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ABSTRACT 

 

The objective of the present work was to demonstrate the possibilities to reduce the emission of 

fine particle forming alkali during co-combustion of wood with peat in a full scale (150 kW) 

grate fired boiler. For this purpose the particle emissions from a 150 kW district heating grate 

fired boiler situated in northern part of Kramfors, Sweden, were studied. During the experiment 

the district heating boiler was fired with sawdust fuel with a 0, 10 and 20 wt-% (zero, low, high) 

peat content respectively. Mass concentrations and particle size distribution were measured by 

using a DLPI (13-step low-pressure cascade impactor) with a precyclone. The particle matter 

was analyzed for morphology and elemental composition using SEM/EDS (Scanning electron 

microscopy/energy dispersive spectroscopy). In addition, chemical equilibrium model 

calculations were used to interpret the experimental findings. The present study clearly shows 

that reduction of fine particles (< 1 um) is possible when co-combusting wood pellets with peat 

pellets in grate fired boilers. When 10 wt % peat was added to the wood/peat fuel mixture the 

fraction of fine particles was significantly decreased (about half of that emitted during pure 

softwood pellet combustion). The fine particles were for all fuel types/mixtures dominated by 

potassium, chlorine, sulfur, sodium and zinc. The result from this work therefore shows that a 

significant reduction of fine particle alkali is possible when co-combusting wood pellets with 

peat. The results from the thermo-chemical calculations suggest that a significant share of the 

potassium is retained in the bottom ash as a K rich silicate slag and as KAlSi2O6(s) (Leucite) 

when co-combusting sawdust with peat.  
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1. INTRODUCTION 

 

The use of biomass as a renewable energy source is growing worldwide due to concerns 

regarding global warming, need to reduce the dependency on fossil fuels, disposal of agricultural 

residue, and local job employment.  Now a day’s more than 10% of the global energy is derived 

from biomass. In Sweden and other forest rich regions, the use of woody steam wood and bark 

based assortments has so far dominated the bio-energy sector due to the above advantages. The 

competition for such clean wood derived fuels introduces new potential fuel types like forest 

residues, straw, salix, and reed canary grass (J Fagerström et al, 2010). 

Residential combustion of biomass is considered to be a major source of particulate matter (PM) 

and hydrocarbons, like volatile organic compounds (VOC) and aromatic hydrocarbons (PAH). 

One of the basic differences that distinguish solid fuels like biomass from liquid and gaseous 

fuels are that the solid fuel contains more amount of inorganic ash forming elements. During 

combustion of wood, these inorganic elements such as alkali metals, chlorine, sulphur and some 

heavy metals are partly released to the gas phase, and they may cause deposition, high 

temperature corrosion, together with emission of harmful gases and PM. PM from biomass 

combustion is the main source of fine <1μm particulate i.e. (PM1) (C Boman, et al., 2005). Due 

to lack of high efficient and economically sound electrostatic precipitators or bag-house filters all 

over the Europe, small scale solid bio-fuel combustion systems have been identified as a major 

source of PM together with industry and traffic. Ambient exposure to these PM causes severe 

health problems such as, cardio pulmonary disease, cancer risk and mortality (C Boman et al, 

2005). Nowadays emission to ambient air is getting high attentions due to the above mentioned 

health and environmental problems, also regulations related to emission to ambient air will likely 

become more strict in the future (I Obenberger et al, 2005).  

Formation of problematic deposits and high temperature corrosion on combustion facilities 

during combustion of biomass fuels (L Pommer et al, 2009) can increase the cost, decrease the 

availability and reduce the overall efficiency of the plant. Earlier research and operational 

experience (B.M. Jenkins et al, 1998) has shown the potential of reducing the risk for 

agglomeration, fouling, corrosion and increasing of the life time of supper heaters by co-firing  

problematic biomass fuels (e.g. straw, Salix, and logging residues) with peat fuels. The 
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characteristic of peat vary for different peat fuels depending on the geological surrounding, 

historical topography, hydrology and meteorology (A Nordin A, 2005). Previous results have 

shown that significant reduction of fine particle and deposit forming alkali is possible, by 

