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ABSTRACT: Upgraded biofuels as pellets, briquettes and powder are today commonly used in small as well as large 
scale appliances. In order to cover a great fuel demand new materials as bark, whole tree assortments and peat are 
introduced. These materials have higher ash content why they are potentially more problematic compared with stem 
wood. Ash related problems in the combustion device, e.g. fouling, slagging and corrosion may occur from the 
incombustible leftover i.e. the fuel ash. The objective of the present work was to determine the effect on slagging 
characteristics when co-pelletizing peat into woody biomass. In this project woody biomass (pine and spruce 50/50) has 
been co-pelletized with three different mixtures (low, medium and high) of peat; peat A with high ash and high Si 
content and peat B with low ash and a relatively high Ca/Si content. There were totally 6 mixed assortments in which 
softwood sawdust and energy wood each represented the biomass in 3 samples respectively. The experiments were 
carried out in a commercial underfed pellet burner (20 kW) installed in a reference boiler. X-ray diffraction (XRD) was 
used to characterize the phase composition and scanning electron microscopy combined with energy dispersive X-ray 
analysis (SEM-EDS) were utilized in order to characterize the elemental distribution and morphology of the collected 
slag deposits and bottom ashe. The slagging tendency showed an obvious increment when adding peat into the woody 
biomasses. Especially the ash- and relatively Ca-poor sawdust fuel was generally more sensitive for the different peat 
assortments. Co-firing of peat A (high ash- and Si content) resulted in the most severe slagging tendency, where four out 
of six experiments led to a total shut down of the burner due to the slagging. The slagging tendency was significantly 
lower when adding peat B (ash poor and relatively high (Ca/Si ratio) into the woody biomass fuels. A significant 
increment of the Si, Al and Fe content and a significant decrement of the Ca content could be seen when increasing the 
mixing content of peat A in both woody biomasses. The slag from the peat B mixtures had a slightly higher Ca content 
compared with the Si content and a clearly higher Ca content compared with the peat A mixtures.  When introducing the 
relatively silicon rich Peat A to the woody biomasses the slagging tendency increased because high temperature melting 
Ca-Mg oxides reacts to form more low temperature melting Ca-Al-K silicates. In the case of the more ash poor peat B, 
with relatively high Ca/Si ratio, there were still Ca-Mg oxides left in the bottom ash i.e. a less amount of sticky low 
temperature melting Ca-Al-K silicates were formed. 

     Keywords: Co-combustion, biomass characteristics, peat, pellets, slagging 
 
 
1     INTRODUCTION 
 
 Today it is widely known that biomass pellets is well 
suited for residential appliances, both because of its user-
friendliness but also for its low emissions. In a time were 
the oil and electricity prices rises the energy question is 
more important than ever. The raw materials used for 
production of fuel pellets today are mainly stem wood 
assortments as sawdust, planer shavings and dry chips 
from sawmills and the wood working industry.  The great 
demand of biofuels for both electricity and heat 
production as well as for fuel production (paper mills 
disregarded) have made the wood chip prices for energy 
purposes rise above the pulpwood prices in Sweden. (1) 
 For this reason it is important to introduce new 
materials e.g. straw fuels, bark and peat which have 
higher ash content (>0,5 wt%) and may due to this be 
more problematic. The incombustible leftover i.e. 
inorganic constituents in the biomass may cause ash 
related problems as fouling, slagging and toxic emissions. 
Furthermore corrosion may occur with the presence of 
chlorine.(2)  
 Earlier research (3) shows that both the fuel 
characteristics and the combustion appliances affect the 
slag formed. The formation of deposits on the burner 
grate or fireside originates from alkali and alkaline earth 
metals. In biomass combustion the considerable alkali 
element is potassium.(4) Van Lith et al. show that the 
release of K is (under given conditions) strongly affected 
of both the fuel composition and the temperature.(5) 

