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Abstract 

Effective use of resources is essential in the development towards a sustainable industry. Waste 

products, such as sludge from industrial waste water treatment, often contain valuable reserves 

of plant nutrients but this resource is nonetheless commonly disposed of as contaminated waste.  

Approximately 1 500 ton phosphorus per year is added in biological waste water treatment at 

the Swedish pulp and paper industries and this non-renewable resource thereby ends up in their 

so called biosludge. The most common way to discard the sludge is by incineration. Besides the 

high levels of phosphorus, the biosludge usually contains high levels of moisture and ash 

forming elements, sulfur and chlorine, which makes it a rather problematic fuel. 

The aim with this study was to investigate different aspects on ash transformation chemistry 

during co-combustion of biosludge, from the pulp and paper mill SCA Packaging Obbola AB, with 

wood fuels and wheat straw. The phosphorus recovery potential, and the effects on deposit 

formation and emissions,  were examined by SEM-EDS- and XRD-analysis of ash from co-

combustion experiments. The experimental results were complemented with theoretical 

analysis based on thermochemical equilibrium calculations.  

The biosludge from SCA Obbola contained high levels of Ca which had a large impact on the ash 

transformation reactions. Most of the phosphorus from the fuels stayed in the solid ash during 

combustion, and in all ash assortments, except for the pure wood fuel, it was primarily found in 

the crystalline structure whitlockite, Ca9(K,Mg,Fe)(PO4)7. Hydroxyapatite, Ca5(PO4)3OH, was 

identified in ash from combustion of the pure wood fuel and wheat straw, and in the mixture of 

biosludge and wood fuels with the lowest proportion of sludge. Of the two phosphorus 

compounds, hydroxyapatite is more difficult to break down. It is therefore promising from a 

phosphorus recovery perspective that whitlockite was the main phosphorus compound in most 

of the ash assortments. Some of the sulfur in the sludge reacted with Ca and formed solid CaSO4, 

which stayed in solid ash during combustion, while chlorine generally left the bottom ash by 

volatilization. 

K- and Si-rich agricultural residues, such as wheat straw, are associated with a number of ash-

related problems, including deposit formation due to low ash-melting points. During co-

combustion of biosludge and wheat straw, the melting tendencies of the wheat straw ash 

elements were examined. According to the thermochemical equilibrium calculations, the 

composition of the mixed fuels would result in a significantly higher initial slag formation 

temperature compared to the pure wheat straw. This trend was also observed in the 

experimental results. It is likely that the relatively high levels of Ca, Al and P in the sludge all 

contributed to reduced slag formation in the wheat straw ash, by formation of ash compounds 

with higher melting temperatures. The high calcium levels may however have reduced some of 

the positive effects of increased P and Al contents by these elements preferably reacting with Ca 

instead of capturing alkali in crystalline structures. 
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Asktransformationer vid förbränning av fosforrikt 

industriellt slam  

En studie med fokus på återvinningspotential för fosfor och effekter på emissioner 
och slaggbildning  
Sammanfattning  

Effektiv resursanvändning är en viktig aspekt i utvecklingen mot en hållbar industri. Industriella 

restprodukter innehåller ofta stora mängder näringsämnen som idag till stor del inte tas tillvara. 

Slam från de svenska pappers- och massabruken är ett exempel på en sådan resurs. Fosfor, i 

kvantiteter uppemot 1500 ton/år tillsätts i brukens biologiska vattenrening och denna icke-

förnybara råvara hamnar därmed i deras så kallade bioslam. Det vanligaste sättet att göra sig av 

slammet är genom förbränning. Förutom den höga halten av fosfor, har bioslammet vanligen 

mycket hög fukthalt och askhalt, vilket gör det till ett problematiskt bränsle. Det kan också 

innehålla mycket svavel och klor.   

Målet med projektet var att undersöka hur askkemin påverkades vid samförbränning av 

bioslam, från pappers- och massabruket SCA Packaging Obbola AB, med träbränsle och 

vetehalm. Genom att analysera askan från samförbränningsexperimenten, med hjälp av SEM-

EDS och XRD, kunde återvinningspotentialen för fosfor undersökas. Effekten av samförbränning 

på emissioner och slaggbildning analyserades också. De experimentella resultaten 

kompletterades med teoretiska resultat baserade på termokemiska jämviktsberäkningar. 

Bioslammet från SCA Obbola innehöll höga halter av kalcium, vilket hade stor inverkan på vilka 

föreningar som bildades i askan. Det mesta av fosforn i bränslet stannade i askan under 

förbränningsexperimenten. I alla asksortiment, utom i det rena träbränslet, återfanns fosfor 

primärt i den kristallina strukturen whitlockite, Ca9(K,Mg,Fe)(PO4)7. Hydroxiapatit, Ca5(PO4)3OH, 

identifierades i askan från förbränning av rent träbränsle och vetehalm samt i den blandningen 

av bioslam och träbränslen som hade den lägsta andelen slam. Av de två fosforföreningarna är 

hydroxiapatit mycket svårare att bryta ner. Att whitlockite var vanligast förekommande i 

askorna från samförbränningen är därför lovande med avseende på fosforåtervinningspotential. 

En stor andel av svavlet i slammet fanns kvar i bottenaskan efter förbränning i form av CaSO4, 

medan klor generellt avgick i gasfas. 

Kalium- och kiselrika jordbruksrester, som exempelvis vetehalm, är förknippade med en rad 

askrelaterade problem. Bland annat är problem med slaggbildning vanligt förekommande vid 

förbränning av dessa bränslen på grund bildandet av askföreningar med låga smältpunkter. 

Detta fenomen undersöktes i denna studie vid samförbränning av bioslam och vetehalm. Enligt 

de termokemiska jämviktsberäkningarna som utfördes, skulle den nya sammansättningen av 

askbildande ämnen resultera i en signifikant högre initial slaggbildningstemperatur jämfört med 

vid förbränning av ren vetehalm. Tendenser till detta observerades också i de experimentella 

resultaten. En slutsats som kunde dras var att de, i slammet, relativt höga nivåerna av Ca, Al och 

P sannolikt tillsammans bidrog till minskad slaggbildning i vetehalmsaskan genom bildandet av 

föreningar med högre smältpunkter. Den höga kalciumhalten kan dock ha minskat vissa av de 

positiva effekterna av höjda P- och Al-halter genom att dessa ämnen reagerade med Ca istället 

för att binda in alkali i kristallina strukturer. 
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1 Introduction 

Large quantities of waste products are produced every year by the Swedish pulp and paper 

industry. Some of the residues, such as bark, sawdust, and pine oil, are used as fuels for energy 

production within the industry while other waste streams mainly contribute with the cost and 

logistics for disposal. Of the latter different types of sludge and paper and plastic rejects are 

probably the most important. Efficient management of these resources could gain the industry 

both economically and in ambitions towards a sustainable development. 

