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Abstract 

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 (P) present in manure 
and sewage sludge. Various technologies are currently being developed to 
recover the element for application as fertilizer in agricultural applications. 
Thermochemical conversion presents the opportunity to recover energy 
from these materials. In a single process, 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, a phosphate mineral with low plant 
availability and therefore less useful for fertilization. Co-combustion/-
gasification with other fuels enables modification of the ash transformation 
reaction pathways and remedies potential problems, such as bed 
agglomeration, associated with forestry and agricultural residues when 
used as fuels. 

The overall objective of this work was to increase the current knowledge 
in ash transformation of P-rich materials in co-conversion with forestry 
and agricultural residues in order to facilitate the P-recovery by formation 
of suitable phosphates in the ash. The work focuses on i) the influence of 
co-conversion on ash transformation of P with a focus on altering 
speciation of P towards the potentially more plant-available K-bearing 
phosphates ii) the influence of fuel ash composition and chemical 
association of P in the fuel, temperature and particle interaction on the 
fate, i.e. speciation and distribution, of P and iii) practical implications of 
co-conversion in fluidized bed and pulverized fuel systems for P-recovery, 
specifically interaction of P-rich ash with bed material in fluidized beds 
and strategies for extracting P-rich ashes. 

Experiments were carried out in a bench-scale bubbling fluidized bed 
reactor (BFB), macro-thermogravimetric analysis (TGA) conversion 
reactor, a dual fluidized bed (DFB) gasification reactor, and an entrained 
flow reactor (EFR) for pulverized fuel combustion. The fuels studied 
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were mixtures of chicken litter together with wheat straw and bark, and 
mixtures of digested sewage sludge combined with wheat straw and 
sunflower husk. The process temperature ranges studied were 800-
950 °C for BFB and single-pellet macro-TGA studies, whereas 1000 °C 
and 1400 °C were investigated in pulverized fuel combustion studies 
using the EFR. Ash fractions and bed materials were collected and 
analyzed using scanning electron microscopy with energy-dispersive X-
ray spectroscopy (SEM-EDS), powder X-ray diffraction (XRD), 
inductively coupled plasma with atomic emission spectroscopy (ICP-
AES) and ion chromatography (IC). The results were interpreted with 
the support of thermodynamic equilibrium calculations (TECs) using 
FactSage software with the GTOX & SGPS databases. 

For all investigated conditions and fuel mixtures, the major part of P 
(> 90 %) was found in coarse ash fractions, suggesting that the recovery 
potential is highest in these fractions. This also means that P and volatile 
heavy metals can be separated in different ash fractions. Crystalline P was 
to a higher degree observed in the form of K-bearing whitlockite 
structures and CaKPO4 in mixtures containing low amounts of sewage 
sludge and high amounts of agricultural residues rich in K. K-bearing 
whitlockites were also found in ash of chicken litter and its mixture with 
wheat straw, as well as in ash deposits formed in pulverized combustion 
with a sewage sludge and wheat straw mixture combusted at 1000 °C. In 
mixtures with higher shares of sewage sludge, crystalline P was mainly 
found as Fe- and Mg-substituted whitlockites and hydroxyapatite. The 
reaction pathway of P appears to mainly occur through substitution and 
addition reactions in the condensed phase. The findings show that it is 
possible to modify the ash transformation of P towards K-bearing 
phosphates by co-conversion and that the difference between combustion 
and gasification is small. 

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 
content. A similar behavior was observed in sewage sludge and wheat 
straw mixtures, where P and Si were likely present in a melt that was 
amorphous after extraction. In addition to these particles, P was also 

iii 

observed in crystalline orthophosphate compounds such as 
hydroxyapatite, aluminium phosphate, whitlockites and CaKPO4. In the 
mixture of chicken litter with Ca-rich bark, crystalline P was found in the 
form of hydroxyapatite. In fuel mixtures with higher amounts of Al with 
Si, the capture of K in aluminosilicates was higher, making it unavailable 
to form K-bearing phosphates. Small differences in the fate of P, between 
organically and inorganically associated P found in the fuels were seen in 
this work. Lower temperatures (800 °C compared to 950 °C) favored the 
formation of crystalline K-bearing phosphates in single-pellet combustion 
of sewage sludge and agricultural residues. In pulverized fuel combustion 
experiments, more crystalline K-bearing phosphates were found at 1000 
°C compared to 1400 °C. Fuel ash interaction mainly occurred in 
condensed phases in ash deposits compared to interactions between 
particles entrained in the flow. 

In fluidized bed experiments, P captured Ca and K in relatively high 
temperature melting phosphates in the fuel ash, decreasing the interactions 
of these elements with the bed material and thus decreased the risk for 
bed agglomeration. Possible extraction strategies involve the separation of 
coarse ash particles from bed material particles or in heated cyclones, 
avoiding fine ash fractions known to be rich in volatile heavy metals. 
Mixtures of coarse ash and bed material can potentially also be used for 
P-recovery. Co-conversion increases the possibility of utilizing existing 
boilers for recovery of P and increasing their flexibility to different fuels. 
The results indicate that a powder combustor operating in slagging mode 
could be a feasible strategy for P recovery because the interaction potential 
between the formed individual coarse ash particles increases at the hot 
wall. Plant growth studies have to be performed to further validate the 
agricultural value of the produced ashes for direct soil application. 

Keywords: sewage sludge, manure, agricultural residues, forest residues, 
ash transformation, potassium, phosphorus, combustion, gasification, 
phosphorus recovery  
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anthropogenically caused global warming [1] and unsustainable use of 
resources. 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 including the use of renewable energy 
resources such as solar, wind and hydro power. Another renewable 
alternative is the replacement of fossil fuels with biomass alternatives in 
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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 
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 common [3]. 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.  

1.1 Main ash forming elements in biomass 

Since biomass fuels originate from various 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 with 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 (e.g. soils, vicinity to the sea or harvesting 
methods). These inorganic elements will contribute to ash formation. In 
addition to their absolute amount, these elements' chemical association 
and chemical form 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) [4]. 
Adventitious minerals are generally regarded as less reactive [4]. The main 
ash-forming elements for solid biofuels 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 K [5]. The Ca is 
present to a large extent in the form of Ca-oxalate particles in bark [6]. 
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Agricultural biomass has a more diverse inorganic composition. Straw-
type herbaceous biomass generally consists of high amounts of Si and K. 
Other types can have high P, K or Mg contents depending on whether it 
is derived from seeds, grasses, shells or husks [5]. 

1.1.1 Speciation of P in sewage sludge, manure, agricultural 
residues and forest biomass 

Sewage sludge (SS) is one of the materials emitted from a wastewater 
treatment plant (WWTP) in addition to purified effluent water. If a 
digestion step exists, the WWTP may also produce biogas for power 
and/or heat production. In the treatment process, various techniques are 
used and chemicals added to aid the purification process. Iron (+II/+III) 
salts such as chlorides or sulfates can be used for precipitation of P. Ca and 
Al compounds are alsoused 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 orthophosphates [7–10]. To 
some extent, these phosphates can also bond to organic structures [11]. 
The average and range of ash-forming elements for 48 Swedish SS [12] 
can be found in Table 1. As can be seen in the table the variation of Si, 
Ca, Al and Fe can be significant.  
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Table 1. Elemental composition is given as mean and range values for 48 Swedish 
SS [12]. 

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 biomass [13]. Layer 
hens litter contains less organically associated P, while chicken litter 
contains a 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 structures [13,14]. 

In forest biomass, the speciation of P is related to which part of the plant 
the sample originates. In twigs, shoots and needles, the growth zones, P 
is present mostly as organically associated P [6]. 

In agricultural residues, such as straws, grains, seeds and husks, P is found 
as water-soluble salts and organically associated P [15]. Up to 75 % of P is 
found in phytates in seeds [16]. 
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1.2 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 
or remain in the flue gas. These reactions can be summarized in ash 
transformation reactions. Kinetic and thermodynamic forces and mass 
transfer limitations will determine how and in which chemical forms these 
interactions will occur. For biomass, these reactions can be described and 
conceptually explained through primary, secondary and tertiary 
reactions [17,18]. 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 
in 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. 

1.2.1 Speciation of P in ashes 

In woody-type biomass, dominated by Ca, P is mainly found as 
hydroxyapatite (Ca5(PO4)3OH) and Ca-whitlockite ( -Ca3(PO4)2 
structure) [19,20]. 

For straw-type biomass, such as wheat or rice straw that is dominated by 
K and Si, P has been found in the ashes as hydroxyapatite (Ca5(PO4)3OH) 
and also CaKPO4 [21–23].  For grain-type biomass, such as seeds and the 
derived residues from the processing of those, P has been found in the 
ashes as both meta- and pyrophosphates of K, Ca and Mg, and in the form 
of KMgPO4 and CaKPO4 [24,25]. Combustion of SS mainly forms Ca 
orthophosphates such as hydroxyapatite or whitlockite [26]. In manure 
fuels, the speciation of P in ashes can vary greatly. For combustion of 

Gustav Inlaga.indd   20Gustav Inlaga.indd   20 2022-05-12   09:392022-05-12   09:39



Chapter |1 Introduction   

4 

Table 1. Elemental composition is given as mean and range values for 48 Swedish 
SS [12]. 

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 biomass [13]. Layer 
hens litter contains less organically associated P, while chicken litter 
contains a 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 structures [13,14]. 

In forest biomass, the speciation of P is related to which part of the plant 
the sample originates. In twigs, shoots and needles, the growth zones, P 
is present mostly as organically associated P [6]. 

In agricultural residues, such as straws, grains, seeds and husks, P is found 
as water-soluble salts and organically associated P [15]. Up to 75 % of P is 
found in phytates in seeds [16]. 

Chapter |1 Introduction 

5 

1.2 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 
or remain in the flue gas. These reactions can be summarized in ash 
transformation reactions. Kinetic and thermodynamic forces and mass 
transfer limitations will determine how and in which chemical forms these 
interactions will occur. For biomass, these reactions can be described and 
conceptually explained through primary, secondary and tertiary 
reactions [17,18]. 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 
in 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. 

1.2.1 Speciation of P in ashes 

In woody-type biomass, dominated by Ca, P is mainly found as 
hydroxyapatite (Ca5(PO4)3OH) and Ca-whitlockite ( -Ca3(PO4)2 
structure) [19,20]. 

For straw-type biomass, such as wheat or rice straw that is dominated by 
K and Si, P has been found in the ashes as hydroxyapatite (Ca5(PO4)3OH) 
and also CaKPO4 [21–23].  For grain-type biomass, such as seeds and the 
derived residues from the processing of those, P has been found in the 
ashes as both meta- and pyrophosphates of K, Ca and Mg, and in the form 
of KMgPO4 and CaKPO4 [24,25]. Combustion of SS mainly forms Ca 
orthophosphates such as hydroxyapatite or whitlockite [26]. In manure 
fuels, the speciation of P in ashes can vary greatly. For combustion of 

Gustav Inlaga.indd   21Gustav Inlaga.indd   21 2022-05-12   09:392022-05-12   09:39



Chapter |1 Introduction   

6 

poultry litter, P was found as KNaCa2(PO4)2 [27]. In the pyrolysis of 
poultry litter, P has been found as Ca3(PO4)2 [28]. Ashes from the 
gasification of pig manure yielded P in the form of hydroxyapatite [29]. 

1.3 Ash related operational problems and solutions in 
thermochemical conversion of biomass 

The ash content of the fuel can also cause ash-related operational 
problems in thermochemical conversion systems. In fixed bed 
combustion, slagging is of main concern for the operation of boilers [30]. 
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 fuels [31]. For fluidized bed systems, bed agglomeration is 
one major concern [30]. The agglomeration arises in different ways, either 
through the formation of sticky ash that subsequently agglomerates the 
bed material or through ash interacting with the bed material through 
chemical reactions on the bed particle surface, leading to sticky bed 
particle layers [32]. Layer formation on especially quartz bed particles can 
lead to bed agglomeration and has therefore been studied in detail [33,34]. 
Layer formation studies on other potential bed materials such as K-feldspar 
have also been performed [35]. 

Problems can be mitigated through a change of bed materials [36] and co-
conversion with other fuels such as SS to change the ash transformation, 
forming stable compounds with beneficial properties [23,37–39]. 

In pulverized suspension-fired fuel conversion, the main challenges are 
deposit formation and slag rheology [40,41], depending on if the ashes are 
removed in a dry mode (non-slagging ash) or slag-tap mode (slagging ash). 
The operation of slag-tap suspension-fired boilers are more and more 
uncommon because of difficulties in maintaining consistent ash 
composition in coals [41]. Large-scale powder combustors using biomass 
are uncommon, although advances are made to utilize them [42,43]. For 
biomass, the entrained flow gasification is another potential technique for 
the conversion of biomass [44]. 
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1.4 Phosphorus and the importance of recovery 

Phosphorus is widely abundant in the global ecosystem. It is one of the 
essential macronutrients important for plant growth [45]. As a building 
block in biological systems, it exists as e.g. the backbone of DNA, forming 
phospholipids in cell membranes and 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 be 63 
million tons of P2O5-equivalent P [46]. Since it is a finite element it has 
been highlighted as a critical element within the EU [47] and in one of 
the planetary boundaries for a sustainable future [48]. 

P also contributes to eutrophication in aquatic ecosystems, where farming 
and subsequent leaching into nearby waters are the main factors [48,49]. 
P in the form of manures can be locally abundant but with limited usage 
in the nearby farmable land, thus making them into waste problems 
[50,51]. 

In addition to resource efficiency, recovery of P has potential 
environmental and health benefits [52]. By 2030 17-31 % of the mining-
derived phosphorus fertilizers inside the European Union (EU) could be 
replaced by recovered P from biogenic sources [53] if waste management, 
circular economy policies and agricultural stewardship are employed. 

1.4.1 Thermochemical methods for recovery of P 

The association of inorganic fuel elements determines the propensity for 
ash transformation reactions to occur and in which form the inorganic 
elements end up. In the recovery of P it is important to understand how 
different inorganic elements interact with P and which elements are 
important for the transformation of P. 

Several different thermal conversion methods have been described for the 
recovery of P from manures and SS [26], such as pyrolysis [54–56], mono-
combustion of SS, followed by post-treatment of the ash [57,58]. The 
Ca-orthophosphates typically found in SS ashes are largely unavailable to 
plants [26]. One process uses a thermal post-treatment with Na and K salts 
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to transform the Ca-orthophosphates into mixed alkali and alkaline earth 
phosphates (e.g. CaKPO4 and CaNaPO4) [59,60]. Plant-available 
phosphates have also been shown to exist in co-combustion of SS and 
wheat straw and the effect has been attributed to K-bearing 
whitlockite [61]. 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 species [26,62]. In 
recently published articles [63,64], 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). 
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1.5 Objectives 

In this thesis, the potential for thermal co-conversion of P-rich sewage 
sludge and manure together with agricultural and forest residues for 
recycling of P through the ash is investigated. By incorporating K into 
the P compounds, phosphates suitable for plant growth can be generated. 
Therefore, the aim is to improve the knowledge of the factors influencing 
the potential to form K-bearing phosphates directly in thermochemical 
processes. This in order to find new pathways for utilization of existing 
infrastructure, including valorization of P-rich waste and residual biomass 
fuel streams. The following research questions (RQ’s) were formulated to 
reach the aim: 

RQ1) How can co-combustion and co-gasification influence the ash 
transformation of P with a special focus on the possibilities of 
altering the speciation of P towards K-bearing phosphates? 

