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Abstract 

The utilization of different biomass feedstocks in thermal conversion 

systems can contribute towards mitigation of global warming. However, 

the formation of different ash fractions (i.e., bottom ash, and fly ash) 

during thermal conversion of biomass can cause several ash-related 

problems such as deposit formation, slagging, and particle emissions, all of 

which may limit its usage as an energy source. It has been found that 

phosphorus (P), even in relatively low concentrations, can play a vital role 

in the abovementioned ash-related problems. However, the ash 

transformation reactions occurring in the thermal conversion of P-bearing 

biomass assortments are not fully understood and rarely described in the 

literature. Therefore, an understanding of the phenomena associated with 

ash transformations with a special focus on P is crucial.  

The overall objective was to determine the ash transformation and release 

of P during single-pellet thermochemical conversion of different types of 

agricultural and forest fuels in the low to medium temperature range (600-

950 °C). Different agricultural biomasses (poplar, wheat straw, grass, and 

wheat grain residues), as well as forest residues (bark, twigs, and a mixture 

of bark and twigs) were used. The bark and poplar fuels represent a fuel 

rich in K and Ca with minor P contents. The wheat straw, grass, and 

twigs represent a typical Si- and K-rich fuel with minor and moderate P 

contents. The wheat grain residues represent a typical K- and P-rich fuel 

with a considerable amount of Mg. The produced residual materials, i.e. 

chars and ashes, were characterized by SEM-EDS, XRD, and ICP-OES. 

The experimental results were interpreted with support from 

thermodynamic equilibrium calculations (TECs).  

The overall findings are that the majority of P (>80%) in all the studied 

fuels remained in the final condensed residues, and that the main fraction 

of P release occurred during the devolatilization stage. The chemical form 

of P in the residues is strongly dependent on the relative concentrations 

of other major ash-forming elements such as K, Ca, and Si, as well as the 

type of association of P in the pure fuel. For woody-based fuels rich in 
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Ca and K (poplar, bark, and twigs in this study), P in the ash is generally 

found in the form of crystalline hydroxyapatite. For herbaceous fuels rich 

in Si and K (wheat straw and grass), P in the ash is generally found in 

Ca5(PO4)3OH, Ca15(PO4)2(SiO4), KCaPO4, and K-Ca/Mg 

phosphosilicate melts. For wheat grain residues rich in P, K, and Mg, P 

in the ash is found in crystalline forms K4Mg4(P2O7)3, K2MgP2O7, 

K2CaP2O7, and KMgPO4, as well as amorphous K-Mg/Ca phosphates.  

The obtained new knowledge can be used to find practical measures to 

mitigate ash-related problems during thermochemical conversion of P-

bearing biomass fuels. It can also be used to find optimal pyrolysis process 

conditions to obtain biochar suitable as alternative fuels and reducing 

agents in the metallurgical industry. 

Keywords: agricultural biomass fuels, forest residues, ash transformation, 

release, potassium, phosphorus, combustion, gasification, bio charcoal 
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Chapter 1 

1 Introduction 
Concern about global warming caused by emissions of CO2 and other 

greenhouse gases, along with the limited availability of fossil fuels and 

increasing energy demands, are the main reasons why the world has 

pursued more alternative energy resources. Biomass is one promising 

alternative energy resource since it has the potential to be CO2 neutral. 

However, the inorganic fraction of biomass is one of the main barriers in 

biomass utilization in different thermal conversion technologies because 

during fuel conversion, they convert to ash-forming matter that may 

cause ash-related problems, such as aerosol formation, deposit formation, 

slagging, and bed agglomeration.  
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Current and future biomass use 

Biomass are defined as materials with recent biological origins, therefore 

exclude those that comprise fossils and geological formations. Biomass 

that is currently used for energy purposes often originates from 

agricultural biomass, forest residues, and solid waste. Heat, power, and 

liquid fuels can be produced from biomass through different 

thermochemical energy conversion processes. The use of biomass as an 

alternative reducing agent in the metallurgical process industry has also 

attracted some attention in recent years.1-3 

The use of biomass in Sweden increased from 52 TWh/year in 1983 to 

143 TWh/year in 2017, as shown in Figure 1-1. Thus, Energy from 

biomass accounts for more than one-third of end use energy in Sweden.4 

Sweden and Finland are pioneers in the use of bioenergy in district 

heating. Since Sweden has abundant biomass resources in the forest, less 

attention has been focused on agriculture biomass resources than on 

forest-based biomass. The supply of bioenergy from agricultural resources 

in Sweden accounts for 2.5-3 TWh, while more than 110 TWh was 

supplied from forest fuels.5 The major bioenergy resources from farming 

used currently are5: 

• Wheat and other grains (mostly used for ethanol production)

• Rapeseed (used for biodiesel production)

• Willow as short rotation coppices (used for heat and power

production)

• Manure (mostly used for biogas production)

• Straw (mostly used in small- and medium-scale local heat plants,

mostly in southern Sweden).

Low price grains, especially oat, has also been used in boilers for heat 

production. It should be mentioned that in the northern part of Sweden, 

reed canary grass is also considered as an alternative to willow (salix). Fast-

growing trees such as poplar and aspen are also considered as energy crops 

on farmland, and these trees can be harvested after 25-30 years.5 
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Figure 1-1 Use of biomass in Sweden, per sector from 1983-2017 (in TWh), 

based on statistics from Swedish Energy Agency6 

Based on a recent Svebio report4, there is great potential for increasing 

the use of bioenergy (almost double) by harvesting forest residues from 

tops, branches, and stumps, as well as increasing energy crop cultivation 

and recovery of agricultural residues. The huge amount of tops, branches, 

and stumps that are left in the forest to decompose are equivalent to 138 

TWh per year. Based on estimations by Svebio, 30% of this amount could 

be used sustainably as bioenergy (see Figure 1-2).4 Also, the 2.5-3 TWh 

from Swedish agriculture (wheat, salix, straw, manure, ..) can be increased 

to 35–40 TWh under certain conditions by considering full use of set-

aside and marginal lands, increased plantations of energy crops (salix, 

poplar), and increased production of biogas from manure and crops.4  
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Figure 1-2 Yearly forest balance in energy terms (TWh), taken from 

