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Abstract 

The efficient use of resources and sustainable recovery of various materials 
are important to minimize the anthropogenic impact on the climate and 
environment. One such resource is the phosphorus present in manure and 
sewage sludge. Various technologies are currently being developed to 
recover the phosphorus for the use of fertilizers in agricultural 
applications. Thermochemical conversion presents an opportunity to 
recover energy from these materials. At the same time, elements can be 
recovered in ash fractions, potentially harmful organic substances can be 
destroyed and heavy metals fractionated from the P. Mono-combustion 
of sewage sludge mainly produce apatite, which is not plant available and 
useful for fertilization. Co-combustion/-gasification with other fuels 
enables modification of ash transformation pathways and also remedy 
potential problems, such as bed agglomeration, associated with e.g. 
agricultural residues used as fuels. This thesis aims to increase the current 
knowledge in ash transformation of phosphorus-rich materials in co-
combustion/-gasification with woody and agricultural fuels in process 
temperatures relevant for fluidized bed systems. The work focuses on i) 
possibility for formation of plant-available K-bearing phosphates ii) the 
effect of fuel ash composition and chemical association of P in the fuel on 
the distribution and speciation of P and iii) interaction of P-rich ash with 
bed material in fluidized beds. 

Experiments were carried out in bench-scale bubbling fluidized bed 
(BFB), macro-TGA (thermogravimetric analysis) combustion reactors 
and a dual fluidized bed (DFB) gasification reactor. Fuels studied were 
mixtures of chicken litter together with wheat straw and bark, and 
mixtures of digested sewage sludge combined with wheat straw and 
sunflower husk. Ash fraction and bed materials were collected and 
analyzed using ICP-OES/MS, SEM-EDS and XRD techniques. 

For the mixture of chicken litter and K- and Si-rich wheat straw, 
combusted in BFB, P and Si together with K and Ca formed 
homogeneous ash particles with large amounts of potentially amorphous 
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content. A similar behavior was observed in sewage sludge and wheat 
straw mixtures where P and Si were likely present in a melt that is 
amorphous after extraction. In addition to these particles, P was also found 
in crystalline compounds such as hydroxyapatite, whitlockite and 
CaKPO4. For mixtures with Ca-rich bark, most of the phosphate formed 
was in the form of hydroxyapatite. In the interaction of ash with bed 
material, P captures Ca and K in phosphates, decreasing the interactions 
of these elements with the bed material, and thus can decrease the risk for 
bed agglomeration. 

The findings show that it is possible to modify the ash transformation of 
P towards K-bearing phosphates by co-combustion. Furthermore, they 
suggest that it is possible to recover most of the phosphorus in coarse ash 
fractions through co-combustion of P-rich materials with agricultural 
fuels. This means that P and volatile heavy metals can be separated into 
different ash fractions. This also increases the possibility of utilizing 
existing boilers for recovery of P as well as increased their flexibility to 
different fuels. To further validate the agricultural value of the produced 
ashes, plant growth studies have to be performed. 
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Chapter 1 

1 Introduction 

Globally, there are many environmental challenges. Anthropogenic 
caused global warming1 and unsustainable use of resources are some of 
them. Mitigation of CO2 emissions has been on the international agenda 
for decades. These emissions are highly linked with the usage of fossil fuels 
in power production, transportation and industries. There are several ways 
to reduce them, e.g. renewable energy resources such as solar, wind and 
hydro power. Another one is the replacement of fossil fuels with biomass 
alternatives in thermal conversion technologies. 

Biomass fuels are wide in their definition and can generally be described 
as fuels with a recent biogenic origin. There is a large regional and local 
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availability of different fuels. In Sweden, forest biomass such as stem 
wood, bark or logging residues are common for power and heat 
production. Globally, agricultural residues such as straws, other harvest 
residues and food processing by-products are common2. Apart from 
differences in their physical appearance, the composition and 
concentration of inorganic elements vary to a large extent. 

In addition to the conventional plant-based biomass fuels, there are also 
derived materials that could be considered as fuels such as slaughter wastes, 
manures or sludge from industrial processes.  

Main ash forming elements in biomass 

Since biomass fuels originate from a variety of sources, their inorganic 
content also varies to a large extent. The inorganic elements have 
functions in enzymes, cell walls and membrane structures among other 
things. Processed biomass derived from waste or industrial sources can also 
have inorganic elements associated to processing methods. This means 
that the composition of inorganic elements depends not only on species 
or material, but also on specific parts (e.g. twigs, shoots or seeds), 
environmental factors (soils, vicinity to the sea or harvesting methods). 
These inorganic elements will contribute to ash formation. In addition to 
their absolute amount, the chemical association and chemical form of 
these elements will dictate their reaction potential. These forms can 
largely be divided into; salts (e.g. KCl, Na2SO4), organically bound to the 
carbon matrix (e.g. metalloenzymes), included minerals (e.g. apatite & 
phytoliths) and adventitious minerals (e.g. contamination from the soil 
during harvest or transportation such as quartz and feldspars)3. 
Adventitious minerals are generally regarded as less reactive3. For solid 
biofuels, the main ash forming elements are K, Na, Ca, Mg, Fe, Al, Si, P, 
S and Cl. 

Woody type biomass, such as stem wood and bark, can be characterized 
by relatively large amounts of Ca and, to a minor extent K4. The Ca is 
present to a large extent in the form of Ca-oxalate particles in bark5. 

