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Abstract 
The biomass pellet consumption, both in the industry and in residential appliances, 
has increased during the latest years and this is expected to continue. In order to 
handle the demand, more ash rich (>0,5 wt-%) raw materials have been introduced as 
energy wood and other forest based fuels. In connection with this, ash related 
problems as fouling, slagging and corrosion have occurred. However introduction of 
peat as a co-combustion fuel has turned out to have positive effects on these 
problems. Earlier research shows that introduction of peat into biomass results in 
reduced bed agglomeration, fouling and corrosion. Nevertheless the previous works  
has mainly focused on fluidized bed boilers with bed agglomeration and deposit 
formation in focus. Experimental work in small and residential combustion appliances 
is still scarce (e.g. in grate firing boilers and burner’s).  
 
In this work the influence of peat addition to biomass pellets on combustion 
characteristics here defined in terms of slagging characteristics, operational 
maintenance, gaseous- and particulate emissions in residential appliances, were 
determined. Six peat samples representing a broad variation in ash forming matter of 
Scandinavian peats were chosen in this study. They were co-pelletized with sawdust, 
energy wood, forest residue as well as wheat straw and combusted in a P-labeled 
underfed commercial pellet burner (15 kW) installed in a reference boiler.  
 
The NO and SO2 emissions were generally higher when introducing peat. However 
these emissions are both fuel and combustion specific and the increment has not been 
further investigated to conclude its origin. The particle emissions were in all cases 
totally dominated by fine (<1 μm) particles and contained high concentrations of K. 
When adding peat containing high amounts of Si and/or clay minerals into the wood 
derived fuels a clear reduction of emitted fine particles were shown. The likely 
mechanism is that the reactive Si and/or the clay minerals from the peat react with K 
vapor from the biomass forming K-silicates that will stay in the coarse ash fractions, 
hence capturing the K. The reduction was most obvious for the biomasses short in 
reactive Si as sawdust and forest residue. In fact a K reduction of up to 70 % was 
shown when adding a Si- or clay-rich peat to forest residue. However, when adding a 
peat with low ash content and high Ca content the reduction was diminished. It was 
further shown that addition of peat to the K and Si rich wheat straw did not generally 
affect the reduction of fine particle- and deposit forming K i.e. only a dilution effect 
of ash forming matter occurred. The slagging tendency was increased in all cases 
when peat was introduced hence also the operational maintenance was disturbed. 
However, great differences between different peat assortments existed in this aspect. 
High Si together with low Ca contents in the peat resulted in the most severe slagging, 
whereas a peat with higher Ca/Si ratio gave a significant lower slagging tendency. 
The sawdust was generally more affected by the peat addition than the other studied 
biofuels.  
 
In order to receive a considerable particle reduction in parallel with a manageable 
slagging tendency when using "problematic" biomass fuels in small scale burners and 
grate boilers, co-combustion with a carex based peat with a high ash content and 
relatively high Ca/Si ratio is suggested. 
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1 Background 
1.1 Increased utilization of biomass 
The EU has agreed on the so called 2020 target saying that in the year 2020 the 
greenhouse gas emissions should be at least 20% lower than the levels of 1990, 20% 
of the energy should originate from renewables and the energy efficiency should be 
improved by 20%. In 2010 the share of renewable energy was 12.5%, hence the 
biomass consumption will need a considerable continued increase tremendously to 
fulfill the target.(1) Until today upgraded biofuels as pellets, briquettes and powder 
are commonly used in small- (<20 MWth) as well as large- (>20 MWth) scale 
appliances. Especially the usage of pellets in residential (<50 kWth) appliances is 
favorable due to both user friendliness and low emissions. Reinforced by this and of 
course the 2020 target the pellets consumption has increased during the latest years. 
According to the European Biomass Association (Aebiom) the pellet consumption in 
Europe was nearly 15 million tons in 2010 compared to just over 4 million in 2005.(2) 
The raw materials used for pellet production today are mainly stemwood based 
assortments as sawdust, planer shavings and dry chips from sawmills and the wood 
working industry. However as the demand of not just pelletized biomass increases but 
also usage of biomass in general, alternative fuel assortments have been introduced to 
the market such as logging residues, “energy wood”, bark and peat, fuels that all 
generally have higher ash content compared to stemwood. Unfortunately combustion 
of these fuels therefore often causes more ash related problems such as fouling, 
slagging and higher particle emissions compared to combustion of stemwood.   

1.2 Biomass and its ash forming elements 
Biomass fuels contain- mainly (>90%) of carbon (C), hydrogen (H), oxygen (O) and 
minor part of nitrogen (N). The rest is the part that contributes to the formation of 
different ash fractions, i.e. the ash forming elements. The most significant ones, i.e. 
normally making up for the majority of the ash forming elements in the biomass, are 
Si, Ca, Mg, K, Na, P, S, Cl, Al, Fe and Mn.(3) Moreover the reactivity of the ash 
forming elements is dependent on whether they are inherent in the original plant 
associated with the organic structure or participate as a result of mineral (inorganic) 
contaminations. The inherent elements are integrated in the fuel particle matrix and 
tend for that reason to be more reactive compared with if they originates from 
contaminations.(4) The total ash content, which is dependent on the amount of ash 
forming elements, varies a lot between different biomasses, from an ash content of 
less than half percentage for stemwood up to more than 20 times more for e.g. 
rapeseed meal. For that (together with practical reasons) the end result of a combusted 
fuel will vary quite the amount.  
 
Na and Al often exist as feldspars (minerals of Na-Al-silicates), which are much less 
reactive than the organically bounded elements. Fe and Mn have turned out not to 
have a key role in the ash reactions because these metals often turn up as individual 
oxides, with limited interaction with the other main ash forming elements in biomass 
ashes.(3) The Cl will presumable mainly be liberated during fuel conversion as Cl2(g) 
and immediately react with the H2O(g) present, thus forming HCl(g). The S has a low 
affinity to oxygen (compared to C) and will for that reason be released from the fuel 
as S2(g) or H2S(g) that can further be oxidized to SO2(g) and latter to SO3(g) 



depending on among other things the O2 concentration of the surroundings. The P is 
present in fully oxidized form in the biomass and will most probably be released as 
P2O5(g) during the thermal breakdown of the fuel. Moreover S, Cl and P seem to have 
very high initial volatility implying that these elements to a high degree will leave the 
fuel particle for the flue gas.(3) 
 
Concerning more P rich biomass, mostly agricultural crops or residues or crops, it 
should be mentioned that there are limited research done in this area compared to the 
more Si-dominated wood derived fuels and straw fuels. Earlier research shows that 
when adding P to P-poor fuels the slagging tendency was dropped which is explained 
by a change in the ash chemistry from constituting of mainly silicates to instead 
consist of phosphates.(5) However it was stated that the P-content should not exceed 
the amount where formation of alkali-rich low-temperature-melting phosphates are 
promoted as this increases the risk of deposit and fine particle formation.(6)  
 

1.3 Peat fuels and its ash forming matter 
The global peat resources are known to be enormous although the exact extent is not 
available due to lack of data from many countries.(7) Joosten et al. estimate that 
approximately 4 million km2, or 3% of the earth land area, is to be considered as 
peatlands(8). The largest ones are found in North America (Canada 1,1 million km2, 
USA 214 000 km2) and Russia (568 000 km2).(9) In Europe; Finland, Ireland, 
Sweden, Latvia, Lithuania, Estonia and Scotland are the largest users of energy peat 
and also the most important producers. Moreover, of the total peat use in the EU 
during the 2000’s, 99% was consumed by Finland, Ireland and Sweden.(10) Around 
16% of the land area of Sweden is classified as peat land, of which less than 2 ‰ is 
used for peat extraction.(11)  
 
Large differences in the ash forming matter occur between various peats. Differences 
affected by geographical origin through e.g. biological origin and the topography of 
the wetland as well as composition of nearby rock layers (through the ground water) 
and through flying particles (from e.g. animals, soil and sediments).(12,13) The 
wetlands can be divided into high and low bogs (or a mixture) dominated by nutrient 
poor (sphagnum) and more nutritious (carex) vegetation, respectively. Hence the main 
differences between these two are the ash content which is generally higher in the 
carex assortments. However large differences in the ash forming elements also occur 
not only between sphagnum and carex dominated peats but also within those 
groups.(13, 14) It can be assumed that the large differences among diverse peat 
assortments will result in varying combustion characteristics.  
 
Pommer et al. (14) performed an extensive characterization work starting out with 83 
peat specimens, of which 8 were later chosen to represent the broad variation of the 
Scandinavian peats considering the ash content and ash forming matter. Their work 
pointed out large variation in the composition of the peat samples. The main 
differences found in the ash forming elements concerned Si, Ca, Fe, Al, S, Mg and K 
in descending occurrence order. XRD analysis of the ash fraction after low 
temperature ashing indicated that the peat ash contained high amounts of amorphous 
material and only small amounts of crystalline phases, mainly SiO2 (quartz), 
KAlSi3O8

 (microcline) and NaAlSi3O8 (albite). (14) Clay minerals were only found in 



one of the eight peat samples. The majority of K and Na as well as parts of the Al 
were assigned to feldspars, whereas the remaining Al was suggested to be complexed 
bound to humic substances. This assumption was based on earlier research showing 
that Al seems to have a strong affinity to the humus in peat.(15) Moreover it was 
mentioned by Pommer et al. that the latter type of Al could be more reactive than 
feldspars.(14) Previous leaching studies (16,17) of both samples both from biomass 
fuels and ashes showed that the major part of the Ca was leached in water and 
ammonium acetate. This can be compared to the Si and Al that were neither leached 
to any great extent using the same solvents. From this it can be concluded that the Ca 
is present mainly in a reactive form (16). This implies that Ca significantly will take 
part in the chemical reactions during the combustion.  

1.4 Particle formation 
The combustion aerosol particles can be divided in two main categories – primary and 
secondary. The primary particles are formed in the combustion zone under high 
temperature or in the flue gas system and they consist of organic or inorganic species 
or a combination of both. The secondary particles are formed either in the atmosphere 
or in the flue gas plume.(18) The aerosols generally contain a mixture of gases, 
vapors and particles where the primary formation of the particles is a result of vapor-
molecule collisions forming molecular clusters of which some may grow further into 
stable aerosol particles.(19)  
There are different size dependent ash categories; bottom ash (up to several mm) as 
well as fly ash that can be subcategorized as submicron fly ash (<1 µm) (hereafter 
denominated as fine particles) and supermicron fly ash (>1 µm) (hereafter 
denominated as coarse particles). The fly ash that does not leave the combustion zone 
can form wall deposits in the furnace.(18) The schematic in Figure 1 gives an overall 
description of the combustion phases and its products.  

Figure 1 Schematic describing the different combustion stages 

Schematic taken from doctorial thesis by Christoffer Boman Umeå University 2005, 
as revised by Boman 2011.(20) 

As mentioned above the particles can be divided into fine and coarse particles. The 
coarse particles are generally formed from the char and/or ash residues entrained from 
the fuel bed, whereas the fine inorganic particles generally are formed from earlier 
vaporized species that has saturated and formed particles via nucleation.(19) 



Moreover the fine particles in biomass combustion, related to the ash transformation, 
largely consist of potassium salt compounds (e.g. KCl and K2SO4).(21-24) Alkali salt 
vapors may either condensate and form particles that can leave the boiler with the flue 
gas or stick to walls or boiler tubes or direct condensate on tubes e.g. on the heat 
transfer surfaces forming deposits.(25) The Cl in the alkali salt may further react with 
the metals in the burner wall and/or in the tubes and form volatile metal chlorides, the 
wall surface will in this case be weakened and corrosion facilitates.(26) Related to 
high temperature corrosion, alkali sulfates are somewhat less corrosive than alkali 
chlorides due to its higher melting temperature and/or higher thermodynamic stability. 
For this reason high sulfur containing fuels/fuel mixtures are favorable from a high 
temperature corrosion point of view as the alkali chlorides could form alkali sulfates 
instead.(27,28,5)  
 
Decreasing size of particles increases the amount that reaches the air-exchanging parts 
of the lungs. Particles larger than 10 μm have very low penetration efficiency through 
the respiratory system and tend to stay in the upper parts, while the fine and ultrafine 
(<0.1 μm) particles are able to reach even the lung alveoli.(29) Therefore these small 
particles are thought to be the most hazardous in terms of mortality and adverse 
cardiovascular and respiratory effects.(30) It is today known that wood smoke, 
originating either from residential heating, industrial processes, wild land forest fires 
or agricultural field fires, emits substantial amounts of known health damaging 
pollutants including carcinogenic compounds.(31) This fact has recently gained more 
attention why it is likely that the emission regulations within the EU will become 
tougher in the future.(32) The industry would most likely be severely affected by such 
regulations and development of cost-efficient tools for particle reduction for small and 
medium scale boilers would requested. The coarse particles may be separated from 
the flue gas by rather simple devices, e.g. scrubbers or cyclones that can be installed 
to a reasonable price in relation to the plant price. Separation of fine particles, on the 
other hand, demands more advanced and expensive cleaning devices such as 
electrostatic filters or bag filters. In addition, the volatilized alkali forming fine 
particles are also, in part, responsible for fouling and corrosion in boilers and flue gas 
system as well as deposits on heat exchanger surfaces. For this reason, it is principally 
fuel and/or boiler modification that could result in both technical and economical 
benefits for boiler owners. 
 

1.5 Bottom ash and slag formation  
The bottom ash from pure stemwood combustion will in general be a grey powdery 
like mass without lumps of melted ash. However, in case of combustion of more 
troublesome fuel assortments, the bottom ash might be subject to melting causing slag 
which furthermore might in part or totally obstruct the combustion progress. The slag 
formation is lead by complex chemistry between ash forming elements and can thus 
not easily be explained as a one or two component result. However the sintering level 
is affected (foremost) by the composition of the fuel, especially the Si- and K-content 
(in P-poor fuels). The Si- and K-contents affect both the amount and also the hardness 
of the slag. The slag formation can briefly be described as that gaseous K react with 
Si, mainly during the char burnout, forming sticky silicates into which Ca and Mg (if 
present) subsequently can be dissolved. This will then lead to an increase in melting 
temperature of the formed ash.(33) It should also be mentioned that earlier research 



shows that K may be released from the silicates at temperatures over 1000°C. In fact 
it seems as the presence of alkaline earth metals (Ca and Mg) increases the 
volatilization (release from the fuel bed) of K.(34) Thy et al. describe the melted ash 
as a very polymerized network held together by the smaller and highly charged 
alkaline earth metals and where the large and low charged K ions are unable to get 
network-modifying positions.  For this reason K (and Na if present) will preferentially 
be more easily vaporized. Moreover it has also been shown that contaminations (e.g. 
sand) will affect the slagging tendency.(35) The melted ash can react with the sand 
causing increased amount of melt with a higher Si content. Thus, grains of sand can 
adhere sticky silicates forming heavier sticky aggregates that can turn up as deposit on 
the burner grate.(36) In the case of excess Ca(oxide) and/or Mg(oxide) or insufficient 
amounts of Si and/or P (to form silicates or phosphates) formation of carbonates can 
take place. This formation implies a lower temperature in the bottom ash 
environment.(37) Moreover the carbonates are less sticky than the silicates and its 
presence can imply a lesser slag formation with a more porous structure. 
 

1.6 Measures for prevention of ash related problems – influence of 
co-combustion with peat 

As mention before the alkali metals in the fuel play an important role in the slag-, 
deposit- and particle formation, and for this reason it is favorable to have a low alkali 
fuel. Earlier research presents methods of reducing the alkalis in the fuel as for 
example leaching (38,39) and hot water extraction (40). The intention of both of these 
methods is to “wash away” the troublesome constituents in order to get a cleaner fuel. 
Other measures to reduce/prevent ash related problems are the use of fuel blending of 
fuel additives. By these measure, an adjusted elemental composition of the ash 
foming matter can prevent slagging and/or other combustion related problems.(41) 
Co-combustion of biomass with e.g. kaolin, (42, 43) titanium oxide (TiO2) (44) and 
lime (CaO) (45,52), respectively, for alkali capture and/or slagging reduction has been 
proven promising. Kaolin, consists mainly of the clay mineral kaolinite 
(Al2Si2O5(OH)4), may adsorb species of K (46), hence the melting temperature of the 
ash is increased through formation of kalsilite (KAlSiO4) and/or leucite (KAlSi2O6)) 
that have a melting temperature of around 1600 and 1500°C respectively.(42) 
Wiinikka et al further showed that when adding titanium oxide to straw, formation of 
KTi8O16 occurred. This implies higher ash melting temperature, as KTi8O16 is stable 
at higher temperatures.(44) Lime (CaO) addition to different cereal fuels (e.g. rye, 
barley, wheat) also decreased the slagging tendency due to formation of high 
temperature melting Ca-K-phosphates. (43,52) 

Recently also co-combustion of peat and woody biomass has been reported to give 
positive effects. Both reduced fouling (14,47-48) and corrosion tendency (53) have 
been described. In addition, Lundholm et al. (49) reported clear prevention of bed 
agglomeration by peat addition to forest fuels but the exact mechanism seemed to 
differ between different fuel mixtures. However, it was found that all cases with peat 
admixtures had a decreased or unchanged fraction of K, an increased fraction of Al, 
and in some cases also an increased fraction of Ca in the bed particle coatings. 
Moreover as mentioned above, peat generally contains more or less high amounts of S 
compared to woody biomass. The S in the peat can further bind alkali metals in the 
fuel as sulfates that have somewhat higher melting temperature and different viscous 



characteristics than K-silicates. Hence the sulfatisation of the alkali may reduce and 
potentially prevent the bed agglomeration tendency. Moreover in Pommer et al. an 
increased bed agglomeration temperature and a reduced amount of fine particles were 
reported when introducing peat into forest residue.(14) The mechanism reported for 
those effects was the transfer and/or removal of K in the gas phase to a less reactive 
particular form via sorption and/or reaction with the reactive peat ash (SiO2 and CaO). 
In addition, one of the peats that reported positive co-combustion effects contained 
clay minerals (14), similar to kaolinite (Al2Si2O5(OH)4).  

