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Abstract 

The use of resources in the industry are not complete to be considered as sustainable from the perspective 

of nutrient recovery today. In the Swedish pulp and paper industry residual streams such as bark, fiber 

reject and sludge are returned for more sustainable use more frequently. Around 300 000-600 000 tons 

of sludge is generated every year from different cleaning processes in the pulp and paper industry. About 

15 % of that sludge is so called biosludge that is a result from biological water treatment, where large 

amounts of phosphorus are used. After the cleaning process the total amount of biosludge generated in 

Sweden each year is estimated to contain approximately 2000 tons of phosphorus (P). The most common 

way to discard the biosludge today is by incineration, where aspects such as high content of moisture 

and ash have proven to be problematic. Besides phosphorus, other elements such as sulfur (S), chlorine 

(Cl) and calcium (Ca) are often found in the biosludge in larger amounts.   

This study focused on co-combustion experiments of current residual streams from the pulp and paper 

mill SCA Obbola AB. The aim was to investigate how the ash transformation chemistry was affected 

when the fuel properties where changed. The residual streams comprised of bark, fiber reject and 

biosludge which were combusted together with stem wood in a bench scaled bubbling fluidized bed. To 

investigate if different ash related operating and technical problems could be reduced and if there was 

potential of phosphorus recycling from the ashes different analysis methods where used. The produced 

ashes and other samples were examined by SEM/EDS and XRD analysis.  

The fuel mix from SCA Obbola consisted of large amounts of Ca, S and P relative to more ordinary 

biomass fuels like stem wood. These elements originated from the biosludge and was confirmed by the 

fuel analysis. Analyses made on collected samples showed that Ca and P together formed phosphates 

that either stayed in the bed or was collected in the cyclone which indicated that there could be a potential 

for recovering phosphorus. Although, the Ca/P ratio in the ashes was too high, which probably leads to 

that phosphates unsuitable for nutrient recovery are formed.   

The fiber reject from SCA Obbola contained large amounts of chlorine according to the fuel analysis. 

During the combustion most of the Cl left the bottom ash via volatilization. It was true for both the fuel 

blends with and without fiber reject. Less of the corrosive compound potassium chloride (KCl) was 

found in depositions and collected fine particulate matter (PM) when larger amounts of biosludge was 

added to the fuel mix. It was due to that more sulfur was added in the system when the amount of 

biosludge was increased. This lead to that K reacted with SO2 instead of Cl and formed K2SO4. The 

observed reduction of KCl resulted in; 1) lower amounts of fine particulate matter which means less 

loaded particulate filters 2) less risk of high temperature corrosion on heat transfer surfaces. 

The general conclusion that could be drawn from this study was that by increasing the amount of 

biosludge in the fuel blend at already high mixings of fiber reject, problems such as corrosion and fine 

particulate matter could be reduced. These advantages must be considered to the amount of lime stone 

needed to be added for reducing HCl from a cost perspective.  

Keywords: Co-combustion, biosludge, fluidized bed reactor, corrosion, nutrient recovery        
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Samförbränning av industriellt bioslam och andra 

restströmmar i en bubblande fluidiserande bädd 

Med fokus på reduktion av drifttekniska problem genom att analysera askkemin 

Sammanfattning 

Idag är resursanvändningen inom industrin inte optimal för att anses som hållbar ur ett perspektiv för 

återvinning av olika näringsämnen. I den svenska pappers- och massaindustrin återförs restströmmar 

som bark, fiberrejekt och slam mer frekvent tillbaka till industrin. Årligen generas ungefär 300 000-

600 000 ton slam ur olika reningsprocesser i pappers- och massaindustrin. Runt 15 % av slammet är s.k. 

bioslam som uppkommer genom biologisk vattenrening, där bl.a. stora mängder fosfor används. Efter 

alla reningssteg uppskattas det att den totala mängden bioslam som genereras i Sverige varje år 

innehåller ca 2000 ton fosfor (P). Det vanligaste sättet att göra sig av med bioslam idag är genom 

förbränning, där aspekter som hög fukt- och askhalt har visat sig vara problematiskt. Svavel (S), klor 

(Cl) och kalcium (Ca) är andra ämnen som ofta återfinns i större mängder i bioslammet.  

I denna studie har samförbränningsförsök av befintliga restströmmar från pappers- och massabruket 

SCA Obbola AB genomförts där målet var att undersöka hur askkemin påverkades när 

bränsleförhållandena förändrades. Restströmmarna bestod av bark, fiberrejekt och bioslam och 

förbrändes tillsammans med stamved i en bubblande fluidiserande bädd i bänkskala. Frambringad aska 

och andra prover analyserades med hjälp av SEM/EDS och XRD för att undersöka om olika 

askrelaterade drifttekniska problem kunde reduceras samt om det fanns potential för fosforutvinning ur 

askan.  

Bränslemixen från SCA Obbola innehöll stora mängder kalcium, svavel och fosfor, dessa ämnen antogs  

ha sitt ursprung från bioslammet vilket bevisades från bränsleanalysen. Analyser av resultaten visade att 

Ca och P tillsammans bildade fosfater som stannade i antingen bädd- eller cyklonskan vilket var positivt 

ur ett fosforåtervinningsperspektiv. Stora kvoter av Ca/P observerades också i askorna som i sin tur 

troligen leder till att det bildats fosfater opassande ur et återvinningsperspektiv av näringsämnen. 

Fiberrejektet från SCA Obbola innehöll stora mängder klor enligt bränsleanalysen. Under förbränningen 

avgick det mesta av kloret i gasfas, det gällde även de bränsleblandningarna utan fiberrejekt. Kloret 

tenderar att bindas med kalium och bildar då det korrosiva saltet kaliumklorid (KCl). När en större 

mängd bioslam tillfördes bränslemixen minskade nivåerna av KCl i rökgaserna. Detta berodde på att 

mer svavel kom in i systemet tillsammans med bioslammet vilket ledde till att K reagerade med SO2 

istället för Cl och bildade K2SO4. Reduktionen av kaliumklorid som observerades innebär; 1) mindre 

mängder av fina partiklar i rökgaserna vilket minskar påfrestningen av partikelfilter 2) minskad risk för 

högtemperaturkorrosion på värmeöverföringsytor (ex. överhettare eller värmeväxlare). Trots de positiva 

effekterna så upptäcktes ökade nivåer av HCl i rökgaserna vilket var förväntat då K2SO4 bildades. De 

höga nivåerna av HCl kan reduceras genom att tillsätta kalk i rökgaserna vilket redan görs på SCA 

Obbola, dock så kan ev. en mer effektiv kalk antagligen användas vilket skulle innebära besparingar.  

Slutsatsen är att genom att öka inblandningen av bioslam vid höga inblandningar av fiberrejekt så kunde 

problem som korrosion och partikelbildning minskas, men dessa fördelar måste övervägas mot mängden 

kalk som måste tillsättas för att minska mängden saltsyra ur ett kostnadsperspektiv.    

Nyckelord: Samförbränning, bioslam, fluidiserande bädd, korrosion, återvinning av näringsämnen 
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1 Introduction 

The pulp and paper industry is one of Sweden most important export industries. In the year 2011 Sweden 

accounted for more than 6 % of the pulp production and 3 % of the paper production in the world. Active 

worldwide companies in Sweden are StoraEnso, Billerud Korsnäs, Metsä Board, Smurfit Kappa and 

SCA. Since there are several international companies active in the pulp and paper industry in Sweden, 

there are great need of resources such as wood for the products they produce but also for energy in their 

factories. [1] 

The pulp and paper industry in Sweden produces large amounts of residual streams every year, both 

from the raw material used but also through the production process. Some residual materials such as 

bark and sawdust are used on location for energy production but other products are more difficult to 

manage and could be used more efficiently from both an economic and ecological point of view. Sludges 

are residual products with potentials to be resources instead of being a problematic “waste” streams for 

the industry.  

The amount of generated sludge per year from a pulp and paper mill are different due to what production 

process is used. In Sweden the pulp and paper industry generates roughly around 300 000-600 000 tons 

of sludge every year where almost 15 % is biosludge. [2, 3] Two major factors that determine the 

composition of the sludge are from which manufacturing process it originated and what treatment 

methods are used. Essential nutrients and minerals usually end up in the sludge from different process 

steps or from the original raw materials used in the mill. [2-4] Today the most common way of disposing 

the produced sludge at the mills is via incineration in combustion systems already dedicated for biofuels, 

although displacement and combustion problems may occur. [2, 3] The estimated energy content of the 

sludge produced by the pulp and paper industry in Sweden  every year is 2 TWh [3] and the total energy 

need was around 73,5 TWh [5] at the mills in 2013.  

Biosludge from the pulp and paper industry emerges during the process of biological cleaning that is 

used to remove organic substances and salts from waste water generated at the plants. The quality and 

composition of the sludge depends on what types of products the mill produces, what bleaching and 

pulping processes are used and which chemicals are added. In general, the biosludge has a higher content 

of phosphorus and moisture compared to sludges (chemical sludge, fiber sludge etc.) from other 

processes. [2-4] In a report from 2013 by ÅF (commissioned by SP Processum) a survey was made 

concerning the generated amount and end use of biosludge at 24 different pulp and paper mills in 

Sweden, Norway, Finland and Chile. The result of the survey showed that roughly 70 % of the generated 

biosludge was used for combustion in either a recovery boiler or another type of boiler. The inquired 

Swedish pulp and paper mills only used recovery boilers when combusting biosludge. Biosludge that 

was not combusted was either composted or deposited, in which most of the deposited biosludge 

originated from Chile. [6] Deposition of biodegradable waste is prohibited in Europe which has led to 

that facility owners have upgraded the cleaning processes to reduce the generated amounts of sludge.  