dilution of K content (e.g. for wheat straw) or by capturing of K to bottom ash/slag for (e.g. for 

forest residues), most probably caused by reaction of K vapor from the biomass with reactive Si 

or clay minerals from the peat (J Fagerström et al, 2010). In addition recent research has also 

shown the potential of reduction of fine particle when admixing peat to forest residues in pilot 

scale fluidized bed reactor and when admixing peat to CCA wood in combusting in a pellet 

burner (15 kW) (K Lundholm et al, 2007). For this purpose it could be an interesting option for 

large numbers of heat and power plants to co-fire peat with biofuels. However, very few 

experiments and experiences of the potential co-combusting effects have been demonstrated in 

small- and medium-scale grate combustors. 

 

The objective of this work was therefore to demonstrate the possibilities to reduce the emission 

of fine particle forming alkali during co-combustion of wood with peat in a full scale (150 kW) 

grate fired boiler. 
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2. BACKGROUND 

2.1 Biomass and carbon dioxide emission  
 

The sun is the most abundant and sustainable source of energy for the earth. More than 1 

zettajoule =1 X (10
21

) joules of solar energy are captured by earth's atmosphere and surface each 

year. About 0.02% of this energy is captured in biomass annually through the process of 

photosynthesis. Photosynthesis results in the production of structural and non structural 

carbohydrates that makes the plant tissue to develop their organs. The components of biomass 

include cellulose, hemicelluloses, lignin, lipids, proteins, simple-sugars, starches, water, HC, ash 

forming matter and other compounds. The concentration of these compounds depends on 

species, type of plant tissue, stage of growth, and growing conditions. The production, 

decomposition, and accumulation of biomass play a central role in the global carbon cycle. In a 

well-balanced ecosystem, carbon capture from photosynthesis, carbon deposition in the soil and 

oceans, and carbon release from biological and geological sources are in equilibrium. But this 

equilibrium has been perturbed on the beginning of industrial age (in the 1850s) due to 

increasing emission of carbon from the combustion of abundant of fossil fuels.  Now a day’s 

more than 80% of the world energy source is from combustion of fossil fuels. Due to this reason, 

atmospheric carbon dioxide concentrations have risen from 295 ppm to 380 ppm over the last 

100 years, and have contributed significantly to global warming, climate change, and biological 

extinctions. (B.M. Jenkins et al, 1998, Sayre, 2010). 

 

For this reason, the use of biomass as energy source is becoming a growing interest around the 

globe because, biomass accumulates carbon dioxide during grows and emits it during 

combustion. Due to this fact, biomass is regarded as carbon dioxide neutral (Loo and Koppejans, 

2002). Now a day’s using of this  alternative energy source as a fuel  has a  large advantage for 

reduction of carbon emission ,improving the environment, and creating social development. On 

the basis of Kyoto protocol and white paper has set the goal to mitigate the emission of carbon 

dioxide, which the most abundant greenhouse gas.  

 

The European Commission has set reduction targets of carbon dioxide and how much renewable 

energy each of 27 EU-countries should have in 2020 compares to 1990s level. Sweden is the first 
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with a demand of 49 percent renewable; Finland is the second with 38 percent and Denmark the 

third with 30 percent (Karlberg, 2008).  

 

The uses of biomass as fuel besides its mitigation of greenhouse gas emission, reduction of acid 

rain and soil improvement, have additional advantages such as: 

 

 Political benefits –using biomass as a fuel can decrease dependency on imported oil;   

 Employment creation – biomass fuels create up to 20 times more employment than 

coal and oil (Loo and Koppejans, 2002). 

 2.2 Biomass fuel composition 

 

The fuel composition of biomass fuels can physically be divided in four different parts; moisture 

content, volatile matter, fixed carbon and ash. The moisture content is the water released from 

the fuel when it is heated above 100
o
C. The volatile matter is described as the fraction released 

from the fuel when it is heated in an oxygen free environment for a certain amount of time and a 

special temperature. Fixed carbon is the solid matter (without the ash) that remains when the 

moisture and volatile matter has been released from the fuel. Finally the ash is the mineral matter 

(inorganic) that remains after complete reaction with oxygen (B Kjellström, 2003). Depending on 

the origin and the type of the biomass the elemental composition and ash concentration of a solid 

bio-fuel is different. Knowing of the ash content and the composition/content of the different ash 

forming elements in a fuel is important to avoid ash related problems by using appropriate 

combustion and gas cleaning technology. 