Accordingly, previous research work and practical experiences on co-combustion of 
peat and biomass have been focused on fluidized bed boilers and ash related problems 
with bed agglomeration as well as deposit formation and corrosion on super heaters. 
The research has dealt with the considerable difference in the ash forming matter 
between different peat types and also discussed the fact that peat has a positive impact 
on the ash transformation as a co-combusting agent. The experimental and analytical 
work related to grate fired/fixed bed systems has however been scarce. 

 
  



2 Objectives 
The objective was to determine the influence of peat addition to biomass 

pellets on combustion characteristics in residential fixed bed pellet appliances.  
 

More specifically the objectives include:  

• Determination of the influence of peat addition to biomass pellets on 
gaseous emissions. 

• Determination of the influence of peat addition to biomass pellets on 
reduction of fine particle- and deposit forming alkali. 

• Determination of the influence of peat addition to biomass pellets on 
slagging characteristics.  

 



3 Outline 
This licentiate thesis is based on three papers (A1-A3), all focusing on the influence 
of peat addition to biomass pellets on combustion characteristics in residential fixed 
bed pellet appliances. 
 
A1: Positive effects had been noticed by the industry when they introduced peat into a 
biomass boiler. For this reason the industry wanted to introduce peat in the woody 
biomass pellets. Two different peats; one traditional Scandinavian fuel peat, with a 
high ash- and Si content (carex based) and one chosen for its special characteristics, 
low ash content and relatively high Ca/Si ratio (sphagnum based), were suggested. 
The scope of the study in paper A1 was to describe the effect of peat addition to 
woody biomass pellets on combustion characteristics in residential appliances. 
 
A2: Paper A1 showed that co-combustion of carex peat with woody biomass resulted 
in a reduction of fine particles, however it was also seen that the slagging tendency 
increased tremendously. For this reason it was interesting to introduce a Carex based 
peat with higher Ca/Si ratio. In addition, combustion of forest residues and peat 
mixtures had been used successfully in a fluidized bed and was seen as a potential 
fuel also for fixed bed/grate firing appliances. The scope of the study in paper A2 was 
therefore to determine the influence of peat addition to biomass pellets on the 
reduction of fine particle- and deposit forming potassium during combustion in pellets 
fuelled fixed bed appliances.  
 
A3: Both paper A1 and A2 showed that a reduction of fine particles could be achieved 
when introducing peat into biomasses and also the slagging tendency was also proven 
to increase. However, the slagging tendency increased differently with different peats. 
For this reason it was in paper A3 interesting to determine if it was possible to 
achieve particle emission reduction but still receive a workable slagging tendency. In 
order to investigate which type of peat that was suitable for co-combustion the scope 
of A3 was to determine the influence of peat addition to woody biomass pellets on 
slagging characteristics during combustion.  
 
 
  



4 Methods and Materials 
In this study 6 different peat assortments have respectively been co-pelletized in 
certain amounts into 6 different biomasses, i.e. sawdust, energy wood, wheat straw 
(two assortments) and forest residue (two assortments). The produced pellet fuels 
have been combusted in an underfed commercial pellet burner (10-15 kW) installed in 
a reference boiler used in Sweden for national certification tests (P-labeling) of 
residential pellet burners (see experimental matrix in Table 1). This type of system 
resembles, from an ash transformation point of view, a grate-fired system relatively 
well.  

4.1 Experimental procedures 
The temperature where the ash forming elements were transformed was continuously 
measured by 3 (shielded) thermocouples type N that were placed on and in the 
vicinity of the burner grate where the fuel bed is found. The maximum measured 
temperature where the ash forming elements were transformed was estimated to 
1100±90°C in paper A1 and A3 and 1200-1250°C in paper A2. All experiments had a 
continuous feeding of the fuel at a fuel load of 12 kW. The air to fuel ratio 
corresponded to 10±1% excess oxygen in all experiments. Moreover, the CO 
emissions were below 400 mg/Nm3 at 10% O2 d.g. for all experiments besides the one 
containing wheat straw that had CO emissions of around 1000 mg/Nm3 at 10% O2 d.g.. 
 
The residual ash matter after combustion of the fuel was distributed between:  

i) Melted ash deposited in the burner or pushed over the burner grate edge 
down to the bottom of the boiler 

ii) Non-melted ash at the bottom of the boiler (“bottom ash”)  
iii) Fly ash, including fine and coarse particulate matter 

 
The amounts of deposited ash in the burner as well as in the boiler were quantified 
after every experiment and the products collected for analysis. All the residual ash 
deposited in the boiler and the burner were sieved to separate bottom ash from slag, 
and melted particles greater than 0.3 cm were here defined as slag. Moreover previous 
studies (33,45) showed that the variation in the slag formation is minimal between 
replicate combustion procedures.  
 
The composition of the flue gases was analyzed by two different conventional 
instruments, one using Fourier Transformed InfraRed spectroscopy (FTIR) for the 
components of H2O, CO2, CO, CH4, HCl, SO2, NO2, NO and one using electro 
chemical sensors for the components of O2, CO and NO. The particle mass size 
distributions were determined by isokinetic sampling, using a 13-stage (0.03-10 µm) 
low-pressure cascade impactor (LPI, Dekati Ltd., Finland). The impactor and 
sampling probe were kept over 100°C before the measurements in order to avoid flue 
gas water condensation. All gas and particle measurements were performed via a 
probe in the exhaust gas directly after the boiler. The probe was installed in a straight 
channel in order to avoid turbulent flue gas flows. The sampling times for the 
impactor measurements were adjusted from case to case in order to receive a 
sufficient amount (mass) of collected particles. The exact time for each measurement 
has been noted to be able to calculate the concentration of the particles in the flue gas. 
Moreover the particles were collected on aluminium foil plates to enable subsequent 
chemical characterization.  



Table 1 Experimental matrix 

Results 
are 
found in 
article 

Peat 
characteristics 

      Biomass 
 
Peat  
name 
 

Sawdust Energy 
wood 

Wheat 
straw 1 

Wheat 
straw 2 

Forest 
residue 1 

Forest 
residue 2 

A1, A3 Carex,  
high ash,  
Si, Al rich 

Peat A 0, 5, 15, 30 0, 5, 15, 30 - - - - 

A1, A3 Sphagnum, 
low ash,  
high Ca 

Peat B 0, 5, 15, 30 0, 5, 15, 30 - - - - 

A3 Sphagnum-
Carex,  
Si, Ca rich 

Peat 1 - - 0, 40 - 0, 15 - 

A3 Sphagnum-
Carex,  
low ash, clay 
mineral rich 

Peat 2 - - 0, 40 - 0, 15 - 

A3 Carex, high 
ash, Si, Al rich 

Peat 3 - - 0, 40 - 0, 15 - 

A3 Carex, high 
ash, Si, Ca 
rich, higher 
Ca/Si ratio 
than P1 

Peat 4 - - - 15, 40 - 5, 15 

The numbers 0-40 describe each amount of peat added (on a dry wt-% basis) to the 
biomasses, respectively.  

4.2 Fuels used 
The sawdust originated from the ordinary used raw material in a typical Swedish 
pellet mill and was a mixture of 50% pine and 50% spruce. The energy wood (log 
taken from the upper part of the tree) with a maximum diameter of 15 cm was 
collected from the wood store of SCA Timber AB, Umeå, Sweden. The energy wood 
was grinded in a mill (Lindner Micromat MS 2000) with a 15 mm sieve and then 
dried to a moisture content of about 12-14% in a drying wagon. The drying wagon 
had a capacity of about 400 kg/batch and the temperature of the ingoing ventilating 
air was about 40oC. The drying process was controlled by repeated measurements of 
the moisture content using a moisture balance (Sartorius MA30, Tillquist, Sweden) 
which was calibrated according to the technical specification CEN/TS 144774-
1:2004.  
 
Forest residue and wheat straw represent typical ash rich woody and non-woody 
biomass fuels, respectively. In this study two different forest residues and two 
different wheat straws have been used. The explanation for usinf two different 
assortments of the same fuel type is a time gap in the combustion experiments. 
Unfortunately, no more of the first used assortments were available at the second 
experimental occasion why  new ones were chosen. Forest residue 1 and wheat straw 
1 have been co-combusted with peat 1-3, and forest residue 2 and wheat straw 2 were 
co-combusted with peat 4. Forest residue 2 is somewhat more contaminated with sand 
and earth dust materials (minerals) compared with forest residue 1, for this reason it 



contains higher amounts of Si, Al, Fe and Na. The differences between wheat straw 1 
and 2 are slightly higher Si and Ca contents as well as lower S content in the second 
one, otherwise, they are rather similar. No combustion experiments have been 
performed with solely wheat straw 2 or forest residue 2.  
 
Peat A is a carex based typical Scandinavian fuel peat with high Si and ash content. 
Peat B is a sphagnum based peat with low ash-, N- and S content. This peat was 
specially chosen because of its fuel ash characteristics (low total ash and Si content 
and relatively high Ca content). Peat 1-4 was earlier part of a larger research project 
where 83 Swedish peats were characterized, and from those 8 were further chosen to 
be co-pelletized with forest residue and later combusted in a bench-scale fluidized-
bed reactor.(14) The aim was to elucidate the effect of adding peat to forest residue 
during combustion on bed agglomeration and deposit formation. The results from 
those experiments showed that there were large variations in the ash composition in 
the different peat assortments and that clay minerals were found only in one (peat 2) 
of the eight chosen peat types. Pommer et al. mentioned that this finding was 
important, as the clay minerals frequently have been suggested to have a role behind 
the positive co-combustion effects of biomass and peat.(14) However, for this reason 
peat 1 (mixture of sphagnum and carex) was chosen for its higher levels of Si and Ca, 
peat 2 (mixture of sphagnum and carex) was chosen for its low ash content as well as 
its contents of clay minerals and finally, peat 3 (carex) was chosen for its very high 
ash content and high levels of Si and Al. Peat 4 was not available in the investigation 
performed by Pommer et al. but was revealed afterwards. This peat resembles peat 1, 
i.e. relatively rich in both Ca and Si, although it has a somewhat higher Ca/Si ratio.  
Table 2 Main- and ash forming elements in the used biomass samples 

 Sawdust Energy 
wood 

Wheat 
straw 
1 

Wheat 
straw 
2 

Forest 
residue 
1 

Forest 
residue 
2 

Ash 0.20 1.00 5.7 6.4 2.4 5.1 
Cla 0.004 <0.1 0.26 0.26 0.01 0.03 
Sa 0.02 <0.01 0.19 0.11 0.04 0.03 
Sia <0.01 0.04 0.80 1.66 0.29 1.50 
Ala <0.01 0.01 0.01 0.03 0.04 0.29 
Caa 0.03 0.27 0.40 0.50 0.50 0.26 
Fea 0.01 0.01 0.01 0.02 0.02 0.11 
Ka <0.01 0.10 1.25 0.92 0.17 0.25 
Mga <0.01 0.03 0.10 0.08 0.06 0.06 
Mna <0.01 0.04 n.a. n.a. n.a. n.a. 
Naa <0.01 <0.01 0.03 0.03 0.01 0.10 
Pa <0.01 0.01 0.13 0.10 0.05 0.03 
aValues represent weight percent of dry substance 
n.a. = not available 
  



 

Table 3 Main- and ash forming elements in the used peat samples 

 Peat A Peat B Peat 1 Peat 2 Peat 3 Peat 4 
Ash 5.30 1.10 6.3 4.0 10.4 7.1 
Cla 0.03 0.03 0.03 n.a. 0.05 0.05 
Sa 0.15 0.11 0.51 0.26 0.22 0.47 
Sia 1.06 0.06 1,41 0,45 3.25 1.37 
Ala 0.44 0.05 0.19 0.26 0.34 0.32 
Caa 0.29 0.22 0.74 0.39 0.46 0.89 
Fea 0.42 0.09 0.50 0.69 0.76 0.64 
Ka 0.07 0.01 0.05 0.01 0.08 0.05 
Mga 0.08 0.08 0.07 0.05 0.07 0.08 
Mna <0.01 <0.01 n.a. n.a. n.a. n.a. 
Naa 0.07 0.01 0.02 0.01 0.03 0.04 
Pa 0.05 0.01 0.03 0.04 0.07 0.04 
aValues represent weight percent of dry substance 
n.a. = not available 
 
The peat and biomasses were mixed on dry matter basis using sacks of 25 kg each to 
minimize the risk for segregation. The pelletizing of the materials was later performed 
using a pellet press (SPC 300, Swedish Power Chippers, Sweden) with a capacity of 
300 kg/h, equipped with a fixed die (press channel lengths of 55 mm) and two 
rotating press rollers (200 mm in diameter). The mill had a 4 mm sieve, and the 
conditioning steam was generated by an electric steam boiler to a temperature of 105 
± 2 oC. Furthermore, the press was controlled by a programmable logic controller 
(PLC) and the pellets had a diameter of 8 mm. The moisture contents of the produced 
pellets was 7.4-8.0% for the sawdust and peat A and B mixtures, 6.6-8.5% for the 
energy wood and peat A and B mixtures and approximately 10-14% for the mixtures 
with wheat straws and forest residues mixed with peat 1-4, respectively. 
  

4.3 Chemical and visual analysis of collected ash fractions 
 
The collected deposits from the experiments i.e. slag and bottom ash as well as the 
fine particles collected by the LPI were characterized regarding phase composition by 
powder X-ray diffraction (XRD) and regarding elemental distribution and 
morphology by scanning electron microscopy (SEM) combined with energy-
dispersive X-ray analysis (EDS). Prior to the SEM/EDS analysis the slag samples 
were mounted in epoxy resin, cut by a diamond saw and polished. The cross-sections 
were thereafter analyzed by area mapping methods. The fine particles were analyzed 
by SEM/EDS directly on the aluminum foil. One plate (nr 3, 4 or 5) per impactor 
sample was analyzed and the other fine mode plates were assumed to have the same 
composition. In addition the bottom ash samples in paper A3 were characterized with 
ICP-AES. 
 
Furthermore, the slag was classified visually according to a four-scale classification:  
 
Category 1: non sintered ash residue 
Category 2: partly sintered ash 
Category 3: totally sintered ash (smaller blocks) 
Category 4: totally sintered ash (larger blocks) 



4.4 Thermochemical equilibrium calculations  
In paper A3, thermochemical equilibrium calculations were also performed to 
interpret the experimental findings i.e. influence of peat addition on ash melting 
behavior. The software program used for this purpose is called FactSage 6.1 and uses 
the method of minimization of Gibb’s free energy (G) of the system. All 
thermodynamic data containing stoichiometric data as well as nonideal solid and 
liquid solution models were taken from the FACT database included in the software. 
The indata for the calculations were the fuel composition of each special biomass/peat 
mixture used in paper A1 and A3 and were calculated from Table 2 and 3.  
 