To maintain a sustainable forestry an important part is to bring back the nutrients in the ashes generated 

during combustion in the industry, both from combined heat and power plants (CHP) and pulp and paper 

mills. In the year 2012 around 1,5 Mtons ashes (dry matter) was produced from combustion where about            

255 000 tons originated from solid biomass. 68 % of the ashes were used as road construction material 

and only 3 % were brought back to the forests as fertilizers. [7] Lack of nutrients resulting from leaching 

may be a problem if the ash is not brought back to the forest. [4] The Swedish Environmental Protection 

Agency clarifies the importance of recovering nutrients in a report from 2012 where phosphorus is 

highly essential. For example, in the year 2012 the ashes from biomass of forests in Sweden contained 

7 500 tons of phosphorus but only around 1 500 tons had the quality to be returned to the forest. From 

a contamination point of view too high concentrations of heavy metals like cadmium and lead may 

difficult the implementation of nutrient recovery in forests. [8] 
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When discussing the need of returning ashes back to the forests phosphorus is one of the most important 

nutrient able to be brought back due to it is importance for plants and animals. Phosphorus is a 

component in ATP, DNA, RNA, different proteins and enzymes and the skeleton. To increase the 

production in agriculture, fertilizers containing phosphorus is used. Phosphorus in various forms is also 

important in waste water treatment and purification of water in different industries. The need of 

phosphorus leads to mining of mineral phosphate which is a finite resource where the largest known 

findings are in USA, Morocco, China and the Russian federation. [9] Today scientists, representatives 

in policy and agricultural organizations and industries have expressed their concerns for the 

unsustainable use of phosphorus. [10] Rockström et. al [11] identified nine planetary boundaries 2009 

where the cycle of phosphorus was one of them, they also proposed quantifications for seven of them. 

The quantification for phosphorus was that the annual inflow of phosphorus to oceans cannot exceed 10 

times the natural background weathering of phosphorus. The planetary boundaries were updated 2015 

by Steffen et. al [12] and are illustrated in Fig. 1. In this study the planetary boundaries of biochemical 

flows, climate change and in some way atmospheric aerosol loading are comprised. 

 

Fig. 1. The nine identified planetary boundaries with estimated risk after quantification. The picture is adapted from Steffen et. 

al. [12] 

For this reason, it is highly important to utilize residual streams for recovering phosphorus. Different 

techniques for utilization of phosphorus rich ashes from biomass residual streams such as agricultural 

residues, sewage sludge and industrial sludge are described in the literature. [13] In forestry around           

5 200 tons of phosphorus is in circulation every year through stimulation in biological cleaning of 

wastewater or incoming with the raw material into the Swedish industry. The phosphorus in the 

biological cleaning is commonly added as phosphoric acid.  Half of the incoming phosphorus is to be 

found in the residue bark which is usually combusted. After all the process steps approximately                   

2 000 tons of phosphorus remains in the biosludge. [14] That is a substantial amount compared to the 

fact that in Sweden over 12 100 tons of phosphorus was used as mineral fertilizers in agriculture during 

2013/2014. [15] 
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The Swedish Forest Agency regulates the limits of certain elements in ash purposed for returning to 

forest soil and also have recommendations for the minimum content of nutrients in the ash. Limits of 

certain elements and recommendations of the minimum content of nutrients in the ash is presented in 

Table 1. [16] A solution to reduce heavy metals in ashes is leaching the ashes, different methods have 

been described [17-19], but if the phosphorus concentration is too low in the ash it may be difficult to 

motivate it economically. [8] Another option of using the phosphorus rich ashes could be to recycle the 

phosphorus and add it to the biological cleaning in the pulp and paper mills.  

Table 1. Limits of certain elements and recommendation of minimum nutrient content set by the Swedish Forest Agency in 

ash purposed for returning to forest soil. [16] 

Nutrient Recommendation of minimum content [mg/kg ash (ds)] 

Potassium (K) 30 000 

Phosphorus (P) 7 000 

Element Limit of regulation [mg/kg ash (ds)] 

Cadmium (Cd) 40 

Mercury (Hg) 3 

Lead (Pb) 300 

Biomass like bark and wheat straw are such fuels that have been regularly used for combustion the last 

decades. However, it has been shown that those biomass fuels rich of ash and alkalis relative to stem 

wood causes problems and have worse combustion properties. Several studies have shown how the ash 

chemistry works during energy conversion of different types of biomass and what importance the 

knowledge has when operating the boiler. [20-22] Biomass ash mainly contains elements from alkali 

metals (Na and K) and alkaline earth metals (Mg and Ca) which also are the elements together with 

chlorine (Cl) and sulfur (S) whose reactions causes most ash-related problems. The problems are 

determined by the composition of elements and how they react during thermal conversion. The process 

temperature during combustion will determine if the elements remain solid, volatilizes or melts 

depending on their thermodynamic stability. The reactivity of the different elements simplified decides 

the order the reactions take place. For example, reactions when solid compounds are formed is often 

categorized as slow or medium fast. Regular ash-related problems connected to combustion in boilers 

are bed agglomeration, slagging, fouling, corrosion and emissions of gases and particles. [22] 

It is the inorganic content in the biomass that forms the ash during combustion. This includes many 

metals but also non-metals which are indispensable nutrients for biological functions of the plant. The 

following elements are the most significant in ash formation in various fuels; K, Na, Ca, Mg, Fe, Al, Si, 

P, S and Cl [20]. Recently Doshi et al. [23] and Zevenhoven et al. [24] produced how the ash forming 

matter diverged from different fuels commonly used in boilers. The most dominant main ash forming 

matter in wood-derived fuels are potassium (K), calcium (Ca) and silicon (Si) while sludge is often 

dominated by chemical additives from the process such as iron and aluminum sulfate.  

To understand ash transformation chemistry and mechanisms behind the existing problems of thermal 

conversion of biomass Boström et al. [20] developed a model categorizing different reactions in 

primary- or secondary ash transformation reactions. The main object with primary ash transformation 

reactions are to describe the relation of ash-forming elements to oxygen (with some exceptions). On the 

basis of this the most common ash forming elements are considered to form the following oxides during 

thermal conversion. Alkaline earth metals (Ca and Mg) are presumably present as CaO (s) and MgO (s) 

during thermochemical conversion of the biomass and are later freed as small particles. Silicon is most 

commonly liberated as SiO2 (s) as small particles like the alkali earth metals from either SiO2 • H2O (s), 

dissolved Si(OH)4 (aq) or quartz sand. Phosphorus is released in oxidized form from different 

phosphates in the biomass to highly reactive P2O5, i.e. volatile P4O10 (g). The alkali metals (K and Na) 

do not form that stable oxides. If K and Na appear as oxides, it would be as K2O or Na2O, but it is more 
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likely that the alkali species react with water vapor and form the more stable and volatile hydroxides, 

KOH (g) and NaOH (g). Sulfur is most likely to be released as S2 (g) or H2S (g) from the biomass, but 

depending on the O2 concentration an oxidation will occur directly and form SO2 (g). As the alkali 

metals, Cl forms relative weak oxides and are therefore plausibly liberated as Cl2 (g) to react with water 

vapor and form HCl (g). The formed molecules during primary ash transformation reactions can then 

be considered as starting molecules for the secondary ash transformation reactions. The secondary ash 

transformation reactions can simplified be explained as in what order different molecules will react due 

to their relative acidity or basicity. The secondary ash transformation reactions decide in a way the 

magnitude of the different ash related problems. [20]  

Ashes that stays in the bed are called bottom or bed ash and may be problematic depending on the 

distribution of ash forming elements and what ash transformation reactions will occur during 

combustion, which is true for all ash fractions. Problems such as slagging and bed agglomeration are 

due to e.g. alkali phosphates or silicates with low melting temperature. The relation of alkali metals and 

alkaline earth metals has been described to be an important factor concerning ash related problems in 

the bed, especially high content of alkali together with P or Si may be problematic. If slagging and bed 

agglomeration could not be prevented it may cause shutdowns of the boiler. In addition, Ca and Al may 

also be concerned as elements that often are found in melts. [21, 22, 25]     

Ashes that does not stay in the bed during biomass combustion but follows the flue gases through the 

system are called fly ash. The fly ash is often categorized in two sub-groups; coarse and fine particulate 

matter (PM). Coarse PM is categorized as particles large enough to be caught in the cyclone but they 

may also continue and follow the flue gases.  Coarse PM are generally larger than one micrometer and 

the amount of particles formed depends on different physical properties in the boiler, for example how 

the boiler is dimensioned and how the air flows through the grate. Fine PM is usually smaller than one 

micrometer and forms by devolatilization of gaseous flue gas components. The fine PM often cause 

corrosion as it becomes a powder on colder surfaces. The amount of the PM allowed to be released is 

regulated for boilers and furnaces, which depends on the quality of the biomass used. Problems 

concerning health impacts during inhalation and overloaded filters in the flue gas system have been 

described in the literature. [26, 27]    

When devolatilization occurs at lower temperatures it increases the potential of releasing vapors from 

inorganic matter during combustion. [23] These vapors are smaller particles that may stick to colder 

surfaces in the boiler and flue gas system as a powder by condensation . The acidic properties of the 

formations stuck on the surfaces cause problems such as corrosion and fouling that may lead to serious 

damages to components in the system which can be expensive. [28, 29] Corrosion is a natural process 

where the affected metal reacting with an oxidant such as oxygen or sulfur and produce an oxide or salt 

of the metal which in the end destroys the affected area. Fouling is in this case explained as accumulation 

of particles and compounds on heat exchanging surfaces which can cause clogging or other damages in 

the flue gas system.  