Agricultural biomass has a more diverse inorganic composition. Straw 
type herbaceous biomass generally consists of high amounts of Si together 
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with K. Other types can have high P, K or Mg contents depending on if 
it is derived from seeds, grasses, shells or husks4. 

Ash formation and transformation in biomass thermal 
conversion 

At elevated temperatures in oxidizing or reducing conditions, the biomass 
will undergo chemical reactions. The inorganic elements will react with 
each other to various degrees and form chemical compounds. Easily 
volatilized elements can form gaseous compounds that can further interact 
with other elements or leave the hot zone to condense in colder regions. 
These reactions can be summarized in ash transformation reactions. 
Kinetic and thermodynamic forces, together with mass transfer 
limitations, will determine how and in which chemical forms these 
interactions will happen. For biomass, these reactions can be described 
and conceptually explained through primary, secondary and tertiary 
reactions6,7. In combustion conditions, primary reactions refer to the 
initial formation of oxidized forms of the included elements. Secondary 
reactions are the subsequent interaction between these oxidized forms. 
Tertiary reactions are the subsequent interactions to form more complex 
compounds. The driving forces for these interactions are the increased 
chemical stability of formed compounds at the specific local elemental and 
temperature environment. Minerals already present in the unconverted 
fuel might exist in already stable phases and undergo little or no change 
during conversion. 

Phosphorus and importance of recovery 

Phosphorus is widely abundant in the global ecosystem. It is one of the 
essential macronutrients important for plant growth8. As a building block 
in biological systems it exist as e.g. the backbone of DNA, forming 
phospholipids in cell membranes and together with Ca the mineral 
structure for bones. Today, P for plant growth is mainly mined as mineral 
apatite rock ores and processed into mineral fertilizers such as phosphoric 
acid and calcium superphosphate. Manures from animal farming are also 
used for P addition in farming. The annual demand in 2020 is calculated 
to 63 million tons of P2O5-equivalent P9. Since it is a finite element, and 
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its future availability, it has been highlighted a critical element within the 
EU10 and one of the planetary boundaries for a sustainable future11. 

P also contribute to eutrophication in aquatic ecosystems, where farming 
and subsequent leaching into nearby waters is the main factor11,12. P in the 
form of manures can be locally abundant, but with limited usage in the 
nearby farmable land, thus making them into waste problems13,14. 

Recovery of P has, in addition to resource efficiency, potential 
environmental and health benefits15. By the year 2030 17-31 % of the 
mining-derived phosphorus fertilizers inside the European Union (EU) 
could be replaced by recovered P from biogenic sources16 if waste 
management, circular economy policies and agricultural stewardship are 
employed.  

Speciation of P in manure and sewage sludge 

As described earlier, the association of inorganic fuel elements determines 
the propensity for ash transformation reactions to occur. In the recovery 
of P it is important to understand the properties of the fuel, especially the 
association of fuel elements that are interesting for recovery. 

Digested sewage sludge is one of the materials emitted from a wastewater 
treatment plant (WWTP), the others being biogas for power and heat 
production and purified effluent water. In the treatment process, various 
techniques are used and chemicals added to aid the purification process. 
Iron (II&III) salts such as the chloride or sulfate can be used for 
precipitation of P. Also Ca and Al compounds are used for the same 
purpose. In addition, polyaluminium chloride can be added as a flocculant 
for the coagulation of microscopic particles. This, in turn, means that the 
P will be associated with Ca, Fe and Al, mainly in the form of 
orthophosphates17–19. To some extent these phosphates can also bond to 
organic structures20. The average and range of ash forming elements for 
48 Swedish SS21 can be found in Table 1. Elemental composition is given 
as mean and range values for 48 Swedish SS21. As can be seen in the table 
the variation of Si, Ca, Al and Fe can vary videly. 
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Table 1. Elemental composition is given as mean and range values for 48 Swedish SS21.

Element Mean (range) wt-%
dry substance 

Si 4.5 (1.6-15) 
P 2.7 (1.1-5.5) 
K 0.44 (0.07-1.2) 
Na 0.35 0.08-3.0) 
Ca 2.8 (0.62-19) 
Mg 0.34 (0.08-0.63) 
Al 4.0 (0.68-9.2) 
Fe 4.9 (0.44-15) 
S 0.9 (0.42-2.6) 
Cl n.a.

For manures, the variation is mainly related to animal species and feed 
formulation. Chicken and other poultry have P associated with organic 
structures to a larger extent than in lignocellulosic biomass22. Layer hens 
litter contain less organically associated P, while chicken litter contains 
larger amount (average 50 %, up to 75 %). The organic species are of 
phytate- and phospholipid-types. For other animals, such as cattle and 
pigs, the manure P is generally lower and, to a larger extent, associated 
with inorganic structures22. 

Ash related problems and solutions in 
thermochemical conversion of biomass 

The ash also forms ash related problems in thermochemical conversion 
systems. In fixed bed combustion, slagging is of main concern for the 
operation of boilers23. The problem arises from the formation of mainly 
alkali silicates with low melting temperatures. This is especially 
pronounced for agricultural fuel ashes rich in Si and K, such as straws, but 
also occurs in the combustion of woody type fuels24. For fluidized bed 
systems, bed agglomeration is one major concern23. The agglomeration 
arises in different ways, either through the formation of sticky ash that 
subsequently agglomerate the bed material or through ash interacting with 
the bed material through chemical reactions on the bed particle surface25. 
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Layer formation on especially quartz bed particles can lead to bed 
agglomeration and has therefore been studied in detail26,27. Layer 
formation studies on other potential bed materials such as K-feldspar have 
also been performed28. 

