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Characterisation of Fuels and Fly Ashes from Co-Combustion of Biofuels and Waste 
Fuels in a Fluidised Bed Boiler 
A Phosphorus and Alkali Perspective 
ANITA PETTERSSON 
Department of Energy and Environment 
Division of Energy Technology 
Chalmers University of Technology 
University College of Borås 

ABSTRACT 
In the efforts to create sustainable production of heat and power and to reduce the net CO2 
emissions to the atmosphere, alternative fuels are today being utilised. These fuels are, for 
example, biofuels and waste derived fuels such as different residues from the agricultural 
sector and the pulp and paper industry, municipal sewage sludge and municipal sorted solid 
waste. These fuels put new demands on the combustion facilities due to their chemical 
composition and this in turn calls for methods of prediction for the evaluation of their 
combustion behaviour. Most significant for the majority of these fuels are the high alkali and 
chlorine concentrations which cause bed agglomeration, deposit formation and corrosion on 
heat transfer surfaces. These problems can be solved if sufficient knowledge is obtained of the 
specific fuel or fuel mix. In this work, chemical fractionation, a step by step leaching method, 
was used on fuels, fuel mixes and fly ashes from co-combustion in a fluidised bed combustor. 
In addition, XRD and SEM-EDX were used for the fuel and fly ash characterisation. Different 
alkali chloride reducing additives i.e. kaolin, zeolites and sulphur were investigated as was the 
influence of various bed materials: silica sand, olivine sand and blast furnace slag (BFS). 

Some of the new, alternative fuels, such as municipal sewage sludge and meat and bone meal 
(MBM) contain high concentrations of phosphorus which is a very important nutrient 
essential in many biological processes. Phosphorus rock used as raw material in the phosphate 
industry is a depleting natural resource estimated to last for only 30-200 years according to 
different sources. The combustion of municipal sewage sludge enriches the phosphorus in the 
ashes while hazardous components such as pathogens and organic pollutants are rendered 
harmless after combustion. However, toxic heavy metals are also enriched in the ashes. One 
aim of the work was to find a sufficiently effective and low cost method for phosphorus 
extraction from fly ashes derived from municipal sewage sludge combustion. Two types of 
municipal sewage sludges were investigated using different chemicals for the phosphorus 
cleaning step in the waste water treatment plants. The first sewage sludge derived from a plant 
using iron sulphate as flocculant to precipitate phosphorus as iron phosphate. The second 
sludge meanwhile came from a plant using aluminium sulphate as flocculant to precipitate 
phosphorus as aluminium phosphate. Both sewage sludges were dewatered prior to 
combustion and co-combusted with wood pellets. At pH 1 nearly all the phosphorus was 
released from the fly ash derived from the sewage sludge where aluminium sulphate was used 
as a phosphorus precipitation agent. Iron sulphate as precipitant inhibited the phosphorus 
extraction from the ashes, resulting in only 50-80% of the phosphorus being released. 
Furthermore, the mobility of heavy metals to the leachates was investigated to establish 
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whether the leachates were suitable as fertilisers. Only minor fractions of Pd, Hg, Cr, Cu, Mn, 
Co, Ni, As, Sb, V and Zn were found in the leachates, all well within the legislated limitations 
for fertilisers. However, one exception was Cd that was nearly totally dissolved in the 
leachate. Thus a decadmiation of the leachate is necessary prior to any utilisation of the ashes 
and reuse of phosphorus as fertiliser. 

Keywords: Biofuels, refuse derived fuels, municipal sewage sludge, ash, co-combustion, 
fluidised bed combustion, extraction, phosphorus recovery, fertiliser, alkali, olivine, kaolin, 
zeolites, sulphur 
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President Roosevelt in 1938 stated: 
“I cannot overemphasise the importance of phosphorus not only to 
agriculture and soil conservation, but also the physical health and economic 
security of the people of the nation.” 
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Nomenclature 

Alkali  Potassium and sodium species 

AFS  Atomic fluorescence 

BFS  Blast furnace slag  

DME  Dimethyl ether 

EDX   Energy Dispersive X-ray Fluorescence spectrometry 

ESEM  Environmental Scanning Electron Microscopy 

FB  Fluidised bed  

FBC  Fluidised bed combustor 

FTIR   Fourier Transform Infra-Red spectrometry 

GIS   Gismondine 

GSE  Gas Secondary Electron 

ha  Hectare (ha =10,000 m2) 

HFCs  Hydro fluorocarbons, greenhouse gas 

ICP-AES  Inductive Coupled Plasma with an Atomic Emission Spectroscopy detector 

ICP-MS  Inductive Coupled Plasma with a Mass Spectrometer detector 

IACM   In-situ Alkali Chloride Monitor 

LTA  Linde Type A 

MAP   Maximum aluminium P zeolite 

MBM  Meat and bone meal 

MSW   Municipal solid waste  

nm  Nanometre 

PFCs  Perfluorocarbons, greenhouse gas 

PVC  Polyvinyl chloride 

pm  Picometre 

RDF  Refuse derived fuel  

RME  Rapeseed methyl ester 

rpm  Revolutions per minute 

SEM  Scanning Electron Microscopy 

WPA  Wet phosphoric acid  

XRD  X-ray powder diffraction 
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1. Introduction 

1.1 Greenhouse gases 

Since 1970 global greenhouse gas emissions have increased by 70%. The largest rate of 
growth in such emissions has been in the energy supply sector with an increase of 145 % [1]. 
The most significant greenhouse gases produced in the energy supply sector are carbon 
dioxide (CO2) methane (CH4) and nitrous oxide (N2O). Others are water vapour, ozone (O3), 
hydro fluorocarbons (HFCs), perfluorocarbons (PFCs) and sulphur hexafluoride (SF6). 

The following are important means of reducing greenhouse gas emissions: improving the 
efficiency of existing power plants using fossil fuels, increasing the use of renewable energy 
sources (e.g. wind, solar, hydropower and geothermal energy), increased use of biofuels and 
waste derived fuels as well as utilisation of nuclear power. The storage of CO2 removed from 
natural gas or flue gases after combustion is also increasingly used to lower CO2 emissions.  

At the same time as we are destroying our planet we are also depleting many of our natural 
sources of oil, gas, metals and minerals. An example of this is the phosphorus resources 
which are estimated to last for less than 200 years from now. Phosphorus rock is the raw 
material used in artificial fertilisers, detergents and pesticides. Meanwhile the phosphorus 
already released from utilisation of the minerals is causing eutrophication in seas, lakes and 
other waters due to increased concentrations of nutrients. Therefore, sustainable methods for 
phosphorus recovery and recycling are needed both to save natural resources and to reduce 
the strain on the environment. A possible solution is to use phosphorus rich residues as an 
alternative to phosphorus rock. Such residues are meat and bone meal (MBM), municipal 
sewage sludge, phosphorus rich ashes and agricultural residues [2-4]. 

Municipal sewage sludge is already used as fertiliser after digestion because of its 
considerable amount of nutrients such as phosphorus, nitrogen, potassium and sulphur. 
However, restrictions on the use of sewage sludge are necessary due to its generally high 
concentrations of organic contaminants (pathogens or decease causing micro organisms) and 
metals, e.g. heavy metals toxic in small amounts causing soil contamination and plant uptake 
[3, 4]. An alternative method could be the incinerating of sewage sludge for heat recovery and 
the use of ashes as raw material in industry or directly as fertiliser if the metal concentrations 
allow it. Different methods of phosphorus recovery from sewage sludge have already been 
suggested, but generally the great demand for energy and volume of chemicals needed have 
made the process costs too high [2, 4, 5]. 

One of the most problematic elements in sewage sludge and ashes from incinerated sewage 
sludge is cadmium (Cd), which is toxic to humans, animals and plants even in very small 
doses. In addition, the removal of cadmium from the sewage sludge and ash is both difficult 
to achieve and costly. On the other hand, Cd also poses an increasing problem in the 
phosphorus industry, since the predominant part of the world’s phosphorus rock reserve 
contains high Cd levels which also make decadmiation of its products a necessity [6]. 
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As a result of the increased combustion of bio and waste fuels, further combustion related 
problems have emerged, i.e. bed agglomeration, deposit formation, boiler corrosion and flue 
gas pollution. These problems derive from the composition of the fuel and are often caused by 
high concentration of reactive alkali and chlorides, low calcium and sulphur concentrations 
and the presence of pollutants such as heavy metals in the fuels. Fluidised bed (FB) boilers 
are known to have a very steady and even distribution of temperature in the sand bed and are 
therefore rather fuel flexible. However, since the combustion is performed in a sand bed, 
interaction between fuel ash and bed material may result in low melting point eutectics 
causing bed agglomeration and, at worst, defluidisation and shutdown of the boiler operation. 
Formation of ash deposits in the convection part of the boiler is another severe problem 
connected to bio and waste fuels. It can be caused by different mechanisms: inertial 
impaction, thermophoretic deposition, condensation and chemical reactions. These problems 
are not only caused by high concentrations of alkali and chlorine in the fuel, but are also 
linked to the availability (reactivity) or volatility of these elements during combustion. This 
gives entirely different conditions during combustion of biomass/waste than during 
combustion of coal where the alkali metal species are mainly present in stable silicate forms. 

To avoid such operating problems and achieve safe combustion of these fuels, suitable tools 
for fuel characterisation are needed to enable the prediction of the behaviour of new fuels and 
fuel blends. One such tool is chemical fractionation developed for different coal fuels and also 
implemented for various biofuels [7-9]. This method is based on the varying solubility of the 
element compounds in the fuels. Alkali compounds such as chlorides, carbonates and 
sulphates are easily leached out in the water leaching step; K, Na, Ca and Mg associated with 
organic compounds and some carbonates are extracted by ammonium acetate. The 
compounds extracted in water and acetate solution are believed to be those reactive during the 
combustion. Thus, the results from these extraction steps are taken as an indication of, for 
example, the reactivity of the alkali and chloride compounds found in the fuel and the amount 
of ash related problems that can be anticipated. After these two extractions, the fuel samples 
are furthermore leached by hydrochloric acid to dissolve carbonates and sulphates of other 
metals. The compounds found in the acid step and the solid residues are assumed to be inert 
during the combustion. In this thesis, the method was applied and evaluated for different 
biofuels, waste derived fuels and blends of these fuels. In addition, chemical fractionation was 
used in order to characterise fly ashes derived from the combustion tests of the current fuel 
blends. As support to the chemical fractionation method, SEM-EDX and XRD were used to 
confirm the compound composition of the fuels and fly ashes investigated. 
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2. Scope of this thesis 

Many rest products or waste fractions in today’s society can be used as energy resources if the 
correct pre-treatment is applied. In addition, some of these waste fractions contain high 
concentrations of nutrients such as P, N and K, that are of interest for recycling. Phosphorus is 
especially of interest due to its limited resources on the earth’s crust. 

In this work (Papers I and II), the ashes from co-combustion of sewage sludge and wood 
pellets were investigated to ascertain whether they were suitable as fertilisers in agriculture. It 
was also important to establish in which ash fraction the nutrients were found after 
combustion and to what degree this ash fraction was contaminated with trace elements. The 
aim was also to suggest a simple low cost process (leaching) to separate the nutrients, 
especially phosphorus, from the trace elements in order to enable the recovery to phosphorus 
as fertiliser or as raw material to the phosphate industry.  

Biofuels and waste derived fuels are associated with alkali problems in the combustion. 
Previous research has shown that co-combustion with sewage sludge reduces these problems. 
In this work, the effects of co-combustion with sewage sludge were further investigated with 
focus on the fuels and fly ashes (Paper III). Also investigated were the effects that the use of 
alternative bed materials with other chemical compositions than the normal quartz sand and 
additives for alkali reduction may have on the fly ashes (Paper IV). 

Consistently in all these papers is the use of varying leaching methods, XRD and SEM-EDX 
analysis in addition to the investigation of ashes from co-combustion of different biofuels and 
waste derived fuels. 

2.1 Thesis organisation 

This thesis consists of a compilation of the work and four attached publications. The 
compilation is divided into a literature study providing the background to the subject areas of 
this work, an experimental background section presenting the methods and equipment 
applied, a summary of comments and results of the attached publications and finally 
discussion and conclusions. The concluding section summarises the most important findings 
in this PhD work.  

2.2 Publications 

This thesis is based on three reviewed and one submitted journal articles. Common to all the 
articles is the use of different leaching methods for the extraction of fuels and fly ash fractions 
from co-combustion in a fluidised bed (FB) boiler. Publications I and II consider phosphorus 
recovery from the fly ash fraction of municipal sewage sludge co-combusted with wood. 
Publication I treats the phosphorus extraction and recovery, whereas publication II discusses 
the fate of the heavy metals in the process. Publication III deals with characterisation of 
biofuels, waste derived fuels and fuel mixes together with co-combustion fly ashes to predict 
the combustion behaviour from an alkali perspective. In the final publication, IV, the focus is 
on the characterisation of fly ashes from co-combustion of straw and wood pellets in an FB 
boiler during a test campaign in which different bed materials and additives were used, all 
with the purpose of reducing the alkali related problems. 
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3. Literature review 

3.1 Biofuels and waste derived fuels 

Increasing fuel prices and efforts towards sustainable energy production have led to the 
exploration of new biofuels both in the energy sector for the production of heat and power in 
boilers and also in the transportation sector for the production of new high quality 
transportation fuels to be used directly in engines. Examples of the latter are ethanol, 
methanol, dimethyl ether (DME), rapeseed methyl ester (RME), biodiesel and pure hydrogen 
(H2). The use of bio and waste fuels in various sectors involves different conversion 
technologies where direct combustion in boilers is much simpler than the techniques involved 
in the production of transportation fuels. This implies the importance of high conversion 
efficiencies in order to utilise the restricted resource that the availability of bio and waste fuels 
are for the substitution of fossil fuels. Otherwise competition with food production can 
become a reality if farmland is to be taken in use for the production of energy crops for direct 
use in boilers or for the production of bioethanol, biodiesel and/or RME. The present situation 
has opened up a market for waste derived fuels as refuse derived fuel (RDF), demolition 
wood and sewage sludge in parallel to waste streams not actually defined as waste (for 
example, according to EU legalisation) such as the black liquor used in the pulp and paper 
industry, agricultural waste and forest residues. 

