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Abstract 

 

Hemp, eucalyptus, coal, hemp and coal blended fuel, and eucalyptus and coal blended fuel 

were ashed and then heat treated for 1 hour at temperatures from 600-1100°C. X-ray 

diffraction analysis indicated reactions between the phases present after initial ashing of the 

fuel showed biomass-biomass, biomass-coal and coal-coal interactions. Two phase systems 

were identified as dominant in the biomass and coal ash blends, these were CaO-MgO-SiO2 

and CaO-Al2O3-SiO2. The phases identified in these systems have also been identified in 

ceramics produced at high temperatures which have similar compositions to the ash matrix of 

the laboratory synthesised ash; this indicates that phase diagrams can be powerful tools in 

phase formation prediction. Structures identified as trichomes (phosphate-silicate structures 

with melting points above 1100°C) from the hemp fuel which had not decomposed were 

present in both the hemp ash and the hemp and coal ash. The composition determined by 

Energy-dispersive X-ray spectroscopy analysis of laboratory synthesised ashes was also in 

agreement with the phases identified through X-ray diffraction. 

Hemp and coal, eucalyptus and coal, and eucalyptus ash samples (deposited, quenched, 

cyclone, and bottom ash) removed from a full scale 1MWth combustion rig were analysed.  

Phase composition of the fly ash samples are similar to those identified in the analagous 

samples produced in the laboratory with several of the same phases present; confirming that 

laboratory testing is useful for the predictions of phases present on the industrial scale 

combustion rig. Particle morphology is one of the largest differences between the laboratory 

scale tests and combustion rig samples. The dominant particle shape of fly ash particles 

removed from the combustion rig is spherical. These particles of characteristic shape are often 

referred to as plerospheres and cenospheres and were first identified in coal fly ash. The 

presence of the spheres in the combustion rig when only biomass (eucalyptus) is present 

indicates the formation mechanism of the particles is similar to that of coal. There are 

similarities between the chemical composition of the spheres which are solely of biomass 

origin and co-fired; it is likely that phase composition of the sphere and not the fuel origin 

contributes to the formation of the spheres. Phases identified in the bottom ash are similar to 

those identified in the fly ash. High temperature phases such as (e.g. Ca9MgK(PO4)7) ocur in 

the bottom ash suggesting that higher temperatures are reached in the bottom of the rig than 

in the flue gas. 

Analysis of 15Mo3 alloy corrosion coupons with fly ash deposited onto the surface, alongside 

the interactions between gas phases and coupons, deposits and coupons, and gas phases 

and deposits, showed that some oxidation/reduction of the metal had occurred. The presence 
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of metal oxide flakes indicated corrosion. Oxidation of 15Mo3 alloy was observed in hemp and 

coal, and eucalyptus and coal combustion trials, likely due to the observed deposition of 

potassium chloride which has caused detachment of several scales. Between the metal-

deposit interface, hematite whiskers were observed; magnetite octahedra were also present 

on the surface of scales. The phases present in the coupon deposit ash differ from those 

observed in the laboratory and fly ash due to the length of time spent in the high temperature 

environment. This indicates that some phases will not form until the deposits have built up and 

are in the furnace for an extended period of time. When the coupon samples were coated, 

fewer metal scales were observed meaning that the coatings are an affective method of 

corrosion reduction leading to an increased lifetime of boiler components.  

The dominant particle morphology present in the combustion rig is the cenospheres and 

plerospheres. The phases formed can be broadly catergorised into CaO-MgO-SiO2, CaO-

Al2O3-SiO2, and K2O-Al2O3-SiO2 phases. Potassium chloride is observed in the laboratory ash 

and combustion rig ash indicating, alongside the presence of metal oxide scales, that the fuel 

blends are likely to lead to corrosion during combustion. 
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Table of phases identified in samples presented in this 

thesis 

Phase Composition ICDD CARD 

Kaolinite Al2(Si2O5)(OH)4 14-164 

Mullite Al2.35Si0.64O4.82 88-2049 

Aluminium Oxide Al2O3 52-803 

Corundum Al2O3 10-173 

Augite Ca(Mg0.74Fe0.26)Si2O6 74-201 

Portlandite Ca(OH)2 44-1481 

Tremolite Ca2(Mg,Fe)5Si8O22(OH)2 44-1402 

Akermanite-Gehlenite 
Ca(Mg0.5Al0.5)(Si1.5 

Al0.5)O7 
79-2423 

Gehlenite Ca2Al2SiO7 35-755 

Akermanite Ca2MgSi2O7 35-592 

Larnite Ca2SiO4 33-302 

Calcium Phosphate Ca3(PO4)2 29-539 

Grossular Ca3Al2(SiO4)3 39-368 

Merwinite Ca3Mg(SiO4)2 74-382 

Xonotlite Ca6Si6O16(OH)2 23-125 

Hydroxyapatite Ca10(PO4)6(OH)2 9-432 

Potassium Calcium Magnesium 

Phosphate 
Ca9MgK(PO4)7 45-137 

Anorthite CaAl2Si2O8 70-287 

Calcium Oxalate CaC2O4 20-231 

Calcite CaCO3 5-586 

Dolomite CaMg(CO3)2 36-426 

Diopside CaMgSi2O6 78-1390 

Lime CaO 37-1497 

Wollastonite CaSiO3 43-1460 

Anhydrite CaSO4 37-1496 

Gypsum CaSO4.2 H2O 21-816 



 
 

 

 
 

xviii 

Chromium Oxide Cr2O3 84-314 

Hematite Fe2O3 33-664 

Iron Silicate Fe2SiO4 52-1141 

Magnetite Fe3O4 19-621 

Maghemite y-Fe2O3 39-1346 

Rozenite FeSO4.4 H2O 19-632 

Illite KAl2(Si3Al)O10(OH)2 43-685 

Fairchildite K2Ca(CO3)2 21-1287 

Arcanite K2SO4 5-613 

Leucite KAlSi2O6 38-1423 

Microcline KAlSi3O8 19-926 

Orthoclase KAlSi3O8 31-966 

Sanidine KAlSi3O8 70-3751 

Kalsilite KAlSiO4 11-579 

Sylvite KCl 41-1476 

Potassium Iron Oxide KFe11O17 87-1546 

Magnesium Iron Oxide (MgO)0.77(FeO)0.23 77-2366 

Forsterite Mg2SiO4 34-189 

Monticellite MgCaSiO4 35-590 

Periclase MgO 45-946 

Albite NaAlSi3O8 9-466 

Sodium-Melilite NaCaAlSiO7 71-2066 

Natrite NaCO3 76-628 

Nickel Oxide NiO 44-1159 

Quartz SiO2 46-1045 

Tridymite SiO2 71-197 

Cristobalite SiO2 39-1425 
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Thesis structure 

Outlined are summaries of each chapter in this thesis.  