Öhman et al. has shown that the fuel composition affects 
the sintering degree and that residential burners are 
relatively sensitive to changes in the ash forming 
elements and the total ash content.(3) Ash related 
operational problems in pellet combustors have every so 
often been observed. These problems may give bad 
publicity for the pellet market as well as reduced 
accessibility of the combustion system.  
 Earlier research (6) (14) show that fuels dominated 
by alkali-silicate chemistry have a relatively high 
slagging tendency. It has been shown that the slagging 
tendency significantly increases if reactive silicon is 
added to silicon-poor fuels. Sticky silicate melts are 
locally formed when Si diverted in mineral surfaces 
and/or the organic structure in the fuel reacts with high 
amounts of potassium during the char burnout and 
devolatilization phase. Thereafter residual ash forming 
elements (e.g. calcium and magnesium) can significantly 
reduce the amount of melt formed as well as enhance the 
release of alkali metals by dissolution into the melt.(6) 
Lindström et al has also shown that to avoid slagging 
high Ca+Mg/Si ratio in the fuel should be obtained.  
 Co-combustion of peat and wood has been shown to 
give positive effects on fouling and bed agglomeration 
probably because of removal and/or transfer of alkali in 
the gas phase to less reactive particular forms, due to 
formation of larger particles (>1µm) via reaction with 
reactive peat ash containing Si, Ca etc. (8) In (10) peat is 
added to bark and straw and seems to act as a cleaning 
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agent in both cases (with varying amounts) i.e. less 
fouling and corrosion.  
 Peat as a raw material for fuel production is a highly 
interesting feedstock due to the large peat lands in 
Scandinavia. However because of the debate of whether 
or not peat is a renewable fuel it is questionable regarding 
climate considerations as well as it has disadvantages on 
the fuel market. 
 There are few works done where, in general, the 
effects of peat addition to biomasses are made and in 
particular the slagging characteristics are discussed. It is 
briefly mentioned in (11), however this article aim to 
describe the matter more through.  
 The overall objective of the present work was to 
determine the effect of peat addition to woody biomass 
pellets on slagging characteristics. In particularly two 
different peat assortments were chosen; one traditionally 
fuel peat (peat A) and one peat especially chosen for its 
special characteristics, high Ca/Si ratio and relatively low 
ash content (peat B).  
 
 
2     MATERIAL AND METHODS 
 
2.1  Fuels used 
 The 14 different mixings (dry matter basis) in this 
study were co-pelletized to a diameter of 8 mm. As 
mentioned above, the peats were represented by two 
assortments – peat A (high ash- and Si content) and peat 
B (low ash content and relatively high Ca/Si ratio) which 
separately are co-pelletized in three different levels (low, 
medium and high) into sawdust and energy wood 
respectively. To avoid segregation the mixing of the fuel 
assortments were carried out in sacks of 25 kg. The used 
fuel qualities are shown in Table I.    
 The woody biomasses (stem wood and energy wood) 
used in these experiments were taken from a typical 
Swedish pellet mill and from the wood store of SCA 
Timber AB, Umeå, Sweden respectively. The stem wood 
consisted of a mix of 50 percent pine and spruce 
respectively and the energy wood was represented by 
logs taken from the upper part of the tree (maximum 15 
cm in diameter). The fuel characteristics of the used raw 
materials are presented in Table II.   
 A SPC 300, Swedish Power Chippers were used 
when pelletizing the materials. The peat and wood 
assortments as well as the pelletizing procedure are 
described more thorough in (11). 