Problems can be mitigated through a change of bed materials29 and co-
combustion with other fuels such as SS to change the ash transformation30–

33

Thermochemical methods for recovery of P 

Several different thermal conversion methods have been described for 
recovery of P from manures and SS34, such as pyrolysis35–37, mono-
combustion off SS, followed by post-treatment of the ash38,39. Mono-
combustion of SS mainly forms P as apatite or Fe-bearing whitlockite, 
largely unavailable to plants34. The AshDec process uses a thermal post-
treatment with Na and K salts to transform the Ca-orthophosphates into 
mixed alkali and alkaline eath phosphates (e.g. CaKPO4 and 
CaNaPO4)40,41. Plant-available phosphates have also been shown to exist 
in co-combustion of SS and wheat straw42. These thermal processes also 
present an opportunity for destroying possible organic pathogens and 
toxins within the SS in addition to the fractionation of volatile heavy 
metal species34,43.  In recently published articles44,45, mixed phosphates of 
K and Ca are found to be produced in co-combustion of P-rich biomass 
and agricultural residues, although the trend seems to be that they are 
formed to a larger extent at higher temperatures (1100-1200 °C compared 
to 800 °C). 

Co-combustion of P-rich biomass with K- and Si-rich fuels present an 
opportunity for P-recovery from the ash, but detailed studies regarding 
the ash transformation in fuels and fuel particles are still lacking. 
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Objectives 

The overall aim of the current study was, therefore, to determine the fate 
of P during co-combustion of manure and sewage sludge with K-rich 
agricultural residues and Ca-rich woody biomass in temperatures relevant 
for fluidized bed technologies.  

More specifically, the objectives were to determine the influence of: 

i) co-combustion on the ash transformation of P with special
focus on the possibilities of altering the speciation of P
towards more plant-available K-bearing phosphates,

ii) fuel ash composition and chemical association of P on the
fate of P, and

iii) co-combustion and co-gasification on the ash-bed material
interactions in fluidized beds.
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Chapter 2 

2 Materials and Methods 

This chapter presents the materials used, experimental equipment, 
together with the main analysis techniques used. Further details can be 
found in the associated papers. 

Fuels 

The biomass fuels used in this study represent a wide range of both forest 
and agricultural fuels to P-rich fuels. The fuels used were two different 
types of wheat straw (rich in mainly K and Si), sunflower husk (mainly 
rich in K), bark (rich in Ca), chicken litter (mainly rich in P and Ca) and 
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digested sewage sludge (rich in Ca, Fe, Al, Si and P). The SS used in this 
study originate from SYVAB (south Stockholm region), precipitation and 
coagulation agents were Iron (II) sulfate and polyaluminium chloride. The 
relative amount of aluminium is low for this sewage sludge. The Si 
content of the SS and bark are expected to stem mainly from quartz sand 
impurities via extraneous contamination of the fuels. In the two wheat 
straw fuels, the Si is expected to be finely distributed and highly reactive. 
The major ash forming elements and their concentrations for the different 
pure fuels are presented in Figure 1. They are presented as a fuel 
fingerprint (popularized by Skoglund7) to make it possible for direct 
comparison of molar ratios, simplifying the interpretation for possible 
compound formation. 

Figure 1. Fuel fingerprint of the major ash forming elements for the pure fuels used, 
presented as molar amounts per kilogram of dry fuel. 

Mixtures of these fuels were used to encompass a wide range of variation 
in mainly Ca (+Mg), K (+Na), Si, and P. The idea of the mixing ratios 
were to make mixtures with relative amounts of K, Na, Ca, Mg to P for 
the formation of orthophosphates with them as sole cations. All fuel 
mixtures were co-pelletized before experimental runs. 



Chapter |2 Materials and methods                                                    

11 

Table 2. Overview of used fuels and their abbreviations. 

Fuel/Mixture Abbreviation Used in reactor 

Chicken litter CL BFB & DFB 

Sewage sludge SS Macro-TGA 

Wheat straw I & II WS I & WS II 
BFB, DFB & 
Macro-TGA 

Bark - BFB & DFB 

Sunflower husk SH Macro-TGA 

Mixtures of 10 & 30 
wt-% CL in WS 

CWS10 & CWS30 BFB & DFB 

Mixtures of 10 & 30 
wt-% CL in bark 

CB10 & CB30 BFB & DFB 

Mixtures of 10 & 30 
wt-% SS in WS 

WSS10 & WSS30 Macro-TGA 

Mixtures of 15 & 40 
wt-% SS in SH 

SSH15 & SSH40 Macro-TGA 

 

For paper C the fuels used were pure chicken litter and mixtures of CL 
with wheat straw I and bark. The mixtures were 10 and 30 wt-% of CL 
in WS, 10 and 30 wt-% CL in bark. For paper A, only the 30 wt-% 
mixtures were used and for paper D, only the 30 wt-% bark mixture. In 
the wheat straw mixtures, the interaction between K, Ca, Si and P in 
various ratios were most interesting. In the mixtures with bark, the 
interaction between Ca and P was of main interest. 