Literature review 

 

An overview of the current status of biomass combustion, and co-firing, will be outlined. 

Contradictions and conclusions from the literature will be highlighted. 

 

Materials and Experimental 

 

Details of the combustion rig, sample collection, synthesis, and characterisation techniques 

are presented. 

Laboratory Ashing Studies of Selected Biomass Fuels 

 

An overview of hemp, coal, and eucalyptus fuels, alongside hemp and coal, and eucalyptus 

and coal blends, that have been ashed in the laboratory is presented. Discussion about 

phases that form under certain conditions, and those that are likely to form, are given in context 

of previous work as given in the literature with the phases that are formed having the formation 

pathways highlighted. 

Characterisation of deposit, quench, cyclone and bottom ash samples from the co-

firing of biomass and coal in a 1MWth combustion rig  

 

Analysis of the deposit and quenched samples collected during large scale combustion trials 

of the hemp and coal, eucalyptus and coal blends, and eucalyptus fuels is conducted. A 

comparison to the phases that formed during the laboratory study is given, and any differences 

between the samples are highlighted. Cyclone ash and bottom ash from the combustion run 

are analysed and compared to other samples present from the combustion run, to analyse the 

origin of the phases (e.g. flue gas formation, deposit formation). An analysis of the phases 

present, how they formed and how they may affect corrosion are given. 

Analysis of the deposit build up on boiler probes of the alloy 15Mo3 from a 1MWth 

combustion rig  

 

Deposits that built up on the surface of corrosion coupons are analysed, corrosion products 

and their affect on metal scale formation and ash deposition are highlighted. Phases that are 



 
 

 

 
 

xx 

present in deposits, and those also present in the laboratory produced ash are also compared. 

Any differences between phases are investigated to highlight the differences between 

combustion regions. 

Discussion 

 

In the discussion chapter an analysis of each fuel blend, the phases formed in each sample 

region of the combustion rig that was analysed and a comparison to the phases identified in 

laboratory ashing are given, developing a discussion on sample differences.
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1. Introduction 

 

The depletion of fossil fuel reserves, coupled with a drive to reduce carbon dioxide emissions, 

has led to an increased interest in sustainable energy generation.1  Alongside solar and wind 

energy, the combustion of biomass is under investigation as a future energy source.2 The 

burning of biomass releases CO2 into the atmosphere. However when the next crop cycle is 

produced the CO2 released during combustion is captured creating a carbon neutral cycle.1 In 

comparison, the CO2 released during energy production using fossil fuels cannot be captured 

in the same way, as it is carbon that has been trapped for millions of years and therefore is 

being reintroduced into the cycle, giving an increase in free carbon.1  

The combustion of biomass has been investigated in Denmark and Sweden, particularly using 

straw husks in power plants that were previously dedicated to coal.3 These studies 

encountered problems with corrosion and deposit build up, which led to a reduction in 

efficiency as well as an increase in plant down time due to component failure. The co-firing of 

biomass and coal has been shown to decrease some of these issues. Therefore it is important 

that fuel suitability is investigated prior to use in full scale combustion. Assessment of fuels 

prior to large scale combustion is presented in Chapter 4. 

A reduction in the build up of ash deposits in a combustion environment is a further area of 

study. The build up of deposits on boiler tubes and superheater regions of power plants leads 

to a drop in efficiency as heat transfer is retarded. Identification of phases likely to create 

tenacious deposits which can’t be removed, or are so large they will cause damage to 

components below them in the power station, is an area that needs to be studied. The build 

up of deposits and analysis of the fly ash removed from a large scale combustion rig are 

presented in Chapter 5.  

Previous investigation of biomass and biomass / coal combustion has identified potassium 

chloride (KCl) as a phase that increases corrosion. KCl deposits onto cool (in this instance 

meaning below gas temperature) surfaces in the combustion environment, it then reacts to 

form metal chlorides which, if left unchecked, can lead to rapid wastage of boiler components. 

Analysis of scale and deposits onto coupons of the high ferritic steel alloy 15Mo3 (composition 

in Table 3-4), with and without coatings, are analysed in Chapter 6 to assess the corrosion 

potential of the fuels investigated in this study. 

The aims of this project are to profile ash from the fuels used for the co-firing of hemp and 

coal, eucalyptus and coal, and eucalyptus. This profiling will be used alongside samples 
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collected from large scale combustion trials of the fuel blends including deposited fly ash, 

cyclone ash, corrosion coupon scales and ash deposits, and bottom ash.  

The analysis of the fuels and combustion rig samples is a challenge due to the large range of 

elements present; this in turn leads to a greater variety of phases that can form. The samples 

all contain multiple phases, many of which have similar compositions, which means that 

identification of the phases present using PXRD and SEM-EDS will be challenging. This is 

due to peak overlap and also the penetration depth of the X-rays into the sample during EDS 

analysis.  These techniques only use a small quantity of ash for analysis and therefore, 

multiple samples have been analysed to try and ensure a more representative analysis of the 

bulk samples.  

Ash samples collected from the combustion rig are from a variety of environments due to 

fluctuation of gas conditions caused by the fuel combustion and also locally to the samples as 

phases form and decompose. 

1.2 Aims and Objectives 

 

The aims of this project are to profile three fuels: hemp, Kuzbass region coal, and eucalyptus, 

as well as the blends hemp and coal, and eucalyptus and coal, in a laboratory setting; this will 

give key information into the phases formed and the interaction of the ashes at high 

temperature. 

These ashes will then be compared with samples collected from a 1MWth combustion rig 

(deposits, quenched ash, cyclone ash, corrosion coupon scale, and bottom ash). 

Conclusions about the affect of ash composition and particle morphology, and the affect on 

corrosion and deposit build up, will be drawn. 
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2 Literature Review 

 

Biomass - organic matter derived from plants or animals that is available on a renewable basis4 

is considered to be a carbon neutral fuel as CO2, released on combustion, is then recaptured 

during the growth of the next crop cycle.5 One notable exception to this statement are the 

emissions from the pre-treatment of biomass.1 Fossil fuels, coal, and gas, have been at the 

forefront of energy generation for a long time. However, growing concerns about the long term 

affects of greenhouse gases (CO2, NOx, SOx, CH4) on the environment have led to increased 

research into alternative forms of energy generation. 