Table I: Pellets characteristics for the produced pellet 
qualities. 
(11)

 
 

Table II: Main and ash-forming elements of the used 
fuels.(11)

 
 
 
 
* Reference (12) 
 
2.2  Appliances and experimental procedures 
  A P-labeled, underfed commercial pellet burner (10-
15 kW) installed in a reference boiler were used within 
this project. Further the experiments had a continuous 
fuel feeding at a fuel load of 12 kW. The boiler is also 
used for national certification tests of residential pellet 
burners in Sweden.   
 The experiments endured for 16-18 hours 
corresponding to 40±10 kg pellets and an air to fuel ratio 
equivalent to 10±1 percent excess oxygen. However 
considerable slagging occurred in four of the experiments 
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(SawdustA medium, SawdustA high, Energy woodA 

medium and Energy woodA high). This led to an 
unscheduled shutdown of the burner. Three shielded 
thermocouples of type K were used to measure the 
temperature in and on the vicinity of the burner grate.  
 The residual matter left after the experiments have 
been characterized as; i) melted ash deposited in the 
burner or pushed over the burner grate edge down to the 
bottom of the boiler (slag), ii) non-melted ash at the 
bottom of the boiler (bottom ash) or iii) fly ash. The 
deposited ash collected, from the boiler and the burner 
after every experiment, for further analysis was sieved to 
separate the ash from the slag. Particles greater than 0,3 
cm were characterized as slag and removed from the ash.  
 Gas measurements were accomplished directly after 
the boiler in the exhaust gas. Conventional instruments 
(electrochemical cells) were used to continuously 
measure the concentrations of O2, CO and NO.     
 
2.3  Chemical and visual analysis of collected samples 
  The samples (slag and bottom ashes) collected from 
the experiments have been characterized by scanning 
electron microscopy (SEM) combined with energy 
dispersive X-ray analysis (EDS) regarding the elemental 
distribution and the morphology additionally X-ray 
diffraction (XRD) was used to identify the phase 
composition.   
 Prior the SEM/EDS analysis the samples were 
mounted into epoxy resin and polished. The cross-
sections were thereafter carefully examined by SEM/EDS 
spot and area mapping methods.   

 Prior the XRD analyses the samples were grinded and 
mounted for data collection with a Bruker d8Advance X-
ray diffractometer. This was equipped with a superspeed 
VÅNTEC-1 detector and a primary Göbel mirror.
 The collected slag samples were furthermore 
classified visually in a four-scale classification:   

• Category 1: non sintered ash residue 
• Category 2: partly sintered ash 
• Category3: totally sintered ash (smaller blocks) 
• Category 4: totally sintered ash (larger blocks) 

 
 
3     RESULTS  
 

3.1  Slagging tendencies of the used fuels 
 The average combustion temperature in the region 
where the slag was formed, i.e. on the grate, was 
estimated to 1100 ± 90°C. The results of the CO 
emissions varied between 150 – 200 mg/Nm3 at 10% 
O2d.g. in the SawdustA and B experiments and between 
150 – 350 mg/Nm3 at 10% O2d.g. in the Energy wood A 
and B experiments  
 In Figures 1 and 2 the slagging tendencies of the 
combusted fuels are expressed as the fraction of ingoing 
fuel ash that forms slag. Severe slagging (melted ash), 
which led to unscheduled shut downs of the burner, 
occurred in combustion experiments with SawdustA 

medium, SawdustA high, Energy woodA medium and 
Energy woodA high.  
 The amount of bottom ashes increased when adding 
the more ash rich fuels into the woody biomasses.  The 
increment of the bottom ash densities was around 50 
percent (both sawdust and energy wood mixtures) and 20 
percent (only in the sawdust mixtures) respectively. (11) 
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Figure 1: Slagging tendency of sawdust co-fired with 
peat A and B respectively.(11) 
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Figure 2: Slagging tendency of energy wood co-fired 
with peat A and B respectively.(11) 
 
 The amount and the density of the bottom ash 
increased in all of the experiments. However the 
increment was obvious in the peat A mixings whereas it 
was discernible in the mixings of peat B.  
 
3.2 Chemical composition of formed slag and bottom ash 
  

 
Figure 3: Backscattered electron images of typically 
polished cross sections of a slag sample (SawdustA 
medium) showing sand particles (dark grey) embedded in 
melted ash (light area). The large dark areas outside the 
boxes are epoxy resin.  
 

