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Sammanfattning 

Vår energianvändning bidrar idag genom användandet av fossila 

energibärare till ökade nettoutsläpp av växthusgaser. Detta medför olika 

effekter på vår miljö och vårt klimat. För att minska påverkan, och 

eventuellt reversera vissa av effekterna, måste alla förnybara energikällor 

användas. Biomassa är den förnybara energibäraren som har den största 

potentialen att minska nettoutsläppen av växthusgaser, men övergången 

från fossila bränslen till biobränslen kan vara utmanande. 

Förbränning av biomassa är förknippad med olika tekniska och 

miljömässiga problem såsom slaggning, korrosion och utsläpp av partiklar, 

sot eller skadliga kemiska föreningar. De flesta av dessa problem är 

kopplade till askkemiska reaktioner som involverar alkalimetaller. För att 

minska risken för drift- och miljöproblem är det därför viktigt att förstå 

och kontrollera de asktransformationer som involverar just alkalimetaller. 

Forskningen som presenteras i denna avhandling har fokuserat på 

utveckling av verktyg, såsom modeller och index, för att förutsäga 

beteendet hos olika biobränslen under förbränning, samt på utveckling av 

konceptet bränsledesign och implementering av detsamma vid industriell 

förbränning av biomassa. Utvecklingen av lättanvända verktyg för att 

förutsäga problematiska askbeteenden är avgörande för att det ska vara 

möjligt att öka användningen av biomassa som ett alternativ till fossila 

bränslen. Verktygen som presenteras här är baserade på teoretisk och 

empirisk kunskap och kan användas för att förutsäga utmaningar 

angående bränsleaskans sammansättning och beteende, samt för att 

föreslå relevanta bränsledesignåtgärder. 

Syftet med bränsledesign, som det används här, är att bredda råvarubasen 

för biobränslen samt att öka användbarheten för biomassa i det globala 

energisystemet. Detta uppnås genom åtgärder för att förändra askans 

kemiska sammansättning, så att gynnsamma egenskaper förstärks eller 

problematiska egenskaper reduceras. Detta möjliggörs genom exempelvis 

användning av additiv eller samförbränning av två eller flera olika 

bränslen. 

Den här avhandlingen utvidgar kunskapsbasen för asktransformationer 

hos biomassa och deras konsekvenser i form av driftproblem genom 

djupgående laboratoriestudier och analyser. Dessutom demonstreras och 
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valideras bränsledesign under industriell förbränning av biomassa i 

medelstor och fullstor skala. 

Mer specifikt har ett slaggindex utvecklats med hjälp av resultaten från 

flera års förbränningsförsök. Bränsledesigner baserade på detta index har 

demonstrerats under normal drift i när- och fjärrvärmeanläggningar. 

Dessutom utvecklades med hjälp av multivariata statistiska metoder en 

modell för att förutse slaggningsproblem som tar i beaktande både 

bränslets kemiska sammansättning och brännartekniken.  

Flera delstudier har även genomförts på olika bränsledesigner baserade på 

samma grund som indexet och modellen. Sameldning av olika bränslen 

och additiv för att tillföra till exempel kalcium och svavel, samt 

lermaterialet kaolin, har använts för att minska såväl tekniska som 

miljömässiga problem.  

Slutsatsen är att bränsledesign, baserat på askkemiska grunder, är en 

möjlig väg för ökad bränsleflexibilitet och breddad råvarubas för 

biobränslen. 
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Abstract 

The energy supply of today is, through the use of fossil energy carriers, 

contributing to increased net emissions of greenhouse gases. This has 

several negative effects on our environment and our climate. In order to 

reduce the impact of this, and possibly to reverse some of the effects, all 

renewable energy sources must be used. Biomass is the renewable energy 

carrier that has the greatest potential to reduce net greenhouse gas 

emissions, but the transition from fossil fuels to biofuels is challenging. 

The combustion of biomass is associated with various technical and 

environmental problems such as slagging, corrosion, and emissions of 

particles, soot, or harmful chemical compounds. Most of these problems 

are linked to ash chemical reactions involving alkali metals. Therefore, to 

reduce the risk of operational and environmental problems, it is important 

to understand and control the ash transformation reactions involving 

alkali metals. 

The research presented in this thesis has focused on the development of 

tools, such as models and indices, for predicting the behaviour of various 

biofuels during combustion, and on the development of the concept of fuel 

design and implementation of the same during industrial combustion of 

biomass. The development of easy-to-use tools for predicting problematic 

ash behaviour is crucial in order to make it possible to increase the use of 

biomass as an alternative to fossil fuels. The tools presented here are based 

on theoretical and empirical knowledge and can be used to predict 

challenges concerning the fuel ash composition and to propose relevant 

fuel design measures. 

The purpose of fuel design, as used here, is to broaden the fuel feedstock 

and to increase the usability of biomass in the global energy system. This 

is achieved through measures to change the ash chemical composition in 

order to enhance beneficial properties, or reduce problematic properties, 

via the use of additives or blending of two or more different fuels. 

The present thesis extends the foundation of knowledge regarding fuel ash 

transformation reactions and their implications for operational problems 

through in-depth laboratory studies and analyses. Furthermore, the 

feasibility of applying this extended knowledge in the medium and large-

scale industrial combustion of biomass is demonstrated and validated.  
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More specifically, a slagging index has been developed using the results of 

several years of combustion experiments. Fuel designs based on the index 

was demonstrated during normal operation in local and district heating 

plants. Furthermore, a model was developed for predicting slagging 

problems that take into account both the chemical composition of the fuel 

and the burner technology. 

Several studies have also been performed on different fuel designs based 

on the same foundation as the index and the model. Additives to supply for 

example calcium and sulphur, as well as the clay kaolin, have been used to 

reduce both technical and environmental problems.  

The conclusion is that fuel design, based on ash chemistry, is a possible 

path for increased fuel flexibility and a broader feedstock for bioenergy. 
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1. Introduction 

1.1 Global outlook 

In order to sustain life as we know it, nine different planetary boundaries 

have been identified 1-2. The supply and use of energy is affecting, directly 

or indirectly, most of the boundaries (climate change, change in 

biodiversity, ocean acidification, biochemical flows, land system change, 

fresh water use, and atmospheric aerosol loading). To mitigate this 

negative impact or even reverse some of its effects, a safe and reliable 

energy supply must be secured on a sustainable and renewable basis. 

Additionally, the United Nations adopted 17 Sustainable Development 

Goals on September 25, 2015, to protect the planet and ensure prosperity 

for all as part of a new sustainable development agenda3. Each goal has 

specific targets to be achieved over the years leading up to 2030, and 

several of the goals are affected by the supply and use of energy, namely 

affordable and clean energy, clean water and sanitation, sustainable cities 

and communities, life on land and below water, and climate action. 

 

Figure 1. The 17 Sustainable Development Goals adopted by the UN. 

The International Energy Agency (IEA) predicts that the use of global 

energy will increase by as much as 30% by 2040, from 2015 levels, at the 

same time as the consumption of petroleum, natural gas, and coal remains 

flat4. Furthermore, the Intergovernmental Panel on Climate Change 
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(IPCC) has established that in order to reduce the risk for climate change, 

drastic cuts in greenhouse gas emissions are paramount, that is, there is an 

urgent need to reduce the environmental impact of the energy system5. 

Energy from renewable sources and high-efficiency production units are 

key factors in this process5.  

The renewable energy sources available today are solar, wind, geothermal, 

hydro, and biomass. Among these, biomass shows the greatest potential6-

11 According to the IEA, bioenergy will be the largest source of growth in 

renewable consumption over the period 2018 to 2023 and will account for 

30% of the growth in this period. Excluding the traditional use of biomass, 

modern bioenergy made up half of all the renewable energy consumed in 

2017 and provided four times the contribution of solar and wind 

combined9.  

For biomass to account for parts of the increase in energy primary supply5, 

both policies and legislation must be changed. There is also a need for a 

broadening of the fuel feedstock. Biomass span a wide array of different 

materials, and can be defined as any organic material available on a 

renewable basis12. There is a certain debate on what a renewable basis 

actually is but for the purpose of producing sustainable, reliable energy, it 

is reasonable to use the definition by IEA 2002, and OECD, IEA and 

Eurostat, 2005: derived from natural processes and replenished at a 

faster rate than they are consumed.  