Along with solutions such as wind turbines, solar power, and fuel cells, bioenergy has been 

proposed as a way of reducing carbon emissions. Bioenergy, the energy derived from biomass 

either directly or indirectly, is currently considered by the International Energy Agency (IEA) to 

be the largest renewable energy source today. It is thought bioenergy supplies 10% of the 

global primary energy supply. This statistic includes the use of wood for both heat and cooking 

in developing countries; Figure 2- 1 illustrates the routes through which biomass is currently 

utilised. The reduction of greenhouse gas emissions is of interest worldwide, with the Kyoto 

Figure 2- 1: Routes of biomass utilisation adapted from1 
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protocol setting key targets for the reduction of CO2. The United Kingdom Climate Change Act 

2008 set a target of 2050 for the reduction of emissions to a level of at least 80% lower than 

that of the 1990 baseline.6 The co-firing of biomass as well as the sole firing of biomass has 

been highlighted as a method of interest.  

Co-firing, the simultaneous combustion of two (or more) different fuels for energy generation, 

in this instance refers to the burning of biomass and coal simultaneously.5  Coal has been 

widely used in energy generation around the world whereas biomass, until recently, has 

primarily been used for smaller domestic scale energy generation. In the UK co-firing 

experienced a rapid period of growth from zero in 2002 and then doubling each year until 

2005. Since 2005, usage has declined due to a shift in trend towards dedicated biomass, with 

co-firing being responsible for only 0.5% of the bioenergy generation in 2013.7 Table 2- 1 

illustrates the current status of biomass combustion in the UK. There are multiple 

powerstations that have been converted from energy generation solely through the use of 

fossil fuels to biomass/ co-firing powerstations.  The IEA Biomass 32 project co-firing database 

contains 243 co-firing installations, with 183 of them being in Europe ranging from trial to 

commercial application.   

Table 2- 1: UK Biomass and Co-firing Powerstations 

 

 

 

 

 

 

The fact that existing power stations can be repurposed for co-firing makes co-firing an 

attractive prospect.  Repurposing allows use of existing infrastructure, often utilising a partial 

substitution of fossil fuels with 5-10% biomass either through existing burners, or through 

specifically designed ones.7  Baxter et al. also note that co-firing results in a very slight 

decrease in efficiency compared to coal-firing alone (43-49%)8 with conversion efficiencies 

between 30-38%.9 Conversion has further advantages of fast implementation and low capital 

cost in comparison to building new installations.7  The IEA states that the co-combustion of 

biomass and coal is the most cost-affective use of biomass for power generation.4 It is also 
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noted that, prior to full-scale conversion, the low energy density and high moisture content of 

biomass vs. fossil fuels should be considered.9  

The coal supply chain is already well established, either through mining or import (Figure2- 

2).7 Conversely, the biomass supply chain must take into account competition with foodstocks, 

alongside sustainability assurance and accreditation.4 Types of biomass commonly co-fired 

are forestry products, agricultural products, and waste. Switchgrass, miscanthus and woody 

crops are seen as potential fuels for combustion due to their relatively short rotations (3-12 

years).4 In England, 0.2% of the 4.6 million hectares of arable land was used for growing 

miscanthus and short rotation coppice (SRC) in 2012, with 14,000 tonnes of SRC being used 

for electricity generation. 

In order for co-firing and biomass combustion to be a successful long term strategy, energy 

supply security must be guaranteed. Growth, processing, and storage should all be 

considered; biomass with a moisture content above 20% has an increased chance of self-

ignition and therefore advanced pre-treatment may be required. The importance of adequate 

storage protocols was highlighted by a fire at Tilbury ‘B’ powerstation in 2012 where hot dust 

coming into contact with a hot lamp in the storage facility caused a large fire.10 

Baxter identified the major technical challenges for co-firing as:9 

1. Fuel preparation, storage and delivery 

2. Ash Deposition 

3. Fuel Conversion 

4. Pollutant Formation 

5. Corrosion 

6. Fly Ash Utilisation 

7. Impacts on SCR systems 

8. Formation of striated flow 

This study will focus mainly on ash deposition (2) and corrosion (5) in pulverised fuel fired 

boilers.  
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2.1 Fuels 

 

Due to the large scale and worldwide nature of coal combustion, there is a lot of published 

data/knowledge about the elemental composition and phases contained in coal as well as the 

combustion products.11 This in turn means affective materials selection12 and firing conditions 

can be used. Well-defined classifications of coal already exist and are commonly determined 

using ASTM D388-12.13 It is common that power stations are designed for specific types of 

coal and as such problems may arise when different types of coal are used.14 

Figure2- 2: UK Coal production sites and ports 
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Vassilev et al.15 in their review of the organic and inorganic phase composition of biomass, 

found that, in comparison to coal, biomass often has larger concentrations of Mn, K, P, Cl, Ca, 

Mg, O, moisture, and volatile matter. Biomass ash is also commonly depleted in Al, C, Fe, N, 

S, Si and Ti. These differences from coal and also between the large amount of fuels that the 

term biomass covers, indicate that both boiler design specifically for biomass/ biomass co-

firing, as well as firing in repurposed installations, will create challenges.  

Demirbas16 states that the key differences between coal and biomass are the lower C, Fe, and 

Al content of biomass and increase in O, Si, and K. Biomass typically has a lower heating 

value, lower density and higher moisture content.1  The density of coal can range from 

1100kg/m3 to 2330 kg/m3 in comparison to biomass which has an average of 100kg/m3 and 

500kg/m3 for straw and wood respectively.17 Multiple equations for calculating Higher Heating 

Value (HHV) have been presented with reviews by Demirbas18 and Sheng and Azevedo.19 At 

present there does not seem to be one equation used by everyone. 

The BIOBIB, a fuel database established in 1992, compiles 647 different biofuels falling into 

the categories: 

1. Wood – uncontaminated wood from forests, chipped wood 

2. Straw – straw from annual crops 

3. Biomass Waste – waste wood, residues from industries, railroad ties 

4. Bark – bark from different species 

5. Energy Crops – miscanthus, whole crops 

6. Husks and Shells – sunflower husks, cocoa hulls, pistachio shells 

7. Grass – grass from different species 

8. Others – sewage sludge, coconut fibre, cellulose, rapeseed 

A further biomass database, Phyllis 2, comprises of almost 3000 records falling into the 

categories: 

1. Untreated Wood 

2. Treated Wood 

3. Straw 

4. Grass/Plant 

5. Husk/Shell/Pit 

6. Organic residues, manure, sludge  

7. Municipal Solid Waste (MSW) and Refuse Derived Fuel (RDF) 

  



 
 

 

 
 

8 

Table 2-2 compares the analysis presented in the databases. Both databases acknowledge 

the limitations imposed by analysis using different methods in different laboratories worldwide, 

suggesting caution is necessary when comparing with data collected in house.  