ROADMAP BIOENERGY4 

Ash formation and ash-related problems 

There are some challenges in using biomass as an energy source in 

thermochemical fuel conversion appliances, or as an alternate reducing 

agent in the iron and steelmaking industry. One of them is related to the 

ash-forming elements in the biomass, which may cause ash-related 

operational problems during thermal conversion, e.g., deposit formation, 

slagging, fine particle emissions, and corrosion.7-13 The inorganic content 

in the biomass (e.g., K and P) may also limit its utilization as an alternative 

fuel and reducing agent in the iron and steel making industry. 
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Detailed knowledge about the ash transformation pathway reactions 

occurring during the thermal conversion (e.g., combustion, gasification, 

and pyrolysis) of biomass is of vital importance to develop and propose 

effective measures to alleviate the associated ash-related problems. The 

thermal conversion behavior of several assortments of forest biomasses has 

been well studied, both theoretically and practically.14 However, 

agricultural biomasses and some forest residues assortments (e.g., fuels 

containing high share of needles) are more complicated due to their 

typically higher ash contents and more heterogeneity in the relative 

concentrations of the ash-forming elements.15-17  

As a distinctive feature, agricultural biomass typically has higher contents 

of P, K, and Si than traditional commonly used woody biomasses, which 

could have undesirable influences on ash transformation pathways.14, 18-20 

In several studies, it has been shown that using P-rich agricultural fuels in 

thermal conversion units can cause severe ash-related problems such as 

deposits and slag formation10, 21, corrosion22, and particulate matter 

emissions23. However, the ash transformation reactions occurring in 

thermal conversion of P- and K-rich agricultural biomass assortments 

specifically, are not fully understood14 and rarely described in the 

literature. 

In order to widen the utilization of different types of biomass in the 

energy sector and other process industries, high-quality research has been 

done on the characterization of fuels, ashes, and deposit/slag formation 

for several years. Thus, some valuable experimental data have been 

reported in the literature. However, there is still a number of knowledge 

gaps related to the understanding of ash transformation pathways in 

thermal conversion of P-rich biomass fuels. There are also serious gaps in 

the current understanding of residual ash formation when utilizing 

different types of P-rich biomass in basically all fuel conversion 

technologies. In combustion and gasification, there is especially a lack of 

detailed information regarding ash transformation reactions involving P at 

low to medium temperature (<1000 °C) and at lower heating rates, e.g., 

those at typical fixed-bed conditions. 
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Objectives 

The overall objective of the current study was, therefore, to determine 

the ash transformation and release of P during single-pellet 

thermochemical conversion of different types of agricultural and forest 

fuels in a low to medium temperature range (600-950 °C).  

Moreover, the specific objectives were to: 

1) Provide a time-resolved description of the ash transformation during

single pellet combustion and gasification of different agricultural

biomasses with a focus on P.

2) Provide a time-resolved description of the ash transformation during

single pellet gasification of different forest residues with a focus on P.

3) Provide information regarding time-resolved quantitative release

behavior of P in addition to the ash transformation processes determined

in 1) and 2).

The produced knowledge could potentially be used to find practical 

measures to mitigate the associated ash-related problems during 

thermochemical conversion of P-bearing biomass fuels. It can also be used 

to find optimal pyrolysis process conditions to obtain bio charcoals that 

are suitable as alternative fuels and reducing agents in the metallurgical 

industry.  



Chapter 2 

2 Literature overview 
During thermal conversion, the inorganic elements in biomass transform 

into ash. Ash usually refers to the solid mineral residue obtained after 

complete conversion of the fuel. Ash is a complex mixture of inorganic 

matter consisting of, e.g., carbonates, silicates, phosphates, and sulfates. 

Ash-forming elements 

Depending on the concentration, each element can be categorized as a 

major or minor ash-forming element.  
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In order to assess ash behavior in thermal conversion processes, 

determination of major ash-forming elements is of immense importance. 

The major elements present in solid biofuels are K, Na, Ca, Mg, Fe, Al, 

Mn, Si, P, Cl, and S. 

The minor elements present in the solid biofuels, are, e.g., Zn, Pb, As, 

Co, V, Cr, Ni, Cu, Hg, and Mo, and Cd. These elements can cause 

problems mainly related to environmental issues, e.g., in the utilization of 

ash as a fertilizer. Some energy crops contain a high level of cadmium, 

and solid biofuels originating from polluted areas may contain high 

concentrations of toxic elements. 

Association of ash-forming elements 

Ash-forming matters can show different behavior (e.g., melting or 

volatilization) during thermochemical conversion of biomass, and one of 

the influencing factors are their mode-of-occurrence. Therefore, 

knowledge about the association of ash-forming elements in biomass is 

vital to describe ash transformations. Ash-forming elements can be present 

in the biomass as, e.g.: 

1. Salts (e.g., KCl, KH2PO4, K2HPO4, K2SO4…)

2. Organically-bound to the carbon structure

3. Included minerals that are precipitated internally as relatively pure

compounds, in crystalline or amorphous forms (e.g., Ca oxalate,

phytolith, or phytate)

4. Excluded minerals that are unintentionally added to the fuels as

an impurity during harvest or transport (e.g., quartz, feldspar, and

clays)