For paper B pure digested sewage sludge and mixtures with SS, wheat 
straw II and sunflower husk were used. With wheat straw, the mixing 
ratios were 10 and 30 wt-% of SS in WS, 15 and 40 wt-% of SS in SH. 
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Figure 2. Ternary composition diagram for alkali, alkaline earth and P components (given 
as mass fractions in %). A reaction pathway of P adapted from Skoglund7 is included. 

All the fuels and mixtures are presented in a ternary composition diagram 
for the alkali, alkaline earth and P components in Figure 2. There is also 
the generalized combustion reaction pathway of P, as described by 
Boström et al.6 and Skoglund7 before. It can be noted that both WS and 
SH have similar relative amounts of alkali, not seen in the figure is the 
relative Si content. 

Experimental 

Bench-scale bubbling fluidized bed reactor 

Combustion experiments of CL, CB30 and CWS30 for the ash and bed 
material characterization presented in Paper A, C and D were performed 
in this reactor. The 5 kW bubbling fluidized bed (BFB), depicted in 
Figure 3, consists of a bed zone of 100 mm inner diameter followed by a 
200 mm freeboard zone, total height 2 m. Air was introduced through 
primary (below the bed) and secondary air (above the bed) inlets at 50 
and 30 Nl/min, respectively. The bed material used was 540 g natural K-
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feldspar (with 4 % quartz) sieved to a size fraction of 200-250 μm. The 
temperature was maintained at 790-810 °C, freeboard temperatures about 
10 °C higher.  

 

Figure 3. 5 kW BFB reactor. 

Samples collected were bed material, bed ash, cyclone ash (>10 μm) and 
fly ash in a 13 stage (0.03 – 10 μm) Dekati low-pressure impactor. 

 Single-pellet laboratory scale reactor 

Single-pellet experiments for SS and mixtures with WS and SH used in 
paper B were performed in a macro-thermogravimetric analysis (macro-
TGA) reactor, depicted in Figure 4. The reactor consists of a 100 mm 
diameter, 450 mm long electrically heated section. The fuel was 
combusted until fully converted at the temperatures 800 and 950 °C. The 
gas atmosphere was chosen to represent the conditions in a combustion 
boiler, and the gas composition was set to 4 vol-% O2, 15 vol-% H2O, 20 
vol-% CO2, 61 vol-% N2, and the flow rate to 7 Nl/min. 
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Figure 4. Macro-TGA used for single pellet experiments. 

Before extraction, the fuel ash was quenched with N2 in the upper cooling 
zone. 

Pilot plant dual fluidized bed gasification 

The interaction of chicken litter with K-feldspar bed material was also 
studied in a 100 kW thermal input dual fluidized bed (DFB) gasifier46 in 
paper D. The reactor consist of two fluidized beds, one gasifier where 
feedstock is gasified with steam, another one where char material is 
combusted with air to provide the heat needed for the reaction. They are 
connected through two loop seals where bed material, but not gas, can 
be transferred. Bed material is circulated between these to transfer heat to 
the gasifier. The bed material was the same K-feldspar used in the 5 kW 
BFB reactor. Lime was also added to promote the gasification reactions. 
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Bed material for analysis was collected after the gasifier in the lower loop 
seal. 

 SEM-EDS analysis 

Scanning electron microscopy (SEM) coupled to energy-dispersive x-ray 
spectroscopy (EDS) was used to evaluate morphology and elemental 
distribution of ash and bed materials collected during experiments.  

The equipment used was a Zeiss EVO LS-15 and a JEOL JSM-IT300 
operated in back-scatter with low vacuum modes, both equipped with 
Oxford instruments X-maxN 80 EDS detectors. Morphology and 
elemental analyses were performed on material attached to carbon tapes 
and material encased in epoxy, polished to expose particle cross-sections. 
The elemental measurements were conducted using mapping, point, area 
and line scans. Measurements are presented on a C and O-free basis since 
these elements are widely present in epoxy and in both the carbon tape 
and its sticky glue. Included elements were K, Na, Ca, Mg, Fe, Al, Si, P, 
S and Cl since these are the main ash forming elements. For materials with 
little or none of some of these elements, they are also excluded (e.g. Fe 
or Cl). 

 XRD 

Identification and quantification of crystalline phases were performed 
using the powder X-ray diffraction (XRD) technique. A PANalytical 

Empyrian diffractometer setup using a Cu Kα radiation and a Pixel3D 
array detector was used for the data collection. Measurements were 

performed between 10-70° 2θ with a 0.007° scan interval. The collected 
data were analyzed and evaluated using the HighScore Plus software47, 
together with ICDD PDF-4 crystal database48. Quantification of 
identified phases was performed using the Rietveld method. For 
estimation of the amorphous content of samples, simultaneous 
measurements were performed with an external standard between the 
sample runs. Pure crystalline Si was used as the external standard to 
calculate the K-factor, the instrument intensity constant, for subsequent 
quantification of the amorphous content49. 
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Estimation of P distribution 

In paper A, the distribution of P was estimated through quantification of 
P in particulate matter (PM) collected in the impactor measurements. The 
coarse PM was defined as 1-10 μm particles found in stages 8-13, fine PM 
as <1 μm particles found in stages 1-7. 