Table 2-2: A comparison of BIOBIB and Phyllis biomass classification 

 Biobib Phyllis 

Ash Ash Content % dry, % as received 

Ultimate Analysis C,H,N,S,Cl 

as received - C +H+O+N+S+Cl+F+Br+ash+water 

content = 100 

Dry - C +H+O+N+S+Cl+F+Br+ash= 100 

Dry, ash free - C +H+O+N+S+Cl+F+Br = 100 

Calorific Value Gross and net 
Higher Heating Value 

Lower Heating Value 

Proximate Analysis 
Si, Fe, Al, Ca, Mg, Na, K, Ti, 

CO2, SO3, Cl 

Ash composition expressed as % oxides (not 

representitive of form) 

Ash – Thermal Behaviour 
DIN 51 730 in oxygen 

atmosphere 
 

Ash – Heavy Metals Pb, Cd, Cu, Hg, Mn, Cr Pb, Cd, Cu, Hg, Mn, Cr mg/kg ash 

Water Content  
Analysed with caveats that storage and drying 

can affect content 

Biochemical Composition 

(wt%) 
 

The biochemical composition of materials is 

expressed in weight% of the dry material 

(cellulose, hemi-cellulose, lignin, fats, protein, 

pectin,starch, extractives, C5 and C6 sugars, total 

non-structural carbohydrates 

 

Further methods of classifying biomass have also previously been explored with one study 

placing biomass in the following categories according to ash content:20 

 High silica/ high potassium/ low calcium (agricultural residues) 

 Low silica/ low potassium/ high calcium (wood based fuels) 

 High calcium/ high phosphorus (manure) 

Classification into these categories will only give a limited amount of information on the 

possible ash/ deposit chemistry expected during biomass combustion. 

Coal composition can vary due to pressure, heat, environment (including bacteria present), 

and the origin of organic matter.17 Biomass ash composition can vary between region, crop 

cycle,21  time of harvest,22 and genus.  Studies into time of harvest have been conducted for 
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a large variety of fuels. For instance, studies into the affect of harvest time for miscanthus 

have produced a range of results; from late summer/early autumn23 through to February.24 

This range of results can be explained by the range of miscanthus genus (22 in total) each of 

which have an optimum range and set of growth conditions.  

The large variety of miscanthus species studied show that a blanket “one size fits all” approach 

can not be applied to biomass combustion. Similar studies for straw showed that if crops are 

harvested, but then left in the fields to be washed by rain water ,100mm of rain removes almost 

all chlorine and 50mm reduces the chlorine content by 50%.25 It was also found that potassium 

content is largely reduced; due to the speciation of potassium in the straw (sometimes as 

complex silicates), the potassium will never be fully leached by rainfall. Xiong et al. analysed 

five types of biomass and concluded that chlorine was the element with most significant 

correlation with harvest time, culminating in a suggested harvest delay until spring.22 Further 

to this, is a comparison of these results with those of European biomass studies as climates 

in different parts of the world, specifically rainfall, will have a large affect on elemental 

composition i.e. less rainfall means less chlorine leaching.  

Table 2-3 compares 6 fuels used in pilot-scale pulverised fuel investigations. There is 

significant variation between the ash content of woods and straws and also between straw 

varieties. Coal has a much larger fixed carbon content than the biomass, which is responsible 

for the greater higher heating values (HHV) often exhibited by coal. The compositional 

variations of ash, represented here by their oxides; (often the elements are not present in 

oxide form e.g. Ca is present as CaCO3) between biomass and coals are illustrated in the ash 

composition area of Table 2-3. Coal ash is typically comprised of larger amounts of 

aluminosilicates, reflected in the higher Al2O3 proportions in the coal ash. 

Further classification of biomass from the six most prevalent ash oxides is proposed by 

Vassilev et al26.: 

 Wood and woody biomass: CaO > SiO2 > K2O > MgO >Al2O3 > P2O5 

 Herbaceous and Agricultural Biomass: SiO2 > K2O > CaO > P2O5 > MgO > Al2O5 

 Herbaceous and Agricultural Straw: SiO2 > K2O > CaO > MgO >P2O5 > Al2O5 

 Herbaceous and Agricultural  Residue: K2O >SiO2 > CaO > P2O5 > MgO > Al2O5 

 Animal Biomass: CaO > P2O5 > K2O > SiO2 > MgO > Al2O5 

 Contaminated Biomass: SiO2 > CaO > Al2O5 > P2O5 > MgO > K2O 

Vassilev et al. stated that the large variation in biomass ash is likely due to the variability of 

inorganic matter in diverse biomass varieties.27 Ash composition in wood has also been shown 

to vary between plant tissue with a ranking (from high to low): Shoots/leaves> needles> twigs> 

bark> wood.28  
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Wood experiences the same seasonal variations seen in other types of biomass and the study 

also notes that due to the highly inhomogenous nature of the fuel, representative samples are 

difficult to obtain. 

Alongside ash content, moisture content should be given considerable thought prior to 

biomass co-firing; for instance typically straw is not fired if the moisture content is above 20%.25 

The moisture content of biomass fuel was reported by Sami et al.17 to be a limiting factor in 

biomass combustion as it lowers flame temperature and stability; if flame temperature drops 

below 1600K, flame stability is compromised. This can lead to the need for a trade-off between 

storage, to minimise the moisture content, alongside the identified need for biomass to be 

washed with rainfall to reduce K+ and Cl- content.29 Much research into the moisture content 

of wood has been conducted, and is presented in the book “Quality characteristics of biofuel 

pellets”.30  

Conditions of growth should be carefully monitored, as it has previously been found that a low-

chlorine fertiliser can lead to a marked decrease in Cl- content of biomass.25,31 Other studies 

have concluded that high levels of P in fertilisers can lead to hydroxyapatite formation in 

biomass ash.32–34 High fertiliser levels can also lead to high N content of the fuels,31,35 an 

undesirable quality with respect to NOx emissions. 

Table 2-4 shows a summary of the role of the key inorganic components in biomass. Epstein 

and Bloom36 state that elements must satisfy one or both of the following criteria in order to be 

considered essential elements: 

1. The element is part of a molecule that is an intrinsic component of the structure or 

metabolism of the plant; 

2. The plant can be so severely deficient in the element that it exhibits abnormality in 

growth, development or reproduction i.e: performance in comparison to plants with a 

milder deficiency. 