RQ2) What is the influence of fuel ash composition, the chemical 
association of P, temperature and particle interaction on the fate 
of P in terms of its distribution in thermal processes, ash fractions, 
and its chemical speciation? 

RQ3) What practical implications does co-conversion have on thermal 
energy conversion technologies in the fluidized bed and 
pulverized fuel systems? Specifically, the effect of P-rich fuel on 
the bed material interaction potential and strategies for extracting 
P-rich ashes are investigated.
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1.5.1 Overview of appended papers 

This thesis summarizes and discusses the main findings of six appended 
papers. The papers cover P-rich sewage sludge and chicken litter in co-
conversion with a spread of residual fuels in different thermochemical 
process conditions. To provide answers to the research questions, specific 
approaches were used in the studies. Single-pellet co-conversion was used 
in paper A & B to provide detailed knowledge about the fuel ash 
interactions. Powder combustion was used in paper C to study higher 
temperatures and fuel particle dispersion. A fluidized bed was used in 
papers D-F for co-conversion studies applicable to these technologies. 
Table 2 summarizes how these papers, appended in the thesis, are related 
to the specific research questions. 

Table 2. Summary of how the papers appended in the thesis are related to the specific 
objectives. 

Fate of phosphorus 
Practical 

implications of co-
conversion 

Co-
combustion 

Co-
gasification 

Fuel ash 
and 

association 
of P in fuel 

Process 
conditions 

(temperature, 
particle 

dispersion) 

Operation 
strategies 

Bed 
material 

interaction 

Paper A, 
C, D, E 
and F 

Paper B 
and F 

Paper A, 
B, C and 

D 

Paper A, 
B, C and 

D 

Paper 
A-F

Paper 
D, E 
and F 

Paper A investigates the fate (speciation and distribution) and ash 
transformation of P in single-pellet co-combustion studies of P-rich 
digested sewage sludge with K- and Si-rich wheat straw and K-rich 
sunflowers husk agricultural residues. Also, the influence of temperature 
and mixing ratio of P-rich sewage sludge and agricultural fuel is studied. 
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Paper B builds on the previous paper by investigating the effect of co-
gasification on the fate and ash transformation of P with the same fuels. 

Paper C focuses on the fate of P in pulverized fuel co-combustion of 
sewage sludge and agricultural fuels. It investigate the fate and speciation 
of P at higher temperatures and the effect of fuel dispersion and ash 
interactions in the slag. 

Paper D investigates the fate and ash transformation of P in co-
combustion of P-rich manure fuel, i.e. chicken litter together with wheat 
straw and bark in a bubbling fluidized bed. The transformation of P in the 
ash towards K-bearing phosphates was of particular interest. The 
interaction of P and Si to form homogenous melts together in co-
combustion with wheat straw is also investigated. 

Paper E investigates the effect of fluidized bed co-combustion of P-rich 
chicken manure with wheat straw and bark on the bed layer formation 
on bed particles. It investigates the influence of P on bed particle layer 
formation and the effect of P-rich fuel in co-combustion for the reduction 
of agglomeration potential of a K-feldspar bed material. 

Paper F investigates the influence of dual fluidized bed co-gasification of 
P-rich chicken manure and bark on the bed layer formation. It
investigates the influence of P on Ca-layer formation of K-feldspar bed
material. The mechanism of layer formation is studied and compared with
combustion.
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Chapter 2 

2 Materials and Methods 
This chapter presents the materials used, experimental equipment, and the 
main analysis techniques used. Further details can be found in the 
associated papers. 

2.1 Fuels 

The biomass fuels used in this study represent a wide range of both forest 
and agricultural fuels to the P-rich fuels sewage sludge and chicken 
manure. P-rich fuels are, in this thesis, defined as fuels containing P as one 
of the two most abundant ash forming elements on a molar basis. The 
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fuels used were two different types of wheat straw (WS, rich in mainly K 
and Si), sunflower husk (SH, mainly rich in K), bark (rich in Ca), chicken 
litter (CL, mainly rich in P and Ca) and digested sewage sludge (SS, rich 
in Ca, Fe, Al, Si and P). The SS used in this study originates from SYVAB, 
Sweden and the precipitation and coagulation agents were iron (II) sulfate 
and polyaluminium chloride. After digestion, it was mechanically 
dewatered and dried and granulated in a rotary dryer at 120 °C. The 
relative amount of aluminium is low for this sewage sludge compared to 
other sewage sludges [12]. The Si content of the SS and bark are expected 
to stem mainly from quartz and feldspar sand impurities via extraneous 
contamination of the fuels. This can be seen through the high content of 
Si and Al in conjunction with the relatively high amounts of Na, 
indicating Na-feldspar. 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 
Skoglund [18]) to make it possible to directly compare molar ratios, 
simplifying the interpretation for possible compound formation. 
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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 SS with WS or SH and mixtures of CL with WS or bark 
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 prior to experiments. Pelletized fuels were prepared in semi-
industrial pelletizing equipment to 8 mm (SS-mixtures) and 6 mm (CL-
mixtures) using hammer-milled sortiments. Each batch was small to 
facilitate careful control of the mixing of the individual fuels. 
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Figure 2. SEM-BSE micrographs with characterization of typical features of the raw 
fuels, (a) SS, (b) WSS30, (c) SHS30 and (d) CL. Adapted from work previously 

published by ACS in Energy & Fuels [65]. 

Figure 2 depicts the raw fuels used in this work and the typical features 
characterizing them. In SS it was clear that P and Fe co-existed in the raw 
fuel, Si existed in silicates, while Ca was present in Ca-rich grains. In WS 
(Figure 2b), characteristic Si-rich areas were identified in phytoliths and 
in fiber coatings. For SH (Figure 2c), the inorganics were uniformly 
distributed with no clear grains rich in K, Ca or Mg (the major inorganic 
constituents). Similar for CL (Figure 2c), P was distributed uniformly in 
the fuel particles together with K, Ca and Mg, indicating that the P exists 
bounded to the organic structure. Separate large Ca-rich particles were 
also noted in large amounts. 

d) c) 

b) a) 
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Table 3. Overview of used fuels and their abbreviations. 

Fuel/Mixture Abbreviation Used in 
reactor 

Form of 
fuel 

Chicken litter CL BFB & DFB Pellets 

Sewage sludge SS 
Macro-TGA 
& EFR 

Pellets and 
powder 

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

Pellets 

Bark - BFB & DFB Pellets

Sunflower husk SH 
Macro-TGA 
& EFR 

Pellets 

Mixtures of 10 & 
30 wt-% CL in 
WS I 

CWS10 & 
CWS30 

BFB & DFB 
Co-
pelletized 

Mixtures of 10 & 
30 wt-% CL in 
bark 

CB10 & CB30 BFB & DFB 
Co-
pelletized 

Mixtures of 10 & 
30 wt-% SS in WS 
II 

WSS10 & 
WSS30 

Macro-TGA 
& EFR 

Co-
pelletized 
and 
powder 

Mixtures of 15 & 
40 wt-% SS in SH 

SHS15 & SHS40 
Macro-TGA 
& EFR 

Co-
pelletized 
and 
powder 

For Paper A and B (single-pellet conversion in a macro-TGA), pure SS 
and the mixtures with WS II (WSS10 & WSS30) and SH (SHS15 & 
SHS40) were used. In paper C (entrained flow combustion in an EFR), 
powdered SS, WSS10 and SHS15 were used. The pelletized fuels were 
hammer-milled and sieved to a size of 300-850 m and mixed before 
experiments. For paper D (bubbling fluidized bed (BFB) combustion), 
the fuels used were pure chicken litter pellets and co-pelletized mixtures 
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of 30 wt-% CL with wheat straw I (CWS30) and bark (CB30). In paper E 
(BFB combustion), the mixtures used were 10 and 30 wt-% of CL in WS 
(CWS10 & CWS30), 10 and 30 wt-% CL in bark (CB10 & CB30). For 
paper F (dual fluidized bed (DFB) gasification), only the 30 wt-% CL 
mixture with bark (CB30) was used. 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. A summary of fuels, mixtures and reactors used are 
presented in Table 3, the reactors are presented in section 2.2. 

Figure 3. Ternary composition diagram for alkali, alkaline earth and P components 
(given as mass fractions in %). A reaction pathway of P adapted from Skoglund [18] is 

included. Adapted from a previously published version by ACS in Energy & Fuels [65]. 

All the fuels and mixtures are presented in a ternary composition diagram 
for the alkali, alkaline earth and P components in Figure 3. There is also 
the generalized combustion reaction pathway of P, as earlier described by 
Boström et al. [17] and Skoglund [18]. It can be noted that both WS and 
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SH have similar relative amounts of alkali, not seen in the figure is the 
relative Si content. 

2.2 Experimental 

To answer the research questions, different experimental equipment was 
used. They are described in more detail in the following sub-sections. In 
a macro-thermogravimetric analysis (macro-TGA) reactor, single pellets 
conversion can be studied in detail, with strict temperature and gas 
composition control to minimize sources of error in the more isolated 
system. An entrained flow reactor (EFR) was used for the combustion of 
pulverized fuels to study the effect of higher temperatures and the 
influence of fuel particle separation. In the bench-scale bubbling fluidized 
bed (BFB) reactor, the fuel and ash interaction with bed material could 
be studied simultaneously. In a dual fluidized bed gasifier (DFB), the fuel 
ash and bed material interactions could be studied in gasification 
conditions. 

2.2.1 Single-pellet laboratory-scale reactor 

Single-pellet co-conversion experiments of SS and mixtures with WS and 
SH used in paper A & B were performed in the macro-TGA reactor 
depicted in Figure 4. The reactor consists of a 100 mm diameter, 450 mm 
long electrically heated section. Fuel particles were held by a platinum 
basket connected to a balance for weight change measurements. The fuel 
was combusted until fully converted at furnace temperatures of 800 and 
950 °C. Core temperature measurements were also made using 
thermocouples inserted through drilled center holes. The peak core 
temperatures in combustion conditions were typically 10-15 °C higher 
than the furnace temperature, while at 800 °C for WSS10 and SHS40, an 
increase of 47 and 34 °C was noted. In gasification conditions, the 
temperature difference was smaller. The gas atmosphere was chosen to 
represent the conditions in a boiler/gasifier, and the gas composition was 
set to 4 vol-% O2, 15 vol-% H2O, 20 vol-% CO2, 61 vol-% N2 for 
combustion conditions and in gasification conditions, O2 was replaced 
with additional N2. The flow rate was 7 ln/min. Before extraction, the 
fuel ash was quenched for 5 min with N2 in the upper cooling zone. 
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increase of 47 and 34 °C was noted. In gasification conditions, the 
temperature difference was smaller. The gas atmosphere was chosen to 
represent the conditions in a boiler/gasifier, and the gas composition was 
set to 4 vol-% O2, 15 vol-% H2O, 20 vol-% CO2, 61 vol-% N2 for 
combustion conditions and in gasification conditions, O2 was replaced 
with additional N2. The flow rate was 7 ln/min. Before extraction, the 
fuel ash was quenched for 5 min with N2 in the upper cooling zone. 
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Figure 4. Schematic depiction of the Macro-TGA used for the single-pellet experiments.
Previously published by ACS in Energy & Fuels [65].

Each experimental condition was repeated at least 4 times to capture 
potential variations. Each pellet and the residual ash were weighed on a 
precision scale (±0.001 g) to record the mass. More repetitions were made
in the case of material with low ash content to collect at least 1 g of 
material for analyses. Ash from individual pellets was merged before 
analysis. The collected residual ash samples were analyzed using ICP-AES
(Inductively coupled plasma – atomic emission spectroscopy), IC (Ion 
chromatography), SEM-EDS (Scanning electron microscopy coupled 
with energy-dispersive X-ray spectroscopy) and powder XRD (X-ray 
diffraction).

Each experiment was conducted to achieve full conversion based on mass 
loss measured by the balance. For combustion conditions, this meant 30-
40 min for different fuels at 800 °C and 15-20 min at 950 °C. In 
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gasification conditions, the corresponding times were 240 and 35-65 min. 
The shorter times were achieved during co-conversion due to the 
increased porosity of the ashes. 

2.2.2 Entrained flow reactor 

Pulverized fuel combustion experiments with SS, WSS10 and SHS15, 
presented in paper C, were performed at a global air/fuel ratio of 1.3 - 
1.5 in an entrained flow reactor (EFR) system (Figure 5). It consists of an 
electrically heated reaction tube made of alumina (DEGUSSIT AL23), 
inner diameter is 70 mm with a total length 2100 mm. The bottom of the 
tube was positioned in a cooling jacket to prevent mechanical failure of 
the support. The tube was externally heated by electrical wall heaters 
controlled by a computer. Two process temperatures were used in this 
study, 1000 and 1400 °C, set by the electrical wall heaters. At a position 
of 700 mm from the exit a port was located for the insertion of a 
deposition probe. The probe consisted of a circular 25 mm diameter 
alumina plate mounted on an alumina rod. Under the plate, a 
thermocouple was mounted for simultaneous measurement of 
temperature. Typically, the measured temperature was ± 20 °C from the 
set temperature point of the wall heaters. The circular probe surface was 
mounted perpendicular to the flow to maximize the collection of falling 
particles. 

Fuel particles and gas were introduced at the top of the reactor through a 
McKenna-style burner, although no additional support flame was used in 
these experiments. The burner setup consisted of a central tube of 6 mm 
where fuel and carrier gas were added. Fuel was fed at a calibrated rate of 
225 g/h together with carrier gas N2 at 0.75 ln/min. Outside of this tube, 
a 50 mm primary air zone added combustion air at 24 ln/min surrounding 
the fuel. An additional gas flow of 1 ln/min N2 was added to the shroud 
to protect the reactor tube. 
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Figure 5. Schematic depiction of the EFR setup used for pulverized fuel combustion. 

Deposition probe samples were withdrawn from the reactor and 
quenched in a cold zone using nitrogen gas before extraction from the 
equipment. Deposits were collected for 30-60 min in order to collect 
about 1 g of material for analysis and prevent slag from dripping. Fuels 
with lower ash content for the longer times. After this time, the probe 
was withdrawn from the reaction tube and quench cooled in a nitrogen 
atmosphere for about 15 min. Bottom ash was collected in an ash 
collection vessel located at the bottom of the reactor. 

A 13-step DEKATI low-pressure impactor was used for the collection of 
particulate matter (PM) from the exhaust gases through an isokinetic 
sampling point located in a horizontal section after the outlet of the 
reactor. The 13 stages were further consolidated into a fine (<1 m, stage 
1 7) and coarse (>1 m, stage 8 13) PM fraction. One impactor run per 
fuel and temperature setting was used due to the limitation of time for 
reaching a steady temperature of the impactor in the time period of the 
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experiment. The impactor was heated to 110 °C in order to prevent water 
condensation during sampling.