In 1987, the United Nations Brundtland Commission defined 

sustainability  as something meeting the needs of the present without 

compromising the ability of future generations to meet their own needs13. 

For biomass to be a viable energy resource for the future, it must be from 

sustainable feedstocks. Furthermore, energy recovery of a resource should 

always be at the very end of a products life, in accordance with the 

European Waste Framework. The EU defined its first Waste Framework 

Directive in 1975. Since then it has been substantially edited but the aim is 

still to turn the EU into a recycling society14. The cascade utilization 

principle is the favoured method for material management in the EU, 

which in principle means that no virgin resources should be used for 

energy purposes. This puts even more emphasis on the need for research 

on more complex fuel feedstocks and their implications on the global 

primary energy supply. 
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To meet the criteria mentioned above, biomass used for energy conversion 

must be produced not in competition with food, without depletion of soil 

or fresh water, and without reducing biodiversity. This also means that the 

energy conversion must be efficient, clean, and leave residues that are not 

hazardous to the health or environment.  

Globally, combustion and other thermal processes are by far the most 

common methods for energy conversion, accounting for more than 90% of 

the energy supply. Out of this, ~10% is from renewable sources4. 

Considerable amounts of the biomass are used in developing countries for 

cooking and heating, using inefficient open fires or simple cook stoves with 

considerable negative impacts on health (e.g. due to indoor smoke 

pollution), the environment, and climate15-17. However, as the developing 

countries are advancing, it is likely there will be a shift from traditional use 

of biomass towards modern production units. 

1.2 Challenges in bioenergy  

A major technological obstacle for the increased use of biomass as an 

energy carrier is the operational problems associated with combustion of 

biomass. These problems are often related to the behaviour of the ash 

forming matter during the thermochemical conversion, causing different 

kinds of ash-related technical- and environmental problems18-27. This 

thesis has focused on developing tools for prediction of such operational 

problems and the testing and implementation of fuel design in industrial 

environments to mitigate them. Fuel design, as used in this thesis, is based 

on the understanding of ash chemical transformations as described by 

Boström et al.28 and the work on fuel design in phosphorus rich fuels by 

Skoglund29, fuel engineering by Fagerström30, and slag formation and the 

development of indices by Näzelius31. 

Fuel design aims at altering the ash chemical properties of a fuel to suit a 

certain application, reduce a problematic behaviour, or enhance a 

beneficial behaviour. This can be achieved via the use of fuel additives or 

via the mixing of different fuels (fuel blending). Different additives and 

fuels, and their purposes, will be discussed in further detail below. 

Thus, the successful implementation of a fuel design is dependent on an 

understanding of the underlying problems, e.g. slagging, corrosion, or 

particle emissions, and what measures can be taken to mitigate them. The 

work by Näzelius et al. 31-32 and Fagerström et al.20, 33 describe the ash 
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transformation reactions, slagging tendencies, and particle emissions 

during combustion of different biomass fuels poor in phosphorus with 

focus on the ternary chemical system (K2O+Na2O)—(CaO+MgO)—SiO2. 

This system combined with a general understanding of the ash 

transformation reactions in biomass combustion28-29 has been the basis of 

the results presented herein. 

1.3 Objectives 

The overall objective of the research presented in this thesis is to develop 

tools for the prediction of ash chemical behaviour during combustion of 

biomass, and to empirically evaluate these tools through the concept of fuel 

design and demonstrate its relevance in industrial environments. The 

research aims at improving the fuel flexibility and mitigating operational 

problems in existing and future biomass combustion units.  

This was achieved through in-depth studies and analysis in laboratory 

scale as well in medium- and large-scale industrial appliances. The fuel 

design strategies applied can be summarised as different measures to 

improve the fuel ash, primarily regarding alkali behaviour, based on 

predictive tools. The overall objective with the research presented in this 

thesis can therefore be divided into the following sub-aims and will be 

discussed as follows:  

 To develop indices and models for the prediction of ash-related 

operational and environmental problems during combustion of 

biomass. 

 To investigate the properties of different calcium and/or sulphur-

containing additives and fuels to improve the ash melting 

behaviour or alkali release behaviour of biomass fuels. 

 To identify the properties of kaolin as a fuel additive and the 

importance of operational parameters to mitigate alkali release 

from the fuel bed. 

1.4 Outline 

In Table 1, an overview of the papers included in this thesis, the approach 

to mitigate operational problems, the type of application used, and the 

scale of the respective applications, is presented. Below, a brief summary 

of the objectives of the respective papers is given. 
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Table 1. Overview of the papers included in this thesis, the approach to mitigate 
operational problems, the type of application used, and the scale of the respective 
applications. 

Paper Approach Application Scale 

I Theoretical Fixed bed Small, Medium 

II Theoretical Fixed bed Small 

III Ca + S Fixed bed Medium 

IV Ca Fluidised bed Bench 

V Ca + S Fluidised bed Bench 

VI Ca + S Fixed bed Small, large 

VII Kaolin M-TGA Laboratory 

VIII Kaolin + S, technical Fixed bed Small 

IX Kaolin, technical Fixed bed Small, medium 

 

Paper I aimed partly at evaluating the applicability of existing indices and 

partly at formulating a new, relevant, and applicable index for slagging 

behaviour of phosphorus-poor biomass during fixed bed combustion. The 

aim of paper II was to formulate a classification system based not only on 

the fuel, but also on the burner technology, and the aim of paper III was to 

demonstrate fuel design measures based on the index from paper I in 

relevant industrial environments. 

In papers III, IV, V, and VI, Ca was evaluated as a fuel additive. The specific 

aim in paper VI was to investigate the fuel properties of barley straw stored 

with CaCO3. In papers IV and V, waste gypsum board was investigated in 

fluidised and fixed beds, respectively, in order to determine its potential as 

a fuel additive providing Ca and S. In paper III Ca was introduced with 

peat. 

The use of S to mitigate chlorine-induced corrosion was part of the work in 

papers III, V, VI, and VIII. The specific aims of the respective papers were 

to investigate the potential of waste gypsum as a fuel additive, and in paper 

VIII to investigate the importance of operational parameters in 

combination with fuel design measures. In paper III, S was introduced via 

the addition of peat. 
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In papers VII, VIII, and IX the clay kaolin was used to reduce the release 

of alkali species from the fuel bed. The objective of paper VII was to 

investigate the capturing abilities of kaolin in a semi time-resolved study 

on single-pellet combustion. In paper IX, the findings from papers VI, VII, 

and VIII were tested in a medium-scale boiler with the aim of reducing 

particle emissions in industrial environments. 

2. Combustion technologies 

The technologies for combustion of solid fuels in use today can be roughly 

divided into fluidised beds, fixed beds, and powder burners. All three have 

advantages and drawbacks, but extensive research and development is 

continuously improving the efficiency, flexibility, and reliability of new 

facilities. The development of new and more efficient technologies 

however, must follow relevant research on the properties of the fuels that 

will be used. 

The size of a unit is defined by the EU depending on its rated thermal input 

such that small scale is less than 1 MWth, medium scale is less than 

50 MWth, and large scale is more than 50 MWth
34-35. These definitions are 

used throughout this thesis. Modern large scale facilities are designed and 

constructed to use cheap, low-grade fuels, but small-scale and and many 

medium-scale boilers in the lower MW’s range use fuels with low ash 

content such as stemwood pellets to avoid ash related operational 

problems.  

Combustion of fossil coal powder is the most common way to convert 

energy today and accounts for roughly 71% of the global energy conversion 

from solid fuels36. Biomass can be co-combusted with coal in such plants 
37-39, but the physical properties of most biomass, e.g. fibrosity, make it 

more suitable for fluidised or fixed beds. As can be seen in Table 1, fluidised 

beds have been used in papers IV and V, and fixed beds have been used in 

the other papers included. The general working principles of the two 

technologies used in the research presented herein are given below. 

The simplest fixed bed is a log fire on the ground. However, for energy 

conversion purposes, technologies that are more advanced are in place 

today. Apart from residential burners, which can have a multitude of 

designs, the principal of a fixed bed is the same whether it has a moving or 

fixed grate or whether the grate is horizontal or inclined. As the fuel moves 

along the grate, it is first dried, then pyrolysed, and lastly the char 
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remainder is combusted40. The combustion air can be introduced parallel 

with (co- or counter-current) or perpendicular to (cross-current) to the fuel 

feed41. A schematic of a fixed bed is shown in Figure 2.  

