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Abstract

Biomass is increasingly used as a feedstock in global energy production. 

This may present operational challenges in energy conversion processes 

which are related to the inorganic content of these biomasses. As a larger 

variety of biomass is used the need for a basic understanding of ash 

transformation reactions becomes increasingly important. This is not only to 

reduce operational problems but also to facilitate the use of ash as a nutrient 

source for new biomass production. 

Ash transformation reactions were examined in the present work using 

the Lewis acid-base concept. The model presented in Paper I was further 

extended and discussed, including the definition of tertiary ash 

transformation reactions as reaction steps where negatively charged 

molecular ions, Lewis bases, other than hydroxides are present in the 

reactants. The effect of such reactions for bonding of various metal ions, 

Lewis acids, were discussed. It was found that the formation of various 

phosphates through secondary and tertiary ash transformation reactions is 

important for the behaviour of biomass ash in combustion. The suggested 

model was supported by findings in Papers II-VIII. 

The experimental findings in Papers II-VIII were discussed in terms of 

ash transformation reactions. The fuel design choices made to investigate the 

effect of phosphorus in particular on ash transformation reactions were high-

lighted. Addition of phosphoric acid to woody-type and agricultural 

biomasses showed that phosphate formation has a large influence on the 

speciation of Si, S, and Cl. Co-combustion of a problematic agricultural 

residue with other biomasses showed that the relation between phosphorus, 

alkali and alkaline earth metal content is important. Co-combustion of 

biosolids with wheat straw was shown to greatly improve the combustion 

properties of wheat straw.  

It was suggested that fuel analyses should be presented using molar 

concentration (mole/kg) in diagrams based on ash transformation reactions 

and elements forming Lewis acids or bases. This may facilitate the 

assessment of the combustion behaviour of a fuel. Some comments were 

made on fuel design and additives, specifically pointing out that phosphorus 

content should always be carefully considered in relation to alkali and 

alkaline earth metals in fuels and fuel blends.
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1 Introduction

The global energy demand is increasing due to an increase in human 

population, but also due to an increased standard of living in many parts of 

the world. This also means that the dependency of reliable energy supplies is 

becoming larger on a global scale. Renewable, and preferably regional, 

energy resources are becoming an increasingly important part of the energy 

system to meet this demand motivated both by growing public reluctance to 

build new nuclear energy facilities, geopolitical instability as well as the 

overshadowing climate change issues. The share of renewable energy 

included in energy systems is growing, e.g. EU energy consumption of  

biomass or waste streams increased by 13%, constituting 6.7% of total 

energy use in 2010 [1]. There are goals in several countries as well as 

regional agreements to reduce the emission of greenhouse gases and 

renewable energy is an important instrument for reaching those goals. A 

bottle-neck for increased utilisation of biomass in thermal energy conversion 

is often limited fuel flexibility at existing power plants. These plants may not 

always be easily converted for combustion of a large variety of biomass 

resources. In general, these biomasses have lower energy content as well as 

more complex and problematic ash compositions than fossil fuels.[2-4]  

This implies that the ash transformation characteristics determine whether 

a certain type of biomass or other renewable energy resource can be 

introduced in a combustion system or not. If the ash that is formed upon 

combustion will form melts at combustion temperatures, it can be expected 

that the power production plant will have serious issues with slagging for 

grate-fired systems [5-9] or bed agglomeration (also known as bed sintering) 

in fluidised bed systems [10-15]. If the inorganic content will produce 

compounds in the fly ash or particulate matter which accelerate corrosion 

and fouling [16-19], it will also have an impact on the availability of the 

power production plant. At best these issues can be remedied by more 

frequent maintenance shut-downs, but in worst-case scenarios there will be 

unexpected plant shutdowns with a grate or bed filled with very problematic 

slag or agglomerates, or heat exchangers suffering from corrosion-induced 

leaks. Such problems are not only costly but may also require back-up 

energy production facilities that often use fossil fuels. It is therefore crucial 

to have a good understanding of which ash related operational problems can 

be expected in different combustion systems.  
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Fluidised bed combustion of various biomasses [12, 14, 15, 20-31] and 

waste streams [16, 18, 24, 27, 28, 31-43] including the influence of 

additives, [8, 18, 44, 45] co-combustion, [16, 18, 20, 24, 27, 28, 31, 38, 39, 

46, 47] or different bed materials [10, 48-51] have been the subjects in a 

number of studies. Underlying mechanisms for bed agglomeration are 

dependent of the ash composition; in particular to which extent the bed ash 

interacts with bed grains or form melts. Three major bed agglomeration 

mechanisms have been suggested [11-13] and are summarized below with 

examples of which type of fuel ash that could display the respective 

mechanisms; 

1) Coating-induced agglomeration where bed particle layers are formed 

through adhesion of alkali silicate melts and/or reaction with 

gaseous alkali forming alkali silicate melts followed by reaction of 

calcium into the formed melt. The melt formed will eventually cause 

viscous flow sintering and bed agglomeration. This is most 

commonly found in combustion of woody-type fuels and occurs at 

relatively high temperatures. 

2) Direct attack of gaseous or liquidus alkali compounds on bed grains 

which form continuous inner reaction layers that lead to viscous 

flow sintering and bed agglomeration. This occurs for fuels which 

are rich in alkali compared to the content of silicon and phosphorus.  

3) Direct adhesion of molten bed ash, which acts as an adhesive 

between bed grains, sometimes with interaction into the bed grains 

that can be observed as inner layer formation. If agglomeration 

through this mechanism occurs at a low temperature the bed ash is 

typically rich in alkali accompanied by silicon and phosphorus with 

smaller amounts of calcium or magnesium. This mechanism is 

common for biomass with high ash content with a relatively high 

share of alkali. 

The melting properties of the bottom ash formed are important in grate-

fired systems. If the ash-forming elements interact to form substantial 

amounts of molten material this will likely cause slagging issues. This has 

been investigated for a large number of biomasses [8, 33, 52-59] and waste 

streams [54, 60, 61] also including the use of additives [55, 62] or co-

combustion to improve problematic fuels.  

The potential of fly ash and particulate matter for causing fouling [25, 63] 

and corrosion-related operational problems is determined by their 
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composition.[64, 65] Alkali chlorides in particular have been identified as a 

source of corrosion.[39, 44, 66-73] There is also evidence suggesting that 

alkali carbonates may cause extensive corrosion of typical heat exchanger 

materials.[71, 72, 74] The chloride-induced corrosion may be remedied to 

some extent by the use of additives; these additives bond potassium in 

compounds other than potassium chloride.[8, 68, 69, 75-83] One example is 

formation of K2SO4 by addition of (NH4)2SO4 in the flue gas [68, 69, 75], 

which has been proven successful in reducing fouling problems.  

The technical and operational issues mentioned above are challenges that 

have to be faced as more complex biomass is considered for combustion. 

The biomass ash content mainly depends on its intrinsic inorganic elements, 

which typically are dominated by macro- and micronutrients.[2-4, 65, 84] A 

brief overview of different types of biomass follows; some of these are 

currently used and some show potential as future fuels in combustion.  

Biomass that previously has been successfully utilised in feedstock for 

thermal energy production mainly encompass woody-type biomass.  This 

biomass type causes few problems in a large variety of combustion systems 

ranging from small-scale combustion in residential units to large-scale 

combustion. Stem wood from trees with long life cycles, such as birch or 

spruce, can be considered the least problematic biomass. The ash properties 

of stem wood are characterized by low ash content dominated by calcium 

with some potassium and a rather low content of silicon.[6, 85-87] When 

bark is included with stem wood both the ash content and its complexity 

increases.[6, 16, 30, 65, 86, 88-93] The extraneous contribution to the 

overall ash content is usually higher than in stem wood since the bark may 

contain soil particle minerals, which have been overgrown by bark as the 

tree has been growing. Logging residues such as treetops and branches 

should be included in the woody-type biomass category since this reject 

from logging is increasingly used in heat and power production plants.[89, 

92] These parts of the tree have a large surface area and are vital for growth. 

The content of ash-forming elements in cutting residues is therefore slightly 

different compared to stem wood; the ash content is typically higher and 

richer in elements such as phosphorus and alkali.[65] The category of 

woody-type biomass also includes short rotation woody crops such as 

various species of salix and populus.[63, 94] The high rate of growth of this 

biomass does lead to different ash content in the biomass compared to stem 

wood.[63, 95] Similar to cutting residues the concentrations of alkali metals 
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and phosphorus are usually higher than what is found in stem wood.  

Biomasses that typically have a more challenging composition of ash-

forming elements than woody-type fuels are residues from agriculture, 

usually from food production. [2, 3]These agricultural residues may also 

come from industrial processes after the edible part of the crop has been 

removed, as is case for rice or cereal husks.[33, 40, 96-100] The ash content 

is typically characterized by high levels of alkali metals and silicon with 

some phosphorus and relatively low amounts of alkaline earth metals.[24, 

39, 46, 47, 101-104] Extraneous material can include sodium chloride if the 

biomass has been growing close to an open sea. Since alkali chlorides 

specifically have been identified as corrosion inducers [16, 66, 72, 105] it is 

undesirable from a plant operation point of view to include such fuels unless 

the alkali metals may be bonded in other compounds. Energy crops such as 

reed canary grass are related to this category from an ash composition point 

of view since they have relatively high alkali metal and silicon content with 

small amounts of alkaline earth metals.  