 

The main ash forming elements of a biofuel is considered to be (Si, Al, Ca, Fe, Mg, Mn, Na, P, 

K, S and Cl). Table 1 below shows concentration of ash forming elements in some selected 

biomass fuels (I Obernberger, 2006). The mode of occurrence and the distribution of ash forming 

matter in a biomass fuel can be determined by using CFA (Chemical Fraction Analysis) i.e. 

sequential leaching in H2O,NH4AC and HCl and the untreated and treated  solids from CFA 

analyzed by using methylene blue absorption method (J Werkelin et al 2010).  
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Table 1. Concentration range of interesting ash forming elements in various solid bio-fuel ashes* 

*) From I Obernberger, 2006 

 

Generally stem wood based biomass contains relatively low amount of inorganic matter. For 

example wood of pine, birch, aspen, spruce contains about 0.3-0.4 wt-% ash forming matter and 

other parts of  the tree like branches, twigs, bark, needles and shots, contains increasing levels of 

inorganic matter e.g. approximately up to 7 wt-% for aspen shots (J Werkelin et al 2010). In 

general the concentration of these non combustible inorganic matters is higher in crops than 

wood. The ash content of crops varies between 2 wt-percent up to 10 wt-percent (D Boström et 

al 2009). 

 

2.3 Particle formation and health problems 

2.3.1 Particle formation during combustion 

 

In addition to their organic constituents (C, H, O) biomass fuels contains inorganic elements (Si, 

Ca, Mg, Mn, K, Na, S, Cl, Fe,) as well as other heavy metals (Zn and Pb) and transition 

elements. Inorganic ash forming matters in biomass fuels can originate from the plant itself or 

from contamination with soil, sand or stones. These inorganic elements are the main fly ash 

forming matters in the combustion process.  

 

Ash/Element 

 

Wood chips(spruce) Bark(spruce) Straw 

(wheat, rye) 

Cereals 

(wheat, triticale) 

(Wt % d.b.) (Wt % d.b.) (Wt % d.b.) (Wt % d.b.) 

Si 

Ca 

Mg 

K 

Na 

4-11 

26-38 

2.2-3.6 

4.9-6.3 

0.3-0.5 

7-17 

24-36 

2.4-5.6 

3.5-5.0 

0.5-0.7 

16-30 

4.5-8.0 

1.1-2.7 

10-16 

0.2-1 

16-26 

3-7 

1.2-2.6 

11-18 

0.2-0.5 

 

Zn 

Cd 

mg/kg d.b mg/kg d.b mg/kg d.b mg/kg d.b 

260-500 

3.0-6.6 

300-940 

1.5-6.3 

60.0-90.0 

0.1-0.9 

120-200 

0.1-0.8 
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The combustion process of a fuel particle proceeds in three different steps; firstly the fuel gets 

dried and when the fuel further heated, it will devolatilize (pyrolysis), after pyrolysis the 

remaining char will be oxidized (char combustion), see Figure 1.  

 

 

Figure 1. Schematic illustration of the different stages during combustion of a biomass fuel 

particle (From C Boman et. al 2005) 

 

During combustion the fly ash forming elements can be released to the gas phase in a number of 

mechanisms. They can be released during drying//pyrolysis phase, during the char combustion, 

or from the ash residue. During these processes volatile elements like K, Na, S, Cl, Zn and Pb 

will be released to gas phase due to high temperature occurring during combustion. Then they 

start to undergo homogeneous gas phase reactions and later on, these ash forming elements start 

to nucleate (formation of sub micron aerosol particle) or condense on surface of existing particles 

due to supersaturation in gas phase. The submicron particles are often an important fraction of 

the fly ash. The dominating alkali phases in the fine particles (< 1 um) produced during 

combustion of wood have shown to be KCl, K2SO4, and K3Na(SO4)2 for wood fuels containing 

sodium (C Boman et al, 2004). In the other hand large (coarse) fly ash particles (> 1 um) have 

been produced from nonvolatile elements such as Si, Ca, and Mg during ash fusion or 

coagulation reactions. These elements may also remain in the coarse bottom ash once the fixed 