Moreover the calculations were performed using a global approach including 
atmospheric pressure (1 bar) and an air-to-fuel ratio (λ) of 1,2 corresponding to a 
typical global oxidizing condition. The calculations were made for a temperature 
interval between 800 and 1300 °C. The predicted amounts of gaseous and condensed 
(melted and solid) phases as functions of temperature were later extracted from the 
calculations. Three different liquid phases were included, i.e. two alkali salt melts and 
one oxide/silicate (slag) melt. Finally all relevant binary solid and liquid solutions 
containing K, Na, Ca and Mg were also included. Table 4 shows the solution models 
as well as the elements used in the calculations.  
Table 4 Elements and solution models used in the chemical equilibrium model calculations. The 
designations of the solution models are the ones used in FactSage 6.1 

Elements C, H, O, N, S, Cl, P, K, Na, Ca, Mg, Fe, Mn, Si, Al 
Solution 
models 

SLAG B (MgO, MnO, Na2O, SiO2, CaO, Al2O3, K2O, Fe2O3, MnSO4, Fe2(SO4)3, Na2SO4, K2SO4,  CaSO4, 
MgSO4) 
MELT A (NaCl, KCl, NaOH, KOH, Na2SO4, K2SO4, Na2CO3, K2CO3, Na2S, K2S)  
ACl (NaCl, KCl, NaOH, KOH) 
CSOB ((Li), Na,K//SO4,CO3, ss) 
LCSO (liq-K, Ca // CO3, SO4) 
SCMO (MgSO4-CaSO4, ss) 
SCSO (K(Ca)//CO3,SO4, ss) 
SSUL (Na, (Mg, Ca)//SO4, ss) 



5 Results and Discussion  
5.1 Gaseous emissions 
The NO and SO2 concentrations generally increased when introducing the peats, 
which was expected since peat mostly has higher N and S content than biomass. The 
NO concentration varied between 105 – 125 mg/Nm3 at 10% O2 d.g. for the plain 
sawdust and energy wood fuels compared with a variation of 126 – 253 mg/Nm3 at 
10% O2 d.g. when admixing peat A and B, respectively. No major differences were 
shown between admixtures of peat A and B. The NO emissions varied in the interval 
from 390-460 mg/Nm3 at 10% O2 d.g. for the wheat straw and peat 1-4 mixtures, which 
can be compared with roughly 280 mg/Nm3 at 10% O2 d.g.  for plain wheat straw 1. In 
the forest residue and peat 1-4 mixtures the NO concentration was roughly the same 
as in the wheat straw tests, varying between 400 to 460 mg/Nm3 at 10% O2 d.g.. 

The SO2 concentration was generally higher in the biomass and peat A mixtures 
compared to when adding peat B, as it varied in the range 10 – 112 mg/Nm3 at 10% 
O2 d.g.. When combusting the pure sawdust and energy wood, respectively, the SO2 
concentration varied in the range 2-9 mg/Nm3 at 10% O2 d.g.. The SO2 concentartion 
was of course higher when using wheat straw as it has a much higher S content in the 
fuel than the other biomasses (see Table 1) hence the emissions varied in the range 
320-520 mg/Nm3 at 10% O2 d.g.  for the peat mixtures which can be compared to 140 
mg/Nm3 at 10% O2 d.g. for the pure wheat straw 1. When adding peat into forest 
residue the SO2 emissions increased from around 2 mg/Nm3 at 10% O2 d.g. (forest 
residue 1) to 70-100 mg/Nm3 at 10% O2 d.g.  

Furthermore, the HCl emissions were below the detection limit for the analysis 
method used (i.e. < 2ppm) in all experiments containing sawdust and energy wood. 
However, in the forest residue case the HCl concentration was seen to somewhat 
increase when adding peat, from around 2 ppm for pure forest residue 1, to 3-5 ppm 
when adding peat 1-4, respectively. Finally, the HCl concentration in the wheat straw 
experiments were the highest which is also expected as wheat straw has a very high 
Cl content compared to the other biofuels. The emissions varied between 30 to 50 
ppm for the wheat straw and peat 1-4 mixtures that can be compared to around 9 ppm 
for pure wheat straw 1.  

 

5.2 Particle emissions 
The particle emissions from the combustion experiments were in all cases totally 
dominated by fine particles. In all cases, except for the sphagnum and energy wood 
mixtures a reduction of the fine particles could be seen when adding peat to the 
biomass. The reduction was generally most pronounced when adding 15-30% of peat 
A, 2 and 3, into sawdust and forest residue, respectively (see Table 5 and 6). The fine 
particles were also clearly reduced when adding 15 and 30% of peat A into energy 
wood (Table 5), however, it was not as distinct as for the sawdust mixtures. In 
accordance with Wiinikka et al. (54) it was found that the mixtures resulting in an 
increased amount of emitted fine particles all had a somewhat higher fuel based 
(K+Na)/Si ratio, hence it is evident that co-combustion of peat B did not show the 
same particle reduction as the more ash and Si rich peats. 



The fine particle reduction or increment for the mixtures containing peat A and B, 
respectively, presented in Table 5 are compared with an average value of emitted fine 
particles from replicate combustion procedures with pure sawdust and energy wood 
pellets, respectively.  

Table 5 Effect of co-combustion on fine particle reduction - fuel mixtures with sawdust, energy wood, 
peat A and B respectively 

Peat type Fuel mixture Effect on fine particle 
emissions (%) 

Peat A: Carex, high ash, 
Si, Al rich 

Sawdust+15% peat A -59 

Peat A: Carex, high ash, 
Si, Al rich 

Sawdust+30% peat A -49 

Peat B: Sphagnum, low 
ash, high Ca 

Sawdust+15% peat B -19 

Peat B: Sphagnum, low 
ash, high Ca 

Sawdust+30% peat B -54 

Peat A: Carex, high ash, 
Si, Al rich 

Energy wood+15% peat A -15 

Peat A: Carex, high ash, 
Si, Al rich 

Energy wood+30% peat A -37 

Peat B: Sphagnum, low 
ash, high Ca 

Energy wood+15% peat B +63 

Peat B: Sphagnum, low 
ash, high Ca 

Energy wood+30% peat B +65 

 
In Table 6 a reduction of the fine particles can be seen when adding peat into wheat 
straw, however, this reduction is not as obvious as for the forest residue mixtures. 
Results in Table 6 show that the reductions of fine particles in the mixtures of wheat 
straw 1 with peat 1 and 2, respectively, are basically the same as the added percentage 
of peat and even lower when adding peat 3. Peat has in general a low amount of K 
especially when comparing with the K-rich wheat straw. The explanation for the 
reduced fine particle emissions is therefore most probably explained by an effect of 
dilution of the K content in the mixtures of peat 1-3 and wheat straw.  
  



Table 6 Effect of co-combustion on fine particle reduction - fuel mixtures with forest residue, wheat straw 
and peat 1-3 respectively 

Peat type Fuel mixture Effect on fine particle 
emissions (%) 

Peat 1: Sphagnum-Carex, 
Si, Al rich 

Forest residue 1+15% peat 1 -39 

Peat 2: Sphagnum-Carex, 
low ash, clay mineral rich 

Forest residue 1+15% peat 2 -74 

Peat 3: Carex, high ash, Si, 
Ca rich 

Forest residue 1+15% peat 3 -66 

Peat 1: Sphagnum-Carex 
Si, Al rich 

Wheat straw 1+40% peat 1 -39 

Peat 2: Sphagnum-Carex, 
low ash, clay mineral rich 

Wheat straw 1+40% peat 2 -45 

Peat 3: Carex, high ash, Si, 
Ca rich 

Wheat straw 1+40% peat 3 -24 

 

The SEM/EDS analysis of the samples collected from the impactor plates during co-
combustion of forest residues with peat 1-4 respectively as well as wheat straws and 
peat 1-4 respectively showed that the fine particles were dominated by K, S and Cl, 
moreover, Na and Zn were also found in some of the samples. In Figures 2-3 the 
fraction of K found in PM1 in relation to the total ingoing K in the fuel for the 
mixtures with peat 1-4 is showed. From Figure 2 it can be seen that the greatest 
reduction of volatilized K for forest residue was achieved when adding the carex 
based peat 4 (high ash, rather high Ca/Si ratio) and the sphagnum based peat 2 (low 
ash, clay mineral rich), respectively. Regarding an ash and Si rich peat Pommer et al 
(14) explained that the K in the flue gas reacts with the reactive Si in the peat 
resulting in e.g. formation of K-silicates in the bottom ash and/or larger particles. Peat 
2 has a rather low ash content but has on the other hand a higher amount of clay 
minerals that can capture the K to the coarse ash fraction/bottom ash. (14,46) 
Moreover, the concentration of HCl in the flue gases increased somewhat when peat 
was added to the forest residue.  



Figure 2 Fraction of K found in PM1 out of the total ingoing K in the fuel mixtures with forest residue 

 
In Figure 3 it can be seen that the peat generally did not enable any obvious reduced 
K volatilization in the wheat straws admixtures despite the fine particle reduction 
observed in Table 6. In fact in the wheat straw mixtures with peat 3 and 4 a slightly 
higher fraction of volatilized K can be seen compared with the plain wheat straw 
sample. 
 

Figure 3 Fraction of K in PM1 out of the total ingoing K in the fuel mixtures with wheat straw 

 

5.3 Slagging characteristics 
The slagging tendency generally increased when adding the peat assortments to the 
non-slagging woody biomasses. As can be seen in Figures 4-7 the ash poor sawdust 
fuel was the most sensitive. Results in Figure 4 show that the greatest slagging 



occurred for the Si- and ash rich carex based peat A mixtures, where an unscheduled 
shutdown of the burner occurred when 15 and 30 percents were added to energy wood 
and sawdust, respectively. Also admixtures of the Si and ash rich carex based peat 3 
with forest residue 1 resulted in severe slagging problems. In Figure 5 it can be 
observed that the admixtures of the sphagnum based peat B generally resulted in low 
slagging tendencies. When only 5% of peat B was added to energy wood no slag 
occurred at all. As shown in Figure 6, peat 1 and peat 2 with relatively low Si/Ca ratio 
did result in rather low slagging tendencies. Admixtures of the carex based peat 4 into 
forest residue 2 resulted in moderate slagging. This peat had a Si/Ca- and Si/Al ratio 
that were just between those of peat 1 and 2. In fact this study is in agreement with 
earlier reported (32,49) results suggesting that a high Si/Ca ratio enhance the slagging 
tendency. However, on the contrary of the results of peat addition to woody biomass, 
results in Figure 7 show that the slagging tendency in fact decreased during addition 
of peat 1, 2 and 4 to the wheat straws.    

Figure 4 Slagging tendency and sintering category 2-4 (specified above corresponding bar) of sawdust 
co-fired with peat A and B respectively 
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Figure 5 Slagging tendency and sintering category 2-4 (specified above corresponding bar) of energy 
wood co-fired with peat A and B respectively 

 

Figure 6 Slagging tendency of forest residue I and II co-fired with peat 1-4 respectively 
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Figure 7 Slagging tendency of wheat straw I and II co-fired with peat 1-4 respectively 

 

The Si/Ca ratios for both of the used wheat straws were much higher than the same 
ratios for peat 1, 2 and 4, peat 3 had an even higher ratio. Furthermore, the wheat 
straws have much lower Al/Ca ratio than all of the peats used. As was described in the 
inception higher Al and Ca contents in fuel mixtures seem to increase the ash melting 
temperature. The Si content in the non-slagging forest-based fuels is generally low, 
hence when adding reactive Si via the peat it is expected that the slagging tendency 
will increase. Sawdust has the lowest contents of Si, Ca, Al and Mg  (of the fuels 
compared) it is also expected that peat addition will increase its slagging tendency the 
most. However, for the wheat straw, addition of peat did in all of the above presented 
cases result in a lesser amount of Si and K together with an increased amount of both 
Ca and Al in the fuel, hence, the slagging tendency was lowered. Finally from the 
results in the figures above it can be seen that the least slagging tendency was found 
in the peat B and peat 2 mixtures which both have low ash content, more or less rich 
in clay minerals (peat 2), and high or fairly high Ca content (peat B).  
The XRD analysis showed that the sand minerals SiO2 (quartz) and KAlSi3O8 
(microcline) were presented in almost all of the slag collected after the combustion 
experiments. However, samples from the mixtures containing peat B and the one 
containing only 5% of peat A did not show signs of quartz nor microcline. Moreover, 
in some of the peat A mixtures as well as for the forest residue 2 mixtures NaAlSi3O8 
(albite) were also presented. These minerals are probably non-melted inclusions in the 
slag. MgCaSi2O6 (diopside), Ca2MgSi2O7 (åkermanite) and KAlSi2O6 (leucite) 
represented the typical slag minerals in all of the collected slag samples. In the cases 
of mixtures with peat B, KAlSiO4 (kalsilite) and Ca3Mg(SiO4)2 (mervinite) were also 
presented.  It is interesting to point out that leucite and kalsilite are the only 
crystalline phases in the typical slag minerals that contain K. In accordance with the 
discussion above regarding the Ca content in peat, the XRD analysis revealed higher 
amounts of Ca-silicates in the least slagging peat mixtures. However, the XRD 
analysis only detects crystalline materials while SEM/EDS can analyse the 
amorphous (melted) material. For this reason the K content found by SEM/EDS in the 
slag form the peat added fuel mixtures is presumably, at least in part, amorphous 
material of melted K-silicates. Moreover, from the SEM/EDS analysis of the peat 



mixtures with sawdust and energy wood the K concentration slightly decreases when 
adding more peat. However, in the same time the XRD reveals that the K containing 
minerals increase. The K decreasing tendency is somewhat higher in the Si rich peat 
A mixtures. This corresponds well with the work performed by e.g. Thy et al. (34) 
saying that during the char burnout high amounts of K react with Si forming sticky 
silicates. These silicates will form slag if no e.g. Ca (or Mg) is presented and can react 
with the K-silicates thus raising the melting temperature.  

The compositions of the bottom ashes (non-slag material) from the experiments with 
peat A and B were rather similar and dominated by Ca- and Mg-oxides, Ca-carbonate 
and Ca-hydroxide together with merwinite (Ca3Mg(SiO4)2). An excess of these oxides 
in relation to available silica was found in the ashes from sawdust and energy wood. 
Furthermore the SEM/EDS analysis showed that the dominant elements in the bottom 
ashes were Ca and Si in all of the experiments with peat A and B, however, the Si 
concentration was distinctly higher in all of the peat A mixtures.  

The results from the equilibrium calculations suggest that an oxide/silicate melt rich 
in Si, K, Ca, Mg and to some extent Al should be expected to form in the temperature 
interval 850-1300°C for the peat A mixtures and at 1000-1300°C for the peat B 
mixtures. A salt melt is also expected to form in the low temperature range for the 
sawdust and peat B mixtures. The calculations further suggest that the amount of 
silicate/slag melt is greatly affected when peat A is added into sawdust. Addition of 
peat B, however, seems to generate less melt than peat A. In the mixtures with energy 
wood and peat A the amount of melt increases with the added amount of peat. 
Regarding the mixtures with energy wood and peat B, the calculations suggest that 
there is no molten ash below 1150°C. The thermochemical calculations therefore 
generally agree well with the actual findings from the combustion experiments.  
 

  



6 Conclusions 
• The NO and SO2 emissions were generally increased when peat was 

introduced in biomass. However, these emissions are both fuel and 
combustion specific and the origin of the increment has not been further 
investigated in this work.  

 

• A clear reduction of fine particles could be established when introducing a 
peat rich in Si and/or clay minerals into woody biomass fuels. The reactive Si 
and/or the clay minerals from the peat most probably react with the K-vapor 
from the biomass and form K-silicates that will stay in the residual coarse ash 
fractions in the boiler/burner, hence capturing the K. No reduction of fine 
particle- and deposit forming K was enabled when introducing peat to the K 
and Si rich wheat straw.  

• The slagging tendency was generally increased when peat was introduced to 
the biomasses and the operational maintenance was disturbed for some 
mixtures. Great differences in the slagging tendency could be established 
between different peats. Addition of peats having high Si and low Ca contents 
resulted in the most severe slagging whereas a higher Ca/Si ratio resulted in 
less slag formation. The ash poor sawdust fuel was most sensitive for the peat 
addition.  