The amount of sludge generated from the Swedish pulp and paper mills is estimated to around 

560 000 ton (dry substance) per year (value from year 2001) whereof 13 % is so called 

biosludge from waste water treatment. [1] The composition of the diverse types of sludge are 

determined by from which process streams they are derived and what type of cleaning and 

drying systems which are used [2]. The sludge produced in one year contains more than 2 TWh 

of energy and a substantial amount of nutrients and minerals, enriched from the raw material or 

added in different process steps. [1] 

How the mills dispose the produced sludge varies between different locations but the most 

common way is incineration in biofuel furnaces on site [1, 3]. Combustion of biomass material 

from the Swedish woods result in 1.5 million ton/year of remaining ash. Only 2 % of this ash is 

brought back to the forest while the main part (70 % in year 2010) is used in construction 

material as landfill coverage. [4]  

Compared to biomass in general [5] the sludge usually has a higher moisture content as well as 

ash content, and sulfur, chlorine and nitrogen are often present in large proportions [1], 

although the composition can vary considerably. Furthermore, roughly 2 100 ton of phosphorus 

per year can be found in the biosludge, of which 1 500 ton originate from mineral phosphate, 

added in the biological water treatment. [6] This can be put into perspective with the 11 800 ton 

of phosphate in mineral fertilizers used in Sweden in the agricultural year of 2012/2013 [7].  

Mineral phosphate is a finite resource originating from mining in a few countries [8, 9] with the 

largest known resources located in China, Russia, Morocco and North America [10]. In a long 

term perspective the constant one-way flow of this resource to global food production and other 

industrial uses must be considered problematic. The development of methods for recycling of 

phosphorus from different waste streams is therefore highly important. Utilization of ash from 

combustion of phosphorus-rich fuels such as industrial sludge, sewage sludge, animal waste and 

agricultural residues is a recovery-method viewed as particularly interesting [11].  

The Swedish Environmental Protection Agency elucidates the importance of phosphorus 

recovery in a report from year 2012. They also declare a number of aspects which should be 

considered in the development towards a sustainable use of phosphorus. Among other things, 

they mention the importance of reducing the risk of heavy metal accumulation and leaching of 

nutrients from the soil when phosphorus-containing material is spread in the environment. [4] A 

common problem is cadmium, which is often found in different ash fractions. [12] The current 

limits, regulated by The Swedish Forest Agency, for Cd-content in ash which is returned to forest 

soil is 30 mg Cd/kg ash (dry substance) and the minimum recommendation for phosphorus 

content in the same ash is 7 g P/kg ash (ds). [13] The regulations are stricter regarding arable 

land, 0.75 g Cd per hectare and year. [4] 
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Looking at the Swedish forest industry, there is clearly a great potential to improve the handling 

of resources and increase the recirculation of phosphorus either within the industry or to other 

sectors where phosphorus addition is needed. The ash from biomass combustion may contain 

several other plant nutrients except from phosphorus, among others are potassium, calcium and 

sulfur. Returning ash to the forests would not only contribute to a long term sustainable cycle of 

phosphorus, it could also reduce acidification and lack of calcium and other essential metals in 

forest soil [2].  

SCA Packaging Obbola AB is a pulp and paper mill producing two types of coating materials for 

corrugated cardboard, kraftliner and eurokraft. The steam required in the paper production 

process is partly produced in the recovery boiler and partly in a biomass boiler with a maximum 

capacity of approximately 50 MW, which corresponds to an hourly production of approximately 

80 ton steam at 30 bar. The biomass boiler also has the function of incinerating waste products, 

such as biosludge from waste water treatment and different types of reject from paper 

production, for disposal. In addition to the internal waste products/fuels (bark, reject and 

biosludge), some externally purchased fuels are also combusted in the furnace including bark, 

waste wood and wood chips. In total, the combusted biomaterial amounted to around 13 000 

ton in January 2015 and the average power output in the same period was 38 MW. The 

distribution of the fuels can be seen in Figure 1.  

The biosludge is considered a problematic fuel at SCA Obbola, due to the high content of 

moisture and ash and the stickiness which makes fuel feeding into the furnace somewhat 

difficult [14]. As can be seen in Figure 1, biosludge contributes with 9 % of the mass but only 2 % 

of the energy input. Another problem, associated with combustion of sludge, is its tendency to 

form dense clumps [15], which complicates the procedure of attaining an even fuel mix and 

might lead to unburnt material in the residual ash.  

  

Figure 1. Distribution of fuels by energy content (left circle) and mass (right circle) incinerated in the biomass boiler 
at SCA Obbola, January 2015.[14]  

The biofuel boiler at SCA Obbola was initially designed for burning oil and has later been rebuilt 

with two biomass furnaces connected to the original oil-fired system, see Figure 2. The two 

connected biomass furnaces are cylindrical, grate-fired, so called cyclone furnaces with a 

diameter of 4 meters. Fuel is fed with a feeding-screw from the bottom and air is supplied at 

different levels. Primary air is distributed evenly through the grate at the bottom and secondary 

air is supplied at two levels tangentially over the grate to create a rotational movement in the 

combustion zone. Tertiary air is supplied in the gas channel leading to the oil furnace. The air 

pollution control consists of a cyclone and electrical filters separating particles from the exhaust 

gases.  Ash removal is performed manually which means that the system needs to be shut down 

regularly, with an interval of 1-3 days, for this purpose. [14, 16] 
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Figure 2. Overview of the biomass combustion system at SCA Obbola. The biomass furnaces are connected to the oil-
fired boiler by two gas channels. 

The ash from combustion of biomass at SCA Obbola is today used to improve soil quality in soils 

not to be used neither in agriculture or forestry, such as embankments [14]. However, if the 

percentage of phosphorus was high in a certain ash fraction, and in a form suitable for plant up-

take, it would be possible to use this ash as a fertilizer without further treatment, given that the 

content of harmful trace elements was under current legislation limits. To achieve this, the ash 

transformation reactions during combustion must, in as high extent as possible, be steered in a 

strategic direction.  

The ash chemistry during biomass combustion has previously been described by Boström et al. 

[17] and Skoglund [18] and is summarized in the following section. During thermal conversion 

of biomass, some ash elements will remain solid while other is volatilized or molten, depending 

on their thermodynamic stability at the process temperatures. High volatility generally means 

high reactivity whereas slow or medium fast reactions can be expected when solid compounds 

take part. If the reactions may proceed until equilibrium is reached the relative stability of 

different compounds will determine the final products.  In a real combustion situation 

conditions such as aggregation states, residence time, and mass transport limitations must be 

considered together with the thermodynamic theory to foresee the course of the reactions.  

The most important ash-forming elements include K, Na, Ca, Mg, Fe, Al, Si, P, S, and Cl. The 

distribution of these elements in the ash forming matter of the fuels used in this study is 

displayed in Figure 3. After primary ash transformation reactions the elements are, with some 

exceptions, found in an oxidized state. Phosphorus is often released as highly reactive P4O10 (g), 

which can later interact with other compounds, such as KOH (g) or CaO (s), in secondary, and 

even further in tertiary, ash transformation reactions. After these reactions P, like S and Si, might 

be found as part of negatively charged molecular ions (some common forms are PO4
3−, SO4

2−, SiO4
4−) 

with ionic bonds to positive metal ions. Whitlockite, Ca9(K,Mg,Fe)(PO4)7 (s), and hydroxyapatite, 

Ca5(PO4)3OH (s) are two phosphate structures commonly found in biomass ash.  
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Figure 3. Concentration of main ash-forming elements and the ratio between Ca and P (right axis) in the fuels used in 
this study. 

Oxides of the alkaline earth metals Ca and Mg (CaO, MgO) are stable enough to remain solid even 

at high process temperatures and reactions with other molecules are therefore in many cases 

relatively slow. The alkali oxides K2O and Na2O are less stable compared to the previous and, as a 

consequence, K and Na are more likely form the hydroxides KOH (g) and NaOH (g) or, in contact 

with Cl, KCl (g) and NaCl (g). Chlorine is not stable as an oxide at high temperatures, which is 

why volatilized Cl2 (g) often react with water vapor to HCl (g) or with alkali, as mentioned above. 