The collected samples of slag and bottom ash were 

analyzed with SEM/EDS to determine the main elements. 
Figure 3 shows a typical backscattered electron image 
image of a polished cross-section of a slag sample in 
epoxy resin. For Peat A mixtures the slag (as defined in 
section 2.2) consisted of typical sand particles (quartz and 
different feldspars) embedded in melted ash when mixing 
peat A into the woody biomass fuels. No or small 
amounts of sand particles could be found for peat B 
mixtures. Areas (several) of approximately 100*100 µm 
of the melted ash were analyzed for each fuel.  
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Average elemental composition of the melted ash 
found in the formed slag from all experiments except 
Energy woodA high and SawdustB medium is given in 
Figure 4-7. These samples were not representative (due to 
incautios handle of the samples after the experiments) 
and have for that reason not been analyzed. However the 
amounts of slag from these experiments are 
representative and are presented in Figure 1 and 2 above.  
 Figure 4 show the elemental composition of the 
melted ash from the experiments of sawdust and peat A 
which are dominated by Si, Ca and Al, presumably 
constituting of different silicates. Increased values of Fe 
can also be seen.  
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Figure 4: Elemental composition (normalized on C- and 
O-free basis) on the formed slag (melted ash) during co-

combustion of Sawdust and peat A.  
 
 Figure 5 describe the elemental composition of the 
melted ash collected from the experiments of peat B co-
fired with sawdust. The dominating elements are Si, Ca, 
Mg and Al.  
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Figure 5: Average elemental composition (normalized 
on C- and O-free basis) on the formed slag (melted ash) 
during co-combustion of Sawdust and peat B.  
 
 Figure 6 describe the elemental composition of the 
melted ash formed during co-combustion of energy wood 
and peat A. The dominating elements are Si, Ca and Al. 
The values of Fe and Mg are also increased. As for the 
sawdust mixtures the slag are probably constituting of 
different silicates. 
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Figure 6: Average elemental composition (normalized 
on C- and O-free basis) on the formed slag (melted ash) 
during co-combustion of Energy wood and peat A. 

Figure 7 show the elemental composition of the melted 
ash formed during co-combustion of energy wood and 
peat B. The dominating elements are Ca, Si and Mg.  
 The contents of chlorine, sulfur and zink in the slag 
were under or close to the detection limit. 
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Figure 7: Average elemental composition (normalized 
on C- and O-free basis) on the formed slag (melted ash) 
during co-combustion of Energy wood and peat B. 
 
All the produced bottom ashes showed considerably 
higher calcium and lower silicon concentrations than the 
corresponding slags.  
 
The samples was further analyzed with XRD and the 
observed phases  in both slag and bottom ashes from all 
the experiments are given in table III. The different 
elements are subcategorized as sand-, slag- and ash 
minerals.  
 As mentioned earlier no slag occurred in the 
combustion of the pure woody biomasses. The bottom 
ashes, however, contained mainly Ca- and Mg-oxides, 
Ca-carbonate, Ca-hydroxide and merwinite. Fore the pure 
woody biomasses a surplus of the mentioned oxides in 
relation to available silica could be established.   
 As seen in Figure 1 and 2 the addition of the ash and 
silicon rich peat A lead to severe slagging for both wood 
fuels. The slag formed during combustion of fuel 
mixtures containing peat A consisted of mineral formed 
during the combustion such as; åkermanite 
(Ca2MgSi2O7), leucite (KAlSi2O6), diopside 
(CaMgSi2O6) and typical sand minerals originating from 
the peat (quartz and feldspars). The bottom ashes formed 
during combustion of medium and high mixtures of peat 
A contained higher levels of sand minerals and lower 
levels of Ca- and Mg- oxides and Ca-carbonate content 
than the pure woody biomass fuels.  
 The addition of peat B (ash poor and relatively high 
Ca/Si ratio) resulted in quite different ash/slagging 
composition compare to the peat A fuel mixtures. No 
sand minerals could be identified in the slag and less 
amounts of sand minerals could be found in the bottom 
ash fraction. The surplus of Ca- and Mg-oxides 
originating from the wood fuel decreased, but not to the 
same extent as in the case of peat A addition.  
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Table  III: Phases identified (wt %) in the slag and in the bottom ash 