 
• In order to receive a considerable particle reduction in parallel with a 

manageable slagging tendency when using "problematic" biomass fuels in 
small scale burners and grate boilers, co-combustion with a carex based peat 
with a high ash content and relatively high Ca/Si ratio is suggested. 
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ABSTRACT: Increased wood pellets demand in Scandinavia along with limited availability of wood assortments e.g. 
sawdust are pushing the market towards potentially more problematic raw materials with higher ash content, e.g. peat. The 
objective of the present work was to determine the effect of peat addition to woody biomass pellets on combustion 
characteristics (i.e. slagging tendencies/operational maintenance, gaseous- and particulate emissions) in residential 
appliances. Two peat assortments were studied; peat A with high ash and high Si content and peat B with low ash and high 
Ca content. These were co-pelletized in three different contents (low, medium, high) with sawdust and energy wood 
respectively. A commercial underfed pellet burner (20 kW) installed in a reference boiler was used for the combustion 
experiments. Measurements of gaseous O2, CO, NO, HCl and SO2 as well as particle mass size distribution were made in the 
exhaust gas directly after the boiler. X-ray diffraction (XRD) and scanning electron microscopy combined with energy 
dispersive X-ray analysis (SEM/EDS) were used to characterize the collected slag deposit, the corresponding deposited 
bottom ash in the boiler and flue gas particulate matter regarding morphology and chemical composition. The slagging 
tendency generally increased when peat were added to the non-slagging wood assortments. The increment was moderate for 
peat B compared to when peat A were added. The sawdust fuel was generally stronger affected by the peat mixings compared 
to the energy wood fuel. The slag from fuels containing medium and high amounts of peat A had higher concentrations of Si, 
Al and Fe and lower concentrations of Ca compared with fuels containing the low admixture of peat A. No major differences 
in the elemental compositions were shown when comparing the slag from fuels containing different amounts of peat B. 
Further, the results showed a considerable reduction of the emitted mass of fine (<1 µm) particles when mixing peat A into 
the woody biomasses fuels. 
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1  INTRODUCTION 
 
 Pellets, briquettes and powder i.e. upgraded biofuels 
are today commonly used. Especially fuel pellets have 
become popular for the residential sector (burners, stoves, 
boilers) with advantages as; user-friendliness and low 
emissions. The presently used raw materials for 
production of fuel pellets are generally stemwood 
assortments such as sawdust, planer shavings and dry 
chips from sawmills and the wood working industry. In 
order to handle the great demand of fuel, new and 
potentially more problematic raw materials with higher 
ash and N-content are introduced e.g. bark, whole tree 
assortments, straw fuels and peat.  
 The ash from the fuel, i.e. the incombustible leftover, 
may cause a number of ash related problems in the 
combustion device (e.g. fouling, slagging, and corrosion). 
In pellet combustors ash related operational problems, 
like slagging on the grates of small and medium-scale 
appliances (stoves, burners and boilers), have more than 
occasionally been observed during the last years. These 
problems can lead to a reduced accessibility of the 
combustion system as well as bad publicity for the pellet 
market. Furthermore, the fuel ash composition is also of 
major importance for the formation of particle emissions 

during combustion in typical residential pellet 
combustors [1] 
 Earlier research [2] 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. 
Certain ash forming elements tend to cause more 
problems than others. Previous work has shown that 
silicon rich fuels, i.e. fuels where the ash characteristics 
are dominated by alkali-silicate chemistry, generally 
show relatively high slagging tendencies. It has also been 
shown that addition of reactive silicon to silicon-poor 
fuels significantly increase the slagging tendencies 
whereas high calcium to silicon ratios in a fuel is 
preferred if slagging is to be avoided [3]. 
 There are large peat lands in Scandinavia why peat as 
raw material for fuel pellet production potentially is a 
highly interesting feed stock. The question of whether or 
not peat is a renewable fuel is, however, debated today. 
This has given it disadvantages on the fuel market and 
made it questionable regarding climate considerations. 
Co-firing of peat with more problematic biofuels (e.g. 
straw, salix and logging residues) may result in a number 
of advantages in the combustion device such as less 
fouling, corrosion and bed agglomeration. [4]  



 
 

 The positive results which have come from research 
of co-firing peat with more problematic biomass fuels is 
most probably due to transfer and/or removal of alkali in 
the gas phase to less reactive particular forms via sorption 
and/or reaction with reactive peat ash (containing silica, 
calcium etc.) during formation of larger particles (>1 
μm). [4] 
  The composition of the peat is dependent on the 
geological surrounding, historical topography as well as 
hydrology and meteorology, why different peat lands 
give different peat compositions. For this reason it is 
important to consider the elemental composition of the 
peat assortment, since it will affect the co-firing results in 
several aspects. [4]  
 The objective of the present work was to determine 
the effect of peat addition to woody biomass pellets on 
combustion characteristics (i.e. slagging 
tendencies/operational maintenance, gaseous- and 
particulate emissions) in typical residential pellets 
appliances. 
 
 
2  MATERIAL AND METHODS 
 
2.1  Fuels used 
 In this study, 14 different peat and wood mixings 
were co-pelletized (diameter 8 mm), and the physical 
characteristics of the different pellet qualities produced is 
shown in Table I.  Two different peats were used – one 
typical peat fuel with high ash content (peat A) and one 
with low ash-, nitrogen- and sulfur content (peat B). Peat 
B has specially been chosen because of its fuel ash 
characteristics (low total ash and silicon content and 
relatively high calcium content). The two peats were 
admixed at three different levels (low, medium and high) 
in sawdust and energy wood, respectively.  
 The sawdust originates from the ordinary used raw 
material in a typical Swedish pellet mill and is a mix of 
50 percent pine and 50 percent spruce. The energy wood 
(log taken from the upper part of the tree) with a 
maximum diameter of 15 cm was collected from the 
wood store of SCA Timber AB, Umeå, Sweden. 
 The energy wood was grinded in a mill (Lindner 
Micromat MS 2000) with a 15 mm sieve and then dried 
to a moisture content of about 12-14% in a drying wagon. 
The drying wagon had a capacity of about 400 kg/batch 
and the temperature of the ingoing ventilating air was 
about 40oC. The drying process was controlled by 
repeated measurements of the moisture content using a 
moisture balance (Sartorius MA30, Tillquist, Sweden) 
which was calibrated according to the technical 
specification CEN/TS 144774-1:2004. 
 The peat and the biofuel materials were mixed in 
earlier mentioned proportions on the dry matter basis, 
respectively. The mixing was carried out in sacks of 25 
kg each to minimize the risk for segregation. In Table II, 
the fuel characteristics of the used raw materials are 
shown.  
 The pelletizing of the materials were performed using 
a pellet press (SPC 300, Swedish Power Chippers, 
Sweden) with a capacity of 300 kg/h, equipped with a 
fixed die (press channel lengths of 55 mm) and two 
rotating press rollers (200 mm in diameter). The mill had 
a 4 mm sieve, and the conditioning steam was generated 
by an electric steam boiler to a temperature of 105 ± 1,7 
oC. The press was controlled by a programmable logic 
controller (PLC). 

 
Table  I Pellets characteristics for the produced pellet 
qualities.  

 
 
Table II Main and ash-forming elements of the used 
fuels. 

 
 
 
* Reference [5] 
 
2.2  Appliances and experimental procedures 
 The experiments were carried out in a P-labeled and 
underfed commercial pellet burner (10-15 kW) installed 
in a reference boiler, used in Sweden for national 
certification tests of residential pellet burners.  
 All experiments had a continuous feeding of the fuel 
at a fuel load of 12 kW. The test runs lasted for 16-18 
hours corresponding to 40 10 kg pellets and an air to fuel 
ratio corresponding to 10 1 percent excess oxygen for 



 
 

every experiment. Some of the fuels shoved considerable 
slagging tendencies which in four cases (SawdustA 
medium, SawdustA high, Energy woodA medium and 
Energy woodA high) caused an unscheduled shutdown of 
the burner. The temperature in the burner grate was 
continuously measured with three shielded type K 
thermocouples on and in the vicinity of the burner grate.  
 The residual matter after a full conversion of fuel 
pellets in an underfed pellet burner is distributed 
between; i) melted ash deposited in the burner or pushed 
over the burner grate edge down to the bottom of the 
boiler, ii) non-melted ash at the bottom of the boiler 
(bottom ash) and iii) fly ash.  The amounts of deposited 
ash in the burner as well as in the boiler were quantified 
after every experiment and the products collected for 
analysis. All the deposits from the boiler and the burner 
were sieved to separate ash from slag. All melted 
particles greater than 0.3 cm was removed from the ash 
as slag. A previous study [3] has shown that the variation 
in the slag formation is minimal between replicate 
combustion procedures.  
   
2.3  Gas and particle emission measurements/analysis 
 The concentrations of O2 NO, SO2, HCl, CO and CO2 
were continuously measured with conventional 
instruments (O2) and Fourier-transformed infrared 
spectroscopy (FTIR).  Emissions are presented as average 
values during 15 minutes in mg/Nm3. The particle mass 
size distributions were determined by isokinetic 
sampling, using a 13 stage low-pressure cascade impactor 
(LPI, Dekati Ltd., Finland, ~0.03-10 µm). The impactor 
and sampling probe were kept over 100 °C before the 
measurements. The impactor measurements were 
performed once in every experiment for totally 2,5 
minutes (5 times 30 seconds during 10,5 minutes). All 
gas and particle measurements were performed in the 
exhaust gas directly after the boiler. 
 
2.4 Chemical and visual analysis 
 The collected deposits from the experiments i.e. slag 
and bottom ash were characterized regarding phase 
composition by X-ray diffraction (XRD) and regarding 
elemental distribution and morphology by scanning 
electron microscopy (SEM) combined with energy-
dispersive X-ray analysis (EDS). SEM/EDS analyses 
were also applied on fine (< 1 µm) particle samples. 
Furthermore the slag was classified visually in a four-
scale classification:  
 
Category 1: non sintered ash residue 
Category 2: partly sintered ash 
Category 3: totally sintered ash (smaller blocks) 
Category 4: totally sintered ash (larger blocks) 
 
Prior to the SEM/EDS analysis the samples were 
mounted in epoxy resin, cut by a diamond saw and 
polished. The cross-sections were thereafter analyzed by 
area mapping methods.  
 
 
3  RESULTS AND DISCUSSION 
 
  The average combustion temperature during the 
experiments on the burner grate, i.e. the region where the 
slag as defined above was formed was estimated to be 
1100 ± 90°C.  
 

3.1  Emissions  
 The CO emissions varied between 150 – 350 mg/Nm3 
at 10% O2 d.g. during the energy wood/peat experiments 
and between 150 – 200 mg/Nm3 at 10% O2 d.g. during the 
sawdust/peat experiments. The NO-content varied 
between 105 – 125 mg/Nm3 at 10% O2 d.g.in the woody 
fuels compared with a variation of 126 – 253 mg/Nm3 at 
10% O2 d.g. when admixing the two peats respectively.  No 
major differences were shown between admixtures of 
peat A and B.  The SO2 content on the other hand was 
generally higher in the peat A mixtures compared with 
admixtures of peat B. The SO2 content altered between 10 
– 112 mg/Nm3 at 10% O2 d.g. when co-firing the peats. 
The contents were below detection limit in the woody 
fuels. Furthermore, the HCl emissions were below the 
detection limit for the analysis method used (i.e. < 2 
ppm) in all experiments. 
 The particle mass size distributions from the 
experiments are presented in Figures I – IV below. The 
distributions showed a clear fine (<1 µm) mode with 
median aerodynamic diameter of 0. 121 – 0.200 µm in all 
of the experiments. When mixing the silicon rich peat A 
with both sawdust and energy wood a significant mass 
basis reduction of the fine particles were obtained, see 
figure I and figure III. This is also in agreement with 
work done by Winnikka et al (2007) which showed that 
the alkali to silicon ratio in the fuel influence the amount 
of vaporised aerosol forming alkali in typical fixed bed 
pellets combustor [1]. The results showed a lesser 
reduction of the fine particle matter when mixing peat B 
in to sawdust (see figure II) and an increase in emitted 
fine particle matter when adding peat B to the  energy 
wood assortment (see figure IV).  

 
Figure I Particle mass size distributions in the flue gases 
during combustion of sawdust and sawdust/peat A 
mixtures. 

 
Figure II Particle mass size distributions in the flue gases 
during combustion of sawdust and sawdust/peat B 
mixtures. 
 



 
 

 
Figure III Particle mass size distributions in the flue 
gases during combustion of energy wood and energy 
wood/peat A mixtures. 
 

 
Figure IV Particle mass size distributions in the flue 
gases during combustion of energy wood and energy 
wood/peat B mixtures. 
  
3.2  Slag and bottom ash formation  
 Due to severe slagging (melted ash) on the burner 
grate, the combustion experiment of SawdustA medium, 
SawdustA high, Energy woodA medium and Energy 
woodA high was stopped because of a shutdown of the 
burner. The slagging tendencies of the combusted fuels 
expressed as the fraction of ingoing fuel ash that forms slag 
are presented in Figure IV and V.  Figure IV shows that 
the fraction of fuel ash that forms slag increased when 
adding peat into sawdust. The most severe slagging was 
reached when co-firing with peat A. Furthermore, 
according to the classification in 2.4 the slag in these 
experiments had a higher sintering degree than the slag 
from co-firing peat B see figure V and VI.  
 As when co-firing peat and sawdust, considerably 
increased slagging tendency was reached in the peat and 
energy wood mixings. When mixing peat B into energy 
wood barely any slagging tendency could be observed 
and in Energy woodB low no slagging at all occured. The 
slagging in Energy woodA low was greater than in 
Energy woodA medium and Energy woodA high. The 
Energy woodA medium and Energy woodA high slag had 
the highest sintering degree whereas the Energy woodA 
low only reached the second highest. Both Energy woodA 
medium and Energy woodA high caused an unscheduled 
shutdown of the burner, probably due to lack of oxygen 
because of the severe slagging. The Energy woodA low 
experiment might have been able to continue because the 

formed slag was not as hard sintered as in Energy woodA 
medium and Energy woodA high.  
 
 

 
Figure V Fraction of fuel ash that forms salg (sintering 
category specified above corresponding bar) for the 
different sawdust and sawdust/peat mixtures. 

 
Figure VI Fraction of fuel ash that forms slag (sintering 
category specified above corresponding bar) for the 
energy wood and energy wood/peat mixtures. 
 
 As expected when adding an ash rich fuel as peat into 
woody biomass the amount of bottom ash increased. The 
increment was most obvious in the peat A mixings, but 
was also discernible in the peat B mixings. This is valid 
for the bottom ash volume density as well. The general 
ash density increment for the peat A and peat B mixings 
is around 50 percent (both sawdust and energy wood 
mixtures) and 20 percent (only in the sawdust mixtures) 
respectively.    
 
3.3  Chemical composition of formed slag/bottom ash 
and particles 
 Elemental composition for the formed slag and 
bottom ash is given in figure VII and VIII. The below 
mentioned elements are presented in descending order. 
The dominating elements in the slag from Sawdust/Peat 
A mixtures and Energy wood/Peat A mixtures were Si, 
Ca, Al, P, Fe and Mg.  The slag from fuels containing 
medium and high amounts of peat A had higher 
concentrations of Si, Al and Fe and lower concentrations 
of Ca compared with fuels containing the low admixture 
of peat A. Furthermore the dominating elements in the 
slag from the Sawdust/peat B and Energy wood/peat B 
mixtures were Ca, Si, Mg, Fe, P and Al. However, no 
major differences in the elemental compositions were 
shown when comparing the slag from fuels containing 
different amounts of peat B.  



 
 

 
Figure VII Elemental composition on C- and O-free 
basis of the formed slag and bottom ash during 
combustion of the sawdust and sawdust/peat mixtures. 

Figure VIII Elemental composition on C- and O-free 
basis of the formed slag and bottom ash during 
combustion of the energy wood and energy wood/peat 
mixtures. 
 
 All the produced slag showed considerably higher 
silicon and lower calcium concentrations than the 
corresponding bottom ashes. 
 The combustion of pure sawdust and energy wood 
did not result in any slag formation. The composition of 
the ashes were rather similar and dominated by Ca- and 
Mg-oxides, Ca-carbonate and Ca-hydroxide together with 
merwinite (Ca3Mg(SiO4)2). Thus a surplus of the 
mentioned oxides in relation to available silica in both of 
the two wood fuels could be established.  The addition of 
the ash rich peat A caused an extensive slagging for both 
wood fuels (see figure V and VI). 
  
 

 
 
 
 

 
 The slag consisted of sand minerals as quartz (SiO2) 
and feldspars (NaAlSi3O8 and KAlSi3O8) originating 
from the peat, together with mineral formed during the 
combustion such as; åkermanite (Ca2MgSi2O7), leucite 
(KAlSi2O6), diopside (CaMgSi2O6). These minerals are 
common phases found in woody-biomass ashes and slags 
[3] and are hereafter denoted slag-minerals. The general 
compositional change in the corresponding ashes upon 
peat A addition was an increased content of sand 
minerals in parallel with a decrease of Ca- and Mg- 
oxides and Ca-carbonate content. In the case of high peat 
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. 