The samples collected were deposition probe, bottom ash and impactor 
samples. Subsequent analyses on the samples were performed using SEM-
EDS, ICP-AES and XRD (only depositions probe samples).

2.2.3 Bench-scale bubbling fluidized bed reactor

Combustion experiments presented in Paper D, E and F of CL, CB30 
and CWS30 were performed in this reactor for the ash and bed material 
characterization. The 5 kW bubbling fluidized bed (BFB), depicted in 
Figure 6, 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 ln/min, respectively. The bed material used was 540 g natural K-
feldspar (with 4 % quartz) sieved to a size fraction of 200-250 m. The 
bed temperature was maintained at 790-810 °C, freeboard temperatures 
about 10 °C higher.

Figure 6. Schematic depiction of the 5 kW BFB reactor setup. Sampling points, fuel 
inlet and other streams are indicated. Previously published by ACS in Energy & Fuels 

[66], adapted from [23].
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Samples collected were the bed material, bed ash particles, cyclone ash 
(>10 m) and fly ash in a 13 stage (0.03 – 10 m), heated (to 110 °C), 
Dekati low-pressure impactor. The 13 stages were further consolidated 
into a fine (<1 m, stage 1 7) and coarse (>1 m, stage 8 13) PM 
fraction. Bed material was collected in intervals of 2 hours during the 
campaigns and after cooling after opening up the reactor. Cyclone ashes 
were collected after completion of the experiment and, if ash-rich fuels 
were used, also during operation not to overfill the cyclone. Impactor 
sampling was performed during stable operation as indicated by stable bed 
pressures and O2-concentration in flue gases. Experimental trials were 
ended if the bed defluidized as indicated by differential pressure sensors or 
if the maximum time of 40 h was reached. 

The collected samples were analyzed using SEM-EDS and XRD 
techniques. 

2.2.4 Pilot-scale dual fluidized bed reactor 

The chicken litter and its mixture with bark (CB30) were gasified with 
K-feldspar as bed material in a 100 kW thermal input dual fluidized bed
(DFB) gasifier (Figure 7, described in detail in [67]) in paper F.
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Figure 7. Schematic depiction of the 100 kW DFB reactor setup. The sampling point, 
fuel inlet and other streams are indicated.

The reactor consists of two fluidized beds, one gasifier where feedstock is 
gasified with steam and another where char material is combusted with 
air to provide the heat needed for the reaction. The temperature in the 
gasifier was around 770-780 °C, while the combustor was operating at 
around 940-970 °C. 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. Fuels were converted after each other 
(CB30 first, then pure CL) without replacement of the bed material. 
Samples were withdrawn between the fuel change and after the CL 
conversion. Bed material for analysis was collected after the gasifier from
the lower loop seal.

2.3 Analytical methods

Fuels, bed materials with layers and collected coarse ash fractions (i.e., 
residual ash, individual bed ash particles, cyclone ash, deposition probe 
ash, bottom ash and PM) and fine ash fraction (fine PM) were 
characterized by three analytic techniques; elemental composition (ICP-
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AES and IC for fuel and residual ash, SEM-EDS for PM), morphology, 
and elemental distribution (SEM-EDS), and phase composition (XRD). 
A summary of collected samples and analyses performed are presented in 
Table 4.  

Table 4. Summary of collected bed and ash fractions, their origin and setup collected in. 

Type Sample Reactor Analyses 

Coarse ash 
fractions 

Residual ash Macro-TGA 
SEM-EDS, 
ICP-AES & 
XRD 

Bed ash particles BFB 
SEM-EDS 
& XRD 

Cyclone ash BFB 
SEM-EDS 
& XRD 

Deposit probe EFR 
SEM-EDS, 
ICP-AES & 
XRD 

Bottom ash EFR 
SEM-EDS 
& ICP-AES 

Coarse PM (>1 
m impactor) 

BFB, EFR SEM-EDS 

Fine ash fraction 
Fine PM (<1 m 
impactor) 

BFB, EFR SEM-EDS 

Bed particle 
layers 

Used bed material BFB, DFB SEM-EDS 

ICP and IC were used to characterize the bulk composition of fuels and 
ash material. SEM-EDS analysis was used for semi-quantitative elemental 
analysis of the fuels and ash fractions to provide information about 
morphology and the spatial elemental distribution at different locations or 
features within the sample. XRD was used to establish information about 
crystalline phases in studied samples (residual ash, bed ash and cyclone ash 
and deposit probe material). The combination of the techniques allows 
the characterization of the materials to help interpret the ash 
transformation reactions and pathways. 
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2.3.1 ICP-AES & IC 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was 
performed to quantify the major ash-forming elements Al, Ca, Fe, Mg, 
P, K, Si, and Na (ISO 16967) in the fuels and selected ash fractions 
(residual ashes, depositions probe samples and bottom ash from EFR). Ion 
chromatography (IC) was used to quantify Cl and S (ISO 16994). 

2.3.2  SEM-EDS 

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

The equipments used were 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, dry 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 in bed material layers). 

2.3.3 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 K  radiation and a Pixel3D 
array detector was used for the data collection. Measurements were 
performed between 10-70° 2  with a 0.007° scan interval. The collected 
data were analyzed and evaluated using the HighScore Plus software [68], 
together with ICDD PDF-4 crystal structure database [69]. 
Quantification of identified phases was performed using the Rietveld 
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method. To estimate the amorphous content of the samples, simultaneous 
measurements were performed with an external standard between the 
sample analyses. Pure crystalline Si was used as the external standard to 
calculate the K-factor, the instrument intensity constant, for subsequent 
quantification of the amorphous content [70]. 

2.4 Thermodynamic equilibrium calculations 

Thermodynamic equilibrium calculations (TECs) were performed in 
order to interpret the results. The calculations were used to estimate the 
equilibrium state of the major ash elements Na, Mg, Al, Si, P, K, Ca, and 
Fe. The software FactSage 7.3 and 8.0 was used [71] in conjunction with 
the databases GTOX and SGPS [72]. GTOX was chosen as the primary 
database for the model of stoichiometric compounds, solution phases, and 
gas species due to its higher applicability in P-rich systems. The secondary 
database SGPS was implemented to allow the formation of additional 
hydrated compounds in the stoichiometric solid fraction and the gas 
phase. Solution phases based on solid or liquid salt mixtures were 
neglected based on calculations for the behavior of S and Cl in the ash 
environment, based on their release rates at the observed conditions. 

Calculations were performed using the elemental composition of fuel 
mixtures and analyses of ash fractions. The focus of the calculations was 
to determine the state of P and melt interactions. In paper A & B, 
calculations were used to predict condensed phases at the process 
conditions. In paper C, calculations were used to interpret the cooling of 
deposition probe samples using their elemental composition. For 
solidification of melts, the behavior of solidification during cooling was 
calculated using global equilibrium assumption and Scheil-Gulliver 
equation.  

For details regarding solution models, gas conditions and strategies used 
in the different papers, the reader is referred to the appended papers. 
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2.5 Estimation of P release 

In papers A & B, the elemental release rates [73] of K and P were 
quantified using ICP-AES data measured in raw fuels and collected 
residual ashes. Release rates were calculated through 

= 100 × 1 1 × Eq. 1 

where the release rate for element  ( ) in the conversion 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 
residual ash ( , ).

In papers C & D, the release rates of K & P was estimated through 
SEM-EDS quantification of these elements in the fine PM. Instead of 
estimations by the residual ash, the amounts of K & P in collected fine 
PM was used with the assumption that this was the release. The influx of 
an element was measured through the fuel feeding rate and element 
concentration. Flue gas volumes and impactor extraction volume flows 
were used in conjunction with the elemental concentration and total mass 
of collected fractions of fine PM to calculate the out flux of an element.  

2.6 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, 

= 3
2( + ) Eq. 2 

which indicates if Ca and Mg can fully occupy an orthophosphate 
structure. 
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concentration. Flue gas volumes and impactor extraction volume flows 
were used in conjunction with the elemental concentration and total mass 
of collected fractions of fine PM to calculate the out flux of an element.  

2.6 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, 

= 3
2( + ) Eq. 2 

which indicates if Ca and Mg can fully occupy an orthophosphate 
structure. 
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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. 

To quantify the effect of aluminium in relation to alkali elements, the 
aluminium ot alkali element ratio (AluAR) was formulated as 

= +
Eq. 4 

where a value of unity represent the possibility for full capture of alkali 
elements in aluminosilicates (Si abundant). Lower values increases alkali 
reactions with other elements.  

31 

Chapter 3 

3 Results and discussion 
The aim of chapter 3 is to highlight and discuss the main results related to 
the objectives/research questions (RQ’s) stated in Section 1.5. The results 
are therefore presented in order of the objectives/research questions 
where RQ1 is presented in section 3.1, RQ2 in section 3.2 and RQ3 in 
section 3.3. 
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3.1 Influence of co-conversion on the fate of P 

The main topic in this thesis, the fate of P, is defined as the distribution 
and speciation of P in ash fractions formed during thermal conversion. In 
the conversion of fuels during the experimental trials, for all experimental 
settings and fuel mixing ratios, P was mainly found in the coarse ash 
fractions (residual ashes, bed ash particles, bottom ash, cyclone ashes and 
deposit probe ashes). In Figure 8, the retention of P in the residual ash 
fractions of the single-pellet experiments can be seen. It should be noted 
that retention rates at and above 100 % result from the calculation method 
and not an addition of extra matter. More than 90 % of the P was retained 
in all experimental settings, indicating negligible release rates. 

Figure 8. Retention of P in the residual ash fraction of single-pellet experiments 
combustion and gasification at different furnace temperatures as calculated from the fuel 

analyses and residual ash fractions. 

The small release of P can be expected due to the mineralized P in the SS 
and low conversion temperatures. Similar release rates have been reported 
for SS before [37,63,64].  

In the fluidized bed experiments with chicken litter mixtures (CL, 
CWS30 and CB30) and entrained flow pulverized fuel combustion 
experiments (SS, WSS10 and SHS15 at 1000 and 1400 °C), the release of 
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P was estimated by measurements of the fine PM (< 1 m). In the chicken 
litter experiments performed at around 800 °C, no P was detected in the 
fine PM. Therefore, the estimated release rates for all fuel mixtures were 
too low to admit for reliable quantification. 

For the EFR experiments (Figure 9) of SS, WSS10 and SHS15, the release 
of P was estimated to less than 5 % for both 1000 and 1400 °C, with a 
trend of higher release at the higher temperature. The higher release rates 
in the wheat straw blends at 1400 °C may suggest that the release of P in 
SS is enhanced by Fe-phosphate decomposition or that organically 
associated P originating from the WS volatilize more readily at a higher 
temperature. 

Figure 9. Release of P in EFR combustion experiments of sewage sludge (SS) and its 
mixtures with wheat straw (WSS10) and sunflower husks (SHS15) as calculated from P 

content in fine PM (<1 m). 

Uncertainties propagate from the experimental method of estimating the 
retention in residual amounts of single-pellets and the release rate by 
accounting for the P in the fine PM fraction. In the calculation of 
retention, the errors likely originate from variation in the fuel and possibly 
errors in quantification of the P. Similar explanations have also been 
argued for previously [73,74]. Quantification of the release of P through 
the fine PM poses the possible errors of deposition of P before 
measurements, namely in flue gas channels or on larger particles. In either 
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case, the conclusion is clear that most P is found in coarse ash fractions, 
such as residual ashes, bed/bottom ashes, cyclone ashes, deposits or coarse 
particulate matter (>1 m).  

The concentration of P in the coarse ash fractions leads to the focus on 
characterizing these fractions regarding speciation of P. To study the fate 
of P in these P-rich coarse ash fractions, the crystalline P was quantified 
using XRD. A summary of all the identified crystalline P-phases are 
presented in Table 5. The crystalline phases of P in coarse ash fractions 
were all different types of orthophosphates (PO4

3-), ranging from Ca-
orthophosphates (apatites and whitlockite type structures) to mixed 
CaKPO4 and also AlPO4. The variations depend on the fuel mixture and 
conversion conditions. Apatite with the general formula 
Ca5(PO4)3(F,Cl,OH) can also have partial substitution of the anions for 
silicates or carbonates. The whitlockite type structure is accommodating 
for the substitution of Ca for other cations in the crystal structure. A 
general formula for this structure could be written as 
Ca10-x-y(K,Na)x(Mg,Fe)y(PO4)7. 

The most thermodynamically stable Ca-phosphate hydroxyapatite was 
found in some cases, likely originating from locations where the local ratio 
of Ca to P was high, thus facilitating the full incorporation of Ca into the 
phosphate structure. At points with less Ca and more K available, 
CaKPO4 is thermodynamically favored [75]. Similarly, AlPO4 is predicted 
at points with large shares of Al, since more Al is needed for its formation 
according to TECs [75]. The presence of AlPO4 indicates that non-
equilibrium conditions exist. In the following subchapters (3.1.13.1.2), 
the effect of co-conversion on the fate of P is discussed in more detail. 
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Table 5. Identified crystalline P compounds in coarse ash fractions formed in combustion 
and gasification experiments. 

Fuel 

T
em

perature [° C
] 

H
ydroxyapatite 

Si-apatite 

-C
a

3 (PO
4 )2  

Fe-w
hitlockite 

M
g-w

hitlockite 

Fe-M
g-w

hitlockite 

C
a,M

g-phosphate 

K
,M

g-w
hitlockite 

C
aK

PO
4  

A
lPO

4  

CL 800 X X 

CB30 800 X 

CWS30 800 X X 

SS 

800 X X 

950 X X X 

1000 X 

1400 X X 

WSS10 

800 X X X X 

950 X X 

1000 X 

1400 X 

WSS30 
800 X 

950 X X X 

SHS15 

800 X X X 

950 X X X X 

1000 X 

1400 X 

SHS40 
800 X X 

950 X X 
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3.1.1 P fate in co-conversion of chicken litter 

The bulk elemental composition of the bed ash particles collected from 
the fluidized bed was found to correlate well with the cyclone and the 
coarse PM fractions (impactor stages 8-13, 1-10 m) collected (Figure 
10). 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 m). This indicates that the P was not 
volatilized significantly but rather captured either in crystalline or 
amorphous phases. 

In all bed ash particle samples, discrete large particles containing Ca were 
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 
CB30. Rounded shapes (Figure 11) 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 to be molten 
at some stage of conversion. In these homogenous regions, small about 
1 m large particles appeared in the presumed melt (see Figure 11d). 
These were enriched in P compared 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 10. 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 11. SEM BSE micrographs of typical bed ash particles in (a) CL, (b) CB30 and 
(c) CWS30 and (d) zoom-in of the characteristics of typical molten areas found in bed

samples from CWS30. 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. Previously published by ACS in Energy & Fuels [66]. 

Crystalline P was found as hydroxyapatite in all samples (Table 6). For CL 
and CWS30, K-Mg-whitlockite was also identified. In CWS30, it was 
the major fraction. In CB30, no whitlockite phases were identified. For 
CL and CWS30, amorphous contents of 30 and 45 wt-% respectively 
were quantified. The appearance and composition of the ash particles 
make it likely that some P was present in amorphous compounds. Recent 
studies performed by other authors have identified more crystalline K-
bearing phosphates, such as KMgPO4, in the combustion of poultry 
manure [76,77]. In these studies, the relative amounts of Ca to P were 
lower and amounts of K higher, likely explaining the difference. 