 
Phases Slag Bottom ash Slag Bottom ash Slag Bottom ash Slag Bottom ash Slag Bottom ash Slag Bottom ash

Sand Minerals

SiO2 (quartz) 13 13 21 45 27 60 4

NaAlSi3O8 (Albite) 9 17 16 25 17 3

KAlSi3O8 (Microcline) 9 3 11 12

Slag Minerals

MgCaSi2O6 (diopside) 9 41 37 8

Ca2MgSi2O7 (åkermanite) 3 57 7 8 15 7 66 4 64 8

KAlSi2O6 (leucite) 21 6 14 4 10 5

KAlSiO4 (kalsilite) 8 7

Ca3Mg(SiO4)2 (merwinite) 22 32 5 17 34 15 30

Ash Minerals

CaO (Lime) 42 11 4 35 23

CaCO3 (Calcite) 11 3 3 4

MgO (Periclase) 15 12 6 21 22

Ca(OH)2 (Portlandite) 7 3 6

Phases Slag Bottom ash Slag Bottom ash Slag Bottom ash Slag Bottom ash Slag Bottom ash Slag Bottom ash

Sand Minerals

SiO2 (quartz) 3 19 23 37 3 1

NaAlSi3O8 (Albite) 10 10 24 1

KAlSi3O8 (Microcline) 3

Slag Minerals

MgCaSi2O6 (diopside) 6 6 37 8 5 5

Ca2MgSi2O7 (åkermanite) 65 3 11 4 22 2 52 7

KAlSi2O6 (leucite) 7 3 19 2 2

KAlSiO4 (kalsilite) 11 14 3

Ca3Mg(SiO4)2 (merwinite) 24 8 19 7 26 52 34 37 32

Ash Minerals

CaO (Lime) 45 7 6 26 26 27

CaCO3 (Calcite) 17 29 10 29 9 5

MgO (Periclase) 9 4 9 13 16

Ca(OH)2 (Portlandite) 5 9 8 5

SawdustB low SawdustB highSawdust SawdustA medium SawdustA highSawdustA low

Energy woodB low Energy woodB medium Energy woodB highEnergy wood Energy woodA low Energy woodA medium
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4     DISCUSSION 
 
4.1  Slagging tendencies of the used fuels 
 As described in Figure 1 and 2 the slagging tendency 
increased when adding peat A and B, respectively, into 
the non-slagging woody assortments. However the most 
severe slagging occurred in the peat A mixings and was 
moderate/low in the peat B mixings. The sawdust 
experiments were generally stronger affected by both 
peat assortments compared with the results of co-firing 
peat B. In fact, the combustion of Energy woodB low did 
not result in any slag at all. Regarding the classification 
in section 2.3 it is shown in Figure 1 and 2 that the peat A 
mixings resulted in the highest slagging levels. This hard 
slag led to lack of oxygen in the burner which most 
probably resulted in the unscheduled shut downs 
(described in section 3.1). 
 The bottom ash increment was expected when adding 
a more ash rich fuel (peat) to a low ash fuel (woody 
biomasses). Of course the increment was most obviously 
in the peat A mixings due to the higher ash content (see 
Table II). 
 