 11 

carbon has been fully oxidized. It is important to know that some part of the volatile species that 

are not released to gas phase may undergo secondary reactions with non volatile species (e.g. Ca, 

Si) thus being embedded in the course ash (I Obernberger, 2005). 

 

Another potential process that increases the emissions of aerosols is incomplete combustion of 

the fuel. Particle emissions from incomplete combustion include soot, condensable organic 

particles (tar), and char particles. Chemically soot consists of solid carbon and its formation 

mechanisms is complex (see figure 2). The soot formation mechanisms consists of a series of 

chemical reactions and the current understanding of soot formation in combustion is incomplete. 

Formation of soot starts during the pyrolysis stage of combustion and when volatiles of 

hydrocarbon fragments leave the fuel particle (Bockhorn, 1994).  

 

 

 

Figure 2. Schematic picture of soot formation (Bockhorn, 1994). 
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Tars and hydrocarbons can form aerosols through both nucleation- and condensation processes 

when the flue gas temperature decreases. In modern biomass combustion unit’s, using 

appropriate combustion and process technologies, tars and hydrocarbons have an insignificant 

contribution to the aerosol emissions (I Obernberger, 2005). 

 

 

2.3.2 Health effects of combustion aerosols 

 

Besides their corrosion, ash deposition on heat transfer surfaces and agglomeration effect, fly ash 

particles could also cause health problems. Flue gases from biomass combustion contains 

relatively high amount of particles smaller than 10 µm (PM10). Epidemiology studies have 

shown a clear correlation between the particle concentration in the air and severe health effects 

on human being (D.W. Dockery, 1993, C.A Pope, 1995). 

               

Due to lack of high efficient and economically sound precipitators, small scale biomass systems 

have been identified as a major source for PM-emissions together with industry and traffic 

(Obenberger, 2005). Under optimized conditions the emitted particles from biomass combustion 

contains only ash forming elements but under poor combustion (incomplete combustion) 

hydrocarbons, CO, soot particles could be emitted additionally. Currently residential wood 

combustion is the main source of ambient air pollution and environmental health effect due to 

the emission of volatile organic compounds (VOC), polycyclic aromatic hydrocarbons (PAH) 

and particulate matter. Ambient exposure to these pollutants leads to different health effects such 

as cardiopulmonary disease /mortality and cancer risk.  

According to W.P. Gauderman (2004) exposure to fine particles in the ambient air cause chronic, 

adverse effects on the lung development in children from the age of 10 to 18 years, leading to 

clinically significant deficiency in the lung function as the children reach adult. According to 

Fernandez, (2001) zinc present in submicron particles affects the lung function negative in mice. 

Most regulatory environmental agencies group the pollution particles in to two size fractions: 

PM10 and PM2.5. These size fractions corresponds to total mass concentration of particles with 

diameter’s less than 10 and 2.5 μm, respectively. 
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According to WHO (2006) the maximum allowed annual mean particulate matter concentrations 

are 20 µg/m
3
and 10 µg/m

3
 for PM10 and PM2.5 respectively, while the 24 hour concentrations are 

25 µg/m
3
 and 50 µg/m

3
 (Kovacevik, 2009). Particles less than 2.5 μm can settle in the lungs and 

they may reach the alveoli region, though course particles are filtered in nose and throat. Since 

smaller particles have a larger surface to volume ratio they can be more dangerous and reactive 

(Kovacevik, 2009). 

2.4 Ash related operational problems 
 

Besides that the alkali rich fine particles (fine fly ash) can enhance corrosion, ash deposition on 

heat transfer surfaces and bed agglomeration, they could also cause health problems.  