Another perspective is the importance of managing the inorganic 

nutrients that may be recovered from combustion processes.[106, 107] The 

most commonly used mineral fertilizers today contain the elements nitrogen, 

phosphorus, potassium and sometimes calcium. If the produced biomass or 

its residues are combusted, it stands to reason that the highest amounts of 

nutrients possible should be recovered and recycled to promote production 

of new biomass rather than disposing the ash in landfills or into industrial 

uses.[107] Of the elements mentioned, only the ash-forming elements P, K, 

and Ca may be recovered from ash since nitrogen volatilizes and is lost in 

the flue gas. These are also key elements for the behaviour and properties of 

the ash; phosphorus may influence fuel combustion performance depending 

on its concentration in the ash. Potassium, on the other hand, is almost 

always detrimental due to its ability to lower melting points of ash and form 

corrosive gaseous species, whereas calcium contributes to higher ash melting 

points in general.  

So, in addition to the operational challenges that come with increasing 

fuel complexity there exist further reasons to search for deeper knowledge 

and detailed understanding of the produced ash. Herein lays a further 

challenge, which is to produce environmentally safe ash fractions that can be 

recycled into production of new biomass.[106, 107] It has been 

demonstrated that combustion processes, possibly using subsequent 
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treatment processes, may be designed to act as a ’kidney‘ for the purification 

of biomaterials to remove species such as heavy metals and toxic organic 

compounds.[42, 46, 103, 108-115] This may be utilised in remedying 

contaminated land by cultivating fast-growing, heavy metal-absorbing, 

short-rotational crops followed by an elaborate and dedicated combustion 

process.[116, 117] If the combustion process can be designed to act as a 

purification process by separating volatile and harmful elements from the 

phosphorus-containing fraction, the ash is returned to a cleaner soil. If this 

increases the area of arable land suitable for food production it is a path that 

should be pursued.  

These operational and environmental challenges can be tackled in 

different ways. One approach is by trial-and-error on a fuel-to-fuel basis 

where only tested blends of fuels for combustion are approved at a certain 

thermal energy conversion plant. Another and more preferable approach is to 

design specific tests to gain insight into the chemistry governing the 

behaviour of inorganic matter, and suggest more general models based on 

those findings that can be applied to new fuels governed by their inorganic 

content.  

The aim of the work presented is to suggest a general approach for 

understanding ash chemistry with a focus on phosphate formation. The 

purpose is to provide a model for evaluating biomass ash characteristics with 

respect to behaviour of the ash in energy conversion processes.   

2 Materials & methods

2.1 Fuel analysis and fuels

The fuels used in experiments presented in Papers II-VIII covered a 

variety of biomass from woody-type (logging residues, bark, willow), 

agricultural residues (wheat straw, wheat dried distilled grains with solubles, 

rapeseed cake) to waste streams (municipal sewage sludge/biosolids). The 

fuels were analysed at certified laboratories. Additives used were H3PO4 

(85% aqueous solution, Merck), K2CO3 (>98%, Fisher Scientific) and 

CaCO3 (>98%, Fisher Scientific). Fuel samples were collected as random 

grab samples in conjunction with the experiments. Estimated uncertainties 

were not provided by the external laboratories for the elements considered as 

main ash-forming elements (K, Na, Ca, Mg, Al, Fe, Si, P, S, Cl). The 

analysis standards followed were modified versions of EPA 200.7 (K, Na, 
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Ca, Mg, Fe, Al, Si, P and S) and EPA 200.8 (S and Cl). Both of these 

standards rely on elements being subjected to excitation in an inductively 

coupled plasma (ICP) analyser. The analytical quantification method in EPA 

200.7 is atomic/optical emission spectroscopy (AES/OES) and in EPA 200.8 

it is sector field mass spectroscopy (SMS/SFMS). In order to feed a fuel 

sample into an ICP flame it has to be dissolved first which was done with 

LiBO2/HNO3 for K, Na, Ca, Mg, Al, Fe, Si and P; H2O2/HNO3 for S; and a 

sample sintered at 550 °C with Na2CO3/ZnO was leached with water and 

purified using a cation exchanger for Cl detection.  

2.2 Thermodynamic equilibrium calculations

The software used for these calculations was FactSage 5.0 and 

subsequent versions. The databases used were FactPS (Fact53 in earlier 

versions of the software), FTOxid, FTSalt and FTPulp. Slag models included 

FTOxid-Slag, FTSalt-Slag and FTPulp-Slag, where the most appropriate was 

chosen from case to case based on fuel composition. Calculations were 

carried out primarily for oxidizing environments at atmospheric pressure 

where the temperature typically was placed in the range of 500 °C– 1200 °C, 

which is relevant for combustion applications. Such calculations were 

carried out as a foundation for Paper I, but also when making initial 

assessments of ash behaviour for the fuels used in Papers II-IV and VI-VIII 

with the assistance of relevant phase diagrams [118-126].  

2.3 Combustion systems

The experimental work presented in Papers II-VIII is mainly based on 

combustion experiments in a bench-scale system for bubbling fluidised bed 

combustion as described in section 2.3.1. In Paper IV, the fluidised bed 

experiments were complemented by combustion in a residential pellet burner 

simulating grate-fired conditions (section 2.3.2) and an industrial swirling 

powder combustor (section 2.3.3). The bubbling fluidised bed and residential 

pellet burner system are equipments located at the Thermochemical Energy 

Conversion Laboratory (TEC-lab), Umeå University. 

2.3.1 Bubbling fluidised bed in bench scale (5 kW)

A bench-scale bubbling fluidised bed (see Figure 1), which has been 

shown to be suitable for agglomeration studies [127], was used for 

experiments presented in Papers II-VIII. The fluidised bed has a total height 

of 2 meters with an inner diameter of 100 mm at the air distribution plate and 

200 mm in the freeboard section. The bed material used was quartz sand 
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with a grain size of 200-250 m. The reactor is fitted with electrical heaters 

to ensure an even process temperature in the freeboard. Fuels were typically 

combusted for 8 hours at 800 °C after which an agglomeration test period 

was initiated. The agglomeration tests were conducted by increasing the bed 

temperature with electrical heaters at a fixed rate while the bed ash was in a 

combustion atmosphere accomplished by combustion of propane below the 

air distribution plate. The initial defluidisation temperature was determined 

by monitoring bed pressure drop and fluctuations in bed temperatures and 

pressure. 

 

Figure 1 Schematics of the bench-scale bubbling fluidised bed with sampling 
positions indicated in the figure.  

Samples of bed material (sand and bed ash) were collected at the end of 

the combustion experiments from the hot bed as well as after the 
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agglomeration tests. Heat exchangers were simulated using an air-cooled 

deposition probe, which was typically kept at 450 °C during experiments 

where it was used. The coarse fly ash was recovered from a cyclone with an 

estimated cut-off of >10 m aerodynamic diameter. The flue gas channel has 

several ports after the cyclone allowing simultaneous measurements of 

particulate matter and flue gas composition as described in sections 2.4.1 and 

2.4.2, respectively.  

2.3.2 Fixed bed combustion system – Eco Tech A3 (20 kW)

Grate-fired boilers were simulated in a typical underfed pellet burner 

(Eco-Tech A3, 20 kW) fitted in a Combifire boiler in Paper IV, see Figure 2. 

The fuel mixtures containing woody-type fuels were fed continuously for 24 

hours with an average power of 12 kW, whereas combustion of wheat straw 

and wheat straw mixed with wheat distilled grains with solubles (DDGS) 

lasted only 4 hours and 4 hours 20 minutes due to severe slagging. Slag and 

ash samples were taken out from the burner cup, from the bottom steel plate 

and the back wall of the boiler. The flue gas composition and particulate 

matter were sampled according to section 2.4.1 and 2.4.2, respectively. 

 

Figure 2 Schematic of the EcoTec A3 pellet burner and Combifire boiler.  Positions 
of thermocouples in the underfed burner (T1-T3) and sampling positions for flue gas 
composition and particulate matter is marked in the figure. 

2.3.3 Swirling powder burner (150 kW)

The 150 kW powder burner shown in Figure 3 was used in experiments 

presented in Paper IV. The fuel was fed at a rate of 21 kg per hour by 

pneumatic transport along the axis of the burner. The process temperature 
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measured at positions indicated in Figure 3 was 1100 °C at T1 and T2 which 

had dropped to 950 °C at T4. Samples were collected from the burner ash, 

bottom ash and fly ash. The cooled (450 °C) deposition probe was exposed 

for 6 hours. The flue gas composition and particulate matter were sampled 

according to section 2.4.1 and 2.4.2.  