4.2  Chemical composition of formed slag and bottom 
ash 
 The slagging tendency increases when adding both 
peat assortments respectively to the non-slagging woody 
biomasses. A general description of these phenomena is 
described in (13), where the authors discuss that admixed 
Si-rich sand particles (quartz and different feltspat 
minerals) reacted with the melted ash resulting in a melt 
increment with higher Si content. Scandinavian peat 

contains reactive silicon and also to some extent sand 
particles (8), why it is reasonable to believe that this 
occurrence is valid in these experiments.    
 In Figure 4 a clear increment of the Si, Al and Fe 
content can be seen when increasing the mixing content 
of peat A. However at the same time the contents of Ca, 
Mg and K are decreasing. Earlier research (8) shows that 
if the potassium may react with reactive silicon in the 
fuel, it will initially form sticky alkali rich silicate melts 
which may stay in the burner and form slag. The effect 
might however be reinforced by dilution during the 
mixing procedure. It is interesting though that the same 
tendency can be observed in the co-combustion of energy 
wood and peat A. In Figure 6 increasing contents of Si, 
Al and Fe at increasing contents of peat A correspond to 
decreasing contents of Ca, Mg and K. As for the results 
in Figure 4 this is most probably an effect reinforced by 
dilution. It should however be notified that a tendency of 
decreased potassium concentration in the melted ash can 
be seen during co-combustion of the high silicon content 
peat A. 
 Figure 5 and 7 shows that the analyses of the slag 
from the peat B mixings have a slightly higher Ca content 
compared with the Si content and a clearly higher content 
of Ca compared with the peat A mixtures. From Figure 1 
it can be seen that the slagging tendency is lower when 
adding peat B into the sawdust compared with the peat A 
mixtures. Earlier research (8) suggest that that Ca (and 
Mg) will during the fuel conversion be dissolved in the 
initial formed alkali rich melt thereby significantly reduce 
the amount of melt formed. For this reason, higher values 
of Ca and Mg in the slag formed and lower slagging 
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tendency respectively in the peat B mixtures correspond 
to what could be expected since peat B contains higher 
ratios of Mg/Si and Ca/Si compared to peat A. As 
discussed above, there was low or none slagging 
tendency noticeable in the Energy woodB mixtures. 
 In addition, the results from the XRD analysis of the 
bottom ashes showed that in the case of high peat A 
addition the Ca- and Mg-oxide surplus from the wood 
was completely consumed. Plausible, this trend could be 
explained by reactions of the oxides with silica inherently 
contained in the peat biomass and possibly also to some 
extent with the sand minerals, under the formation of 
increasing amounts of slag-minerals. 
 
 
5     CONCLUSIONS 
 

� The slagging tendency showed an obvious 
increment when adding peat into the woody 
biomasses. Especially ash- and relatively Ca-
poor sawdust was generally more sensitive for 
the different peat assortments.  

 
� Co-firing of peat A (high ash- and Si content) 

resulted in the most severe slagging tendency, 
where four out of six experiments led to a total 
shut down of the burner due to the slagging. 
This correlates well to the slagging index 
Figure 2.  
 

� The slagging tendency was significantly lower 
when adding peat B (ash poor and relatively 
high (Ca/Si ratio) into the woody biomass fuels 
compared with the peat A mixtures 

 
� A significant increment of the Si, Al and Fe 

content and a significant decrement of the Ca 
content could be seen when increasing the 
mixing content of peat A in both woody 
biomasses. The slag from the peat B mixings 
had a slightly higher Ca content compared with 
the Si content and a clearly higher content of 
Ca compared with the peat A mixtures. 

 
� When introducing the relatively silicon rich Peat A to the 

woody biomasses the slagging tendency increased 
because high temperature melting Ca-Mg oxides reacts to 
form more low temperature melting Ca-Al-K silicates. In 
the case of the more ash poor peat B, with relatively high 
Ca/Si ratio, there were still Ca-Mg oxides left in the 
bottom ash i.e. a less amount of  sticky low temperature 
melting Ca-Al-K silicates were formed.  
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