It should be mentioned that organically-bound ash-forming elements and 

included minerals (as inherent ash) are most likely considerably more 

reactive than excluded minerals. The reason is that the inorganic matters 

in inherent ash are usually homogeneously dispersed in the fuels and much 

more mobile than the inorganic matters in the excluded minerals; 

therefore, the formers are readily available for reaction during fuel 

conversions. 
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Woody biomass 

Ash content and concentration of ash-forming elements differ between 

species, different parts of the trees, and season of harvest. Werkelin et al.24,

25 studied the effects of these factors on the distribution of ash-forming 

elements and their chemical forms in the woody biomass fuels. Ca and K 

followed by Mg, P, Si, and S are the most dominant ash-forming elements 

in woody biomass. Ca in woody biomass fuels can be present as both 

organically-bound matters and in included minerals. According to the 

literature24-27, the majority of Ca in the bark, i.e., >70% of total Ca, is 

present as calcium oxalate minerals, which are acid-soluble and considered 

as an included mineral. Werkelin et al.24, 25 showed that the contents of K 

and P were strongly correlated with each other. The K and P contents in 

young foliage were higher than in older foliage  and twigs. In general, the 

K and P contents were high in branches; however, the P content was 

lower than the K content. The majority of K (75%) and P (65%) in woody 

biomass are easily leachable by water. K can be present both as a free ion 

and as organically-bound, while P is assumed to be present in organically-

bound phosphates.15, 24  

Agricultural biomass 

Agricultural biomasses are usually more complicated to be used as biomass 

fuels, compared to woody biomasses, due to their typically high ash 

contents and heterogeneity in the relative concentrations of the ash-

forming elements.14 The majority of agricultural biomass fuels can be 

classified into three major groups based on the chemical composition of 

their ash: 1) Ca,K-rich fuels with minor P contents (woody energy crops, 

e.g., poplar, willow, and other wood-based energy crops), 2) K,Si-rich

fuels with minor to moderate P contents (residues from agricultural

cultivation and harvesting activities such as wheat- and rice straw and

herbaceous energy crops from grasses), and 3) P,K-rich fuels with

considerable amounts of alkaline earth metals (seed-derived residues, e.g.,

residues from wheat grain, barley, oat, bran, distiller's dried grains with

solubles (DDGS), and rapeseed meal/cake). As a distinctive feature,

agricultural biomass typically has a higher content of P and K than woody

biomass. In agricultural biomass fuels such as wheat straw, rice, energy
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crops from grasses and seeds, K and P are present either as water-soluble 

salts, organically-bound matter or in included-mineral forms, e.g., K-

Mg/Ca phytates in grains.28 Phytates are typically present in residues such 

as wheat grain, barley, oat, bran, and rapeseed meal/cake that all originate 

from seeds.29, 30 

Ash formation and transformation 

The inorganic fraction of the biomass undergoes several complex 

chemical and physical transformations during thermal conversion. Figure 

2-1 summarizes mechanisms involved in ash formation during thermal

conversion of biomass.  A fraction of ash-forming elements is volatilized

and released to the gas phase during the different fuel conversions stages,

i.e., devolatilization and char conversion. Primary particles formed by

vaporization and subsequent nucleation are very small in size, about 5 to

10 nanometers. On their way through the process, they grow by

coagulation, agglomeration, and condensation. These particles form the

fine mode of the fly ash and are characterized by a particle size less than

one micrometer. These particles are also widely known as aerosols. Non-

volatile inorganic matters that are considered as residual ash remain in the

char and may melt and coalesce inside or on the surface of the char

depending on the temperature and chemical composition of the char

particles. Depending on the density and size of residual ash particles and

the velocity of the flue gas, a fraction of residual ash will be entrained with

the flue gas and form coarse fly ash, while other fraction will stay on the

fixed bed grate and form bottom ash.31
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Figure 2-1 Ash formation during thermal conversion of biomass. 

Release of ash-forming elements 

During thermal conversion of biomass, a fraction of the inorganic matter 

in the fuel is released to the gas phase while the rest remain in the 

produced char or coarse ash fractions. During thermal conversion of 

biomass, different parameters such as temperature, atmosphere (e.g., 

reducing/oxidizing conditions), fuel composition, fuel particle size and 

structure, residence time, and heating rate may affect the release and 

retention of ash-forming elements.32-36 Among these parameters, the 

temperature has an important effect on the release of several critical 

elements, in particular K and P. The release of different elements such as 

K, Na, Zn, and Pb may also be enhanced in reducing conditions.32 The 

presence and abundance of some other elements may enhance or restrict 

the release of certain elements. For example, Cl found in some biomasses 

may increase the release of K by facilitating its mobility and stabilizing 

high-temperature gas phase alkali-containing species37, while Si and Al 

can cause the retention of K by forming K-silicates and K-

aluminosilicates.38 Another important parameter is the association of ash-

forming elements in the biomass, for example, organically associated 

elements may be released at lower temperatures than inorganically-bound 

elements, due to the thermal decomposition of the organic structure at 

lower temperatures.35, 38, 39 In the following paragraphs, the effects of the 
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abovementioned parameters on the release and retention of K and P 

during thermal conversion of biomass are discussed.  

The release of P during the thermal conversion of biomass is strongly 

dependent on the fuel composition and temperature.18, 34, 40, 41 The 

previous studies34, 40, 41 have suggested that the most important elements 

that influence P release and retention are: (1) K, that can produce volatile 

and melted K-phosphates, (2) Ca, that can form nonvolatile phosphate 

phases, and (3) Si, that can, together with reducing gas or carbon, decrease 

the required temperature and conditions for producing volatile P. 

According to the previous studies, the P found in biomass and sludge 

needs relatively high temperature to be released to the gas phase. As an 

example, previous results have shown that the P release occurs at 

temperature above 900 °C for bran18 and algae34 or even at higher 

temperatures (> 1100 °C) for sludge41. 

The K release during thermal conversion of biomass strongly depends on 

temperature, atmosphere, residence time, and fuel composition. 

Compared to combustion, a lower release of K has been observed during 

pyrolysis.33, 34, 38 These results show that the release of K from char is much 

slower than from the ash residual. It has been suggested that this is due to 

a higher diffusional resistance caused by the intact organic matrix, higher 

stability of K carbonate in the H2O-free pyrolysis, and the association of 

K with functional groups.33, 42 The K release during biomass conversion is 

strongly dependent on the chemical composition of the fuel, especially in 

relation to the presence and abundance of Cl, Si, and S in the biomass. 

From the literature, it is not clear which K species are released to the gas 

phase during thermal conversion of biomass. Dayton et al.43, 44 suggest that 

K is released mainly as KCl and KOH during char combustion of biomass. 

Jensen et al.45 and Knudsen et al.33 stated that both KOH and elemental 

K may be formed from K2CO3 and/or char-bonded K. Furthermore, 

Okuno et al.46 has also suggested that K is mainly released to the gas phase 

as atomic K originating from char-bonded K. 