Further information on the role of these elements in biomass ash deposits will be discussed 

later.  
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Table 2-3: Fuel Analysis for 4 types of biomass and 2 types of coal, data is reproduced from reference.37 

 
Red Oak 

Wood 

Imperial 

Wheat 

Straw 

Danish 

Wheat 

Straw 

Switchgrass 

Black 

Thunder 

Coal 

Pittsburgh 

No. 8 Coal 

Moisture (%ar) 3.41 4.91 4.69 8.08 22.3 1.52 

Proximate 

analysis 

(%mass, dry 

fuel  basis) 

      

Ash 1.31 15.35 7.37 8.28 7.22 7.73 

Volatile 83.71 68.18 75.64 72.85 43.20 39.49 

Fixed Carbon 14.97 16.47 17.00 18.88 49.58 52.78 

HHV (%ar)       

BTU/lb 8023 6420 7405 7002 9254 14032 

Ultimate 

analysis 

(%mass, dry 

fuel basis) 

      

C 49.47 40.94 43.24 44.04 70.37 78.24 

H 5.57 4.79 5.14 6.56 7.91 5.21 

N 0.09 0.88 0.78 0.82 1.01 1.41 

S 0.06 0.42 0.21 0.12 0.56 2.84 

% mass of ash 

(S & Cl free) 
1.31 14.69 6.58 8.20 7.23 7.35 

Cl 0.00 1.87 0.57 0.11 0.09 0.11 

O (diff) 43.50 36.41 43.48 40.16 12.83 4.84 

Ash 

composition (% 

Mass, ash 

basis) 

      

SiO2 44.73 38.68 41.51 58.15 43.30 42.83 

Al2O3 9.41 1.36 1.00 2.30 18.60 22.11 

TiO2 0.56 0.09 0.00 0.26 1.50 0.98 

Fe2O3 7.81 0.57 0.72 11.51 5.50 20.06 

CaO 16.20 4.32 8.13 11.18 22.80 5.73 

MgO 1.25 1.66 1.99 5.44 4.70 1.12 

Na2O 0.77 13.50 0.57 0.38 1.80 1.06 

K2O 9.31 20.50 31.95 9.06 0.50 1.21 

P2O5 1.15 3.07 4.42 4.00 1.30 0.47 

SO3 1.41 4.29 3.28 3.04 4.11 4.93 

Cl 0.58 14.50 7.42    

CO2 2.79 0.12 0.15    

total 95.97 102.66 101.15 105.32 104.11 100.50 
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Table 2-4 - the role of key inorganic elements in biomass 

Element Function Location 

Ca Structural, Osmotic & Signalling Purposes 
Vacuoles, cell walls, plasma membrane 

(oxalates) 

Cl Photosynthesis and osmoregulation 
>130 compounds throughout the plant, 

chloroplats, stomate, vacuole 

K 
Osmotic and Ionic regulation, carbohydrate 

and protein metabolism 
Cytoplasm and vacuole. High concentration in 

guard cells 

N 
Component of organic compounds. E.g. 

Nucleic Acids 
Found throughout the plant 

P 
Essential for growth, energy transfer and 

protein metabolism 
Cell proteins; taken up as H2PO4

-, HPO4
2- 

Na Cell Wall structural component Cell walls and vacuoles 

Si 
Skeletal structure, protection; no function in 

some plants 
Cell walls, epidermis (phytoliths) 

 

2.1.1 Fuel Pretreatment 

 

In order to combat the low bulk density of biomass, a factor which leads to high-cost handling 

procedures, pelletisation has been identified as a significant method of reducing this issue. It 

has been shown that bulk density can be increased from 40-200 kg/m3 (fuel dependent) to 

around 700kg/m3. Shah et al.38 concluded that the role of processing and handling can 

dramatically alter mineral matter composition, and hence the gaseous release of the minerals. 

Fuel pretreatment through pelletisation and torrefaction is beyond the scope of this review, a 

review of pelletisation technology and torrefaction can be found here39, with further information 

about exisiting supply chains for both straw and wood pellets in Demark available from29, and 

Torrefaction as a method for biomass upgrading here40. 
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2.2 Ash Formation 

 

Ash forming elements from biomass most commonly come from two sources, often defined 

as inherent/included; salts bound in the carbon structure and entrained/excluded; mineral 

particles introduced during harvest or transport.1 Vassilev et al.15 suggest that classification of 

these minerals should be in accordance with coal classification and as such suggested the 

categories natural and anthropogenic. Natural is further broken down into authigenic, formed 

in the biomass during growth or after death, and detrital, formed outside biomass but fixed in 

the structure such as mineral inclusions transported by water suspension and fine grained 

particles fixed in pores through rainfall or wind. Anthropogenic refers to the constituents 

formed outside biomass and then collected during harvest, transport and processing. It 

remains to be seen whether this categorisation will be widely adopted.  

Figure 2-3: Mechanisms involved in ash formation in biomass combustion244 
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When biomass combusts it does so in three stages:1 

1. Drying – below 100°C moisture evaporates 

2. Pyrolysis – Devolatilisation at 200°C, the decomposition of cellulose and hemi-

cellulose followed by lignin between 400-500°C. The products are dependent on fuel 

type, temperature, pressure and atmosphere 

OR 

Gasification – devolatilisation with an externally supplied oxidising agent 

3. Combustion – the complete oxidation of the fuel 

Ash formation is vastly dependent on the original composition of the biomass, the 

oxidation/reduction environment, temperature, and residence time in the furnace.41 Typically 

the mineral inclusions form a char (200-850°C)42, volatile elements are then lost and form a 

fine inorganic aerosol (particle size typically 0.3µm)43. Simultaneously with the volatilisation 

the large char particles fragment (above 500°C)42, often reacting and agglomerating with other 

ash particles to form the coarser fraction of the fly ash. This agglomeration takes place in three 

stages27:  

 Initial (700-900°C) 

 Significant (700-1100°C) 

 Extensive (900-1100°C) 

Complete fusion of these multicomponent agglomerates takes place at temperatures above 

1100°C42. The aerosol particles undergo homogenous nucleation, (particularly in the case of 

KCl, K2SO4 and K2CO3) or heterogenous nucleation, (particularly with aerosolised heavy 

metals). In the presence of Zn a slight mechanism variation, where ZnO is acting as a primary 

nuclei, is observed.44 The formation of ash is illustrated graphically in Figure 2-3. 