 

Figure 3 Schematic of the swirling powder burner with thermocouple positions 
marked as T1-T4 and sampling positions for ash fractions, deposits and particulate 
matter marked out. 

2.4 Experimental methods

2.4.1 Particulate matter sampling

Particulate matter (PM) in the flue gases was sampled isokinetically, both 

as total dust (PM-tot) measurements on quartz filters as well as size-

fractionated by using a 13-stage low-pressure cascade impactor from Dekati 

Ltd. (DLPI). The DPLI collects the PM on 13 separate aluminium plates 

with size-fractionation based on aerodynamic diameter in the range 0.03-10 

m. While the total dust measurements provide information on the total 

amount of particles (i.e. mass concentration), the low-pressure impactor 

measurements provide additional information on size distribution. In order to 

satisfy the isokinetic sampling condition to the extent possible, the flue gas 

flow was estimated by calculations. These calculations were based on the 

concentrations of C, H, N, O, and S in the fuel, lower heating value and the 

power output during combustion, and the expected oxygen levels in the flue 

gases. For the fluidised bed and pellet burner, the O2 levels were typically 

10% and for the powder burner experiments typically around 4%. This 

calculated gas flow was used together with the inner diameter of the flue gas 
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channel to choose a suitable probe tip for particulate matter sampling. 

During DLPI sampling, the under-pressure was kept at 0.1 bar using a needle 

valve to maintain isokinetical sampling conditions. In total particulate matter 

(PM-tot) sampling, the gas flow was adjusted with a manual valve to reach 

the desired flow according to calculations. While this method is based on 

calculated flue gas flows, which may fluctuate noticeably in small-scale 

systems, the measurements during the combustion experiments showed a 

good reproducibility. 

2.4.2 Gas measurements

Gas measurements (CO2, CO, NO, SO2, HCl) were performed in Paper 

II-VIII with Fourier-transformed infrared spectroscopy (FTIR) on a Bomem 

9100 analyzer or a Gasmet DX1000 in Papers II-VIII. In the pellet and 

powder burner experiments (Paper IV) a Testo 350XL gas analyser using 

electrochemical sensors was also used for gas analysis, complementing FTIR 

during the pellet burner experiments and used as the only gas measurement 

method for powder combustion. O2 was logged using a lambda probe in all 

combustion experiments.  

2.4.3 X ray diffraction Compound identification and semi

quantitative analysis

Powder X-ray diffraction analysis of the ash fractions collected was made 

at TEC-lab, Umeå University, with a Bruker AXS d8Advance diffractometer 

using Cu K -radiation (1.5418 Å) with a line profile and a Våntec-1 detector. 

Samples were mounted in plastic holders (large amounts, cyclone ash or 

bed/bottom ash) or applied on a silicon crystal low background sample 

holder (small amounts, particulate matter) in a rotating sample stage. The 

resolution was typically 0.008° with small variations depending on 

recalibration. Scan speed was 1°-4° per minute and sample rotation speed 5-

30 rpm, both of these variables depending on sample amount and sample 

type. A typical range for data collection was 2  10°-70° with samples rich in 

iron running from 2  15°-70° due to strong sample fluorescence. Data could 

be collected at lower 2  for iron-rich samples as well, but the fluorescence 

caused a sharp background increase in the 2 -range from 6°-13°. This made 

inclusion of the few peaks found in that region poorly suited for further 

analysis. Data treatment was performed with the Diffracplus software suite 

where EVA 10.0 equipped with the PDF-2 compound database [128] was 

used for phase identification. Structure information for the identified phases 

was retrieved from the ICSD database [129] and subsequently used to make 
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semi-quantitative analysis with Rietveld refinement in TOPAS 2.1 from the 

Diffracplus software suite. The samples used in XRD analysis were 

transferred to a carbon tape for subsequent elemental analysis in the 

scanning electron microscope. 

The use of XRD as a qualitative phase identification tool played a major 

role in principally all papers, except in Paper V. Identifying which 

compounds have been formed in combustion of a fuel will narrow down 

what phase diagrams are applicable for the system at hand. When the same 

fuel is modified through additives or co-combustion, qualitative phase 

analysis provides important information about changes in the crystalline 

content of the ash. This coupled with changes in fuel composition show the 

effect that certain elements may have.  

The semi-quantitative XRD analysis provided in Papers II-IV, VI and 

VIII was accomplished by using the Rietveld refinement method. The basic 

Scherrer equation only allows for adjustment of peak heights with little or no 

regard taken for physical properties of the crystallites. It relies heavily on the 

quality of reference data and cannot compensate well for peak broadening 

due to instrument effects, sample properties such as preferred orientation of 

crystallites or slight changes in unit cell parameters due to factors such as 

partial solids solutions. Rietveld refinement can be used to compensate for 

such influences on the crystal structure. Whereas the instrument parameters 

are usually well known, the crystalline phases in the sample and crystallite 

properties have to be approached with some care. The mathematical model 

which is refined to fit the collected diffractogram will only be as good as the 

crystal structure data upon which it relies. The structural ICSD database that 

was used for this information is extensive, but may still lack certain 

crystallographic data.  

There is also an issue of estimating the share of crystalline content in a 

given ash sample. Whole powder pattern fitting[130-132] includes a 

description of the amorphous scattering contribution and has been shown to 

work for certain pure samples with improved results combined with Rietveld 

refinement. There has been no opportunity to evaluate this approach in the 

present work. There is a large variety in short-range orders that may 

contribute to amorphous broad peaks, where bonding distances are different 

for silicates and phosphates. A future challenge is therefore to get a good 

estimation of the amorphous material. The use of internal standards has not 

been employed due to small sample amounts, which would have been 
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contaminated by the standard prior to elemental analysis using scanning 

electron microscopy. 

2.4.4 Scanning electron microscopy Elemental analysis

Elemental analysis in Paper II-IV and VI-VIII was carried out using a 

Philips XL-30 environmental scanning electron microscope (SEM) equipped 

with an EDAX energy dispersive detector (EDX/EDS) at TEC-lab, Umeå 

University. In Paper V, the SEM-EDS instrument used was a LEO Gemini 

1530 system with a Thermo Scientific UltraDry Silicon Drift Detector 

(SDD) at Process Chemistry Centre, Åbo Akademi University. The standard 

electron beam acceleration voltage used was 20 kV, which was adjusted as 

necessary. Elements included in the EDS analysis were typically K, Na, Ca, 

Mg, Fe, Al, Si, P, S and Cl after C and O contributions from the sample 

holder were removed. A backscattered electron (BSE) detector was used to 

gain information on spatial resolution of elements.  

Sample preparation was made using two methods; when possible the 

sample used for XRD analysis was transferred to carbon tape on a SEM-

EDS sample holder. This implied taking either a small part of the sample (as 

was typically the case for bed/bottom ash and cyclone ash) or almost the 

entire sample (as was the case for particular matter). The alternative method 

used was encasing the sample in an epoxy-based resin; this approach was 

used primarily for bed/bottom ash and agglomerates. The hard epoxy-puck 

formed was subjected to polishing with silicon carbide with a decreasing 

polishing particle size until a sufficient number of ash particles and/or bed 

grains had been cut in half by polishing and the surface was smooth. For the 

investigation of bed agglomeration, the SEM-EDS was used to the limit of 

its spatial resolution capacity with spot analyses on bed grains, agglomerate 

necks and bed ash. Area analysis played an important role in elemental 

analysis of cyclone ash/fly ash and particulate matter where the samples 

displayed a larger homogeneity as observed in the SEM. 
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3 Results & Discussion

3.1 Summary of results in appended papers

The main points relating to ash chemistry in the appended papers are 

summarized below. Ash chemistry as described in this thesis will relate 

strictly to the inorganic content of biomass. It is recognised that interaction 

between inorganic content and the organic part of the fuel may play a role 

during fuel conversion, but this interaction does not seem to change the 

inorganic speciation of the ash provided there is complete combustion of the 

fuel. The focus here lies on inorganic compounds that are formed during 

combustion of biomass or various waste streams from renewable sources. 

The discussion will be based on ash transformation reactions and crystalline 

compounds that have been identified by X-ray diffraction. Some of the key 

results relating to ash chemistry and ash transformation from the papers 

included in the thesis are highlighted below.  

Paper I: A schematic model for general ash transformation reactions was 

developed based on thermodynamic data and experimental observations. 

Primary and secondary ash transformation reactions were suggested as a 

basis for general assessments of reactivity. It is recognized that all of these 

reactions do not necessarily occur as suggested but they may provide a 

foundation for discussion of later reactions. Predictions made by this 

schematic model and phase diagrams was validated by empirical 

observations where ash chemistry, based on fuel composition, was 

considered.  

Paper II: Phosphorus was added as phosphoric acid to the woody-type 

biomass logging residues and the agricultural residue wheat straw. This 

addition had a large impact on flue gas composition as well as particulate 

matter, elemental composition, and chemical speciation. It was shown that 

modifying the phosphorus content of a biomass may reduce alkali chloride 

formation and that the CaO-K2O-P2O5 and K2O-MgO-P2O5 phase diagrams 

[118-126] can be used to predict low-temperature phosphate melts which are 

likely to cause operational problems in combustion of agricultural residues. 