 Description of ash transformation reactions 

A conceptual model to describe the ash transformation of biomass fuels 

based on the concentration of major ash-forming elements, basic chemical 
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thermodynamic equilibria, and fundamental inorganic high-temperature 

chemistry was introduced by Boström et al.14. The ash transformation 

process in this model was divided into hypothetical primary and secondary 

reactions. From a thermodynamic equilibrium point of view, the primary 

reactions are based on the oxide stability of the major ash-forming 

elements (see Figure 2-2). It was assumed that ash-forming elements 

below the C and H lines tend to stay in oxidized form under all 

conversion conditions. Based on knowledge about the degree of 

volatility, higher reactivity of P, S, and Cl compared to the less reactivity 

of K and Na, and least reactivity of Ca, Mg, and Si were assumed. The 

products from the primary reaction were divided into two categories of 

basic compounds (KOH, NaOH, CaO, MgO) and acidic compounds 

(P2O5, SO2 or SO3, SiO2, HCl) to facilitate the description of secondary 

ash transformation reactions. These compounds are then considered as 

hypothetical precursors for secondary reactions. If there are no transport 

and chemical kinetic barriers, in general, strong Lewis bases prefer to react 

with strong Lewis acids that are available. These reactions were discussed 

in detail with regards to the speed of reactions and stability of obtained 

compounds in the residual ash in their work. Figure 2-3 summarizes the 

products of the primary and secondary reactions in a simple way. 

Furthermore, Skoglund47 introduced tertiary ash transformation reactions 

based on molecular ions (SiO3
2- and PO3

3-) that are typically found in the 

products of the secondary ash transformations. These molecular ions can 

act either as a Lewis base or as a Lewis acid that reacts with other products 

of secondary ash reactions, such as CaO, in several steps to form a stable 

phase in the ash. All these proposed hypothetical ash transformation 

reactions can be used as a valuable tool to interpret experimental findings 

and explain common compounds found in the ash. For example, P is 

usually found as orthophosphates (e.g., Ca3(PO4)2, Ca5(PO4)3OH) in the 

ashes of woody biomass rich in Ca, which can be formed by the following 

secondary and tertiary reactions: 

P2O5(g)+2KOH(g) ⇌ 2KPO3(l,g)+H2O(g)     Secondary Reaction    (1) 

P2O5(g) +CaO(s) ⇌ CaP2O6(s,l)        Secondary Reaction   (2) 

2KPO3(l,g)+CaO(s) ⇌ CaK2P2O7(s,l)         Tertiary Reaction    (3) 
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CaK2P2O7(l,s)+CaO(s) ⇌ 2CaKPO4(s,l)                              Tertiary Reaction    (4) 

2CaKPO4(s,l)+CaO(s)+H2O(g) ⇌ Ca3PO4(s,l)+2KOH(g)     Tertiary Reaction    (3) 

 

Figure 2-2 Ellingham diagram modified for major ash-forming elements. 

Thermodynamic data was taken from Fact data. 
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Figure 2-3 Schematic illustration of primary and secondary ash chemical 

reactions, based on Boström et al.14. 

Ash transformation in thermal conversion of woody biomass (focusing on 

K and P) 

At moderate temperatures (<700 °C), it has been shown that K is mainly 

found in the bottom ash/coarse ash fraction as K2Ca(CO3)2 and 

K2Ca2(CO3), and the rest is  often found in the fly ashes (both in coarse 

and fine mode) as K2SO4, K3Na(SO4), and KCl.14 Depending on the 

temperature and water vapor pressure, P is usually found in the residual 

ash as Ca3(PO4)2 and Ca5(PO4)3OH.14 Based on the abovementioned 

conceptual model presented, the presence of high amounts of basic 

components in the wood means that P tends to remain in the bottom ash 

as the most stable phosphate, i.e., orthophosphate.14 

Ash transformation in thermal conversion of agricultural biomass 

(focusing on K and P) 

In this section, ash transformation of agricultural biomass with a focus on 

K and P is presented based on the classification presented in section 2.2.2. 

It should be mentioned that most work is related to combustion 

conditions, rather high process temperatures, based on rather few studies, 

and very few with time-resolved information. 
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1. Ca,K-rich fuels with minor P contents (woody energy crops, e.g.,

poplar, willow, and other woody energy crops)

The overall ash transformation pathways for K and P described 

for wood combustion also seems to be valid for wood-based 

energy crops, where K is mainly found as different types of K-

Ca-carbonates at moderate temperatures and P is found primarily 

in the residual ash in the form of hydroxyapatite (Ca5(PO4)3OH) 

or Ca-whitlockite (β-Ca3(PO4)2). Díaz-Ramírez et al.19 

characterized the residual ashes produced from the combustion of 

poplar at different temperatures (500-1100 °C). K2Ca(CO3)2, 

K2SO4, and Ca5(PO4)3(OH) were the main crystalline phases 

found in the residual ash at low temperatures (500-600 °C). They 

also showed that less than 25% of K and a negligible amount of P 

were released to the gas phase at combustion temperatures below 

1000 °C. In agreement with previous studies in wood 

combustion, Strandberg et al48 concluded that carbonates were, 

in general, stable at low temperatures (600-800 °C).  

2. K,Si-rich fuels with minor to moderate P contents (residues from

agricultural cultivation and harvesting activities such as wheat- and rice 

straw and herbaceous energy crops from grasses) 

It has been illustrated that a considerable fraction of K is captured 

in the residual ash where it forms sticky K-rich silicate melts14, 49-

51 during the combustion of Si-K rich agricultural biomass fuels 

with minor or moderate P contents, typically straw and grass 

fuels. In these ash chemical systems, P has been found both in 

crystalline phases such as Ca5(PO4)3(OH)52-54 and CaKPO4
53

, and 

in K,Si,P-rich amorphous phases, potentially in complex 

phosphosilicate melts55. However, the fate of P, especially 

regarding its detailed interaction with these melts, is not well 

described in the literature. 