The rate of pyrolysis for fuels is dependent on fuel type, with both coal and biomass seeing 

variation.17 It has been shown that biomass has a lower activation energy in comparison to 

coal.9,17  

Included and excluded mineral matter behave differently during combustion. Minerals 

characterised as included (Section 2.2) tend to be more volatile, as they heat up and combust 

faster.41 These char particles may reach higher temperatures than the gas which then leads 

to molten particles, which either coalesce or fragment, dependent on a thermal expansion 

coefficient.45 Mineral matter characterised as excluded reaches lower temperatures as it is 

less affected by the locally reducing environment. The particles often remain intact or melt; 

rarely do they fragment, which is a random process.41 

Particle shape, size, and density also play a role in the combustion by affecting dynamics, 

drying, and heating rate, alongside reaction rate between particles. For instance, it has been 
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shown that spheres devolatilise faster than other particle shapes.41 Whilst this is ideal for 

combustion, current methods for the pre-treatment of biomass means it is unlikely that spheres 

will be the form of biomass during combustion. Large particles have been shown to fragment 

to a greater degree than small particles due to a temperature gradient that forms across the 

surface.41  

Table 2-5 summarises the transformations that the main inorganic compounds present 

undergo during the combustion process.27 Biomass ash is said to be comprised of amorphous, 

semi-crystalline, and crystalline minerals of mostly inorganic origin. Remaining organic matter 

is present as char and organic minerals, and fluid matter associated with both inorganic and 

organic matter.27 A classification of the phases present in ash are primary (those already 

present in the fuel), secondary (new phases formed during the combustion process), and 

tertiary (formed during transport and storage) was presented by Vassilev et al.31 This 

categorisation scheme would allow ease of identification for interactions between coal and 

biomass when co-fired. 

A study by Shah et al.38 correlated the association of elements in the fuel ash and their release 

during combustion. They concluded that the presence of Si and Al can reduce alkali release 

where those alkalis are present in highly water soluble forms. It was also found that the higher 

the total ash and volatiles content the greater the observed elemental release. Ca and Mg 

were found to have a greater release when not counterbalanced with Si and Al.  

Recently, a large scale review of biomass combustion, its mineral phase transformations 

(inorganic and organic), ash fusion and formation mechanisms, alongside reviews of the 

classification and application which includes phase-mineral and chemical composition 

utilisation and challenges was conducted by Vassilev et al.,27,31,42 highlights are discussed 

throughout this review.
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Table 2-5: Inorganic Transformations in Ash taken from reference 27 

Temperature Transformation 

≤500°C 

Combustion of organic matter (cellulose, hemicellulose, lignin) 

Crystallisation of secondary and recrystallization of primary silicates (opal, quartz, cristobalite, 
kalsilite, leucite, K feldspars, plagioclases) 

Crystallisation of secondary (periclase, portlandite) and tertiary (portlandite from lime) 
oxyhydroxides 

Crystallisation of secondary and recrystallization of primary sulphates (gypsum, anhydrite, arcanite) 
and formation of tertiary sulphates (gypsum and picromerite due to hydration of anhydrite and K-

Mg sulphate) 

Crystallisation of secondary phosphates (apatite and whitlockite) 

Crystallisation of secondary and recrystallization of primary carbonates (calcite, butschliite, 
fairchildite, natrite, natrofairchildite, KCO3, dolomite, magnesite) and formation of tertiary 

carbonates (kalicinite from K oxyhydroxides and K2CO3) 

Crystallisation of secondary calcite due to the decomposition and carbonation of Ca oxalates 

Crystallisation of secondary and recrystallization of primary chlorides (halite, sylvite) 

Probable formation of secondary Ca nitrates 

Formation of secondary amorphous (non-glass) material 

500-700°C 

Combustion of residual char 

Crystallisation of secondary silicates (quartz, cristobalite, Kalsilite, leucite, plagioclases) 

Crystallisation of secondary (lime, periclase, portlandite,) and tertiary (portlandite from lime) 
oxyhydrides 

Crystallisation of secondary sulphates (arcanite, anhydrite) 

Crystallisation of secondary phosphates (apatite and whitlockite) 

Crystallisation of secondary carbonates (calcite butschliite, fairchildite,K2CO3) and formation of 
tertiary carbonates (calcite from lime and portlandite and kalicinite from K oxyhydrides and K2CO3) 

Crystallisation of secondary chlorides (halite, sylvite) 

Formation of secondary amorphous (non-glass) material 

Initial formation of melt 

700-900°C 

Crystallisation of secondary silicates (quartz, cristobalite, tridymite, kalsilite, leucite, plagioclases) 

Crystallisation of secondary (lime, periclase, portlandite,) and tertiary (portlandite from lime) 
oxyhydrides 

Crystallisation of secondary sulphates (arcanite, anhydrite) 

Crystallisation of secondary phosphates (apatite) and transformation of whitlockite to apatite 

Crystallisation of tertiary carbonates (calcite from lime and portlandite and kalicinite from K 
oxyhydroxides and K2CO3) and decomposition of secondary carbonates (calcite butschliite, 

fairchildite,K2CO3) 

Melting of chlorides (sylvite, halite) 

Formation of secondary amorphous (non-glass) material 

Formation of melt/glass 

1100-1300°C 

Crystallisation of secondary silicates (quartz, cristobalite, tridymite, leucite), melting of feldspars and 
dissolution of kalsilite, lime and periclase in melt 

Crystallisation of tertiary portlandite (from lime) 

Decomposition of secondary sulphates (arcanite, anhydrite) 

Crystallisation of secondary apatite 

Crystallisation of tertiary calcite from lime and portlandite 

Formation of secondary amorphous (non-glass) material 

Formation of melt/glass 

1300-1500°C 

Crystallisation of secondary silicates (quartz, cristobalite, tridymite) and dissolution of leucite, lime 
and apatite in melt 

Formation of secondary amorphous (non-glass) material 

Formation of melt/glass 
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2.3 Deposition Formation Mechanisms 

 

Knowledge of the formation mechanism of deposits is necessary if the build up of large 

deposits is to be minimised. Deposits are formed when the inorganic ash, formed during 

combustion, is carried in the flue gas through the plant and a portion of it then deposits onto 

heat transfer surfaces46. Laursen et al.47 present the 6 dominant mechanisms of ash 

deposition (Figure 2-4). Initially deposits form through thermophoresis (small gas-borne ash 

particles deposit onto cool surfaces due to high temperature gradients), or condensation of 

small (<4µm) particles of volatilised inorganic compounds (e.g. KCl, K2SO4)1. An illustration of 

how the deposit typically looks can be seen in Figure 2-6. Hansen et al.48 analysed deposits 

from air cooled probes that were inserted into the top of the furnace and convective pass (1-

8h collection), alongside mature deposits removed from the boiler after approximately 1 year. 

It was found that a thin layer of iron oxide mixed with KCl formed on the probe at the top of 

the furnace. In the convective pass, the structure of the deposit was similar to that of the inner 

layers of the mature deposits, supporting the initial deposition mechanism proposed by 

Laursen et al47.  