Combustion of ash rich fuels like forest residues and wheat straw often cause severe 

fouling/deposit formation, bed agglomeration and high emission of fine (<1μm) particles matter 

(i.e. PM1) (J Fagerström, 2005). As mentioned before, these fuels generally contain higher 

content of ash and ash forming elements compared to pure steam wood based biomasses. For 

example the amount of alkali metals, potassium (K) and sodium (Na), as well as chlorine (Cl) is 

much higher in these fuel qualities than in wood derived biomass (J Fagerström, 2005). 

 

The alkali elements and Cl that are volatilized/released from the bed during combustion of 

biomass fuels could be transported to boiler surfaces by different mechanisms and subsequent 

form different deposits. In high temperature furnaces alkali and alkali earth metals could also 

react with silica and form slag/bottom ash (Obenberger, 2005). Another potential problem caused 

mainly by the alkali elements is bed agglomeration in fluidized beds. According to L Pommer et 

al, (2009) the main process behind bed agglomeration is the formation of bed particle layers that 

consists of low-melting/sticky alkali silicates. The undesirable effects of ash deposition are 

reduced heat transfer and thereby also reduced boiler efficiency. The deposits should be removed 

on time, otherwise they can grow to an extent where they can both restrict the gas flow through 

the boiler and cause mechanical damage. The deposit formation on the boiler tube surfaces may 

also lead to corrosion. (J Fagerström, 2005; Simone C. van Lith, 2006).  

 

During combustion of bio-fuels Ca and Mg usually increase the ash melting point while, K and 

Na decrease the ash melting point of the deposit. The ash melting causes reduction of plant 
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availability due to sintering or slag formation. For example, straw, cereal, grass and grain, have 

low concentration of Ca and high concentration of Si and K. As a result their ash starts to melt at 

significant low temperature than ash produced from wood fuels. Herbaceous fuels have high 

content of Cl; while wood fuels normally have low Cl-content. Cl form gaseous HCl, Cl2 or 

alkali chlorides in combustion. Because of the subsequent cooling of the flue gas in the boiler 

section of the combustion plant, parts of the alkali chlorides could condense on the heat 

exchanger surfaces, or form fly ash particles. The S content in the solid bio-fuels could form SO2 

or alkali- as well as alkali earth sulphates. KCl could be converted to K2SO4 via reaction with 

SO3. The addition of sulphur to the fuel mix via fuel additives and/or co-combustion with S rich 

fuels have therefore been used to reduce the corrosion problems in combustion of alkali and Cl 

rich biomass fuels.   

2.5 Effect of co-combustion biomass fuels with peat on ash related problems   
 

Due to its low price, availability and various favorable combustion technical properties of peat, 

countries like Sweden and Finland has extensively been used peat for district heat production 

since the 1980’s. Co-firing peat with woody fuels has shown to reduce the amount of fine 

particle- and deposit forming alkali.  Earlier work mentions that PM
1
 decreased when peat was 

added to forest residues (20 wt-%) in a pilot scale fluidized bed reactor and in another study, 

reduction of PM1 from 100 mg/Nm
3
to 50-90 mg/Nm

3
was observed in a small pellet burner when 

CCA-wood was combusted with two different peat types. (M Öhman, 2010; J Fagerström, 2005) 

 

According to M. Öhman et al (2010) admixing typical carex based peat with salix and reed 

canary grass with  low ash content gives positive effects concerning both bed agglomeration and 

deposit formation (corrosion) in the convection part of the boiler, already at low levels (15 

weight% on DS basis). In addition, earlier results show that co-firing peat or coal with biomass 

fuels is an inexpensive way for preventing bed agglomeration. All Scandinavian peat fuels have 

a capability of reducing agglomeration in the temperature interval of 760-1020°C and co-firing 

even as little as 5 wt-% peat fuel with wood fuels was found to have significant effects. Results 

from elemental analysis of the coating on the bed particle showed that all mixtures with peat fuel 

resulted in a decreased or unchanged fraction of potassium and an increased fraction of 
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aluminum in the coatings and several studies have indicated the increasing of bed agglomeration 

temperature when peat was combusted with bark or logging (Linda Pommer, 2009). 