3) P,K-rich fuels with considerable amounts of alkaline earth metals (seed-

derived residues, e.g., residues from wheat grain, barley, oat, bran, Dried 

Distiller's Grains with Solubles (DDGS), and rapeseed meal/cake). 
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The main fraction of K and P in the ash have been found in the 

form of K- and K-Ca/Mg-phosphates10, 53. As examples of the 

latter, Eriksson et al53 showed that in the slag of the combusted 

DDGS pellets (mixed with wood pellets), K,Mg-phosphates 

(KMgPO4 and K2MgP2O7) and K,Ca-phosphates (CaKPO4 and 

CaK2P2O7) are present. Lindström et al10 studied the slagging 

characteristics of cereal grains combusted in a residential fixed-

bed burner. They showed that in both bottom ash and slag, the 

dominant P-containing crystalline compounds are CaK2P2O7 and 

KMgPO4, and the subdominant compounds are K2MgP2O7 and 

KCa10(PO4)3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





Chapter 3 

3 Materials and Methods 

Fuels 

In this study, different types of fuels from agricultural biomass and forest 

residues in the form of cylindrical pellets with a diameter of 6 mm were 

used. All pellets were weighed to 700 ± 10 mg after adjusting the length 

by grinding. All elemental analyses were performed by an external 

certified laboratory. 

In paper I and II, different agricultural biomass (poplar, wheat straw, grass, 

and wheat grain residues) were used as they represent a wide range of fuel 
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ash compositions (see Table 3-1). Poplar represents a typical woody 

energy crop rich in K and Ca with minor P content. Wheat straw 

represents a typical Si- and K-rich fuel with minor P content. Grass 

represents a typical K- and Si-rich fuel with moderate P content. Finally, 

WGRs represent a typical K- and P-rich fuel with a considerable amount 

of Mg. These fuels also allow a comparative study between gasification 

and combustion. 

Table 3-1 Fuel characteristics presented as an average of three samples ± 

standard deviation. 

In paper III, different forest residues (bark, twigs, a mix of bark and twigs) 

were used. These fuels cover a wide range of ash compositions in forest 

residue assortments, i.e., softwood bark (rich in Ca and K with lower P 

content), twigs (rich in Si, Ca, K with higher P content), and a mixture 

of bark and twigs (rich in Si, Ca, K with moderate P content). 

Table 1. Fuel characteristics presented as an average of three samples ± standard deviation. 

  Poplar Wheat straw Grass 
Wheat grain 

residues 

Proximate Analysis  
 

Moisture content (wt% w.b.1) 5.2 ± 0.2 5.3 ± 0.0 4.7 ± 0.2 6.7 ± 0.1 

Ash content (wt% d.b.2) 2.2 4.3 8.5 4.2 

Ultimate Analysis (wt% d.b.)  

C 49.5 47.5 45.4 45.8 

H 6.0 5.8 5.8 6.2 

N 0.27 0.44 2.5 2.3 

Cl   0.004 ± 0.000 0.197 ± 0.003 0.395 ± 0.002 0.0502 ± 0.000 

S  0.031 ± 0.000 0.070 ± 0.000 0.194 ± 0.002  0.207 ± 0.001 

Element Analysis: 

Major Ash Forming Elements (mg/kg d.b.) 

 

Al   30 ± 2 170 ± 1 1019 ± 28 12 ± 1 

Ca   6123 ± 127 2873 ± 6 7620 ± 61 1233 ± 6 

Fe   54 ± 3 100 ± 2 697 ± 8 148 ± 1 

K   3117 ± 67 8340 ± 36 21033 ± 666 14300 ± 100 

Mg   533 ± 12 721 ± 10 3257 ± 35 5250 ± 26 

Mn   9 ± 1 20 ± 1 78 ± 0 142 ± 0 

Na   19 ± 0 41 ±1 371 ± 6 17 ± 0 

P   857 ± 11 639 ± 6 3803 ± 21 13633 ± 153 

Si  187 ± 27 9253 ± 76 9043 ± 80 282 ± 18 
1 w.b. : wet basis 
2 d.b.: dry basis 
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Table 3-2 Fuel characteristics presented as an average of three samples ± standard 

deviation. 

Lab-scale reactor 

Figure 3-1 shows a schematic sketch of the single-pellet reactor (Macro-

TGA) that was used in the combustion and gasification experiments in all 

the appended papers. The reactor has three main components: a furnace 

(externally heated cylinder with an internal diameter of 100 mm and 450 

mm in length) to heat the pellets; a quench tower to cool down the 

residue, and; a highly precise mass balance (±1 mg) to record the weight 

of the sample during the thermal conversion. 

Table 1. Fuel characteristics presented as an average of three samples ± standard deviation. 

Bark 50wt%Bark+50wt%Twigs (BT) Twigs 

Major Ash Forming 

Elements (mg/kg d.b.) 

K  2463±26 3327±64 4333±29 

Na  85±1 202±3 217±2 

Ca  9307±208 7423±65 6206±33 

Mg  863±12 965±8 771±5 

Mn  302±5 304±5 315±4 

Fe  118±1 158±5 226±2 

Al  235±4 289±7 373±4 

Si 608±25 2817±35 7790±114 

P  487±7 831±10 1133±9 

S 315±9 542±19 644±5 

Cl 131±2 245±11 307±4 
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Figure 3-1 Schematic sketch of the single pellet reactor (Macro-TGA). 

In paper I, the combustion experiments were performed at different 
furnace temperatures (600, 800, 950 °C) with a predefined atmosphere (4 
vol.% O2, 15 vol.% H2O, 20 vol.% CO2, 61 vol.% N2), with 7 Nl/min as 
the total gas flow rate. 

In paper II and III, the gasification experiments were performed at 
different furnace temperatures (600, 800, 950 °C) with a predefined 
atmosphere (15 vol.% H2O, 20 vol.% CO2, 65 vol.% N2), with 7 Nl/min 
as the total gas flow rate. 

The carrier gas entered the reactor from the bottom and exited at the top 
of the reactor along with volatile gases generated during the experiment 

Experimental procedures 

Each pellet was introduced to the reactor by using a sample holder made 
of platinum woven mesh (⁓32 mesh per centimeter, and wire diameter; 
0.076 mm). This eliminates any possible reactions between the sample 
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and sample holder and allows a flow of gas to pass through the sample 

holder. To enable a semi-time resolved approach, each sample was 

quenched in N2 at three different fuel conversion stages, based on 

conversion time; 1) BD: before full devolatilization (i.e., 80% of full 

devolatilization time) 2) AD: after devolatilization (i.e., 10% of full char 

conversion time), and 3) AFC: after full char conversion (adding the time 

of 10% of the char conversion) (see Figure 3-2). The method used for the 

calculation of the time for each stage was described in more detail in a 

recent study56. Twelve replicates (i.e., 12 individual single pellets 

experiments) were performed for each experimental condition.  