The co-conversion of CL and WS yielded no differentiation in the fate 
of P compared to CL alone. This is mainly attributed to the high amounts 
of Ca present in the CL. In CB30 the formation of K-bearing phosphates 
was inhibited by adding more Ca from bark. 

a) b) 

c) d) 
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Table 6. 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-%. 

Sample C100 CB30 CWS30 
Bed ash 

particles* 
Cyclone 

ash 
Bed ash 

particles* 
Cyclone 

ash 
Bed ash 

particles* 
Cyclone 

ash 
Phosphates 

Ca5(PO4)3OH 
(Hydroxyapatite) 

X 25-30 X 35-40 - 10-15

Whitlockite (K-Mg 
substituted)

- 15-20 - - - 15-20

Silicates and aluminosilicates 

SiO2 
(Quartz) 

X - X <5 - 10-15

KAlSi3O8 

(Microcline) 
X - - - X -

KAlSi2O6 
(Leucite) 

- - - - X - 

Other 

K2SO4 

(Arcanite) 
X 5-10 X 5-10 - - 

Na2SO4 
(Thenardite) 

- - - <5 - - 

CaO 
(Lime) 

X - X - X - 

Ca(OH)2 
(Portlandite) 

X - X - X -

CaCO3 
(Calcite) 

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

MgO 
(Periclase) 

X - X - - -

KCl 
(Sylvite) 

- 5-10 - <5 - <5

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

Amorphous (and non-
quantified crystalline 

compounds) 
- 30 - 30 - 45

* Only the cyclone ash fraction was quantified using XRD. Bed ash particle fractions had significant
inclusions with varying amounts of bed material, which would greatly increase uncertainty in any
quantifications.
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3.1.2 P fate in co-conversion of SS with WS and SH 

Pelletized sewage sludge and its mixtures with WS and SH were 
converted in single-pellet combustion and gasification conditions at a 
furnace temperature of 800 and 950 °C. Part of these mixtures (SS, 
WSS10 and SHS15) was also co-combusted in an entrained flow reactor 
using mixed pulverized fuels at 1000 and 1400 °C. 

Single-pellet conversion experiments 

Analyses of the elemental distribution using ICP-AES revealed that the 
residual ashes generated from the pellet conversion had little release of the 
major ash forming elements (Na, Mg, Al, Si, P, K, Ca and Fe). The 
volatile S and Cl were on the other hand almost completely volatilized. 

The morphology of and elemental distribution in the residual ashes was 
studied using SEM-EDS. SEM-BSE micrographs of the ashes are 
presented in Figure 12 for combustion and Figure 13 for gasification. A 
summary of the elemental concentration in different spots obtained 
through EDS is presented in Table 7. 

In SS (Figure 12 & Figure 13 A, B), the appearance of the residual ash 
consisted of interlinked ash particles with a heterogenous elemental 
distribution (as shown in Table 7). At 950 °C compared to 800 °C, the 
grain boundaries were smoother and appeared partially molten. Sintering 
of SS ashes has previously been attributed to Fe-oxide eutectics [78]. Ca 
and P were found together with a high positive correlation, while P and 
Si were negatively correlated. Mineral inclusions of silicate and 
aluminosilicate grains were observed all through the sample. Iron-rich 
areas appearing as bright spots were identified at near-surface areas around 
grain boundaries and in cavities (up to 60-85 mol-% Fe on a C- and O-
free basis). The effect was stronger at the higher temperature. It appears 
as Fe migrates from the bulk ash matrix towards surfaces, possibly through 
variations in the diffusion rate for different oxidation states. The main 
difference between samples obtained in combustion and gasification was 
the Fe exclusion found more prevalent in gasification ashes. 

For WSS10 (Figure 12 & Figure 13 C, D), the appearance was clearly 
different from SS, with noticeable areas deriving from SS and WS 
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particles. At the intersection of SS- and WS-derived ash, interaction 
volumes containing elemental shares from each fuel were readily 
observed. This effect was more pronounced at 950 °C compared to 
800 °C. K was distributed the most uniformly over the sample, 
indicating a high mobility, likely through the gas phase. The interaction 
of SS- and WS-derived ash seem to be promoted by molten K-silicates 
originating from the WS. Fe was found enriched at surface regions, similar 
to SS. For WSS30, the appearance of the ash was more similar to SS ashes. 

In SHS15 (Figure 12 & Figure 13 E, F), SS-derived ash particles had little 
physical interaction with SH-derived ash particles. Large grains were 
similar to the composition of SS, with the addition of higher amounts of 
K. Small grains were enriched in Ca and Mg, indicating SH origin, while
negatively correlated to K. This indicates that K was transferred to the SS-
derived ash through the gas phase. Similar to SS and WSS mixtures, Fe
was found to be enriched in near-surface regions, with higher amounts at
950 °C. SHS40 appeared similar, with increased shares of Si and Fe in the
coarser mode and slightly elevated Ca and Mg shares in most of the finer
modes.

The effect of the fuel blending was most pronounced for the distribution 
of K across the samples. In both WS and SH fuel mixtures with SS, K 
mainly originates in the agricultural residue WS or SH. The clearest 
relocation of K was seen in the SHS15 ashes. An explanation for this 
observation may be that K in the SH fuel is more mobile between the 
fuel ash fractions since the SH ash contains insufficient anion-formers such 
as P and Si. SS ash contains an abundance of these anion-formers. The 
balance between anions and cations, explaining the mobility of elements, 
has been highlighted in previous works [17,79,80]. 

On the other hand, WS ash contains large amounts of Si, making the 
formation of K-silicate a preferable option if K and Si are spatially in close 
proximity. Since these K-silicates may be molten at the investigated 
temperatures, solid ash fractions derived from SS may adhere and 
potentially dissolve in these melts, creating interaction volumes with an 
intermediate composition and elevated reaction potentials. The transport 
of K from the SH ash to the SS ash seems to be independent of such a 
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through EDS is presented in Table 7. 
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free basis). The effect was stronger at the higher temperature. It appears 
as Fe migrates from the bulk ash matrix towards surfaces, possibly through 
variations in the diffusion rate for different oxidation states. The main 
difference between samples obtained in combustion and gasification was 
the Fe exclusion found more prevalent in gasification ashes. 

For WSS10 (Figure 12 & Figure 13 C, D), the appearance was clearly 
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particles. At the intersection of SS- and WS-derived ash, interaction 
volumes containing elemental shares from each fuel were readily 
observed. This effect was more pronounced at 950 °C compared to 
800 °C. K was distributed the most uniformly over the sample, 
indicating a high mobility, likely through the gas phase. The interaction 
of SS- and WS-derived ash seem to be promoted by molten K-silicates 
originating from the WS. Fe was found enriched at surface regions, similar 
to SS. For WSS30, the appearance of the ash was more similar to SS ashes. 

In SHS15 (Figure 12 & Figure 13 E, F), SS-derived ash particles had little 
physical interaction with SH-derived ash particles. Large grains were 
similar to the composition of SS, with the addition of higher amounts of 
K. Small grains were enriched in Ca and Mg, indicating SH origin, while
negatively correlated to K. This indicates that K was transferred to the SS-
derived ash through the gas phase. Similar to SS and WSS mixtures, Fe
was found to be enriched in near-surface regions, with higher amounts at
950 °C. SHS40 appeared similar, with increased shares of Si and Fe in the
coarser mode and slightly elevated Ca and Mg shares in most of the finer
modes.

The effect of the fuel blending was most pronounced for the distribution 
of K across the samples. In both WS and SH fuel mixtures with SS, K 
mainly originates in the agricultural residue WS or SH. The clearest 
relocation of K was seen in the SHS15 ashes. An explanation for this 
observation may be that K in the SH fuel is more mobile between the 
fuel ash fractions since the SH ash contains insufficient anion-formers such 
as P and Si. SS ash contains an abundance of these anion-formers. The 
balance between anions and cations, explaining the mobility of elements, 
has been highlighted in previous works [17,79,80]. 

On the other hand, WS ash contains large amounts of Si, making the 
formation of K-silicate a preferable option if K and Si are spatially in close 
proximity. Since these K-silicates may be molten at the investigated 
temperatures, solid ash fractions derived from SS may adhere and 
potentially dissolve in these melts, creating interaction volumes with an 
intermediate composition and elevated reaction potentials. The transport 
of K from the SH ash to the SS ash seems to be independent of such a 
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melt-solid interaction, as the occurrence of melts does not imply a more 
uniform distribution and reaction gradients in the SHS mixtures were not 
detected. For both mixtures rich in K (WSS10 and SHS15), apparently 
previous molten regions rich in both Si and P could be a result of a 
phosphosilicate melt. Their presence are suggested by TECs, but no clear 
evidence was seen for such an interaction. It may be assumed that a 
significant part of K is volatilized at the process temperature, thereby 
being more mobile and subsequently interacting with SS ash. 

Table 7. Elemental concentrations in the analyzed EDS spots were distributed over 
different sample sites in particles. The values are presented as mol-% on a C- and O-free 
basis, the 5%-percentile (lower limit), and the 95%-percentile (upper limit). 

Fuel Furnace 
Temperature Na Mg Al Si P K Ca Fe 

Combustion 

SS 
800°C 1-3 2-5 8-15 9-25 14-27 1-3 11-22 16-41

950°C 0-3 1-6 4-14 2-21 3-24 0-3 2-17 22-83

WSS10 
800°C 0-2 2-7 1-11 16-63 5-19 13-29 8-18 2-21

950°C 1-6 1-7 1-10 13-61 3-21 11-28 5-25 2-30

WSS30 
800°C 1-2 3-6 2-16 16-53 6-23 4-15 7-20 6-34

950°C 1-3 2-5 4-13 10-45 7-25 5-20 5-25 6-58

SHS15 
800°C 0-2 8-21 3-10 4-20 9-19 10-25 13-32 6-29

950°C 0-3 6-20 3-17 5-38 7-20 9-23 11-27 5-34

SHS40 
800°C 1-3 4-11 5-15 7-29 10-24 4-11 9-25 10-39

950°C 1-3 3-9 6-16 7-22 12-26 4-13 8-27 8-49

Gasification 

SS 
800°C 1-3 1-5 4-19 6-49 9-36 1-4 5-21 8-40

950°C 1-3 1-5 5-18 6-37 12-35 1-4 8-23 13-38

WSS10 
800°C 0-2 1-7 1-14 4-62 3-31 8-26 4-21 2-31

950°C 0-2 1-6 1-16 10-57 3-26 10-26 4-24 3-29

WSS30 
800°C 1-3 1-6 2-22 5-64 5-32 3-23 3-20 3-33

950°C 1-3 2-5 5-16 9-43 9-29 5-16 5-28 8-35

SHS15 
800°C 0-3 2-20 3-15 4-40 8-31 8-26 5-32 6-29

950°C 0-3 2-18 3-16 4-33 9-28 7-27 6-32 6-34

SHS40 
800°C 1-2 1-10 3-17 6-43 7-26 2-13 6-25 10-44

950°C 1-3 1-7 4-16 7-50 9-32 2-13 5-28 7-37

All values are presented as mol-% on a C- and O-free basis, the 5% percentile (lower limit), and 
the 95% percentile (upper limit). 
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Figure 12. Representative cross-sectional SEM-BSE micrographs of ash generated in 

combustion conditions at 800 °C (left) and at 950 °C (right) from the fuels: (a, b) SS, 
(c, d) WSS10, and (e, f) SHS15. Adapted from previous work published by ACS in 

Energy & Fuels [65]. 
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melt-solid interaction, as the occurrence of melts does not imply a more 
uniform distribution and reaction gradients in the SHS mixtures were not 
detected. For both mixtures rich in K (WSS10 and SHS15), apparently 
previous molten regions rich in both Si and P could be a result of a 
phosphosilicate melt. Their presence are suggested by TECs, but no clear 
evidence was seen for such an interaction. It may be assumed that a 
significant part of K is volatilized at the process temperature, thereby 
being more mobile and subsequently interacting with SS ash. 
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800°C 1-2 3-6 2-16 16-53 6-23 4-15 7-20 6-34

950°C 1-3 2-5 4-13 10-45 7-25 5-20 5-25 6-58

SHS15 
800°C 0-2 8-21 3-10 4-20 9-19 10-25 13-32 6-29

950°C 0-3 6-20 3-17 5-38 7-20 9-23 11-27 5-34

SHS40 
800°C 1-3 4-11 5-15 7-29 10-24 4-11 9-25 10-39

950°C 1-3 3-9 6-16 7-22 12-26 4-13 8-27 8-49

Gasification 

SS 
800°C 1-3 1-5 4-19 6-49 9-36 1-4 5-21 8-40

950°C 1-3 1-5 5-18 6-37 12-35 1-4 8-23 13-38

WSS10 
800°C 0-2 1-7 1-14 4-62 3-31 8-26 4-21 2-31

950°C 0-2 1-6 1-16 10-57 3-26 10-26 4-24 3-29

WSS30 
800°C 1-3 1-6 2-22 5-64 5-32 3-23 3-20 3-33

950°C 1-3 2-5 5-16 9-43 9-29 5-16 5-28 8-35

SHS15 
800°C 0-3 2-20 3-15 4-40 8-31 8-26 5-32 6-29

950°C 0-3 2-18 3-16 4-33 9-28 7-27 6-32 6-34

SHS40 
800°C 1-2 1-10 3-17 6-43 7-26 2-13 6-25 10-44

950°C 1-3 1-7 4-16 7-50 9-32 2-13 5-28 7-37

All values are presented as mol-% on a C- and O-free basis, the 5% percentile (lower limit), and 
the 95% percentile (upper limit). 
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Figure 12. Representative cross-sectional SEM-BSE micrographs of ash generated in 

combustion conditions at 800 °C (left) and at 950 °C (right) from the fuels: (a, b) SS, 
(c, d) WSS10, and (e, f) SHS15. Adapted from previous work published by ACS in 

Energy & Fuels [65]. 
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Figure 13. Representative cross-sectional SEM-BSE micrographs of ash generated in 

gasification conditions at 800 °C (left) and at 950 °C (right) from the fuels: (a, b) SS, 
(c, d) WSS10, and (e, f) SHS15. Adapted from previous work published by Elsevier in 

Fuel Processing Technology [81]. 

Crystalline P was found as orthophosphates in all conditions (Table 8). 
For the pure SS and higher SS mixtures (WSS30 and SHS40), crystalline 
P was mainly found as Fe- and Mg-substituted whitlockites or as 
stanfieldite (Ca4(Mg,Fe)5(PO4)6) in gasification. No clear difference was 
noted in regard to temperature. For the mixtures with lower amounts of 
SS (WSS10 and SHS15), crystalline P was found as K-Mg substituted 
whitlockite (Ca9MgK(PO4)7), indicating that the co-conversion with K-
rich fuels has altered the phosphate formation. In addition, the 
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orthophosphate CaKPO4 was also identified in these low SS mixtures 
with a slight temperature dependency showing higher amounts at 800 °C 
compared to 950 °C and a higher prevalence in SHS15 compared to 
WSS10. Aluminium phosphate was also found in addition to Ca-
containing phosphates in pure SS and WSS-mixtures. Its presence 
indicates non-equilibrium conditions, as Ca-phosphates are expected to 
be more stable at the operating conditions. 