There are a number of terms and classifications regarding biofuels and waste derived fuels. 
Biomass is a term used in ecology for organic material, such as trees, branches, roots, leaves, 
grasses, straw, peat, black liquor, agricultural and agro-industrial waste. Sewage sludge and 
RDF consists mainly of biomass, but also of inorganic matter and fossil parts, such as plastics. 
Biomass is of significant importance in a world seeking alternatives to fossil fuels. In this 
broad field of biomass utilisation, the present PhD work deals with the use of municipal 
sewage sludge co-fired with wood, wood and straw or wood and RDF. The phosphorous issue 
is one path where the question of phosphorous recovery from fly ashes after combustion is 
investigated. The alkali issue burning bio and waste fuels is the other part and in this thesis 
this broad area of research is covered by the use of chemical fractionation of not only the fuels 
but also of the fly ashes after combustion followed by careful chemical analysis. 

3.2 Sewage sludge 

Sewage sludge is the main waste fraction from a waste water treatment plant and consists of 
both organic and inorganic matter. Sewage sludge contains high nutrient concentrations (N, P, 
K), hence its earlier usage as fertiliser [10]. However, most sewage sludges are highly 
contaminated with heavy metals and other hazardous substances such as pathogens and 
organic pollutants [3, 4, 11, 12]. Thus, combustion is an attractive alternative to disposal used 
for decades in different types of combustors [13]. Dry sewage sludge has a high heating value, 
but the sludge derived from the waste water treatment plant contains much water. Raw 
mechanical dewatered sewage sludge has a water content of approximately 75 wt-% which 
reduces the heating value considerably down to levels where combustion cannot be sustained 
without a fuel of higher heating value [13]. Depending on the combustion facilities and 



9 

possible access to waste heat, it may be favourable to dry the sludge prior to combustion. The 
major ash forming elements present are Si, Al, Ca, P and sometimes Fe. In sewage sludges 
with high Fe concentrations, the Fe derives from the phosphorus precipitation step in the 
waste water treatment plant. Different methods are used for phosphorus precipitation, i.e. 
flocculation using precipitation chemicals as iron sulphate, aluminium sulphate or calcium 
sulphate or biological treatments with for example phosphorus eating bacteria [4, 14]. Taking 
Sweden as an example, waste water treatment plants use iron sulphates for phosphorus 
precipitation. Hence the Fe concentrations are high. 

Much of the Si and Al found in the sewage sludge originates in zeolites derived from 
detergents such as washing powder. The new generation of phosphate free detergents uses 
zeolites as builders [15, 16]. High concentrations of Al may have a negative impact on plant 
growth depending on the form in which Al is found in the sewage sludge [17]. Al3+ released 

into the soil inhibits root elongation which leads to reduced water and nutrient uptake by the 
plant giving poor growth and productivity [18, 19].  

3.3 Zeolites 

3.3.1 History 

Zeolite is a family name for natural and synthetic crystalline aluminium silicates. Natural 
zeolites were discovered by the Swedish amateur mineralogist Baron von Cronstedt in 1756. 
The name zeolites originates from the Greek zeo (I boil) and lithos (stone) due to the fact that 
zeolites release large amounts of water on heating and appeared to boil in a blow-pipe flame 
[15]. Zeolite structures are characterised by the presence of tunnels or systems of 
interconnected cavities, which can be linked either in one direction giving fibrous crystals, or 
more usually in two or three directions to give lamellar and 3D structures respectively. There 
are many types of zeolites for a wide range of applications grouped by their structure. Since 
1975, zeolites have been used as ion exchangers for alkaline-earth metals in detergents and 
cleaning agents. The most common zeolite for this application has been the NaA zeolite, the 
sodium form of the A zeolite having the LTA (Linde type A) framework (Figure 3.3.2-1) [15, 
20, 21] and a Al/Si ratio of 1. More recently, a new zeolite has been developed known as 
Doucil 24A having an increased calcium binding capacity compared to its forerunner. 
Doucil 24A is a MAP (Maximum aluminium P) zeolite, where P represents Gismondine 
(GIS) framework and maximum aluminium a Al/Si ratio of 1 [20-22]. Doucil 24A is in the 
sodium form and therefore a NaP zeolite. Phosphate detergents are replaced by zeolite 
detergents in order to reduce the eutrophication of the marine environment.  

In this PhD work, the Doucil 24A is used as an additive in a combustion experiment to 
capture alkali (K, Na) released by the biofuels during combustion. The behaviour of 
municipal sewage sludge during co-combustion can thus be tracked since spent Doucil 24A in 
detergents ends up in the sewage and sewage sludge after treatment in a waste water treatment 
plant. 
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3.3.2 Structure 

The general formula for zeolites is [15]: 

M2/nO/Al2O3/xSiO2/yH2O 

where M is an exchangeable cat-ion belonging to the alkaline metals, alkaline earth metals, 
transition metals or a quaternary ammonium ion and n is the valence. This formula relates the 
chemical composition to Al2O3=1, so that x becomes the molecular ratio between SiO2 and 
Al2O3, which has a substantial influence on the chemical properties of the zeolites. The basic 
structural units are SiO4 and AlO4 tetrahedra, which are linked to so-called secondary building 
units. In zeolite A, groups of 8 sodalite cages are linked together by cube (D4R) building 
units. Each such group encloses a large cavity with 8 ring pores (Figure 3.3.2-1) [15, 23]. The 
zeolites form a three-dimensional sieve with mesh sizes in the molecular range. The mesh 
width of the anionic sieve is considerably influenced by the associated cat-ions. Their lattice 
position, size and charge determine the pore size. In the sodium form of zeolite A (zeolite 
NaA), for example, the pore diameter is 420 picometre (pm), but this changes to 300 pm and 
500 pm if the cat-ions are replaced by potassium and calcium, respectively. In general, the 
type and position of the cat-ions influence the charge distribution in the zeolite and therefore 
its sorption and cat-ion exchange properties and catalytic activity. When the zeolite is ion 
exchanging, the number of cat-ions is constant, although replaced, but the amount of water 
molecules varies.  

The Si/Al ratio of the lattice type can show a wide range of variations in contrast to the ideal 
composition of the elementary cell. Zeolite NaA has a Si/Al ratio of 1 as mentioned above and 
its ideal formula is [15]: 

Na2O/Al2O3/2SiO2/4.5H2O 

The high cat-ion exchange capacity of zeolite NaA is a result of the charge of the resulting 
anion lattice, due to the high aluminium content. Since aluminium is only trivalent, one 
univalent cat-ion must be accommodated in lattice cavities per incorporated aluminium atom. 
The MAP zeolites, i.e. the group to which Doucil 24A belongs, have a more flexible structure 
and thereby a different selectivity when exchanging ions. Whereas the ion exchange rate of 
Ca2+ decreases with increasing conversion in the zeolite A case, it increases in the MAP case 
[16, 20, 23]. The structure of the MAP zeolite is described by McCuscer et al. [23] as a 
stacking of two-dimensional arrays of double crankshaft chains giving flexibility to the 
structure (Figure 3.3.2-2). 
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Figure 3.3.2-1: The Linde Type A (LTA) structure Figure 3.3.2-2: The Gismondine (GIS) structure  
consisting of 8 sodalite cages linked by cube  consisting of double crankshaft chains making the  
building units [23].    structure more flexible [23]. 

3.3.3 Physical and chemical properties 

Zeolites with high Al content such as NaA and Doucil 24A have a selectivity for divalent 
cat-ions which is why they replace Na with Ca [21]. When zeolites are heated, water of 
crystallisation is released causing weight loss. The thermal stability of the zeolites is 
comparatively high, but depends on the structural type and the ions (alkali metals/alkaline 
earth metals) in the lattice. Zeolite NaA and CaA dehydrate and the lattice is transformed into 
a feldspathoid lattice at temperatures above approximately 700ºC and 800ºC, respectively. 
The difference between a zeolite and a feldspathoid is that the openings in the latter are 
separated from each other, not forming tunnels and hence not allowing the ions to move as in 
the zeolites. The thermal stability increases as a function of the Si/Al ratio of the lattice [15] 
which is also important for the chemical properties of the zeolites. However, no such results 
were found for the Doucil 24A although thermal studies were found on Gismondite which is a 
natural zeolite giving the name to the framework group including Doucil 24A [24]. The 
results showed that Gismondite dehydrates in the temperature range of 70-330°C and, on 
cooling, the original Gismondite structure was obtained again. At a temperature of 375°C the 
structure starts to decompose and form Ca-feldspars.  

3.3.4 Thermal study on Doucil 24A 

A feasibility study on Doucil 24A was performed in connection with the combustion tests at 
Chalmers University of Technology [25]. The study focused on the ion-exchange and thermal 
behaviour of the zeolite in the temperature range of 700-900°C. The Doucil 24A samples 
were pre-treated to simulate zeolites collected in the sewage sludge in a waste water treatment 
plant. The study confirmed that the zeolites had the ability to capture KCl at the temperatures 
investigated. Furthermore potassium that had already entered the structure in the water step 
was not evaporated in this temperature range but was kept enclosed in the structure [25]. 
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Figure 3.3.2-3: SEM images of a: original Doucil 24A, b: Doucil 24A ion exchanged with Ca and heated to 
900°C, c: Bag filter ash from the combustion test with Doucil 24A addition.  

Only a few samples sintered in the tests and no great differences were seen in the SEM 
images. Figure 3.3.2-3 shows SEM images of a: the original Doucil 24A, b: the ion 
exchanged Doucil 24A heated to 900°C and c: bag filter ash from the combustion tests where 
Doucil 24A was added in the co-combustion of straw pellets and wood pellets (Paper IV). 
Observe that the magnification of image 3.3.2-3a is greater than that of the other two images. 
The XRD results from the study, however, showed a loss of crystallity in all cases [25]. 

3.4 Phosphorus 

Phosphorus is essential for life and found in tissue, in cell protoplasm and as calcium 
phosphate in the skeleton. In addition, phosphorus is an important nutrient for plant growth 
and as raw material in various applications, such as artificial fertilisers, safety matches, 
detergents, water softener, pyrotechnics, pesticides, flame retardants and as additives in the 
glass and steel industry [2]. In 1996/97 worldwide consumption of phosphorus calculated as 
P2O5 was estimated at 35 M tonnes per annum and the total phosphate rock reserves at 4, 250 
M tonnes P2O5, suggesting that the reserves would last for approximately 120 years based on 
consumption in 1996 [6]. The severe contamination problems in the refining process, e.g. the 
presence of cadmium and uranium, complicate the utilisation. Large parts of the phosphate 
rock reserve contain high concentrations of cadmium which must be removed in the 
manufacturing process. As yet no cost efficient decadmiation processes are available and the 
consumption of phosphorus can only be covered for 30 years by sources of low-cadmium 
phosphate rocks [6]. In addition, cadmium and uranium are dissolved in the refining process 
and end up in the large waste fraction gypsum deposited in stacks [26-28]. These facts 
promote phosphorus recovery from waste streams like municipal sewage sludge. 

3.5 Phosphorus recovery from sewage sludge 

Due to the high phosphorus content in municipal sewage sludge, different methods for 
phosphorus recovery from sewage sludge and the sludge ashes (produced after combustion) 
have been suggested [4, 5, 14, 29-36], see Table 3.5-1. Some of these techniques are 
discussed in Paper I and in Pettersson [37]. The problem is to make the recovery 
economically feasible [29, 38]. However, few of these processes are in commercial use. Even 
though phosphorus rock is a depleting asset, the price of the mineral remains low, making for 
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fierce competition for new phosphorus producers. Only really low cost processes have a 
chance to compete on the market today [38].  

Table 3.5-1: Techniques for phosphorus extraction and recovery from sewage sludge, sludge liquid and sewage 
sludge ash [2-6, 30, 32-35]. 
Process/Techniques Input Material Characteristics Year of Largescale

launching application
DHV Water BV Crystalactor®, 
Kurita Fixed Bed

Sludge liquid, 
waste activated 
sludge

Precipitation and crystallisation with Ca or Mg, 
main stream or bypass

1979      
1984

Geestmer-
ambacht, 
Netherlands

Sydney Water Board Reactor, 
Unitica Phosnix,                         
CSIR Fluidised Bed

Sludge liquid, 
waste activated 
sludge

Precipitation and crystallisation with Ca or Mg, 
main stream or bypass

1993      
no info    
1992

none

Aqua Resi Process Sewage sludge Sludge oxidation, alcaline pulping and 
precipitation as calcium phosphate

2004 none

Cambi-Process Dewatered 
sludge

Thermal hydrolysis, p-extraction with ammonium 
solution and magnesium ammonium phosphate 
precipitation

1996 none

LOPROX-Process (PHOXNAN-
Project)

Sewage sludge Wet oxidation, liquid separation and nanofiltration 
of P in sludge liquid

2008 none

Phostrip-Process Activated sludge Enhanced phospate remobilisation and bypass 
calcium phosphate precipitation

1965 USA

PRISA-Process Sludge liquid Enhanced phosphate remobilisation, filtration, 
MAP* precipitation

- none

P-RoC-Process Sludge liquid Flotation, crystallisation and precipitation as 
calcium phosphate

2005 none

Seaborne-Technology Digested sludge Heavy metal precipitation and phosphate 
precipitation with Mg

1993 Girhorn, 
Germany

KREPRO-Process Sewage sludge Acid pulping, thermal hydrolysis, liquid separation 
and precipitation as ferric phosphate

1997 Helsingborg, 
Sweden

KEMICOND-Process Digested sludge Acid pulping and oxidation, precipitation as ferric 
phosphate, conditioning and dewatering

2003 Keppala, 
Sweden

BioCon-Process Sludge ash Acid pulping, ion exchanging for phosphoric acid 
separation

1995 none

SEPHOS-Process Sludge ash Acid pulping, precipitation and separation of 
aluminium phosphate, alkaline pulping, 
precipitation as calcium phosphate

2004 none

ASH DEC Umwelt AG Sludge ash Thermal treatment of ash, chlorides and acid, 
evaporisation and separation of heavy metal 
chlorides

2001 Eferding, 
Austria

RuePa-process Sludge ash Acid pulping, ion exchanging and liquid separation 
for heavy metal removal, precipitation of 
aluminium phosphate

- none

RimNut Sludge liquid Ion exchange, struvite precipitation 1981 none
OFMSW/BNR Sewage sludge 

and solid  (Food) 
municipal waste

Anaerobic digestion, precipitation as hydroxy 
apatite or struvite

1992 none

 

3.6 Alkali related problems 

3.6.1 Bed agglomeration 

Bed agglomeration may cause severe operating problems during fluidised bed combustion. Its 
onset can be caused by different mechanisms such as salt melt sintering [39, 40] silicate melt 
[41-43] and chemical reaction sintering with ash [44-46].  