 

Figure 2. The working principle of a grate. 

In fluidised beds42, the bed usually consists of sand through which the 

combustion air is blown. Thus, the bed material is suspended on jets of air 

during the combustion. If the velocity of the air is sufficient, the bed will 

become fluidised and the fuel can then be introduced into it. This allows 

for a more efficient mixing of gas and solids, and the result is a more 

efficient heat transfer. Depending on the velocity of the combustion air, the 

bed remains a bubbling fluidised bed (BFB) or, as the velocity is increased, 

a circulating fluidised bed (CFB). CFB boilers typically have a higher power 

output than BFB boilers, and are therefore more common. The 

experimental work presented in papers IV and VI was performed in a 5 

kWth bench-scale BFB. The working principal of a fluidised bed is 

presented in Figure 3. 
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Figure 3. The working principle of fluidised beds. 

3. Biomass definitions 

Biomass is a rather imprecise definition that spans a wide range of different 

fuels. Biomass is by nature very heterogeneous in terms of e.g. moisture 

content, ash content and ash composition28, 43-44. The European 

Commission defines biomass as products, by-products and residues from 

agriculture, forestry and relative industries, as well as the non-fossil, 

biodegradable parts of industrial and municipal solid waste 45. 

Noteworthy, this definition excludes, for instance, aquatic biomass. From 

an energy conversion perspective, biomass can be divided into the 

following types: woody, herbaceous, agricultural, aquatic, or waste 

streams. From an ash-chemical perspective, biomass can be divided into 

fuels rich in P and fuels poor in P, where the latter is defined as a fuel with 

less P than needed to form Ca-Mg-phosphates with all available Ca and Mg. 

The Ca-Mg-phosphates are stable compounds and it can be assumed that 

once they are formed, they will not take part in subsequent reactions under 

https://www.sciencedirect.com/topics/engineering/municipal-solid-waste
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normal combustion conditions. However, if the phosphorus concentration 

is higher, this will have major impacts on the ash transformation 

reactions28. The majority of the fuels used in this thesis are P-poor. 

The different types of biomass are characterised by a large variation in the 

concentrations of ash-forming matter 21, 29, 46-47. For certain woody biomass 
48-51 and various other fuels 46, 52-53, there is substantial theoretical and 

practical knowledge regarding thermochemical energy conversion, but for 

many other potential fuels, the situation is different. A selection of fuels 

from the included papers and their respective ash chemical composition of 

main ash forming elements are presented in Table 2. The fuel fingerprints29 

of the same fuels are presented in Figure 4. 

Table 2. Main ash-forming elements in a selection of fuels included in the 
appended papers presented in mg/kg d.b., and ash content presented in wt.- % 
d.b. <d.l. indicates that the concentration was below the detection limit. 
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Ash content [wt.- % d] 0.3 2.2 3.6 5.8 3.1 

K [mg/kg d.b.] 414 3070 2100 6807 2300 

Na [mg/kg d.b.] 14.6 19.9 76 179 89 

Ca [mg/kg d.b.] 811 6010 10400 4024 3400 

Mg [mg/kg d.b.] 131 554 680 941 780 

Fe [mg/kg d.b.] 27.5 55.4 110 77 310 

Al [mg/kg d.b.] 25.1 31.2 <d.l 96 810 

Mn [mg/kg d.b.] 134 9.02 <d.l <d.l <d.l 

Si [mg/kg d.b.] 166 211 1700 10520 6800 

P [mg/kg d.b.] 54.7 873 500 696 1300 

S [mg/kg d.b.] 52.1 384 30 140 120 

Cl [mg/kg d.b.] 64.3 75 10 200 20 
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Figure 4. The fuel fingerprin29 of a selection of fuels presented in mole/kg d.b. 

4. Ash-related problems 

During combustion, the biomass fuel undergoes three stages: drying, 

devolatilization, and char combustion40. During the drying phase, the 

temperature is relatively low, as the vaporization of the moisture takes 

energy from the combustion process. During the devolatilization, the 

temperature is increased, and the fuel is converted into short 

hydrocarbons, H2, CO, and/or CO2, and char. The char combustion is the 

final step where the remaining carbon is oxidised at relatively high 

temperatures. The remainder i.e. the ash, depending on amount and 

composition, can cause operational problems such as slagging, fouling, 

corrosion, and emissions of particles18, 23-25, 32, 50, 54-56. Most of these 

problems are associated with reactions involving alkali metals21, 33, 57-60.  

Slagging mainly occurs in the bed or combustion chamber of an appliance 

and can hinder air or fuel supply as well as ash removal. The formation of 

slag is strongly related to the melting properties of the ash and is affected 

by the chemical composition of the ash as well as the combustion 

temperature20. The main constituents of slag from combustion of P-poor 

biomass are Si, K, Ca, and O with small amounts of Mg and Al, suggesting 

that the slag mainly consist of different silicates 28, 49-50, 55-56, 61. The process 

of slag formation is initiated as gaseous K-species react with Si (inherent 

or via contaminations) during the devolatilization and char burnout phase, 
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resulting in sticky K-rich silicate melts55. Consequently, high 

concentrations of Si (especially inherent) and K in the fuel are important 

factors for the formation of slag46, 49, 56, 61. Sand contamination will 

additionally increase the risk for slag formation and the amount of slag 

formed62. On the other hand, alkaline earth metals, especially Ca, have 

been shown to reduce slagging in combustion of biomass. Ca reacts with 

the K-silicate melt to form more high-temperature melting Ca-silicates, 

resulting in the release of K into the gas phase 63-65. 

The volatilised K undergoes different gas-phase reactions and forms 

different condensable salts, e.g. K2SO4 and KCl depending on the overall 

composition of the fuel ash. These salts can be found as particulate matter 

(PM) in an aerosol or deposited on different surfaces in the boiler (fouling) 
20, 23, 66. The process of alkali salt deposit formation has been discussed 

rather extensively in the literature23, 67-69 and can be summarised by four 

steps: i) release of volatile species, ii) aerosol formation, iii) transport of 

alkali salts to surfaces, and iv) build-up and shedding of deposits23, 70. 

Emissions of PM from biomass combustion, especially from the residential 

sector, are of great concern, in both Europe and globally71-72. Exposure to 

fine PM in ambient air are associated with severe health impacts, including 

a range of different symptoms, disease and excess deaths72. Within EU, it 

has been estimated that domestic wood combustion will be the main source 

of fine PM pollution in a near future73. This situation has led to a growing 

concern and relevance within EU, resulting in the new emission legislation, 

i.e. the Ecodesign Directive for small-scale plants, and the Medium 

Combustion Plant (MCP) directive 35, 74-75. 

KCl is a commonly found alkali salt in fly ash, deposits, or PM. KCl has a 

melting temperature of 770 °C and forms a sticky high-viscosity melt24, 27, 

76. Furthermore, it is very corrosive and may cause increased oxidation, 

metal wastage, internal attack, void formations, and loose non-adherent 

scales, primarily on super-heater surfaces24, 67. Cl-induced high-

temperature corrosion is one of the major problems in biomass 

combustion70, 77. The amount of formed deposits can be reduced by 

capturing alkali in the bed ash. Surplus Cl is then likely to react with water 

vapour to form HCl (g) that is relatively easy to clean from the flue gas 

using a wet scrubber. Another path is to alter the chemical composition of 

the formed deposits via the use of, for example, S-containing additives. The 

S will react with the alkali to form (K/Na)2SO4. K2SO4 has a melting point 

of 1069°C and is far less corrosive than KCl. In this scenario, too, the 

surplus Cl will likely form HCl.  
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Large-scale facilities are equipped with fuel- and ash handling systems 

with very high tolerances as well as extensive flue gas monitoring and 

cleaning including, but not limited to, cyclones, bag house filters, 

electrostatic filters, and wet cleaning stages. These systems are often robust 

enough to use a wide variety of different fuels, including low-quality fuels 

such as municipal solid waste, industrial waste such as slaughterhouse 

waste or demolition wood, forest thinning, or bark. Small and medium-

scale applications on the other hand are rarely equipped with more than a 

cyclone for flue gas cleaning. Hence, to meet legislation, they rely mainly 

on stemwood fuels, although medium-scale applications sometimes rely on 

certain cheaper assortments such as forest residues or waste wood. As the 

demand for pristine resources increases, e.g. for the production of liquid 

fuels, textiles, or green chemicals, fuels that are more challenging will 

inevitably become important also for small- and medium-scale combustion 

applications. This in turn can lead to operational problems as well as higher 

emissions. With new legislation regarding, for example, particle emissions 

from combustion units in the range 1 to 50 MWth
45, 74-75, this means that 

measures must be taken. On a short to medium time scale, it will likely be 

more economical to look into the possibility of primary measures such as 

altering the fuel composition, rather than equipping an existing facility 

with flue gas cleaning, for example, with electrostatic or bag house filters. 