In addition to crystalline phosphates, higher amounts of K-
aluminosilicates were found in high SS mixtures. This indicates that 
aluminosilicates are preferred over K-bearing phosphates in the 
competition for reactions with K. Also, the state of Fe was altered in 
gasification experiments since maghemite was identified to a larger extent, 
instead of hematite. This was also supported by the magnetic properties 
since the ashes were ferromagnetic in the presence of a permanent 
magnet. 

The amorphous content was also determined, and lower SS mixtures 
(WSS10 & SHS15) were slightly more amorphous compared to the 
higher SS mixtures. This could be expected through possible interactions 
between K and Si, in the K-richer mixtures. It was also noticed for SS 
under gasification conditions compared to combustion ashes, possibly due 
to the oxidation state of Fe. 
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gasification conditions at 800 °C (left) and at 950 °C (right) from the fuels: (a, b) SS, 
(c, d) WSS10, and (e, f) SHS15. Adapted from previous work published by Elsevier in 

Fuel Processing Technology [81]. 
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For the pure SS and higher SS mixtures (WSS30 and SHS40), crystalline 
P was mainly found as Fe- and Mg-substituted whitlockites or as 
stanfieldite (Ca4(Mg,Fe)5(PO4)6) in gasification. No clear difference was 
noted in regard to temperature. For the mixtures with lower amounts of 
SS (WSS10 and SHS15), crystalline P was found as K-Mg substituted 
whitlockite (Ca9MgK(PO4)7), indicating that the co-conversion with K-
rich fuels has altered the phosphate formation. In addition, the 
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orthophosphate CaKPO4 was also identified in these low SS mixtures 
with a slight temperature dependency showing higher amounts at 800 °C 
compared to 950 °C and a higher prevalence in SHS15 compared to 
WSS10. Aluminium phosphate was also found in addition to Ca-
containing phosphates in pure SS and WSS-mixtures. Its presence 
indicates non-equilibrium conditions, as Ca-phosphates are expected to 
be more stable at the operating conditions. 

In addition to crystalline phosphates, higher amounts of K-
aluminosilicates were found in high SS mixtures. This indicates that 
aluminosilicates are preferred over K-bearing phosphates in the 
competition for reactions with K. Also, the state of Fe was altered in 
gasification experiments since maghemite was identified to a larger extent, 
instead of hematite. This was also supported by the magnetic properties 
since the ashes were ferromagnetic in the presence of a permanent 
magnet. 

The amorphous content was also determined, and lower SS mixtures 
(WSS10 & SHS15) were slightly more amorphous compared to the 
higher SS mixtures. This could be expected through possible interactions 
between K and Si, in the K-richer mixtures. It was also noticed for SS 
under gasification conditions compared to combustion ashes, possibly due 
to the oxidation state of Fe. 
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Table 8. Summary of the crystalline compounds and the amorphous phase identified in 
the XRD analysis of the residual ashes generated from single-pellets at combustion and 
gasification conditions (in brackets) given in wt.%. 

Sample 

800 °C 950 °C 

SS 

W
SS 

10 

W
SS 

30 

SH
S 

15 

SH
S 

40 

SS 

W
SS 

10 

W
SS 

30 

SH
S 

15 

SH
S 

40 

Phosphates 
Ca5(PO4) OH 

(Hydroxyapatite) 
- 

(-) <5 - 
(-) 

10-15 
(10-15) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

10-15 
(-) 

- 
(-) 

Ca5(PO4).6(SiO4).4(OH).6 

(Si-apatite) 
- 

(-) 
- 

(-) 
- 

(-) 
- 

(-) 
- 

(-) 
- 

(-) 
- 

(-) 
- 

(-) (15-20) - 
(-) 

Whitlockite 
(Fe-substituted) 

20-25 
(15-20) 

- 
(-) 

25-30 
(20-25) 

- 
(-) 

- 
(-) 

- 
(5-10) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

Whitlockite 
(Fe-Mg substituted) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

25-30 
(-) 

25-30 
(-) 

- 
(-) 

20-25 
(-) 

- 
(-) 

25-30 
(20-25) 

Whitlockite 
(Mg substituted) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(25-30) 

- 
(-) 

- 
(-) 

- 
(20-25) 

- 
(-) 

- 
(-) 

Ca4(Mg,Fe)5(PO4)6 
(Stanfieldite) 

- 
(20-25)) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(35-40) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(10-15) 

Whitlockite 
(K-Mg substituted) 

- 
(-) 

5-10 
(10-15) 

- 
(-) 

10-15 
(15-20) 

- 
(-) 

- 
(-) 

10-15 
(15-20) 

- 
(-) 

15-20 
(15-20) 

- 
(-) 

CaKPO4 
- 

(-) 
<5 

(5-10) 
- 

(-) 
5-10 

(5-10) 
- 

(-) 
- 

(-) 
- 

(-) 
- 

(-) 
5-10 
(-) 

- 
(-) 

AlPO4 
- 

(-) 
5-10 

(5-10) 
- 

(-) 
- 

(-) 
- 

(-) 
5-10 
(-) 

5-10 
(-) 

5-10 
(10-15) 

- 
(-) 

- 
(-) 

Silicates and aluminosilicates 
SiO2 

(Quartz) 
<5 

(<5) 
- 

(<5) 
<5 

(5-10) 
<5 

(<5) 
5-10 
(<5) 

5-10 
(5-10) 

<5 
(<5) 

<5 
(<5) 

<5 
(-) 

<5 
(<5) 

SiO2 
(Cristobalite) 

- 
(-) 

<5 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

SiO2 

(Tridymite) 
5-10 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

KAlSi2O6 

(Leucite) 
- 

(-) 
- 

(-) 
- 

(15-20) 
- 

(-) 
- 

(-) 
- 

(-) 
10-15 

(15-20) 
15-20 

(15-20) 
- 

(10-15) 
15-20 

(15-20) 
K(Fe,Al)Si3O8 

(Sanidine) 
<5 
(-) 

- 
(-) 

10-15 
(-) 

- 
(-) 

- 
(15-20) 

10-15 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

10-15 
(-) 

KAlSi3O8 
(Microcline) 

10-15 
(-) 

5-10 
(-) 

5-10 
(15-20) 

- 
(-) 

15-20 
(15-20) 

- 
(-) 

5-10 
(-) 

- 
(-) 

- 
(-) 

- 
(10-15) 

K2MgSi3O8 
- 

(-) 
- 

(*) 
- 

(-) 
- 

(-) 
- 

(-) 
- 

(-) 
- 

(*) 
- 

(-) 
- 

(-) 
- 

(-) 
Other 

-Fe2O3 
(hematite) 

10-15 
(<5) 

<5 
(<5) 

10-15 
(5-10) 

5-10 
(5-10) 

10-15 
(10-15) 

20-25 
(-) 

<5 
(-) 

5-10 
(<5) 

5-10 
(<5) 

15-20 
(5-10) 

-Fe2O3 
(maghemite) 

- 
(-) 

- 
(<5) 

- 
(<5) 

- 
(-) 

- 
(<5) 

- 
(-) 

- 
(<5) 

- 
(5-10) 

- 
(5-10) 

- 
(10-15) 

K2Mg2(SO4)3 
(Langbeinite) 

- 
(-) 

- 
(-) 

- 
(-) 

<5 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

K2SO4 
(Arcanite) 

- 
(-) 

- 
(-) 

- 
(-) 

5-10 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

MgO 
(Periclase) 

- 
(-) 

- 
(-) 

- 
(-) 

<5 
(5-10) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

5-10 
(5-10) 

- 
(-) 

CaCO3 
(Calcite) 

- 
(-) 

- 
(10-15) 

- 
(-) 

<5 
(5-10) 

- 
(<5) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

MgFe2O4 
(Magnesioferrite) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

5-10 
(-) 

- 
(-) 

Amorphous (and non-quantified 
crystalline compounds) 

30-35 
(50-55) 

60-65 
(45-50) 

35-40 
(45-50) 

50-55 
(35-40) 

30-35 
(25-30) 

20-25 
(35-40) 

55-60 
(50-55) 

40-45 
(35-40) 

35-40 
(30-35) 

20-25 
(15-20) 

* denotes that the compound was identified, but not quantified 
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Thermodynamic modeling of the ash compositions indicated that K-
bearing phosphates would form at both temperatures and for both high 
and low SS mixtures. KMgPO4 and CaKPO4 were predicted to a higher 
degree in lower SS mixtures (WSS10 and SHS15) than in higher SS 
mixtures (WSS30 and SHS40). K was identified as the limiting factor in 
the formation of K-bearing phosphates. The difference between WS and 
SH mixtures was the increased incorporation of P in melts in WS mixtures 
compared to SH mixtures. The calculations indicate that K is 
preferentially incorporated in (K-Mg/Ca)-phosphates compared to the 
corresponding silicate system. Incorporation of P in the molten phase was 
also predicted to be higher under gasification conditions than combustion. 
Aluminium phosphates were only predicted in pure SS ashes. 

Compared to the experimental results, the theoretical calculations show a 
higher level of alteration in the P-species, which indicates that non-
equilibrium effects in the experiments inhibit the thermochemical 
equilibrium suggested by the calculations. One problem with TECs is the 
lack of data for phosphate with more cations, e.g. double-substituted 
whitlockites (e.g. Ca9MgK(PO4)7). Since they are not present, the 
predicted phases tend towards KMgPO4 and CaKPO4, while in reality, 
there are possibilities to form more stable phosphates. Although the 
absolute concentration and speciation of K-bearing phosphates were 
wrong, the trends were correctly identified, demonstrating the 
applicability of TECs for phosphate formation in co-conversion ashes. 

Summarizing the ICP-AES and XRD data for residual ashes, a 
distribution of P in the ashes were estimated (Figure 14). For combustion, 
42-64 % of P end up as K-bearing phosphates in WSS10 and SHS15 
mixtures. Correspondingly, in gasification, between 46 and 63 % of the 
incoming P was identified as K-bearing phosphates. 
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Table 8. Summary of the crystalline compounds and the amorphous phase identified in 
the XRD analysis of the residual ashes generated from single-pellets at combustion and 
gasification conditions (in brackets) given in wt.%. 

Sample 

800 °C 950 °C 

SS 

W
SS 

10 

W
SS 

30 

SH
S 

15 

SH
S 

40 

SS 

W
SS 

10 

W
SS 

30 

SH
S 

15 

SH
S 

40 

Phosphates 
Ca5(PO4) OH 

(Hydroxyapatite) 
- 

(-) <5 - 
(-) 

10-15 
(10-15) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

10-15 
(-) 

- 
(-) 

Ca5(PO4).6(SiO4).4(OH).6 

(Si-apatite) 
- 

(-) 
- 

(-) 
- 

(-) 
- 

(-) 
- 

(-) 
- 

(-) 
- 

(-) 
- 

(-) (15-20) - 
(-) 

Whitlockite 
(Fe-substituted) 

20-25 
(15-20) 

- 
(-) 

25-30 
(20-25) 

- 
(-) 

- 
(-) 

- 
(5-10) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

Whitlockite 
(Fe-Mg substituted) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

25-30 
(-) 

25-30 
(-) 

- 
(-) 

20-25 
(-) 

- 
(-) 

25-30 
(20-25) 

Whitlockite 
(Mg substituted) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(25-30) 

- 
(-) 

- 
(-) 

- 
(20-25) 

- 
(-) 

- 
(-) 

Ca4(Mg,Fe)5(PO4)6 
(Stanfieldite) 

- 
(20-25)) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(35-40) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(10-15) 

Whitlockite 
(K-Mg substituted) 

- 
(-) 

5-10 
(10-15) 

- 
(-) 

10-15 
(15-20) 

- 
(-) 

- 
(-) 

10-15 
(15-20) 

- 
(-) 

15-20 
(15-20) 

- 
(-) 

CaKPO4 
- 

(-) 
<5 

(5-10) 
- 

(-) 
5-10 

(5-10) 
- 

(-) 
- 

(-) 
- 

(-) 
- 

(-) 
5-10 
(-) 

- 
(-) 

AlPO4 
- 

(-) 
5-10 

(5-10) 
- 

(-) 
- 

(-) 
- 

(-) 
5-10 
(-) 

5-10 
(-) 

5-10 
(10-15) 

- 
(-) 

- 
(-) 

Silicates and aluminosilicates 
SiO2 

(Quartz) 
<5 

(<5) 
- 

(<5) 
<5 

(5-10) 
<5 

(<5) 
5-10 
(<5) 

5-10 
(5-10) 

<5 
(<5) 

<5 
(<5) 

<5 
(-) 

<5 
(<5) 

SiO2 
(Cristobalite) 

- 
(-) 

<5 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

SiO2 

(Tridymite) 
5-10 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

KAlSi2O6 

(Leucite) 
- 

(-) 
- 

(-) 
- 

(15-20) 
- 

(-) 
- 

(-) 
- 

(-) 
10-15 

(15-20) 
15-20 

(15-20) 
- 

(10-15) 
15-20 

(15-20) 
K(Fe,Al)Si3O8 

(Sanidine) 
<5 
(-) 

- 
(-) 

10-15 
(-) 

- 
(-) 

- 
(15-20) 

10-15 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

10-15 
(-) 

KAlSi3O8 
(Microcline) 

10-15 
(-) 

5-10 
(-) 

5-10 
(15-20) 

- 
(-) 

15-20 
(15-20) 

- 
(-) 

5-10 
(-) 

- 
(-) 

- 
(-) 

- 
(10-15) 

K2MgSi3O8 
- 

(-) 
- 

(*) 
- 

(-) 
- 

(-) 
- 

(-) 
- 

(-) 
- 

(*) 
- 

(-) 
- 

(-) 
- 

(-) 
Other 

-Fe2O3 
(hematite) 

10-15 
(<5) 

<5 
(<5) 

10-15 
(5-10) 

5-10 
(5-10) 

10-15 
(10-15) 

20-25 
(-) 

<5 
(-) 

5-10 
(<5) 

5-10 
(<5) 

15-20 
(5-10) 

-Fe2O3 
(maghemite) 

- 
(-) 

- 
(<5) 

- 
(<5) 

- 
(-) 

- 
(<5) 

- 
(-) 

- 
(<5) 

- 
(5-10) 

- 
(5-10) 

- 
(10-15) 

K2Mg2(SO4)3 
(Langbeinite) 

- 
(-) 

- 
(-) 

- 
(-) 

<5 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

K2SO4 
(Arcanite) 

- 
(-) 

- 
(-) 

- 
(-) 

5-10 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

MgO 
(Periclase) 

- 
(-) 

- 
(-) 

- 
(-) 

<5 
(5-10) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

5-10 
(5-10) 

- 
(-) 

CaCO3 
(Calcite) 

- 
(-) 

- 
(10-15) 

- 
(-) 

<5 
(5-10) 

- 
(<5) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

MgFe2O4 
(Magnesioferrite) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

- 
(-) 

5-10 
(-) 

- 
(-) 

Amorphous (and non-quantified 
crystalline compounds) 

30-35 
(50-55) 

60-65 
(45-50) 

35-40 
(45-50) 

50-55 
(35-40) 

30-35 
(25-30) 

20-25 
(35-40) 

55-60 
(50-55) 

40-45 
(35-40) 

35-40 
(30-35) 

20-25 
(15-20) 

* denotes that the compound was identified, but not quantified 
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Thermodynamic modeling of the ash compositions indicated that K-
bearing phosphates would form at both temperatures and for both high 
and low SS mixtures. KMgPO4 and CaKPO4 were predicted to a higher 
degree in lower SS mixtures (WSS10 and SHS15) than in higher SS 
mixtures (WSS30 and SHS40). K was identified as the limiting factor in 
the formation of K-bearing phosphates. The difference between WS and 
SH mixtures was the increased incorporation of P in melts in WS mixtures 
compared to SH mixtures. The calculations indicate that K is 
preferentially incorporated in (K-Mg/Ca)-phosphates compared to the 
corresponding silicate system. Incorporation of P in the molten phase was 
also predicted to be higher under gasification conditions than combustion. 
Aluminium phosphates were only predicted in pure SS ashes. 