The onset of bed agglomeration is mostly attributed to the presence of alkali species (Na, K) 
in the ash originating from the biomass or waste derived fuels. Figure 3.6.1-1 gives a 
schematic picture of the bed agglomeration process according to Öhman et al. [41]. The 
interaction between alkalis and silica sand under high temperature conditions leads to the 
formation of low melting point eutectics on the surface of the bed particles [41, 47, 48]. Some 
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biomass fuels (e.g. straw) form low temperature ash melts independent of the bed material. 
This is due to ash constituents that already have a chemical composition suitable for forming 
ash melts without the need for reacting for example with quarts sand. Other biomass fuels 
such as cereal grain and rapeseed cake contain both alkali and phosphorous thus forming low 
melting potassium phosphates [49-51]. 

 

Figure 3.6.1-1: Schematic view of the bed agglomeration process according to Öhman et al. [41]. 

3.6.2 Deposit formation and corrosion 

Biofuel combustion in all types of boilers can be afflicted with deposit formation and super 
heater corrosion related to the presence of alkali chlorides in the gas phase. This can cause 
costly shutdowns and maintenance costs in real boilers. The alkali chlorides derive from 
reactive alkali and chlorine compounds in the fuel producing high concentrations of alkali 
chlorides in the flue gas [8, 52-58]. Alkali chlorides condensate in the same temperature range 
as those prevailing in the convection passes of utility boilers. A common method of reducing 
the alkali chloride formation is sulphation which is discussed further below. Deposition of 
inorganic material involves four general mechanisms: inertial impaction, thermophoresis, 
condensation and chemical reaction [59-61]. These are illustrated in Figure 3.6.2-1a-d [59] 
and a picture of depositions during wheat straw combustion is shown in Figure 3.6.2-2. 
Deposit formation does not always result in corrosion problems, but can occur as harmless 
dust layers on the heat transfer surfaces simply lowering the heat transfer rate to some extent. 
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Figure 3.6.2-1: Schematic view of the four deposit formation mechanisms: a) inertial impaction,  
b) thermophoretic deposition, c) condensation, d) chemical reactions [59]. 

 

 
Figure 3.6.2-2: Deposit formation on a simulated heat transfer  
tube during wheat straw combustion [8]. 
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3.6.3 Availability of alkali in biofuels and waste fuels 

Biomass fuels can be divided into four general classes: 

1. Wood  

2. Herbaceous such as straw and grasses  

3. Agricultural residues and by-products such as shells, hulls, pits and animal manure  

4. Refuse derived fuels (RDF) and Municipal solid waste (MSW) [62] 

Municipal sewage sludge can belong both to group 3 and 4 depending on how much metals 
and other pollutants the sludge contains. The minerals included in the last group are not 
always regarded as part of biofuels. The biomass part in group 4 consists mainly of biological 
material together with different plastic fractions of fossil origin (from oil) and incombustible 
matter such as metal foils not properly removed from the waste in a pre-sorting (manual or 
mechanical) step. Common for groups 2, 3 and 4 is the high concentration of inorganic 
species such as K, Na, Si, S, P, Ca, Mg, Fe and Cl organically bound in the fuels and the 
large fractions of volatile matter. In the pyrolysis stage of combustion, as much as 90 % of 
the fuel mass is released as volatiles. 

The first three groups consist of structural and non-structural carbohydrates constituting the 
plant tissues produced by the photosynthesis together with cellulose, hemicelluloses, lignin, 
lipids, proteins, sugar, starches, water and ash [62]. However, the composition of the 
components in the fuels varies greatly between species and also depends on the growing 
conditions, type of plant tissue, time of harvest and storage. These differences in composition 
lead to differences in the combustion behaviour among the biomass fuels.  

 

Figure 3.6.3-1: Different pathways in the volatilisation process of coal minerals [63]. 
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The composition of the fuels in group 4 differs from those of the fuels in the other groups due 
to the fact that they contain different polymers, minerals and metal compounds in addition to 
the biological compounds common to all groups. These additional compounds make the 
characterisation of the fuels in this group more difficult compared to the other three groups. 

During combustion the fuel particles release various components and elements which take 
different pathways depending on conditions such as temperature, gas composition and 
original association as discussed above. A picture representing a sub-bituminous coal is given 
in Figure 3.6.3-1. 

Whether the alkali metal species are released with the volatiles into the gas phase or retained 
in the mineral part is of vital importance. In the latter case, they follow the ashes out as fly ash 
or bottom ash without causing agglomeration reactions or formation of deposits. In biofuels, 
alkali metal ions are dispersed in the organic part of the fuel, hence easily volatile, in contrast 
to mineral fuels as high rank coals where most alkali is fixed in inert mineral or clay 
inclusions in the coal. However, low rank coals have properties more similar to biofuels. A 
method used to distinguish the various fuels is the chemical fractionation method or extended 
fuel characterisation introduced in this thesis in chapter 4.5. 

3.7 Strategies for reduction of alkali related problems 

3.7.1 Kaolin addition 

Kaolin is a well known additive used for the reduction of alkali related problems in 
combustion [64-68]. Kaolin is a white clay mineral consisting of kaolinite 
(Al2O3·2SiO2·2H2O) [64, 65]. At temperatures of 450-600°C kaolinite decomposes to meta-
kaolinite which has a large specific surface area that adsorbs gaseous alkali compounds [64]. 
The aluminium-silicate reacts with the alkali in the form of alkali chlorides (as an example) 
and produces alkali-aluminium-silicates and HCl, see Reactions 3.7.1-1 and 3.7.1-2 [64, 66-
68]. HCl, with much lower condensation temperature compared to KCl, leaves the boiler with 
the flue gas. 

Al2O3
.2SiO2(s)+2MCl(g)+H2O(g) → 2MAlSiO4+2HCl(g)    (3.7.1-1) 

Al2O3
.4SiO2(s)+2MCl(g)+H2O(g) → 2MAlSi2O6+2HCl(g)    (3.7.1-2) 

where M is K or Na. 

The products formed when meta-kaolinite reacts with KCl are KAlSiO4 (kalsilite) and 
KAlSi2O6 (leucite) both with melting temperatures above 1100°C [64]. 

3.7.2 The presence of sulphur 

Another common additive used for the reduction of alkali chloride induced corrosion 
problems is different sulphur compounds [52, 55-58, 69]. The concentration of Cl in deposits 
can be reduced by means of increasing SO2 and SO3 concentrations. SO3 reacts with alkali 
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chlorides in the gas phase or with alkali chlorides on the surface of the deposit and HCl is 
released, see Reaction 3.7.2-1 [55, 56] for an overall reaction. 

2MCl(s) + SO2(g) + ½O2(g) + H2O ↔ M2SO4(s) + 2HCl(g)    (3.7.2-1) 

where M is K or Na. 

The K2SO4 formed (and deposited) is much less corrosive than KCl [70]. The oxidation rate 
of SO2 to SO3 primarily determines the sulphation rate [52, 57, 58]. In addition, alkali 
chlorides compete with calcium oxides and magnesium oxides to react with the SO3 available 
[58]. Recent investigations propose that the rate limiting step is the oxidation of SO3 to SO4 
rather than the oxidation of SO2 to SO3 [56]. 

3.7.3 Choice of bed material 

As discussed above bed agglomeration is often caused by silica melts [41, 45]. One proposed 
strategy to reduce the alkali problem in FB boilers is to change the bed material [40]. The 
most common bed material used in FB boilers is silica sand consisting of SiO2 (quartz). In a 
combustion environment with high alkali concentrations alkali silicates with low melting 
point are formed [47, 48]. The use of a bed material with a different composition can reduce 
this problem.  

Olivine sand: 

Olivine sand is a natural mineral that consists of a mixture of Mg2SiO4 and Fe2SiO4. It has a 
Si content corresponding to 42 wt-% SiO2 compared to silica sands with normally 98 wt-%. 
The magnesium content calculated as MgO is about 49 wt-% and the iron content corresponds 
to 7 wt-% Fe2O3. Thus the magnesium silicate is the main component in the sand and part of 
the magnesium is replaced by iron. In addition, the olivine sand contains small fractions of 
Ca, Al and Mn. Olivine sand is used as bed material in some commercial boilers and has 
proven to not react with alkali in the same way as a bed material consisting of pure quartz 
[71]. Direct reactions between low melting ash particles cannot be avoided for example when 
straw is used in the fuel mixture and such melted fuel ash particles can act as a glue between 
non-reacting olivine sand particles. Despite this, the overall melting temperature increases for 
some biofuels (such as straw) during combustion and gasification in FB boilers [71, 72] thus 
decreasing the risk of defluidisation and costly shut downs.  

Blast Furnace Slag: 

Blast Furnace Slag (BFS) is obtained as a by-product in iron and steel manufacturing and the 
properties vary between different producers. The slag used in this investigation was mainly 
amorphous and had an element composition corresponding to 34 wt-% SiO2, 32 wt-% CaO, 
18wt-% MgO, 12 wt-% Al2O3, 1.4 wt-% S and traces of K, Fe, Mn and Na. The slag was 
granulated and sieved into a particle size fraction suitable as bed material. BFS has proved to 
have lower bed agglomeration tendencies than silica sand [40]. 
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4. Experimental background 

4.1 The Boiler (Papers I-IV) 

The boiler used in this study is the 12 MWth fluidised bed combustor (FBC) located at 
Chalmers University of Technology, Sweden. The boiler was built for research purposes but 
is also used for the heat production to the campus and is connected to the district heating 
system of the city of Göteborg (Figure 4.1-1). The boiler has all the features of a commercial 
unit but a height-to-width ratio representing a small unit. More details are found in papers I 
and III. 

 
Figure 4.1-1: The 12-MWth FBC boiler at Chalmers University of Technology(1) combustion chamber; (2) fuel 
feed chute; (3) air plenum; (4) secondary air inlet at 2.1m; (5) hot primary cyclone; (6) loop seal; (7) cyclone exit 
duct; (8) cold secondary cyclone; (9) bag house filter; (10) flue gas recirculation fan; (11) fuel bunkers; (12) 
sludge pump; (13) sand bin; (14) kaolin and zeolite bin; (15) hydrated lime bin; (16) sulphur addition; (17) 
sampling hole for bed material; (18) measurement spot (before convection pass) IACM instrument, deposit probe 
and FTIR; (19) measurement spot (after convection pass) FTIR; (20) measurement spot (stack) FTIR. 

4.2 The fuels (Papers I-IV) 

In this work the focus was on fuels and fly ashes from co-combustion of wood with straw, 
refuse derived fuel (RDF) and sewage sludge. The fuels investigated had very different 
properties and were mixed in order to be suitable for the various objectives in the research, 
see Table 4.2-1. 
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Table 4.2-1: Properties of the fuels and some fuel mixes used in the present PhD work.  
Paper: I-IV I-III I-II III III III-IV III III III III
Fuel: Wood Sewage Sewage Sewage RDF Straw  Coal Fuel mixes:

pellets(*) sludge (1*) sludge(2) sludge(3) 1; Ref(4) 2; Sludge(5) 3; Waste(6)

Proximate analysis
Water [wt-%. raw]     7.9   73   77.8    14.3      6.9      8.8      9.4      8.2    16.1    19.5
Ash [wt-%. dry]     0.3   48   42.6    34.8    11.6      5.6      8.9      1.4      7.4      9.2
Combustibles [wt-%. dry]   99.7   52   57.4    65.2    88.4    94.4    91.1    98.6    92.6    90.8
Volatiles [wt-%. daf]   90.7   94.8   85.3    91.8    89.9    81.1    34.5    92.2    92.2    91.8
Ultimate analysis [wt-%. Daf]
C   51   52   50.2    52.3    54.6    49.4    82.1    50.3    50.5    52
H     6.1     7.5     7.3      7.3      7.3      6.3      4.9      6.1      6.3      6.6
O   43   32   36.2    31.4    35.9    43.4    10.7    43.3    41.8    40
S   <0.01     1.9     1.3      1.5      0.33      0.1      0.6      0.03      0.31      0.37
N     0.07     6.1     5      7.5      1.05      0.59      1.4      0.17      0.96      1.08
Cl   <0.01     0.11     0.1      0.05      0.83      0.3      0.3      0.07      0.08      0.27
Heating value [MJ kg-1]
HHV. daf   18.9   20.4   19.5    21.3    21.7    18.4    32.2    18.8    19    19.9
LHV. raw   17.1     1.9    2.24    11.5    17.7    15.6    26.3    16.8    14.8    15.4
Ash analysis [g kg-1 dry ash]
K   92   14   10.7      8.4    14.2  110    13  100    90.2    66
Na     8.2     8.3     6.9      3.4    24.2      9    13      9      9    13
Al     9.4   76 193    51    39.5      6.5    81      7.7    16.2    24.6
Si   54 142 115    84  180  300  210    95  109    92
Fe   13 162   42.1  140    17.5      2.1    60      7.1    26    27
Ca 190   44   38    51  154    52    73  168  151  174
Mg   31   11     5.3      9.1    10.4    10    38    29    26    25
P   12   59   61.3    83      2.8    14      1.7    12.2    17.9    15
Ti     1     4.7     9.6      7.2      7.5      0.4      3.7      0.95      1.41      3.3
daf= dry and ash free, raw= as received
(*)= average
(1)=P-precipitation agent is Fe2(SO4)3, mechanical dewatered sludge.
(2)=P-precipitation agent is Al2(SO4)3, mechanical dewatered sludge. 
(3)=P-precipitation agent is Fe2(SO4)3, pre-dried sludge used in the chemical fractionation study only.
(4)=79 wt-%, dry, wood pellets and 21 wt-%, dry, straw pellets. 
(5)=67 wt-%, dry, wood pellets, 21 wt-%, dry, straw pellets and 12 wt-%, dry, sewage sludge(1).
(6)=45 wt-%, dry, wood pellets, 14 wt-%, dry, wood chips, 11 wt-%, dry, sewage sludge(1) and 30 wt-%, dry, RDF.  