Elemental release rates 

Elemental release rates50 of K and P were quantified in paper B using 
ICP-OES data measured in raw fuels and collected ashes. Release rates 
were calculated through 

= 100 × 1 − 1 − × , Eq. 1 

where the release rate for element  ( ) in the combustion process is 
calculated using the mass, the water content, and the concentration of 

element  in the single pellet fed into the macro-TGA ( , , ) as

well as the mass and the concentration of element  in the resulting ash 

( , ).

Fuel molar ratios 

For interpretation of the result, fuel molar ratios of P to alkali and alkaline 
earth elements were derived. The phosphorus to alkaline earth ratio 
(PAR) was calculated through, = 23( + ), Eq. 2 

which indicates if Ca and Mg can fully occupy an orthophosphate 
structure. In addition, the alkali to alkaline earth ratio (AAR) was 
calculated through = ++ . Eq. 3 

This ratio indicates the relative abundance of these cation formers and 
possibly the driving force for which compounds are likely to be formed. 
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3 Summary of results and discussion 

The aim of chapter 3 is to highlight and discuss the main results related to 
ash transformation of P in the appended papers. 
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Influence of co-combustion on ash transformation of 
P 

Manure 

The bulk elemental composition of the bottom ash collected from the 
bed was found to correlate well with the cyclone and the coarse PM 
fractions (impactor stages 8-13, 1-10 μm) collected (presented in Figure 
6). This indicates that they originate from the same ash transformation 
reaction and have been mechanically separated by attrition processes and 
subsequently entrained to various degree. All CL mixtures contained P to 
various degrees inside the ash particles. No P was wound in the fine PM 
fractions (impactor stages 1-7, <1 μm). This indicates that the P was not 
volatilized to any significant degree, but rather captured either in 
crystalline or amorphous phases. 

In all bottom ash samples, discrete large particles containing Ca was found, 
probably originating from the CL. These render large portions of Ca 
unavailable for reaction since only the surface can interact with the 
surroundings.

P was mainly found in particles containing K, Ca, Mg, P and S in CL and 
CWS30. Rounded shapes (Figure 6) and regions with homogenous 
elemental composition indicate that these were molten at some stage. A 
similar composition was found on the surface of bed material particles. 

In CWS30, P was mainly found in particles rich in K, Ca, Si and P. Their 
morphology and homogenous composition make it likely that they were 
molted at some stage of conversion. In these homogenous regions, small 
about 1 μm large particles appeared in the presumed melt (see Figure 6d). 
These were enriched in P compare to the adjacent region. Their even 
distribution indicates that they precipitated from this melt upon cooling. 
This suggests that either P-compounds were dissolved into a K-silicate 
melt or that KPO3 and K-silicates merged in a common melt. 
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Figure 5. Average elemental composition (with ±std.dev in error bars) of major ash 
forming elements for the bulk ash fractions and typical particles on a C and O free basis. 

Top: CL Middle: CB30 Bottom: CWS30 
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Figure 6. SEM BSE  micrographs of typical bed ash particles in CL (a, top left), CB30 
(b, top right) and CWS30 (c, bottom left) and zoom in of the characteristics of typical 

molten areas found in bed samples from CWS30 (d, bottom right). Ca-rich particles can 
be seen in all cases. The rounded Ca-K-P-Mg-S rich particles are highlighted in CL and 

CB30. K-Ca-Si-P-rich particle/area is highlighted for CWS30. 

Crystalline P was found as hydroxyapatite in all samples (Table 3. Phases 
identified using XRD during co-combustion of CL, WS and bark. 
Numbers indicate quantification in wt-% of phases from Rietveld 
refinement given as intervals of 5 wt-%.. For CL and CWS30, 
K-Mg-whitlockite was also identified; in CWS30 it was the major
fraction. For CL and CWS30, amorphous contents of 30 and 45 %
respectively were quantified. The appearance and composition of the ash
particles make it likely that some P was present in amorphous compounds.
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Table 3. Phases identified using XRD during co-combustion of CL, WS and bark. 
Numbers indicate quantification in wt-% of phases from Rietveld refinement given as 

intervals of 5 wt-%. 

C100 CB30 CWS30 

Bed 
ash
* 

Cyclone 
ash 

Bed 
ash* 

Cyclone 
ash 

Bed 
ash* 

Cyclone 
ash 

Ca5(PO4)3OH X 25-30 X 35-40 - 10-15

Ca9MgK(PO4)7 - 15-20 - - - 15-20

K2SO4 X 5-10 X 5-10 - -

Na2SO4 - - - <5 - - 

KAlSi3O8 X - - - X -

KAlSi2O6 - - - - X -

SiO2 X - X <5 - 10-15

CaO X - X - X -

MgO X - X - - -

Ca(OH)2 X - X - X -

CaCO3 - 5-10 - 15-20 - 5-10

KCl - 5-10 - <5 - <5

Na0.5K0.5Cl  -  - X -  - -

Amorphous - 30 - 30 - 45

* Only the cyclone ash fraction was quantified using XRD. Bed ash fractions had significant
inclusions with varying amount of bed material, which would greatly increase uncertainty in any
quantifications.