 

In addition to the reduction of deposit formation and corrosion caused by alkali salts, mainly 

chlorides, addition of peat has shown to reduce the emissions of fine particles. Earlier work 

mentions that PM1 decreased when peat (20 wt-%) added to forest residues in a pilot scale 

fluidized bed reactor and in another study, reduction of PM1 from 100 mg/Nm
3
 to 50-90 

mg/Nm
3
was observed in a small pellet burner when CCA-wood was combusted with two 

different peat types (J Fagerström, 2005). 

 

. 
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3. METHODS AND MATERIALS 

3.1 Thermo-chemical model calculations  
 

Thermo-chemical model calculations were performed to determine the effects of admixing peat 

to softwood sawdust pellets on alkali volatilization during combustion. These results were used 

both as a basis for determining combinations of wood fuel and peat admixtures for the 

demonstration experiments as well as to discuss the under-laying reasons behind the reduction of 

fine particle forming alkali. The calculations were performed with admixing levels of 0-, 10, and 

20 weight % (on DS basis) of peat samples to the investigated biomass fuel, i.e. softwood 

sawdust pellets. 

Global chemical equilibrium model calculations were performed using the software program 

FactSage 6.1. The program uses the method of minimization of the total Gibbs free energy of the 

system. Thermodynamic data were taken from the FactSage database, including all available 

stoichiometric data as well as the appropriate data and model for non-ideal solid and liquid 

solutions and the calculation were made at ambient pressure (1 bar) and an air-to-fuel ratio 1.2 

covering a temperature range of 800-1300°C. The calculation was carried out to simulate the 

combustion in a typical grate fired boiler. From the calculation the fraction of potassium in the 

fuel that was volatilized and carried away with the fuel-gas, as the function of the temperature 

were determined.  

3.2 Fuels used  
 

The biomass fuels used in this study were softwood sawdust pellets (SS). The softwood sawdust 

originates from the used wood raw material in a typical Swedish pellet mill. 

The peat type used in this study was a carex based peat sample with relatively high ash and Si  

content. This peat sample was selected based on previous work where it were shown that peat 

with higher ash content and Si concentration were shown to effectively reduce the fine particle 

and deposit forming alkali when co-fired with different biomass fuels.  Table 2 below shows the 

composition of the main ash forming elements in the sawdust- and peat pellet. The peat sample 
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were pelletized to a diameter of 8 mm and were admixed with the sawdust pellet in three 

different levels (high=20 wt-%, low=10 wt-%, and no peat). 

Table 2. Fuel characteristics – ash forming main elements (average values of three analyzed 

samples and corresponding standard deviation)  

 

 Softwood 

sawdust pellet 

Peat pellet Wood/Peat 

mixture 

90/10** 

Wood/Peat 

mixture 

80/20** 

Ash 

content* 

0,4 ± 0,0 2,6 ± 0,06 0,62 0,84 

     

Si* 0,0181± 0,0025 0,463 ± 0,063 0,0626 0,107 

Al* 0,0036 ± 0,00056 0,142 ± 0,0067 0,0175 0,0313 

Ca* 0,0920 ± 0,0052 0,241 ± 0,018 0,107 0,122 

Fe* 0,0031 ± 0,00071 0,261 ± 0,018 0,0289 0,0546 

K* 0,0385 ± 0,0011 0,0361 ± 0,0039 0,0383 0,0380 

Mg* 0,0154 ± 0,00092 0,0740 ± 0,007 0,0212 0,0271 

Na* 0,00265 ± 

0,00092 

0,0233 ± 0,0049 0,00471 0,00677 

P* 0,0052 ± 0,00042 0,0311 ± 0,0029 0,00779 0,0104 

S* 0,0056 ± 0,00085 0,112 ± 0,0035 0,0163 0,0269 

Cl* 0,01 ± 0.0 0,03 ± 0.0 0,012 0,014 

*) wt-% of dry substance **) Calculated values 
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Figure 3.  Composition of main ash forming elements in the sawdust and peat fuels in Wt-% DS. 