 

4.2.1 Fuels used in the phosphorus extraction experiments 

The first part of this work investigated phosphorus extraction from fly ashes derived from co-
combustion of sewage sludge (Papers I and II). The high water content in the sludge made it 
necessary to add a dry co-fuel (the base fuel) to the combustion. For this purpose wood-pellets 
were chosen because it is a well defined biofuel with low ash and moisture content and with 
constant properties. Two different municipal sewage sludges were included in the 
investigations. In the first set of tests, mechanically dewatered sludge from the second largest 
wastewater treatment plant in Sweden was used, disposing of wastewater from 775 000 
inhabitants of the city of Göteborg and its surroundings (Sewage sludge1 Table 4.2-1). The 
second set of tests involved dewatered sludge from a smaller wastewater treatment plant in 
Alingsås (Sewage sludge2 Table 4.2-1). This plant treats wastewater from 35 000 inhabitants. 
Both plants use similar wastewater treatment processes but utilise different precipitation 
chemicals for phosphorus removal. In the large plant iron sulphate (Fe2(SO4)3) is used, 
whereas in the smaller plant in Alingsås aluminium sulphate (Al2(SO4)3) is applied. The 
precipitation agent gives a large contribution of metals to the sewage sludge, thus influencing 
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the composition of the sludge to a great extent. The fuel mix used in the combustion tests for 
phosphorus extraction consisted of 15% on dry mass sewage sludge and 85% on dry mass 
wood pellets. 

4.2.2 Fuels, fuel blends, bed material and additives used in the fuel and ash characterisation 
experiments 

In the second part of the work, fuels, fuel mixes and their fly ashes were investigated using 
chemical fractionation, SEM-EDX and XRD. The fuels analysed by means of chemical 
fractionation were wood pellets, sewage sludge1, sewage sludge3, RDF, straw pellets and coal. 
In addition, the results for the pure fuels were recalculated to be equivalent to the fuel 
supplied in the combustion tests performed (referred to as fuel mixes in the right part of Table 
4.2-1) and compared with the fly ash analysis test cases: Ref, Sludge and Waste (Paper III). 
Earlier investigations [73-75] have shown that co-combustion of alkali and chlorine rich fuels 
with municipal sewage sludge can significantly diminish the alkali related problems in the 
combustion.  

The fuel supplied to the boiler in the combustion tests presented in Paper IV consisted of 80% 
wood pellets and 20% straw pellets to obtain a fuel mix with high content of alkali and 
chlorides. Silica sand is a commonly used bed material in FB boilers and consists of SiO2 
(quartz) giving a high SiO2 concentration in the bed. Quartz and alkali form a sticky low 
temperature melt in the bed and causes bed agglomeration and de-fluidisation in the boiler 
[42, 45]. One solution to this problem is to choose a different bed material containing lower Si 
concentrations. Two such bed material alternatives are olivine sand and Blast Furnace Slag 
(BFS), see Table 4.2.2-1. Olivine sand is a natural mineral consisting of Mg2SiO4 and Fe2SiO4 
and BFS a by-product in the steel industry. 

 

Table 4.2.2-1: Composition of bed materials and additives recalculated as pure oxides. 

wt-% Silica 
sand

Olivine 
sand

BFS    
l

Kaolin  
.     

Sulphur  
granules

Zeolite 
Douc. 24A

Hydrated lime 
Ca(OH)2

Limestone 
CaCO3

SiO2  98.9  42.05     34    46.6 39.0 - 43.0         0.9        0.4
CaO    0.123    0.08     32       97.4      96.5
MgO    0.129  49.5     18         1.0        1.1
Al2O3    0.181    0.45     12    39.5 33.5 - 36.5          0.5        0.8
K2O    0.06       0.6        0.6
Fe2O3   0.123   7.05      *0.4    0.032         0.2        0.3
MnO    0.013    0.075       0.7
S       1.4     100
Na2O    0.004       0.6 23.5 - 25.5        0.3
*FeO  
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4.3 Experimental Procedure, combustion tests 

Papers I and II 

The co-combustion tests in Papers I and II were performed in the same boiler load as during 
mono-combustion operation of the wood pellets. Due to the low calorific value of the sludge, 
the total mass flow of fuel increased with a larger fraction of sludge. 

In addition to the comparison of the two types of sludge in this work, three different lime 
addition strategies were also studied. Firstly, combustion with no lime added to the 
combustion chamber (Table 4.3-1) was applied whereby the emissions of sulphur dioxide 
(SO2) and hydrogen chloride (HCl) reached values reflecting the concentrations of sulphur 
and chlorine in the fuel. In the second case, limestone (CaCO3) was added to the bed 
capturing sulphur as CaSO4. Finally in the third case, hydrated lime (Ca(OH)2) was injected 
into the flue gas upstream of the bag filter to investigate its effect on the ash chemistry and 
emissions of HCl and SO2. The tests were named according to the combination of 
precipitation chemical in the sludge and the lime addition strategy applied, Fe for the sludge 
precipitated with Fe2(SO4)3 and Al for the sludge precipitated with Al2(SO4)3. Table 4.3-1 
summarises the parameters used in the tests and Table 4.2.2-1 gives the composition of the 
two lime types added. 

Table 4.3-1: Test matrix. 

Test Precipitation No Lime Lime to Hydrated lime 
names agent  bed to bag filter
Fe+no lime Fe2(SO4)3 X

Al+no lime Al2(SO4)3 X

Fe+limestone Fe2(SO4)3 X

Al+limestone Al2(SO4)3 X

Fe+hydr. lime Fe2(SO4)3 X

Al+hydr. lime Al2(SO4)3 X  

 

The operating conditions of the tests are presented in Paper I. They were chosen to represent a 
typical FB boiler with a bottom bed temperature of 850°C, an excess air ratio of 1.2, and the 
split of air supply into primary and secondary air, with inlet of secondary air at the 2.2 metre 
level and a boiler load corresponding to a fluidising velocity of 5 m/s in the top of the 
combustion chamber. The arrangements of the research boiler make it possible to keep the 
operating conditions similar in all tests, only changing the amount of sludge added, type of 
sludge and lime addition strategy. All combustion tests were run for 12 hours before the solids 
were sampled. This time was set to establish steady-state concentrations of the trace elements. 

Papers III and IV 

These combustion tests had a duration of 12 h similar to the tests discussed in papers I and II. 
The operating conditions for the combustion cases referred to in papers III and IV are found 
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in Table 4.3-2 and 4.3-3 respectively. In Paper III three fuel blends (Ref, Sludge and Waste in 
Table 4.2-1) were mixed into the furnace and combusted. The secondary cyclone ash and bag 
filter ash were taken during the tests and analysed. In paper IV the same fuel mix was used in 
all tests (Table 4.3-3) but different bed materials or additives were used in the combustion as 
discussed above. 

Table 4.3-2: Operating conditions of the combustion tests in paper III. 

Average Standard 
deviation Unit

Load       5.9    0.23  MWth

Bed temp., (bottom)    847    3.7 °C
Bed temp.,  (top)   870   8.6 °C
Exit temp. after combustion chamber    815    8.8 °C
Temp. before convection pass    774  15.4 °C
Exit temp. after bag filter    152    0.3 °C
Total riser pressure drop       6.9    0.3 kPa
Excess air ratio       1.21    0.004
Primary air flow (total air flow)-1      59    4 %

Superficial flue gas velocity at top of riser Utop        4.5    0.3 m s-1

 

Table 4.3-3: Operating conditions of the combustion tests in paper IV. 

Average Standard 
deviation Unit

Load         6.2       0.24  MWth

Fuel flow: Wood pellets 1048 31 kg DS h-1

                Straw   276   4 kg DS h-1

Share of straw     20     0.8 % on energy basis
Bed temp., (bottom)   851   2 °C
Bed temp.,  (top)   870   5 °C
Exit temp. after combustion chamber   822 10 °C
Exit temp. after bag filter   153   1 °C
Total riser pressure drop          7.3       0.3 kPa
Excess air ratio           1.19         0.02
Primary air flow (total air flow)-1     51     5 %
Superficial flue gas velocity at top of 
riser Utop         4.5       0.3 m s-1

 

4.3.1 Flue gas analysis 

The composition of the flue gases was analysed at three positions: 18, 19 and 20 in Figure 
4.1-1. The flue gas is extracted through heated sampling lines to a FTIR (Fourier Transform 
Infra-Red spectrometry) analyser measuring H2O, CO2, SO2, NO2, CO, NO, HCl, NH3, HF 
and N2O in the hot gases. After the FTIR, the gas is cooled, dried and then led to conventional 
gas analysers for additional analyses of CO2, SO2, NOx, CO and O2. In addition to the 
measurements of conventional flue gas components, the content of alkali chlorides in the gas 
phase was also determined by an IACM (In-situ Alkali Chloride Monitor) instrument [76]. 
This instrument continuously measures the sum of KCl and NaCl as well as SO2 in the flue 
gas and works by absorption of ultraviolet light (200-380 nm) sent across the flue gas 
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channel. The IACM instrument consists of a transmitter and a receiver placed on each side of 
the flue gas duct (at position no. 18 in Figure 4.1-1). This location is determined by the fact 
that the alkali chlorides condense to aerosols particles [44, 53, 77] if analysed downstream of 
the convection section. The detection limits on a transmitter-receiver distance of 5 m are 
about 1 ppm for KCl and NaCl and 4 ppm for SO2. The IACM gives the loading of alkali 
chlorides in the flue gas prior to the convection section and the actual formation of alkali 
chlorides in the combustion chamber. 

4.3.2 Analyses of fuels and ashes (Papers I-IV) 

The contents of moisture, combustibles and ash were analysed by a MAC 400 Proximate 
Analyzer 785-700 system. The main ash components and trace elements were analysed by 
Inductive Coupled Plasma with an Atomic Emission Spectroscopy detector (ICP-AES) or a 
Mass Spectrometer detector (ICP-MS). The mineralogy of the fly ash samples was studied by 
means of X-Ray powder Diffraction (XRD) for the identification of the crystalline 
components.  

Diffraction of X-rays by crystals occurs due to their interaction with the electrons in the three-
dimensional periodical arrangement of the atoms. This is utilised in the analytical techniques 
for the identification of the crystalline compounds of known structures. The mathematical 
condition relating the angle of diffraction (Θ) to the interplanar spacing distance (d) was 
shown by Bragg in 1913 [78]: 

 λnd =Θsin2  

where λ is the wavelength of the X-rays, and n is an integer number. The diffraction 
experiment results in a plot of the detected intensity versus the detection angle (expressed as 
2Θ). 

The ashes were crushed to powder form before performing the X-ray diffraction analysis. The 
X-ray powder diffraction instrument used in this work was a computer-controlled Siemens 
D5000 powder diffractometer. The measurements were carried out applying Cu characteristic 
radiation and a scintillation detector. A software system, DIFFRAC AT, supplied by Siemens, 
and the JCPDS database [79] were used for data processing and identification of crystalline 
compounds. This method allows the identification of crystalline components present in 
amounts larger than 1-2% (w/w). 

4.3.3 SEM-EDX Analysis (Papers I-IV) 

Fuels, ash samples and solid residues after leaching and filtration were examined by Scanning 
Electron Microscopy (SEM) analysis. In this work both high-vacuum and low-vacuum 
(environmental SEM or ESEM) electron microscopes were used. The ESEM option gives the 
advantage that susceptible and non-conducting materials can be examined without sample 
material damage. The specimen is mounted by spreading on a carbon adhesive tape. No 
covering by a conducting material is needed. The charge build up on the sample surface is 
removed by a small injection of water vapour using the low vacuum mode in the microscope. 



25 

Since the pressure in the ESEM is only just below the atmospheric pressure, the sample is 
allowed to contain water. The ESEM used was equipped with a GSE detector (Gas Secondary 
Electron) that is an energy dispersive detector. The method is called SEM-EDX (Scanning 
Electron Microscopy - Energy Dispersive X-ray Fluorescence spectrometry). The GSE 
detector measures the fluorescence emitted from the elements present in the sample material 
when the electron beam impacts the surface of the sample. The wavelength of the X-ray 
fluorescence is specific for a particular energy level in a specific atom. Thus, this analysis is 
element specific and the structure of the compounds, amorphous or crystalline is not of 
importance. However, the spatial resolution of the analysis results is limited by the fact that 
the electron beam reaches not only the sample surface but also a significant volume under the 
analysis spot. Thus the element specific fluorescence recorded refers to both the surface of the 
sample and to layers some micrometers below it. 