Because of the volatility of the Cl compounds at high process temperatures, Cl will not be found 

in a large extent in the bottom ash. Instead chlorides are known to cause deposit and corrosion 

problems if condensing at the relatively cold surfaces of heat transfer equipment, later in the 

system. [19, 20] 

Sulfur may be released during combustion as SO2 (g) or SO3 (g), depending on temperature and 

the level of available oxygen. The sulfur oxides might thereafter react further to form solid 

compounds in the ash, especially in the presence of alkaline earth metals. Sulfur may also stay in 

gas phase, as oxides, alkali sulfates or other compounds, which may be emitted with the flue-

gases or condense when reaching lower temperatures, another known source of corrosion [20].  

A dissimilar behavior is exhibited by silicon, which after primary reactions is present as solid 

SiO2 particles. In a possible scenario, SiO2 (s) reacts with KOH (g), forming low temperature 

melting potassium silicates, a potential source of slag (deposits in the combustion area caused 

by molten ash). If potassium is replaced in the silicates by Ca or Mg, an increase of the melting 

temperature will follow as a result and operational problems might be reduced. Whenever Al is 

present in biomass ash it is likely to bind to the oxygen atoms surrounding Si, in 

thermodynamically very stable aluminum silicates. Aluminum has therefore little interaction 

with the elements forming other negative ions (P, S, Cl). The formation of these Al/Si structures, 

which often also contain alkali, has a positive impact on ash slagging tendencies, due to their 

high melting points.   
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Parameters that have been pointed out as influential when it comes to which type of phosphorus 

compounds that will form during combustion, and the melting temperature of these, are the 

Ca/P ratio in the fuel [21-23] and the amount of alkali metals (K, Na) in relation to alkaline earth 

metals (Ca, Mg) [24]. Fuels with a high content of P and K may cause boiler problems, such as 

slagging and agglomeration, since alkali phosphates often have low melting temperatures [25].  

In addition, reactions including P, K and Si may result in the formation of hard glass-melts, which 

makes both ash removal and the possibility of phosphorus recovery quite difficult. If direct use 

of the ash is not an option, phosphorus can be extracted by different two-step technologies, with 

a first step being biomass combustion and a second step such as acid leaching or additional 

thermal treatment. [11] A secondary step in the phosphorus recovery process brings inevitably 

increased costs in terms of higher energy consumption and the need of different additives and 

chemicals. It is still recommended in some cases, to separate the plant nutrients from unwanted 

elements and increase their plant availability. [26] 

Through reactions including Ca and Mg, alkali phosphates with higher melting temperatures 

may form [27] but if too much Ca is present in relation to the amount of P, the most stable 

phosphorus compound will likely be hydroxyapatite. This compound is the main constituent in 

of dental enamel and very difficult to break down [28], which makes it unsuitable for fertilizing 

purposes. Another negative consequence of too much Ca is the influence Ca might have on alkali 

retention in ash. In various types of sludge, P and S can be found in high concentrations, both 

capable of reducing the release of KCl by formation of less corrosive alkali phosphates and 

sulfates. If the available P and S bind to Ca instead of K, the positive effects of P/S-addition will 

decrease. [29, 30]  

Altogether, there are several potential benefits of combusting phosphorus-rich biomass together 

with other fuels according to a well-designed fuel mix. As an example, combustion of wheat 

straw and other agricultural residues are associated with a number of ash-related problems 

(deposit formation, corrosion, bed agglomeration etc.) due to, among other things, the typically 

high content of potassium and chlorine, low ash-melting points and a high proportion of ash 

forming matter in the fuel. [31] The ash chemistry during combustion of these types of fuels can 

be influenced by additives or by co-combustion with fuels with a different composition of ash 

forming elements.  

The influence of phosphorus on ash transformation reactions [17], bed agglomeration [32], and 

alkali behavior [23, 24, 27] during combustion of phosphorus-rich biomass or with phosphorus 

containing additives, has been investigated in several studies. A general conclusion is that 

formation of high-temperature melting alkali-alkaline earth metal-phosphates affects both 

deposit formation and alkali retention in a favorable way and may thereby reduce the risk of 

several operational problems when combusting problematic fuels, such as agricultural residues, 

with some sort of phosphorus addition. To sum up, a successful co-combustion fuel design must 

take into account the total ash content and composition of the included fuels as well as a 

combination of different ash transformation processes, of course affected by the conditions in 

the furnace.  

  



 

 6  
 

With this in mind, the possibility of achieving specific properties of biomass ash was examined in 

this degree project. The aim was to investigate the effects of co-combustion of industrial 

biosludge with different types of fuels, with emphasis on phosphorus recovery potential and ash 

related problems. Some of the aspects investigated were 

 To what extent phosphorus was contained in the ash 

 In which chemical compounds phosphorus was present in the ash 

 The occurrence of molten material 

 If and how sulfur and potassium was contained in the ash 

Wheat straw was chosen as a K and Si-rich agricultural fuel and bark and waste wood were to 

represent the wood fuels used to produce steam at SCA Obbola. The study included 

thermochemical equilibrium calculations and small scale combustion experiments. Prospects 

and limitations linked to combustion of biosludge in the biomass combustion system at SCA 

Obbola were reviewed and discussed based on operational data and thermochemical 

simulations.   
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2 Materials and method 

Thermochemical equilibrium calculations and small scale combustion experiments, followed by 

analysis of the produced ash, was performed to study the effects of co-combustion of industrial 

biosludge with other fuels.  

2.1 Raw material and fuel preparations 

The raw material used in the combustion experiments consisted of industrial biosludge, from 

the waste water treatment at SCA Packaging Obbola AB, and bark, waste wood and wheat straw, 

from the fuel assortement at TEC-lab, Umeå University. The real fuel blend used at SCA Obbola 

could not be used in the laboratory scale experiments due to limitations of the fuel preparation 

procedure and the heterogeneity of the fuel which made it unsuitable for small scale 

experiments. A mixture of 80 % bark and 20 % waste wood (bark/ww) was used as a substitute 

fuel since bark and waste wood were both part of the fuel blend at SCA Obbola and could be 

found in the fuel assortment at TEC-Lab. 

Pretreatment of the bio material was done to homogenize the fuel, increase the heating value, 

enable mixing, and pelletizing and to streamline the fuel handling in the combustion 

experiments. It included drying, grinding and pelletizing. The biosludge was dried in an oven at 

105°C until reaching a moisture content of approximately 8 %. The dry material was then 

grinded by a knife mill. The pre-pelletized bark, waste wood and wheat straw were grinded back 

to powder to enable mixing of the materials.  

The material was mixed according to a design matrix with different proportions of bark/ww, 

biosludge and wheat straw, see Table 1. From the prepared mixtures, 1 g-pellets were produced 

in a hand pellet press at a pressure corresponding to 6 ton with exception to the pellets 

containing 100 % biosludge. This specific batch were made smaller and less compressed 

(pressed at 1 ton and 0.5 g/pellet) due to difficulties of attaining complete combustion with this 

material in initial trials.  

Table 1. Percentage (w/w of ds) of bark/waste wood, biosludge and wheat straw in the different mixtures used in the 
experiments. 