Figure 2-4: Deposition mechanisms for ash deposits onto a metal surface during combustion47 
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Eddy diffusion occurs in the turbulent area around the boundary layer surrounding the tube; 

heterogenous condensation on heat transfer surfaces, deposits or in existing pores leads to a 

thickening of the deposit.46 This was observed by Jensen et al.; 49  As a layer of KCl described 

as “gluing” several deposit layers together.  Eddy diffusion also occurs on the non-flue gas 

side of the tube. It is thought that these particles “bounce off” rather than undergo inertial 

impaction and therefore get caught in an eddy, which is followed by deposition onto the tube, 

affecting particles with sizes in the region of 4-10µm.46  Koer et al.50 noted that eddy impaction 

caused by surface related turbulent flow should not be confused with vortex shedding, where 

two opposing gas flows (one from above and one below the tube) remove particles which are 

then redeposited.51 

The mechanism of deposition for species which are not stable at the gas temperature is by 

chemical reaction. Baxter52 states that this is the most common method of deposition for alkali 

sulphates, heterogenous reaction between the gas phase species and the lower temperature 

deposit surface being the mechanism of deposition. The most important chemical reactions 

are listed as sulphation, alkali absorption, and oxidation.1,52 

After the initial deposition phase, larger particles (>10µm) start to deposit through the inertial 

impaction mechanism.1 Inertial impaction occurs when the large particles have too much mass 

and inertia to deviate from the gas flow, and so hit the surface of the tube/deposit.46 These 

deposits often form a characteristic elliptical deposit (Figure 2-5). Hansen et al.48 note that 

Figure 2-5: Deposition mechanisms of (left) Diffusion and Thermophoresis and 
(right) Inertial Impaction onto a metal surface46 
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particles are often molten during impaction, this is evidenced by deformation of particles 

imaged in the deposits. Factors influencing inertial impaction are: particle size distribution, 

particle density (if not sufficiently high the particle can deviate with the gas flow), angle of 

impaction, and gas flow.46 Cieplik et al.41 found that gas density, related to CO2/O2 or N2/O2, 

may have an affect on deposition rate through inertial impaction, as oxyfuel conditions had 

slightly higher deposition rates; it was also noted that this may be due to longer residence 

times in the flame. 

Frandsen et al.53 reported both thickness and compositional variation of deposits in relation to 

gas flow direction. Baxter52 reports other key factors for deposition to be surface composition, 

morphology, and viscosity. Coleman et al.54 note that deposition is often enhanced when 

deposit surfaces are sticky at lower temperatures. Figure 2-6 illustrates the mechanisms of 

deposit growth; it is stated that a clean tube only collects sticky particles, which then solidify if 

a deposit is thin.55  The deposit surface temperature increases, and so particles may remain 

sticky, leading to an increase in collection efficiency.46 Inertial impaction is often seen as the 

dominant mechanism for deposit growth; however, it should be noted that for fuels with lower 

ash content, eddy impaction, condensation and thermophoresis may be equally important56. 

Deposits may be removed by erosion of the solid surface by large solid particles impacting, 

by melting, or by thermal shock.46 

Ash and deposit build up comes with associated issues. During pulverised fuel combustion 

ash deposition on burner surfaces and quarls can lead to large ‘eyebrow shaped’ deposits,57 

Figure 2-6: Inertial Impaction Deposition Mechanism.55 Open particles are sticky, shaded 
particles are sticky on arrival followed by solidification in the deposit. The two types of 

cross hatched particles are smooth: fused in the furnace but solid upon arrival or jagged: 
highly erosive particles which were never fully fused 
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which are not cleared during soot blowing. This has lead to burner light-up and operation 

failures.1 In addition large slag bridges and regions of partially fused deposits can lead to 

blockages which result in unexpected shut-downs.58 The build up of large deposits on heat 

transfer surfaces is discussed below. Soot-blowing is an affective mechanism of deposit 

removal, although large deposit removal can result in mechanical damage to components 

lower down in the boiler.1 

2.3.1 The affect of deposits on heat transfer 

 

Large ash deposits often build up in co-fired installations (Figure 2-7). These large deposits 

can affect heat transfer which in turn leads to a decrease in thermal efficiency.59 Without the 

presence of a deposit, heat should transfer from the flue gas to the steam via the tube. In the 

presence of a deposit, the heat must first be transferred by radiation and convection before 

being conducted through to the steam60 (Figure 2-7). Heat is also lost through reflection and 

emission, which are related to surface emissivity and density.60  

Alongside reflection, absorbance into the deposit at depths up to 1mm should be considered. 

Wall et al.61 noted that the factors affecting heat transfer in large deposits are thermal 

conductivity, absorbance, and emittance; when deposits are not significant, the gas and steam 

temperatures are roughly equivalent therefore thermal conductivity is not affected. Radiative 

properties are affected by surface conditions whereas conductive properties are affected by 

the physical structure inside the deposit (particle size, porosity and sintering).60 Baxter et al.62 

identified the degree of particle connectivity as one of the key factors in affective heat transfer. 

Emissivity is affected by the chemical composition (which can affect colour), particle size on 

the surface (discussed later in deposition mechanisms), and the state of the surface (e.g. solid, 

Figure 2-7b: Heat transfer mechanisms through 

deposits in the furnace region245 
Figure 2-7a: Deposit formation in the superheater region of the 

Amager power station co-firing straw and coal60 
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molten, slag).61 The deposition onto heat transfer surfaces can also give an increase in the 

flue gas temperature, which can in turn lead to deposition in areas further along the convective 

sections of the boilers.1  

2.4 Deposit Composition 

 

As would be expected, ash composition in deposits can vary wildly from the bulk ash 

composition of the fuel.63 Frandsen44 notes that whilst coal ash largely comprises of 

aluminosilicates, biomass ash has a much wider variety of salts, illustrated in Figure 2-8. 

During co-firing, a large portion of potassium is thought to be ‘captured’ by silicates from the 

coal64. As well as in-deposit reactions between alkali cations/metals and silicon, reactions can 

also occur between gas phase and condensed phases.37 Incorporation of alkali metals into 

silica can create issues with slagging and fouling, as the melting point is lowered from 1700°C 

to 750°C.65 Frandsen found that ash from pulverised fuel boilers was rich in aluminosilicates.44 

Dayton et al. also noted that when co-firing Pittsburgh #8 coal variety and various biomass 

fuels, increasing the content of aluminium and silicates gave rise to an increase in alkali 

retention in the condensed phase.66 

Metal 

x 

Counter Ion 

K+ SO4
2- 

Na+ CO3
2- 

Mg2+ Cl- 

Ca2+ PO4
3- 

Zn2+  

Robinson et al.37 divided the elements in deposit chemistry into non-volatile (Si, Al, Fe, Ca), 

semi-volatile (Na, K) and volatile (Cl, S). Co-firing biomass (wood and straw) with coal showed 

an enhancement of Ca in the coal-wood deposits; the coal-straw deposits showed a K 

enrichment alongside a sevenfold enrichment of S in the deposits and a Cl reduction.  