SawdustB low

0

10

20

30

40

50

60

 Na  K  Ca  Mg  Al  Mn  Fe  Si  P  S  Cl

A
t-%

Bottom ash
Slag

Sawdust 

0

10

20

30

40

50

60

 Na  K  Ca  Mg  Al  Mn  Fe  Si  P  S  Cl

A
t-%

Bottom ash
Slag

SawdustB high

0

10

20

30

40

50

60

 Na  K  Ca  Mg  Al  Mn  Fe  Si  P  S  Cl

A
t-%

Bottom ash
Slag

SawdustA low

0

10

20

30

40

50

60

 Na  K  Ca  Mg  Al  Mn  Fe  Si  P  S  Cl

A
t-%

Bottom ash
Slag

SawdustA medium

0

10

20

30

40

50

60

 Na  K  Ca  Mg  Al  Mn  Fe  Si  P  S  Cl

A
t-%

Bottom ash
Slag

SawdustA high

0

10

20

30

40

50

60

 Na  K  Ca  Mg  Al  Mn  Fe  Si  P  S  Cl

A
t-%

Bottom ash
Slag

Energy wood

0

10

20

30

40

50

60

 Na  K  Ca  Mg  Al  Mn  Fe  Si  P  S  Cl

A
t-%

Bottom ash
Slag

Energy woodB low

0

10

20

30

40

50

60

 Na  K  Ca  Mg  Al  Mn  Fe  Si  P  S  Cl

A
t-%

Bottom ash
Slag

Energy woodB medium

0

10

20

30

40

50

60

 Na  K  Ca  Mg  Al  Mn  Fe  Si  P  S  Cl

A
t-%

Bottom ash
Slag

Energy woodB high

0

10

20

30

40

50

60

 Na  K  Ca  Mg  Al  Mn  Fe  Si  P  S  Cl

A
t-%

Bottom ash
Slag

Energy woodA low 

0

10

20

30

40

50

60

 Na  K  Ca  Mg  Al  Mn  Fe  Si  P  S  Cl

At
-%

Bottom ash
Slag

Energy woodA  medium

0

10

20

30

40

50

60

 Na  K  Ca  Mg  Al  Mn  Fe  Si  P  S  Cl

A
t-%

Bottom ash
Slag



 
 

 The addition of the more ash poor peat B resulted in 
quite different ash/slagging characteristics. The extent of 
the slag formation was considerable lower (see figure V 
and VI). Much less sand mineral turned out to be present 
and solely in the 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. In 
fact, at the highest peat B admixture, there were still 
some Ca- and Mg-oxides as well as Ca-carbonate and –
hydroxide left in the ash. The relative small amounts of 
slag formed upon peat B addition to the wood fuels 
showed a more heterogeneous phase composition, but 
consisted still of common slag mineral and no sand 
minerals, as mentioned earlier. 
 The fine PM samples were in all fuels dominated by 
K, O, C, S, Cl, Na and Zn. The carbon originates either 
from unburned material (i.e. soot and organics) or from 
carbonates. The oxygen may derive from organic 
material or from inorganic compounds. Furthermore the 
sawdust fuels containing a medium or high content of 
peat showed higher Cl/S ratios compared with the 
sawdust fuels containing less peat.  
 
  
5  CONCLUSIONS  
 
• The slagging tendency generally increased when peat 

were added to the non-slagging wood assortments, 
sawdust and energy wood. The increment was more 
moderate for the peat with low ash content and 
relatively high calcium content (peat B) compared to 
when the typical peat fuel with higher ash content 
and relatively high silicon content (peat A) were 
added.  The sawdust fuel was generally stronger 
affected by the peat mixings compared to the energy 
wood fuel.  

• The operational maintenance was severely 
deteriorated when mixing the peat with high ash and 
silicon content (peat A) into the wood assortment.  

• The slag from fuels containing medium and high 
admixtures of peat A (high ash) had higher 
concentrations of Si, Al and Fe and lower 
concentrations of Ca compared with fuels containing 
the low admixture of peat A. No major differences 
in the elemental compositions were shown when 
comparing the slag from fuels containing different 
amounts of peat B (low ash).  

• The emissions of NO and SO2 were generally higher 
when mixing peat into the woody biomasses. The 
emissions of both NO and SO2 are, however, 
dependent on both fuel and combustion specific 
conditions so any further interpretation of the results 
are therefore difficult to make based on the present 
study.  

• The results showed a considerable reduction of the 
emitted mass of fine (<1 µm) particles when mixing 
the peat fuel with high ash and silicon content into 
both studied woody biomass fuels. 
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Abstract 
Combustion of ash rich biomass fuels like forest residues and wheat straw often cause severe 
fouling/deposits and high emissions of PM1, mainly related to alkali transformation. Due to 
technical and air pollution aspects, primary process/fuel related measures for reduction of 
volatilized alkali could therefore be of importance. Peat has been used extensively in e g 
Sweden and Finland since the early 80th due to its positive ash chemical effects. Earlier 
research with co-combustion of peat and biomass has mostly been focused on fluidized bed 
boilers and aspects of bed agglomeration and deposits/corrosion.  It has also been shown that 
the content and form of ash forming elements in different peats can vary significantly. The 
objective with this work was to determine the potential reduction of fine particle- and deposit 
forming alkali during co-combustion of forest residue and wheat straw with four different peat 
types in a small scale (15 kW) grate fired pellet boiler. The results showed that significant 
reduction of fine particle- and deposit forming alkali is possible, either simply by “dilution” of 
K content (e.g for wheat straw) or by “capturing” of K to bottom ash/slag (e.g. for forest 
residues), most probably caused by reaction of K vapour from the biomass with reactive Si or 
clay minerals from the peat. The alkali reduction potential for different biomass fuels and peat 
mixtures is dicussed in relation to the slagging tendencies and general ash transformation 
processes. 
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peat, biomass, co-combustion, alkali volatilization, slagging  
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Introduction 
The importance of biomass as an energy supply will likely increase during the coming years. 
In Sweden and other forest rich regions, the use of woody stem wood and bark based 
assortments has so far dominated the bioenergy sector. However, because of the competition 
for such “clean” wood derived fuels, new potentially more problematic fuel assortments like 
forest residues, straw, salix and reed canary grass will have to be introduced. These kinds of 
fuels generally contain higher content of total ash and the contents of the ash forming 
elements differ compared to pure stem wood based biomasses. The total ash content can in 
fact increase 100 times, from about 0.1-1% up to 10% when comparing traditional wood fuels 
with such more ash rich fuels [1, 2]. The levels of alkali metals, e.g. potassium (K) and 
sodium (Na) as well as chlorine (Cl) are also considerably higher than in stem wood derived 
biomass. The usage of these more ash rich biomass fuels have resulted in an increasing 
amount of ash related operational problems in most conventional combustion technologies [3, 
4]. One specific issue related to this is the potential for increased formation of fine (<1 µm) 
particulate matter (i.e. PM1) from volatilized alkali species during combustion. Separation of 
fine particles in the flue gas demands rather expensive techniques like electrostatic filters or 
bag filters and hence not suitable for smaller boilers (< 20 MW). Since the emissions from 
biomass combustion to a large degree consist of fine particles which have gained increased 
attention lately due to health aspects of ambient fine PM, the emission regulations will likely 
become more stringent in the future [5]. This situation could therefore result in severe 
problems for the industry hence the development of cost-efficient measures for fine PM 
reduction are important for small and medium scale boiler industry throughout Europe. In 
addition, volatilized alkali, mainly potassium, species are culprit concerning fouling and 
corrosion in boilers and flue gas systems forming deposits on heat exchanging surfaces. Thus, 
primary fuel/combustion related measures to reduce the amount of alkali in flue gases would 
imply both technical and economical benefits for boiler owners. 

 
Peat, which has been used extensively as a fuel (in e g Sweden and Finland) since the early 
80th, has been shown to have positive ash chemical effects with reduced ash related problems 
when co-fired with ash rich biomass fuels [6, 7, 8]. The positive effects have been concluded 
as reduction of bed agglomeration, corrosion and fine particle formation. Beside the issue of 
deposit formation and corrosion caused by alkali salts, mainly chlorides, increased focus on 
the potential for reduction of fine particle emissions has more recently been seen. Pommer et 
al [7] demonstrated that PM1 decreased when peat (20 wt-%) was added to forest residues in a 
pilot scale fluidized bed reactor. In another study [9], reductions of PM1 from 100 mg/Nm3 to 
50-90 mg/Nm3 was observed in a small pellet burner when CCA-wood was combusted with 
two different peat types. The positive effects from peat co-combustion derive from the 
relatively high content of and relations between the elements calcium (Ca), silicon (Si), 
aluminium (Al) and sulphur (S), while alkali and Cl generally are low in peat. However, these 
ash forming elements can vary a lot between different peat bogs, both in total content as well 
as in the chemical forms and reactivity during combustion [7]. The large variation of 
inorganic constituents depends on factors as degree of decomposition of the organic matter 
and surrounding soil and bedrock [10]. Accordingly, some peat types are expected to be better 
suited for co-combustion than others. In the previous work by Pommer et al [7], a 
classification of 83 different peat bogs was made by using multivariate data tools. The 
classification was performed based on the occurrence of the main ash forming elements where 
the variations of Si, Al, Ca and S formed the basis for the different classes identified of typical 
Swedish peat assortments. Accordingly, earlier work with co-combustion of peat and biomass 
has mostly been focused on fluidized bed boilers and ash related problems with bed 
agglomeration and deposits/corrosion in focus. The large variation in ash properties between 



different peat types as well as the potential for peat to positively influence the ash 
transformation processes during co-combustion with biomass has been demonstrated. 
However, the experimental work is still scarce, especially for grate fired systems, and the 
present focus on fine particle emission reduction, needs further attention. 
 
The objective with this work was therefore to determine the potential reduction of fine 
particle- and deposit forming alkali during co-combustion of four different peat types with 
wheat straw and forest residues in a small scale (15 kW) grate fired pellet boiler. 

 
Experimental 
The peat types used in the present work includes three of the eight peat assortments that 
earlier were classified [7] together with an additional forth peat type from a peat bog that 
became available after the extensive classification was done. The selection of the first three 
peats (P1-3) was based on the earlier classification of peats and experimental experiences 
where it was shown that peats with high ash content and relatively high, although varying, 
levels of Si, Ca and S are beneficial from an ash chemical point of view. As seen in Table 1, 
Peat 1 was rich in Ca and Si, peat 2 had somewhat lower ash content but included some 
amount of a clay mineral (halloysite) and peat 3 had the highest ash content and was rich in 
Si. Peat 4 was similar to peat 1, i.e. relatively rich in both Ca and Si, although with somewhat 
higher Ca/Si ratio. 
 
The biomass fuels used in the present study were forest residues (FR) and wheat straw (WS), 
which represents typical ash rich woody and non-woody biomass fuels that are of great 
importance today already. Primary FR1 and WS1 were co-combusted with the three peats P1-
3. Due to a time gap, peat 4 was co-combusted with another assortment of forest residues 
(FR2) and wheat straw (WS2), still experimentally performed in exact same manner as the 
P1-3 experiments. No reference experiment with pure FR2 and WS2 was performed. FR2 is 
similar to FR1 but is somewhat contaminated with sand and earth dust material, i.e. minerals. 
It is therefore richer in Si, Al, Fe and Na. WS2 and WS1 are rather similar although somewhat 
higher Si and Ca content as well as lower S content in WS2. 
 
The admixture with FR and WS was chosen to contain 15% and 40% peat, respectively. In 
addition, two more admixtures, one with 5% peat mixed in the FR2 and one with 15% peat in 
WS2, were also studied for P4. The amount of peat in the admixtures was calculated based on 
weight of dry substance, and the composition of the mixtures is shown in Figure 1. All fuels 
used were pelletized (diameter 8 mm) and the moisture content of the peat admixture pellets 
were 10-14 %. 
 
Table 1. Main ash forming elements in the raw materials used. 

(Wt-% of DS) FR 1 FR 2 WS 1 WS 2 P1 P2 P3 P4 

Ash  2,4 5,1 5,7 6,4 6,3 4,0 10,4 7,1 
Si 0,29 1,50 0,80 1,66 1,41 0,45 3,25 1,37 
Al 0,04 0,29 0,01 0,03 0,19 0,26 0,34 0,32 
Ca 0,50 0,26 0,40 0,50 0,74 0,39 0,46 0,89 
Fe 0,02 0,11 0,01 0,02 0,50 0,69 0,76 0,64 
K 0,17 0,25 1,25 0,92 0,05 0,01 0,08 0,05 
Mg 0,06 0,06 0,10 0,08 0,07 0,05 0,07 0,08 
Na 0,01 0,10 0,03 0,03 0,02 0,01 0,03 0,04 
P 0,05 0,03 0,13 0,10 0,03 0,04 0,07 0,04 
Cl 0,01 0,03 0,26 0,26 0,03 n.a* 0,05 0,05 
S 0,04 0,03 0,19 0,11 0,51 0,26 0,22 0,47 

*n.a. = not available, FR = forest residues, WS = wheat straw, P = peat.  
 



  
Figure 1. Ash forming main elements in the admixtures used in combustion experiments 
 
The experiments were performed in a laboratory used small scale (15 kWth) pellet burner that 
is under fed with fuel and resembles a grate fired system. The burner is installed in reference 
boiler specially designed for pellets combustion. Three thermo couples (type N) were placed 
inside the burner in different positions in direct vicinity to the fuel bed where the ash is 
formed in the burner. The maximum measured temperature where the ash forming elements 
were transformed was in all experiments estimated to 1200-1250 °C. The under pressure in 
the flue gas channel was held at 0,3 – 0,5 mbar using a fan in the end of the flue gas channel. 
 
The composition of the flue gases were analyzed by fourier transformed infrared spectroscopy 
(FTIR) for the components; H2O, CO2, CO, CH4, HCl, SO2, NO2, NO and by electro chemical 
sensors for the components; O2, CO and NO. The concentration and size distribution of 
particles in the flue gas was measured using a 13-steps low pressure cascade impactor from 
Dekati (DLPI) which classified particles according the aerodynamic size in the range 0.01-10 
µm. Aluminium substrates, i.e. foils, (non-greased) were used in the impactor to enable the 
subsequent chemical characterization. Tests with greased substrates showed that the risk of 
bouncing particles was insignificant. Prior sampling, the equipment and connection probes 
were heated to about 120 °C in order to avoid flue gas water condensation. The diameters of 
the probe inlets were chosen in regard of correct representation of the size distribution and the 
probes were installed in a straight duct a few meters from the closest bend in order to avoid 
turbulent flue gas flows. The total amount of collected particulate matter in the impactor was 
held at rather constant levels between the sampling occasions by adjusting the sampling times. 
During FR impactor measurements, the oxygen level in the flue gas was 9,5 ± 1 % (dry gas, 
d.g.) and the CO-level at around 300 ppm (d.g.) and for the WS measurements, the oxygen 
level was 9 ± 2 % (d.g.) and the CO-level was around 900 ppm (d.g.). The flue gas 
temperature directly after the boiler was around 120 °C (thermo couple type N) for all of 
admixtures. 
 
The fine particles sampled by the impactor was chemically characterized for elemental 
composition by scanning electron microscopy (SEM) equipped with a energy dispersive X-
ray detector (EDS) and for inorganic phase composition by powder X-ray diffraction (P-
XRD). These methods give qualitative and semi-quantitative information. The SEM-EDS 
analyses of fine PM were performed analyzing the samples directly on the Al foil. The 
fraction of K that was volatilized during combustion and found as fine particle matter in the 
flue gases was estimated by the ratio of the amount of K found in fine PM to the total amount 
of K of ingoing fuel. The amount of K found in the fine PM (PM1) was estimated by SEM-
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EDS analysis on the fine mode in the impactor. Although some “losses” of condensed alkali 
compounds on colder boiler walls, this estimation illustrate the differences, both qualitatively 
and quantitatively, between the fine particle and deposit forming alkali material for the 
different fuels and admixtures. In addition, the formed slag and bottom ash were collected 
from the boiler and burner after the experiments. The slag was separated from the bottom ash 
by using a sieve with a 3 mm grid. The particles that were caught above the sieve were 
classed as slag. The slag was weighted and saved for further chemical analysis by SEM-EDS 
and P-XRD. The quantification and analysis of the slag are in this work used to help interpret 
the ash transformation pathways of relevance for the volatilization of alkali species as well as 
to put the potential reduction of fine PM in relation to the slagging tendencies.  
 
Results and discussion 
As seen in Figure 2, the particle emissions were in all cases totally dominated by fine particles 
with peak mode diameters of 200-300 nm and around 300 nm for FR and WS, respectively. 
Besides a total reduction of fine PM emissions, as discussed below, the peak mode was 
somewhat shifted from around 300 to around 200 when adding peat to FR.  No such effect on 
peak mode could be noticed for the WS admixtures. A significant reduction of fine PM 
emissions was determined both for the FR and WS admixtures, although more pronounced for 
the FR (Figure 3). Highest reduction (up to 74%) was seen for the mixtures of FR and P2-4. 
For WS, the reduction effect was as maximum 45 %. 
 

   
Figure 2. Particle size distribution measured with a 13-step DLPI. 
 

   
Figure 3. Total fine PM emissions given from the DLPI measurements. 
 
The results from the SEM-EDS analyses, as seen in Figure 4, showed that the fine PM was 
dominated by the elements S, Cl, K and for the FR admixtures also minor amounts of Na, P 
and Zn. It has to be noticed though that the biomass, primarily the FR, mixed with P4 was 
different than the ones co-pelletized with P1–3.The content of Na for FR2 + 15 % P4 is for 
example distinctly higher than the other admixtures most probably due to the higher Na 
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content of FR2. As also seen in the Figure 4, the relative content between the elements varies 
for the FR admixtures, while for WS mixtures the composition of the fine PM are in principal 
the same in all cases. 
 

  
Figure 4. Elemental composition for PM1 from SEM-EDS analysis. 
 