Mix  Bark/ww Sludge Wheat straw 

Bark/ww 100 0 0 

BS_91 90 10 0 

BS_82 80 20 0 

BS_55 50 50 0 

BS_28 20 80 0 

Biosludge 0 100 0 

WS 0 0 100 

WS/S 0 10 90 

WS/S/B 10 10 80 

The biosludge and the fuel blend used at SCA Obbola were externally analyzed for elemental 

composition and fuel data of wheat straw and waste wood were known from previous analyses. 

Since there were no available data regarding the bark, it was approximated based on another 

bark assortment. The elemental compositions of the fuels are presented in Table 2. The 

compositions of the different mixtures were calculated from the elemental data of the original 

fuels. Although the fuel blend at SCA Obbola was not included in the small scale combustion 

experiments, the elemental data was used to simulate combustion processes in FactSage.  
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Table 2. Elemental composition, ash yield and moisture content of the fuels used in the experiments and from which 
different blends were produced.  

 

Biosludge 
2015 

Fuel blend 
Obbola 2015 Wheat Straw Bark Waste Wood 

Moisture (%) 81.7 60.6 10 11 16.3 

Ash content (% ds) 32.6 3.0 9.0 4.9 5.7 

mol/kg (ds) 

C 31.80 42.38 36.87 43.54 39.74 

H 47.62 60.52 55.76 56.55 56.55 

N 3.17 0.43 0.63 0.29 0.84 

O 12.13 24.56 25.00 22.88 24.79 

mmol/kg (ds) 

K 88 37 373 56 36 

Na 88 6 9 17 57 

Ca 1837 21 128 240 120 

Mg 238 30 46 33 41 

Fe 169 17 10 9 48 

Al 634 36 26 37 122 

Si 1070 58 787 164 420 

P 244 20 28 16 3 

S 167 14 43 0 28 

Cl 17 8 99 8 14 

2.2 Thermochemical equilibrium calculations 

Thermochemical equilibrium calculations in the software FactSage 6.4 was used in this work in 

the development of a design matrix and as a complement to the experimental results regarding 

ash formations and emissions. The formation of phosphorus containing compounds and ash 

elements that might cause problems in the furnace was some of the aspects studied.  

The elemental composition of the fuels was used as input for the calculations and the 

temperature was varied to investigate if this parameter could influence the ash chemistry of the 

specific cases. To simulate a typical combustion process the temperature was varied between 

700 and 1200°C, at atmospheric pressure and with an oxygen excess of around 5 %. The 

databases FT oxid, FT pulp, FT salt and FactPS were used in the simulations. 

The software uses Gibbs energy minimization to determine the products of a reaction which has 

reached equilibrium [33, 34]. A drawback with this method is that it does not take into account a 

time aspect, which means that mixing limitations and reaction rate is not considered. It is 

however a useful tool to get insight in the theory behind different combustion scenarios and can 

be used as a guide to explain the ash chemistry of real combustion processes. Thermochemical 

calculations in FactSage has been used in several previous studies, investigating general ash 

transformation behavior [18] or more specific problems, such as bed agglomeration tendencies 

in a bubbling fluidized bed [35], ash transformations and ash and deposit speciation in an 

industrial circulating fluidized bed [36] and behavior of trace elements in a co-combustion 

experiment with bark and waste [37].  
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2.3 Combustion experiments 

Combustion experiments and ash analysis were performed at TEC-Lab, Umeå University. The 

single-pellet furnace used in the laboratory scale experiments, previously described by Biswas et 

al [38], can be seen in Figure 4. The temperature of the furnace was regulated by PID controlled 

electrical wall heaters and the furnace was heated to either 800°C or 900°C prior to the 

experiments. A constant flow of preheated air was supplied from the bottom of the furnace and 

maintained an oxidizing environment. To start an experiment the sample was placed in a 

stainless steel basket, hanging in a steel wire. The furnace was then raised over the sample by a 

pneumatic lever. 10 pellets from every batch were combusted at each of the two combustion 

temperatures and the remaining ash from every pellet was collected batch-wise. Altogether, 18 

ash samples were produced. 

 

Figure 4. Schematic picture of the furnace used for single-pellet combustion. 1 

The reason for working with small scale experiments was that a relatively large amount of tries 

could be made to a low cost considering time and material. Although the conditions do not 

completely correspond to those in a real combustion facility some general information about ash 

formation characteristics is possible to determine. Ideally, the information attained from small 

scale tries should be used to determine which parameters to be the most important when 

planning for complementary experiments in larger scale. In this case the results from single 

pellets combustion stands on their own and should therefore be interpreted cautiously. 

  

                                                             
1 Reprinted from Applied Energy, 119, Biswas AK, Rudolfsson M, Broström M, Umeki K, Effect of pelletizing conditions 

on combustion behaviour of single wood pellet, 79-84, Copyright (2014), with permission from Elsevier 
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2.4 Analysis of ash samples 
Analysis of ash samples was performed at TEC-lab, Umeå University. According to the external 

analyses, the main ash-forming elements found in the fuels were K, Na, Ca, Mg, Fe, Al, Si, P, S, and 

Cl and these elements were therefore included in the analysis. A Philips model XL30 scanning 

electron microscope (SEM) with a combined energy dispersive X-ray spectroscopy detector 

(EDS) was used to analyze morphology and elemental composition of the ash samples. Small 

portions of ash, representing the separate batches, were mounted on carbon tape prior to 

analysis. To determine bulk composition of the samples, three or more representative areas 

were analyzed on every sample. Spot analyses were made to distinguish ash particles of 

different composition in the same sample, with the aim to determine which elements could be 

found together and in what type of structure (melt, amorphous or crystal).  

The principles of a scanning electron microscope can briefly be described as follows. The sample 

of interest is irradiated by a beam of (primary) electrons, which, when they hit the surface, can 

either be scattered elastically or inelastically, be absorbed by elements in the sample or in some 

cases transmitted. When scattered electrons reach the detector a picture of the surface can be 

produced.  

Primary electrons which undergo one or more elastic collisions (with no loss of kinetic energy) 

and are thereafter scattered backwards out of the surface are called back-scattered electrons 

(BSE). The more electrons that are emitted from a certain area, the brighter it will appear in the 

picture. In BSE-mode, contrasts can be distinguished due to both the topography of the sample, 

since electrons emitted from surfaces directed towards the detector are more likely to be 

spotted, and elemental variations, since elements with a higher atomic number are more likely 

to emit back-scattered electrons.  

Inelastic collisions may result in ionization of atoms in the sample and release of so called 

secondary electrons (SE), with much lower kinetic energy compared to the incoming electrons. 

In SE-mode a positive potential over the detector is used to attract electrons scattered in diverse 

directions, which means that surfaces can be visualized even if they are hidden from the 

detector. When the ionized atoms relax from their exited state they will also send out x-rays with 

an element-dependent characteristic energy. With EDS-equipment it is possible to detect this 

radiation and use it to determine the elemental composition of specific areas. [39] 

Qualitative and semi-quantitative analysis of crystalline compounds in the ash was made using 

powder X-ray diffraction (XRD). The diffractometer used to collect data was a Bruker d8 

Advance instrument in θ-θ mode using Cu Kα radiation emitted from a line-focused X-ray source. 

The optical configuration consisted of a fixed 1.0 mm divergence slit and a Våntec-1 position 

sensitive line detector. Diffraction data was collected at ambient conditions with a rotating 

sample to remove effects of preferred orientation of crystals within the sample.   
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3 Results and discussion 

Ash behavior during combustion of biosludge was investigated by simulations of different 

combustion scenarios and small scale combustion experiments in a single pellet furnace. The 

results are presented in the following chapters.  