A determining factor that decides the quantity of formed fine PM are the amount of alkalis and chlorine 

in the fuels especially potassium when firing biomass. High amounts of alkali in the fuel leads to high 

temperature corrosion and more corrosive volatile alkali components such as potassium chloride (KCl) 

(if Cl2 is available) are formed. Less alkali in the fuel increases the chances that volatile acidic 

compounds like H2SO4, HCl and P2O5 condenses at different surfaces and causes low temperature 

corrosion, but those compounds are generally caught in the flue gas cleaning and does not cause as 

severe damages as KCl. If the object is to reduce certain acidic compounds in the flue gas, knowledge 

of reaction order of alkalis and the volatile flue gas components is necessary. Depending of the 

concentration of elements, there has been shown from the method of secondary ash transformation 

reactions that potassium phosphates are formed before sulfates, chlorides and carbonates, in order. That 

means if KCl is unwanted to be formed the amount of e.g. SO2/SO3 or P2O5 in the flue gas must be borne 

in mind, to assure that a sufficient amount of sulfates or phosphates reacts with the alkali to prevent 
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chloride reacting with potassium. For instance, addition of sulfur as an additive or via co-combustion 

during incineration leads to that K2SO4 is formed instead of KCl which is preferable when reducing 

fouling problems. [22, 25, 30-32] Another way proven to be successful reducing KCl is to add sulfur to 

form K2SO4 by addition of (NH4)2SO4 in the flue gases. [33]   

The claimed problems during combustion are related with the already mentioned high potassium and 

chlorine content but also issues like high proportions of ash forming matter and low ash-melting point. 

An approach for solving ash related problems with certain biomass fuels are to use additives or to co-

fire with other different fuels to for instance bind potassium in the bed ash. Reduced risks of bed 

agglomeration, corrosion and deposit formation etc. has been proven to be a result of co-combustion. 

The mechanisms during co-combustion of problematic biomass with phosphorus rich fuels or additives 

in fluidized beds has previously been described. [31, 34-36] Also, sulfur rich fuels such as peat or 

different additives like kaolin have been proven to be beneficial during co-combustion in particular to 

reduce corrosion problems due to KCl and K2CO3. [28, 33, 37, 38]  

Recently Skoglund et al. showed that different biosolids like phosphorus rich sewage sludge could be 

used for co-combustion with other biomass beneficially. [30] In biomass ash produced from combustion 

the phosphates whitlockite (Ca9(MgFe)(PO4)6PO3OH) (s) and hydroxyapatite (Ca5(PO4)3OH) (s) are of 

certain interest in this study. Since hydroxyapatite are very difficult to break down and are in fact the 

main component in dental enamel [39] it makes for a bad choice as fertilizer, therefore whitlockite are 

more favorable of those compounds concerning phosphorus recovery potential. Hydroxyapatite is often 

formed when there is a lot of Ca available in the fuel during combustion in high temperatures. Because 

hydroxyapatite is so stable making it common in biomass ash. [34] In summary, when concerning co-

combustion and designing a fuel for reducing ash related problems or other objectives several different 

parameters needs to be included. Besides the total ash content and the combination of different 

thermodynamic transformation properties the conditions in the individual boiler used plays a part. Also, 

what type of boiler that is during combustion used may be decisive.  

As mentioned before, to obtain ashes from biomass it needs to pass a combustion process. There are 

several techniques for combusting biomass and each has its advantages and disadvantages. Two of the 

most common boilers used in CHP are grate boilers and fluidized bed boilers. A grate boiler is more 

robust and can handle larger particle fractions of the fuel used. The high moisture content in sludges 

may lead to that it sticks to the grates during combustion in grate boilers and are therefore concerned as 

more problematic. [6] Although, this study will not include experiments firing sludge alone and the fuel 

will be pre-treated. Fluidized bed boilers are promising due to its high efficiency, low environmental 

impact and uniform temperature and fuel distribution in the reactor which gives an efficient combustion 

of the fuel. Fluidized bed boilers are also more simple to scale up than grate boilers. [22, 40]  

A fluidized bed boiler was used in this study and will thus be explained more in detail. A regular 

fluidized bed boiler is constructed of a furnace where the fuel is combusted at a bed in around 800-

900°C. The bed consisting of some kind of solid particles decided from which fuel used (most commonly 

quartz sand) is brought to a fluidized state by primary air which enters the bed at the bottom of the 

furnace. Depending on the primary air velocity the boiler can be categorized into a bubbling fluidized 

bed (BFB) or a circulating fluidized bed (CFB). A BFB has a lower primary air velocity between              

1-3 m/s. The higher velocity at a CFB leads to some particles following the flue gas. Thus the particles 

are separated later in the flue gas channel in an external cyclone which leads the particles back to the 

bed. [22, 40]  

Bed agglomeration and slagging are ash related problems which should be avoided to approach 

minimized disruptions during combustion in grate and fluidized bed boilers. Simplified, the mechanism 

of bed agglomeration can be explained as that ashes in the bed melts and forms coating layers around 

the sand particles. The sand particles may stick to each other and form larger melts that can seal the 

incoming air flow and in a worst case scenario mean stoppages of the boiler. [21, 22, 25, 41, 42] 
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Important factors are the ash composition in the fuel and how the ash reacts with the present bed grains. 

There are different kinds of bed agglomeration mechanisms that may occur depending on the type of 

fuel ash present. The literature has suggested three major bed agglomeration mechanisms; coating-

induced agglomeration, direct attack of gaseous or liquid alkali compounds and direct adhesion of 

molten bed ash. In more general terms, bed agglomeration mechanisms are often mentioned as outer or 

inner coating layers, agglomeration necks and melts in various articles. [21, 43-46] It has also been 

described that the variation of the fuel characteristics decides what bed agglomeration mechanisms is 

most dominating. If larger amounts of molten ash gather, a phenomenon called slagging can occur more 

subsequently, though it happens more frequently in grate fired systems and has been investigated 

thoroughly. The fact that no bed sand is used in grate boilers there the conditions during ash 

transformation are different. [47, 48]  

An example of a pulp and paper mill where the knowledge of the ash transformation chemistry could be 

adapted in the combustion process for positive effects is SCA Obbola AB located in Västerbotten, 

Sweden. SCA Obbola AB manufactures eurokraft and kraftliner which are two types of packaging paper 

for consumer and transport packaging based of fresh wood fiber. The production capacity is           

450 000 tons per year and around 300 employees work at the location. [49] Steam is required in the 

paper production process; it is generated in the recovery boiler but also from the biomass boiler used. 

The biomass boiler produces approximately 80 tons steam every hour with a pressure of 30 bar (~ 50 

MW), the maximum capacity is 130 tons/h limited by the flue gas fans. [50] Every year around 13 000 

tons of biosludge (wet basis) is generated in the biological cleaning at SCA Obbola. Phosphoric acid at 

an amount of 133,5 tons/year (2014) is used in the biological cleaning to eliminate certain organic 

substances but also different salts and even metal ions in the waste water. The large amounts of 

phosphorus and other nondegradable substances end up in the biosludge which is a byproduct of the 

cleaning. The biosludge is either composted or co-fired with other biomass and residual material in a 

combustion furnace. The fuels combusted except biosludge are bark, waste wood, reject and wood chips. 

Most of the fuels are residual materials generated at the facility (bark, fiber reject and biosludge) but 

some are purchased externally (mostly bark and waste wood) to obtain a good fuel mix. In Fig. 2 the 

distributed fuel mix during incineration at SCA Obbola in January 2015 both in energy content (wet 

basis) and the mass (dry basis) are shown. [51] 

 

Fig. 2. Percentage of the fuel mix distributed by energy content (left) and mass (right) to the biomass boiler at SCA Obbola 

basis in January 2015. [51] 

The biomass boiler used at SCA Obbola was designed as an oil burner but was rebuilt and converted in 

1984 for use of biomass instead, a schematic illustration is presented in Fig. 3. Two biomass furnaces 

were connected to the oil burner by cooled gas channels. The two biomass furnaces are cylindrical 
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cyclone furnaces with a diameter of 4 meters and a fixed grate where the fuel is fired upon. The 

temperature is assumed to vary between 850-1100°C in the furnaces depending on if it is at the grate or 

in the zone of gas combustion. A feeding screw is used to regulate the incoming fuel at the bottom of 

each furnace where also the primary air is distributed evenly. Secondary air is distributed around the 

furnaces at two levels to obtain an even flow. Tertiary air is supplied at two places, in neck at the outlet 

of each furnace and at the gas channel towards the oil boiler. Particles are separated by cyclone- and 

electrical filters in the flue gas channel, where sensors are placed as well to control the level of NOx and 

other undesirable components in the exhaust gases. The design of the fixed grate complicates the 

handling of ashes, since the boiler needs to be shut down every 1-3 days for the ash to be removed 

manually. Around 4-8 m3 of ash is removed each time which means that the operation conditions vary 

if the generated ash in the furnaces was recently removed or not. [50, 51] 

 

Fig. 3. Schematic illustration of the biomass furnace and oil-fired boiler at SCA Obbola. The biomass furnaces are connected 

to the oil-fired boiler through two gas channels. 