Sewage sludge 

K and P could not, with statistical significance, be said to be released 
during the co-combustion of SS with WS and SH, since they both 
showed less than 10 % release rates. This also means that K and P were 
captured in the residual ash (coarse ash fraction), thus not significantly 
volatilized to any degree. 
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In pure SS, P was correlated to Ca in elemental analyses performed by 
SEM-EDS, more so at 950 compared to 800 °C. 

For WSS10, the remnants of the different fuel ashes could be seen as 
distinct areas at 800 °C, with intermediary regions in the borders between 
these regions. At 950 °C the intermediary region phenomena were even 
more pronounced and indications of interaction volumes with elevated P 
and Fe contents in mostly K-Si rich regions. K was the most widely 
distributed element, indicating high mobility. 

In WSS30, regions originating from SS dominated the structure at 
800 °C, regions with the WS-ash could only occasionally be found. Areas 
enriched in Fe could also be found, indicating its exclusion. At 950 °C 
the exclusion of Fe increased. P was found positively correlated to Ca and 
K, although K was also associated to Al in higher degree. 

For both SSH15 and SSH40 at both temperatures, P and K were found 
evenly distributed in the sample. Ca and Mg were found to positively 
correlate with P. This indicates that as Fe-phosphates are broken down 
and substituted for Ca during thermal conversion, Mg and K are available 
for interaction, possibly forming mixed phosphates. 

The clearest effect of co-combustion was the pronounced distribution of 
K in WSS and SSH mixtures. The distribution of K was more 
pronounced for SH mixtures, most likely a result of few available anion-
formers (such as P and Si) in the pure SH. In WS mixtures, K could be 
transported through molten K-silicates and then undergo interaction with 
SS-ash. 

In all samples, crystalline P was identified in the Ca-bearing whitlockite 
structure (Table 4). This has previously also been reported for SS and WS 
co-combustion30. All of them had a partial substitution of other elements 
in the crystal structure, many of them with either K or Fe. For WSS10 at 
800 °C, the quantification of whitlockite is very low in comparison with 
the others, which might be an error and the amount of amorphous is over 
quantified. Whitlockites incorporating K were only identified in the 
mixtures with a lower share of SS (WSS10 and SSH15). This could 
indicate that the K is only available to a large extent in these cases and 
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that K is incorporated primarily in other compounds such as aluminium 
tectosilicates (e.g. leucite [KAlSi2O6] or sanidine and microcline [both 
KAlSi3O8]) when SS is abundant. The trend is also noticed as the mixed 
phosphate KCaPO4 was found in WSS10 at 800 °C and SSH15 at both 
800 °C and 950 °C. The peaks of KCaPO4 were major, but due to lack 
of crystal structure parameters, the amounts could not be quantified. With 
this in mind, identified orthophosphates connected to K are more readily 
found at the lower temperature for WSS10 and in similar amounts for 
SSH15 for both temperatures. It should also be mentioned that the 
whitlockite structures are very similar and it cannot be fully concluded 
that it is the one or other type in the samples. WSS10 and SSH15 at 
800 °C and SSH15 at 900 °C also contained hydroxyapatite, which 
indicates that different parts of the mixture are in different stages of 
reaching the orthophosphate apatite endmember, where all cations are 
substituted for Ca. For the mixtures with increased amounts of SS, the 
lack of hydroxyapatite and K-whitlockites indicate that the Ca amounts 
are too low for full substitution of Al and Fe in the orthophosphate 
structure. Al phosphates were found in WSS10 at 800 °C as well as SS, 
WSS10 and WSS30 at 950 °C. This also suggests that an excess of Al is 
present. 
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Table 4. Crystalline phases and amorphous phase (in wt-%) identified by XRD in the 
ash samples produced. *indicates that a compound was identified, but could not be 

quantified. 

800 °C 950 °C 

Sample SS WSS10 WSS30 SSH15 SSH40 SS WSS10 WSS30 SSH15 SSH40 

Phosphates 

Hydroxyapatite - 5 - 19 - - - - 18 -

Whitlockite (Fe 
subst.) 

17 - 27 - - 20 - - - - 

Whitlockite (K subst.) - - - 14 - - - - - - 

Whitlockite (K-Mg 
subst.) 

- 4 - - - - 9 - 20 -

Whitlockite (Fe-Mg 
subst.) 