The ESEM technique provides three kinds of information: 

• a micro photographic picture of the material studied 

• fluorescence spectra for analysed spots giving evidence of the elemental composition 
in those spots 

• element maps which are obtained by letting the electron beam scan a sample surface 

4.4 Leaching experiments (Papers I and II) 

Previous leaching studies and equilibrium calculations on these ashes [37, 80] showed that 
suitable parameters for the leaching were a leaching time of one hour at room temperature at 
pH 1 in sulphuric acid. The leaching time was kept short to fit a real process where flow 
problems could occur if a long processing time is needed. The pH was held constant in the 
leaching tests by a pH-stat titration unit continually measuring the pH-value and 
compensating with acid for the dissolution of alkaline species from the ash. The samples were 
filtrated after leaching to a solid part and a leachate, by a 45μm filter. Both the solid and the 
liquid phase were analysed.  

4.4.1 Analysis of leachate (Papers I-IV) 

The main components and trace elements in the leachate were analysed by ICP-MS, 
inductively coupled plasma with mass spectrometry, or ICP-AES, inductively coupled plasma 
with optical emission spectrometry, and Hg by AFS, atomic fluorescence, after cold 
vaporisation by the company AnalyCen AB in Lidköping, Sweden. 

4.5 Chemical fractionation (Papers III and IV) 

The leaching technique introduced in the previous section was adapted for phosphorus 
extraction. Different leaching techniques are available for different purposes. An example of 
such a technique is the chemical fractionation or extended fuel characterisation. This method 
was first developed by Benson [7] for application on coals, used by Baxter [8, 54] on coal and 
some biofuels and finally modified by Zevenhoven [9] to be suitable for various biofuels. In 
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addition, Åbo Akademi University has compiled a database where fuel characterisation [81]. 
The chemical fractionation used in this study was carried out according to Zevenhoven et al, 
[43]. It is a step by step leaching method (Figure 4.3-1) resulting in selective extraction of 
inorganic elements, based on the solubility of their association forms in the fuels. The 
solvents used are water, 1M ammonium acetate and 1M hydrochloric acid.  

4.5.1 Procedure 

The experimental procedure consists of three successive extractions (Figure 4.3-1). In the first 
leaching step, the solvent is deionised water intended to soak the fuel and extract the water 
soluble compounds such as sodium salts. In the second step, ammonium acetate is used to 
dissolve ion exchangeable elements, such as sodium, calcium and magnesium, believed to be 
organically associated. The third extraction step uses hydrochloric acid to remove acid soluble 
compounds such as carbonates and sulphates of other metals. The solid residue fraction 
consists of silicates, oxides, sulphides and other minerals [9] 

 
Figure 4.3-1: Schematic view of the chemical fractionation procedure. 

The chemical fractionation method results in five samples for analysis: the original fuel, three 
different leachates from the three fractionation steps and the solid residue remaining after the 
fractionation. 
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Preparation of samples: 

The fuels are dried at 105ºC and ground to a particle size smaller than 5 mm. 

Step1: H2O 

A sample of approximately 35 g of the fuel together with 6x35 g of distilled water is mixed in 
a 250 ml centrifuge bottle with a sealing cap. The sample is placed on a shaking table for 24 
hours at room temperature and is then centrifuged at 4000 rpm for 12 minutes. The leaching 
agent is poured off (decanted) and 150-200 mg of new distilled water for washing is added to 
the wet fuel. The sample is shaken for 5 minutes and centrifuged for 12 minutes at 4000 rpm. 
After centrifuging, the wash water is decanted and added to the first leachate and the washing 
procedure is repeated with a new volume of water. The leachate together with wash water is 
filtrated by vacuum filtration on a membrane filter with 0.45 μm openings to remove solid 
particles. In addition, the wet fuel is filtrated in the same way to remove as much of the water 
as possible without drying the sample. 

The leachate together with washing water is weighed and volumetrically measured and two 
samples of 100 ml each are acidified with concentrated HNO3 to pH 1 and saved for analysis.  

Step 2: NH4Ac 

This leaching step takes 3x24 hours and the leaching agent is changed every 24 hours. The 
wet fuel sample from step one is weighed and returned to the centrifuge bottle. A volume of 
150-200 ml of 1M NH4Ac is added to the fuel and the sample is placed on a shaking table for 
24 hours at room temperature. After 24 hours the sample is centrifuged and the leachate is 
poured off into a bowl and new NH4Ac is added to the fuel. The procedure is repeated and 
after the three NH4Ac extractions, the sample is washed with water as in step 1 and the 
leachate together with the washing water is filtrated with vacuum filtration as is the wet fuel. 

The leachate together with washing water is weighed and volumetrically measured and two 
samples of 100 ml each are acidified with concentrated HNO3 to pH 1 and saved for analysis.  

Step 3: HCl 

The last extraction step is leaching by acid at 70°C and takes 2x24 hours. The wet fuel sample 
from step 2 is weighed and returned to the centrifuge bottle. 150-200 ml 1 M HCl is added to 
the fuel and the sample is put in a water bath at 70ºC and mixed by means of a magnetic 
stirrer for 24 hours. After 24 hours the sample is centrifuged and the leaching agent is poured 
off into a bowl. New HCl is added and the sample is leached for a further 24 hours. The 
leaching agent is poured into the bowl and the fuel is washed with water as in previous steps. 
The leachate together with washing water is filtrated with vacuum filtration, weighed, 
volumetrically measured and two samples of 100 ml are saved for analysis.  
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The fuel sample is filtrated, weighed and dried at 105 ºC in an oven for 48 hours. The dry fuel 
residue sample is weighed and analysed in the same way as the fuel samples. 

4.5.2 Evaluation of the chemical fractionation method on ashes 

The chemical fractionation method was developed for application on coal and biofuels as 
discussed above. In the present work the chemical fractionation method was extended to 
include the ashes from the combustion.  

The preparation work proceeding papers I and II [37] showed that an elevated temperature in 
the acid leaching step had an inhibiting effect on the release of phosphorus for example. 
Therefore, pre-tests were performed to evaluate the application of the chemical fractionation 
method on ashes. To eliminate the risk of the procedure, originally developed for fuels, 
affecting the results of the ashes, tests were carried out at room temperature in the acid step 
instead of at 70°C as used for the fuels in step 3. Clearly the elevated temperature in the HCl 
step had some influence on the solubility of the investigated elements. However, the solubility 
was generally only slightly greater with the increased temperature with certain exceptions as 
seen in Figure 4.5.2-1. Hence, the differences were too small to have any significant impact 
on the results. Some pre-tests with a higher liquid to solid ratio were also carried out but no 
changes could be seen in these results. Thus no alterations in the chemical fractionation 
method were made when used on the ashes compared to when it was applied on coals and 
biofuels. 

 
Figure 4.5.2-1: Solubility of different elements in fly ashes in the HCl step. 1= 70°C: 2 = 20°C. 
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5. Summary and comments of results in papers I-IV 

5.1 Paper I 

5.1.1 Phosphorus recovery from ashes 

This paper discusses the recovery of phosphorus by means of acid leaching of fly ashes from 
co-combustion of municipal sewage sludge and wood. The outgoing P-flow from the boiler 
showed that 75-98% of the phosphorus leaving the boiler is retained in the fly ash fractions. 
This result promoted focus on fly ashes in the development of a phosphorus recovery process. 
A pH range (0.5-1) was found in which it was possible to extract a significant amount of the 
phosphorus in the fly ashes without precipitation of new phosphates from the dissolved ions 
in the leachate. In addition the results showed that the flocculation chemicals used in the 
wastewater treatment were of major importance. Ashes from combustion of sewage sludge 
using aluminium sulphate as a precipitation agent released nearly all the phosphorus at a pH 
of 1, whereas ashes from sewage sludge formed using iron sulphate released only 50-80% at 
the same pH (Figure 5.1.1-1). This result was in accordance with Matsuo [82] who 
investigated whether the addition of FeCl3 to the sludge prior to combustion could prevent 
phosphorus release from the ashes produced in a landfill. The XRD and SEM-EDX analyses 
of the ashes in the present study showed that the main part of the phosphorus was found 
together with calcium as calcium-iron-phosphates.  

 
Figure 5.1.1-1: P-yield in leachate from secondary cyclone and bag filter ashes leached at different pH. 
Only the ashes from iron based sludge were extracted at pH 0.5. Table 4.3-1 explains the case labelling. 

.  

 
To investigate the chemical behaviour of the ashes and the dependence of the pH level on 
their leaching performance, chemical equilibrium calculations were made using the 
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Hydra/Medusa program and the database version 31 [83]. The elements considered were: 
aluminium, iron, phosphorus, calcium and potassium. All soluble and non-soluble complexes 
available in the database were allowed provided that the chemistry behind their possible 
presence was reasonable. The distribution of the considered elements in various compounds at 
equilibrium, as well as the total theoretical concentration of dissolved compounds in the 
leachate was calculated at different pH values. 

The results from the equilibrium calculations showed that in terms of element composition, 
three solid compounds were very important for the possibility of extracting phosphorus to the 
water phase: FePO4:2H2O, CaHAl(PO4)2 and Ca5(PO4)3OH. An example of how these 
compounds dominate the speciation of phosphorus is shown in Figure 5.1.1-2. Even if 
phosphorous is present in other more soluble compounds in the ash, the three phosphates 
mentioned above may precipitate from the solution in different pH intervals thus withdrawing 
phosphorous from the extraction product (the liquid). In the Hydra/Medusa program, that also 
produces the figures, solid compounds are marked (c) or (cr) for crystalline and (s) for solid 
alone. Dissolved compounds, ions, have no marking but the speciation is instead given as 
ions. 

 

 

Figure 5.1.1-2: The calculated relative amounts of phosphorus present in different crystalline and solids (marked 
by (c) or (s)) compounds and un-marked solved ions at equilibrium. The calculation was based on the elemental 
composition of the test case: Fe+no lime secondary cyclone ash, and with the assumption that all iron in the ash 
was available in the solution 

These equilibrium calculations showed that the most effective pH range for keeping 
phosphorus in the solution was below pH 0.5. However, earlier leaching experiments revealed 
low concentrations of Fe in the obtained leachate and the dominant solid iron compound in 
the ashes was hematite (Fe2O3). Hematite in an amount that corresponds to the example in 
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Figure 5.1.1-1, (test case: Fe+no lime) is not soluble at pH above 1.5 and has a limited 
solubility at lower pH (Figure 5.1.1-3). 

 
Figure 5.1.1-3: Dissolution of haematite, with the same concentration of Fe as in an average ash. 

Experiments carried out with haematite in a pH static leaching unit confirmed that within the 
time frame of the phosphate extraction experiments only a minor part of the Fe is available in 
the solution even at pH 0.5. This means that the dissolution kinetics of haematite determines 
the concentration of Fe3+-ions in the leachate and thus the amount of FePO4:2H2O that can 
precipitate and bind phosphorus. No equilibrium was reached with the leaching method used 
for phosphorus extraction. 

 
Figure 5.1.1-4: The relative amounts of phosphorus present in different crystalline and solids (marked by (c) or 
(s)) compounds and un-marked solved ions at equilibrium. The calculation was based on the elemental 
composition of the test case Al+no lime secondary cyclone ash. 
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The results in Paper I showed that phosphorus extraction was easier from the ashes obtained 
from sewage sludge where the phosphorus precipitation chemical was aluminium-based rather 
than iron-based. This is verified by the equilibrium calculations. Figure 5.1.1-4 shows the 
results from the test case Al+no lime secondary cyclone ash. At pH 0.5 approximately 100% 
of the phosphorus was extracted as H3PO4, FeH2PO4

2+, H2PO4
- and CaH2PO4

+, while at pH 
2.5 approximately 65% was extracted as H2PO4

-, H3PO4 and CaH2PO4
+. 

The common sulphur capture strategies employed, i.e. addition of limestone and hydrated 
lime respectively, had no impact on the performance of the phosphorus recovery. 

5.2 Paper II 

Paper II refers to Paper I and considers the same co-combustion tests with wood pellets and 
municipal sewage sludge. In this paper the focus was on the metal concentrations in sewage 
sludge and its ashes and the mobility of metals during phosphorus extraction by acid leaching. 
The results from the studied ashes and metal concentrations in common fertilisers were 
compared to those from raw materials used in the fertiliser industry. In addition a comparison 
was made of European and Swedish legislation on metal contamination on arable farmland. 
Swedish legislation limits the phosphorus fertilisation to 22 kg P2O5 per hectare (ha =10,000 
m2) and annum on the most common type of arable land in Sweden. Hence, the comparison in 
table 5.2-1 is calculated on 22 kg P2O5 per ha and annum. 

All bag filter ashes had metal concentrations which were too high to pass the stricter Swedish 
legislation but the concentration levels were below the current EU limits. Thus, they can 
neither be applied legally as fertilisers in Sweden, nor be recommended for this use 
elsewhere, see Table 5.2-1. The secondary cyclone ashes had lower metal concentrations than 
the bag filter ashes. However, the Cd concentrations did not surpass the Swedish limits and in 
some cases Pb also exceeded the limit. Thus these ashes are not suitable as fertilisers if Cd 
and in some cases also Pb is not removed prior to utilisation. 