This clearly demonstrated the importance of including phosphorus when 

considering overall ash transformation reactions.  

Paper III: A wide array of biomass was combusted with addition of 

phosphoric acid or co-combusted with phosphorus-rich biomass. It was 
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shown that the phosphorus content affects the elements K, Ca, and Mg, 

which are important for bed agglomeration mechanisms. Adjusting the 

phosphorus content did have a pronounced effect on bed agglomeration 

temperatures as well as chemical speciation and elemental composition of 

bed ash. It was also found that alkaline earth metals increase bed 

agglomeration temperatures when the agglomeration mechanism is related to 

molten bed ash. 

Paper IV: The agricultural waste stream, wheat dried distilled grains 

with solubles (DDGS), was evaluated as a potential energy resource through 

co-combustion experiments in a bench-scale bubbling fluidised bed, a fixed-

bed system as simulated by a pellet burner and a powder combustor. DDGS 

contains high amounts of alkali and phosphorus but also low amounts of 

alkaline earth metals. Co-combustion with logging residues, which contains 

higher amounts alkaline earth metals and little alkali, had a positive 

influence on the combustion properties of DDGS. Wheat straw with its 

relatively high alkali content did not improve combustion properties of 

DDGS. It was concluded that if DDGS is to be used as an energy resource, it 

should be co-combusted with a fuel that contains relatively high amounts of 

alkaline earth metals. 

Paper V: The phosphorus-rich, agricultural waste stream rapeseed cake 

was co-combusted with bark in a bench-scale bubbling fluidised bed in a 

series of experiments. Bark was added to the blend at increments of 10 w/w-

%. This approach allowed studying bed agglomeration mechanisms and 

elemental ash composition in fuel blends ranging from phosphorus-rich to 

silicon-rich fuels.  

Paper VI: Pelletized biosolids from two waste water treatment facilities 

were combusted in a bench-scale bubbling fluidised bed with addition of 

potassium and calcium in order to investigate co-combustion properties and 

if these additives would affect phosphorus speciation. The ash distribution of 

macronutrients, phosphorus in particular, was also investigated. Most of the 

phosphorus could be recovered from a sieved large bed ash particle fraction 

(>1.2 mm sieving size, mainly ash residue from pellets) in the form of 

whitlockite minerals with somewhat varying composition. This implicates 

that biosolids pre-treatment such as granulation may facilitate phosphorus 

recovery in full-scale processes. Potassium addition mainly promoted 

formation of alkali aluminium silicates and it was concluded that the 

relatively high content of aluminium in biosolids may contribute to alkali 
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capture in bed ash during co-combustion with biosolids. 

Paper VII: The large bed ash fractions (>1.2 mm) formed in the 

experiments described in Paper VI were evaluated from the perspective of a 

potential phosphorus fertilizer. The concentration and distribution of some 

elements that are potentially harmful to the environment were also evaluated. 

The presence of such elements may restrict the direct use of ash as fertilizers 

based on legislated limits and regulations. Mercury levels in the bed ash 

fraction were below detection limits or extremely low. The levels of 

cadmium in relation to phosphorus were reduced compared to what was 

found in biosolids. Phosphates formed in combustion of biosolids displayed 

a decreased water solubility and increased plant availability, as evaluated by 

leaching with ammonium lactate/acetic acid, compared to biosolids prior to 

combustion. The water solubility of potentially harmful elements was also 

reduced in the large bed ash fraction. 

Paper VIII: The agricultural residue wheat straw was co-combusted with 

municipal sewage sludge in a bench-scale bubbling fluidised bed. The co-

combustion was made both as co-pelletized fuel and as co-firing of separate 

fuel particles. Wheat straw bed defluidisation temperature was increased 

significantly in both cases of co-combustion and the share of potassium 

chloride found in particulate matter and deposits were reduced. Comparing 

the separate fuel particle combustion with co-pelletized combustion showed 

some difference in ash transformation reactions. In the separate fuel particle 

experiment an inner reaction layer could be seen on bed grains, which was 

not present for co-pelletized combustion. Additionally, the co-pelletized 

combustion showed smaller amounts of particulate matter and a lower 

particulate deposition growth rate than combustion of wheat straw and the 

separate fuel particles. 

3.2 Main ash forming elements and ash transformation

The term ‘main ash-forming elements’ refers to K, Na, Ca, Mg, Fe, Al, 

Si, P, S, and Cl in the work presented here. These ten elements have been 

shown to play key roles in ash transformation chemistry. In Paper I, their 

respective oxides with the exception of chlorine, were designated as basic or 

acidic in accordance with classical inorganic chemistry. The formation 

reactions for these oxides were defined as primary ash transformation 

reactions. It should be noted that the primary ash transformation reactions 

suggested in Paper I will not necessarily take place in actual combustion 
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situations. They may be considered hypothetical first reaction steps since the 

main ash-forming elements usually are present as metal ions, molecules or 

molecular ions in fuels. 

 

Figure 4 Ellingham diagram for the main ash-forming elements. Iron compounds 
containing Fe(+II) are omitted for clarity of the figure. 

The Ellingham diagrams in Figure 4 and Paper I are constructed using 

reactions of the main ash-forming elements with 1 mole O2 to form 

corresponding oxides. Since the formation energies ( Gº) for these reactions 
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are plotted as the function of temperature, the graph allows for schematic 

comparisons of the mutual relative stability of the oxides as well as their 

stability in relation to the main combustion products CO2 and H2O. This type 

of diagram is useful in comparing the affinity for O2 of different metals. It 

should be mentioned that chlorine forms such weak oxides that it is expected 

to form HCl (g) and has been excluded in Figure 4. The curves for 

aluminium and iron in this Ellingham diagram show that aluminium forms 

stable oxides easily and that iron oxides may be affected by the reducing 

capacity of the burning fuel.   

The primary ash transformation reactions (see Figure 4) can be 

considered to provide starting molecules for the secondary ash 

transformation reactions. The secondary ash transformation reactions 

mentioned in Paper I may also be regarded as hypothetical from a reaction 

mechanistic point of view. They still suggest – and provide basis for 

comparison of – thermodynamically relevant intermediate reaction steps 

which are likely to occur during actual combustion. To determine the 

probability for a reaction to take place from a mechanistic point of view it is 

important to consider the properties of the reactants.  

 

Figure 5 Relative Lewis acid-base potential on an arbitrary scale within each group 
of metal ions, molecules, and molecular ions. Some atoms in molecules or molecular 
ions that possess acid characteristics are marked with red colour and some atoms 
that possess base characteristics are marked with blue colour.  
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This assessment can for instance be made in terms of a Lewis acid-base 

system by predicting the atoms in a molecule which could act as an electron 

donor (Lewis base) and an electron acceptor (Lewis acid) when reacting with 

another molecule. The simplified rule of thumb that the strongest Lewis base 

will donate its electrons to the strongest Lewis acid when the two molecules 

react proves helpful for describing and understanding secondary ash 

transformation reactions. Some Lewis acid and bases that are important for 

secondary ash transformation reactions mentioned in Paper I are shown in 

Figure 5 with their relative strength shown on an arbitrary scale. A thorough 

outline and explanation of the underlying theory can be found 

elsewhere.[133]  

The array of positively charged ions K+, Na+, Ca2+, Mg2+, Al3+, and 

Fe2+/3+, are found in the corresponding oxides after primary ash 

transformation reactions. These positively charged ions can be looked upon 

as Lewis acids since they will form bonds by attracting negatively charged 

oxygen entities, either as O2- or OH- as suggested in Paper I, which can be 

considered to donate electrons into the bond and therefore act as Lewis 

bases. The K+ ion, with its low charge and large ion radius, forms the 

weakest bond to its neighbouring oxygen atom. The potassium ion can 

therefore be considered the weakest Lewis acid amongst the main ash-

forming constituents. The next weakest Lewis acid, based on charge and ion 

radius, is Na+ followed by Ca2+ and Mg2+. Metal ions which are weak Lewis 

acids (e.g. K+) are typically part of strong Lewis base molecules (e.g. K2O or 

KOH), see Figure 5. 

In the acidic oxides SiO2, P4O10, and SO2, (see Figure 5) bonds between 

the central atoms (i.e. Si(+IV), P(+V), and S(+IV)) and the surrounding 

oxygen atoms have more covalent character compared to what is observed in 

metal oxides. The short bond distance (1.43 – 1. 62 Å) between the central 

atom and oxygen reported for these molecules [134-136] indicate that Si, P, 

and S are bonding strongly to their respective oxygen atoms. The central 

atoms Si(+IV), P(+V),  and S(+IV), can react as Lewis acids by bonding to 

oxygen. (Figure 5).  