5. Fuel design 

5.1 Ash transformation reactions 

The discussion below is based on the work by Boström et al.28, which was 

the theoretical foundation for experiment design in this thesis. It describes 

the fundamental ash transformation reactions, and categorises the ash 

forming elements according to reaction propensity and thermodynamic 

reactivity. The reactions taking place between the inorganic compounds 

during combustion of biomass can be divided into primary and secondary 

reactions. This will be discussed in general terms because the differences 

between cases can vary significantly in terms of conditions such as 

temperature, oxygen partial pressure, or residential times. However, it 

serves the purpose of simplifying the reactions into a model and of 

classifying the ash-forming elements into a hierarchy of thermochemical 

reaction propensity. 

As the fuel is introduced into the thermal energy conversion process, it 

undergoes three main stages; drying, devolatilization, and char 
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combustion. During the devolatilization phase, the temperature in the fuel 

particle increases rapidly and the primary ash transformation reactions 

can take place. The primary reactions, as defined by Boström et al.28 are 

based on the elements’ affinities to oxygen relative to the affinity of the 

carbon-hydrogen matrix of the fuel. This can be illustrated by using a 

stability diagram or Ellingham diagram in which the lines represent the 

change in Gibbs free energy (ΔG0) of the formed oxide as a function of 

temperature (Figure 5). Because all systems strive to minimise ΔG0, the 

elements above the C- and H-lines will remain un-oxidised, at least 

theoretically (in the presence of a reducing carbonaceous devolatilised 

biomass matrix), and the elements below the C- and H-lines will remain as 

oxides.  

 

Figure 5. Stability diagram showing the thermodynamic stability [ΔG0 (kJ)] as a 
function of the temperature (°C) of the main combustion products together with 
the major ash-forming oxides. Thermodynamic data for the calculation of the 
diagram were taken from the FACT database78. 
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Thus, the primary ash transformation reactions for the main ash forming 

elements can be described as follows: The alkali metals K and Na can form 

oxides, but more likely hydroxides. At higher temperatures, they can even 

be reduced to metal vapour that once liberated from the reducing 

conditions will readily react with water vapour to form the hydroxides 

KOH and NaOH. The alkaline earth metals Ca and Mg on the other hand 

form very stable oxides and are probably present as oxides already in the 

biomass. During combustion, CaO and MgO will most likely remain in a 

solid state unless involved in subsequent reactions. Fe often appears as an 

individual, stable oxide and as such takes little part in the ash 

transformation reactions under normal combustion conditions. In 

biomass, Al is primarily found in extrinsic minerals and will not be further 

oxidized during combustion. Si in the fuel has a higher affinity to oxygen 

than the carbon-hydrogen matrix, and forms stable oxides. P is present in 

the fuel as various phosphates, and during combustion, P may be present 

as P4O10(g). S is sensitive to the oxidative environment and appears as 

gaseous S2 or H2S in close proximity to the reducing biomass matrix. 

Depending on the O2 concentration, it will subsequently oxidise to SO2 or 

SO3. Finally, Cl that will readily react with for example water vapour to 

form HCl(g) or if alkali chlorides are present in the fuel, vaporized as e.g. 

KCl. 

The secondary reactions can principally be considered as reactions 

involving compounds formed by the primary reactions. They take place in 

accordance with the order of reactivity of the primary simple oxides, 

classified as basic or acidic oxides. The ascending order of reactivity among 

the bases is KOH (K2O)-NaOH (Na2O)-CaO-MgO-H2O and the ascending 

order of the acids is P4O10-SO2/SO3-SiO2-HCl-CO2-H2O. Thus, if there is a 

surplus of basic oxides, phosphates will be formed until P2O5 is depleted, 

after which sulphates will be formed, followed by silicates, and so on. If 

there is a surplus of acidic oxides on the other hand, K-compounds will be 

formed first, followed by Na-compounds and so on29, 79. This is of course a 

simplification, but it serves the purpose of explaining the ash 

transformation reactions that takes place during the thermal conversion of 

biomass. In reality, we find for example K-Ca-phosphates, K-Na-sulphates, 

and K-Ca-silicates formed by subsequent reactions. 
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5.2 Fuel design strategies 

The purpose of fuel design is to create ash compositions that are predicted 

to mitigate ash-related problems during combustion of biomass. This is 

achieved by a fundamental understanding of ash transformation reactions, 

and relevant predictive tools, as described in paper I and II. The concept of 

fuel design is not a new one. Experiments with different fuel blends have 

been performed previously38, 80-81, and so has the use of additives82-84, but 

still certain aspects of the ash chemistry remain uncharted. To successfully 

apply fuel design for the reduction of the impact of ash-related problems, 

a thorough fuel characterization is necessary and the application of existing 

knowledge regarding ash transformation reactions needs to be considered.  

The fuel characterization with regards to amount and composition of ash 

forming elements are crucial in this process. The fuel fingerprint29 and a 

relevant phase diagram, or index, are effective ways to quickly evaluate and 

compare different fuels. The methodology is described in the literature 28, 

85-86 and can be used to predict the behaviour of a certain ash system at 

different temperatures, or to visualise changes in the composition of a 

fuel’s ash. Various steps can then be taken to adjust the fuel’s ash 

composition in order to reach the desired objective(s), e.g. to reduce 

slagging, corrosion, or PM emissions. The fuel design is implemented by 

blending the primary fuel with a secondary fuel or an additive that has to 

be chosen explicitly to get the best and desired effect. 

For example, the aim can be to capture more alkali in the bottom ash 

instead of being emitted as volatile species or particles. Such measures can 

also alter the elemental composition of PM, and a reduction of the PM 

formed can be achieved. However, fuel design measures aiming to increase 

the alkali retention in the bottom ash may increase the probability of slag 

formation due to increased formation of alkali silicates. Therefore, a case-

to-case evaluation has to be made, weighing the risk for higher slag 

formation against the potential for lower PM emissions. The general 

strategies applied in the research in this thesis utilize positive properties of 

Ca- and S-containing fuels and additives as well as kaolin to mitigate ash-

related problems.  

To reduce slagging tendencies of biomass fuels, Ca-containing additives 

are well-researched 19-20, 56, 82, 87-89. In Figure 6, the most important phase 

diagram for slag formation in P-poor biomass18, 23-25, 32, 50, 54-56, 90 is 

presented. As can be seen, the liquidus temperature of the silicate melt 
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increases rapidly as the composition approaches the CaO-SiO2-binary. 

Despite this, eutectic melts will appear, but the share of molten slag in the 

system will decrease as the composition approaches the CaO-SiO2-binary. 

Hence, the risk for slag related operational problems could be mitigate by 

the addition of Ca to a challenging ash system.  

 

 

Figure 6. Partial ternary phase diagram of the system K2O-CaO-SiO2.91 

As the slagging behaviour changes so does the emission behaviour. Ash 

transformation reactions taking place in bed and bottom ash must be 

considered alongside reactions in the flue gas. One of the most common 

problems regarding flue gas reactions is the formation of alkali-chlorides, 

primarily KCl, which form sticky corrosive deposits on surfaces. Extensive 

research has been done on corrosion specifically involving alkali-chlorides 

but also on corrosion in general. However, corrosion mechanisms in 

general are beyond the scope of this thesis. To mitigate alkali-induced 
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high-temperature corrosion, the fuel ash must be designed so that the 

alkali species can form more benign compounds such as K2SO4 26, 92-94. The 

relevant reactions for sulphation of KCl are given in Reactions 1 and 2 

below66. 