In general the mobility of metals during the phosphorus extraction by acid leaching was very 
low, see Figure 5.2-1 as an example (with Pb), with one exception, namely Cd which was 
almost completely dissolved in the leachates (Figure 5.2-2). However, the Cd concentrations 
in the leachates are low compared to the average Cd concentration in phosphate rocks used in 
industry [6]. In just 10% of the phosphate rocks (igneous), the Cd concentration is below 13 
mg kg-1 P2O5 and these rocks are used for low cadmium fertiliser production (Table 5.2-2). 
Currently no Cd removal techniques are used in industry because of the high costs involved. 
The Cd concentration in the leachates is in the range of 16 to 35 mg kg-1 P2O5 compared to 25 
to 245 mg kg-1 P2O5 in the remaining 90% of phosphorus rock (sedimentary). In all 
circumstances, Cd removal techniques must be used on raw material with high Cd content 
used in the phosphate industry in the near future. 
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Table 5.2-1: Trace element concentrations in various P-sources as [g (ha, year)-1] calculated on a P-supply of 22 
kg (ha, year)-1[84]. 
Trace elements
g (ha, year)-1     Hg     Cd    Pb       Cr     Cu   Ni
Limits*     1.5      0.75       25       40     300  25
Limits EU**   100    150  15,000  15,000 12,000 300
Sewage sludge series Al     0.61     0.42        13       34     212    10
Sewage sludge series Fe     0.94     0.68        30        24     310    17
Sewage sludge average1     0.90     0.98        27       27     320   16
Liquid manure from pigs2     0.009     0.28         1.2         6.8     150     4.5
Solid manure from pigs2     0.02     0.26         2.1       12     120     6.4
Liquid manure from cattle3     0.013     0.11         0.90         2.1       22     4.2
Artificial fertiliser4     0.0009     0.005         0.04         0.81        0.15     0.48
Artificial fertiliser5     0.031     0.35         0.55         3.3        6.8     1.43
Sec. Cyclone ashes
Fe+no lime     0.50     1.2        30        20     230   17
Fe+limestone     0.55     0.99        29        17     290   15
Fe+hydr. lime     0.50     1.1        30        18     290   15
Al+no lime     0.48     1.3        16        26     110   10
Al+limestone     0.37     0.85        16        20     190     9.3
Al+hydr. lime     0.42     0.90        14        18     170     8.4
Bag filter ashes
Fe+no lime     4.5     3.3        29        29     270   21
Fe+limestone     3.1     1.7        39        31     390   33
Fe+hydr. lime     4.8     1.5        34        34     400   26
Al+no lime     5.6     9.0        23        62     130   24
Al+limestone     3.3     1.6        25        25     390   32
Al+hydr. lime     3.3     1.2        21        42     260   31
Leachates from sec. cyclone ashes
Fe+no lime     0.009     1.4          4.1         1.1       82     2.3
Fe+limestone     0.012     1.1          4.8         1.2     105     1.7
Fe+hydr. lime     0.012     1.7          6.3         1.3     150     2.4
Al+no lime     0.007     1.2          2.2         2.8       35     1.2
Al+limestone     0.007     0.83          3.0         3.1       76     0.34
Al+hydr. lime     0.008     0.90          3.2         4.2       77     1.4
Leachates from bag filter ashes
Fe+no lime     0.046     3.3          4.2         5.9       48     2.3
Fe+limestone     0.010     1.6          4.0         4.9       91     5.3
Fe+hydr. lime     0.025     1.8          9.4       10       91     3.0
Al+no lime     0.93     8.6          5.7       15       49     5.1
Al+limestone     0.009     1.1          3.5         4.2       75     2.3
Al+hydr. lime     0.026     0.94          5.2       13       89     7.3
*Limits, for trace element supply by sludge to farmland, by the Swedish environment  
protection agency code of statutes 1994:2 (changed 1998:4 and 2001:5)[81].
**EU Council directive of 12 June 1986, 86/278/EEC.
1Average of sludge from 48 different wastewater treatment plants in Sweden [3].
2[3]
3milk producing cows [3].
4NPK-S 21-4-7 from Hydro Agri [3].
5P20 from Hydro Agri [3].  
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Figure 5.2-1: Concentrations of Pb in sludge, fertilisers, ashes and leachates if supplying 22 kg P (ha, year)-1. 
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Figure 5.2-2: Concentrations of Cd in sludge, fertilisers, ashes and leachates if supplying 22 kg P (ha, year)-1. 

Another aspect of the raw material issue is the waste gypsum produced in the phosphorus 
industry. Waste gypsum is a rest product in the Wet Phosphoric Acid (WPA) method, which 
is the most common phosphorus processing technique. For every tonne of P2O5 produced five 
tonnes of waste gypsum are generated. This gypsum is often contaminated with Cd, Cr, Rn 
and U, and thus very difficult and expensive to deposit due to the risk of metal and radioactive 
leakage [85]. 

Pure apatite mineral, i.e. Ca5(PO4)3 (OH, F, Cl) consists of 42% P2O5 but the purity varies in 
and between different ores and is generally less than 36% [86]. 
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Table 5.2-2: Cadmium concentrations in leachates from this study and main commercial phosphorus rocks 
[6, 87-89]. 

Cadmium content [mg kg-1 P2O5]
Leachate analysis No lime Limestone Hydr. lime
Fe Sec. cyclone   27.1   22.6   34.2
Fe Bag filter   65.8   31.0   36.4
Al Sec. cyclone   23.0   16.3   17.7
Al Bag filter 169   21.7   18.6

Phosphate rock    (1)    (2)    (3)
Igneous
Kola (Russia) <13     0.3     0.25
Pharlaborwa (South Africa) <13     0.1     0.38
Sedimentary
Florida (USA)   23   19.8-32.7   24
Jordan <30   12.1-28   18
Khouribga (Morocco)   46   17-63   55
Syria   52   13-46   22
Algeria   60   42-62.6
Egypt   74
Bu-Cra (Morocco) 100 101-115   97
Nahal Zin (Israel) 100   81-112   61
Youssoufia (Morocco) 121 164.7 120
Gafsa (Tunisia) 137   94 173
Togo 162 164-179 147
North Carolina (USA) 166 125 120
Taiba (Senegal) 203 165-180.6 221
Nauru 243     -    -
Sources:(1) = [87]; (2) = [88]; (3) = [89]  

5.3 Paper III  

In this paper the focus is on fuel and ash characterisation based on the chemical fractionation 
method described in chapter 4.5. The method has previously been used on coals and biofuels 
but in the present PhD work is expanded to include waste fuels and ashes. The fuels analysed 
were sewage sludge, straw, refuse derived fuels (RDF), wood and coal. In addition, three fuel 
blends comprising these fuels, with coal as an exception, were combusted in tests where the 
fly ashes were the focus of the investigation. The chemical fractionation on fly ashes was 
made to investigate the possibility of using fly ash to predict the combustion behaviour by 
means of ash characterisation when using fuels/fuel blends which are difficult to characterise. 

The various fuels investigated had very different element compositions and some of them, i.e. 
straw and RDF, are known to cause severe problems during combustion. These problems are 
predominantly caused by alkali chlorides formed in the combustion chamber. Figures 5.3-1 
and 5.3-2 show the results of the chemical fractionation of the fuels. According to the 
fractionation results, straw (class 2 of biomass in chapter 3.6.3) has the characteristics typical 
of a troublesome fuel with high concentrations of alkali and chlorine soluble by water and 
NH4Ac and low concentrations of S available for sulphatation of alkali chlorides. On the other 
hand, the results for RDF (class 4 of biomass in chapter 3.6.3) indicate a less complicated fuel 
with large amounts of hard bound chlorine and alkali in addition to high calcium and sulphur 
concentrations inhibiting alkali chloride formation when combusted. However, this is not the 
case since the chlorine derives from plastics, such as PVC, and is not soluble in acid but very 



36 

reactive during combustion. Sewage sludge has high fractions of water and NH4Ac soluble K, 
Na and Cl indicating a difficult fuel but on the contrary sewage sludge causes no problems in 
the combustion. The principal differences between sewage sludge and average biofuels are the 
high Al, Fe and P concentrations in the sludge. These facts make the chemical fractionation 
method more uncertain for waste fuels compared to biofuels. 

 
Figure 5.3-1: Chemical fractionation analysis results from coal, two municipal sewage sludges, RDF, straw and 
wood pellets. Triangles represent the total concentration of the element in the fuel. 

 
Figure 5.3-2: Chemical fractionation analysis results from coal, two municipal sewage sludges, RDF, straw and 
wood pellets. The leaching result for Cl only includes H2O and NH4Ac. Triangles represent the total 
concentration of the element in the fuel. 
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The fractionation results of the fly ashes were compared with weighed results of the 
fractionations of the pure fuels used to produce the ashes in the combustion tests. In the 
reference case (Ref), straw and wood pellets were co-combusted, in the sludge case wood, 
straw and sewage sludge were co-combusted, and finally in the waste case wood, sewage 
sludge and RDF were used. 

 
Figure 5.3-3: Chemical fractionation analysis results from fuel mixes and their corresponding fly ashes. 
Triangles represent the total concentration of the element in the fuel or ash.  

 

 
Figure 5.3-4: Chemical fractionation analysis results from fuel mixes and their corresponding fly ashes. The 
leaching result for Cl only includes H2O and NH4Ac. Triangles represent the total concentration of the element 
in the fuel or ash.  

The fractionation results of the fuel blends used in the three combustion tests all predict alkali 
chloride problems (Figures 5.3-3 and 5.3-4). However, the results obtained for ashes showed 
that K, Na and Mg were harder bound in the ashes than in the fuel blends. In the sludge and 
waste cases, nearly all the alkali was harder bound after combustion whereas the difference 
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was smaller in the reference case. This is an interesting finding since the sludge and waste 
cases both include the use of municipal sewage sludge which leads to high feeding rates of Fe, 
Al, and P in comparison to the reference case. There were also differences in the solubility of 
Cl. In the reference case all Cl found in the fly ash was water soluble while over 50% of the 
Cl found in the waste case was captured in forms which were neither water nor NH4Ac 
soluble. In the sludge case the Cl concentrations in the fly ash were very low since most Cl 
followed the flue gas out as HCl according to the flue gas analyses. Thus most alkali found in 
the reference fly ash is in the chloride form while most alkali in the other two cases are in 
more stable forms for example as alkali aluminium silicates. These results agree more with 
the actual combustion results in the sludge and waste cases. The sulphur, however, was more 
soluble after combustion in all cases, thus found in different sulphate forms. These results 
imply that in certain cases as for some waste fuels, ash characterisation by chemical 
fractionation is a better alternative than extended fuel characterisation. 

The results from the flue gas analyses made by IACM and FTIR (Figure 5.3-5) prior to the 
convection pass showed that in the reference case the alkali chloride concentration was 
28 ppm. This is too high for a sustainable operation of the boiler. Addition of sewage sludge 
depleted the alkali chlorides totally in favour of HCl in the sludge and waste cases. This could 
be due to reaction 3.7.2-1 (if sulphur is important) or reactions 3.7.1-1 and/or 3.7.1-2 if 
zeolites (aluminium silicates) in the sludge are active in the capture of alkali (K+Na). 

The total flow of Cl coming in with the fuel in the reference case was 65 mole h-1 and nearly 
50% of it was found in the bed ash after combustion. Recalculations of the results in Figure 
5.3-5 gave a Cl molar flow prior to the convection pass of 29 mole h-1 whereas the total molar 
flow in the fly ashes and stack were 14 mole h-1 (Table 4 in Paper III). This showed that 
15 mole Cl h-1 was lost in the convection pass. Further calculations on K gave the same molar 
loss over the boiler, i.e. a KCl loss to the deposit formation on the heat transfer tubes. In the 
sludge and waste cases no Cl was lost in the convection pass and the gaseous Cl in the sludge 
case followed the flue gas out as HCl. Meanwhile in the waste case the largest fraction of HCl 
was captured by the hydrated lime added prior to the bag filter and thus found in the bag filter 
ash. 
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Figure 5.3-5: Concentration of alkali chlorides, SO2 and HCl in the flue gas for the test cases Ref, Sludge and 
Waste in paper III measured prior to the convection pass. Note the different scales for HCl, SO2 and the alkali 
chlorides. 

The deposit formation was also clearly seen on the deposit probe inserted at the entrance of 
the convection section (Figure 5.3-6a). This is in contrast to the sludge case (Figure 5.3-6b) 
where an almost bare steel surface is seen in the picture (a minor fine dust layer was found). 
The deposits in the reference case mainly consisted of K, Cl, Ca and Si but also some Na, S 
and P [75].  

 
Figure 5.3-6a and b: Deposit probes with deposits after the experiments. a; Ref case, b; Sludge case.  

The SEM-EDX analyses on the fuels (Figure S8- S10 in Appendix 1, Supporting information, 
Paper III) confirmed the presence of aluminium silicates containing potassium in the 
investigated sewage sludges but also in the RDF. Clear correlations between Fe and P were 
also seen in the sludges originating from the phosphorus precipitation by ferric sulphate to 
FePO4 in the waste water plant. 

The EDX mappings of secondary cyclone and bag filter ashes from the combustion tests are 
presented in Figures 5.3-7 to 5.3-12. In the reference case needle like crystals of potassium 
sulphate were found in addition to a more diffuse structure containing potassium and chlorine 
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probably caused by condensation of vaporised KCl on the ash particles (Figure 5.3-7). XRD 
analyses (Table 5 in Paper III) failed to identify KCl which also indicates the presence of KCl 
in the form of very small crystallites. However, both KCl and NaCl were found by XRD in 
the bag filter ash of the reference case. The EDX mapping of the reference bag filter ash 
showed evenly distributed K, Na and Cl (Figure 5.3-8) and no K2SO4 was found by XRD. 

 
Figure 5.3-7: SEM-EDX mapping and spot analysis on secondary cyclone ash from the Ref case. 
Picture and nine element maps of the same area. 

 

 
Figure 5.3-8: SEM-EDX mapping bag filter ash from the Ref case. Picture and nine element maps of the same 
area. 