The composition of 0, 10, 20, 100% peat/sawdust samples are presented in Figure 3 . The silicon 

content in the peat pellet and in the admixed samples are significantly higher than in the pure 

sawdust pellet. The potassium content is almost the same in all fuel types/mixtures. The amount 

of silicon, iron, aluminum, calcium and sulfur are relatively high in the peat sample.   

 

3.3 Appliances and experimental procedures 

3.3.1 Boiler Used 

 

Three combustion experiments (0, 10 and 20 wt-% peat) were performed in a full scale (150 kW) 

grate firing boiler. The used moving grate boiler is normally using softwood sawdust pellet and 

its main purpose is to produce heat to a small district heating system in Kramfors, Sweden. 

Figure 4., below, shows a schematic view of the boiler with furnace and heat exchanger. The fuel 

is transported through the combustion chamber of the boiler using conveying screw. Upon 

measurement the temperature of the grate was around 1100 C. Particle sampling was taken from 

the exit of the flue gas and the temperature was about 200 C.  
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Figure 4. Schematic picture of boiler used. 

During the experiment, the composition of the fuel gas CO, CO2 and NO were analyzed by a 

TESTO 350 XL (electrochemical cells). The gas sampling was carried out after the boiler at the 

exit of the flue gas temperature of about 150 C. A 13-Step low-Pressure cascade impactor with a 

precyclone and with a downstream Teflon fiber was used to determine the concentration and size 

distribution of particles in the flue gas. The impactor classifies particles according to the 

aerodynamic size in the range 0.03 - 10 µm. Since test with greased substrates shows 

insignificant bouncing of particles, non greased Aluminum substrate foils were used in the 

impactor. This also enables the subsequent chemical characterization of the sampled particles. 

In addition particulate matter samples in the impactor were analyzed for morphology and 

elemental composition, using scanning electron microscopy (SEM) and energy-dispersive X-ray 

analysis (EDS).  

3.3.2 Low pressure cascade impactor 

 

Aerosol size information is very important for the estimation of health problems due to ambient 

exposure to PM.  Low pressure cascade impactors (LPI) is one of the instruments used for size 

selection and sampling of air born particles. LPI enables to analyze real-time particle size 

distribution and the entire size distribution of an aerosol over a broad size range and 

morphological analysis of a sample. It uses series of impaction stages to determine the entire size 

distribution of an aerosol over a broad size ranges according to their aerodynamic diameter.  
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Materials such as (e.g. aluminum, polycarbonate and quartz) 

and potential pre/treatment (i.e. greasing) can be used as a 

substrate in the impactor depending on sampling conditions, 

aerosol properties and potential analysis requirements. In the 

present work a Dekati 13-stage low pressure cascade impactor 

(Figure 5) with the cut-off diameters range 0.03µm to 10 µm 

was used.  

 

 

 

3.3.3 Scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS) 

 

Electron microscopy techniques are capable of generating information about external 

morphology (texture), chemical composition and crystalline structure of materials making up the 

sample. The technique permits observation of a material in nanometric scale by using electrons 

instead of light.  The technique uses a focused beam of electrons which interact with the atoms of 

the sample and produces signal for the detector. Energy-disperative spectroscopy (EDS) is used 

for analysis of the elemental composition of the sample by detection of X-rays emitted from the 

sample during subjection of electrons (C. Boman, 2005). 

  

Figure 6. Opened SEM sample chamber. 

Figure 5. Dekati 13 stage low pressure cascade impactor (DLPI).  
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4. RESULT AND DISCUSSION 

 

At time of the particle sampling period the CO and NO emissions were varied between 20-30 

mg/Nm
3 

and 70-135 mg/Nm
3

 respectively at 8% O2 d.g. for all sawdust/peat experiments.  

4.1 Particle Characterization  

Total mass concentration measured with DLPI showed that the particle distribution was bimodal 

(0.020-10µm) (Figure 7). Upon combustion of sawdust pellets alone the fine mode (<1 µm) PM1 

clearly dominated the particle emissions. When 10 wt %peat was added to the fuel mixture the 

fraction of fine particles (PM1) was significantly decreased (about half of that emitted during 

pure softwood pellet combustion). Adding 20wt-% of peat to the fuel mix didn’t reduce the fine 

particle emissions further. The emissions of coarse particles (1-10 um) were not significantly 

higher for the peat/wood mixtures. 