Compared to the experimental results, the theoretical calculations show a 
higher level of alteration in the P-species, which indicates that non-
equilibrium effects in the experiments inhibit the thermochemical 
equilibrium suggested by the calculations. One problem with TECs is the 
lack of data for phosphate with more cations, e.g. double-substituted 
whitlockites (e.g. Ca9MgK(PO4)7). Since they are not present, the 
predicted phases tend towards KMgPO4 and CaKPO4, while in reality, 
there are possibilities to form more stable phosphates. Although the 
absolute concentration and speciation of K-bearing phosphates were 
wrong, the trends were correctly identified, demonstrating the 
applicability of TECs for phosphate formation in co-conversion ashes. 

Summarizing the ICP-AES and XRD data for residual ashes, a 
distribution of P in the ashes were estimated (Figure 14). For combustion, 
42-64 % of P end up as K-bearing phosphates in WSS10 and SHS15 
mixtures. Correspondingly, in gasification, between 46 and 63 % of the 
incoming P was identified as K-bearing phosphates. 
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Figure 14. Estimated distribution of P in the residual ashes. Values estimated by 

applying mass balance on ICP-AES and XRD analysis results. Adapted from [65] and 
[81]. 

Powder combustion experiments 

Typical morphology of collected ash deposition samples obtained during 
the powder combustion is presented in Figure 15 and Figure 16. At 
1000 °C (Figure 15), all collected samples appeared as agglomerates with 
interlinking particles in the size range of 200 – 400 m. Agglomerates in 
WSS10 and SHS15 appeared with more linkages compared to SS. The 
particles clearly contained voids and bubble inclusions, indicating a 
limited amount of plasticity at the conversion temperature. In all samples, 
Fe was found in exclusions at higher concentration close to surfaces and 
grain boundaries, potentially driven by an oxygen concentration gradient 
similar to the single-pellet conversion experiments. On the microscopic 
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scale, the SS showed a highly inhomogeneous appearance. In most 
regions, Ca was positively correlated to P, while at others P, Al, Si and 
Fe were found together with smaller amounts of Ca. Regions highly 
enriched in Si were also noted, most likely originating from quartz in the 
SS. Except for the Fe-exclusions, Si was present in significant amounts at 
all points. 

For WSS10 and SHS15, similar trends were found, with the addition of 
regions high in P and K in addition to the areas enriched in P, Si, Ca, Al 
and Fe. K also appeared in regions with Al and Si, possibly in 
aluminosilicates.  

In the WSS10 sample, regions exclusively containing K and Si were found 
as coatings on other particles, most likely derived from the WS. Some 
areas in SHS15 were found highly enriched in Mg, likely originating from 
the SH fraction of the fuel not interacting with the SS fraction.  

At 1400 °C (Figure 16), all samples appeared as mostly homogenous slags 
with potential crystal inclusions spread over the cross-sections. Higher 
amounts of Al were detected at the edges that had previous contact with 
the alumina sample holder, possibly originating from material interaction 
or contamination.  
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applying mass balance on ICP-AES and XRD analysis results. Adapted from [65] and 
[81]. 

Powder combustion experiments 

Typical morphology of collected ash deposition samples obtained during 
the powder combustion is presented in Figure 15 and Figure 16. At 
1000 °C (Figure 15), all collected samples appeared as agglomerates with 
interlinking particles in the size range of 200 – 400 m. Agglomerates in 
WSS10 and SHS15 appeared with more linkages compared to SS. The 
particles clearly contained voids and bubble inclusions, indicating a 
limited amount of plasticity at the conversion temperature. In all samples, 
Fe was found in exclusions at higher concentration close to surfaces and 
grain boundaries, potentially driven by an oxygen concentration gradient 
similar to the single-pellet conversion experiments. On the microscopic 
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scale, the SS showed a highly inhomogeneous appearance. In most 
regions, Ca was positively correlated to P, while at others P, Al, Si and 
Fe were found together with smaller amounts of Ca. Regions highly 
enriched in Si were also noted, most likely originating from quartz in the 
SS. Except for the Fe-exclusions, Si was present in significant amounts at 
all points. 

For WSS10 and SHS15, similar trends were found, with the addition of 
regions high in P and K in addition to the areas enriched in P, Si, Ca, Al 
and Fe. K also appeared in regions with Al and Si, possibly in 
aluminosilicates.  

In the WSS10 sample, regions exclusively containing K and Si were found 
as coatings on other particles, most likely derived from the WS. Some 
areas in SHS15 were found highly enriched in Mg, likely originating from 
the SH fraction of the fuel not interacting with the SS fraction.  

At 1400 °C (Figure 16), all samples appeared as mostly homogenous slags 
with potential crystal inclusions spread over the cross-sections. Higher 
amounts of Al were detected at the edges that had previous contact with 
the alumina sample holder, possibly originating from material interaction 
or contamination.  
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Figure 15. Overview SEM-BSE micrographs for cross-sections of ash deposition probe 
samples generated at 1000 °C of the fuels SS, WSS10 and SHS15, including 

structures/regions with distinct characteristics. 

When the deposition samples collected at 1400 °C were examined at 
higher magnification levels (Figure 16) it was clear that crystallization and 
precipitation occurred, most likely during cool-down. In all samples, 
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there were areas with two different compositions in close proximity in 
addition to the crystals. They appeared as banded structures with clear 
contrasting regions. This indicates that a congruent melt was separated 
into two incompatible melts during the cooling process or two congruent 
melts in close proximity. 

In SS, the large bright, hexagonally shaped areas were characterized by 
high Fe levels, most likely iron oxides in the form of hematite. The 
slightly darker grey areas were characterized by high shares of Ca, Fe and 
P, together with smaller amounts of Si, Al, Mg and K (presented in the 
order of abundance on a molar basis). The darkest area, the background, 
consisted of higher levels of Si and Fe, while P, Ca and Al existed in lower 
concentrations. This should be interpreted as a possible crystallization 
pathway, where the initially homogenous melt was cooled down, 
precipitating a Fe-oxide phase together with a Ca-P-rich phase. The 
remaining part likely contains an amorphous Si- and Fe-rich material. It 
is also possible that the Ca-P-rich phase and Si-rich phase represent 
congruent components that both are amorphous solidifying in the vicinity 
of each other. Since the areas are very small and in the range of the 
interaction volume of the electron beam, exact elemental quantification 
of these areas was not performed. 

For WSS10, the trends were similar to SS. Bright parts also consisted of 
highly Fe-enriched areas. The slightly darker grey areas were enriched in 
Ca and P, with smaller amounts of Si, Fe, Al, Mg and K. The dark grey 
bulk of the sample was highly enriched in Si, together with smaller 
fractions of Al, P, Ca, K, Fe and Mg. 

In SHS15, the same general trends were observed. However, the Fe-rich 
bright area was clearly arranged in a dendritic cubic pattern in this sample, 
indicating that the iron phase might be different from the previously 
observed hexagonal one. Similar to the other samples, the light grey areas 
were enriched in Ca and P, with lower amounts of Si, Al, Fe, Mg and K. 
Observing the smooth shape of the light grey area in Figure 16 and that 
it has a linear orientation, it could be the result of the Fe exclusion 
changing the composition and thus causing the phases to separate. The 
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Figure 15. Overview SEM-BSE micrographs for cross-sections of ash deposition probe 
samples generated at 1000 °C of the fuels SS, WSS10 and SHS15, including 

structures/regions with distinct characteristics. 

When the deposition samples collected at 1400 °C were examined at 
higher magnification levels (Figure 16) it was clear that crystallization and 
precipitation occurred, most likely during cool-down. In all samples, 
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there were areas with two different compositions in close proximity in 
addition to the crystals. They appeared as banded structures with clear 
contrasting regions. This indicates that a congruent melt was separated 
into two incompatible melts during the cooling process or two congruent 
melts in close proximity. 

In SS, the large bright, hexagonally shaped areas were characterized by 
high Fe levels, most likely iron oxides in the form of hematite. The 
slightly darker grey areas were characterized by high shares of Ca, Fe and 
P, together with smaller amounts of Si, Al, Mg and K (presented in the 
order of abundance on a molar basis). The darkest area, the background, 
consisted of higher levels of Si and Fe, while P, Ca and Al existed in lower 
concentrations. This should be interpreted as a possible crystallization 
pathway, where the initially homogenous melt was cooled down, 
precipitating a Fe-oxide phase together with a Ca-P-rich phase. The 
remaining part likely contains an amorphous Si- and Fe-rich material. It 
is also possible that the Ca-P-rich phase and Si-rich phase represent 
congruent components that both are amorphous solidifying in the vicinity 
of each other. Since the areas are very small and in the range of the 
interaction volume of the electron beam, exact elemental quantification 
of these areas was not performed. 

For WSS10, the trends were similar to SS. Bright parts also consisted of 
highly Fe-enriched areas. The slightly darker grey areas were enriched in 
Ca and P, with smaller amounts of Si, Fe, Al, Mg and K. The dark grey 
bulk of the sample was highly enriched in Si, together with smaller 
fractions of Al, P, Ca, K, Fe and Mg. 

In SHS15, the same general trends were observed. However, the Fe-rich 
bright area was clearly arranged in a dendritic cubic pattern in this sample, 
indicating that the iron phase might be different from the previously 
observed hexagonal one. Similar to the other samples, the light grey areas 
were enriched in Ca and P, with lower amounts of Si, Al, Fe, Mg and K. 
Observing the smooth shape of the light grey area in Figure 16 and that 
it has a linear orientation, it could be the result of the Fe exclusion 
changing the composition and thus causing the phases to separate. The 
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darkest areas had the highest amount of Si, followed by Al, P, K, Ca, Fe 
and Mg. 

 1400 °C Description 
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Figure 16. SEM-BSE micrographs depicting typical close-ups of the ash deposition probe 
sample cross-sections generated at 1400 °C of the fuels SS, WSS10 and SHS15. 
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Studies of the bottom ash material in a more detailed view, as depicted in 
SEM micrographs in Figure 17 & Figure 18, showed that the ash matrix 
had inclusions of partially molten material. 

In all samples, discrete particles with either SS, WS or SH elemental 
composition were found, meaning that limited interaction occurred 
during the fuel conversion. In the SS-derived material, some areas with 
molten structures were rich in Fe, P and Ca. In mixtures, molten areas 
with increased levels of K and Si were found, indicating a WS or SH 
origin. In some areas, molten ash with a composition resembling WS and 
SH was found partially distributed over the surface of SS-derived particles. 
Since the material appeared mostly inhomogeneous, it can be assumed 
that the element interaction is limited to interaction volumes of these 
areas. The appearance of molten material of a different composition and 
morphology was found in SS at 1000 °C and 1400 °C and WSS10 at 
1400 °C, where hollow cenospheres rich in Fe, P, Si, Ca and Al appeared 
to a larger degree. These likely stem from the combustion of SS particles, 
as has also previously been reported in the literature [82]. 
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Studies of the bottom ash material in a more detailed view, as depicted in 
SEM micrographs in Figure 17 & Figure 18, showed that the ash matrix 
had inclusions of partially molten material. 

In all samples, discrete particles with either SS, WS or SH elemental 
composition were found, meaning that limited interaction occurred 
during the fuel conversion. In the SS-derived material, some areas with 
molten structures were rich in Fe, P and Ca. In mixtures, molten areas 
with increased levels of K and Si were found, indicating a WS or SH 
origin. In some areas, molten ash with a composition resembling WS and 
SH was found partially distributed over the surface of SS-derived particles. 
Since the material appeared mostly inhomogeneous, it can be assumed 
that the element interaction is limited to interaction volumes of these 
areas. The appearance of molten material of a different composition and 
morphology was found in SS at 1000 °C and 1400 °C and WSS10 at 
1400 °C, where hollow cenospheres rich in Fe, P, Si, Ca and Al appeared 
to a larger degree. These likely stem from the combustion of SS particles, 
as has also previously been reported in the literature [82]. 
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Figure 17. SEM-BSE micrographs for typical appearance in the bottom ash material for 
all fuels at 1000 °C. 
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Figure 18. SEM-BSE micrographs for typical appearance in the bottom ash material for 
all fuels at 1400 °C. 
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The cooled deposition probe samples were analyzed using XRD 
(presented in Table 9). The analysis showed that K-bearing phosphate 
could only be identified in the case of WSS10 at 1000 °C. 
Hydroxyapatite, whitlockite and Fe- or Mg-substituted whitlockites were 
formed in all other cases. This might indicate that the potentially available 
K is volatilized to a larger extent or preferentially forms silicates and 
aluminosilicates at these higher temperatures. At 1400 °C, with crystalline 
species likely originating from melt precipitation, P seems to be 
preferentially incorporated in Ca-rich phosphate structures, also identified 
with SEM-EDS. The higher concentrations of phosphates at 1400 °C 
compared to 1000 °C is likely the effect of the dissolution of Si and Al 
into the amorphous phase. 

Table 9. Phases identified and quantified in ash deposition probe samples generated at 
1000 and 1400°C using XRD analysis. 