4KCl + 2SO2 + 2H2O + O2 ⇌ 2K2SO4 + 4HCl   (Re. 1) 

2KCl + SO3 + H2O ⇌ K2SO4 + 2HCl    (Re. 2) 

The clay kaolin, and its main component kaolinite (Al2Si2O5(OH)4), can be 

a more suitable route to capture alkali in the bottom ash in certain 

applications and for certain fuels82, 95-97. The capturing mechanism of 

kaolin is fairly well understood and can be described with Reactions 3 to 

681.below. At temperatures of around 450 °C, the kaolinite is 

dehydroxylised into metakaolin (Al2Si2O7) that can react with gaseous K-

species to form kalsilite (KAlSiO4) and leucite (KAlSi2O6). At temperatures 

above 980°C, however, the metakaolin is transformed into spinel (Al2SiO5) 

and SiO2, and the alkali-capturing capability is drastically reduced57, 98.  

Al2Si2O5(OH)4 ⇌ Al2Si2O7 + 2H2O (g )  ~450 °C   (Re. 3) 

Al2Si2O7 ⇌ Al2SiO5 +SiO2 ~980 °C    (Re. 4) 

Al2Si2O7 + 2KOH (g) ⇌ 2KAlSiO4 + H2O (g)   (Re. 6) 

Al2Si2O7 + 2SiO2 + 2KOH (g) + ⇌ 2KAlSi2O6 + 2H2O (g)  (Re. 7) 

6. Material and method 

6.1 Fuels and additives 

The experiments presented in the papers included in this thesis span a 

variety of different biomass fuels; several different stemwood assortments 

including spruce and pine, agricultural fuels such as barley- and wheat 

straws, as well as short rotation coppice, e.g. poplar and salix, and 

herbaceous biomass such as reed canary grass and miscanthus. Residues 

such as rapeseed extraction are also represented. Excluding the meta-study 

in paper I that includes combustion results from 54 biomass fuels 

published in 12 papers, 59 different biomass fuels have been used in the 

research presented in this thesis. Details regarding the specific fuels can be 

found in the respective papers. 
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Fuel analyses were performed at external certified laboratories on random 

grab samples or, if possible, on random composite samples99 collected in 

conjunction with the experiments. The methods of analysis and their 

respective standards were moisture according to EN 14774, ash according 

to EN 14775, chlorine by ion chromatography according to EN 15289, 

major, minor, and trace elements after acid digestion by inductively 

coupled plasma with optical emission spectrometry (ICP-OES) and 

inductively coupled plasma mass spectrometry (ICP-MS) according to EN 

15290 / 15297. 

To predict the behaviour of a certain fuel or fuel blend, and thereby 

determine relevant measures to counteract operational problems, models 

and indices have been developed 56, 100-102. In paper I, a new index based on 

the system (K2O+Na2O)—(CaO+MgO)—SiO2 was presented that predicts 

the slagging behaviour of P-poor biomass fuels. Based on the index, the 

fuel designs presented in paper III were performed with the aim of 

reducing PM emissions while at the same time keeping the slagging 

manageable. In paper III, peat was used as a secondary fuel to provide 

increased amounts of Si, with the purpose of reducing the release of alkali 

to the flue gas, through formation of alkali-silicates. At the same time, this 

increased the risk for slag related operational problems. However, the 

simultaneous introduction of Ca counteracted this risk by the formation of 

more stable K-Ca-silicates. The fuel blends’ compositions in a ternary 

diagram are presented in Figure 7. 

Ca-containing additives to reduce slag related problems were further used 

in papers IV, V, and VI. In paper IV and V, by the use of CaSO4×2H2O from 

shredded waste gypsum board, a common waste stream, and in paper VI 

in the form of CaCO3. In both cases, the CaO formed upon calcination was 

intended to take place in the ash transformation reactions to reduce the 

slagging tendencies of the respective fuels used.  

In paper III, S was introduced to the fuel with the addition of peat, in 

papers IV and V, with waste gypsum board (CaSO4× 2H2O), and in paper 

VII as diammonium sulphate, (NH4)2SO4. In papers III, IV, and V the 

addition of S was intended to reduce the formation of KCl and favour the 

formation of K2SO4 in the flue gas, while in paper VII, a reduction of the 

release of alkali to the flue gas was aimed at due to the formation of alkali 

sulphates in the bottom ash. 
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Figure 7. Fuel ash composition of the fuels used in paper III in the ternary system 
(K2O+Na2O)—(CaO+MgO)—SiO2.  

Paper VII is a semi time-resolved study on single pellet combustion of two 

biomass fuels with and without addition of kaolin. The aim was to 

investigate the mobility of K during combustion. Paper VIII includes 

experiments with diammonium sulphate and kaolin. Both additives were 

intended to react with alkali in the fuel and to form stable alkali-containing 

compounds in the bottom ash. In paper IX, the use of kaolin for reduction 

of PM was demonstrated in a medium scale district heating plant. 

6.2 Utilised combustion systems 

In total, 20 different burners have been used in the research presented in 

this thesis. The burners represent a wide range regarding for example 

thermal input, ash handling, and air distribution systems. The burners 

used in paper I were two different 20 kWth underfed pellet burners 

connected to a water-jacketed residential boiler. In paper II, nine different 

fixed bed burners were used, in the power range 1.7 kWth to 80 kWth. For 

the medium-scale demonstration tests in paper III, three different grate-

fired boilers were used, namely a 0.2 MWth inclined fixed grate, a 2 MWth 

inclined moving step grate, and a 4 MWth inclined fixed step grate. The 

fluidised bed used in papers IV and VI was a bench-scale 5 kWth BFB. In 
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paper V, the same 20 kWth underfed fixed bed as in papers I and II was 

used, and the results were verified in a 25 MWth moving step grate. For the 

experiments performed in paper VII, a Macro TGA was used. A 40 kWth 

moving step grate was used in papers VIII and IX, and the results were 

verified in a 1.5 MWth horizontal crosscurrent boiler. 

All experiments performed in medium and large-scale boilers were 

performed during the normal operation of the boilers. All lab, bench, and 

small-scale boilers, with the exception of 7 of the 9 boilers used in paper II, 

were located at TEC-Lab, Umeå University. These burners are presented in 

more detail below. 

The 20 kWth underfed fixed bed residential pellet burner was installed in a 

boiler. The boiler had an integrated heat exchanger and water-jacketed 

walls. The burner was designed as a cup with a rotating ring at the top, 

functioning as both an ash removal system and as a moving grate. The 

speed of the rotating ring was determined by the power setting on the 

burner. The combustion air was supplied through the ring and from above 

the grate. A schematic of the boiler is presented in Figure 8. 

 

 

Figure 8. Schematic of the residential boiler used in paper I and V. Adapted with 
permission from Eriksson et. al94 

The 40 kWth step grate reactor consisted of a continuous fuel feeding 

system with a moving grate docked into a primary combustion chamber 

connected to an electrically heated secondary combustion chamber. The 

burner was equipped with primary and secondary air supply systems that 
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were individually controlled in terms of flow and temperature. The primary 

air was supplied through the grate and the secondary air through steel slots 

above the ceramic lining. The interval of the reciprocating function of the 

grate could be adjusted or disabled. The secondary chamber was equipped 

with three individually controlled mass flow controllers to distribute the 

air. A schematic of the reactor is presented in Figure 9. 

 

Figure 9. Schematic of the 40 kWth step grate reactor used in paper VIII and IX. 
Used with permission from Rebbling et al.103   

The BFB was a 2-meter high, bench-scale reactor (5 kW) with an inner bed 

diameter of 100 mm and a freeboard inner diameter of 200 mm. The bed 

consisted of 540 grams of bed material sieved to a grain size of 200–250 

µm. The fluidization velocity was normally kept at least at 10 times the 

minimum fluidization velocity (~1 m/s). The freeboard section of the 

furnace was kept at the same temperature as the bed using electrical 

heaters. The parameters (primary and secondary airflow, temperature, and 

fuel feed) were controlled with such high accuracy that the BFB could be 

used as a chemical reactor, meaning that it could be used to simulate an 

arbitrary thermal energy conversion process. A schematic of the BFB is 

presented in Figure 10. 
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Figure 10. Schematic of the BFB used in paper IV and VI. Adapted with permission 
from Skoglund29 

In paper VII, a macro thermogravimetric analyser (M-TGA) was used. This 

device enabled studies on the release behaviour of volatile elements, the 

rate of release, ash transformation reactions, ash chemical composition, 

and temperature dependence of a single fuel particle or pellet. The reactor 

consisted of a resistively heated combustion chamber 200 × 130 × 130 mm 

in dimension with a cylindrical quenching tower. A sliding hatch separated 

the different atmospheres in the chamber and tower. A pneumatic cylinder 

underneath the furnace was used to lower and raise the furnace into 

position of combustion or quenching. A platinum sample holder was 

attached to an on-line analytical scale with a resolution of 1 µg. Rotameters 

were used to adjust the combustion atmosphere with possibilities to alter 

the O2, N2, and CO2 concentrations and flow rates. A schematic of the 

reactor is presented in Figure 1133, 104-105. 
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Figure 11. Schematic of the M-TGA used in paper VII. 