High moisture content and the capability to clot is adverse properties handling biosludge alone, it leads 

to combustion problems and difficulties to feed the fuel into the burner. [3] Occurring problems are 

insufficient time for the fuel to dry and that inorganic elements such as phosphorus creates melts and 

chlorine causes corrosion. [6] By comparing the energy distribution to the incineration of mass into the 

boiler in Fig. 2 it can be seen that biosludge has a relatively low energy content, the injected biosludge 

only accounts for 2 % of the energy input but 5 % of the mass input.    

After SCA Obbola started incinerating biosludge they noticed that the increased amounts of sulfur in 

the flue gases contributed to increase the already high levels of HCl. The high levels of HCl originated 

from the fiber reject in the fuel mix used for combustion. Therefore, they chose to add slaked lime 

(Ca(OH)2) to react with the HCl, which forms CaCl2 that is deposited in the flue gas cleaning. The 

addition of slaked lime has contributed to halved the emissions of HCl according to estimations by the 

operational staff. [51]   

In 2014 around 1700 tons of fly ash and 2000 tons of bottom ash was generated from the biomass boiler 

at SCA Obbola. [51] The generated ashes are today deposited, but if the amount of available phosphorus 

would be higher at the same time as the amount of trace element does not exceed the regulatory levels, 
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it would be possible for it to be used as fertilizers. By steering the ash transformation reactions during 

combustion, so enough amounts of phosphorus formations suitable for plant uptake, this may be 

achieved. 

The overall aim of this study was to investigate co-combustion of industrial biosludge with fuels that 

are used today at SCA Obbola AB in a boiler of the type bubbling fluidized bed as a representative 

example for the pulp and paper industry. The objective was to examine the potential of recovering 

phosphorus in the ash and if there are technical operational problems that may be prevented thorough 

co-combustion. The following more specific questions were also included: 

 How large was the distribution of phosphorus in the different ash fractions concerning the main 

ash forming elements and in what chemical forms were phosphorus observed?   

 How were the combustion properties affected during the experiments concerning ash-related 

problems and formation of corrosive compounds in the flue gases? 

 What happened with the HCl content in the flue gases when the amount of biosludge was 

increased in the fuel blend before incineration? 
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2 Materials and method 

2.1 Preparation of raw material and fuels 
The amount of biosludge in the fuel blend was relatively small, although, earlier observations have 

shown that an increased amount of biosludge in the fuel mix led to increased amounts of phosphorus in 

the fuel. A limiting factor in this case was how much biosludge the industry generated or could handle. 

In addition to speaking to SCA Obbola, further investigation of how other pulp and paper mills managed 

their biosludge were done. The hearings of the mills contributed to the choice of fuel blends.  

The fuel used during these experiments was a blend of the following raw material in different 

constellations: bark (two different origins), biosludge, reject (two different kinds) and stem wood. The 

raw material was collected at SCA Obbola. Differences in color and texture of the pelletized material 

are noticeable and can be seen in the Fig. 4.  

 

Fig. 4. The four different pellets used during the experiments. From left to right; stem wood, fiber reject, bark and biosludge. 

To obtain the elemental composition of each fuel used in this study an external analysis was made. 

Besides the elemental composition, the ash yield (the most common ash forming elements are 

presented), energy and moisture content were also given for each fuel which is presented in Table 2. 

The external fuel analysis was made by BIOENERGY 2020+GmbH in Austria and was carried out 

according to the following standards; EN 14774, EN 14775, EN 15104, EN 15148, EN 14918, EN 15289 

and EN 15290 / 15297.  
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Table 2. Elemental composition of the four pelletized fuels used in the experiments. Ash yield, moisture and energy content 

are also included. 

 Bark Stem wood Fiber reject Biosludge 

Moisture [%] 3,4 8,0 5,8 2,4 

Ash content [w/w-%, ds] 1,9 0,3 1,8 19,8 

 mol/kg (dry substance) 

C 39,7 38,8 43,3 32,4 

H 60,3 62,4 74,2 52,6 

N 0,2 <0,1 <0,1 2,1 

O 25,7 27,1 22,0 23,9 

 mmol/kg (dry substance) 

K 47 11 7 56 

Na 4 1 11 66 

Ca 175 22 160 1447 

Mg 26 7 12 152 

Fe 4 1 7 103 

Al 15 2 49 486 

Si 31 5 48 755 

P 12 2 2 171 

S 10 2 11 144 

Cl 3 1 103 10 

 Energy content [MJ/kg, db] 

Hov 20,440 20,150 24,780 17,110 

Restrictions during preparations of the fuel resulted in that some raw material was prepared and 

pelletized together and others by themselves. Preparations of fuels included drying (at 105°C for a 

moisture content fitting for pelletizing) and grinding (using a Retsch SM 2000) to attain a homogenous 

fuel with a heating value as good as possible. The two different barks were pelletized together and so 

was also the two different rejects together with stem wood. The biosludge was pelletized alone. The 

preparations were done at Biofuel Technology Centre, SLU in Umeå. The blending of fuels was done 

at mass basis during weigh in before the experiments according to Table 3. 

Table 3. Composition (w/w of ds) of the raw material used for each fuel blend during the experiments. *) Including own bark 

originated from SCA Obbola (60 %) and bought bark from SCA Energy (40 %). 

Fuel blend Bark* [%] Stem wood [%] Fiber reject [%] Biosludge [%] 

BS5FR10 70 15 10 5 

BS10FR10 70 10 10 10 

BS7_5FR5 70 17,5 5 7,5 

BS10FR0 70 20 0 10 

BS5FR0 70 25 0 5 

To obtain the distribution of the main ash forming elements, Table 2 and Table 3 were combined to a 

“fuel fingerprint” presented in Fig. 5. This was necessary as it brought a visualization of how different 

changes in the fuel blends may affect the distribution of the main ash forming elements.  
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Fig. 5. Distribution of the main ash forming elements for the fuel blends used in this study. 

2.2 Combustion experiments 
The combustion experiments were performed in a bench scaled 2 m high 5 kW bubbling fluidized bed 

(BFB), Fig. 6, at Umeå University. The reactor was made of stainless steel with an inner bed diameter 

of 100 mm and an inner freeboard diameter of 200 mm. The bed material used was quartz sand with a 

grain size of 200-250 μm. Electrical heaters in the freeboard section, pre-heaters for the incoming air to 

the bed and heat from the combustion made it possible to achieve isothermal conditions during the 

experiments. An air flow of about 80 l/min distributed on primary and secondary air (~55/45 %) was 

used to get an even combustion. About 8 kg of fuel were placed in the storage (Fig. 6) to be distributed 

to the boiler by a feeding system, consisting of a screw which advances the fuel and a vibrator used to 

ensure an even distribution. By changing the rate of these parameters the required fuel feeding could be 

achieved.  
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Fig. 6. Schematic illustration of the 5 kW bench scaled BFB used in the experiments. The illustration shows places of sampling 

for Impactor (DLPI), PM filter and deposition probe. Picture from Eriksson et al. [52]  

The different pelletized fuel blends were combusted during a bed temperature at approximately 800°C 

in 8 h at an oxygen-level of around 10-12 %. To achieve an as good combustion as possible the smallest 

pieces of the pelletized biomass were neglected. The pelletized fuel had a size of 6 mm in diameter and 

0,5-2 cm in length. Bed and cyclone ash samples were collected the day after each experiment to be sure 

that the reactor had cooled down.  

A deposition probe with test rings in stainless steel was used to collect deposits in the freeboard for 

simulation of heat exchanger and super heater tube surfaces. The probe was cooled with air and placed 

in the top of the reactor, Fig. 6. Because of air-cooling and a temperature around the deposition probe 

at 800°C the surface temperature was set to approximately 450°C during all experiments. 

Thermocouples measured the steel ring temperature and regulators controlled the flow of cooling air 

into the probe was used to control the temperature. Each sampling was in progress during a time span 

of 6 h.    

Two methods were used to collect particulate matter; a PM filter and impactors. Slightly before the 

impactor sampling a PM filter was used to collect the total amount of particles in the flue gases. By 

inspecting the condition of the filter relative to the impact time the sampling time of the impactors could 

be specified. Also, the PM filters were weighed to see the amount of particulate matter in relation to 

how large volume of flue gases passed through them to be able to compare the different experiments 
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from an operational viewpoint. Twice during each of the experiments a 13-stage Dekati low-pressure 

impactor (DLPI) was used to collect the particulate matter or the so called fly ash in the flue gas. The 

DLPI was attached to the flue gas channel (Fig. 6) and preheated to approximately 125°C at a pressure 

of 100 mbar before sampling. The device was made of stainless steel and collected particulate matter in 

the size range of 30 nm-10 µm with 13 filter stages. The particles were collected at each stage on a        

25 mm collection substrate made of aluminum foil. The substrates were weighed before and after the 

experiment to obtain the gravimetric size distribution of the particles. The DLPI works by particles 

entering the device through a nozzle to control the flow velocity, the diameter of the nozzle thereby 

controls what size of particles will be collected. Right after the nozzle the flow stream sharply turns 

before the collection plate and force particles larger than stage cut diameter to fall off to the substrate. 