 

Figure 3-2 A typical diagram of thermogravimetric analysis (TGA) of grass 

pellets with the different quenching stages; before full devolatilization (BD), 

after devolatilization (AD), and after full char conversion (AFC) stages. 

The temperature in the center of the pellet, referred to as the core 

temperature, was also recorded during the thermal conversion of the 

agricultural-based pelletized fuels. It was measured by a type-N 

thermocouple with a diameter of 0.5 mm that was inserted through a hole 

drilled through the middle of the pellet via the sides (See Figure 3-3).  
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Figure 3-3 The procedure of measuring the core temperature. 

Analytical methods 

In all appended papers, fuel and char/ash residues were characterized by 

various analytic techniques to give chemical and phase information. 

ICP and IC 

The concentration of major ash-forming elements in the fuels and 

collected residues were determined by Inductively Coupled Plasma-

Optical Emission Spectroscopy (ICP-OES) based on ISO 16967. Ion 

Chromatography (IC) was used to determine chlorine in the fuels and 

residues based on EN 15289. 

SEM-EDS 

Morphology and elemental composition of the fuels and the collected 

residues were determined by scanning electron microscope (SEM) (Jeol 

JSM-IT300), equipped with an Oxford energy dispersive spectroscopy 

(EDS) detector. The powder prepared from the collected residues at 

different thermal conversion stages were placed on carbon tapes attached 

to aluminum sample holders. In order to find the inorganic matter in the 

residues, the backscattered electron detector (BSE) was first applied. For 

bulk elemental compositions, area analyses (350×475 µm) at two positions 

per sample were then performed using the EDS-mapping technique. 

Specific elemental composition of melted structures and defined particles, 

such as included minerals, were determined by EDS-point (spot) analyses 

(≥10 per sample) on similar melts/particles. 
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XRD 

To identify and quantify the crystalline phases and to estimate the amount 

of amorphous phases in the collected residues, the powder X-ray 

diffraction (XRD) technique was used. A Panalytical Empyrean XRD 

instrument with copper tube and a Si low-background sample holder was 

used. For the quantification of the crystalline phases, the Rietveld method 

was used with the aid of HighScore Plus 4.8 software57. The databases 

used in this study were PAN-ICSD database58 and PDF-4+ 2019 

database59. Furthermore, the K-factor method was used to quantify the 

amorphous phases60, 61. In this method, the external standard sample 

consisting of any 100% crystalline material is used to put all Rietveld 

quantities onto an absolute scale. The instrument intensity constant, the 

so-called K-factor, is then determined by the external standard phase, 

which in this study was a Si powder sample.  

Release quantification 

The release of K and P from the fuels was quantified by mass balance 

calculations on the produced char/ash. This method was well described 

in detail in previous studies36, 62. For quantification of the release (Ri), the 

following equation was used: 

𝑅𝑖 = 100 × (1 −
𝑚𝑟𝑒𝑠𝑖𝑑𝑢𝑒

𝑚𝑓𝑢𝑒𝑙 (1 − 𝐶𝑓𝑜𝑖𝑠𝑡𝑢𝑟𝑒
𝑓𝑢𝑒𝑙

)
×
𝐶𝑖
𝑟𝑒𝑠𝑖𝑑𝑢𝑒(𝑑. 𝑏. )

𝐶𝑖
𝑓𝑢𝑒𝑙

(𝑑. 𝑏. )
) 

where 𝑚𝑟𝑒𝑠𝑖𝑑𝑢𝑒 and 𝑚𝑓𝑢𝑒𝑙 are the mass of the collected char/ash residue

and the mass of the fuel fed to the single pellet reactor, respectively. 

𝐶𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒
𝑓𝑢𝑒𝑙

, 𝐶𝑖
𝑓𝑢𝑒𝑙

, and 𝐶𝑖
𝑟𝑒𝑠𝑖𝑑𝑢𝑒 are the concentration of the fuel moisture

and the concentrations of element i in the fuel and the collected char/ash 

residue, respectively. The standard deviation of the release data was 

calculated from the standard deviations in the measurements of elemental 

compositions in the fuels. 

Thermochemical equilibrium calculations 

Thermochemical Equilibrium Calculations (TECs) were applied to 

theoretically assess the ash chemical transformations, e.g., phase stabilities 
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under different process conditions, and to interpret the experimental 

results. TECs are based on the minimization of total Gibbs free energy of 

the system and do not consider kinetic limitations, mass transfer, 

particulates (aerosol formation, surface reactions, adsorption, and 

absorption) or local conditions (residence time and mixing). The TECs 

were performed under the assumption that all elements or phases are 

homogeneously distributed and available for reaction. Therefore, the 

results from TECs can be considered as a qualitative reference to interpret 

the experimental findings. The quality of results from TECs is strongly 

dependent not only on the accuracy and the consistency of the 

thermodynamic data but also on the selection of input data and the 

elimination of compounds that are unlikely to form.  

The TECs were performed by using the Equilib module of FactSage 7.263 

with combinations of the SGPS databases (for gas and stoichiometric 

solids) with GTOX (for molten and solid solutions), or FactPS (for gas 

and stoichiometric solids) with FToxid+FTsalt databases. More details can 

be found in the appended papers. 



Chapter 4 

4 Summary of results and discussion 

The goal for chapter 4 is to summarize the main findings in the appended 

papers and not to repeat all results therein.  