All medium and large-scale boilers were industrial installations used for 

the production of heat and/or electricity, and the experiments were carried 

out during normal operation of the plants. In paper III, three different 

appliances were used: a 0.2 MWth boiler inclined grate in which the bottom 

ash was removed by an ash screw, a 2 MWth boiler inclined moving stair 

grate where the flue gases were routed through a cyclone and cyclone ash 

and bottom ash were transported separately to a combined bin, and a 4 

MWth inclined fixed step optimised for wet fuels. The large-scale plant 

where the experiments in paper V were performed was a waste-fired 

cogeneration unit (25 MWth, 40 bar, 400°C) equipped with a travelling 

grate. The plant was a base-load boiler operated with a constant power and 

heat output and a fuel feed varying between 8 and 10 metric tonnes per 

hour. The bottom ash was pushed into a water quench by the grate. The 

flue gas flow was approximately 50,000 Nm3/h (wet) with an excess 

oxygen level of ~5 wet vol.-%. The experiments in paper IX were performed 

in a 1.5 MWth horizontal crosscurrent grate boiler connected to the local 

heating system. The complex consisted of the 1.5 MW boiler used in the 

experiments and a 3 MW pellet boiler, both connected to a shared hot 

water storage and the local heating system. 
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6.3 Sampling 

In order to assess the outcome of a fuel design experiment, samples from 

all stages in the combustion process must be collected and analysed. In the 

papers included herein, the results are presented in the order of moving 

downstream in the process, i.e. samples from the grate/bed (bottom ash), 

deposits on walls or super heaters, cyclone ash, fly ash and PM, and 

gaseous components. 

6.3.1 Bottom ash, bed ash and slag 

Bottom ash is defined as inorganic residue left on the grate or in the bed 

after combustion is completed. If the amount is small enough to be 

collected as one sample, it can be classified according to the 5-step scale as 

defined by Öhman55 and further refined by Diaz46. The scale ranges from 1 

(particles smaller than 3.15 mm) to 4 (completely sintered, glassy particles 

larger than 3.15 mm). Categories 1 to 2b are generally considered non-

problematic and can be managed by the ash handling system, whereas 

categories 3 and 4 are partially or completely sintered and as such can 

cause problems with air or fuel distribution or with ash removal. The 

definitions for the respective categories are presented in Table 3. Prior to 

classification, the collected samples are subjected to a granulometric 

analysis that considers the mechanical stability of the formed slag. The 

analysis is carried out on a mechanical sieve shaker over the course of one 

minute. The sizes of the sieves should be 0.5 mm, 1.0 mm, 2.0 mm, and 

3.15 mm. The collected slag samples (ash lumps > 3.15 mm) can then be 

categorised and classified.  

Depending on the overall composition of the fuel ash, the melting points of 

the bottom ash can vary by several hundred degrees. If alkali is abundant, 

it can react with the silicates and the melting point will decrease. If alkaline 

earth metals, primarily Ca and Mg, are introduced the melting point will 

increase. This in turn can also result in alkali species being volatised, and 

becoming available for subsequent reactions. As stated above, alkali are 

found in deposits and PM, making the fuel design effort a balancing act 

between retaining alkali in the bed, with the risk of lowering the melting 

point of the ash, and allowing it to be released into the flue gas. 
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Table 3. Sintering degree of formed slag (Sintering category): The five categories 
determined by visual inspection and hardness of particles 46, 55. 

Category Description 

1 
Non-sintered ash residue, i.e., non-fused ash (clear 

grain structure). 

2a 

Partly sintered ash, i.e., particles containing clearly 

fused ash that break at a light touch (distinguishable 

grain structure). 

2b 

Partly sintered ash, i.e., particles containing clearly 

fused ash that hold together at a light touch but are 

easily broken apart by hand (distinguishable grain 

structure). 

3 

Totally sintered ash, i.e., deposited ash fused to 

smaller blocks that are still breakable by hand (slightly 

distinguishable grain structure). 

4 

Totally sintered ash, i.e., deposited ash totally fused to 

larger blocks that are not possible to break by hand (no 

distinguishable grain structure). 

 

6.3.2 PM and fly ash 

Fly ash can be defined as any solid material entrained in the flue gas, either 

fuel ash particles from the bed or particles formed in the flue gas. Fly ash 

from the bed can, as stated above, collide with surfaces and be found as 

components in deposits, preferentially on the wind side of surfaces. If the 

formed aerosol remains entrained, it can be collected in cyclones, bag 

house-, or electrostatic filters. However, in small and medium-scale boilers 

with no flue gas cleaning it is most often emitted through the chimney as 

PM. PM is usually bimodally normal distributed with one fraction smaller 

than 1 µm (PM1 or fine mode) and one fraction larger than 1 µm but often 

defined as smaller than 10 µm (PM10 or coarse mode).  

The methods used for collecting fly ash are total dust sampling and size-

fractionated sampling. Total dust sampling is performed isokinetically 

based on flow volume, and the samples are collected on either paper or 
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silica filters. The total amount of PM can then be determined by weighing 

the filters and calculating the mass concentration (g/Nm3). Furthermore, 

the amount of unburnt matter (i.e. soot) can be determined by ashing of 

the silica filters.  

Size-fractionated PM sampling was performed using a 13-stage low-

pressure cascade impactor from Dekati OY® (D-LPI)106. The flue gas is led 

through compartments with decreasing diameters and increasing gas 

velocities. This means that the particles are given increasing energy as they 

travel through the impactor. If the particles are large enough, their kinetic 

energy will be large enough for them to leave the flue gas flow to impact on 

a substrate. To enable separation also of the finest particles (<1 µm, down 

to 30 nm) the pressure is reduced from ambient down to 0.1 bar. This 

enables calculations of the total amount of dust, as well as the 

determination of the mass size distribution of the dust. Furthermore, the 

collection of PM enables analysis of the respective fraction with, for 

example, scanning electron microscopy. 

6.3.3 Deposits 

Deposits are defined as inorganic compounds collected on surfaces 

downstream from the grate or bed. As deposit build-up is allowed to 

progress, sometimes the term fouling is used. Technically, deposits and PM 

originate from the same basic ash chemical reactions, but the sampling 

points and methods are different. There are many sources in the literature 

on deposit formation 19, 54, 107-108. In principle, deposits are formed as a 

combination of two different mechanisms: already formed solid particles 

can collide with surfaces and stick to them, and gaseous compounds can 

condense on colder surfaces. If the deposit build-up progresses, it will 

potentially reduce the heat transfer of super heaters, hinder airflow, and 

reduce the overall efficiency of the process. In biomass combustion, the 

majority of the formed species collected as deposits contain alkali.  

In the experiments presented in papers I, II, and IV, a deposit probe was 

used to simulate a super heater surface. The probe was fitted with a 

removable steel ring, cooled with air to a relevant temperature (~ 450°C), 

and inserted in the flue gas stream. The steel ring was thus subjected to the 

flue gas stream allowing for studies of the distribution, composition, and 

amount of formed deposits.   
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6.3.4. Gaseous components 

Apart from legislative demands on emission levels for SOx, NOx, and CO2, 

which makes it important to log the concentrations of the components in 

the flue gas, such logging is also important for monitoring the combustion 

parameters and not least the possible effects of a fuel design. The 

combustion performance is monitored by the amounts of O2, CO2, and CO, 

and the O2 levels are used to normalize other emissions such as PM, SO2, 

and HCl.  