The SEM-EDS analyses of PM1 were performed by using area analysis of a 100 * 100 µm 
area. One plate, either 3, 4 or 5, per impactor was analyzed and the other PM1 plates were 
assumed to have the same composition. Three piles from each plate were analyzed and when 
calculating the composition of the fine PM, Al, C, N, O and all elements detected below 1 Wt 
% was left out.    
 
Accordingly, both biomass fuels point at reductions of PM1 formation when peat was 
introduced, but as seen in figure 5 the reason for this reduction probably differ between the 
admixtures with forest residues compared to wheat straw. All FR admixtures showed clear 
reductions of the fraction of volatilized K but that effect could not be seen for the WS 
admixtures. Instead, the WS admixtures with peat 3 and 4 even showed slightly higher 
fractions of volatilized K than the pure (100%) WS experiments. The explanation for reduced 
fine PM emissions but similar/increased fraction of volatilized K is therefore to be explained 
by an effect of dilution of the potassium content in the fuel mixture.   
 

Figure 5. Fraction of volatilized K, i.e. K found in fine PM divided by total amount of ingoing K in fuel, 
(staples) and fraction of formed slag, i.e. amount of formed slag divided by total ingoing amount of ash forming 
elements in fuel mixture, (line with square markers). 
 
Accordingly, the clear reduction of fine PM formation when peat was introduced to FR was 
an effect of binding K to bottom ash and slag. Related to this effect, the concentration of HCl 
in the flue gases increased from 1,9 to 3,1– 4,2 mg/MJ, which illustrate that K was bound to 
bottom ash and slag instead of forming KCl. For all admixtures with FR, the slagging 
tendency was increased when introduced peat. The SEM-EDS analyses showed that the 
formed slag for the FR and WS fuels/admixtures was composed mainly of the elements 
(except O) K, Ca and Si. The dominating phases found in the slag samples were; SiO2 
(quartz), NaAlSi3O8 (albite, only for FR2), KAlSi3O8 (microcline), Ca2MgSi2O7 (akermanite), 
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KAlSi2O6 (leucite), CaMg(SiO3)2 (diopside) and CaSiO3 (wollastonite/pseudowollastonite). 
The sand minerals, i.e. quartz, albite and microcline, are presumably non-melted inclusions in 
the slag. Thus, the only crystalline phase in the slag where K was found was KAlSi2O6 which 
pointed at the importance of Al-silicates, i.e clay minerals, for alkali capturing processes. The 
least slagging admixtures showed higher amounts of Ca-silicates in the slag compared the 
more slagging ones. Since XRD only detects chrystalline material it can be assumed that the 
high K content in the slag determined by SEM-EDS constitutes amorphous material of melted 
K-silicates. 
 
Results from the WS admixtures showed in general that peat did not enable reducing the 
volatilization of K but still the slagging tendency was lowered for all admixtures. The 
difficulties with capturing of K in WS admixtures are probably due to the high temperature (> 
1000°C), reactivity (of the Si in the peat) and the content of K in the straw. To overcome this 
abundance of K a peat would have to be added in amounts exceeding the mixtures in the 
present work.  
 
Peat 1 holds a rather high total ash content, low Si/Ca ratio, low Al but high S content. Due to 
the relatively high Ca content, P1 is rather positive regarding slagging, as also suggested 
previously [7], but the K-capturing effect was only moderate. Peat 2 was low in all of the 
main ash forming elements but it includes a very low Si/Ca ratio and relatively high amounts 
of Al. This peat resulted therefore, as expected, in rather low slagging both when mixed with 
FR and WS, and in good K-capturing. According to Pommer et al [7], this peat was the only 
one that contained clay minerals, which have been suggested to be important in alkali 
capturing processes [11, 12]. Peat 3 was ash rich and extremely high in Si and the ratios 
against Ca and Al becomes therefore rather high. In addition, the S content was low. As 
expected, the K-capturing qualities were good for this FR and peat admixture, although the 
high slagging tendeny became a severe problem. Peat 4 was rather high in all main ash 
forming elements and the ratios between Si, Ca and Al was in the range between peat 1 and 2. 
Generally, this peat should therefore work positively regarding both high capturing of K and 
still have moderate slagging tendencies. However, it is somewhat difficult to compare the 
admixtures with peat 4 against the other ones because of the differences in the composition of 
the biomass fuels used, especially regarding the FR2 compared to FR1. Since the FR2 fuel 
was rich in Si and lower in Ca it resulted also in high slagging. Still, it showed high capacity 
in capturing of K. Further, an interesting finding was that the FR2 admixture with 5 % P4 
turned out to be as efficient in reducing K in PM1 as the same admixture with 15 % P4. For 
the WS admixture with 15 %, P4 showed similar K capturing results as the mixture with 40 
%.
 
The earlier reported findings that a high Si/Ca ratio makes slagging worse are supported by 
the results from this experiment. Peat has generally been reported to decrease bed 
agglomeration problems for biomasses fired in fluidized beds [5, 6] but the results from this 
study showed that peat increase the slagging tendencies in a small grate fired system when co-
combusted with forest residues. This difference may be explained by the fact that the 
temperature in grate fired boilers is higher than in fluidized beds. 
 

Conclusions 
The present study clearly shows that reduction of fine particle- and deposit forming alkali, in 
this case defined as volatilized K, is possible when co-combusting ash rich biomasses with 
peat in grate fired boilers. There are two explanations to the decrease in PM1 formation, i.e. 
“dilution” of the K content and “capturing” of K to bottom ash/slag. 



For some biomasses that are low in reactive Si content, e.g. forest residues, capturing of 
K can considerably reduce the formation of PM1. In the present work a reduction of 
volatilized K up to 72%, which corresponded to a PM1 reduction of 74%, was demonstrated. 

Based on the findings in the present work in combination with previous published work 
in the area co-combustion of biomass and peat, supports the conclusion that the ash 
transformation mechanism behind the increased capturing of alkali as seen in the FR 
experiments, most probably is caused by reaction of K vapour (e.g. KOH) from the biomass 
with reactive Si or clay minerals from the peat. 

Thus, the nomination of the best performing peat type in grate fired boilers has to 
include both slagging tendencies and K-capturing capacity. In this work, the focus was to 
show the potential of four different peats to reduce the amount of K that forms fine PM and 
deposits on heat convecting surfaces. The peat type that had low slagging and high K-
capturing was in this study peat 2 with low Si content, Si/Ca molar ratio of about 0.9 and 
rather high Al content. These qualities of a peat give good presumptions to be successful as an 
additive or co-firing fuel to ash rich biomass fuels as a measure to reduce fine PM emissions 
and deposit forming alkali. 
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ABSTRACT 1 

Upgraded biofuels as pellets, briquettes and powder are today commonly used in small as 2 

well as large scale appliances. In order to cover a great fuel demand new materials as 3 

bark, whole tree assortments and peat are introduced. These materials have higher ash 4 

content why they are potentially more problematic compared with stem wood. In general, 5 

few studies can be found regarding co-combustion of peat and biomass and in particular 6 

where the slagging tendencies are discussed. The overall objective of this study was 7 

therefore to determine the influence of peat addition to woody biomass pellets on 8 

slagging characteristics.  Two different peat assortments (peat A and B) were co-9 

pelletized separately in four different dry matter levels (0-5-15-30 wt-%) into stem wood 10 

and energy wood respectively. Peat A were a traditional Scandinavian fuel peat, with a 11 

high ash- and Si content (carex) and peat B had a low ash content and relatively high 12 

Ca/Si ratio (sphagnum) chosen for its special characteristics. The produced pellets were 13 

combusted in a commercial underfed pellet burner (15 kW) installed in a reference 14 

boiler. The collected deposits (bottom ash and slag) from the combustion experiments 15 

was chemically characterized by scanning electron microscopy (SEM) combined with 16 

energy-dispersive X-ray analysis (EDS) and X-ray diffraction (XRD) regarding the 17 

elemental distribution and morphology and phase composition respectively. In addition, 18 

the bottom ashes were characterized according to ICP-AES. To interpret the 19 

experimental findings chemical equilibrium model calculations were performed. The 20 

slagging tendency increased when adding peat into the woody biomasses. Especially 21 

sawdust with its relatively low ash and Ca content was generally more sensitive for the 22 

different peat assortments. Co-firing of peat A resulted in the most severe slagging 23 

tendency. The slagging tendency was significantly lower when adding peat B into the 24 

woody biomass fuels compared with the peat A mixtures. A significant increment of the 25 

Si, Al and Fe content and a significant decrement of the Ca content in the slag could be 26 

seen when increasing the mixing content of peat A in both woody biomasses. The slag 27 

from the peat B mixings had a slightly higher Ca content compared with the Si content 28 

and a clearly higher content of Ca compared with the peat A mixtures. When introducing 29 

the relatively Si and ash rich peat A to the woody biomasses the slagging tendency 30 

increased because high temperature melting Ca-Mg oxides reacts to form more low 31 

temperature melting K-Ca/Mg silicates. In the case of the more ash poor peat B, with 32 

relatively high Ca/Si ratio, there were still Ca-Mg oxides left in the bottom ash i.e. a less 33 

amount of sticky low temperature melting K-silicate rich melt were formed. 34 



 2 

 1 
 2 
1. Introduction 3 

Upgraded biofuels as pellets, briquettes and powder are today commonly used in small as well as 4 

large-scale combustion appliances. Especially the usage of pellets in residential appliances is favorable 5 

due to both user friendliness and low emissions. Reinforced by this the pellets consumption has 6 

increased during the latest years. According to the European Biomass Association (Aebiom) the pellet 7 

consumption in Europe was 9,8 million tons in 2010 compared to 4,6 million in 2006.1 Raw materials 8 

used for pellet production today is mainly stem wood assortments as sawdust, planer shavings and dry 9 

chips from sawmills and the wood working industry.  10 

 In order to cover for the grand demand of biomass implied both by the pellet production increment 11 

as well as a general need for substitutes of fossil fuels new raw materials with higher ash content (>0,5 12 

wt%) are introduced e.g. straw fuels, forest fuels and peat. However ash related problems as fouling, 13 

slagging and corrosion have occurred using these types of fuels. Previous research point out occurrence 14 

of inorganic constituents as alkali metals (especially potassium), phosphorus and chlorine as the source 15 

of these problems e.g.2-6 16 

 Ash related operational problems like slagging on the grates and in the furnaces of small- to medium 17 

scale combustion appliances (boilers, burners, stoves) have been observed which might give bad 18 

publicity for the pellet market and a reduced accessibility of the combustion system. It has been 19 

demonstrated that both fuel type and combustion appliances affect the slag formation and that e.g. 20 

residential burners presently in the market are relatively sensitive to changes in both the total ash 21 

content as well as in the ash forming elements.7 22 

 Elemental analysis of formed slag from woody biomass pellets combustion shows that Si is the 23 

dominating element, Ca, K, Mg and Al are also present but in varying amounts. Previous research states 24 

that the slag occurred in combustion of low P containing biomass consists of different silicates7-9 and 25 

that Si, together with alkali metals play an important role for the slagging tendencies.8-11 Si may occur in 26 

the fuel either dissolved in biomass fluids as Si(OH)4(aq), integrated in the biomass cell structure or as 27 

contaminants from e.g. sand and/or clay 10,12 The Si will react with K during the devolatilization phase 28 

and char burnout resulting in locally formed sticky silicate melts. Thereafter residual ash forming 29 

elements (e.g. Ca and Mg) can significantly reduce the amount of melt formed by dissolution into the 30 

melt.4 The sticky melt will facilitate heavier particles to adhere and through viscous flow sintering form 31 

larger clusters, which will stay in the burner as deposits.2 Thus, the alkali metals in the fuel play an 32 

important role in the slag formation, in this case both due to the preferable reactions with silica as well 33 

as the low melting temperature of its products.  34 

 35 



 3 

Thy et al. describes the wood ash melt as having a relatively depolymerized structure where the large 1 

and low charged K ions fails to get network modifying position. Instead the potassium act as charge-2 

balancing ions that easier evaporates in favor of the small and highly charged Ca and Mg ions that acts 3 

as links in the system. Moreover it seems as addition of alkaline earth metals to the fuel via co-4 

combustion and/or fuel additives will favor the evaporation of the alkali metals and also contribute to 5 

achievement of higher ash melting temperatures. Lindstrom et al. also show that high Ca+Mg/Si ratio in 6 

the fuel will contribute to a reduced slagging tendency,14 which is also discussed by Gilbe et al.47 

 8 

One interesting and potential promising important new raw material for energy purposes and the fuel 9 

pellet production industry is peat. The global peat resources are known to be considerable but exact 10 

extent is not available due to lack of data from many countries.15 Joosten et al. estimate that 11 

approximately 4 million km2, or 3 % of the earth land area, is to be considered as peatlands,16 where the 12 

largest are found in North America (Canada 1,1 million km2, USA 214 000 km2) and Russia (568 000 13 

km2).17 In Europe; Finland, Ireland, Sweden, Latvia, Lithuania, Estonia and Scotland are the largest 14 

users of energy peat and also the most important producers. Moreover, of the total peat use in the EU 15 

during the 2000’s, 99 % was consumed by Finland, Ireland and Sweden.18 Around 16 % of the land area 16 

of Sweden is classified as peat land, of which less than 2 ‰ is presently used for peat harvesting.19 17 

Recently co-combustion of peat and woody biomass has been reported to give positive effects on the 18 

fouling20-23 and corrosion tendency.24,25 The positive effects of co-combustion of Scandinavian peat with 19 

woody biomass fuels in a fluidized bed were transfer and/or removal of K in the gas phase to a less 20 

harmful particular form via sorption and/or a reaction with the reactive peat ash (SiO2 and SO2/SO3), 21 

which in most cases formed larger particles (>1 μm) containing Ca, Si and K.23 In addition, previous 22 

work in a grate firing appliances also showed that significant reduction of fine particle- and deposit 23 

forming alkali is possible by “capturing” of K to bottom ash/slag (e.g. for forest residues), most 24 

probably caused by reaction of K vapor from the biomass with reactive Si or clay minerals from the 25 

peat,26 hence peat is a most interesting feedstock. 26 

 27 

There are however large differences in the ash forming matter between various peats. Differences 28 

affected by geographical origin through e.g. biological origin and the topography of the wetland as well 29 

as composition of nearby rock layers (through the ground water) and through flying particles (from e.g. 30 

animals, soil and sediments).27,28 The wetlands can be divided into high and low bogs (or a mixture) 31 

dominated by nutrient poor (sphagnum) and more nutritious (carex) vegetation, respectively. Hence the 32 

main differences between these two is the ash content which is generally higher in the carex 33 

assortments. However large differences in the ash forming elements occur not only between sphagnum 34 
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and carex dominated peats but also within those groups.19,23 It can be assumed that the large differences 1 

among diverse peat assortments will result in varying combustion characteristics. Wüst et al.28 describes 2 

peat as generally containing up to 0-55 % dry ash, around 10 % muck, 15 % organic rich soil and finally 3 

around 20 % of mineral containing soil. Moreover, Pommer et al.23 performed an extensive 4 

characterization work starting out with 83 peat specimens of which 8 were later chosen to represent a 5 

broad variation of the Scandinavian peats considering the ash content and ash forming elements. Their 6 

work pointed out large variation in the composition of the peat samples. The main differences found in 7 

the ash forming elements were concerning Si, Ca, Fe, Al, S, Mg and K (occurrence in descending 8 

order). XRD analysis of the ash fraction after low-temperature ashing indicated that the peat ash 9 

contained high amounts of amorphous material and only small amounts of crystalline phases (mainly 10 

SiO2, KAlSi3O8, NaAlSi3O8).23 Clay minerals were only found in one of the peat samples. The majority 11 

of K and Na as well as parts of the Al were assigned to feldspars, whereas the remaining Al was 12 

suggested to be complexed bound to humic substances. Moreover it was mentioned that the latter type 13 

of Al could be more reactive than feldspars.23 Previous leaching studies29,30 of both samples from fuels 14 

and ashes have showed that the major part of the Ca was leached in water and ammonium acetate. This 15 

can be compared to the silicon and aluminum in the fuels and ashes that were neither leached to any 16 

great extent using the same solvents. From this it was concluded that the Ca has been present mainly in 17 

a reactive form.29  18 

 19 

In general, few studies could be found regarding co-combustion of peat and biomass and in particular 20 

where the slagging tendencies26,31 are discussed. The overall objective of this study was therefore to 21 

determine the influence of peat addition to woody biomass pellets on slagging characteristics. In this 22 

work two different peat assortments have been used; one carex and one spaghnum based peat.  23 
 24 

2. Methods and Materials 25 

2.1 Fuels used 26 

Two different peat assortments were co-pelletized separately in three different dry matter levels (5-27 

15-30 wt-%) into stem wood and energy wood respectively. This ended up in totally 14 different fuel 28 

mixtures. The peat assortments used were peat A, a traditional Scandinavian fuel peat, with a high ash- 29 

and Si content (carex) and peat B with a low ash content and relatively high Ca/Si ratio (sphagnum) 30 

chosen for its special characteristics. In order to get a homogenous mixing of the fuels the additives 31 

were added before the pelletizing process. Furthermore the mixing processes were carried out in sacks 32 

of 25 kg. The stem wood consisted of 50 % pine and spruce, respectively, whereas the energy wood was 33 

logs (maximum diameter 15 cm) taken from the upper part of the tree. The woody biomasses obtained 34 
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from SCA Timber AB, Umea Sweden as well as from a typical Swedish pellet mill, respectively. The 1 

fuel characteristics of the used raw materials are presented in Table 1.  2 

The pelletizing process was performed using a pellet press (SPC 300, Swedish Power Chippers, 3 

Sweden) with a capacity of 300 kg/h, equipped with a fixed die (press channel lengths of 55 mm) and 4 

two rotating press rollers (200 mm in diameter). The mill was equipped with a 4 mm sieve and an 5 

electric steam boiler held the conditioning stem at 105±2oC. Finally, a programmable logic controller 6 

(PLC) controlled the press. The fuel characteristics of the pellet qualities used is presented in Table 2. 7 

Table 1 Main- and ash forming elements of the used raw materials 8 
 Peat A Peat B Sawdust Energy 

wood 

Ash 5.30 1.10 0.20 1.00 

Moisturea 53.0 54.6 9.2 8.5 

Cal. HVb 21.55 21.43 20.14 20.27 

Cc 53.50 54.20 51.90* 50.40 

Hc 5.60 5.60 6.0* 6.00 

Oc 32.20 n.a. 41.80* n.a. 