Remaining smaller particles continues to the next stage and follow the same procedure. [53]  

To ensure that complete combustion occurred during each experiment and to get information about the 

composition of flue gases, an equipment using Fourier Transform Infrared Spectroscopy (FTIR) 

technology was attached to the flue gas channel (Fig. 6). The FTIR collects high spectral resolution data 

over a wide range to obtain an infrared spectrum of emission or absorption of a medium. This is usually 

done by a light source directed by mirrors to a detector that detects how far different light has gone 

which causes an interference pattern. In this case the FTIR was used to detect different gases formed 

during combustion. For instance, the levels of oxygen (O2), carbon monoxide (CO), hydrochloric acid 

(HCl) and sulfur dioxide (SO2) were measured. [54] 

2.3 Analysis of collected samples 
The collected samples were analyzed by two different methods; SEM/EDS and XRD. 

2.3.1 SEM/EDS – analysis of topography and elemental content  
To analyze collected samples from the combustion experiments a Philips model XL30 Scanning 

Electron Microscope (SEM) together with an Energy Dispersive X-ray spectroscopy (EDS) were used 

to see the morphology and the elemental composition of the samples. The following samples were 

analyzed with SEM/EDS; bed ash samples, cyclone ash samples, impactor samples and deposition probe 

samples. The analysis was done using equipment from TEC-lab, Umeå University.  

Preparations of samples to be analyzed in SEM/EDS were made in two different ways depended on the 

magnitude of the particles and to what purpose the analysis of the chosen sample were made. Larger 

particles collected from the bed where the purposes were to investigate the level of bed agglomeration 

were molded into epoxy pucks. The epoxy pucks were later grinded to get a smooth cross sectional area 

where the elemental composition of chosen areas and spots were analyzed. Smaller powder like 

representative samples from each batch were stuck to carbon tape attached to a sample holder which 

easily could be managed into the SEM/EDS-apparatus. Four representative areas of each sample 

attached to carbon tape were selected to determine the bulk composition. 

Scanning Electron Microscopy (SEM) is a method used to create magnified surface images with 

topography in gray scale of the samples. Prepared samples were put in a chamber where the air was 

extracted until a vacuum was achieved. An electron cannon was used to emit electrons at the top of the 

chamber. The samples were moved manually in x, y or z direction for choosing what sample area to be 

analyzed. The electrons irradiated at the sample are called primary electrons. The primary electrons were 

affected when hitting the sample surface and interacting with atoms in it. After interaction the electrons 

were scattered either elastically (collisions with no loss of kinetic energy) or inelastically (scattered 

electrons from processes that consumes kinetic energy). The scattered electrons then reach a detector 

which produce a picture of the sample surface that distinguishes both the topography and the elemental 

variations depending on what mode chosen.  

During an elastic collision the primary electrons that hit the surface can be scattered backwards and are 

then called back-scattered electrons. If the emission of back-scattered electrons was large from a sample 
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surface, it means that the objects atomic number were higher and will be showed as a brighter area in 

the microscope. Images when using back-scatter electron mode could only be visualized if the electrons 

are in the direct path of the detector and thus the contrast is much larger in back-scattered mode. There 

is one more mode called secondary electron-mode and it is explained further below. However only the 

back-scatter electron mode was used in this study. If primary electrons collide inelestically they may be 

ionized and produces secondary electrons which loses large amount of their kinetic energy during the 

scatter process. In secondary electron-mode electrons can be detected even if they are in hidden areas, 

that is because the detector uses a positive potential which attracts the electrons. However secondary 

electron emission is independent concerning the atomic number of the sample area which means the 

contrast will be weaker compared to back-scattered mode. Electrons can also be emitted (already 

scattered electrons goes back right through the sample area) or absorbed (loses all of its kinetic energy 

and stays in the sample).  [55]   

Energy Dispersive X-ray spectroscopy (EDS) was a technique used in this study for elemental analysis 

of a sample using X-ray excitation to create an X-ray spectrum where the amount of detected photons 

was plotted against their energy. As active element a doped semi-conductor crystal was used which 

generated electron-hole pairs whose amount was directly proportional against the captured energy of the 

photon. To eliminate impact of heat radiation liquid nitrogen was used to cool the crystal. This means 

that elements lighter or slightly heavier than nitrogen cannot be detected, for example carbon, oxygen 

and hydrogen. [55]      

2.3.2 XRD – identification of crystalline compounds 
To determine which crystalline compounds were formed and in what amount X-ray Diffraction (XRD) 

was used. The analysis is described as both qualitative (formation of compounds) and quantitative (the 

amount of compounds). With XRD a crystalline material can be measured by its geometry, symmetry 

and the intensity which make it possible to discover different structures. A Bruker d8 Advance 

instrument in θ−θ mode with Cu Kα radiation, where the optical configuration consisted of a fixed 

divergence slits and a Våntec-1 detector that was used for collecting diffraction data. Rietveld refinement 

using structures from Inorganic Crystal Structure Database (ICSD) was performed as a semi-quantitative 

analysis of the crystalline matter. To collect diffraction data, the sample was rotated through their 

respective angles. [56] The XRD-analysis where made at TEC-lab, Umeå University.  
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3 Results 

Several interesting results were gathered from the experiments performed in a bench scaled fluidized 

bed. Among other things, by determining what compounds of phosphorus stayed in the bed it could be 

determined whether the ash is available for plant uptake or not, although with the used methods the 

amount of trace metals could not be evaluated. The appearance of phosphates, sulfates and chlorides 

together with alkali in depositions and particulate matter could indicate the level of corrosion threats. 

Especially changes of Cl and S in certain formations with different fuel mixes were more interesting 

results. All the results are presented in the upcoming subchapters. 

3.1 Flue gas measurements 
Mean values of measured temperature and FTIR-data are presented in Table 4 together with the 

calculated effect for each 8 h long combustion experiment. The temperature remained around 800°C 

which was desired to achieve smooth operation and equivalent experiments. The obtained effect from 

each experiment indicate equivalent fuel feeding except maybe for the fuel blend with 5 wt-% biosludge 

and 10 wt-% fiber reject which is lower. Together with other operational data it is enough for it to count 

as a well performed experiment. Gas data such as levels of oxygen, carbon dioxide, NOx and water was 

used to evaluate the combustion experiments. According to the data presented in Table 4 the levels were 

consequent and did not differ significantly between the different experiments. Viewing the HCl levels 

it is obvious that the amount of fiber reject in the fuels affected the values and that increased amounts 

of biosludge raised the levels slightly which could be predicted form the results of the fuel analysis. The 

levels of SO2 decreased with increased amounts of biosludge for experiments with 10 wt-% fiber reject. 

This indicates that sulfates like K2SO4 are formed instead of the chloride KCl which has been shown in 

other studies as mentioned in the introduction. Another interesting parameter during combustion is the 

level of CO, since high levels indicate that gasification may have occurred which was not an issue in 

this case. Although, certain peaks of CO were detected particularly during the first experiment due to 

uneven fuel feeding. Also, from these experiments biosludge cannot be considered problematic 

concerning gas emissions, but the fiber reject may be. The gas data may be considered relevant compared 

to measured gas data from SCA Obbola in 2015.   

Table 4. Operational data for each 8 h long experiment presented as mean values. The gas data was measured with FTIR 

spectroscopy. *Upper and lower bed temperature combined.  

 BS5FR10 BS10FR10 BS7_5FR5 BS10FR0 BS5FR0 

Temperature* [°C] 801 ± 16 800 ± 16 804 ± 16 809 ± 16 803 ± 16 

Effect [MJ/h] 10,641 12,002 12,036 11,890 11,607 

Percentage [vol-%] 

O2 (dg) 11,9 ± 0,2 10,8 ± 0,2 10,9 ± 0,2 11,8 ± 0,2 11,6 ± 0,2 

CO2  (dg) 8,4 ± 0,2 9,6 ± 0,2 9,5 ± 0,2 8,8 ± 0,2 8,7 ± 0,2 

H2O (wg) 6,3 ± 0,1 7,0 ± 0,1 6,9 ± 0,1 6,3 ± 0,1 6,2 ± 0,1 

ppm (dry gas) 

HCl 12,8 ± 0,3 14,8 ± 0,3 7,2 ± 0,1 2,4 ± 0,1 1,8 ± 0,1 

SO2 4,6 ± 0,1 0,9 ± 0,1 3,6 ± 0,1 0,4 ± 0,1 3,0 ± 0,1 

NOx 119,8 ± 2,3 135,3 ± 2,7 124,1 ± 2,4 143,3 ± 2,8 135,9 ± 2,7 

N2O 0,8 ± 0,1 1,7 ± 0,1 1,0 ± 0,1 1,5 ± 0,1 1,0 ± 0,1 

CO 7,2 ± 0,1 14,3 ± 0,3 7,5 ± 0,1 0,7 ± 0,1 0,7 ± 0,1 
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3.2 Bed material 
The bed material collected from each experiment consisted of both quartz sand and ash particles. To 

investigate the main ash forming elements and what compounds present the collected material was 

analyzed by SEM/EDS. This made it possible to determine what kind of bed mechanisms occurred 

during combustion.    