3.1 Ash behavior according to thermochemical equilibrium calculations 

The results in this section are produced in the software FactSage 6.4. It shows the ash 

transformation products from simulated combustion in a state where the system has reached 

equilibrium. Properties of the ash from combustion of biosludge and the fuel blend used at SCA 

Obbola were investigated as well as the effects of co-combustion of biosludge and wheat straw. 

3.1.1 Ash and deposit formation during combustion of SCA Obbola fuels  

Combustion of biosludge results in a large number of solid compounds in the ash and a relatively 

high ash content, as can be seen in Figure 5. At around 875°C some of the compounds reach their 

melting temperature and slag formation is initiated. All of the phosphorus from the fuel stays in 

the solid ash, caught up in hydroxyapatite.  In Figure 5 it is also noticeable that almost all S is 

present in solid compounds in the ash at 700°C. Thereafter it decreases until it is completely 

gone at around 1075°C, either melted or volatilized. Most of the Ca in the fuel stays in solid 

compounds in the present temperature range unlike K of which half of the initial amount is 

either volatilized or melted at 1200°C. 

 

 

Figure 5. Formation of solid compounds and slag (right axis) during combustion of biosludge at temperatures 
between 700 and 1200°C in an oxidizing environment.  
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In Figure 6 the ash and slag formation during combustion of the fuel blend used at SCA Obbola is 

displayed. Compared to biosludge combustion (Figure 5), this fuel mixture results in a 

significantly lower ash generation, which is expected since the content of ash forming elements 

is more than 10 times lower (Table 2). Another difference is noticeable when investigating the 

formation of phosphorus compounds. Not only hydroxyapatite is formed in this case but also 

Ca3(PO4)2 and Mg3(PO4)2. The Fe in the fuel forms Fe2O3, which stays solid and intact at all 

temperatures. The major part of the K is integrated in the aluminum silicate KAlSi2O6 and stays 

solid at all temperatures, while the alkali sulfates, which are present at the lower temperatures, 

are melted or volatilized as the temperature rises. Slag has begun to form already at 700°C but 

stays under 4 g/kg fuel (ds) in the entire temperature range, compared to the slag formation of 

biosludge ash (Figure 5) which reaches a level of around 50 g/kg fuel (ds) at a process 

temperature of 1200°C. 

 

Figure 6. Formation of solid compounds and slag (right axis) during combustion of the fuel blend used at SCA Obbola 
with a biosludge content of 5 % (w/w of ds) at temperatures between 700 and 1200°C. 

 

 

Figure 7. Formation of solid compounds and slag (right axis) during combustion of the fuel blend used at SCA Obbola 
with an increased amount of sludge to 10 % (w/w of ds) at temperatures between 700 and 1200°C.  
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In Figure 7 the proportion of biosludge in the fuel mix is increased from the original 5 % to 10 %. 

The initial slag temperature is increased to just below 900°C but at temperatures over 900°C the 

amount of slag is higher compared to the 5%-mixture. Again K is present in sulfates at the lower 

temperatures and only KAlSi2O6 at the higher temperatures. Like in the biosludge ash 

hydroxyapatite is the only phosphorus containing compound.  

A comparison of the slag formation in the fuel blend at the two different biosludge levels is 

shown in Figure 8. Changing the proportion of biosludge to 10 % result in more slag and a 

different composition of the slag, including a noticeable amount of Ca, the presence of sulfur at 

900 and 1000°C and higher levels of Al and Na.  

 

Figure 8. Distribution of elements in the slag formed at 900, 1000 and 1200°C during combustion of the fuel blend 
used at SCA Obbola in the original composition with 5 % biosludge and with an increased level of biosludge to 10 % 
(w/w of ds). 

3.1.2 Ash and deposit formation during co-combustion of wheat straw and biosludge 

In Figure 9 and Figure 10 the ash transformations during combustion of wheat straw and wheat 

straw with biosludge addition is presented. In both cases, Ca and Mg in silicate and phosphate 
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relatively sulfur-rich biosludge contributes with the generation of several different solid alkali- 

and Ca-sulfates which likewise decline as the temperature is raised.  
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increased to 900°C. 
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Figure 9. Formation of solid compounds during combustion of wheat straw at temperatures between 700 and 1200°C 
in an oxidizing environment. 

 

 
Figure 10. Formation of solid compounds during co-combustion of 90 % wheat straw and 10 % biosludge at 
temperatures between 700 and 1200°C in an oxidizing environment. 

 

 

Figure 11. Slag formation at combustion temperatures between 700 and 1200°C during combustion of 100 % wheat 
straw, 100 % Biosludge and a mix of 90 % wheat straw and 10 % biosludge (ds).  
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The composition of the slag formed during mono-combustion and co-combustion of wheat straw 

and biosludge is presented in Figure 12. Wheat straw slag consists almost completely of Si and K 

but addition of biosludge noticeably changes the composition, including Al, Na, and Ca as well. At 

1000°C the slag also contains S which is gone at 1200°C. The Ca and Al added with the sludge 

may both contribute to the rise of melting temperatures of the silicates in the ash.  

 

Figure 12. Distribution of elements in the slag formed at 1000 and 1200°C during combustion of 100 % wheat straw, 
100 % Biosludge and a mix of 90% wheat straw and 10 % biosludge (w/w of ds). 

3.2 SEM- analysis of the ash from combustion experiments 

The elemental composition of the remaining ash from the combustion of biosludge, bark/waste 

wood and wheat straw, investigated by SEM-EDS, is presented in Figure 13, where it is also 
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Figure 13. Relative distribution of the main ash forming elements in the biosludge, bark/waste wood mix and wheat 
straw according to pre-combustion fuel analysis (filled bars) and analysis of the ash after combustion at 800 and 
900°C (patterned bars). 

To investigate which elements were found together in the ash, spot analyses of the material was 

performed. The result, which also reveals information of the morphology of the material, can be 

seen in Figure 14 and Figure 15. The spots with the highest concentration of phosphorus is 

present in porous material in the biosludge ash from combustion at 800°C (spot C and D), where 

it is found together with mainly Ca, Al, Si but also relatively high amounts of Fe and Mg.  

In the biosludge ash Ca is present in all of the spots in levels varying between 8 and 83 mol-%, 

mostly in seemingly porous material but also in larger particles as in spot A in biosludge 800°C. 

Apparent Ca-crystals are found in the bark and can be recognized by their sharp edges (spot C in 

bark 800°C and spot A in bark 900°C). S is found in relatively high concentrations (up to 11 mol-

% compared to 3-4 mol-% in the bulk analysis) in certain areas in the biosludge ash, generally in 

spots characterized by a high Ca content.  

Melted material is found primarily in the ash from combustion of wheat straw but also in Si-rich 

material in the bark ash from combustion at both 800 and 900°C and biosludge at 900°C. Large 

particles of previously melted material is created in the ash from combustion of wheat straw at 

900°C, containing only Si, K, Ca and Mg in high enough degrees to be detected.  
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a) Biosludge 800°C 

  

b) Bark/waste wood 800°C 

  

c) Wheat straw 800°C 

  
Figure 14. Scanning electron microscopy (SEM) images and related results from the SEM-EDS spot analyses of the 
biosludge, bark/ww and wheat straw ash from combustion at 800°C. 
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a) Biosludge 900°C 

  
b) Bark/waste wood 900°C 

  

c) Wheat straw 900°C 

 
 

 
Figure 15. Scanning electron microscopy (SEM) images and related results from the SEM-EDS spot analyses of the 
biosludge, bark/ww and wheat straw ash from combustion at 900°C. 