The addition of new oxygen entities to SiO2 and P4O10 is a key feature in 

secondary ash transformation reactions. It is the defining reaction step where 

SiO2 and P4O10 are changed from Lewis acids that are only capable of 

bonding oxygen entities to negatively charged molecular ions, which also 

can react as Lewis bases, i.e. electron donors. The strength of the bonds 
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formed between these Lewis bases and positively charged metal ions define 

if, and in those cases, which tertiary ash transformation reactions will take 

place in the solid and liquid phase. If sulphur is present as SO3 rather than 

SO2 it might react even more effectively than Si(+IV) and P(+V) due to the 

higher oxidation state of S(+VI), making it an effective Lewis acid. A 

number of schematic secondary ash transformation reactions were suggested 

in paper I. Secondary ash transformation reactions involving 1 mole of 

Lewis acids (P4O10, SO3, SiO2, HCl) and a balanced amount of Lewis bases 

(KOH, CaO) is presented below with indicated aggregation states at 

combustion conditions. The alkali metal oxides readily form hydroxides by 

reaction with H2O which is ubiquitous in combustion conditions.  For this 

reason the hydroxide KOH is used as a reactant in the secondary ash 

transformation reactions listed. These hydroxides are strong Lewis bases 

similar to their oxide parent molecules.  

P4O10(g) + 4 KOH(g)  4 KPO3(l,g) + 2 H2O(g)  (1) 

SO3(g) + 2 KOH(g)  K2SO4(s,l) + H2O(g)  (2) 

SiO2(s) + 2 KOH(g)  K2SiO3(l,s) + H2O(g)  (3) 

HCl(g) + 2 KOH(g)  KCl(l,g) + H2O(g)  (4) 

P4O10(g) + 2 CaO(s)  2 CaP2O6(l,s) (5) 

SO3(g) + CaO(s)  CaSO4(s,l) (6) 

SiO2(s) + CaO(s)  CaSiO3(s,l) (7) 

2 HCl(g) + CaO(s)  CaCl2(s,l) + H2O(g)  (8) 

The secondary ash transformation reaction products include negatively 

charged molecular ions with ionic bonds to metal ions. As indicated in 

Figure 5, the molecular ions SiO3
2- and PO3

- can react further either as Lewis 

acids or as a Lewis bases. This is the starting point for tertiary ash 

transformation reactions, defined here as reactions where negatively charged 

molecular ions other than hydroxide are present in the reactants. These 

tertiary reactions may proceed in several steps and their products will have a 

heavy influence on the physical properties of the formed ash. The phase 

diagram for the CaO-K2O-P2O5-system (Figure 6) shows possible secondary 

and tertiary ash transformation reaction paths. The tertiary ash 

transformation products indicated may of course react further. 
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Figure 6 Suggested ash transformation reactions in the CaO-K2O-P2O5-system. 
Secondary ash transformations are indicated with red arrows. The metaphosphate 
PO3

- formed will react further in tertiary ash transformation reactions depending on 
its chemical environment as indicated by blue arrows. 

An example of secondary and tertiary ash transformation reactions within 

the system, shown in Figure 6, is the formation of the orthophosphate 

CaKPO4 from ½ mole P4O10, 1 mole K2O and 2 moles of CaO. The reactions 

leading up to this product are outlined below with comments on what role 

Lewis acid-base properties may have. The secondary ash transformation 

reactions that may occur with these reactants are: 

½ P4O10(g) + 2 KOH(g)  2 KPO3(l,g) + H2O(g)  (9) 

½ P4O10(g) + CaO(s)  CaP2O6(l,s) (10) 

The metaphosphate ion PO3
-, where each phosphate tetrahedron shares 

two oxygen atoms with neighbouring phosphate tetrahedrons, is formed in 
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both of the secondary ash transformation reactions listed. The acidity of the 

P(+V) central atom in PO3
- has decreased compared to P4O10 (Figure 5). 

Since KOH is a stronger Lewis base than CaO it is likely that KPO3 will be 

the dominating product, thus, reaction 9 is favoured. The metaphosphate ions 

PO3
- may form the pyrophosphate ion P2O7

-4 by reacting further with 

available metal oxides, where P(+V) in PO3
- acts as a Lewis acid and the 

oxide ion acts as a Lewis base. As previously defined, this is a tertiary ash 

transformation reaction since a negatively charged molecular ion (PO3
-) is 

involved. Using KPO3 as a metaphosphate reactant and CaO as the metal 

oxide provides reaction 11: 

2 KPO3(l,g) + CaO(s)  CaK2P2O7(s,l) (11) 

As a result of this tertiary ash transformation reaction (Reaction 11) the 

pyrophosphate ion P2O7
-4 is formed, where each phosphate tetrahedron 

shares one oxygen atom with a neighbouring phosphate tetrahedron. The 

acidity of the P(+V) central atoms has decreased further and the oxygen 

atoms in P2O7
-4 are more potent Lewis bases than those in PO3

-, see Figure 5. 

The orthophosphate ion is formed by an additional tertiary ash 

transformation reaction with CaO. In addition to the remaining acidity of 

P(+V) that attracts the O2- in CaO, the increased basicity of oxygen atoms in 

the P2O7
-4 ion compared to PO3

- could preferentially attract Ca2+. This may 

facilitate reaction 12: 

CaK2P2O7 (s,l) + CaO(s)  CaKPO4(s,l) (12) 

An orthophosphate ion PO4
3- is formed which do not share any oxygen 

atoms with other phosphate ions. The Lewis acidity of P(+V) can be 

considered as exhausted in this ion, so the reactivity of PO4
3- depends of the 

strong Lewis basicity of the oxygen atoms, see Figure 5. The strong Lewis 

basicity of the orthophosphate ion could lead to further reactions where Ca2+, 

that is a stronger Lewis acid than K+ (Figure 5), may substitute K+ in the 

phosphate structure provided there is enough CaO available for reaction. 

Water is presumably taking part in this reaction where K+ is released as 

KOH:  

2 CaKPO4 (s,l) + CaO(s) +  H2O(g)  Ca3(PO4)2 (s,l) + 2 KOH(g)(13) 

The KOH formed in reaction 13 may of course partake in secondary or 
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tertiary ash transformation reactions again. The reactions outlined above 

provide some theoretical basis for the formation of phosphates that are 

observed in Papers II-IV, VI and VIII. For fuels and fuel blends in which 

alkaline earth metals are abundant, orthophosphates rich in calcium were 

observed. As phosphorus and alkali content increased the observation of 

pyrophosphates and alkali-containing phosphates were more frequent. 

The above reasoning can be applied to the corresponding silicate systems. 

If, for instance, a quartz bed grain has reacted to form molten alkali silicates 

where the negatively charged SiO3
2- may act as a Lewis base, CaO will react 

more readily into the molten alkali silicate layer on the bed grain rather than 

through direct reaction with SiO2 (Reaction 7). The Lewis acid Ca2+ will 

compete with K+ for the negatively charged oxygen atoms in SiO3
2- and the 

strongest Lewis acid (Ca2+) will be bonded. This reaction forces K+ to either 

react further into the bed grain or leave the silicate as KOH. A certain 

amount of gaseous KOH in the presence of CaO would then lead to small 

inner layer formation consisting of alkali silicates with a growing calcium 

silicate outer layer, which is often observed in fluidised bed combustion of 

woody-type fuels.[12, 39, 137-139] The Lewis basicity of Cl- is very low 

since it forms ionic bonds based on charge-charge interaction rather than 

covalent bonds where electrons are shared to a larger extent. Therefore, the 

direct addition of alkali or alkaline earth metals from chlorides to SiO2 is 

unlikely, but it may happen in the presence of water. It has also been 

reported that KCl does not react into quartz bed grains.[140]  

Aluminium oxide, with its short central atom to oxygen bonding 

distances, is an interesting compound in the secondary ash transformation 

reactions. The bond distances between Al – O and Si – O are similar. This 

difference is even smaller in alumina-silicate solid solutions, which are 

commonly found in minerals. The formation of alkali-containing aluminium 

silicates, which is often observed, may be related to the high acidity of the 

alumina-silicate network structure. 

The ash transformation model described in Paper I have been used as 

support for fuel design choices made in Papers II-VIII and it has been further 

developed here using the Lewis acid-base model. It provides a theoretical 

basis for stating that phosphorus will be the most important element forming 

negatively charged molecular ions when it is present in sufficient amounts 

relative to the Lewis acids K+, Na+, Ca2+, Mg2+, and Fe2+/3+ and it will have 

low interaction with Al3+ due to the stability of aluminium silicates. If 
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phosphorus is already bonded in inorganic orthophosphates, its ability to 

react with alkali species is likely limited, especially in an ash chemical 

environment comprising silica and sulphates. In the absence of phosphate 

formation, silicates will play the most important role for melting 

temperatures in ash fractions containing non-volatile compounds. The 

sulphate ion will act as a stronger Lewis base than the chloride ion and 

therefore it will play an important role in particulate matter speciation and 

formation. Since the elements Si, P, and S form negatively charged 

molecular ions in tertiary ash transformation reactions, they can be 

considered to be Lewis base precursors. 