- - - - 36 - - 16 - 21

Al-phosphate - 4 - - - 7 4 6 - - 

KCaPO4 - * - * - - - - * -

Silicates and 
aluminosilicates 

Quartz 1 - 1 1 10 6 1 3 1 1

Cristobalite - 2 - - - - - - - - 

Tridymite 6 - - - - - - - - -

Sanidine 1 - 14 - - 8 - - - 11

Leucite - - - - - - 10 12 - 11

Microcline 14 8 9 - 25 - 4 - - -

Others 

Hematite 10 2 11 8 19 16 3 8 6 14

Langbeinite - 4 - 8 - - 3 - - -

Arcanite - - - 8 - - - - - - 

Anhydrite - - - - 5 - - - - -

Periclase - - - 12 - - - - 6 -

Mg-ferrite - - - - - - - - 11 -

Amorphous (and non-
quantified crystalline 

compounds) 
50 72 39 30 5 42 65 55 39 42

In most of the samples (except SSH15 at both temperatures), the K-
aluminosilicates leucite, sanidine and microcline are found. This indicates 
that the capture of K is facilitated by other means than phosphates as well. 
It can be seen in all fuels of SS, WSS30 and SSH40 that the amount of 
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these tectosilicates are present to a higher degree where the Al content is 
higher. For SSH40 compared to SSH15 it is clear that K-aluminosilicates 
are rather formed than K-bearing whitlockites. This indicates that in the 
competition for K, the orthophosphate anion has a weaker position than 
the aluminosilicate. The molar ratios of K:Al:Si are close to or enough for 
the full theoretical capture of K in leucite (1:1:2) in SS, WSS30 and 
SSH40, which also support the higher amount of feldspars found in these 
fuel mixture ashes. In reality, the limited mobility and interaction 
potential of these elements decreases the likelihood of aluminosilicates to 
form. There is no obvious trend of K-aluminosilicates with temperature 
variation. 

 Influence of elemental composition and fuel 
association in the fate of P 

Fuel PAR could be interpreted as the potential to form orthophosphates 
other than pure Ca and Mg, as PAR equal to one stoichiometrically yield 
Ca3(PO4)2. With lower PAR the relative amounts of alkaline earth 
elements have the potential to incorporate all P fully. This is under the 
assumption that fuel elements can readily interact. Calculated fuel PARs 
and AARs are presented in Table 5. For the trials of co-combustion of 
CL with bark and WS this reasoning seem to hold, more K-bearing 
phosphates were found in pure CL and CWS30 (PAR 0.94 & 0.85) and 
the PAR is higher than for CB30. It was also seen that all Ca did not 
react, increasing the local PAR values in those mixtures. For sewage 
sludge, the opposite relation seems to be in effect. More mixed K and Ca 
phosphates were found in mixtures with lower PAR, namely SSH15 and 
WSS10 (PAR 0.91 and 0.97) compared to the higher mixing ratios of SS. 
What is not considered is the other fuel element available and the ratio of 
alkali to alkaline earth elements. SS has Al and Si that potentially capture 
K in aluminosilicates or incorporate Fe into phosphate structures. For all 
fuels, the increase of the relative ratio between mainly K to Ca and Mg 
(AAR) yielded higher amounts of phosphates containing K. This 
highlights the importance of looking at all major ash elements 
simultaneously since single, two or three elemental interactions seem 
insufficient. 
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Table 5. Calculated PAR and AAR for raw fuels.

Fuel PAR AAR 

CL 0.94 0.39 
SS 1.68 0.24 
CWS30 0.85 0.59 
CB30 0.64 0.38 
WSS10 0.97 1.23 
WSS30 1.38 0.66 
SSH15 0.91 0.74 
SSH40 1.35 0.46 

In CL and CWS10, seemingly amorphous previously molten structures 
held quantities of K, Ca, P and Si. WSS10 also showed these types of 
interactions of K, Si and P, with the addition of P. What is still unknown 
is the possibility for P and Si to form homogeneous silicophosphate melts 
and to which extent these can be used for plant fertilization purposes. 

No obvious difference in the fate of P could be observed comparing CL 
and SS co-combustion. In both cases, P ended up in coarse ash fraction 
and, to a large extent, in whitlockite-type crystalline structures. It could 
be argued that the organically associated P in CL can be volatilized to a 
higher degree or form meta- and pyrophosphates, although no such 
findings are found in this study. It might be because of the large amounts 
of Ca already present in CL, causing full transformation of P into 
orthophosphates. For the Fe- and Al-orthophosphates already present in 
SS, it could be seen that not all is transformed into Ca-, Mg- or K-
containing orthophosphates, probably due to mass transfer limitations. 

Influence of co-combustion on the ash-bed material 
interactions 

Ash interaction with the bed material particles was noticed for 
combustion runs with pure fuels (WS, bark and CL), mainly with quartz 
particles. Typical inner and out layers were formed, where the outer layers 
are mainly ash deposits, while inner layers could be formed due to 
interactions with the bed materials. The layers on K-feldspar particles 
formed during combustion of CL and co-combustion (CB30 and 
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CWS30)  show a trend of outer layers with a composition similar to the 
fuel ash (Figure 7), rich in P and Mg indicating a deposition mechanism 
of sticky ash as opposed to constant interaction with the bed particle 
observed in the pure fuels. Bark and CL mixtures produced thick, non-
consistent layers on top of the K-felspar bed particles. CWS10 produced 
no visible layers, partially because of short experimental runs, so it was 
omitted from layer analysis. In the composition of the inner layers of CL, 
CWS30 and CB30 Ca is present to a larger extent in the inner layers, 
which means that some interaction is likely. This would indicate that K-
feldspar is slowly transformed into Ca-feldspar by substitution. The thin 
layers are however, difficult to fully analyze as the resolution of the 
analysis equipment was limited.  

 

Figure 7. Elemental composition of layers on K-feldspar. “Inner” and “outer” layers follow 
the spatial location of the observed layer, not the mechanism involved for its formation. 

For quartz bed particles, few particles were analyzed since the layer 
formation is already described in the literature51. More interaction of the 
fuel ash was observed with quartz compared to the K-feldspar. The 
elemental composition of the identified layers can be seen in Figure 8. 
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Elemental composition of layers on quartz. “Inner” and “outer” layers 
follow the spatial location of the observed layer, not the mechanism 
involved for its formation.. Reactions seem to follow the proposed 
mechanisms were low P mixtures yield initial reactions of gaseous alkali 
with the quartz particles. Subsequently, Ca was incorporated if readily 
available for reactions. In pure CL and the fuel mixtures of CB10, CB30 
and CWS30 the thickness of the inner layer was reduced, indicating that 
the P in the fuel ash capture available alkali and reduce ash-quartz 
interaction. 