Fuel characterization 

Agricultural biomass 

The main inorganic matter observed by SEM and identified by XRD in 

the Ca-rich poplar fuel was calcium oxalate monohydrate (CaC2O4.H2O), 

which is the main source of Ca and abundant in the bark part of poplar24,
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26. The bright particles rich in Si that were observed in the SEM for the 

K-Si rich wheat straw and grass fuel were most probably hydrated silica 

(Phytoliths, SiO2,nH2O). Figure 4-1 shows examples of these Si-rich 

particles found in wheat straw. For WGRs rich in K and P, a large number 

of spherical particles rich in P, K, and Mg were observed by SEM. These 

were probably globoids that contain mainly K/Mg phytates that are 

considered as the main storage sites of P, K, and Mg in grain29. Figure 4-2 

shows the chemical structure of phytate. 

 

Figure 4-1 Backscattered SEM micrograph of typical Si-rich particles found in 

wheat straw and average elemental composition of these particles determined 

by EDS. 
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Figure 4-2 Chemical structure of phytate. 

4.1.2 Forest residues  

In all forest residues, calcium oxalate monohydrates (CaC2O4.H2O) were 

the main inorganic matter found by SEM and detected by XRD. The 

highest amount of calcium oxalate was found in the bark fuel, and the 

lowest amount was found in the twigs. In the twigs, Si-rich areas detected 

by SEM could also be phytoliths.  

4.2 Char residues characterization 

4.2.1 Agricultural biomass  

For poplar, the main fraction of K and P during the devolatilization stage 

remained in the obtained char in both combustion and gasification 

experiments. In char sampled before full devolatilization, the identified 

crystalline phases were dominated by Ca oxalate and Ca carbonates. After 

devolatilization, char was dominated by Ca carbonates originating from 

Ca oxalate decomposition. Ca oxides originating from decomposition of 

Ca carbonates were also found in the char at the highest furnace 

temperature, i.e., 950 °C, in both combustion and gasification 

experiments. K and P were not found in the crystalline part of the char, 



Chapter |4 Results and Discussion                                                  30 

 

and most probably, these elements were evenly distributed within the 

char.  

For wheat straw, more than 90% of both K and P remained in the 

obtained char in the combustion and gasification experiments. In general, 

the crystalline part of char obtained during the devolatilization stage was 

dominated by Ca, K-Ca carbonates, KCl, and SiO2 in both combustion 

and gasification experiments. A fraction of the remaining K was found in 

the crystalline part as KCl and K2Ca2(CO3)3. In general, K2Ca2(CO3)3 was 

formed shortly after the devolatilization stage. P was not found in the 

crystalline part of the char. 

For grass, more than 90% of both K and P remained in the obtained char 

in both combustion and gasification experiments. In general, the 

crystalline part of char obtained during the devolatilization stage was 

dominated by Ca-Mg carbonate, KCl, and SiO2 in both combustion and 

gasification experiments. A fraction of the remaining K was found in the 

crystalline part of the char as KCl, K2SO4, and KHCO3. In general, 

KHCO3 was formed shortly after the devolatilization stage. P was not 

found in the crystalline part of the char. 

For WGRs, the main fraction of K (>95%) and P (⁓90%) during the 

devolatilization stage remained in the obtained char in both combustion 

and gasification experiments. Almost all char was totally amorphous. K 

and P in the char were most probably bound in the decomposed phytates.  

4.2.2 Forest residues 

For all forest residues, the majority of K and P remained in the obtained 

char after the devolatilization stage in the gasification experiments. In 

general, the crystalline part of the char taken before full devolatilization 

was dominated by Ca oxalate and Ca carbonates while after full 

devolatilization, it was dominated by Ca carbonates originating from Ca 

oxalate. Ca oxides originating from decomposition of Ca carbonates were 

also found in the char at the highest furnace temperature. SiO2 was only 

found in the char produced from twigs and bark+twigs. K and P were 

not found in the crystalline part of the char, and most probably, these 

elements were evenly distributed within the char. 
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Ash residues characterization 

Agricultural biomass 

For poplar at the lowest furnace temperature, ash was free from molten 

structures and dominated by Ca, K-Ca carbonates, and hydroxyapatite. 

Increasing to moderate temperatures in both combustion and gasification 

experiments, the formation of K-Ca carbonates increased such that at 800 

°C, ash produced during combustion experiments was totally dominated 

by molten structures (see Figure 4-3). These types of salt melts generally 

have very low viscosities64 and cannot form a sticky slag, but the carbonate 

melt may penetrate to the solid ash and char, thereby preventing the 

release of K and P. Ash was dominated by Ca, K-Ca carbonates, and 

hydroxyapatite. At the highest furnace temperature, K-Ca carbonate melt 

dissociated, and as a result of this dissociation, CaO and K2Ca(CO3)2 was 

formed during solidification. Ash was dominated by K2Ca(CO3)2, 

Ca(OH)2, CaO, CaCO3, and hydroxyapatite. In all conditions, the 

majority of P remained in the ash most probably in the form of 

hydroxyapatite. Formation of the above-mentioned phases is in 

agreement with both TECs and previous studies14, 48, 52. 

Figure 4-3 Backscattered SEM micrographs of ash produced from poplar at a 

furnace temperature of 800 °C during combustion experiments. 

For wheat straw and grass at all conditions, ash was dominated by 

amorphous phases containing mainly alkali and alkaline earth metal 

silicates and, to less extent phosphosilicates. Formation of these types of 
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alkali and alkaline earth metal silicates may enhance the release of K to 

the gas phase to some extent. At a low furnace temperature of 600 °C, 

the crystalline part of ash contains alkaline earth metal carbonates, SiO2, 

KCl, K2SO4, and hydroxyapatite. Very low amounts of ash at this 

temperature were melted. By increasing the temperature in both 

combustion and gasification experiments, the formation of silicate melt 

increased, such that the ash produced at 950 °C during combustion 

experiments was dominated by molten structures (see Figure 4-4). Liquid 

silicates, in contrast to the liquid carbonates, generally have very high 

viscosity. Therefore, this type of melt may form a sticky slag. Overall, the 

results from the TECs are in good agreement with the experimental 

results. 

 

Figure 4-4 Backscattered SEM micrographs of ash produced from wheat straw 

at furnace temperature of 950 °C during combustion experiments. 