3.2.1 SEM/EDS – analysis of collected bed ash particles  
Bed ash particles larger than 300 µm were sorted out to be sure it was not bed sand. The collected 

particles were smashed into smaller pieces to get a fine mixture. The mixture was analyzed in SEM/EDS 

to get the distribution of the main ash forming elements. This was done for each of the fuel blends and 

the results are presented in Fig. 7. No clear deviances between the different samples can be observed. 

Ca and Si are the most dominant elements in the bed ash and thereafter comes Al. Silicates containing 

Al with or without Ca and Mg are probably formed in the bed ash. If those elements are bonded in the 

ashes in favor of potassium the ash chemistry becomes more stable and the melt temperature rises. 

Around 5 % of the main ash forming elements are composed of phosphorus which means it stays in the 

bed for all of the fuel blends. Although, the Ca/P ratio is relatively high concerning phosphorus recovery 

potential and the phosphate most likely to be found are hydroxyapatite. The Ca-content is around 7 times 

higher than the phosphorus concentration but instead it should probably be around 4 times higher to be 

more interesting for phosphorus recovering. By viewing the elemental composition of biosludge in the 

fuel analysis in Table 2 there is large amounts of Ca which may explain this. The content of Cl is low 

for all of the fuel blends though quite large amounts of it was injected. The Cl has probably ended up 

some in the fly ash or flue gases and is probably explained by its tendencies to volatilize during 

combustion.  

 

 

Fig. 7. Distribution of the main ash forming elements from collected bed particles (>300µm) analyzed in the SEM/EDS on a 

carbon, oxygen, chrome and manganese free basis for the different fuel blends with a confidence interval of 95 %. 

To analyze bed agglomeration tendencies in the bed and view the appearance of ashes, representative 

SEM images with selected areas were taken together with an EDS analysis for each of the fuel blends. 

SEM images with selected areas and the elemental composition of that area for the different fuel blends 
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are shown in Fig. 8-Fig. 12. Using terminology established by earlier studies and own findings in the 

bed samples of the different fuel blends the observations could be divided into four categories; 1) 

agglomeration necks and melts, 2) outer layers, 3) ash particles and 4) other objects. These four 

categories are found in each sample and can be explained as follows: 

1) Agglomeration necks and melts are found between two or more quartz bed grains which had 

interacted with bed ash and stuck together. Quartz bed grains are the larger, darker particles and 

the melts between them are much brighter. These phenomena are found in Fig. 8 area a for fuel 

blend BS5FR10, Fig. 12 area e for fuel blend BS5FR0, Fig. 10 area c and e for fuel blend 

BS7_5FR5, Fig. 9 area a for fuel blend BS10FR10 and Fig. 11 area a for fuel blend BS10FR0.  

2) Different layers are viewed as brighter lines surrounding bed grains and can be seen on bed 

grains in all of the figures (Fig. 8-Fig. 12). This phenomenon is not pointed out as areas in all 

of the figures. The two types layers (inner and outer) are most certainly in all samples but are 

sometimes difficult to detect. Inner layers are characterized by that the transition between the 

brighter layer and the grain is like a soft curve that moves into the grain while outer layers are 

brighter areas that lies onto the grains. Different layers are displayed in Fig. 12 area d for fuel 

blend BS5FR0, Fig. 9 area d for fuel blend BS10FR10 and Fig. 11 area d for fuel blend 

BS10FR0. 

3) Ash particles are smaller brighter particles compared to bed grains and are seen in larger 

clusters. Clusters of ash particles can be visualized in all of the figures and example of certain 

particles are found in Fig. 8 area b and c for fuel blend BS5FR10, Fig. 12 area a, b and c for 

fuel blend BS5FR0, Fig. 10 area a, b and d for fuel blend BS7_5FR5, Fig. 9 area b and c for 

fuel blend BS10FR10 and Fig. 11 area b and c for fuel blend BS10FR0.  

4) Other objects such as the long slim object in Fig. 8 (area e) were now and then found in the 

samples. Those objects could be whole or residues of bed grains from different types of sand 

that followed the original quartz sand, but it could also be other contaminations from the boiler 

for example.  

By observing the selected areas in the SEM images placed in the categories above (1-4) there are major 

differences when comparing each category using the elemental analysis from the EDS. The samples 

from category 1 referred to as agglomeration necks and melts are rich on Si like the majority of the 

selected areas, but the second most common element is K and the yield of the remaining elements are 

rather low. Certainly the melts consist of potassium with hints of sodium, calcium, magnesium, 

aluminum and phosphorus. Inner and outer layers associated with category 2 even have high levels of 

Si, but have less K and more Ca. Also the yield of Al is somewhat higher but the other elements are the 

same as category 1. In general, for the selected areas of ash particles in category 3 the main three 

components are Si, Ca and Al, as also is shown in Fig. 7 which was samples mainly consisting of larger 

picked out ash particles. Depending on the selected area of the samples higher levels of K, Na, Mg and 

P can be seen. Overall there were similar characteristics between the different fuel blends, thus the high 

admixture of bark and rather small changes of the other fuel parameters matter.             
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BS5FR10 

  

Fig. 8. SEM image with selected areas and the related SEM/EDS elemental analysis of collected bed material (>250µm) 

associated with the fuel blend containing 5 wt-% biosludge and 10 wt-% fiber reject. 

BS10FR10 

 
 

 

Fig. 9. SEM image with selected areas and the related SEM/EDS elemental analysis of collected bed material (>250µm) 

associated with the fuel blend containing 10 wt-% biosludge and fiber reject. 

BS7_5FR5 

  

Fig. 10. SEM image with selected areas and the related SEM/EDS elemental analysis of collected bed material (>250µm) 

associated with the fuel blend containing 7,5 wt-% biosludge and 5 wt-% fiber reject. 
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BS10FR0 

 
 

Fig. 11. SEM image with selected areas and the related SEM/EDS elemental analysis of collected bed material (>250µm) 

associated with the fuel blend containing 10 wt-% biosludge and no fiber reject. 

BS5FR0 

 
 

Fig. 12. SEM image with selected areas and the related SEM/EDS elemental analysis of collected bed material (>250µm) 

associated with the fuel blend containing 5 wt-% biosludge and no fiber reject. 

3.3 Cyclone ash 
Ash particles small enough to leave the combustion area and follow the flue gases but big enough to get 

caught in a cyclone were collected after each combustion experiment. Ash samples from the cyclone 

ash were analyzed by SEM/EDS to determine the composition of elements. The amount of collected 

cyclone ash did not differ significantly from each sample.  

3.3.1 SEM/EDS – analysis of collected cyclone ash 
The SEM/EDS analysis of ash samples collected from the cyclone used to determine the distribution of 

the main ash forming elements are presented in Fig. 13. Comparing each fuel blend in the figure gives 

that there are hardly any observable patterns. The ash samples mainly consist of Ca, Al and Si, but there 

are also noticeable amounts of P, S and K. The Ca/P ratio is around 9, which probably is too high 

concerning phosphorus recovery potential since hydroxyapatite likely are the most common phosphate 

present in the cyclone ash.  The small amount of chlorine found together with the results from the bed 

ash indicates that there should be relative large amounts of chlorine in the flue gases for the fuel blends 

with fiber reject. A significant correlation of decreasing Cl-content in the cyclone ash when firing less 

fiber reject is detectable. For the other elements it is difficult to observe a significant correlation due to 

change between the different samples.   
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Fig. 13. Distribution of the main ash forming elements from collected ash particles in the cyclone analyzed in the SEM/EDS 

on a carbon, oxygen, chrome and manganese free basis for the different fuel blends with a confidence interval of 95 %. 

3.4 Deposition probe 
The deposition probe used during each experiment was divided into two areas when it came to the 

analysis, wind and lee side. The need of a separation is due to the wind and lee side are exposed to 

different kinds and amounts of particles.  The wind side is exposed to bigger particles in the flue gases 

that directly hit the surface area of the deposition probe and stick there. The lee side is affected more 

indirect where smaller particles are “wandering” from the front to the back of the deposition probe. The 

SEM/EDS analysis can determine what elements stays on the wind and lee side respectively. The XRD 

analysis can investigate the most common compounds formed on the deposition probe which may help 

to define the rate of corrosion and fouling.  

3.4.1 SEM/EDS – elemental analysis of depositions 
The elemental composition of material scraped off from the wind and lee side respectively of the 

deposition probes used at each combustion experiment are seen in Fig. 14 and Fig. 15. Clear differences 

of the elemental distribution can be seen between the wind and lee sides of the probes, most remarkable 

are the K, Cl and Ca content of the scraped off material. Substances that stuck at the wind side of the 

deposition probes contained less K and Cl but more Ca. Larger particles of sulfates, phosphates and 

silicates containing Ca, Mg and Al have most likely stuck on the wind side while the more volatile KCl 

“wandered” to or were condensed at the lee side.  

While observing the elemental distribution of the lee side of the deposition probes in Fig. 14 no 

significant changes were detected between the samples of the different fuel blends except for the K and 

Cl content. The potassium and chloride content correlates with the amount of fiber reject put in the 

system. It is clear that when increasing the amount of biosludge in the fuel blend the amount of K and 

Cl decreases, which is positive since the corrosive compound KCl most likely have decreased. 

Comparing the fuel blends containing 10 wt-% fiber reject against those with no fiber reject, it is 

significant that the Ca content was higher when less fiber reject was incinerated.    
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Fig. 14. Distribution of elements of the scraped off material from the wind side of the deposition probes analyzed in the 

SEM/EDS on a carbon, oxygen, chrome and manganese free basis for the different fuel blends with a confidence interval of 95 

%. 