 

  

0

10

20

30

40

50

60

70

80

90

 K  Na  Ca  Mg  Fe  Al  Si  P  S

M
o

l-
%

 

Biosludge_900_A

Biosludge_900_B

Biosludge_900_C

Biosludge_900_D

Biosludge_900_E

0

10

20

30

40

50

60

70

80

90

100

 K  Na  Ca  Mg  Fe  Al  Si  P  S

M
o

l-
%

 
 

Bark/ww_900_A

Bark/ww_900_B

Bark/ww_900_C

Bark/ww_900_D

Bark/ww_900_E

0

10

20

30

40

50

60

70

 K  Na  Ca  Mg  Fe  Al  Si  P

M
o

l-
%

 

WS_900_A

WS_900_B

WS_900_C



 

 19  
 

3.2.1 Co-combustion of biosludge and wood fuels 

Co-combustion of biosludge with different types of wood fuels is a way to overcome some of the 

problems connected with combustion of sludge. Among other things, the moisture content will 

go down if the sludge is mixed with a dryer fuel, resulting in a higher heating value and easier 

fuel handling. The composition of elements in the ash from co-combustion of biosludge, bark and 

waste wood at 800 and 900°C is presented in Figure 16 and Figure 17. The level of biosludge in 

the mixture increases from right to left and for most of the elements it is possible to see trends 

even if they are rather vague.  The Ca, Mg and K content increases as the level of biosludge in the 

mixture decreases while the content of P, Si and Al seem to change in the opposite direction. The 

Ca/P ratio in the ash from the mixed fuels is generally close to the one in the pure biosludge but 

in some cases slightly higher. 

It is apparent that the composition of the ash is largely effected by the addition of biosludge at all 

mixing levels. Roughly, the level of P in the bulk composition varies between 6 and 7 % except in 

the ash from combustion of only bark and waste wood and the ash from combustion of 

bark/waste wood with 10 % biosludge at 900°C, where it is lower. At 800°C the percentage of P, 

S and K is slightly higher compared to 900°C but essentially the ash composition is very much 

alike at the two temperatures. 

 
Figure 16. Distribution of the main ash forming elements in the ash after co-combustion of the different mixes of 
bark/ww and biosludge at 800 °C with mixing ratios as presented in Table 1. 

 

 
Figure 17. Distribution of the main ash forming elements in the ash after co-combustion of the different mixes of 
bark/ww and biosludge at 900 °C with mixing ratios as presented in Table 1. 
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Spot analyses of two of the mixtures, which ash bulk composition are displayed above, are 

presented in Figure 18. The ash from combustion of 50 % bark/waste wood and 50 % biosludge  

(Figure 18b) shows a large variation in different spots while the mixture with only 10 % 

biosludge (Figure 18a) tends to be more homogenous, either dominated by Ca or Ca together 

with Si and Al. The highest level of phosphorus (13 %) is found in porous ash in spot A in the 

mixture with 50 % biosludge. What appears to be previously melted material is present in spot B 

in both of the images, characterized by a relatively high K and Si content and relatively low levels 

of Ca. Like in the bark/waste wood ash, displayed in Figure 14 and Figure 15, Ca crystals can be 

seen in both of the mixtures, indicating the remaining of unreacted CaO. 

a) Bark/ww & Biosludge 9:1 

  

b) Bark/ww & Biosludge 5:5 

 
 

Figure 18. SEM images and related results from SEM-EDS spot analyses of the ash from co-combustion of bark/ww and 
biosludge at 900°C, in two different mixtures containing 10 and 50 % (w/w of ds) biosludge respectively. 
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3.2.2 Co-combustion of biosludge and wheat straw 

According to the thermochemical equilibrium calculations the temperature where slag begins to 

form is influenced by the addition of biosludge to wheat straw (Figure 11). This phenomenon 

was also investigated in the single pellet combustion experiments. In Figure 19 the elemental 

composition of the wheat straw ash, after combustion with addition of biosludge or biosludge 

and bark/waste wood, is displayed and compared to the pure wheat straw and biosludge ash. 

Addition of 10 % biosludge results in a change in the overall composition by slightly increasing 

the content of P, S, Al, and Ca at the expense of Si, and K. Additional mixing with 10 % 

bark/waste wood most noticeably increases the Ca level and reduces Si and K even more.  

  
Figure 19. Distribution of the main ash forming elements in the ash after combustion of wheat straw with addition of 
biosludge (10 %) and biosludge and bark/waste wood (10 + 10 %) at 800 and 900°C. 

 
The behavior of the wheat straw ash is unmistakably changes by the addition of biosludge, as 

can be seen by comparing Figure 20 with Figure 14c and Figure 15c. While the pure wheat straw 

ash solely comprised of large particles of previously melted material the variation is now larger 

and porous structures is visual in the SEM-images at both 800 and 900°C. The heterogeneity 

displayed in Figure 20 might to some extent emerge from imperfect mixing of the two fuels 

leaving separate material originating from the biosludge and wheat straw. The difference is 

visual both in the image and EDS-data when comparing, for example, spot E and C in Figure 20b. 

Compared to the bulk composition of wheat straw, shown in Figure 19, a much lower 

concentration of Si and K is found in many of the spots while Ca, Mg, Al, Fe and P is increased. 
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a) Wheat straw and sludge 800°C 

  

b) Wheat straw and sludge 900°C 

  
Figure 20. SEM images and related results from SEM-EDS spot analyses of the ash from combustion of wheat straw 
with addition of 10 wt-% biosludge at 800 and 900°C. 
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3.3 Identification of crystalline compounds in the ash by XRD-analysis 

Formation of different crystalline compounds in biomass ash is interesting in many perspectives. 

The formation of specific phosphorus compounds determines the availability of the phosphorus 

for plants. Melting temperatures of silicates and phosphates and incorporation of alkali in 

crystalline structures may have a large impact on potential boiler problems such as deposit 

formation and corrosion. 

3.3.1 Crystal structures formed during combustion of bark/ww and biosludge 

The crystalline compounds, identified by XRD, in the biosludge and bark/waste wood ash, are 

provided in Table 3. Whitlockite is the only phosphorus compound present in the pure biosludge 

ash and in the mixtures containing 80 % and 50 % sludge. In the mixture containing only 20 % 

sludge, traces of both hydroxyapatite and whitlockite were identified. The mineral whitlockite 

may incorporate several different cations, for example Mg2+, and K+, as in Ca9MgK(PO4)7, or Fe3+, 

as in  Ca9Fe(PO4)7. The small differences in their crystal structure make them difficult to 

distinguish by XRD analysis but both of the above mentioned may be considered probable and 

have previously been found in biomass ash. [26, 27, 40] In the SEM-EDS spot analyses, the 

highest levels of phosphorus were often found in spots which also contained relatively high 

levels Fe. The amounts of Mg and K in the phosphorus-rich spots were generally sufficient also 

for the Ca9MgK(PO4)7 composition. 