Figure 8. Elemental composition of layers on quartz. “Inner” and “outer” layers follow 
the spatial location of the observed layer, not the mechanism involved for its formation. 

In co-combustion and co-gasification of CB30 and CL, no depletion of 
K was found in the feldspar matrix. Ca was found closer to the bed particle 
surface than P (Figure 9). The existence of Ca-layers is regarded as 
beneficial for the gasification reactions as they can act as catalytic sites for 
tar cracking. 
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Figure 9. Representative line scans measured on K-feldspar. The distances are referring to 
the measured distances from the outside of the bed particle toward the center. a) 
Combustion of CB30 b) Gasification of CB30; c) Combustion of CL; f) Gasification of 
CL. 

In general, co-combustion runs increased the possible operation times 
before bed agglomeration. This, in addition to the decreased interaction 
between bed material and fuel ash, indicates that co-combustion lowers 
the risk of bed agglomeration in co-combustion of P-rich chicken litter 
with WS and bark. 

Practical implications 

The work presented suggest that plant-available P in the form of ashes 
can be recovered from CL and SS for plant fertilization use in conditions 
relevant for fluidized bed co-combustion and co-gasification. Further, the 
absolute majority of P was found in coarse ash fractions, making it possible 
to separate them from volatile heavy metals (e.g. Cd) at higher 
temperatures present in the conversion process. In comparison to the 
mono-combustion of SS, co-combustion is preferred because more plant-
available forms are formed. To maximize the value of P in ashes, care 
should be taken into selecting the co-conversion fuels. Fuels containing 
large parts of K or K with Si are more favorable for the formation of 
potentially plant-available phosphates. This can be problematic 
considering that excess K can cause operational problems. If possible, the 
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option of reducing the usage of Al in WWTPs would likely aid in the 
recovery of P as side reactions capturing K to form K-aluminosilicates 
would decrease. 

Since potentially valuable mixed K and Ca phosphates were found in both 
bench-scale BFB reactors and single pellet tests at temperatures 800 and 
950 °C, which are relevant for fluidized beds, large scale studies should 
be done to confirm these results and study the practical possibilities to 
implements co-combustion. That they were found in this wide range 
indicate that there is a possibility for optimization and that more robust 
systems can be designed. The findings are also important because there 
are many such fluidized bed boilers in the world, that could shift fuel 
mixtures and start producing potentially valuable P fertilizers. 

The decreased risk of bed agglomeration during the co-combustion of P-
rich fuels is interesting in itself. Even without the intent to recover P, it 
could be of practical interest. It is important to balance this addition of P-
rich materials, where too large amounts of especially reactive P can cause 
detrimental operational problems in combination with K. K-
metaphosphate has a low melting point, form sticky melts, and can cause 
bed agglomeration without direct interaction with the bed material.  Co-
gasification of P-rich CL with bark is beneficial for the gasification 
reactions, although the large amounts of Ca present in both CL and bark 
decrease the P-recovery potential. Further studies should be made on the 
co-gasification of agricultural fuels such as wheat straw. 
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Chapter 4 

4 Conclusions 

The work presented in this thesis can conclude this in answers to the 
research objectives: 

i) Determine the influence of co-combustion on the ash
transformation of P with special focus on the possibilities of
altering the speciation of P towards more plant-available K-
bearing phosphates

 In conditions relevant for fluidized bed technologies, it is 
possible to form K-bearing phosphates, such as, K- and K-
/Mg-whitlockites and also CaKPO4 when co-combusting P-
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rich manure and sewage sludge fuels with K-rich and K+Si-
rich agricultural fuels. 

 P can also end up in homogenous regions with Si, most likely 
originating from melts.  

ii) Determine the influence of fuel ash composition and
chemical association of P on the fate of P in co-combustion

 For all co-combustion cases, the P end up in the coarse ash 
fractions 

 In co-combustion of P-rich manure and sewage sludge with 
K-rich agricultural fuels, more phosphates containing K are
formed.

 In co-combustion of P-rich manure with Ca-rich woody 
biomass, the fate of P is hydroxyapatite. 

 In co-combustion with sewage sludge, specific element 
molar ratios of Ca and Mg to P or alkali to alkaline earth 
elements are less useful, since many major ash elements exist 
in SS. The Al aids in the capture of K as aluminosilicates. 

 At the studied temperature, the association of P in the fuel 
showed no significant difference in the fate of P between 
chicken litter and sewage sludge. 

iii) Determine the influence of co-combustion and co-
gasification on the ash-bed material interactions in fluidized
beds

 The co-combustion of P-rich chicken litter with wheat straw 
and bark mixtures reduced the amounts of K and Ca available 
for bed material interaction, reducing the risk for bed 
agglomeration. Phosphorus-rich ash was mainly deposited on 
the surface of bed particles as an outer layer. P in the fuel ash 
capture K and Ca, reducing their interaction with bed 
material. This shifted the interactions from the bed particle 
surface into the fuel ash itself. 
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