3.3 Thermodynamic equilibrium calculations

Thermodynamic equilibrium calculations can be used as a tool for 

identifying possible reaction products in a complex matrix of reactants. This 

modelling procedure is very efficient in cases where reactions are not 

inhibited by mass transfer limitations such as gas contact between condensed 

reactants, low turbulence, or limited free reaction surface. While global 

estimations should be used with care, combustion processes working at a 

steady-state could be considered to be close to equilibrium. Thermodynamic 

equilibrium calculations may then provide very useful information on 

products of ash transformation reactions, something which was used 

extensively in Paper I but also in preparation of fuel mixtures in Papers II-IV 

and VI-VIII. However, this approach minimizes energy in a system on a 

global scale and does not have a method for estimating kinetically controlled 

reaction products. 

As more complex energy resources with regards to amount, composition, 

and speciation of ash-forming elements are combusted, the influence of 

kinetically controlled reactions on products formed in ash transformation 

reactions may increase. In cases where this kinetic reaction control is not as 

pronounced, the questionable quality or lack of thermodynamic data for 

possible reaction products may prevent the use of equilibrium calculations as 

an evaluation tool for fuel performance in combustion.  

Since thermodynamic data is somewhat lacking for some phosphate 

systems that are of interest in combustion of biomass, looking at the inherent 

properties of the ash-forming elements becomes an important 

complementing approach for evaluating potential issues in combustion of 

fuels and fuel blends. 



24 
 

3.4 Fuel design in experiments

3.4.1 Addition of phosphoric acid – Papers II and III

To investigate the potential of phosphorus for capturing metal ions by 

formation of the Lewis bases (PO3)n
n-, P2O7

4-, PO4
3-, starting from the Lewis 

acid P4O10 in ash transformation reactions a series of combustion 

experiments were carried out. In Papers II-III phosphoric acid was added to 

the woody-type biomass logging residues (LR) and two different wheat 

straws (WS-1 and WS-2). The influence of phosphate formation on bed 

agglomeration mechanisms and alkali speciation in particles was discussed 

based on observations of which phases were formed. The fuel blends were 

prepared with P/K molar ratios according to Table 1. 

Table 1 Fuels and fuel blends with phosphoric acid with P/K molar ratio, initial 
defluidisation temperature (IDT), SO2, and HCl emissions. Some gas measurements 
were below detection limits, annotated as <d.l., or not reported in papers II-III, 
annotated as N.R. 

As the starting fuels shown in Table 1were combusted (Papers II-III) it 

was observed that alkaline earth metal phosphates were the predominant 

form of phosphates found in the bed ash when the ratio of P/(Ca+Mg) was 

low. Even though the first wheat straw (WS-1, Table 1) used had a high ratio 

of K/Ca the calcium-containing phosphates Ca5(PO4)3OH and CaKPO4 were 

found in the bed ash. This suggests that phosphorus, once it has formed a 

molecular ion, does react further to bond stronger Lewis acids than K+, in 

this case Ca2+. The initial defluidisation temperature was 750 °C and the bed 

agglomeration mechanism was identified as alkali silicate melt-induced 

agglomeration caused by molten bed ash according to mechanism 3 

mentioned previously. When a small amount of phosphoric acid was mixed 

with WS-1, the defluidisation temperature increased sharply to 880 °C. The 

phases identified in bed ash also changed as the pure calcium-containing 

Ca5(PO4)3OH was no longer found. Instead CaKPO4 was identified together 

Fuel/fuel blend P/K molar ratio IDT SO2 (ppm) HCl (ppm) 

WS-1 0.13 750 °C <d.l. 52 ± 4 
WS-1 (low) 0.50 880 °C 4 ±2 62 ± 5 
WS-2 (low) 1.10 970 °C 8 ± 3 217 ± 29 
WS-2 (medium) 1.50 920 °C 23 ± 6 245 ± 30 
WS-2 (high) 2.23 <800 °C 160 ± 20 246 ± 31 
LR 0.34 1030 °C <d.l. <d.l. 
LR (low) 0.50 980 °C N.R. N.R. 
LR (high) 0.90 990 °C <d.l. 6 ± 3 
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with CaK2P2O7. In addition to this, the SiO2-modification cristobalite could 

be found, which originates from silicon introduced with the wheat straw. The 

formation of alkali-containing phosphates with the presence of cristobalite 

formed from so-called reactive silica suggests that phosphorus reacts more 

readily than silicon in ash transformation reactions. The particulate matter 

was affected by phosphorus addition as well. The reduced amount of alkali 

transported in the exhaust gas could be seen by a slightly reduced amount of 

submicron particles and a clear reduction in the share of potassium chloride 

in those particles. The lower amount of alkali transported in the exhaust gas 

was also recognized in the exhaust gas composition where SO2 reached 

detectable levels and HCl increased slightly with addition of phosphoric 

acid.  

 The levels of phosphoric acid added to the second wheat straw (WS-2) 

used in Paper II were selected with the alkaline earth metal content in mind. 

The low and medium addition levels (see Table 1) aimed at introducing a 

sufficient amount of phosphorus to capture calcium and magnesium in 

phosphates which would still have room for alkali. The inclusion of alkaline 

earth metals in alkali orthophosphates (e.g. CaKPO4, KMgPO4) leads to high 

melting temperatures. The same can be said for the pyrophosphate CaK2P2O7 

but not for K2MgP2O7, indicating that the relative amounts of calcium and 

magnesium should be considered. The high addition of phosphoric acid to 

WS-2 (Table 1) was made to investigate whether pure alkali phosphates, 

(KPO3)n, would form. Phase diagrams show that the formation of such 

phosphates could lead to very low ash melting temperatures. The bed ash 

composition leaned towards more phosphate formation with the higher 

addition of phosphoric acid; cristobalite was identified to a larger extent.  

Initial defluidisation temperature was at its highest with  low addition of 

phosphoric acid to WS-2 where trace amounts of Ca3(PO4)2 were identified 

in the bed ash with CaK2P2O7 and some K2SO4. With medium addition of 

phosphoric acid to WS-2 the defluidisation temperature remained over 900 

°C, but decreased compared to the low phosphoric acid blend. With high 

addition, the bed agglomerated rapidly during the combustion stage and 

KPO3 was identified in the cyclone ash. HCl levels in exhaust gases were 

higher at medium addition of phosphoric acid to WS-2 compared to low, but 

remained at the same level upon high addition. SO2 levels were slightly 

higher in medium compared to low addition of phosphoric acid, but 

increased significantly at high addition. This suggests that the capture of 
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alkali metals in phosphate phases leaves less alkali to the flue gases for 

reactions with SO2 and HCl.  

When phosphoric acid was added to logging residues at two different 

concentrations an increase in alkaline earth metal phosphates, Ca3(PO4)2 and 

CaMgP2O7, was found in the bed ash particles and Ca5(PO4)3OH which was 

present in unmodified logging residues could not be identified. In addition to 

this alkali and alkaline earth metal phosphates CaK2P2O7 and KMgPO4 were 

identified with low addition of phosphoric acid to logging residues. The 

amount of crystalline calcium/magnesium phosphates formed suggest that 

Ca2+ ions and to some extent Mg2+ are more effectively bonded in 

phosphates than in silicates. Following bed agglomeration mechanism 1 (see 

page 4) the alkaline earth metal ions formed a stabilizing outer layer and 

prevented extensive alkali silicate formation in bed grains for pure logging 

residues. With low addition of phosphoric acid an inner reaction layer 

dominated by alkali silicates could be observed on bed grains, and the 

alkaline earth metals were instead found in corresponding phosphates in the 

bed ash. This inner reaction layer was not found as more phosphorus was 

added, suggesting that alkali was captured as phosphates in the bed ash. 

Thus, the amount of phosphorus added in relation to alkaline earth metal 

content in the fuel should be carefully considered to avoid extensive alkali 

silicate formation in quartz bed grains. With high addition of phosphoric 

acid to logging residues, the KCl share in submicron particulate matter was 

reduced while K2SO4 increased and the HCl emission levels increased from 

below detection limits to small amounts (see Table 1). This indicates that 

increasing the phosphorus content in woody-type fuels may reduce alkali 

chloride formation provided enough phosphorus is added. 

With this experiment series the potency and potential of phosphorus in 

ash transformation reactions was high-lighted. The fate of the other three 

elements which may form negatively charged ions in ash transformation 

reactions – Si, S, and Cl – was determined by the remaining Lewis acids (K+, 

Na+, Ca2+, Mg2+) available after tertiary ash transformation reaction with 

phosphates. The direct result of phosphate formation on the physical 

properties of the ash was of major importance for operational parameters 

such as bed agglomeration, particulate matter formation and flue gas 

composition.  
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3.4.2 Co combustion with agricultural residues or waste streams

– Papers III V

In Papers III-V some typical biomass from agriculture (wheat straw) or 

industrial waste streams from agriculture (wheat dried distilled grains with 

solubles, DDGS, and rapeseed cake) were co-combusted in mutual blends or 

with woody-type biomass (logging residue, willow, bark). Paper III was 

concerned with bed agglomeration characteristics; Paper IV described 

combustion of DDGS mixtures in a variety of combustion systems while 

Paper V is a systematic study of mixtures of two biomasses, a woody-type 

fuel and a residue from processed crops. In Papers III and IV the aim of the 

fuel mixtures was to investigate how a potentially problematic phosphorus-

rich biomass would affect the combustion behaviour of other types of 

biomass. In Paper V a specific phosphorus-rich residue from crops, rapeseed 

cake, was co-combusted with bark with fixed increments of weight addition. 