The experimental results presented in this thesis were all based on on-line 

measurements with a Gasmet DX1000 Fourier-transformed infrared 

spectrometer fitted with a zirconium cell for analysis of O2. 

6.4 Chemical characterization 

6.4.1 SEM/EDS 

The elemental composition and morphology of solid samples were 

obtained with a scanning electron microscope (SEM) coupled with a 

detector for energy dispersive X-ray spectroscopy (EDS). These techniques 

have been in use since the 1930s, and is well described in the literature109-

110. The results in papers I–IV were obtained using a Philips XL30 ESEM 

coupled with an EDAX EDS detector. In papers V–IX, a Zeiss EVO-LS15 

equipped with an Oxford X-Max EDS detector was used. Both instruments 

are located at TEC-Lab, Umeå University. The standard acceleration 

current used was 20 kV. 

Powder samples were mounted on carbon tape fixed to aluminium stubs, 

and solid samples were moulded in epoxy resin. A rotating polishing 

machine together with silicon carbide sandpaper discs (80–1200 grit) were 

used to ensure a flat, smooth surface of the samples in epoxy prior to 

analysis. If possible, the same sample was used for both SEM/EDS and X-

ray diffraction (XRD) analysis. 

The typical elements included in the EDS analysis were K, Na, Ca, Mg, Mn, 

Zn, Fe, Al, Si, P, S, and Cl. Any element found in the sample holders or 

substrates were removed from analysis (C, O, and Al in the case of PM 

collected and analysed on aluminium substrates). For elemental analysis 

of homogenous or semi homogenous (e.g. PM, cyclone ash, bottom ash) 

samples, the preferred methodology was area analysis performed on 

different areas of the samples. Investigation of details or identification of 
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separate particles (slag lumps, bed grains, layer formation on bed material, 

etc.) was performed using spot or line scans. Mapping of the chemical 

composition can provide important information on trends in different 

samples and on the distribution of elements in a larger portion of a sample. 

To provide a full picture, all of the tools are often used together.  

6.4.2 Powder X-ray diffraction 

Powder X-ray diffraction (XRD) analysis of the solid samples was 

performed at TEC-Lab, Umeå University. A Bruker D8Advance with CuKα-

radiation and fitted with a Våntec-1 detector was used for XRD analysis of 

the crystalline content. The samples were analysed qualitatively using 

Diffrac.EVA111 equipped with the ICDD PDF-2 database, after which .cif 

files for identified compounds were obtained from ICSD-Web112 for semi-

quantitative analysis of relative concentrations of compounds using 

Rietveld refinement in TOPAS 4.2113. 

Large-volume samples such as cyclone ash and bottom ash were mounted 

in plastic holders, while small samples such as PM were mounted on a 

silicon crystal low-background sample holder. The sample holders were 

mounted on a rotating stage with a sample rotation of 5–30 rpm depending 

on the sample. The scan speed was 1°–4° per minute with a typical 2θ range 

of 10°–70°. 

7. Results and discussion 

7.1 Models and indices 

The index presented in paper I, together with the model presented in paper 

II are easy-to-use tools for assessment of fuel quality and prediction of ash 

chemical behaviour. In paper I, eight different indices were tested against 

a dataset consisting of results from combustion tests of 54 different 

biomass fuels in the same fixed bed burner. The evaluation showed that 

none of the previously suggested indices was suitable for qualitative or 

quantitative prediction of slagging during fixed bed combustion of P-poor 

biomass fuels. The objective of paper I was therefore to develop improved 

fuel indices that can be used to estimate the slagging tendencies and to 

predict the severity of the slagging of P-poor biomass in fixed bed 

combustion. The indices consist of three different statistically verified 

categories describing the predicted slagging problem. The first index 

presents the outcome as the fraction of fuel ash that forms slag, while the 
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second index predicts the sintering degree, that is, the severity of the 

formed slag. 

Previous attempts at describing ash behaviour of biomass fuels in terms of 

indices have often been limited to specific fuel type39, 49, 100, 114, thus unable 

to predict the ash chemical behaviour of a wider range of fuels. The index 

presented in Figure 12, from paper I, is based on thermodynamic 

equilibrium in well-defined ternary phase diagrams, and has successfully 

predicted the slagging tendencies of a wide array of different biomass poor 

in P. 

 

 

Figure 12. Fuel index for qualitative prediction of slag in biomass combustion 
based on sintering category on the left and based on fraction of fuel ash that forms 
slag (wt.-%) on the right. The colours of the areas correspond to green = category 
1, red = category 2-3 and black = category 4 and green = no/low slagging 
tendency, red = moderate slagging tendency and black = major slagging 
tendency. The liquidus isotherms are adopted from the K2O-CaO-SiO2 system 
reported in the work of Roedder91. Adapted with permission from Näzelius et al.32  

To evaluate the combined effect of fuel ash and burner technology, and to 

account for them in a model, in paper II, 15 different biomass fuels were 

combusted in 9 different fixed bed burners. A Partial Least Square (PLS) 

regression analysis115 was performed on the results, with the aim to 

formulate a model for the prediction of combustion problems caused by 

slagging. The overall function was suggested to be of the form 

F(x) = Slagging behaviour/Operational problems due to slagging   

= A*x ash content + B*x conc. of important ash forming elements + C*x burner type  (Eq. 1)  
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In the function above, F(x) denotes a function that is dependent on defined 

variables, in this case ash content, concentration of ash forming elements, 

and burner type. A, B and C are specific constants that can be determined 

qualitatively or, if the data is good enough, quantitatively. 

No single model was found that could fully describe all operational 

problems or account for all parameters, but two statistically sound models 

were found, namely:  

F(problem) = 

A*SiO2 + b*K2O – C*CaO + d*ash content + E*burner type (Eq.2) 

and 

F(amount of slag) = 

A*SiO2 + b*K2O – c*CaO + D*ash content + E*burner  (Eq. 3) 

The two equations describe the important parameters that affect the 

degree of slag related problems that can be expected (problem), and the 

amount of slag formed. The specific constants could not be quantitatively 

determined but strongly influencing variables were given an upper-case 

constant and less influencing variables a lower-case constant to indicate 

the difference. Thus, combustion technologies having continuous ash 

discharge systems and short residence times for the fuel are advantageous, 

and the elements Si and Ca, are of high importance for the potential of 

operational disturbances. The amount of slag formed is most strongly 

influenced by the Si-concentration, the ash content, and the burner 

technology. 

Even though neither the indices nor the models can be used to exactly 

predict the ash chemical behaviour of any given fuel in any given burner, 

the results have been successfully used in the development and 

demonstration of the fuel design concept discussed in this thesis. In paper 

III, fuel designs based on the index was implemented in a study using a 

variety of medium-scale boilers (0.2 MW, 2 MW, and 4 MW). In the two 

smaller boilers, softwood-based stemwood pellets were co-pelletized with 

different additions of peat (5, 10, 15, and 20 wt.-%) before combustion. The 

addition of peat aimed at reducing the fine PM emissions by increasing the 

amount of alkali bonded in silicates in the bottom ash. The peat 

contributed with increased amounts of Si in the fuel blends, which increase 

the potential for slag related operational problems. However, the 

simultaneous introduction of Ca reduced this risk by the formation of more 
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stable K-Ca-silicates. The fuel blend compositions fell within the low or 

medium slagging tendency areas of the slagging indices, as illustrated in 

Figure 13. In the 4 MW boiler, Salix chips were co-combusted with 15 wt.-

% peat added in a separate fuel feed. The results showed that the fuel 

design provided a PM1 reduction for all fuel blends of between 30% and 

50%.  

In addition to the reduced formation of PM, as presented in Figure 13, the 

peat contributed with increased amounts of S to the fuel blends. This 

resulted in a change in the overall chemical composition of PM1. Analyses 

with SEM/EDS displayed a decrease in Cl concentration and an increase in 

S. XRD analysis confirmed the greater crystalline content of K2SO4 and 

K3Na(SO4)2 relative to the content of KCl suggesting that PM1 emissions 

are not only reduced, but also altered in composition. The results clearly 

show that the indices, and the fuel designs based on them, can be 

successfully applied in relevant industrial environments. 

 

Figure 13. PM emission curves, left, and composition of the fuels used in paper III, 
overlaid on the index for qualitative prediction of slag in biomass combustion 
based on sintering category from paper I32, on the right. The colours of the areas 
correspond to green = category 1, red = category 2-3 and black = category 4. 