When observing the elemental distribution of the lee sides from the deposition probes in Fig. 15 a few 

interesting patterns were detected. Significantly larger amounts of Cl and K got stuck on the lee side for 

the fuel blends containing larger quantities of fiber reject while the opposite was true concerning Ca for 

the fuel blends containing no fiber reject. Also more S, P, Si, Al, Fe and Mg got stuck on the lee side of 

the deposition probe for the fuel blends containing no fiber reject. Most likely, the Ca is bound into in 

different constellations of phosphates, sulfates or silicates. Some of the aluminum is probably bound to 

Si forming kaolinite. Regarding the fuel blends with 10 wt-% fiber reject it is significant that when 

adding more biosludge the amount of K and Cl increased and the amount of Ca decreased at the lee side 

of the deposition probe.     
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Fig. 15. Distribution of elements of the scraped off material from the lee side of the deposition probes analyzed in the SEM/EDS 

on a carbon and oxygen free basis for the different fuel blends with a confidence interval of 95 %. 

3.4.2 Identification of crystalline compounds by XRD 
Table 5 presents the results from the XRD analysis and what crystalline compounds detected at the wind 

and lee side of each deposition probe exposed during the combustion experiments.  

Table 5. Relative amount of compounds of deposits presented in w/w-% of the crystalline content. The annotation use 

represents dominating (****, >30w/w-%), major (***, 15-30 w/w-%), minor (**, 5-15 w/w-%) and trace (*, >0-5 w/w-%) 

presence of the respective compounds. 

   Wind side Lee side 

  
BS5 

FR10 

BS10 

FR10 

BS75

FR5 

BS10

FR0 

BS5 

FR0 

 BS5 

FR10 

BS10 

FR10 

BS75 

FR5 

BS10 

FR0 

BS5 

FR0 

CaSO4 (anhydrite) ** ** ** *** ***  ** ** ** ** * 

K2SO4 (arcanite)          * * 

KCl (sylvite) **** **** *** ** **  **** **** **** **** **** 

CaO (lime) ** ** ** *** ***       

CaCO3 (calcite) *** **** **** *** ***  ** ** ** ** ** 

SiO2 (quartz) ** ** ** * *       

It is clear that the relative amount KCl of the deposits was dominating when more fiber reject was 

combusted for both the wind and lee side. A decrease of KCl can be noticed at the wind side fo the 

probes when larger amounts of biosludge were combusted. Also, the relative amount of anhydrite 

(CaSO4) were detected when increasing the amounts of biosludge in the fuel mix. The amount of calcite 

(CaCO3) and lime (CaO) indicates that there are large amounts of Ca in the fuel which follows the flue 

gases and stuck to the probes. The fact that SiO2 is only found on the wind side validates that larger 

particles in the flue gases stuck directly to the wind side but gases condensates on the lee side. 

3.5 PM filter and impactors 
The total amount of particles was measured in the flue gases during the experiments by a PM filter. Two 

measurements were done during each experiment separately right before the impactor measurements 

and those are presented in Table 6. Relatively low amounts of particles and small variations between 
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PM filter 1 and 2 suggests that the fuel blends were similar and that the experiments were stable over 

time. The measured total amount of PM is lower compared to measurements done at SCA Obbola in 

2015 which totaled an average of 12,7 mg/Nm3.  

Table 6. Total amount of particulate matter measured by PM filters two times during each experiment. 

 BS5FR10 BS10FR10 BS7_5FR5 BS10FR0 BS5FR0 

PM filter 1 [mg/Nm3] 4,2 5,5 5,7 4,4 6,0 

PM filter 2 [mg/Nm3] 4,6 6,7 4,1 6,8 2,4 

The amount of particulate matter for different sizes of particles measured by two impactors at separate 

times are given in Fig. 16. The analysis shows a consistent pattern for all of the measurements, there are 

two peaks; one below 1 µm (fine PM) and one above 1 µm (coarse PM). The impactor results are focused 

on the fine PM or the so called sub-micron particles because those forms by reactions in the flue gases 

and are generally considered more problematic. Concerning the peaks of the fine PM from the impactor, 

analysis shows that the less the fiber reject that was in the fuel, the smaller the peaks were. Also, by 

observing the peaks with most fiber reject in the fuels, it indicates that the measurements consisting of 

a higher amount of biosludge is smaller. The magnitude of the coarse PM peaks indicates an evident 

amount of particles for all of the fuels. The smaller peaks are due to loss of material during handling of 

samples. The exact amount of reduction of particulate matter cannot be determined. 

 

Fig. 16. Particle mass size distribution in the flue gases for the different fuels. Two impactor measurements for each fuel blend. 

Collected material from substrate 3-6 representing the fine PM (0,1-1 µm) from the impactors were 

scraped off in order to be analyzed by SEM/EDS and XRD. 

3.5.1 SEM/EDS – analysis of particulate matter collected from the impactors  
By using SEM/EDS analysis the distribution of the main ash forming elements in the fine PM from the 

collected fly ash could be analyzed, the results are shown in Fig. 17. The dominating compounds in the 

fine PM are K and Cl which probably forms KCl together but it needs to be verified by the XRD-

analysis. Some differences can be seen by comparing the different samples. The most obvious 
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differences are the lower amounts of chlorine for the fuel blends without any fiber reject, which can be 

explained by the elemental composition from the fuel analysis in Table 2. The sulfur content is also 

higher for those fuel blends containing no fiber reject, probably because even more of the S could react 

with K. Another interesting observation is that viewing the fuel blends containing 10 wt-% fiber reject 

shows that when increasing the amount of biosludge the content of Cl and K decreases statistically 

significant.    

 

Fig. 17. Distribution of the main ash forming elements from collected fine PM by the impactor, analyzed in the SEM/EDS on 

a carbon, oxygen, chrome and manganese free basis for the different fuel blends with a confidence interval of 95 %. 

3.5.2 Identification of crystalline compounds by XRD 
The collected particles representing the fine PM from the impactors were analyzed by XRD to be able 

to identify which crystalline compounds were most common and in what extent, the results are 

presented in Table 7. 

Table 7. Relative amount of compounds of fine particulate matter presented in w/w-% of the crystalline content. The annotation 

use represents dominating (****, >30w/w-%), major (***, 15-30 w/w-%), minor (**, 5-15 w/w-%) and trace (*, >0-5 w/w-%) 

presence of the respective compounds. 

  BS5FR10 BS10FR10 BS75FR5 BS10FR0 BS5FR0 

K2SO4 (arcanite) *  ** **** **** 

K3Na(SO4)2 (aphthitalite)  **    

KCl (sylvite) **** **** **** **** **** 

The relative amount of KCl in the collected fine particulate matter is dominating. It is clear that larger 

amounts of K2SO4 was observed when the amount of fiber reject was decreased in the fuel mixes, but 

still large amounts of KCl were found in the samples.   
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4 Discussion 

A bench scaled laboratory arrangement together with distinct analysis methods helped to make these 

experiments likewise of how SCA Obbola may use their fuels for improved operational and technical 

aspects. The design of fuel blends where relative limited in this study because it needed to be suitable 

to an actual industrial perspective. Therefore, it was of no interest to for example include a fuel blend 

with 50 wt-% fiber reject in the experiments.  

The biosludge from SCA Obbola used in this study had a much larger ash content than the other fuels, 

as seen in Table 2. The concentration of elements such as P, S, Al and Ca were high in the biosludge 

compared to the other fuels in this study. The levels of K and Na were not as distinguishing where bark 

contained almost the same amount of K. However, the content of Cl was much higher for the fiber reject 

relative the other fuels which has been noticed consistently throughout the results. The elemental 

composition of the ash for different fuel blends in this study was obviously important, especially since 

there are such differences between the fuels. By co-combusting different fuels only in smaller 

admixtures have shown to do great impacts on the composition of the ash, which is favorable from an 

ash related point of view. [25, 33, 43] Although, the obtained results were not that distinctive when only 

viewing the elemental distribution of the bed ash (Fig. 7). The results were more interesting concerning 

particulate matter and depositions which could be affected concerning the main ash forming elements. 

This is probably explained by observing the fuel fingerprint in Fig. 5 where the distribution of the main 

ash forming elements for the different fuel blends was similar to the distribution presented in Fig. 7.        

No significant changes in the distribution of main ash forming elements or bed agglomeration 

mechanisms were detected when investigating the SEM/EDS analysis of Fig. 7-Fig. 12. This was 

probably due to the fuel blends being similar concerning the elemental distribution as mentioned before, 

which affected the bed ash chemistry. Neither the bark nor the biosludge content was changed in any 

large extent for the different fuel blends and the large ash content of the biosludge had a major impact 

as could be seen in Fig. 5, especially for the Ca content. Since the objective was to start from the existing 

fuel mix used at SCA Obbola to simulate an industrial perspective, it was known before that no large 

deviations could be expected.  