Calcium oxide is the dominating crystal compound in the bark/waste wood ash and in the 

mixture with 20 % sludge, and it is one of the major compounds in the other mixtures as well as 

in the sludge ash. CaSO4 was identified in the sludge ash and in all mixtures but not in the 

bark/ww ash. The relative share of CaSO4 in the crystal phase is declining as the share of sludge 

goes down in the fuel mixture. That Ca is found in most of the crystal compounds is not 

surprising since alkaline earth metals are known to form stable compounds with high melting 

points and are often found in bottom ash. Magnesium is also present in all of the ash assortments 

in Table 3, as its oxide, in Ca-Mg silicates and likely bound to phosphate in the whitlockite. CaOH, 

which was identified in the bark/ww ash and in the mixtures, was most likely formed by CaO 

reacting with water after the ash was removed from the furnace and cooled down. 

Table 3. Qualitative and semi-quantitative analysis of biosludge and bark/waste wood fuel blends. The abundance of 
each compound is denoted by asterisks; *) Trace, **) Minor, ***)Major, ****) Dominant. 

  Sludge Sludge 80 
Bark/ww 20 

Sludge 50 
Bark/ww 50 

Sludge 20 
Bark/ww 80 

Bark/ww 

Whitlockite Ca9KMg(PO4)7 ** ** ** *  

Hydroxyapatite Ca5(PO4)3OH    * * 

Anhydrite CaSO4 *** *** ** *  

Åkermanite Ca2MgSi2O7 ** ** * ** ** 

Anorthite CaAl2Si2O8  *    

Lime CaO *** *** *** **** **** 

Portlandite Ca(OH)2  * * ** ** 

Periclase MgO * * * ** ** 

Hematite Fe2O3 *** ** ** ** ** 

Quartz SiO2 *** *** *** *** *** 
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3.3.2 Crystal structures formed during combustion of wheat straw and biosludge 

Whitlockite is the major phosphorus compound also in Table 4, where traces of hydroxyapatite 

were identified only in the pure wheat straw ash. The crystal material comprises largely of 

quartz, especially in the wheat straw ash. Si was also identified in cristobalite, with the same 

chemical formula as quartz but with a different crystal structure, and in Ca2MgSi2O7 and 

KAlSi3O8. No silicates bound only to K are present in Table 4, which was expected. Due to their 

low melting temperatures, potassium silicates are more likely found in amorphous material. 

Some information about the relative amount of molten ash may be perceived by interpreting 

XRD data. When comparing the diffractograms of wheat straw and wheat straw with sludge and 

bark/ww addition the proportion of amorphous material seemed to be decreased compared to 

the crystal material. This might suggest that the compositions of the mixed fuels were less 

inclined to melt. 

Iron is known to often form stable oxides with little interaction with other elements [17] and 

this is what seems to have happened also in this case, according to Table 3 and Table 4. Hematite 

is the major crystal compound in all ash samples except in the pure wheat straw ash, where no 

Fe was identified by XRD. According to the SEM-analysis, chlorine was not present in any of the 

ashes (Figure 16, Figure 17 and Figure 19). This is confirmed by the results from XRD, where Cl 

is completely absent in the crystalline compounds. 

In the potassium-rich wheat straw, traces of K2SO4 were identified in the ash. The relative 

amount was not changed by addition of 10 % of the more sulfur-rich biosludge but in this 

mixture CaSO4 is present as well, verifying that some of the sulfur in the fuel have bound to Ca, 

which was also observed in the SEM-EDS analysis. In the mixture including bark/waste wood 

the relative level of CaSO4 in crystalline material was slightly increased which might be 

explained by a higher content of Ca and S in bark/ww compared to wheat straw. The fuel with 

the largest relative proportion of CaSO4 in crystal material was still the biosludge, which also had 

the highest original S-content.  

Table 4 Qualitative and semi-quantitative analysis of biosludge, wheat straw and bark/ww fuel blends. The 
abundance of each compound is denoted by asterisks; *) Trace, **) Minor, ***)Major, ****) Dominant. 

  Sludge WS/S/B 
80/10/10 

WS/S 
90/10 

Wheat 
straw 

Whitlockite Ca9KMg(PO4)7 ** *** ** * 

Hydroxyapatite Ca5(PO4)3OH    * 

Anhydrite CaSO4 *** ** *  

Åkermanite Ca2MgSi2O7 ** ** ** * 

Lime CaO *** ** *  

Arcanite K2SO4  * * * 

Microcline KAlSi3O8  ** ** ** 
Periclase MgO * * *  

Hematite Fe2O3 *** ** **  

Quartz SiO2 *** *** *** **** 

Cristobalite SiO2  ** ** ** 
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3.4 Discussion 

Laboratory experiments and thermochemical equilibrium calculations made it possible to study 

different aspects of the ash transformation chemistry during co-combustion of biosludge and 

other fuels. This discussion will focus on how the biosludge influenced the other co-combustion 

fuels and how realistic the results may be considered. Further, the consequences of biosludge co-

combustion will be discussed from a combustion system perspective and of course the 

phosphorus recovery potential will hopefully be somewhat outlined. 

The biosludge from SCA Obbola is distinguished by high ash content and high levels of 

phosphorus, aluminum and sulfur compared to the other fuels considered in this study. The 

concentration of K and Si is relatively low in the biosludge and although calcium is found in high 

levels, it is not as high as in the bark assortment. It is obvious that the total ash content of a fuel 

is important in a fuel design since it determines the level of influence when mixing two fuels at 

certain proportions. For difficult fuels such as different types of sludge, it might be crucial, since 

wet and sticky fuels are usually not wanted. As could be seen in the co-combustion experiments, 

the ash composition could be moved towards that of the biosludge ash even if it only made up 10 

% of the dry weight of a fuel mixture (Figure 16, Figure 17 and Figure 19).  

The effect on composition was most evident when biosludge was co-combusted with bark/waste 

wood. The ash content of the biosludge, 32.6 %, is very high compared to most wood fuels. Bark 

and waste wood, with ash contents around 5 %, are no exceptions even if there are other wood 

fuels with ash contents as low as 0.1 %  [5]. A consequence of this is that relatively phosphorus-

rich ash can be produced by co-combustion of biosludge and woody biomass even if the 

proportion of sludge in the mixture is rather low. Mono-combustion of sludge requires that the 

furnace and the fuel feeding system is suited for handling of this complicated fuel but with low 

mixing proportions of sludge the odds is much better for conventional combustion systems to be 

able to handle it.  

Based on the results from the thermodynamic equilibrium calculations the biosludge ash 

elements could potentially make a strong impact on the wheat straw as well, increasing the 

initial slag temperature significantly. Co-combustion with phosphorus-rich fuels have previously 

been proven to have a positive impact on potassium retention in solid ash by incorporation of K 

in different phosphate structures.[27] It has also been stated that an increased level of calcium 

might mitigate the retention effect, by phosphates preferably reacting with Ca. The same thing 

applies to aluminum silicates, which may also capture K in their structure and thereby 

potentially reduce corrosion and deposit formation. [30] Based on this knowledge, the 

remarkably high calcium level might have lessened some of the positive co-combustion effects 

also in this study. 