7.2 Calcium and sulphur based fuel additives 

The successful demonstration of fuel design and co-combustion with Ca-

containing secondary fuels presented in paper III encouraged further 

studies. To test the applicability of CaSO4 from shredded waste gypsum 

board as an additive to provide both Ca and S the studies presented in 

papers V and VI were performed. The decomposition of gypsum, CaSO4 × 

2H2O, into anhydrite, CaSO4, and further to CaO and SO2/SO3 was studied 
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in both a fluidised bed and fixed beds. The decomposition was observed as 

elevated levels of SO2 in the flue gas, as well as changes in the chemical 

composition of ash, slag, and PM.  

 

 

Figure 14. Above, SO2 and HCl levels during the full-scale experiments performed 
in paper V, and below, the fraction of fuel ash that formed slag, wt.-%, in the 
small-scale experiments in the same paper. RG is reed canary grass, RGG is RG 
with 1.2% gypsum added, WS is wheat straw, and WSG is wheat straw with 1.2% 
gypsum added. SB is spruce bark, and SBG1 and SBG2 is SB with 0.5% and 1.5 % 
gypsum added respectively. Adapted from Rebbling et. al76 

In small-scale fixed bed combustion of reed canary grass with 2 wt.-% 

gypsum, an almost complete shift from chlorides to sulphates was observed 

in the PM at the same time as the slagging tendencies were significantly 

reduced. The results were validated in large-scale tests performed in a 25 
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MWth base–load combined heat and power plant. The flue gas composition 

with regards to SO2 and HCl in the large-scale plant as well as the changes 

in slagging tendency in the small-scale boiler is presented in Figure 14.  

Gypsum waste streams could be an attractive source of the key elements 

Ca and S, even though further studies are needed to increase the efficiency 

and optimize additive levels. 

In paper VI, the combustion properties of barley straw stored together with 

CaCO3 was investigated in a BFB. The additive levels were determined 

based on suggested improved storage ability and did not consider fuel ash 

chemical aspects. The increased Ca content did increase the melting 

temperature of the formed slag, indicated by a significant increase in 

defluidization temperatures. However, the results regarding emissions of, 

for example, CO showed adverse effects of the additive. The mechanisms 

responsible for elevated CO concentrations are not yet fully understood but 

are believed to be the effect of Ca-addition and the connected release of 

surplus K to the gas phase. The results emphasize the importance of a good 

understanding of the mechanisms that govern the ash transformation 

reactions. 

7.3 Kaolin additive and influence of operational 

parameters 

The release of alkali from the fuel, and how it was affected by kaolin 

addition was investigated in detail in a semi timed-resolved laboratory 

study in paper VII. Two biomass assortments were combusted with and 

without kaolin, and the alkali-capturing ability was assessed via thorough 

chemical analysis of the residual ash as well as detailed SEM studies. The 

reactions are evidently initiated already during the devolatilization of the 

fuel, and the relative reactivity appears to be high. 

Paper VIII aimed at investigating the combined effect of operational 

parameters and fuel additives on reduction of the release of alkali from the 

fuel. The operational parameters were fuel load, bed temperature, oxygen 

partial pressure, and air pre-heating. The additives used were kaolin and 

diammonium sulphate. The experiments were performed in a small scale 

moving grate burner. The results showed that a reduction of the release by 

about 60% is possible while keeping the slag formation manageable and 

that the combination of good control over operational parameters and fuel 

ash composition are important for successful implementation of fuel 

design. The release of K and Na from the fuel is presented in Figure 15. 
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Figure 15. Release of K and Na to the flue gases, calculated as the fraction (%) 
found in the fine particles (PM1) in relation to the total ingoing amount of alkali 
with the fuel. Abbreviations used are: stem wood without additive (SW), stem 
wood + kaolin (SW + kao), and stem wood + diammonium sulphate [(NH4)2SO4] 
(SW + DAS). Cold and hot indicate the respective operational cases.103 

 

 

Figure 16. Mass size distribution of the cases from the medium-scale combustion 
presented in paper IX. The two stemwood assortments are denoted SW1 and SW2 
respectively, and the amount of additive are given in wt.-%. High and Low load 
represent the two operational cases.   
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The results from paper VIII were used for planning of the experiments 

performed in a 1.5 MW boiler, as presented in paper IX. Alongside the 

verification of the previous research, the influences of kaolin addition level, 

as well as the effects of co-pelletization versus separate feeding of additives 

were investigated at two different power outputs of the boiler. The PM1 

emissions could be drastically reduced when both operational parameters 

and kaolin were applied (20-75%). In addition, no significant differences 

could be detected between the methods of administration. These findings 

from full-scale evaluation and demonstration of this fuel design concept 

could be used in further implementation strategies. The PM mass size 

distribution curves are presented in Figure 16. 

 

7.4 Practical implications 

The results show that the concept of fuel design, as defined here, is a viable 

route to increase the role of biomass in the energy sector. Different 

applications of fuel design have been demonstrated in relevant industrial 

environments and have been shown to be successful. With the developed 

tools and models, it is possible to accurately predict ash-related 

operational problems based on proper fuel analysis including ash-forming 

elements and further to suggest actions to mitigate such problems. This in 

turn leads to an increased fuel flexibility and enables the use of biomass 

with more challenging ash compositions, which is likely required to reach 

the targets for increased use of bioenergy set by the IPCC and others5, 12  

The use of additives and the combined effect of additives and operational 

and technical parameters have been studied and demonstrated in 

industrial environments. Additives can play a crucial role in the 

implementation of fuel design. For example, kaolin has been shown to be 

very effective and easily applied in appropriate amounts, regardless of 

method of administration. Additives containing Ca and/or S have also been 

evaluated for its function and efficiency. Ca has been shown to be an 

efficient additive to reduce slagging tendencies, ranging from 5 kWth to 50 

MWth, and the use of sulphur to reduce the formation of alkali chlorides 

has been shown to be effective in the same range of appliances. 

Furthermore, the potential for including different waste streams, such as 

gypsum board, as additives has been demonstrated. This point toward the 

option that waste streams can be used as a complement to or replace virgin 
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resources to improve the fuel properties mitigate ash-related problems and 

contribute to an increased utilization of biomass for energy purposes.  

8. Conclusions 

The results and experiences presented in this thesis expand on the 

knowledge regarding critical ash transformation reactions during 

combustion of biomass and their consequences for operational and 

environmental problems. The industrial relevance of ash chemistry in the 

context of the developed tools for prediction of ash-related problems, as 

well as in the context of fuel design to enable increased use of biomass in 

the global energy system is demonstrated. 

Fuel design has been proven successful for the reduction of particle 

emissions, the reduction of chloride-induced corrosion, and increased ash-

melting temperatures and reduced slag formation in scales ranging from 

single-pellet combustion to large-scale, 50 MWth base-load plants. 

The overall findings can be summarised as follows: 

 A fuel index for prediction of slagging in biomass was developed, 

alongside a model taking the combustion technology and the fuel 

ash composition into consideration  

 The use of calcium and sulphur to reduce the release of alkali and 

the use of sulphur to change the chemical composition of PM have 

been successfully demonstrated in facilities ranging from 20 kW to 

50 MW. 

 Kaolin has been proven efficient in capturing alkali regardless of 

the scale of the appliance, and the reactions involving alkali take 

place very early during fuel conversion. The operational 

parameters have been shown to significantly affect the efficiency 

of additives. 

 

9. Future work 

The research regarding ash transformation reactions and fuel design is still 

in the proof of concept phase. Fuel design has been shown to be feasible in 

industrial environments, but in order to fully utilise biomass for energy 

production purposes, longer-running full-scale tests are needed for 
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verification and to make it a viable industrial technique for reduction of 

ash-related operational problems. 

Further studies are also needed on even more complex fuels and fuels rich 

in phosphorus and/or sulphur. An index or similar tool combining alkali 

and alkaline earth metals with sulphur, phosphorus, and silicon in an easy 

to use format for the prediction of slagging as well as emissions would be 

of great use. In order for it to be feasible, though, further research must be 

done in several fields. 

Further studies are also needed in order to ensure that as much of the ash 

as possible can be used as a resource, i.e. nutrient recovery or the use of 

inert bottom ash as secondary resources in, for example, construction. 
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