In the secondary cyclone ash from both the sludge and waste cases, clear correlations were 
seen between K, Al and Si (Figures 5.3-9 and 5.3-11) which was also confirmed by XRD 
(Table 5 in Paper III). Furthermore these elements correlated to some extent to P, Ca and Fe, 
but no correlations of K to S or Cl were found in these ashes. 
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In the bag filter ash from the sludge case however, one particle of K2SO4 was found (Figure 
5.3-10 in the lower right corner). In addition, no correlations of S and K were found in the bag 
filter ash from the waste case (Figure 5.3-12). In both these bag filter ashes clear correlations 
of Si, Al, K, P and Fe were seen even though the bag filter ash from the waste case was totally 
dominated by Ca derived from the hydrated lime addition prior to the bag filter. The bag filter 
ash from the sludge case had low Cl concentrations in contrast to the waste case where the 
HCl in the flue gas was captured by the hydrated lime as seen by the correlations between Ca 
and Cl (Figure 5.3-12). 

 
Figure 5.3-9: SEM-EDX mapping and spot analysis on secondary cyclone ash from the Sludge case.  
Picture and nine element maps of the same area. 

 

 
Figure 5.3-10: SEM-EDX mapping on bag filter ash from the Sludge case. Picture and nine element maps of the 
same area. 
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Figure 5.3-11: SEM-EDX mapping on secondary cyclone ash from the waste case. Picture and nine element 
maps of the same area. 

 

 
Figure 5.3-12: SEM-EDX mapping on bag filter ash from the waste case. Picture and nine element maps of the 
same area. 

5.4 Paper IV 

In paper IV fly ashes from co-combustion tests with different bed materials: silica sand, 
olivine sand and Blast furnace slag (BFS) were investigated in addition to the effect of three 
different additives i.e. kaolin, zeolite and sulphur granules. The reason for combustion with 
zeolites as additives was to establish whether alkali capture by aluminium silicates can occur 
in connection to the high zeolite concentrations in sewage sludge. The fuel blend was the 
same in all cases and consisted of 80% wood pellets and 20% straw pellets calculated on 
energy basis. This fuel mix was chosen to build up a high alkali and chlorine concentration 
during the combustion. Table 4.2-1 gives the fuel element composition. 

Both the additives and the different bed materials used had a great impact on the boiler and fly 
ash composition (Table 5.4-1). The decreased presence of quartz (SiO2) in the olivine and 
BFS cases did not influence the Si concentrations in the bag filter ash and had just a minor 
influence on the secondary cyclone ash. Meanwhile the concentrations of Si in the bed ash 
were significantly reduced. The Mg, however, increased in all the ashes from these cases, as 
did the Fe in the olivine case and the Ca in the BFS case.  
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Table 5.4-1: Concentration of main elements in ash samples from the combustion tests. 
Ash analysis;  main elements (g kg-1 dry ash)

Ref Olivine BFS Kaolin Zeolite Sulphur
Bed Sec.cyc Bag fil. Bed Sec.cyc Bag fil. Bed Sec.cyc Bag fil. Bed Sec.cyc Bag fil. Bed Sec.cyc. Bag fil. Bed Sec.cyc.Bag fil.

K   13     53     90     8.3     43     77   12     17     53   11     60     96   15     61     91   14     51     63
Na     1.0       5.4       6.2     0.6       5.6       4.2     3.6       4.3       3.9     0.4       2.4       3.2   13     22     90     0.9       3.8       5.6
Al     2.4     21     11     1.1     43       9.0   62     51     45   15     93   110   13     46   119     3.5     15     18
Si 490   267     96 190   172     77 170   157   127 480   240   169 420   265   159 440   323   107
Fe     4.7     27     20   46     63     23    7.0      2.9       9.8     7.0       8.5       8.7     3.3     10       2.4     4.6     10     12
Ca   16     79   157   11     94   129 220   186   205   13     72   110   12     60     31   16     51   146
Mg     3.0     12     31 280     92     99 100     82     67   31     13     18     2.4       8.0       3.0     6.7     14     26
P     1.1     16     20     1.0     17     11     0.6       1.4       4.7     0.6       3.2       9.0     1.4       7.8       3.1     1.1       6.9     13
Ti     0.7       1.6       1.6     0.07       2.6       0.5   12       9.8       7.4     0.0       0.4       0.3     0.6       1.0       0.2     0.8       1.0       0.8
S     0.4       6.4       0.5     0.2       6.4     28     8.4       8.9     29     0.4       2.7       8.4     0.2       8.8       8.8     0.2       6.2     75
Cl  < 0.1       4.0     68  < 0.1       0.0     98     0.2       0.9     32  < 0.1       2.1     24  < 0.1       2.0      24  < 0.1       2.2     32  

The flue gas measurements by IACM and FTIR showed that both the KCl and HCl 
concentrations before the convection pass increased when silica sand was exchanged for 
olivine sand (Figure 5.4-1). However, the BFS also reduced the alkali chlorides to some 
extent. Both in the kaolin and zeolite cases the presence of alkali chlorides in the gas phase 
was suppressed in favour of the HCl due to absorption of alkali metal ions in the silicate 
structure. For the sulphur case, the SO2 concentration in the flue gas was very high which led 
to a sulphation of the alkali chlorides to alkali sulphates and hence a lower concentration of 
alkali chlorides. 

 
Figure 5.4-1: Flue gas concentrations of gaseous HCl, SO2 and alkali chlorides measured before the convection 
pass. Note the different scales for HCl, SO2 and the alkali chlorides. 

The alkali concentrations in the boiler were doubled in the zeolite case due to the high Na 
content in the zeolites. This case also had the greatest deposit formation according to 
Elled et. al. [74]. The deposits consisted of Si, Al, Na and K in concentrations similar to the 
added zeolites with the exception of K. This and the fact that the same elements dominated 
the bag filter ash (Table 5.4-1), also confirmed by SEM-EDX, show that a fraction of small 
zeolite particles followed the flue gas capturing some K on the way and resulting in a minor 
effect on alkali chlorides for this test case (Figure 5.4-1). The zeolite particles also partly 
deposited on the heat transfer surfaces. In addition, Table 5.4-2 shows that much of the K, Na, 
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Ca and Al introduced to the boiler in the zeolite case were missing in the outflows due to the 
buildup of deposits. However, all the cases investigated here were afflicted with minor to 
major deposit formation [90]. 

Table 5.4-2: Element balances over the boiler and element distribution in the ashes for the various combustion 
cases 
Case Ref Olivine BFS Kaolin Zeolite Sulphur Case Ref Olivine BFS Kaolin Zeolite Sulphur
wt-% Total molar flow in ash h-1

Kout Kin
-1     76.4   48.4   79.3  125.1   40.7   76.4 K   50.1   31.4   65.4   80.7   42.7   42.9

Naout Nain
-1   191.0 117.0   86.0  142.6   26.0 169.0 Na     7.1     4.2   28.5     5.1   60.9     4.9

Caout Cain
-1   143.0 104.0   96.8  199.9   35.6 132.9 Ca   65.8   48.6 873.0   92.5   21.4   49.8

Alout Alin
-1 1015 755.8 102.8    52.3   30.6 1076.6 Al   17.2   15.0 363.0 158.5   71.9   16.6

Sout Sin
-1     88.9   62.6   74.3  103.4   90.2   83.2 S     9.0     6.3   56.2   10.5   11.1 106.0

Clout Clin
-1     71.3   78.4   88.6  139.9   70.9 105.1 Cl   14.3    15.5   18.2   28.0   23.2   21.1

Sec. cyclone (wt-% of tot out) Sec. cyclone (mole h-1)
K   28.3   23.2   40.8   44.2   22.7   31.2 K   14.2     7.3   26.7   35.7     9.7   13.4
Na   34.6   37.8   41.2   47.5     9.7   34.1 Na     2.5     1.6   11.7     2.4     5.9     1.7
Ca   31.1   31.9   33.3   45.1   43.5   26.2 Ca   20.5   15.5 290.7   41.7     9.3   13.0
Al   46.8   70.1   32.6   50.5   14.6   34.6 Al     8.1   10.6 118.2   80.1   10.5     5.7
S   23.0   21.1   31.0   18.6   15.4     1.9 S     2.1     1.3   17.4     2.0     1.7     2.0
Cl     8.2     0.1     8.7     4.9     1.5     3.1 Cl     1.2     0.02     1.6     1.4     0.4     0.7
Bag filter (wt-% of tot out) Bag filter (mole h-1)
K     9.0   18.7   12.0   41.8   71.3     7.8 K     4.5     5.9     7.9   33.7   30.4     3.3
Na     7.4   12.7     3.5   37.4   84.1   10.4 Na     0.5     0.5     1.0     1.9   51.2     0.5
Ca   11.6   19.6     3.4   40.7   47.2   15.1 Ca     7.6     9.5   29.8   37.7   10.1     7.5
Al     4.5     6.6     2.7   35.3   80.9     8.1 Al     0.8     1.0     9.7   56.0   58.1     1.3
S     0.3   41.0     9.5   34.2   32.2     4.5 S     0.0     2.6     5.3     3.6     3.6     4.8
Cl   26.1   53.3   29.8   33.3   38.4     9.1 Cl     3.7     8.3     5.4     9.3     8.9     1.9
Bottom bed (wt-% of tot out) Bottom bed (mole h-1)
K   62.7   58.1   47.2    14.1     6.0   61.1 K    31.4   18.2   30.9   11.4     2.6   26.2
Na   58.0   49.5   55.3   15.1     6.2   55.5 Na     4.1     2.1   15.8     0.8     3.8     2.7
Ca   57.3   48.5   63.3   14.2     9.3   58.7 Ca   37.7   23.6 552.6   13.1     2.0   29.2
Al   48.7   23.3   64.8   14.2     4.5   57.3 Al     8.4     3.5 235.1   22.4     3.2     9.5
S   13.1     8.1   46.9     4.7     0.4     0.5 S     1.2     0.5   26.4     0.5     0.05     0.5
Cl     1.9     1.6     1.6     0.4     0.1     1.0 Cl     0.3     0.2     0.3     0.1     0.02     0.2
Flue gas (wt-% of tot out) Flue gas (mole h-1)
S   63.5   29.7   12.6   42.6   51.9   93.1 S     5.7     1.9     7.1     4.5     5.8   98.7
Cl   63.8   45.0   59.9   61.4   60.1   86.8 Cl     9.1     7.0   10.9   17.2   13.9   18.3  

As mentioned, most alkali and Al in the zeolite case were found in the bag filter ash. 
However, in the kaolin case these elements were mostly found in the secondary cyclone ash. 
The reason for this is probably that the kaolin clay particles used in the test were larger sized 
particles, thus captured by the cyclone and returned to the bottom zone of the riser. The 
zeolites, however, consisted of a fine dust like powder. The difference between these two 
combustion cases would probably have decreased if zeolite granules had been used instead of 
a zeolite powder. On the other hand, the zeolite powder used (Doucil 24A) is identical to the 
powder used for the manufacturing of phosphorus free washing powder. However, both types 
of aluminium silicates i.e. zeolites and kaolin captured potassium during combustion.  

The XRD results revealed that all fly ashes, except the BFS secondary cyclone ash and the 
zeolite ashes, contained KCl (Tables 7 and 8 in Paper IV). In the fly ashes from the olivine 
and BFS cases, calcium-aluminium-silicates and different Mg compounds were found. The 
kaolin and zeolite fly ashes were dominated by different aluminium-silicates as expected and 
in the sulphur case potassium-sulphates, potassium-carbonates, and potassium-sodium-
sulphates were found. 
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The chemical fractionation showed that all the investigated elements except K were harder 
bound in the BFS fly ash compared to the reference fly ash. This is in contrast to the olivine 
fly ash where most elements were more soluble (Figure 5.4-2). Much of the K and Al leaving 
the boiler in the BFS case were found in the secondary cyclone and bed ash (Table 5.4-2). 
Thus the potassium was probably captured in the BFS bed material by the aluminium silicates 
in the slag similar to the capture by kaolin. Neither silica sand nor olivine sand contains any 
significant amounts of aluminium silicates (Table 4.2.2-1).  

 
Figure 5.4-2: Chemical fractionation analysis results of the fly ashes from the combustion tests with different 
bed materials. Percentage found in the four fractions: H2O, NH4Ac, HCl and solid rest. 

 
Figure 5.4-3: Chemical fractionation analysis results of the fly ashes from the combustion tests with different 
additives. Percentage found in the four fractions: H2O, NH4Ac, HCl and solid rest. 

In the kaolin and zeolite cases, the alkali was harder bound in the fly ashes than in the 
corresponding ashes from the reference case. The case with sulphur addition produced fly 
ashes with more soluble alkali species on the other hand (Figure 5.4-3). Thus most alkali 
found in the kaolin and zeolite fly ash is in forms other than sulphates or chlorides, probably 
aluminium silicates. According to the results in Paper III, a more stable fly ash implies fewer 
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problems with deposit formation and bed agglomeration, thus promoting the BFS bed 
material and the addition of Kaolin to reduce such problems.  

 
Figure 5.4-4: SEM-EDX mapping and spot analysis recalculated as oxides (except for chlorine) in wt-% on fly 
ashes of the Ref case. 

The more in-depth investigation of the chemical composition of the fly ashes by SEM-EDX 
confirmed the results discussed above. The main results for the reference case, which was the 
same as the reference case mentioned in Paper III, were that KCl and K2SO4 were found in 
the secondary cyclone ash and that KCl and NaCl dominated the alkali metal chemistry in the 
bag filter ash. This is due to the fact that the filter ash had much greater Cl concentrations than 
the secondary cyclone ash. The EDX analyses confirmed this since needle like crystals 
containing S, K and Ca were found by element mapping on the secondary cyclone ash. 
According to the spot analysis they also contained Si (Figure 5.4-4, spots 1 and 6). 
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The results from the bag filter ash gave very much the same picture as the secondary cyclone 
ash with the exception that high concentrations of Cl were found both in the mapping and spot 
analyses which correlated very well with K, Spots 2, 3 and 5. These results support the 
chemical fractionation results of the presence of reactive alkali chlorides and the gas phase 
concentrations of alkali chlorides shown in Figure 5.4-1 for the olivine test case. 