After combustion of pure wheat straw and the mixtures with wheat straw and sludge or sludge 

and bark/ww, potassium was present in whitlockite and KAlSi3O8 according to Table 4. The 

proportion of whitlockite appears enhanced in the crystal material in the mixtures compared to 

the pure wheat straw ash. Although KAlSi3O8 were only found in a relatively small extent in the 

crystal phase in both wheat straw and the mixtures, it is possible that more K was captured in 

Al-silicates during co-combustion since the relative proportion of amorphous and crystal 

material seemed to be changed.  
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Substantial amounts of melted material was visible in the ash from combustion of wheat straw 

and biosludge at 800°C (Figure 14a) while the initial slag formation started at around 900°C 

according to the equilibrium calculations in FactSage (Figure 11). Indications that the ash was 

less inclined to melt could although be perceived by XRD, where the relative amount of 

amorphous material tended to be reduced in the ash from co-combustion compared to the ash 

from combustion of pure wheat straw. In a large scale furnace with better conditions for mixing 

and a longer residence time, co-combustion of wheat straw with biosludge might be even more 

beneficial, reducing the slag content noticeably.  

The high level of S and the high total ash content in the biosludge could be two limiting factors 

for the amount of sludge which may be added to the fuel blend used in the SCA Obbola biomass 

boiler. Although in a boiler with the adequate equipment, such as continuous ash removal and a 

wet scrubber for sulfur removal these two aspects would not cause as much of a problem. Since 

the sulfur behavior was a critical aspect for sludge combustion in the system at SCA Obbola it 

was investigated by the, in this project, available methods but the ideal case would of course be 

to perform the analysis on site.  

Addition of sludge to the fuel blend used at SCA Obbola resulted in more sulfur in the solid ash 

and slag at temperatures below 925°C, according to the equilibrium model. An alternative, and 

perhaps more expected, outcome would be that a considerable share of the sulfur stayed as 

gaseous oxides and increased the sulfur oxide emissions. The retention of S in the ash can 

possibly be explained by locking at the results from the small scale combustion experiments of 

bark/waste wood and biosludge. The extreme surplus of Ca seems to enhance the retention of S 

during combustion. Most of the sulfur stayed in the solid ash when combusting these fuels 

(Figure 13) and S was often found in spots with high levels of calcium, as in spot A in Figure 14a. 

In this spot sulfur is found, probably as CaSO4, on the surface of what seems to be a larger Ca 

particle.  

In a broader perspective sulfur in the exhaust gases might not be such a bad thing. Alkali sulfates 

are less corrosive than alkali chlorides and sulfur addition may therefore be used to reduce KCl 

in exhaust gases, instead increasing the levels of K2SO4 and HCl. [19] High levels of Ca may 

inhibit this reaction by formation of the more stable CaSO4. In the analyzed ash assortments it is 

obvious that much of the sulfur reacted with Ca. This could be observed by SEM-EDS analysis 

and determined by XRD. Traces of K2SO4 were found in the ash assortments containing wheat 

straw but CaSO4 occurred in at least the same extent, except in pure wheat straw ash (Table 4).  

In this context it is also interesting to look back at Figure 13, where it is apparent that most of 

the K stayed in the ash during combustion of both biosludge and wheat straw. The relative share 

of sulfur in the content of ash elements in wheat straw decreased significantly during 

combustion, while it seemed unchanged in the Ca-rich bark/ww and sludge. Potassium is most 

certainly found in molten material, especially in the wheat straw ash, which was also predicted 

by the thermochemical equilibrium calculations. Sulfur most likely left the solid wheat straw ash 

as gaseous sulfur oxide. 
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Most of the phosphorus seemed to stay in solid ash according to both theoretical calculations 

and the results from the laboratory scale experiments, which is promising from a phosphorus 

recovery perspective. In the fuel data used in the FactSage calculations, the Ca content was more 

than 4 times higher than the P content in all fuels except in the fuel blend used at SCA Obbola 

were the Ca/P ratio was close to one. This led to FactSage predicting the formation of 

hydroxyapatite, in which phosphorus has very low plant availability, if the stable structure is not 

first broken down in an additional ash treatment. The large Ca-rich particles which remained in 

both the bark/waste wood and the biosludge ash are examples of elements too slow in reactions 

to be rightfully approximated by the equilibrium simulations.  

According to Table 3 and Table 4, much of the Ca in both the bark/waste wood and sludge 

stayed as CaO during combustion. This regulates the amount of Ca available for reactions with P 

and the possibility of formation of other phosphorus compounds than hydroxyapatite. That the 

predictions regarding formation of phosphorus compounds were incorrect is obvious in when 

looking at Table 3 and Table 4. Whitlockite is the main P-compound in a majority of the 

assortments while hydroxyapatite is only found in pure bark/waste wood and wheat straw ash.  

The results from FactSage should generally be interpreted carefully. The reaction rate and 

volatility of different elements are two aspects that are not included in the calculations and this 

might lead to results which differ considerably from reality. Elements which easily volatilize 

might be transported away from the bottom ash and react with elements in gas phase or fly ash 

particles later in the system, where the elemental distribution is very different from the original 

composition of ash elements in the fuel. Similarities between the simulations and the 

experimental results are although also observable, which have been discussed above.  

The data presented in this study did not include analysis of trace elements since the SEM-EDS 

equipment used could not detect elements in such low concentrations. As mentioned in the 

introduction, this is important if the ambition is to use the ash as a fertilizer. In other studies 

cadmium has been enriched in the fly ash while the most of the phosphorus stayed in the bottom 

ash, when combusting manure in a grate fired boiler [41] and pelletized biosolids in a bubbling 

fluidized bed [42]. Other trace elements, such as Cu, Ni and Zn, primarily remained in the bottom 

ash fraction. In contrast to this, combustion of sewage sludge and wood in a circulating fluidized 

bed led to enrichment of both phosphorus and trace elements, including Cd, in the fly ash. [12] 

Thus, it seems possible to separate elements already in a primary combustion step but different 

circumstances in the boiler apparently influences the distribution of elements in different ash 

fractions.  
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4 Conclusions 

In conclusion, the composition of the biosludge from SCA Obbola seems to enable several areas 

of applications for the sludge as a co-combustion fuel. About the co-combustion of biosludge 

with wood fuels and wheat straw the following things can be stated: 

- Most of the phosphorus in the fuels stayed in the solid ash during combustion and 

whitlockite was the main crystalline phosphorus compound in the ashes from co-

combustion. Together, this is very promising from a phosphorus recovery perspective. 

- A relatively high proportion of the Ca, in the bark and sludge, stayed as unreacted CaO 

during combustion and was thereby unavailable for reactions with P. 

- Most of the sulfur stayed in solid ash during combustion of all fuels except pure wheat 

straw, primarily retained by reactions with Ca to CaSO4.  

- The high levels of Ca in the sludge probably contributed to increased melting 

temperatures and reduced slag formation in the K- and Si-rich wheat straw 

- Al and P would most likely contributed to this positive effect as well although the high 

levels of Ca might have reduced the potential retention of K in crystalline phosphates and 

aluminum silicates. 

By small scale experiments and thermochemical equilibrium calculations, the potential use of 

biosludge, for phosphorus recovery and for reduction of operational problems caused by low 

ash melting points, was examined. The results should preferably be investigated further in large 

scale experiments. Some questions which remain, not completely answered after this study are: 

- What effects would be seen if the biosludge were used as a co-combustion fuel in 

different environments and in larger scale?  

- To what extent is it possible to reduce operational problems by addition of biosludge to 

Si- and K-rich fuels in large scale facilities?  

- What mixing proportions and temperature range would be optimal for phosphorus 

recovery or minimization of ash related problems?  

- Would the ash from combustion of biosludge qualify for usage as a fertilizer regarding 

the content of heavy metals and is this something which is possible to control by steering 

the combustion conditions?   
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