 

  

Figure 7. Particle mass size distribution as given by the DLPI measurements. 
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The results from the SEM-EDS analyses, as seen in Figure 8, showed that the fine PM was for all 

fuel types/mixtures dominated by potassium, chlorine, sulfur, sodium and zinc. The results from 

this work (figure 7 and 8) therefore show a significant reduction of fine particle alkali (about half 

of that formed during pure softwood pellet combustion) by co-combustion 10 wt-% peat with 

wood.  According to previous work the main case for reduction of fine potassium is due to the 

binding of K to the bottom ash and slag rather than forming fine particles like KCl and K2SO4 

(M Öhman et al 2010). 

 

 

Figure 8. Elemental composition (average values +/- stdev), presented on oxygen, carbon and 

aluminum free basis, of the fine mode particles (e.g. impactor stage 3, GMD 0.10 µm or 4, GMD 

0.19 µm) sampled during combustion of sawdust, sawdust mixed with 10% peat and sawdust 

mixed with 20% peat.  

The elemental composition of the course particle fraction (1.3 -2.0 µm) produced during 

combustion of the sawdust/peat mixtures was dominated by potassium, calcium, magnesium, 

sulfur, silicon and iron (Figure 9). 
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Figure 9.  Elemental composition (average values +/- stdev), presented on oxygen and carbon 

free basis, of the coarse mode particles (e.g. impactor stage 8, GMD 1.3 µm or 9, GMD 2.0 µm) 

sampled during combustion of sawdust mixed with 10% peat and sawdust mixed with 20% peat. 

  

4.2 Thermo chemical equilibrium calculations 
 

The results from the thermo chemical calculations show a significant reduction of the fraction of 

alkali in the fuel that is volatilized from the bed when admixing peat to the sawdust fuel. In the 

temperature range that typically are found on the burning grate (i.e. 1000-1100 C) the reduction 

is around 50% for the case when admixing 10 wt % peat to the sawdust fuel (figure 10). This is 

in a qualitatively agreement with the corresponding experimental combustion results from this 

work.  

In pure sawdust combustion the potassium is mainly predicted to be found in the gas phase as 

KCl (g) and KOH (g) in bed temperatures relevant to grate firing (i.e above 1000 C), Figure 11. 

In experiments with co-combustion sawdust pellet with the peat pellet fuel the calculations 
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suggest that a significantly share of the potassium is retained in the bottom ash as a K rich 

silicate slag and as KAlSi2O6(s) (Leucite), Figure 12. 

 

Figure 10. Calculated fraction of in-going potassium with the fuel that were volatilized from the 

bed, i.e. found in the gas phase, within varying temperatures for the sawdust pellet (0 % peat) 

and the different sawdust/peat mixtures. 
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Figure 11 Predicted chemical equilibrium distribution diagram for potassium during combustion 

of softwood sawdust. 

 

 

Figure 12. Predicted chemical equilibrium distribution diagram for gaseous and condensed 

phases of potassium during co-combustion of sawdust fuel with 20 % peat. 
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5. CONCLUSIONS 

 

 The present study clearly shows that reduction of fine particles (< 1 um) is possible when 

co-combusting wood pellets with peat pellets in grate fired boilers. When 10 wt % peat 

was added to the wood/peat fuel mixture the fraction of fine particles was significantly 

decreased (about half of that emitted during pure softwood pellet combustion).  

 The fine particles were for all fuel types/mixtures dominated by potassium, chlorine, 

sulfur, sodium and zinc.  

 The result from this work therefore shows that a significant reduction of fine particle 

alkali is possible when co-combusting wood pellets with peat.  

 The results from the thermo-chemical calculations suggest that a significant share of the 

potassium is retained in the bottom ash as a K rich silicate slag and as KAlSi2O6(s) 

(Leucite) when co-combusting sawdust with peat.  
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