Nc 1.40 0.70 0.12* <0.01 

Clc 0.03 0.03 0.004 <0.1 

Sc 0.15 0.11 0.02 <0.01 

Sic 1.06 0.06 0.003 0.04 

Alc 0.44 0.05 0.001 0.01 

Cac 0.29 0.22 0.03 0.27 

Fec 0.42 0.09 0.01 0.01 

Kc 0.07 0.01 0.004 0.1 

Mgc 0.08 0.08 0.005 0.03 

Mnc 0.004 0.001 0.003 0.04 

Nac 0.07 0.01 0.001 0.01 

Pc 0.05 0.01 0.001 0.02 
 aMoisture content, percentage of sample 9 
bCalorimetric heating value, MJ/kg db 10 
cValues represent weight percent of dry substance 11 
* From Nordin32 12 

Table 2 Fuel characteristics for the produced pellet assortments 13 
 Moisture 

content 

[%] 

Ash 

content 

[%] 

Bulk        

density 

[kg/m3] 

Compact 

density 

[kg/m3] 

Sawdust 8.53±0.08 0.20 588±02 1290±44 
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SawdustA 5 7.68±0.05 0.60±0.01 640±12 1200±254 

SawdustA 15 7.43±0.10 1.04±0.19 629±07 1270±28 

SawdustA 30 8.29±0.13 2.30±0.10 659±24 1260±12 

SawdustB 5 7.75±0.10 0.42±0.003 613±14 1260±40 

SawdustB 15 8.07±0.06 0.47±0.01 602±10 1290±41 
SawdustB 30 8.02±0.04 0.58±0.01 625±23 1290±46 
Energy wood 8.54±0.03 1.00 581±10 1260±71 
Energy woodA 5 6.61±0.10 1.31±0.03 650±04 1280±32 
Energy woodA 15 6.99±0.14 2.43±0.26 636±13 1270±29 
Energy woodA 30 7.08±0.13 3.29±0.16 618±11 1300±10 
Energy woodB 5 7.47±0.04 0.99±0.01 636±17 1290±35 
Energy woodB 15 7.71±0.05 1.03±0.01 610±07 1270±28 
Energy woodB 30 7.74±0.06 1.06±0.01 642±17 1280±25 
A=Peat A    1 
B=Peat B  2 
5-15-30 represents percentage of peat in the fuel 3 

 4 
 5 
2.2 Appliances and experimental procedures 6 

The combustion experiments have been performed using a P-labeled and underfed commercial pellet 7 

burner (15 kW) installed in a reference boiler. This type of equipment is used in Sweden for national 8 

certification test of residential pellet burners. The continuous feeding of the fuel corresponded to 12 kW 9 

in all of the experiments. This resulted in 16-18 hours test runs equivalent to 40±10 kg pellets and an 10 

excess oxygen level of 10±1 percent for each test. In the combustion experiments with SawdustA 15, 11 

SawdustA 30, Energy woodA 15 and Energy woodA 30 severe slagging led, in all cases, to unscheduled 12 

premature shutdowns of the burner.  13 

 14 

Three shielded thermocouples of type N were utilized for continuous measurement of the 15 

temperature, on as well as in the vicinity, of the burner grate. The residual matter were collected for 16 

further analysis after each combustion experiment and were characterized as i) melted ash deposited in 17 

the burner or pushed over the burner grate edge down to the bottom of the boiler (slag), ii) non-melted 18 

ash at the bottom of the boiler (bottom ash) and iii) fly ash. Moreover, the bottom ash was sieved in 19 

order to separate the slag from the ash. All particles greater than 3 mm were characterized as slag and 20 

removed from the ash.  21 

Continuous gas measurements of O2, NO, CO and CO2 were accomplished by electrochemical cells 22 

directly after the boiler in the exhaust gas. The concentration of SO2 and HCl were continuously 23 

monitored during the experiments using Fourier transform infrared spectroscopy (FTIR). 24 



 7 

 Minimal variation in the slag formation has been seen in previous studies between replicate 1 

combustion procedures.8,9 2 

 3 

2.3 Chemical and visual analysis of collected samples 4 

The collected deposits (bottom ash and slag) from the combustion experiments was classified 5 

visually according to the classification below:  6 

 7 

Category 1: non sintered ash residue 8 

Category 2: partly sintered ash 9 

Category 3: totally sintered ash (smaller blocks) 10 

Category 4: totally sintered ash (larger blocks) 11 

 12 

After which it was chemically characterized by scanning electron microscopy (SEM) combined with 13 

energy-dispersive X-ray analysis (EDS) and X-ray diffraction (XRD) regarding the elemental 14 

distribution and morphology and phase composition respectively. Sample of slag from Sawdust co-15 

combusted with 15% of peat B was not analyzed due to missing sample. In addition, the bottom ashes 16 

were characterized according to ICP-AES.  17 
The samples for SEM/EDS analysis were mounted in epoxy resin and polished and the resulting 18 

cross-sections carefully examined by SEM/EDS area (100x100 µm) mapping methods. The samples for 19 

the XRD analysis were ground and mounted prior the analysis. The data collection was performed by a 20 

Bruker d8 advanced X-ray diffractometer equipped with a super speed VÅNTEC-1 detector and 21 

primary Göbel mirror. Prior the ICP-AES analyses the samples were dried at 50 degrees Celsius where 22 

after corrections were made for dry matter.   23 

 24 

2.4 Thermochemical equilibrium model calculation  25 

In order to interpret the experimental findings chemical equilibrium model calculations were 26 

performed using the software program FactSage 6.1.33 This program uses the method of minimization of 27 

Gibb’s (G) free energy of the system. The thermodynamic data containing stoichiometric data as well as 28 

nonideal solid and liquid solution models were taken from the FACT database included in the FactSage 29 

6.1 program.  30 

The fuel composition used as indata for the calculations were taken from Table I above. Moreover, 31 

the exact amounts of each constituent were calculated in regard to the special fuel mixing contents; 5-32 

15-30 wt-% of each peat respectively.   33 
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A global approach including atmospheric pressure (1 bar) and an air-to-fuel ratio (λ) of 1,2 1 

corresponding to a typical global oxidizing condition was employed. Furthermore, the calculations were 2 

made covering a temperature interval from 800 to 1300 °C. From the calculations, the predicted 3 

amounts of gaseous and condensed (melt and solid) phases as functions of temperature were extracted. 4 

The calculations included three different liquid phases, i.e. two alkali salt melts and one oxide/silicate 5 

(slag) melt. All relevant binary solid and liquid solutions containing K, Na, Ca and Mg were also 6 

included. Table 3 shows the solution models as well as the elements used in the calculations.  7 

Table 3 Elements and solution models used in the chemical equilibrium model calculations. The designations of 8 
the solution models are the ones used in FactSage 6.1 9 

Elements C, H, O, N, S, Cl, P, K, Na, Ca, Mg, Fe, Mn, Si, Al 
Solution 
models 

SLAG B (MgO,  MnO,  Na2O,  SiO2,  CaO,  Al2O3,  K2O,  Fe2O3,  MnSO4, Fe2(SO4)3,  Na2SO4,  K2SO4,  
CaSO4,  MgSO4) 
MELT A (NaCl, KCl, NaOH, KOH, Na2SO4, K2SO4, Na2CO3, K2CO3, Na2S, K2S)  
ACl (NaCl, KCl, NaOH, KOH) 
CSOB ((Li), Na,K//SO4,CO3, ss) 
LCSO (liq-K, Ca // CO3, SO4) 
SCMO (MgSO4-CaSO4, ss) 
SCSO (K(Ca)//CO3,SO4, ss) 
SSUL (Na, (Mg, Ca)//SO4, ss) 

 10 
3. Results 11 

3.1. Combustion temperatures and emissions 12 

The slag is generally formed on the grate in the burner. The measured average temperature in 13 

this area was 1100 ± 90 °C for all experiments. The CO emissions altered between 150-200 mg/Nm3 14 

and 150-350 mg/Nm3 at 10% O2d.g. for the sawdust/peat and the energy wood/peat experiments, 15 

respectively. The SO2 concentration varied between 10-112 mg/Nm3 at 10% O2 d.g. when co-firing the 16 

peats. The SO2 concentration was generally higher in the experiments with peat A mixtures compared 17 

with admixtures of peat B. The HCl emissions were below the detection limit (< 2 ppm) in all 18 

combustion experiments. The addition of peat into the woody biomass generally led to increments of the 19 

bottom ash. The bottom ash density increased by 50 % when admixing peat A in both sawdust and 20 

energy wood mixtures and by 20 % when admixing peat B only in the sawdust mixtures.  21 

 22 

3.2. Slagging tendencies of the used fuels 23 

 Figures 1 and 2 below describes the slagging tendency of the combusted fuels expressed as the fraction 24 

of ingoing fuel ash that forms slag. No slag occurred either in the plain Sawdust, Energy wood nor 25 

Energy wood B 5 combustion experiments.  Almost no slagging was found in the combustion 26 

experiments with Sawdust B 5 and Energy wood B 15 and Energy wood B 30. However, the slagging 27 

tendency was moderate in Sawdust A 5, Sawdust B 15 and Sawdust B 30 as well as in Energy wood A 5 28 



 9 

and in four of the combustion experiments there was an unscheduled shutdown of the burner namely 1 

SawdustA 15, SawdustA 30, Energy woodA 15 and Energy woodA 30 after ca 2, 4, 2 and 3 hours of 2 

operation, respectively.  3 

 4 

Figure 1 Slagging tendency and sintering category 2-4 (specified above corresponding bar) of sawdust co-5 
fired with peat A and B respectively. 6 

 7 

 8 

Figure 2 Slagging tendency and sintering category 2-4 (specified above corresponding bar) of energy wood 9 
co-fired with peat A and B respectively. 10 

 11 

3.3. Chemical composition of formed slag and bottom ash 12 



 10 

The results from the SEM/EDS analysis of the slag samples are here presented. In Figure 3 an image of 1 

a polished cross-section of a slag sample (Sawdust A 15) in epoxy resin is shown. The slag from the fuel 2 

mixtures with peat A generally contained typical sand particles, as quarts (SiO2) and different feldspars, 3 

embedded in melted ash. In the slag from the peat B mixtures no or only small amounts of sand particles 4 

could be found.  5 

 6 

Figure 3 Backscattered electron images of a typically polished cross sections of a slag sample (Sawdust A 15) 7 
showing sand particles (dark grey) embedded in melted ash (light area). The large dark areas outside the 8 
boxes are epoxy resin and the darker round areas are holes from gas bubbles.  9 

Average elemental composition of the melted ash in the slag (i.e. sand particles excluded) for all 10 

assortments is given in Figure 4-7. Areas of 100 um × 100 um of the obviously melted parts of the 11 

collected bottom ash were analyzed. As seen in Figure 4 the dominating elements in the bottom ash 12 

when co-combusting peat A and sawdust were Si, Ca and Fe (in descending order). As also seen, the Ca 13 

concentration was greatly decreased when mixing peat A into sawdust, as did the K concentration. 14 

When adding peat B into sawdust the dominating elements in the bottom ash were Ca, Si and Mg (in 15 

descending order). Figure 4 also shows that addition of both peats respectively increases the Fe content, 16 

however the increment is higher in the peat A cases. In addition the Al concentration increased with 17 

increasing peat amount however it was higher in the peat A mixtures.  18 

 19 
 20 



 11 

  1 

Figure 4 Elemental composition (normalized on C- and O-free basis) found by ICP-AES on the bottom ashes 2 
during co-combustion of sawdust with peat A and B respectively.  3 

In Figure 5 it is shown that the dominating elements found in the melted ash when co-combusting peat 4 

A with sawdust was Si, Ca and Al with lesser amounts of Si and Al in the peat B mixtures. It is also 5 

shown that the Fe concentration is higher and the Ca and Mg concentrations are lower in the peat A 6 

mixtures compared to when admixing peat B. Moreover the K concentration is seen to decrease in the 7 

melted ash as more of both peats respectively are introduced.  8 

 9 



 12 

 1 
Figure 5 Average elemental compositions (normalized on C- and O-free basis) on the formed melted ash (that are 2 
found in the slag) during co-combustion of sawdust with peat A and B respectively. The error bars indicate the 3 
variation (StDev) in the elemental distribution between different EDS-area analyses. 4 
 5 

As can be seen in Figure 6 the Ca concentration is greatly decreased when peat A is introduced to 6 

sawdust.  When adding peat B to sawdust the Ca concentration shows only a minor decrease for the 5 7 

and 15% mixtures, however when 30% is added a great reduction can be seen. Also the Si concentration 8 

is dominant in the bottom ashes when peat is introduced, this is most evident in the peat A mixtures. In 9 

addition Figure 6 show that the K concentration decreased with increased addition of both peats 10 

respectively.  11 

 12 



 13 

 1 

Figure 6 Elemental compositions (normalized on C- and O-free basis) found by ICP-AES on the bottom ashes 2 
during co-combustion of Energy wood with peat A and B respectively.  3 

 4 

Figure 7 shows that, as for the sawdust mixtures, the most dominant elements in the melted ash from co-5 

combusting energy wood with peat A and B respectively are Si, Ca and Al. It is also shown that the Fe 6 

content was increased in all studied peat mixtures with energy wood. In additon Figure 7 show that only 7 

a minor reduction of the K concentration can be seen when peat A and B is added respectively.  8 

 9 



 14 

  1 

Figure 7 Average elemental compositions (normalized on C- and O-free basis) on the formed melted ash (that 2 
are found in the slag) during co-combustion of Energy wood with peat A and B respectively. The error bars 3 
indicate the variation (StDev) in the elemental distribution between different EDS-area analyses. 4 

The crystalline phases identified in the bottom ash and melted ash (slag) samples are presented in Table 5 

4 and 5. The different compounds are subcategorized as sand-, slag- and ash minerals. Both slag and ash 6 

minerals can be found in the bottom ash however lower amounts of slag minerals. The pure woody 7 

biomasses tested in this study did not cause any formation of slag, and the XRD analysis showed that 8 

the bottom ashes generally contained Ca- and Mg- oxides, Ca-carbonate, Ca-hydroxide and mervinite 9 

(Ca3Mg(SiO4)2). An excess of the mentioned oxides in relation to available silica were found in the 10 

ashes from the biomasses. The slagging tendency was severely increased when introducing peat A (ash 11 

rich with high silicon content), while only a moderate increment was observed when introducing peat B 12 

(ash poor and relatively high Ca/Si ratio). However the ash/slagging composition was quite different 13 

between the mixtures with peat A and peat B. For the peat A mixtures the main findings regarding the 14 

crystalline matter in the slag were minerals formed during the combustion such as åkermanite 15 

(Ca2MgSi2O7), leucite (KAlSi2O6), diopside (CaMgSi2O6) and typical sand minerals originating from 16 

the peat (quartz and feldspars). The bottom ashes formed during combustion of mixtures with 15 and 17 

30% of peat A, for both woody fuels respectively, contained higher levels of sand minerals as well as 18 

minor levels of Ca- and Mg-oxides and Ca-carbonate compared to the pure woody fuels. Regarding the 19 

peat B mixtures, less amount of sand minerals could be found in the bottom ashes and the levels of Ca- 20 

and Mg- oxides were also lower than for the pure woody biomasses, not as low as for the peat A 21 

mixtures, though. In the slag from the peat B mixtures no sand minerals were found. Moreover from 22 