The effects of this on bed agglomeration temperature and underlying 

agglomeration mechanism were determined.  

Table 2 Fuels and fuel blends used for DDGS co-combustion. Initial defluidisation 
temperature (IDT) and weight fraction of introduced ash that formed slag in fixed-
bed combustion is shown. Experiments marked with an asterisk show that 
defluidisation occurred during combustion or when severe slagging halted 
combustion.  

The fuel blends used in Papers III and IV (Table 2) were made with the 

phosphorus-rich residue wheat dried distilled grains, DDGS. This residue 

also contained significant amounts of alkali and the magnesium content was 

higher than that of calcium. Since the melting point of K2MgP2O7 is low 

these properties together suggested that DDGS would be an interesting 

example of a highly problematic fuel originating from industrial agricultural 

residues. The addition of DDGS to other biomasses did indeed deteriorate 

their combustion properties with regards to bed agglomeration and slag 

formation in the bubbling fluidised bed and in the fixed bed system, 

respectively.  

Fuel/fuel blends P/K molar ratio IDT Slag/total ash ratio 

LR 0.34 1030 °C 4 
LR + DDGS (40%) 0.86 950 °C 44 
Willow 0.30 900 °C    
Willow+DDGS (50%) 0.86 ~800 °C*  
WS-1 0.13 750 °C 79* 
WS-1+DDGS (50%) 0.50 ~730 °C* 45* 
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For logging residues these effects were not equally obvious, due to its 

relatively high content of calcium and magnesium compared to other ash-

forming elements. DDGS does stand out as a renewable energy resource 

which needs to be modified for combustion in a fluidised bed or a fixed grate 

system. This could be achieved with either additives or a co-combustion fuel 

to raise the overall alkaline earth metal content which should reduce the 

formation of low-temperature melting phases. The powder combustion 

experiments in paper IV indicated DDGS mixtures may cause problems in 

such systems as well. 

Paper V showed the influence of ash composition in several steps. 

Rapeseed cake without bark addition agglomerated solely based on bed ash 

melting point, with little or no interaction with the bed grains as indicated by 

lack of inner layer formation. SEM/EDX spot analysis of rapeseed cake bed 

ash revealed a high correlation between phosphorus and K, Na, Ca and Mg. 

Three types of areas were easily identified in the ash with varying molar 

ratios where Ca/Na and K/Mg were found to have very similar content in 

two of those three areas. In the third area type the correlation was high 

between Ca/K and Na/Mg. With addition of bark, the initial defluidisation 

temperature was raised rapidly due to inclusion of more alkaline earth metals 

in the bed ash particles. Rapeseed cake agglomeration was caused by molten 

bed ash particles that acted as an adhesive between bed grains during the 

combustion stage at 800 °C. The bed grains had not interacted with the ash 

to any large extent since little to no layer formation on bed grains could be 

observed. With addition of 20-40 w/w-% of bark the defluidisation 

temperature increased to over 920 °C and the cause of agglomeration was 

still dominated by the melting temperature of the bed ash even though inner 

reaction layers could be found on bed grains over 30 w/w-% of bark. Above 

60 w/w-% bark in the fuel blend the bed defluidisation temperature was 

significantly increased (>1000 °C) compared to rapeseed cake combustion 

and the agglomeration mechanism was dominated by viscous-flow sintering 

caused by alkali silicate formation in bed grains. Spot elemental analysis of 

bed ash with SEM-EDS showed that the relatively sodium-rich rapeseed 

cake ash promoted the association of calcium/sodium and 

potassium/magnesium in bed ash. 
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3.4.3 Investigation of biosolids and municipal sewage sludge in

co combustion – Papers VI VIII

Municipal sewage sludge, or biosolids depending on treatment processes, 

are interesting waste stream resources from the perspective of fuel design 

which was investigated in Papers VI-VIII. Biosolids typically have a high 

phosphorus, high sulphur and low alkali contents so they could possibly be 

used in co-combustion to improve the combustion properties of other 

biomass where the main issues are in formation of alkali-containing melts at 

low temperatures or formation of alkali chlorides. It has been reported that 

biosolids could contain or form aluminium silicates which play a role in 

alkali metal capture. The addition of flocculation agents such as 

polyaluminiumchloride, PAC, or iron(II)sulphate also have a large impact on 

the final composition of the inorganic content. The inorganic content in 

biosolids can reach up to 45 w/w-% on a dry basis. For co-combustion 

purposes only small amounts may therefore be required to modify the overall 

ash transformation reactions together with the co-fired fuel. The potential for 

co-combustion was studied both using additives (Papers VI-VII) and with 

co-combustion (Paper VIII). Since the phosphorus content is so high in this 

renewable energy resource the speciation of this phosphorus is of interest for 

recovery of nutrients. To determine whether ash from combustion of 

biosolids could be used directly the ash produced in combustion of biosolids 

with additives was examined from the environmental perspective in Paper 

VII. 

Mono-combustion of biosolids with additives as described in Papers VI 

and VII showed promising results with regards to phosphorus recovery from 

bed ash particles (Paper VI) as well as their potential use as fertilizers (Paper 

VII). It was discovered that the two additive mixtures used, one with only 

K2CO3 aiming for the molar ratio P:K = 1:1 and the other with both K2CO3 

and CaCO3 aiming for the molar ratio P:K:Ca = 1:1:1, did not affect the 

phosphorus compounds identified with XRD to any large extent. The 

addition of alkali did lead to formation of more alkali aluminium silicates, 

which may be caused by the relatively high aluminium content in biosolids. 

It may also be related to the speciation of phosphorus in biosolids; if the 

phosphorus is already bonded in calcium and/or iron-rich phosphates in the 

biosolids prior to combustion there may be little potential for alkali capture. 

Most of the phosphorus was recovered in a large bed ash particle fraction 

which mostly had retained the pelletized shape. These so-called ash pellets 

had an improved fertilizing potential of phosphorus compared to what was 
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found in the biosolids prior to combustion. Leaching of elements potentially 

harmful to the environment was reduced in the formed large bed ash 

particles and specifically, the Cd/P molar ratio had been decreased.  

In co-combustion of wheat straw and municipal sewage sludge, MSS, the 

aim was to introduce more phosphorus and take advantage of the high 

sulphur content in MSS to reduce alkali chloride formation in particulate 

matter. To investigate whether any positive effects of the ash-forming 

elements in MSS would be seen even if the two fuels were fed separately, 

the fuel blends were combusted both as co-pelletized and as separate fuel 

particles. The positive effect on initial bed agglomeration temperature was 

seen for both types of fuel blends, whereas the only co-pelletized mixture 

reduced particulate matter formation and inner layer formation on the quartz 

bed grains. The speciation of particulate matter was shifted from being 

dominated by alkali chlorides for wheat straw to being dominated by alkali 

sulphates. Altogether, this suggests that co-combustion of wheat straw with 

MSS may allow for higher process temperatures and simultaneously reduce 

the risk for chlorine-induced corrosion compared to combustion of wheat 

straw alone. 

3.5 Fuel design

The term ‘fuel design’ implies that there is a certain goal that should be 

reached by making a fuel blend or using an additive. From the energy 

recovery point of view it may be advantageous to use fuel blends rather than 

additives. The use of additives may be costly and generally does not provide 

an energy contribution to the process. Fuel blends may provide an 

opportunity to include biomasses which are associated with low purchase 

costs. This potential economic benefit should always be compared to the 

inherent risks of introducing a new fuel blend.  

Before moving into the main discussion of fuel design it is worth briefly 

touching upon another subject; do we know that fuel analyses fed into 

models match the fuels fired in lab-scale combustion experiments or full-

scale processes? The heterogeneous biomass resources typically have a large 

variance of ash-forming elements within the same type of biomass. The 

commonly used ICP analytical technique with its low detection limits makes 

it suitable for analysis of ash-forming elements in a potential biomass. There 

are analytical error sources such as sample solubility in the preparation stage 

and blank standard suitability for the specific sample, which plays a role for 
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the precision and accuracy of a fuel analysis. Based on empirical results, fuel 

blends based on using such fuel analyses have still proven to perform as their 

total composition suggested in models based on thermodynamic calculations. 

The most important step for designing fuels based on ash composition is that 

the analysis used in any models or molar ratios is relevant.  

In the process of designing a fuel blend or additive mixture based on ash 

chemistry, the appropriate ash characteristics for a specific energy 

conversion process should be considered. These general aims may in turn 

affect how a particular energy resource is utilized; whether additives should 

be used or not or if co-combustion is a suitable route. Listed below are some 

issues that were considered in connection with the combustion of energy 

resources used for experiments conducted in Papers II-VIII: 

- Will the expected bottom or bed ash fraction form problematic melts 

at temperatures relevant in the combustion process used? 