The high concentrations of Ca and Al together with Si detected in the bed ash (Fig. 7) indicates that 

different calcium and aluminum silicates were formed together with Mg. Tendencies of that could also 

be seen in Fig. 8-12 where areas in the different samples containing more Ca relatively speaking, was 

followed by higher content of Al. Ashes dominated of Ca, Al and Mg instead of potassium are favorable 

discussing slagging and bed agglomeration since since the silicates which contain calcium and/or 

aluminium typically have high melting temperatures. Bed ash composition was very similar to that of 

biosludge, therefore biosludge may be used to counteract bed agglomeration and slagging. The fact that 

potassium is found more frequent than calcium in agglomeration necks and vice versa for inner and 

outer layers is positive from an agglomeration prevention point of view. The observed quantity of 

agglomeration necks was just as many for all of the samples which is explained by that the amount of 

alkali in the fuel blends were alike. Basically all of the observed agglomeration necks contained alkali 

silicates and they were also detected in greater constellations. Accordingly, because larger particles of 

alkali silicates melted and stuck to bed sand particles before Ca in some cases. Due to that the melting 

point of calcium silicate is higher than potassium silicate it is possible to prevent agglomeration if outer 

coating layers rich in Ca are formed around the bed grains upon inner coating layers rich of K. [45, 46, 

57]  Attacks on bed grains were observed in SEM-images for all of the bed samples as brighter smooth 

lines moving into the grain.  

According to Fig. 7-Fig. 13 most of the phosphorus was found in either the bed- or fly ash which is in 

line with previous studies. [34, 46] These may be promising result in perspectives such as phosphorus 

recovery and bed agglomeration prevention. Although the Ca/P ratio was too high for both the bed and 

cyclone ash and exceeded the level for when hydroxyapatite probably is formed instead of withlockite. 
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The Ca/P ratios were as high as 7 and 9 for the bed and cyclone ash respectively, where optimal ratios 

for phosphorus recovery potential should be around 4. The fuel analysis of the biosludge in Table 2 

shows that the concentration of Ca is much larger than P from the beginning, it is probably due to the 

composition of the waste water and the biological cleaning used at SCA Obbola. The fuel fingerprint in 

Fig. 5 indicates that the relation between Ca and P are relatively fixed which explains the small changes 

in the Ca/P ratio. At the same time, it should be clarified that not all Ca is reacting with P because 

specific particles dominated of Ca (probably as CaO from the fiber reject) were found in the bed ash 

(Fig. 8-Fig. 12).   If the goal is to increase the amount of phosphorus available for plant uptake using 

SCA Obbolas fuel blend, one of the following must probably be made; either the Ca content needs to be 

reduced in the biosludge or another fuel or fuel blend needs to be used.  

Looking at the distribution of the main ash forming elements in the cyclone ash (Fig. 13) Ca was 

dominating, with minor quantities of the rest ash forming elements. This is result similar to the bed ash 

and it shows that Ca does not only stays in the bed ash but also end up in the fly ash.  

In this study it was not possible to evaluate the presence of trace metals in the ashes with the analysis 

methods used due to the SEM/EDS could not detect trace elements in such low concentrations. 

Therefore, further analysis should be made to be sure of the extent of toxic trace metals in the fuel mix 

used at SCA Obbola. Recently Kumpiene et. al [58] studied if there were any benefits combusting 

biosolids like sludge or not with the goal to effect the Cd and P uptake of plants. The results were 

promising because the phosphorus availability in ash increased and the Cd/P ratio were lowered when 

combusting. The sludge used was exclusively municipal sewage sludge but the results did not differ 

using biosolids from different origin or when changing the combustion temperature. That is positive if 

the goal is to use the ashes generated from SCA Obbola as soil fertilizer, though their present fuel mix 

is not optimal for plant uptake since the Ca content is too high. Other studies have shown that Cd and P 

may be separated during combustion, since Cd tend to end up in the fly ash while P stayed in the bed, 

but other trace elements such as Ni and Cu also stayed in the bed. [59] This seems promising from a 

nutrient recovery perspective but it is obvious that further studies are needed.    

Because of the relatively large amount of chlorine that came into the system with the samples containing 

fiber reject (Fig. 5) some of the results concerning the forming of fly ash and particulate matter were 

expected. Firstly, that most of the chlorine would leave the bed and follow the flue gas as HCl, which 

was detected when analyzing the bed samples (Fig. 7-Fig. 12) and viewing HCl-levels from the FTIR-

data in Table 4. Secondly, that the chlorine would bond with potassium and form the KCl which the 

SEM/EDS- and XRD analysis from the collected fine particulate matter showed. By increasing the 

amount of biosludge in the fuel blend a decrease of the amount of fine particulate matter and the content 

of KCl in it was observed. The same observation was made with the deposition probes for the samples 

containing 10 wt-% fiber reject together with 5 or 10 wt-% biosludge. The XRD-analysis detected 

increased amount of K2SO4 in the samples with increased amounts of biosludge. This indicates that the 

sulfur in the biosludge formed K2SO4 and prevented formation of KCl (Table 5 and Table 7). Although 

some of the positive effects were lowered due to that some sulfur had already bonded with Ca and 

formed CaSO4. These results were validated by both the FTIR-data in Table 4 and SEM/EDS-analysis 

in Fig. 17. The FTIR-data shows increased amounts of HCl when adding more biosludge, thus HCl was 

formed instead of KCl and the SEM/EDS-analysis indicates higher levels of sulfur when increasing the 

amounts of biosludge. All of this is in line with what the fuel analysis (Table 2) showed and previous 

studies conducting comparable experiments have come to similar conclusions. [30, 60] As mentioned 

before, a decrease of KCl in the particulate matter is beneficial due to reduced corrosion and depositions 

on heat exchanging surfaces, as well as less loaded filters which these results imply. Today SCA Obbola 

uses the worst fuel mix concerning formation of KCl on deposition probes and in particulate matter, 

therefore from the results of this study a changed fuel mix would lead to a reduction of the explained 

problems.     
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Because the more corrosive KCl was decreased when adding more biosludge to the fuel blend, the 

already high levels of HCl in the flue gases increased. As described in the introduction SCA Obbola 

uses slaked lime (Ca(OH)2) to absorb HCl and other acidic compounds in the flue gases. Higher levels 

of HCl means increased costs due to the need to use more slaked lime. Probably it is more cost effective 

to increase the use of slaked lime instead of be forced to change different components in the boiler and 

flue gas system due to corrosion and fouling. Although to be able to make a decision a cost analysis 

should be made. Possibly the type of slaked lime may be changed from “normal” to “exploded”, which 

has been demonstrated to be a more effective absorbent due to a greater surface area. A substitution of 

slaked lime could mean reduced costs. [61]  

Biosludge was not a problem from an ash composition point of view during combustion. This was 

evident both from operational experiences and from the analyzes of the collected data. The flue gas 

composition presented in Table 4 showed that the levels of HCl and SO2 were lower when combusting 

biosludge without fiber reject as oppose to when doing so, this indicates that biosludge is not more 

problematic than fiber reject concerning the flue gases. In addition, both the bed and cyclone ash showed 

similar tendencies concerning slagging and bed agglomeration. The most frequently mentioned problem 

concerning biosludge in the industry is the high levels of moisture which makes it difficult to feed it to 

the boiler, as mentioned in the introduction. In this case that problem was eliminated when the biosludge 

was pre-treated (dehydrated, grinded and pelletized), as could be seen at the moisture content in Table 

2. To achieve an enhanced use of the biosludge, an optimization study needs to be performed where e.g. 

the economical aspect of pre-treating the fuel is included as opposed to feeding it as it is.  
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5 Conclusions 

In conclusion, what has been found in this study is that the influence of biosludge as a co-combustion 

fuel can be applied to a number of areas considered problematic when combusting different kinds of 

fuels. Based on the fuel blend used at SCA Obbola the following conclusions could be drawn from the 

experiments made in this study: 

1. From a phosphorus recovery perspective, to use the ashes produced during combustion of the 

fuel blends used at SCA Obbola as soil fertilizer: 

 Most of the phosphorus from each fuel blend were detected in the bed and cyclone ash.  

 The Ca/P ratios in the ash samples were high, which complicates the forming of 

phosphates usable by plants as nutrients. This was predicted from the fuel analysis. 

2. From an operating and technical perspective, to develop a strategy for co-combustion of 

biosludge with the fuels used today at SCA Obbola:  

 By co-firing fiber reject with increased amounts of biosludge the amount of chlorides 

in the fine particulate matter, which is highly corrosive to surfaces of stainless steel in 

the boiler (for example heat-exchangers), can be reduced.  

 Reduced amounts of fine particulate matter in the flue gas channel may contribute to 

less loaded filters, which is cost effective in the long run.  

 If the biosludge is well pretreated there are no immediate problems from a fuel feeding 

or combustion perspective in adding it to SCA Obbolas fuel mix.  
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6 Future work 

Using biosludge for co-combustion in a bench scaled fluidized bed has proven to be beneficial in 

preventing some operational problems and should probably do the same in a large scale facility. 

However, there are remained questions needed to be answered in further studies:  

 In what proportions should the biosludge be mixed to achieve optimum operational conditions, 

minimized ash related problems and possibility of phosphorus recovery?  

 Is it possible to reduce the amount of Ca in the biosludge by making changes in the biological 

cleaning to improve the Ca/P ratio concerning phosphorus recovery?  

 What is the potential concerning phosphorus recycling and prevention of ash related problems 

using alternative fuels such as wheat straw based on the fuel mix used at SCA Obbola in full-

scale facilities? 

 How would it work to fire only biosludge and fiber reject together during certain periods? Will 

the phosphorus recovery potential be better and will the amount of formed KCl decrease even 

more? Is it cost effective and to what extent could it be done? 

 What are the conditions based on the fuel blend used at SCA Obbola regarding the content of 

heavy metals when using the ashes as fertilizers?  
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