 15 

combustion of the mixtures with 15 and 30% of peat B the crystalline matter of the slag mainly consited 1 

of the minerals åkermanite (Ca2MgSi2O7) and merwinite (Ca3Mg(SiO4)2). 2 

Table 4 Phases identified (wt %) by XRD in the slag (S) and in the bottom ash (BA) during combustion of 3 
sawdust and sawdust+peat mixtures (5, 15 and 30 wt-%).  4 

 5 

 Sawdust SawdustA 

5 

SawdustA 

15 

SawdustA 

30 

SawdustB 

5 

SawdustB 

15 

SawdustB 

30 

 S BA S BA S BA S BA S BA S BA S BA 

Sand Minerals               

SiO2 (quartz)   13 13 21 45 27 60    7  4 

NaAlSi3O8 

(albite)  

N   9 17 16 25 17   M 2  3 

KAlSi3O8  

(microcline) 

O   9  3 11 12   I    

           S    

Slag Minerals           S    

MgCaSi2O6 

(diopside) 

S  9  41  37    I 7 8  

Ca2MgSi2O7  

(åkermanite) 

L 3 57 7 8 15  7 66 4 N 3 64 8 

KAlSi2O6  

(leucite) 

A  21 6 14 4   10  G  5  

KAlSiO4 

(kalsilite) 

G        8    7  

Ca3Mg(SiO4)2 

(merwinite) 

 22  32  5   17 34 S 19 15 30 

           A    

Ash Minerals           M    

CaO  (lime)  42  11  4    35 P 7  23 

CaCO3  

(calcite) 

 11    3    3 L 5  4 

MgO 

(periclase) 

 15  12  6    21 E 23  22 

Ca(OH)2 

(portlandite) 

 7   21 45    3  8  6 
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Table 5 Phases identified (wt %) by XRD in the slag (S) and in the bottom ash (BA) during combustion of 1 
energy wood and energy wood+peat mixtures (5, 15 and 30 wt-%).  2 

 Energy 

wood 

Energy 

wood A 5 

Energy 

wood A 15 

Energy 

wood A 30 

Energy 

wood B 5 

Energy 

wood B 15 

Energy 

wood B 30 

 S BA S BA S BA S BA S BA S BA S BA 

Sand Minerals               

SiO2 (quartz)   3 19 23 37 21 23    3  1 

NaAlSi3O8 

(albite)  

N   10 10 24 21  N   1   

KAlSi3O8  

(microcline) 

O     3 7 12 O      

               

Slag Minerals               

MgCaSi2O6 

(diopside) 

S  6 6 37 8 39 22 S   5  5 

Ca2MgSi2O7  

(åkermanite) 

L  65 3 11 4 1  L  22 2 52 7 

KAlSi2O6  

(leucite) 

A  7 3 19 2 8  A 2     

KAlSiO4 

(kalsilite) 

G  11      G  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  32  29  9  5 

MgO 

(periclase) 

 9  4   3 7  9  13  16 

Ca(OH)2 

(portlandite) 

 5        9  8  5 

 3 

3.4. Thermochemical equilibrium model calculations  4 

The results from the equilibrium calculations show that an oxide/silicate melt rich in Si, K, Ca, Mg and 5 

to some extent Al should be expected to form in the temperature interval 850-1300°C for the peat A 6 

mixtures and 1000-1300°C for the peat B mixtures. A salt melt is also expected to form in the low 7 

temperature range for the sawdust and peat B mixtures.  8 

 9 



 17 

Figure 9 shows the melted fractions as a function of temperature from the equilibrium calculations 1 

performed with the different fuel mixtures. The temperature was set to 800-1300°C (in steps of 50 2 

degrees) for all calculations. In Figure 9 it can be seen that almost no melted ash is formed during 3 

combustion of plain sawdust and energy wood respectively. However, when peat A is added into 4 

sawdust the amount of silicate/slag melt is greatly affected. Peat B, however, generates less melt than 5 

peat A. In the mixtures with energy wood and peat A the amount of melt increases with the added 6 

amount of peat. Regarding the mixtures with energy wood and peat B, the calculations suggest that there 7 

is no molten ash below 1150°C. Furthermore, the melt is increasing with the content of peat B. For 8 

typical combustion temperatures (≥1000°C) the melt fractions is predicted to be relatively high; 50-90 9 

% in the peat A mixtures and more moderate 30-50 % in the peat B mixtures.  10 

 11 

 12 

Figure 8 Predicted amounts of melt (melting behavior) during co-combustion of sawdust and peat A (upper 13 
right) and B (upper left) as well as co-combustion of energy wood and peat A (lower left) and B (lower right), 14 
as a function of temperature (°C). 15 

 16 

Major elements found in the molten ash are Si, Ca and K. Their predicted distribution (as mole-% of 17 

ingoing elements) for all of the fuel mixtures are presented in Table 6. For the pure sawdust and energy 18 

wood fuels, all K form gaseous species (i.e. KCl, KOH, K2SO4).When introducing 30 % of peat A into 19 



 18 

both sawdust and energy wood the melting tendency is predicted to increase. Here the main part of K 1 

(99% in sawdust and 70% in energy wood) is found in the silicate melt or as KAlSi2O6 (s). However, 2 

when introducing peat B into sawdust and energy wood all of the ingoing K is found to in the gas phase 3 

in both cases.  4 

In the case of Si the addition of peat A substantially increased the ratio of Si in the silicate melt.  5 

When peat B is introduced in sawdust and energy wood respectively no silicate melt appeared at 6 

1000°C, whereas 2% of the total Si was found in the melt at 1200°C.  7 

For the pure woody fuels, Ca is mainly present in solid silicates and oxide phases. For the mixed 8 

fuels, peat A is promoting higher Ca concentrations in the melt, compared to peat B.  9 

Table 6 Predicted distribution as mole-% of ingoing elements of Si, Ca and K at 1000°C and 1200°C during 10 
combustion of sawdust and sawdust and peat mixtures. 11 

Fuel mix T (°C) Si (% of tot Si) Ca (% of tot Ca) K (% of tot K) 

Sawdust 1000 100% Ca3MgSi2O8 

(s) 

54% CaSO4 (s) 

22% Ca3MgSi2O8(s) 

21% Ca2Fe2O5(s) 

2% Ca3MgAl4O10(s)  

59% KCl(g) 

37% KOH(g) 

3% K2SO4 (g) 

 1200 1% SiO2(l) 

99% Ca2SiO4(s) 

5% CaO (l) 

19% Ca2Fe2O5(s) 

46% CaO(s) 

30% Ca2SiO4(s) 

37% KCl(g) 

63% KOH(g) 

SawdustA 30 1000 30% SiO2(l) 

2% KAlSi2O6(s) 

3% MgSiO3(s) 

19% NaAlSi3O8(s) 

31% CaAl2Si2O8(s) 

15% CaMgSi2O6(s) 

3% CaO(l) 

66% CaAl2Si2O8(s) 

31% CaMgSi2O6(s) 

1% KCl(g) 

80% K2O(l) 

19% KAlSi2O6(s) 

 1200 77% SiO2(l) 

9% KAlSi2O6(s) 

14% CaAl2Si2O8(s) 

70% CaO(l) 

30% CaAl2Si2O8(s) 

3% KCl(g) 

1% KOH(g) 

17% K2O(l) 

80% KAlSi2O6(s) 

SawdustB 30 1000 100% Ca3MgSi2O8(s) 22% CaO(l) 

30% CaSO4(s) 

48% Ca3MgSi2O8(s) 

86% KCl(g) 

12% KOH(g) 

2% K2SO4(g) 

 1200 2% SiO2(l) 

15% Ca3MgSi2O8(s) 

82% Ca2SiO4(s) 

37% CaO(l) 

7% Ca3MgSi2O8(s) 

2% Ca2Fe2O5(s) 

53% Ca2SiO4(s) 

61% KCl(g) 

39% KOH(g) 

 

 12 
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Table 7 Predicted distribution as mole-% of ingoing elements of Si, Ca and K at 1000°C and 1200°C during 1 
combustion of sawdust and energy wood and peat mixtures. 2 

Fuel mix T (°C) Si (% of tot Si) Ca (% of tot Ca) K (% of tot K) 

Energy wood 1000 100% Ca2SiO4(s) 3%CaSO4(s) 

2% Ca2Fe2O5(s) 

47% Ca2SiO4(s) 

46% CaO(s) 

2% Ca3MgAl4O10(s) 

93% KCl(g) 

6% KOH(g) 

1% K2SO4(g) 

 

 1200 

 

1% SiO2(l) 

99% Ca2SiO4(s) 

6% CaO(l) 

46% Ca2SiO4(s) 

48% CaO(s) 

84% KCl(g) 

16% KOH(g) 

 

Energy woodA 30 1000 20% SiO2(l) 

25% KAlSi2O6(s) 

29% Ca3Fe2Si3O8(s) 

11% CaAl2Si2O8(s) 

1% Mg4Al10Si2O23(s) 

11% Ca2MgSi2O7(s) 

3% Mg2SiO4(s) 

19% CaO(l) 

52% Ca3Fe2Si3O8(s) 

10% CaAl2Si2O8(s) 

19% Ca2MgSi2O7(s) 

30% KCl(g) 

5% K2O(l) 

65% KAlSi2O6(s) 

 1200 87% SiO2(l) 

13% KAlSi2O6(s) 

 

100% CaO(l) 45% KCl(g) 

4% KOH(g) 

17% K2O(l) 

34% KAlSi2O6(s) 

Energy woodB 30 1000 100% Ca2SiO4(s) 10% CaO(s) 

9% Ca2Fe2O5(s) 

9% Ca3MgAl4O10(s) 

54% Ca2SiO4(s) 

18% CaSO4 (s) 

92% KCl(g) 

7% KOH(g) 

1% K2SO4(g) 

 1200 2% SiO2(l) 

98% Ca2SiO4(s) 

21% CaO(l) 

24% CaO(s) 

2% Ca2Fe2O5(s) 

53% Ca2SiO4(s) 

83% KCl(g) 

17% KOH(g) 

 3 

4. Discussion  4 

 5 

The slagging tendency increased when adding both peat assortments to the non-slagging woody 6 

biomass assortments. However the most severe slagging occurred in the Si- and ash rich carex based 7 

peat (peat A) fuel mixtures and was more moderate in the low ash and Ca rich (peat B) fuel mixtures. 8 

Generally the sawdust mixtures were more sensitive by addition of both peat assortments, respectively, 9 

than where the energy wood mixtures. The bottom ashes increased when peat A and B respectively were 10 



 20 

added to the woody biomasses. This was expected as peat has higher ash content than the plain woody 1 

biomasses. The bottom ash increment was of course more evident in the peat A mixing due to the higher 2 

ash content (Table 1). 3 

The results from the elemental analyses of the molten ash found in the slag showed a clear increment 4 

of the Si, Al and Fe content when increasing the mixing content of peat A in the sawdust assortment. 5 

However, at the same time the contents of Ca, Mg and K are decreasing (Figure 5). Earlier research 6 

shows that if the potassium may react with reactive silicon in the fuel, it will initially form sticky alkali 7 

rich silicate melts which will stay in the burner and contribute to slag formation.8 The effect might 8 

however be affected by dilution during the mixing procedure. It is interesting though that the same 9 

tendency can be observed in the co-combustion of energy wood and peat A mixtures. Figure 7, show 10 

that increasing contents of Si, Al and Fe at increasing contents of peat A correspond to decreasing 11 

contents of Ca, Mg and K in the molten ash. As for the results in Figure 5 this is most probably an effect 12 

by dilution. It should however be notified that a tendency of decreased potassium concentration in the 13 

molten ash can be seen during co-combustion of the high silicon content peat A. 14 

 15 

Figure 5 and 7 shows that the analyses of the slag from the peat B mixings have a slightly higher Ca 16 

content compared with the Si content and a clearly higher content of Ca compared with the peat A 17 

mixtures. From Figure 1 it can be seen that the slagging tendency is lower when adding peat B into the 18 

sawdust compared with the peat A mixtures. Earlier research suggest that Ca (and Mg) will be dissolved 19 

during the fuel conversion in the initial formed alkali rich melt thereby significantly reduce the amount 20 

of melt formed.8 For this reason, higher values of Ca and Mg in the formed slag and lower slagging 21 

tendency in the peat B mixtures respectively, correspond to what could be expected since peat B 22 

contains higher ratios of Mg/Si and Ca/Si compared to peat A.  23 

 24 

Generally the XRD results showed that the composition of the bottom ashes were all dominated by Ca- 25 

and Mg-oxides, Ca-carbonate and Ca-hydroxide together with merwinite (Ca3Mg(SiO4)2) for both 26 

woody fuels. The revealed Ca- and Mg-oxides surplus (in relation to available silica) in the bottom 27 

ashes from both woody biomasses, were completely consumed in the case of high peat A addition. The 28 

XRD results further suggest that the molten ash generally consisted of sand minerals as quartz (SiO2) 29 

and different feldspars (NaAlSi3O8 and KAlSi3O8) originating from the peat, as well as minerals formed 30 

during the combustion such as; Ca2MgSi2O7 (åkermanite), KAlSi2O6 (leucite), CaMgSi2O6 (diopside). 31 

All of these are common phases found in woody-biomass ashes and slags.8 Furthermore, the XRD 32 

analyses also reveal, in accordance with the equilibrium calculations, that K is retrieved in the mineral 33 



 21 

leucite during combustion of the peat mixtures. Addition of peat A generally corresponded to an 1 

increase of sand minerals in parallel with a decrease of Ca- and Mg- oxides and Ca-carbonate content.  2 

 3 

The results from the thermochemical calculations suggest that co-combustion of the woody fuels and 4 

peat A generate an extensive melt formation and that the major amount of the ingoing K is contained in 5 

the condensed ash fraction as leucite (KAlSi2O6)/kalsilite (KAlSi2O6) or in the silicate melt, also 6 

implying a potential reduction of fine (< 1 µm) alkali containing particles. The latter is in accordance 7 

with previous published results from the same experimental campaign which showed that the 8 

concentration of the alkali rich fine particles decreased by almost 2/3 when admixing 30% peat A to the 9 

sawdust pellets.31 The corresponding calculations with admixtures with the low ash and Ca rich peat B 10 

fuel showed on a substantial lower melt formation and amount of K trapped in the condensed ash 11 

fraction in comparison with the peat A mixtures. This is also in agreement with the previous results .31 12 

 13 

The results from the actual combustion experiments, the chemical analyses of formed slag and bottom 14 

ashes and previous particle characterization studies from the same experimental campaign as well as the 15 

thermochemical calculations, all suggest that the potassium found in the woody biomass fuels reacts 16 

with the reactive Si and Al coming from the peat and forms a sticky K rich silicate melt and KAlSi2O6 17 

(leucite). The high temperature melting Ca- and Mg oxides that initially forms in combustion of the pure 18 

woody biomass assortments thereby reacts to form K-Ca/Mg silicates as the Ca-Mg-oxides dissolve into 19 

the K rich silicate melt. In the case of the more ash poor peat B, with relatively high Ca/Si ratio, there 20 

were still be Ca-Mg-oxides left in the bottom ash i.e. a less amount of sticky low temperature melting 21 

K-silicate rich melt were formed. The predicted amounts of melt (melting behavior) presented in Figure 22 

9 also verify that less melt is expected when adding peat B into sawdust and energy wood respectively.  23 

 24 

5. Conclusions 25 

 The slagging tendency increased when adding peat into the woody biomasses. Especially 26 

sawdust with its relatively low ash and Ca content was generally more sensitive for the different 27 

peat assortments.  28 

 29 

 Co-firing of peat A (high ash- and Si content) resulted in the most severe slagging tendency, 30 

where four out of six experiments led to a total shut down of the burner due to the slagging.  31 

 32 

 The slagging tendency was significantly lower when adding peat B (low ash and relatively high 33 

Ca/Si ratio) into the woody biomass fuels compared with the peat A mixtures. A significant 34 



 22 

increment of the Si, Al and Fe content and a significant decrement of the Ca content in the slag 1 

could be seen when increasing the mixing content of peat A in both woody biomasses. The slag 2 

from the peat B mixings had a slightly higher Ca content compared with the Si content and a 3 

clearly higher content of Ca compared with the peat A mixtures. 4 

 5 

 When introducing the relatively silicon and ash rich peat A to the woody biomasses the slagging 6 

tendency increased because high temperature melting Ca-Mg oxides reacts to form more low 7 

temperature melting K-Ca/Mg silicates. In the case of the more ash poor peat B, with relatively 8 

high Ca/Si ratio, there were still Ca-Mg oxides left in the bottom ash i.e. a less amount of sticky 9 

low temperature melting K-silicate rich melt were formed. 10 
 11 
 12 
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