Ash deposition probe 
Samples 

1000 °C 1400 °C 

SS 

W
SS10 

SH
S15 

SS 

W
SS10 

SH
S15 

Phosphates 

Ca5(PO4)3OH (hydroxyapatite) 15-20

-Ca3(PO4)2 (Whitlockite) 70-75

Whitlockite (Fe-substituted) 50-55

Whitlockite (Fe-Mg substituted) 45-50

Whitlockite (Mg-substituted) 40-45 60-65

Whitlockite (K-Mg substituted) 45-50

Silicates and aluminosilicates 

SiO2 (quartz) 5-10 5-10 0-5

SiO2 (cristobalite) 0-5

K(Fe,Al)Si3O8 (sanidine) 10-15

KAlSi2O6 (leucite) 20-25 20-25

Na1.7Al1.9Si92.4O192 *

Other 

MgFeAlO4 20-25

-Fe2O3 (hematite) 40-45 20-25 20-25 30-35

Fe3O4 (magnetite) 20-25 10-15

* denotes that the compound was identified, but not quantified. Note that in comparison to analyzes
of lower temperature ashes, the amorphous content was not quantified.
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In order to explain the possible precipitation from molten species, TECs 
were performed with the ash composition of the deposits. Precipitation 
calculations during cooling were performed using both equilibrium (solids 
and liquids freely interact in the complete volume) and Scheil-Gulliver 
model assumptions (solids lose interaction potential upon formation) as 
depicted in Figure 19. They revealed that in SS and SHS15, the predicted 
initial state at 1400 °C is a homogenous or almost homogenous Si-P melt 
except for aluminosilicate feldspars. In all cases, the separation of a 
homogenous slag into immiscible Si- and P-rich slags occur early during 
cooling with the continuous formation of aluminosilicates. At cooling 
from 1200 °C to 1100 °C, most of the solidification occurs, initiated by 
the simultaneous precipitation of Fe-oxides and Ca-phosphate. At even 
lower temperatures, the compounds KMgPO4, aluminium phosphates 
and quartz precipitate. This explains the appearance of the cooled melts 
observed with SEM-EDS. The relatively narrow temperature range of 
precipitation caused the banding of structures with different elemental 
compositions. The preferential formation of feldspars indicates that in the 
melt, Al will be included in the silicate network as a network former and 
is charge-balanced by network modifiers such as K, Na, or Ca. The 
predicted phases include various K- and Na-feldspars. This likely affects 
how much K is free and available for phosphate formation. From a 
stability point of view, Ca-phosphates were likely initially formed during 
the cooling since the abundant Ca is preferably associated with 
phosphates, forming whitlockite-type structures. The remaining elements 
are present in the silicate-rich slag or precipitate as crystalline compounds. 
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In order to explain the possible precipitation from molten species, TECs 
were performed with the ash composition of the deposits. Precipitation 
calculations during cooling were performed using both equilibrium (solids 
and liquids freely interact in the complete volume) and Scheil-Gulliver 
model assumptions (solids lose interaction potential upon formation) as 
depicted in Figure 19. They revealed that in SS and SHS15, the predicted 
initial state at 1400 °C is a homogenous or almost homogenous Si-P melt 
except for aluminosilicate feldspars. In all cases, the separation of a 
homogenous slag into immiscible Si- and P-rich slags occur early during 
cooling with the continuous formation of aluminosilicates. At cooling 
from 1200 °C to 1100 °C, most of the solidification occurs, initiated by 
the simultaneous precipitation of Fe-oxides and Ca-phosphate. At even 
lower temperatures, the compounds KMgPO4, aluminium phosphates 
and quartz precipitate. This explains the appearance of the cooled melts 
observed with SEM-EDS. The relatively narrow temperature range of 
precipitation caused the banding of structures with different elemental 
compositions. The preferential formation of feldspars indicates that in the 
melt, Al will be included in the silicate network as a network former and 
is charge-balanced by network modifiers such as K, Na, or Ca. The 
predicted phases include various K- and Na-feldspars. This likely affects 
how much K is free and available for phosphate formation. From a 
stability point of view, Ca-phosphates were likely initially formed during 
the cooling since the abundant Ca is preferably associated with 
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are present in the silicate-rich slag or precipitate as crystalline compounds. 
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Figure 19. Precipitation curves of the melts formed at 1400 °C and the precipitated 
compounds for the different ash deposit sample compositions. The compound classification 

for solid solutions refers to the dominant stoichiometric phase (>90 %). The slag 
denotation states the dominating anion-former (P/Si) in the dual melt temperature range.

3.2 Influence of fuel ash composition, the chemical 
association of P, temperature and particle interaction 
on the fate of P

This section relates to RQ2 and discusses the effect of fuel ash 
composition, the chemical association of P, fuel interaction potential and 
temperature on the fate of P.

3.2.1 Influence of fuel ash composition on the fate of P

Fuel PAR (phosphorus to alkaline earth ratio) 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 PAR lower than 
unity, the relative amounts of alkaline earth elements have the theoretical 
potential to incorporate P in alkaline earth orthophosphates fully. This 
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means that at PARs above 1, there is a potential to incorporate K in K-
bearing phosphates when K exists in abundance compared to alkali earth 
elements and aluminium, i.e. relatively high AARs (alkali to alkaline earth 
ratios) and low AluARs (aluminium to alkali ratios). This is under the 
assumption that fuel elements can readily interact. Calculated fuel PARs, 
AARs and AluARs are presented in Table 10. 

In co-combustion of CL with bark and WS this reasoning seem to hold 
true, K-Mg whitlockites were found in pure CL and CWS30 (PAR 0.94 
& 0.85) and the PAR is higher than for CB30 (0.64). 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 SHS15 and WSS10 (PAR 0.91 and 0.97), compared to the higher 
mixing ratios of SS. What is not considered are the other fuel ash elements 
available and the ratio of alkali to alkaline earth elements. 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 was seen both 
in experimental results and TECs. 

Another determining factor is the ratio of Al to K and Na (AluAR). With 
AluARs close to or above 1, the potential to capture K and Na in 
aluminosilicates is large (Si exists in abundance). It may also indicate that 
fuel alkali is already bonded in aluminosilicates prior to conversion. SS has 
Al and Si that potentially capture K in aluminosilicates or incorporate Fe 
into phosphate structures. No K-bearing phosphates were found in ashes 
from fuel mixtures with AluAR above 0.5. This is especially clear for 
WSS30, where PAR and AAR seemingly allow the formation of K-
bearing phosphates, but relatively high amounts of Al prohibit their 
formation. Although interestingly, in work performed by others, the post-
treatment of SS ashes with alkali salts with an AluAR above 0.5 yielded 
CaKPO4 and KMgPO4 in large quantities together with equimolar 
amounts of aluminosilicates [83]. 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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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 SHS15 and WSS10 (PAR 0.91 and 0.97), compared to the higher 
mixing ratios of SS. What is not considered are the other fuel ash elements 
available and the ratio of alkali to alkaline earth elements. 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 was seen both 
in experimental results and TECs. 

Another determining factor is the ratio of Al to K and Na (AluAR). With 
AluARs close to or above 1, the potential to capture K and Na in 
aluminosilicates is large (Si exists in abundance). It may also indicate that 
fuel alkali is already bonded in aluminosilicates prior to conversion. SS has 
Al and Si that potentially capture K in aluminosilicates or incorporate Fe 
into phosphate structures. No K-bearing phosphates were found in ashes 
from fuel mixtures with AluAR above 0.5. This is especially clear for 
WSS30, where PAR and AAR seemingly allow the formation of K-
bearing phosphates, but relatively high amounts of Al prohibit their 
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looking at all major ash elements simultaneously since single, two or three 
elemental interactions seem insufficient. 
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Table 10. Calculated molar ratios of the studied fuels and P distribution in the residual 
ash produced in single-pellet combustion and gasification. 

Fuels 

PAR 

3P
2(Ca + Mg) 

AAR 

K + Na
Ca + Mg 

AluAR 

Al
K + Na 

P phases 

Combustion Gasification Amorphous

CL 0.94 0.39 0.00 
Ca5(PO4)3OH 

K-Mg-whitlockite 
- 

Possible 
phosphosilicates 

SS 1.68 0.24 2.75 
Fe-whitlockite 

Fe-Mg-whitlockite 
AlPO4 

Fe-whitlockite 
Ca4(Mg,Fe)5(PO4)6 

- 

CWS30 0.85 0.59 0.10 
Ca5(PO4)3OH 

K-Mg-whitlockite 
- 

Possible 
phosphosilicates 

CB30 0.64 0.38 0.45 Ca5(PO4)3OH - - 

WSS10 0.97 1.23 0.29 
K-Mg-whitlockite 

AlPO4 

CaKPO4 

K-Mg-whitlockite 
AlPO4 

CaKPO4 

Possible 
phosphosilicates 

WSS30 1.38 0.66 0.82 
Fe-whitlockite 

Fe-Mg-whitlockite 
Fe-whitlockite 
Mg-whitlockite 

- 

SHS15 0.91 0.74 0.44 
Ca5(PO4)3OH 

K-Mg-whitlockite 
CaKPO4 

Ca5(PO4)3OH 
Si-apatite 

K-Mg-whitlockite 
CaKPO4 

Possible 
phosphosilicates 

SHS40 1.35 0.46 1.15 Fe-Mg-whitlockite 
Fe-Mg-whitlockite 

Mg-whitlockite 
Ca4(Mg,Fe)5(PO4)6 

- 

Background colors are based on the favorability to form K-bearing phosphates, Green denotes favorable values, 
yellow denotes intermediate values and red denotes unfavorable values. 

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 phosphosilicate melts 
and to which extent these can be used for plant fertilization purposes. 
Indications of their presence was identified through SEM-EDS analyses 
and TECs at higher temperatures, but no definite identification was 
possible to perform due to their amorphous nature. 
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3.2.2 Effect of chemical association of P 

In both CL and SS, the P can be associated with organic and inorganic 
structures. The organic share is likely larger in CL compared to SS 
[8,10,13], especially considering the origin of P in these materials. In CL 
the P is derived from inefficient feed conversion of grains, while in SS the 
P is chemically precipitated. Pure Fe- and Al-phosphates are likely not 
present in the SS, since P can simultaneously be associated with other 
cations and organic structures. No obvious difference in the fate of P 
could be observed comparing CL and SS co-combustion. In both cases, 
P was mainly found 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 evidence of the mechanism 
was 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 were transformed into Ca-, Mg- or K-
containing orthophosphates due to side-reactions with Al and Si and 
likely also mass transfer limitations.  

3.2.3  Temperature and fuel dispersion effects 

At the lower temperatures, in single-pellet experiments with co-pelletized 
fuel converted at 800 and 950 °C, no clear difference was seen in the fate 
of P with respect to temperature. Fuel dispersion effects could not be 
studied for this case. 

In powder combustion experiments, K-bearing phosphates were found in 
the deposition probe sample of WSS10 collected at 1000 °C. At 1400 °C, 
above the melting temperature of the ash, the interaction between 
different fuel particles (SS with WS or SH) was high in deposition probe 
samples. However, only Ca-phosphates were found precipitated from the 
melt. No crystalline K-bearing phosphates were found precipitated after 
cooling of melts. 

No or small interaction occurred in the powder combustion experiments 
between the coarse ash particles formed from the individual fuel particles. 
Since no K-bearing phosphates were found, there is reason to assume that 
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the global equilibrium calculations previously made for the same fuels [75] 
are unable to predict the fate of P in a powder combustion system where 
interactions mainly occurs through the gas phase. Compared to the results 
from single-pellet co-combustion at lower temperatures, it appears as if 
the reactions between inorganic elements in different fuels mainly occur 
in the deposit probe samples. 

The shorter residence times and dispersion of fuel particles are unfavorable 
for interactions; thus, the interaction was mainly limited to gaseous ash 
compounds as previously has been suggested in the literature [84]. 

3.2.4 General discussion about ash reactions pathways 

Based on the experimental and theoretical data obtained, some general 
ideas ideas about the ash reaction pathway and ash transformation 
reactions of phosphorus can be proposed. 

Since most of the P was found in coarse ash fractions, it means that the 
majority of reactions related to the ash transformation of P likely take 
place in solid and liquid phases for the observed conditions, although 
possibly some fast reactions occur for gaseous K-compounds with P in the 
intraparticle space of the fuel (e.g. inside the fuel pellet). Based on the 
assumption of organic and inorganic association of P in the fuels and 
mixtures, an initial release of gaseous P could be expected (e.g. KPO3) for 
parts of the P [25,85]. Neither KPO3 nor its direct derivative KH2PO4 
were found in this work. This is not proof that the compound did not 
exist as an intermediate in the reactions. For example, the observation of 
Si- and P-rich molten regions indicate that network formation with 
oxygen atom sharing was possible at elevated temperatures. Depending 
on the polymerization state of the melt, more polymerized forms of 
phosphates such as meta- and pyrophosphates may be present.  

All identified phosphates were orthophosphates and mainly very rich in 
Ca. This means that for P in CL and SS, most of the reactions must be 
solid-state interactions of either addition or substitution types. The initial 
association of P could be either fully or partially connected to Fe or Al (in 
the SS), possibly with the other part being an organic structure or Ca. In 
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CL it could be organically associated in salts or already mineralized in e.g. 
Ca-phosphates. 

For organically associated P in SS and CL, the reactions are likely quickly 
releasing KPO3 that is further captured by Ca-rich compounds such as 
free CaO or CaCO3. An overall reaction for this is, 

( ) + ( , ) ( ) R1 
or step-wise through, 

( ) + 2 ( , ) ( , ) R2 
and 

( ) + ( , ) ( ) R3 

which likely to occurs since very little P was found released from residual 
ashes or found in fine PM fractions, indicating a small release. 

In the case of Fe- and Al-phosphates present in SS, the reactions would 
probably occur through different substitutions, depicted schematically as, 

2 ( ) + 3 ( ) 
( ) ( ) + ( )

R3 

2 ( ) + 2 ( ) + 2 ( )
2 ( ) + ( ) + ( )

R4

although more likely, the Fe-phosphates in SS are partially associated with 
organic structures and Ca. The reactions could then be depicted as, 

2 ( ) + 3 ( ) +
( ) ( ) + ( ) +

R5

( ) ( ) + 2 ( ) + 1
2

( ) ( ) + ( )
R6

with analogous reactions of Al. These products are then further available 
for continued reactions as discussed in the following section. 
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assumption of organic and inorganic association of P in the fuels and 
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Si- and P-rich molten regions indicate that network formation with 
oxygen atom sharing was possible at elevated temperatures. Depending 
on the polymerization state of the melt, more polymerized forms of 
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All identified phosphates were orthophosphates and mainly very rich in 
Ca. This means that for P in CL and SS, most of the reactions must be 
solid-state interactions of either addition or substitution types. The initial 
association of P could be either fully or partially connected to Fe or Al (in 
the SS), possibly with the other part being an organic structure or Ca. In 
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CL it could be organically associated in salts or already mineralized in e.g. 
Ca-phosphates. 

For organically associated P in SS and CL, the reactions are likely quickly 
releasing KPO3 that is further captured by Ca-rich compounds such as 
free CaO or CaCO3. An overall reaction for this is, 

( ) + ( , ) ( ) R1 
or step-wise through, 

( ) + 2 ( , ) ( , ) R2 
and 

( ) + ( , ) ( ) R3 

which likely to occurs since very little P was found released from residual 
ashes or found in fine PM fractions, indicating a small release. 

In the case of Fe- and Al-phosphates present in SS, the reactions would 
probably occur through different substitutions, depicted schematically as, 

2 ( ) + 3 ( ) 
( ) ( ) + ( )

R3 

2 ( ) + 2 ( ) + 2 ( )
2 ( ) + ( ) + ( )

R4

although more likely, the Fe-phosphates in SS are partially associated with 
organic structures and Ca. The reactions could then be depicted as, 

2 ( ) + 3 ( ) +
( ) ( ) + ( ) +

R5

( ) ( ) + 2 ( ) + 1
2

( ) ( ) + ( )
R6

with analogous reactions of Al. These products are then further available 
for continued reactions as discussed in the following section. 

