also illustrated the potential for capturing of alkali in the fuel bed by 

stimulating the formation of alkali-sulfates, here studied by the addition of ammonium sulfate. 

Also in this case, a good control of the fuel bed temperature is crucial since the K/Na-sulfates will 

melt slightly above 1000°C, i.e. normal grate combustion temperatures. 

 Hence, the deposit formation process in future small-scale biomass CHP plants can be reduced 

by controlling the release of the major deposit forming ash species. However, future work should 

investigate the aerosol characteristics more closely to determine how the changes in release of ash 

forming species affects aerosol formation and transport to the heat exchanger surfaces. In addition, 

future work on the topic of mathematical modeling of the fuel bed in grate boilers would be 

beneficial in order to easily find the correct process parameter settings for different fuel additives 

to be used in future fuel engineering situations. 
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