For WGRs at the lowest furnace temperature, the crystalline part of ash 

was dominated by different types of K-Mg pyrophosphates which have 

low melting points and K-Ca pyrophosphate. By increasing to a moderate 

temperature, the probability of the formation of phosphate melt rich in K 

and Mg increased so that at 800 °C, ash produced during combustion 

experiments seemed to be totally melted (see Figure 4-5). It seems this 

type of melt may have a high viscosity and can, therefore, form a sticky 

slag. At the highest furnace temperature, ash seems to be totally melted in 

both combustion and gasification experiments. These melted structures 

were dominated by mainly an amorphous phosphate melt rich in K and 
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Mg. Formation of these phosphate melts is in agreement with the results 

from TECs. 

Figure 4-5 Backscattered SEM micrographs of ash produced from wheat grain 

residues at furnace temperature of 800 °C during combustion experiments. 

Forest residues 

For bark at 800 and 950 °C, the ash contained partially melted structures 

(see Figure 4-6) and was dominated by Ca, K-Ca carbonates and 

hydroxyapatite, in agreement with the results from TECs. 

Figure 4-6 Backscattered SEM micrographs of ash produced from bark at 

furnace temperature of 950 °C during gasification experiments. 
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For twigs at 800 and 950 °C, the ash from twigs seemed to be partially 

melted (see Figure 4-7). The main part of the ash consists of an amorphous 

phase that is dominated by silicates rich in K and Ca, and phosphosilicates. 

P was also found in the crystalline form as apatite. The results in these 

experiments were also in good agreement with the results from the TECs. 

Figure 4-7 Backscattered SEM micrographs of ash produced from twigs at 

furnace temperature of 950 °C during gasification experiments. 

Similar to twigs and bark, the ash from bark+twigs was partially melted 

(see Figure 4-8). In ash residues from bark+twigs, K was mainly found in 

the amorphous part of the ash most probably in the form of K-Ca silicates 

or K-Ca phosphosilicates. At all furnace temperatures studied, apatite was 

found as the main P crystalline compound.  
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Figure 4-8 Backscattered SEM micrographs of ash produced from bark+twigs 

at furnace temperature of 950 °C during gasification experiments. 

4.4 Release quantification 

4.4.1 Agricultural biomass 

The total release of K and P from agricultural fuels after different fuel 

conversion stages was shown in Figure 4-9. The total release of K and P 

from poplar was below 35% and 20%, respectively, at all studied furnace 

temperatures for both combustion and gasification experiments. The 

majority of K (>65%) and P (>75%) from wheat straw and grass remained 

in the ash at all studied furnace temperatures for both combustion and 

gasification experiments. The total release of K and P from WGRs was 

below 11% and 18%, respectively, at all studied furnace temperatures for 

both combustion and gasification experiments. In general, for all studied 

agricultural residues, the main release of K occurred during the char 

conversion stage, while for P, it occurred during the devolatilization stage. 
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Figure 4-9 Release of K and P from agricultural fuels after different fuel 

conversion stages at different furnace temperatures (release values presented as 

average and error bar shows the standard deviation). BD; Before full 

Devolatilization, AD; After Devolatilization, AFC; After Full char Conversion. 

Forest residues 

The total release of K and P from forest residues after different fuel 

conversion stages was shown in Figure 4-10. The total release of K and P 

from the bark was below 11% and 16%, respectively, at all studied furnace 

temperature. In general, the main release of K and P occurred during the 
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devolatilization stage. The total release of K and P from twigs was below 

9% and 17%, respectively, at all studied furnace temperatures. In general, 

the main release of K and P occurred during the devolatilization stage. 

The total release of K and P from twigs was below 13% and 8%, 

respectively, at all studied furnace temperatures. For the mixture of bark 

and twigs, the main fraction of the total release of K occurred during char 

conversion, while the main fraction of P release occurred during the 

devolatilization stage. The total P release was approximately half of the 

total P release from twigs and bark individually. 

Figure 4-10 Release of K and P from forest fuels after different fuel conversion 

stages (i.e., before full devolatilization (BD), after devolatilization (AD), and 

after full char conversion (AFC)) at different furnace temperatures (a) bark, (b) 

twigs, and (c) bark+twigs. 





Chapter 5 

5 Conclusions 
In this thesis, the ash transformation and release behavior of P during 

single-pellet thermal conversion of different types of agricultural biomass 

and forest residues were investigated in combustion and gasification 

conditions at different furnace temperatures with a time-resolved 

approach. 

In both combustion and gasification, ash from poplar (rich in K and Ca 

with minor P content) was dominated by K-Ca carbonate melts at a 

furnace temperature of 800 °C. At a higher furnace temperature, 950 °C, 
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significant release of K occurred. At both temperatures, K was found as 

K2Ca(CO3)2 and in ash particles, while P was found in Ca5(PO4)3OH. 

Similar to the combustion experiments, ash from wheat straw and grass 

(Si- and K-rich fuels with minor P contents) in gasification was dominated 

by silicates rich in K and phosphosilicates. K and P were found in molten 

K,Ca,P,Si-rich particles at all studied furnace temperatures. P was found 

in K,Ca,P,Si-rich particles, KCaPO4, Ca5(PO4)3OH, and calcium 

phosphate silicate.  

During combustion and gasification of wheat grain residues, K-Mg-

phytates decomposes to K-Mg rich phosphates with low melting 

temperatures. At 800 °C, a melt rich in K-Mg phosphates was formed. At 

950 °C, K and P may release to the gas phase from the surface of the 

formed melt that is rich in K-Mg phosphates.  

Ca carbonate was the dominant phase in the produced char from all forest 

residues shortly after devolatilization. No crystalline compounds 

containing K and P were found in the char residues, and these elements 

were evenly distributed within the char residues. K in the ash residues of 

bark was found in K-Ca carbonates. For twigs and the bark+twigs 

mixture, K was mainly found in the amorphous part of the ash, most likely 

in the form of K-Ca rich silicates or K-Ca rich phosphosilicates. The main 

P crystalline compound in all ash residues at all furnace temperatures was 

hydroxyapatite. 

The release results showed, for all studied fuels and experimental 

conditions, that less than 18% of P and less than 35% of K were released 

at the highest furnace temperature. In general, the main release of P 

occurred during the devolatilization stage for all studied fuels.  
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