Figure 5.4-5: SEM-EDX mapping and spot analysis recalculated as oxides (except for chlorine) in wt-% on fly 
ashes of the olivine case. 

Figure 5.4-5 shows the EDX mappings and spot results on the fly ashes from the olivine case. 
The bright particle in the Al map correlates to Spot 3 (see result of spot analysis at the bottom 
of Figure 5.4-5) and is a particle with very high Al concentration. Since the brightness of the 
light points showing the presence of a specific element in a mapping is normalised to the 
intensity of the high concentration points, the intensity of the rest of the map is reduced. This 
can obstruct the mapping results and make it difficult to evaluate the element concentrations. 
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Therefore, the mapping results can only be used to investigate co-occurrence of elements. 
Clear correlations between Al, Si and K were seen in the olivine case maps and this was 
confirmed by the spot analyses, i.e. spot 1. The results further showed that K was found 
together with Mg, Ca and Fe. Crystals, similar to the crystals found in the reference case, 
were also found in some samples containing S, K and Ca. However, these crystals were more 
robust than those found in the reference case (Figure 5.4-6 a and b).  

 

 
Figure 5.4-6a, b: SEM picture of secondary cyclone ash from a; Ref case b; olivine case showing crystals 
containing S, K and Ca and spot analysis on the olivine crystals recalculated as oxides (except for chlorine) in 
wt-% 

The EDX element maps for the ashes from the BFS case showed that the elements were 
evenly distributed in all particles (Figure 5.4-7). This ash had the largest mass flow among the 
investigated secondary cyclone ashes and consisted mainly of fragmented bed material 
containing Si, Ca, Mg and Al. K correlated well with these elements emanating from the bed 
material and with S in some small particles. BFS is the only bed material containing Ca. The 
high concentration of Ca promotes formation of CaSO4 which can suppress the sulphation of K. 

In the bag filter ash from the BFS case, K had clear correlations to S and Cl which were seen 
both in the maps and spots (Figure 5.4-7). However, according to the chemical fractionation 
(Figure 5.4-2 and Figure 5 in Paper IV) and the ash analysis (Table 5.4-1), this ash has the 
lowest K and Cl concentrations among the three bag filter ashes. As much as 50% of the S 
found in the fly ash fraction is hard bound in the ash, thus not found as alkali sulphate. 

. 
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Figure 5.4-7: SEM-EDX mapping and spot analysis recalculated as oxides (except for chlorine) in wt-% on fly 
ashes of the BFS case. 

The EDX results from the secondary cyclone ash from the kaolin addition give clear 
correlations between K, Al and Si, spot 2, 5 and 6 in Figure 5.4-8. One small particle 
containing Si, S, K, Al and Ca was also found, spot 4 and some correlations of K and Cl. The 
bag filter ash in the kaolin case resembled the secondary cyclone ash and most K was found 
together with aluminium silicates, but also with S and Cl. These results are in agreement with 
previously published results showing that kaolin captures potassium species both by 
adsorption i.e. physically, and by reaction i.e. forming potassium aluminium silicates [66, 67]. 
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Figure 5.4-8: SEM-EDX mapping and spot analysis recalculated as oxides (except for chlorine) in wt-% on fly 
ashes of the kaolin case. 

The EDX results for ashes from the zeolite case indicated the same correlations between K, 
Al and Si (Figure 5.4-9) as for the ashes from the kaolin case. The main differences were the 
increased Cl, Al and Na concentrations in the fly ash in the zeolite case and the lower Ca 
concentration (Figure 6 in Paper IV). However, the secondary cyclone ash contained similar 
crystals of S, K and Ca as found in the reference case and also spherical particles containing 
Ca, Si, Mg and Al. These may be remnants of zeolite particles in which Na has been 
exchanged for Ca and Mg [15]. 

The bag filter ash was dominated by zeolite particles containing Al, Si and Na, which had 
followed the gas stream immediately when introduced to the boiler (Figure 5.4-9). However, 
K from the gas phase had been captured to some extent by the zeolites and was evenly 
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distributed over the sample. Correlations with K, S and Cl were also found as some small 
particles as were Na and Cl. 

 

 
Figure 5.4-9: SEM-EDX mapping and spot analysis recalculated as oxides (except for chlorine) in wt-% on fly 
ashes of the zeolite case. 
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Figure 5.4-10: SEM-EDX mapping and spot analysis recalculated as oxides (except for chlorine) in wt-% on fly 
ashes of the sulphur case. 

The EDX mapping results for ashes from the sulphur case showed needle like crystals similar 
to those found in the reference case containing K, S and Ca (spot 3, Figure 5.4-10). In spot 1, 
Na, Al, Si and K were found and in spot 6 Al, Si and K. These results were supported by the 
XRD analysis (Table 8 in Paper IV). 

The bag filter ash contained high concentrations of sulphur (Table 5.4-1), which was also seen 
by the EDX. S correlated mainly with K and Ca but also with Si and Fe (spots Figure 5.4-10). 
In addition, Na correlated to Al and Si as seen in the maps. 
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6. Discussion and Conclusions  

6.1 Phosphorus recovery from sewage sludge, Papers I and II 

Sewage sludges have been and are still to some extent used as fertiliser in the food production 
industry. However, contamination with metals and pathogens on arable land has led to stricter 
legislation concerning fertilisation using sludge. Combustion of the sewage sludge destroys 
pathogens and organic pollutants. In addition, fly ashes from co-combustion of municipal 
sewage sludge and wood have a good nutrient composition of P, K, Ca, Mg and Mn. 
However, since N is lost to the gas phase during combustion and most of the potentially 
harmful metals from the sewage sludge are enriched in the fly ash fractions, they are most 
unsuitable for direct use as fertilisers. 

The results obtained in this work have, however, shown that by leaching the fly ashes with 
sulphuric acid at low pH most of the nutrients can be extracted, whereas only a minor part of 
the metals are dissolved in the leachate with Cd as an exception. The extraction of Cd in the 
leachate makes a decadmiation process necessary if the leachate is to be used either as 
fertiliser directly or as raw material in the phosphorus industry. However, most of the 
worldwide reserve of phosphorus rock also has too high concentrations of Cd to be used 
without decadmiation. In the near future, the low-Cd-phosphate rock used today for low-Cd-
fertiliser production will be depleted and the phosphorus industry will be forced to apply 
decadmiation processes to reach future standards for P-fertilisers. This promotes the use of 
sewage sludge ashes as phosphorus source to the phosphorus industry in the future. There are 
several advantages with utilisation of sewage sludge ashes versus phosphate rock, such as: 
decreased cadmium leakage to the ecosystem, no mining costs, no additional waste fractions 
such as radioactive gypsum, utilisation of the energy in the sludge and no net addition of 
phosphorus to the water ecocycle. 

6.2 Characterisation of fuels and fly ashes by chemical fractionation, Paper III 

Chemical fractionation has proven valuable in fuel characterisation of coals and many bio 
fuels and mixes of these fuels. The method predicts the amount of reactive alkali and chlorine 
released during combustion, causing deposit formation and/or bed agglomeration which was 
also proven in this investigation. However, the results in this work show that the method is 
unsuitable for waste fuels, such as sewage sludge and RDF. This is due to the fact that these 
fuels have different characteristics caused by the presence of plastics and other materials 
containing alkali and chlorine in forms that are not soluble by water and NH4Ac but are still 
reactive in combustion. 

The chemical fractionation of the fuels: coal, sewage sludge, RDF, straw and wood, gave the 
result that coal was the most stable fuel and straw the most reactive as was expected. The 
waste derived fuels sewage sludge and RDF were more difficult to predict. The fractionation 
results of these fuels were rather similar with the exception of the high concentration of acid 
soluble P and the large amount of aluminium silicates in the sludges in addition to the high 
concentrations of Na and Cl, of which 50% were water soluble, in the RDF. Both fuels had 
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high Ca, Al and S concentrations in contrast to the straw and wood fuels. The fractionation 
results indicated that the waste derived fuels could cause problems during combustion, 
although not to the same extent as straw. However, experiences from combustion tests 
showed that RDF is quite as reactive as straw in the combustion, whereas sewage sludge 
causes no problems at all with agglomeration, deposit formation or corrosion. On the 
contrary, co-combustion of a troublesome fuel like straw with sewage sludge reduces the ash 
related problems significantly [91]. 

The IACM and FTIR analyses made up-stream the convection pass and the ash analyses 
showed that 50% of the KCl in the flue gas was lost as deposits in the convection pass in the 
reference case. In the sludge and waste cases no KCl at all was detected in the flue gas prior 
to the convection pass and no Cl was lost during the combustion, but found in the ash or in the 
exit gas as HCl. SEM-EDX and XRD showed that the potassium in the sludge and waste 
cases was captured as K-aluminium silicates and according to the spot analysis also associated 
with Fe, Ca and P. This was not confirmed by XRD where calcium silicates, calcium 
aluminium silicates, calcium iron phosphates were instead proposed. This concludes that the 
major part of the potassium was captured by aluminium silicates derived from the sewage 
sludge, probably in the zeolite particles remaining in the sludge from detergents in the waste 
water. 

In this work the chemical fractionation method was further developed for characterisation of 
fly ashes. Fractionation of fly ashes can be used as a complement to or a replacement for fuel 
fractionation. The chemical fractionation of fly ashes reveals whether the elements have 
formed reactive compounds as alkali chlorides and sulphates or more stable compounds as 
potassium aluminium silicates in the combustion. The method of fly ash fractionation is more 
promising for waste derived fuels than fuel fractionation because of the various materials in 
these fuels as mentioned above. The drawback with chemical fractionation on fly ashes is the 
lack of information on the bed ash and agglomeration tendencies in addition to the problem 
with the production of fly ashes for the characterisation. A solution to these problems might 
be a small laboratory research reactor similar to the reactors used in [48, 66, 67, 92] producing 
ashes from combustion of the fuels of interest at similar combustion conditions as in real 
utility boilers where the fuel is proposed to be utilised.  

6.3 Chemical fractionation applied on fly ashes from co-combustion with different alkali 
reduction methods, Paper IV 

Changing the bed material from quartz to olivine sand failed to reduce the concentration of 
KCl in the flue gas. Instead, in the olivine case more gaseous KCl was found in the flue gas 
prior to the convection pass than in the reference case. As much as one third of the gaseous 
KCl in the olivine case was lost as deposits in the convection pass. Silica sand used as bed 
material in the reference case is known to capture K in the bed by formation of potassium 
silicate rich surface layers on bed material particles. However, also in the olivine case 
discussed here more than 50% of the K collected in the ashes was found in the bed ash formed 
through the melting of fuel ash particles originating from the straw used in the fuel blend.  
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The test with blast furnace slag as bed material revealed that this type of material also retained 
a large fraction of K and Na in the bed ash. However, significant amounts of alkali metals 
were also found in the secondary cyclone ash as aluminium silicates, sulphates and chlorides. 
According to the chemical fractionation results and the gas analysis, the BFS bed material 
reduced the amount of reactive alkali to some extent compared to silica sand. 

Both kaolin and zeolite addition to the combustion zone reduced the amount of reactive alkali 
species by capturing them in aluminium silicates. The zeolite addition would probably have 
had a larger impact on the combustion if zeolite granules had been chosen instead of zeolite 
powder. The powder failed to mix properly with the fuel but followed the flue gas and was 
collected in the bag filter. Despite this, much potassium was found associated with the 
zeolites. Thus zeolites in sewage sludge have the ability to capture potassium during the 
combustion which explains the lack of deposits in the combustion cases with sewage sludge 
as co-fuel. 

The sulphur addition also reduced the levels of alkali chlorides in the flue gas by sulphation, 
i.e. formation of alkali sulphates. Similar results have also been reported by others. In this 
case, most Cl and S left the boiler as HCl and SO2. 

6.4 Pathways for potassium 

 
Figure 6.4-1: Possible potassium compounds formed at different combustion environments. 

As discussed in this thesis alkali is of great concern in the combustion of biofuels and waste 
fuels. Most K and Na in these fuels are available and reactive in the combustion environment 
and react with different compounds or elements during the combustion process. The fate of 
the alkali is very much determined by the type of bed material, flue gas composition, particle 
size of other ash particles and temperature. Figure 6.4-1 shows (with potassium as an 
example) which alkali compounds that are formed when there are high concentrations of Cl or 
SO2, no Cl or SO2 and when sewage sludge is added to the combustion. In the case of sewage 
sludge addition, two pathways are possible: zeolites i.e. capture of K by aluminium silicates 
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or by P and Ca and also possible by Fe. However, the results in this research show that 
potassium is captured by aluminium silicate in the combustion, whereas the results for capture 
by P, Ca and Fe are not as clear. Even if no particles consisting of these elements alone were 
found, no clear result contradicting this pathway was found either. 

 

7. Future work 

The results obtained in this work have shown that chemical fractionation is valuable for the 
prediction of alkali related problems in combustion with different coals and many biomasses 
and fuel mixes. However, for some fuels i.e. waste derived fuels, the method has 
discrepancies. For these fuels fractionation of fly ashes is of interest but the method is limited 
concerning the chemistry in the bed and the ash production. An evaluation of suitable 
laboratory reactors for production of ashes by combustion of these fuels is needed together 
with comparisons of the laboratory produced ashes with ashes from utility boilers. In addition, 
it would be interesting to conduct an evaluation of chemical fractionation on the bed ash as a 
complement to the fly ash fractionation.  

An alternative to chemical fractionation on waste derived fuels could be to develop a new 
fractionation method adapted to these fuels with different solvents suitable for plastics and 
other waste fractions. The group of waste derived fuels is on the increase and the need for 
predictive tools is urgent. Further research is needed within this area. 
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