Gustav Inlaga.indd   79Gustav Inlaga.indd   79 2022-05-12   09:402022-05-12   09:40



Chapter |3 Results and discussion

64 

The TECs suggest that more mixed phosphates (CaKPO4 and KMgPO4) 
would be thermodynamically stable compared to what was found 
experimentally. In reality, these probably undergo addition reactions with 
Ca-phosphates forming the substituted whitlockite-type structures 
generally observed. Similarly, Fe-associated phosphates could react, 
forming the Fe-substituted whitlockites. Schematically these reactions can 
be described by 

3 ( ) ( ) + ( ) ( ) ( ) R7 

3 ( ) ( ) + ( ) ( ) ( ) R8 

3 ( ) ( ) + ( ) ( ) ( ) R9 

In the case with abundant Ca (characterized by mixtures with high PAR), 
especially in cases with high Al amounts, the possibility of forming K-
bearing phosphates was hindered. Since more CaKPO4 was found at the 
lower temperatures, it indicates that the addition reactions occur faster at 
higher temperatures. The reactions of Fe-phosphates to form oxides seem 
to occur more frequently than the Al counterparts to form 
aluminosilicates since no Fe-phosphates could be found in the ashes. 
Contrarily, Al-phosphates were readily found in WS-mixes. The amount 
of Al-phosphates generally increased with temperature, indicating that 
they were trapped inside molten structures, preventing interactions. 

3.3 Practical implications 

This section relates to RQ3, the effect of co-conversion on the 
conversion technologies of fluidized bed and powdered fuel combustion 
systems with regard to the aim of recovering P. In the following 
subsections, the interaction with ash and bed material and strategies for 
extraction of P-rich ashes are presented and discussed. 

3.3.1 Ash-bed material interactions 

Interactions between ash and bed material were reduced in the co-
conversion of CL with WS and bark. The co-combustion increased the 
possible operation times in mixtures of CL with WS compared to wheat 
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straw alone. Co-combustion with bark increased the operation time of 
CL combustion, although the effect was likely due to lower ash amount 
rather than the interaction. 

3.3.1.1 Bed particle layer formation 

Ash interaction with the bed material particles was noticed for 
combustion experiments with pure fuels (WS, bark and CL), mainly with 
quartz particles deriving from impurities in the K-feldspar. Typical inner 
and outer layers were formed, where the outer layers were mainly ash 
deposits, while inner layers could be formed due to chemical interactions 
with the bed materials. Similar mechanisms have been described in the 
literature [86,87]. The layers on K-feldspar particles formed during the 
conversion of CL and co-conversion (CB30 and CWS30) show a trend 
of outer layers with a composition similar to the fuel ash (Figure 20), 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-continuous layers on K-
feldspar bed particles. CWS10 produced no visible layers, partially because 
of short experiment duration, 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 chemical 
interaction with the bed material is possible. This would indicate that K-
feldspar is slowly transformed into Ca-feldspar by substitution. A similar 
pathway have been suggested for the reaction mechanism of Ca with K-
feldspar in wood combustion [88]. The thin layers formed were however 
challenging to analyze as the resolution of the analysis equipment was 
limited, affecting the reliability of result interpretation specifically for the 
thinnest layers. 
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Figure 20. Elemental composition of layers on K-feldspar obtained during combustion 
experiments. “Inner” and “outer” layers follow the spatial location of the observed layer. 

Published by Elsevier in [89]. 

For the quartz bed particles, few particles were analyzed since the layer 
formation is already described in the literature [86]. 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 21. 
Reactions seem to follow the proposed mechanisms where 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 reduces ash-quartz interaction. 
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Figure 21. Elemental composition of layers on quartz obtained during combustion 
experiments. “Inner” and “outer” layers follow the spatial location of the observed layer. 

Published by Elsevier in [89]. 

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 22). The existence of Ca-layers is regarded as 
beneficial for the gasification reactions as they can act as catalytic sites for 
tar cracking [90]. 
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Figure 22. 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) BFB-

combustion of CB30 b) DFB-gasification of CB30; c) BFB-combustion of CL; 
f) DFB-gasification of CL. 

Published by Elsevier in Biomass and Bioenergy [91]. 

Under both combustion and gasification conditions, the addition of P-
rich CL captured K in the bulk ash, thereby decreasing the interaction 
potential with bed materials. The formation of K-Ca phosphates yielded 
bed ash particles with higher melting temperatures, thus prohibiting both 
layer and coating-induced agglomeration. If the amount of Ca would 
have been lower, the formation of low-temperature melting phosphates 
and bed material agglomeration could be expected [22,92]. In co-
combustion, this was seen through increased possible operation times 
before bed agglomeration. This indicates that co-conversion lowers the 
risk of bed agglomeration in co-conversion of P-rich chicken litter with 
WS and bark. 

3.3.2 Strategies for extracting K-bearing phosphates from 
ashes 

The interaction potential between inorganic constituents from different 
fuel particles is high in co-pelletized or co-bricketed fuel mixtures. The 
results obtained at low temperature (< 1000 °C) show that for co-
conversion of the low SS (WSS10 & SHS15) mixtures and combustion 
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of CWS30, K-bearing phosphates can be produced in the ash matter and 
the majority of the P was contained in the coarse ash fraction. This 
provides an opportunity for a strategy to separate P-rich fractions from 
volatilized elements present in fine mode fractions. The mechanical stress 
inflicted on the fuel particles will fractionate the ash into the bottom and 
coarse fly ashes through attrition. In a fluidized bed environment, parts of 
the ash will be contained with the bed material, and valuable P-
compounds can be extracted through existing bed material removal 
systems. Most of the P is expected in the ash fraction, with little adhered 
to bed materials. The bed material with bottom ash could probably be 
used directly, or the bed material and bottom ash mixture could be further 
sieved to separate P-rich ash into a separate fraction. In the case of 
magnetic ashes stemming from gasification, this yields another possible 
mechanism for separation. If P-rich entrained coarse fly ash fractions are 
to be separated from volatile heavy metals (Cd, Hg, Pb, Zn), entrained 
particles will have to be separated from the gas stream before the 
temperature has decreased below the condensation temperature of these. 
This is feasible to perform in a heated cyclone separator where the coarse 
ash is separated from the gas stream [93]. 

The interaction between different fuel ash elements in the entrained flow 
combustion experiments was mainly isolated to deposits formed on the 
deposit probe, which allowed for longer residence times for individual 
fuel particles compared to interaction between fuel particles entrained in 
the flow. This identifies possible strategies for the extraction of the P-rich 
material. In a slagging powder combustor, one strategy for this could be 
to extract the slag containing P through a bottom quench, also providing 
quick cooling. This possibly has the effect of preventing the formation of 
Ca-phosphates, leaving P in a more easily weathered amorphous phase. 
More work has to be performed to identify the important rheology of 
formed slags, ensuring slag flow and operational stability. In a 
conventional pulverized combustion boiler operating in non-slagging 
mode, the melt tendency of ash is expected to cause unwanted deposition 
on heat transfer surfaces and in flue gas paths. The findings could also be 
extended to entrained flow gasification, where slagging operation is more 
common. The differences are likely small, similar to combustion and 
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gasification performed at lower temperatures. Although reducing, the 
gasification atmosphere likely has a small effect on the fate of P, since very 
low partial pressures have to be obtained to reduce P [94]. 

71 

Chapter 4 

4 Conclusions 
Co-combustion and co-gasification of the phosphorus-rich material 
chicken litter and sewage sludge with biomass residues wheat straw, 
sunflower husk and bark was studied with the aim to improve the 
knowledge of the factors influencing the potential to form K-bearing 
phosphates directly in thermochemical processes to find new pathways for 
utilization of existing infrastructure and valorization of P-rich waste and 
residual biomass fuel streams. Pelletized fuels were studied at single-pellet 
fuel conversion conditions, conditions relevant for fluidized bed 
conversion and pulverized fuel mixtures in conditions relevant for 
pulverized fuel combustion. Different ash and bed material samples were 
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collected and analyzed. The conclusions are divided based on the specific 
objectives/research questions (RQ’s). 

RQ1: How can co-combustion and co-gasification influence the ash transformation 
of P with a special focus on the possibilities of altering the speciation of P towards 
K-bearing phosphates?

In all conditions, P was mainly found in coarse ash fractions. It was 
possible to modify the speciation of P in the ash by co-conversion of the 
P-rich material sewage sludge and chicken litter together with the
agricultural residues wheat straw and sunflower husks. Pure chicken litter
and its mixture with wheat straw yielded ashes crystalline P in the form
of K-Mg-substituted whitlockites in fluidized bed combustion at 800 °C.
Pure sewage sludge ashes mainly contained crystalline P in the form of
Fe- and Mg-substituted whitlockites. Mixtures of sewage sludge with
high amounts of wheat straw or sunflower husks, both rich in K, yielded
K-bearing crystalline phosphates of K-Mg-substituted whitlockite type
and CaKPO4 in the ashes from pelletized fuels converted at 800 and
950 °C. In the mixtures with higher shares of sewage sludge to
agricultural residue, no K-bearing crystalline P was identified. Instead,
similar to sewage sludge ashes, P was found as Fe- and Mg-substituted
whitlockites. In wheat straw and sunflower husk mixtures with low
amounts of sewage sludge converted at 800 and 950 °C, between 40-
60 % of the incoming P ended up as K-bearing phosphates. P was also
identified in possible phosphosilicate structures, apparently molten at the
process conditions. No major differences were observed between
combustion and gasification conditions. There was also signs of kinetic
limitations since Al-phosphates were found in the ashes, indicating low
conversion rates.

RQ2: What is the influence of fuel ash composition, the chemical association of P, 
temperature and particle interaction on the fate of P in terms of its distribution in 
thermal processes, ash fractions, and its chemical speciation?  

The main influence on the fate of P was the chemical environment of P 
in fuels and mixtures. The amounts of available K in relation to Ca, Mg 
and Al were identified as the main factor determining in which forms P 
would end up. High amounts of K in relation to Ca and Mg promoted 
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the formation of K-bearing phosphates in the conversion of sewage sludge 
and chicken litter. For sewage sludge, the effect of Al was also important 
since high relative amounts of Al to K were competing with P for the K. 
In mixtures with high amounts of Al, from the sewage sludge, P was 
mainly associated with Ca in Fe- and Mg-substituted whitlockite type 
structures. Simultaneously, K was found to a higher degree in potassium 
aluminosilicates. In the comparison of P organically associated in chicken 
litter fuel and mainly inorganically associated P in sewage sludge, little 
differences were noticed since both formed orthophosphates under the 
observed conditions. 

At temperatures below 1000 °C, crystalline K-bearing phosphates were 
found where K was abundant compared to alkali earth element and 
aluminium. In cooled ashes obtained after combustion at 1400 °C, above 
the melting temperature, no K-bearing phosphates were found. Instead, 
mainly Ca-rich Fe- and Mg-substituted whitlockites were found. It was 
concluded that this was due to the precipitation of Ca-rich phosphates 
from the melt. K was associated with Si and Al in aluminosilicates and an 
amorphous K- and Si-rich phase. The reaction pathway of P appears to 
mainly occur through substitution and addition reactions in the 
condensed phase at temperatures below the melting point of the ash. For 
pulverized fuel combustion, it was determined that interaction between 
P-rich fuel particles and others mainly occurred in the molten phase in
deposit probe samples.

RQ3: What practical implications does co-conversion have on thermal energy 
conversion technologies in the fluidized bed and pulverized fuel systems? 
Specifically, the effect of P-rich fuel on the bed material interaction potential and 
strategies for extracting P-rich ashes are investigated. 

The co-conversion of P-rich chicken litter with wheat straw and bark 
mixtures reduced the amounts of K and Ca available for bed material 
interaction, forming stable, non-molted ash compounds, 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 captured K and 
Ca, reducing their interaction with bed material. This shifted the 
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concluded that this was due to the precipitation of Ca-rich phosphates 
from the melt. K was associated with Si and Al in aluminosilicates and an 
amorphous K- and Si-rich phase. The reaction pathway of P appears to 
mainly occur through substitution and addition reactions in the 
condensed phase at temperatures below the melting point of the ash. For 
pulverized fuel combustion, it was determined that interaction between 
P-rich fuel particles and others mainly occurred in the molten phase in
deposit probe samples.

RQ3: What practical implications does co-conversion have on thermal energy 
conversion technologies in the fluidized bed and pulverized fuel systems? 
Specifically, the effect of P-rich fuel on the bed material interaction potential and 
strategies for extracting P-rich ashes are investigated. 

The co-conversion of P-rich chicken litter with wheat straw and bark 
mixtures reduced the amounts of K and Ca available for bed material 
interaction, forming stable, non-molted ash compounds, 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 captured K and 
Ca, reducing their interaction with bed material. This shifted the 
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interactions from the bed particle surface into the fuel ash itself, forming 
non-sticky ash. 

Strategies for extracting P-rich ashes are direct extraction of ash with the 
bed material, for direct application to soils or after further separation, for 
bottom ash and hot cyclones for coarse fly ashes in fluidized bed systems. 
A powder combustor operating in slagging mode could be a feasible 
strategy for P recovery for powdered fuels because of the interaction 
potential between the formed individual coarse ash particles increases in 
molten ash present at the hot wall. 

75 

Chapter 5 

5 Future work 
Recommendations for wastewater treatment plants 

As previously shown, the influence of Al in the conversion process was 
inhibiting the formation of K-bearing phosphates by incorporating K in 
aluminosilicate structures. One possible way to alleviate the problem is 
through upstream work focusing on careful control of Al-addition in the 
WWTP. Since the Al in WWTPs can be partially or fully replaced by Fe 
counterparts for precipitation and flocculation of P-species, it could also 
be worthwhile to focus efforts there in order to facilitate the production 
of valuable P-compounds in thermochemical conversion processes. 
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However, SS richer in Fe could potentially contribute to an increased risk 
of bed agglomeration and slagging tendencies if less Al captures K in an 
aluminosilicate compound, instead increasing the availability of K to react 
with Si. 

Powder gasification 

The potential to for K-bearing phosphates in conditions relevant for 
entrained flow gasification should be performed. It is possible that 
addition of more alkali than is available in WSS10 and SHS15 mixtures 
could yield K-bearing phosphates in the slag. The rheology of slags should 
also be studied, especially the effect of the oxidation state of Fe originating 
from the SS. Another topic is that of the interaction with the refractories 
used in the boilers. 

Co-conversion with Na-rich fuels 

There is a potential that Na and K behave differently in co-conversion 
with P-rich fuels. Since the ionic radius is different, the potential to 
incorporate Na in structures will be different in comparison to K. For 
example, there might be a potential that Na-bearing phosphates have 
higher stability than the K counterparts, facilitating P-recovery. This 
could be studied using marine or other biomass fuel rich in Na.  

Analysis techniques 

It was noted in this work that P and Si exist in the same regions, with the 
formation of phosphosilicates. To determine the interaction of Si and P 
and the chemical environment in these phosphosilicate melts, techniques 
such as P-NMR and XAS should be evaluated.  

Plant availability 

To evaluate the usability of the ashes produced in this work, leaching and 
plant growth studies should be performed to determine the plant 
availability of P in the ashes. Different buffer solutions for leaching should 
be used and a range of soils should be evaluated based on their pH and 
leaching capacity. 
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