- Is the exhaust gas expected to contain phases in such chemical forms 

that they may cause corrosion problems?  

- If the answer is yes to either of those questions, do we have 

predictive models to understand these properties? 

- If we do not have predictive models, how do we decide what to do 

about a fuel that may pose a challenge in a combustion process? 

The focus of the following discussion is based on the ash transformation 

model presented in Paper I which has been developed further in section 3.2 

together with empirical results from Papers II-VIII. There will be some 

suggestions on what to aim for when complex biomass are considered for a 

combustion process. In order to make fuel design decisions for a specific 

full-scale process it is important to look at the system parameters such as 

temperature gradients in the system, ash removal, and particle and NOx 

cleaning systems. These aspects will not be mentioned further here since the 

focus lies on ash chemistry. 

Presenting the inorganic content of a fuel in the unit of mole/kg is vastly 

more helpful than the traditional oxides from a fuel design point of view. 

Doing so allows for quick comparison of elements on an atom-by-atom 

basis, which is the most comprehensible comparison basis when expected 

reaction paths and ion charges are to be considered. It should be noted that 

extraneous minerals in general display slow reaction rates in the ash 

transformation processes for various reasons. This suggests that the most 
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important contribution to the overall ash chemistry may come from intrinsic 

elements. By using such data with the ash transformation model, the fuel 

analysis diagram may be considered a fuel fingerprint (see Figure 7) that 

provides a lot of information at a single glance. 

 

Figure 7 Example of a fuel fingerprint with fuels used in Papers III and IV. 

A target composition from the perspective of phosphate formation with 

some alkali inclusion is suggested as a marked area in Figure 6. Higher 

concentrations of phosphorus and/or alkali than indicated in Figure 6 will 

lead to significantly lower melting temperatures of the ash formed. At the 

suggested composition in Figure 6, significant amounts of alkali may be 

captured in residual ash fractions. These phosphates have high melting 

temperatures in general with the exception of the magnesium analogue 

K2MgP2O7.[125, 126] For this reason, the molar ratios Ca/Mg must be 

considered. In addition, results in Paper V suggest a high correlation 

between Ca/Na and K/Mg. Therefore, if Na is present at significant 

concentrations it may promote formation of the low-melting K2MgP2O7.  

If the fuel fingerprint suggests a low P content compared to that of Ca 

and Mg, it is expected that Si will be crucial for the melting temperature of 
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ash fractions dominated by non-volatile elements. If the alkali content is 

high in such a case, there is reason to suspect that low-temperature melting 

alkali silicates will form that could cause operational problems. For fuels 

where alkali-rich melts are expected, there are a couple of methods to 

alleviate such problems. The co-combustion route with a Ca-rich fuel low in 

phosphorus could promote higher melting temperatures of the silicates [6, 

29, 31, 56, 63]; the same effect may be seen with additives such as CaO or 

CaCO3 [7, 8, 81, 141-143]. Alternatively, the addition of an alkali-bonding 

reactant such as kaolin [7, 8, 18, 44, 45, 80, 81, 91, 99, 141, 143, 144] could 

prove useful for reacting with the excess alkali to form high-temperature 

melting compounds. 

4 Conclusions

The ash transformation model from Paper I has been further developed 

with a theoretical foundation in the Lewis acid-base concept. Secondary ash 

transformation reactions were suggested based on which Lewis acids and 

bases are formed by elements introduced with the fuel. Tertiary ash 

transformation reactions have been defined as reaction steps where 

negatively charged molecular ions, Lewis bases, other than hydroxides are 

present in the reactants. These Lewis bases will play a crucial part in 

bonding metal ions, Lewis acids, in different ash fractions. The importance 

of how particularly phosphorus undergoes such reactions has been high-

lighted. The reaction products formed in these tertiary ash transformation 

reactions determines melting temperatures, particulate matter formation, and 

flue gas composition. This is supported by empirical observations in Papers 

II-VIII. 

The addition of phosphoric acid to biomass (Papers II-III) high-lighted 

the competitive nature of P in secondary and tertiary ash transformation 

reactions and how this affects speciation of other elements, in particular Si, 

S, and Cl. In co-combustion of biomass (Papers III-V) the effect of 

phosphorus on overall ash chemistry was investigated for an array of fuels 

ranging from woody-type to agricultural residues. It could be observed that 

the ratios K/Na and Ca/Mg may play a role for melting points of the formed 

ash, where higher magnesium content in particular may lead to formation of 

low-temperature melting pyrophosphates. Biosolids and municipal sewage 

sludge were combusted both in simulated co-combustion and in actual fuel 

blends (Papers VI-VIII). Alkali retention from additives was likely 
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connected to the inclusion of alkali in aluminium silicates and sulphates, 

where phosphorus content may have played a smaller role due to its 

speciation in the introduced fuel. It was noted that phosphorus in ash 

fractions have a higher plant availability than what was found in biosolids. 

Co-combustion of wheat straw with municipal sewage sludge greatly 

improved the fuel performance of wheat straw. 

It has been shown that information about combustion properties may be 

extracted by looking at the relative concentrations of elements forming 

Lewis bases (Si, P, S) and Cl as well as elements forming Lewis acids (K, 

Na, Ca, Mg, Fe, Al).  This can be accomplished by plotting the main ash-

forming elements as mole/kg for comparison of the elements on an atom-by-

atom basis. This will facilitate interpretation of fuel analyses from a Lewis 

acid-base perspective. Elements forming Lewis acids should be ordered by 

increasing acidity in the order K, Na, Ca, Mg, Fe, Al. Lewis base precursors 

and chlorine should be ordered by increasing atomic number and volatility – 

Si, P, S, Cl. This ‘fuel fingerprint’ allows for a readily accessible assessment 

of fuel ash properties. 

Combining the ash transformation model with interpretation of elemental 

fuel compositions may assist in designing fuel blends and/or choosing 

additives. The relative amounts of alkali, alkaline earth metals, and Lewis 

base precursors should be especially considered. The amount of phosphorus 

in relation to alkaline earth metals is important for fuel or fuel blend 

performance. The high reactivity of phosphate anions together with their 

ability to bond strong Lewis acids, alkaline earth metal ions, affects which 

metal ions remain to react in the formation of silicates, sulphates, and 

chlorides. Therefore, the phosphorus content should always be considered 

when designing fuel blends or considering additives.  
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5 Future work

5.1 Compound identification

To increase the number of structures available for use in evaluation of 

powder X-ray diffractograms, the structure of some complex phosphates 

should be determined. This in particular applies to alkali-containing 

magnesium phosphates. It would also be of value to investigate possible 

mixtures of silicates and phosphates with K+/Na+/Ca2+/Mg2+/Al3+ as Lewis 

acids. Synthesizing compounds for XRD would also assist in the work 

suggested in section 5.2. 

5.2 Determination of thermodynamic data

In relation to compound synthesis for structure determination some 

thermodynamic data could also be determined. In particular, it would be of 

value to investigate the thermodynamic properties of mixed compounds in 

the CaO-K2O-Na2O-MgO-P2O5-system. The extrapolation of CaO-K2O-P2O5 

as a model system for other alkali/alkaline earth metal phosphates has 

proven to be helpful, but there are flaws in that assumption which can be 

remedied with better data.  The analogue CaO-K2O-SiO2 for silicates may 

require further investigation since it is a very important system in biomass 

combustion. Based on results from biosolids combustion there may also be a 

need to investigate how alkali reacts with phosphates compared to 

aluminium silicates. In cases where calcium pyrophosphates may have 

formed, it may be of value to clarify if they compete with aluminium 

silicates in further reactions with alkali metals. There is also reason to look 

closer at solubility between phosphates and silicates to improve existing slag 

models.  

5.3 Volatility of potentially harmful elements in

biomass combustion

Further investigations of the influence of the biomass ash composition 

volatility of potentially harmful elements are needed. In order to increase the 

use of phosphorus-rich ash fractions as fertilizers it is important to reduce 

the amount of potentially harmful elements in such ash fractions. The 

possibility of affecting distribution of such elements between ash fractions 

by adjusting process parameters such as temperature and air-to-fuel ratio 

should be further investigated. 
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5.4 Full scale experiments with extensive ash analysis

Fuel design with a basis in ash chemistry for phosphorus-rich biomass 

should be examined in large-scale systems where mass transport may be 

more crucial than in small-scale systems. From the aspect of phosphorus 

recovery from ash fractions, there is also a need for more extensive analysis 

of the ash produced concerning potentially harmful elements. The potential 

for macronutrient recovery from ash, specifically phosphorus, has been 

recognized for a long time. Including more phosphorus-rich fuels in 

combustion processes would lead to an increase of phosphorus content in the 

produced ash. Ash with a low content of potentially harmful elements could 

be used as fertilizer directly. The increased phosphorus content in ash would 

likely increase yields in established phosphorus recovery processes making 

them more economically feasible. Ideally, such large-scale experiments 

should be combined with growth experiments to see how ash compares with 

commercial fertilizers. 
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