Deposits have been shown to contain distinct layers.48,53 Miles et al.67 describe three layers 

formed on a probe during the co-firing of wheat straw 

1. A fine white deposit shown to be KCl 

2. A porous intermediate network 

3. Sintered ash particles 

It was also reported that in respect to the fuel, Si was enriched in the outer layers, K was 

enriched close to the probe-deposit interface, and P is enriched in the outer layers. In contrast 

Hansen et al.68 found there to be six layers in straw co-fired deposits.   

Figure 2-8: Ash Matrix Composition 
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1. A thin layer of Fe/Cr-oxide 

2. A dense layer of K2SO4 containing threads of FexOy 

3. Porous KCl 

4. Dense KCl 

5. KCl including ash particles 

6. Porous sintered fly ash particles 

Heinzel et al.69 investigated multiple types of biomass in a pulverised fuel 0.5MWth combustion 

chamber. It was found that with biomass: coal (25:75%), only light easily removable deposits 

were formed. A comparison between pure straw and 50:50 straw:coal highlighted that the Al 

content in the slags close to the burner was high in comparison to the fuel in both the pure 

and blended straw fires. The silicon content in slag deposits was also higher in respect to the 

fuel. The S content was significantly higher in the co-fired blend, due to fuel differences and 

was found to have condensed on cooler parts of the probes.  

Khodier et al.70 characterised deposits from co-firing miscanthus and Daw Mill coal (0:100, 

20:80, 40:60, 60:40, 80:20, 100:0) in a 100kWth PF combustion rig. It was found that for 

probes at 500°C the deposits formed on the gas side of the probe were larger for those with 

higher levels of coal in the co-fire; in comparison, deposits on the down-stream surface 

increased with a higher biomass share. Gas side deposits were found to decrease in Al, Si, 

and Fe as the coal composition was decreased but an increase in K, S, and P were seen. 

These results are due to the increased mobility of these elements in the biomass, theorised 

from chemical fractionation results.70 KCl was only detected on the probes of 500 and 600°C, 

suggesting thermophoresis and diffusion as the mechanisms of deposition. 

 

2.4.1 Zinc and Lead 

 

The roles of Zn and Pb in deposits and ash are of interest in relation to deposit build up and 

corrosion. It is thought that Zn and Pb have largely similar vaporisation mechanisms to alkali 

metals1. Zn and Pb are typically found in higher content in waste wood,71 however external 

factors mean that they can be found in high concentrations in tree bark,72 and also when there 

are longer rotation times for woody biomass growth.1 

Heavy metals generally become trapped in ash73 rather than being released in flue gases, Pb 

and Zn are typically found in fly ash compared to bottom ash due to their volatile nature.1 

Despite their often low concentrations in the fuel matrix, ash enrichment in the fly ash can 

cause significant problems with respect to corrosion. Backman et al. extensively studied the 
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affect of the Cl/S ratio on volatilisation of Pb and Zn. It was found that the concentration of 

chlorine directly affects the amount of Zn retained in the bed bottom ash as ZnO or ZnSO4.
74   

Zn typically volatilises as Zn2+(g) which then forms ZnO,31,74  and often goes on to form ZnCl2, 

whereas Pb typically volatilises and reacts to form silicates in the gas phase.75  If Zn and Pb 

are deposited they can cause significant corrosion problems.76 As is the case with alkali salts, 

Zn and Pb salts also form lower melting point eutectics. It has previously been found that the 

formation of alkali salt eutectics lowers the melting point of metal oxides and chlorides that 

may already have formed.77 The presence of Zn and Pb salts further lower these melt 

temperatures (Table 2-6), which can lead to an increase in corrosion.78 

Table 2-6:Melt temperatures for pure compounds and eutectics of common salts78 

Melting Temperatures 

Pure Compounds Eutectics 

PbSO4 1170°C PbSO4.K2SO4 814°C 

K2SO4 1069°C PbSO4.Na2SO4 719°C 

Na2SO4 884°C ZnSO4.K2SO4 566°C 

NaCl 801°C ZnSO4.Na2SO4 674°C 

KCl 771°C PbCl2.NaCl 485°C 

ZnSO4 730°C PbCl2.KCl 435°C 

PbCl2 501°C ZnCl2.NaCl 294°C 

ZnCl2 318°C ZnCl2.KCl 288°C 

  PbCl2.ZnCl2 243°C 

 

2.4.2 Slagging  

 

Slagging is defined as “the formation of fused or sintered deposits on heat-transfer surfaces 

and refractory in the furnace cavity subjected to radiant heat surfaces”.20 Factors affecting 

slagging are similar to those affecting deposition; in general, slagging typically occurs at 

temperatures above 1000°C.1 The formation of slag is very much dependent on the combustor 

and furnace design used in co-firing1,65. Nussbaumer79 compiled a report on factors and design 

to minimise slag formation during biomass combustion. Van Loo et al. state that the boiler 

design should have intelligent furnace design to prevent high gas temperatures adjacent to a 

furnace wall, which would allow slag to form.1   

The key deposition mechanism for slagging is inertial impaction,69 although it was noted by 

Van Loo et al.1 that during the initial stages of slag build up, other mechanisms are likely to 

take place. Particle adhesion is dependent on both the particle, and the surface. A sticky 
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molten surface is the norm with particles being either molten or partially molten. As the outer 

surface temperature increases, the slag becomes denser and more bulk ash is collected. 

When the outer temperature of the ash deposit reaches the melting point of the deposit, slag 

flow often initiates.80 After slag flow formation, the deposition rate remains at a steady state 

as particle deposition is balanced by the flow rate of molten slag.80 Henizel et al.69 noted that 

the main elements present in slags are aluminium and silicon, suggesting that if these 

elements are present in high quantities, slags are increasingly likely to form. Nutapatali et al. 

calculated that the presence of silicon in ash deposits increased the sequestration of 

potassium, however the higher the portion in these deposits the greater the chance of the 

deposits forming a slag melt.81 

2.4.3 Fouling 

 

Fouling in comparison is a lower temperature process (300-900°C), which relies upon a 

volatilising and condensing mechanism in order to deposit.1 The rate of condensation has 

been shown to impact on deposit morphology and mechanical properties.65 Fouling deposits 

are often loose and lightly sintered with volatile species; the alkali chlorides often serve as a 

bond between non-volatile ash components which then stick to the deposit surface.82  At these 

temperatures, sulphation of the alkali metal compounds commonly occurs due to reaction with 

SO2(g) in the flue gas.1 The tenacity of deposits formed through the fouling mechanism are 

temperature dependent. Deposits formed at temperatures below 600°C are commonly 

unfused, in comparison to those formed in the higher temperatures of the convective passes. 

These higher temperatures result in partially fused, highly tenacious, deposits.1 

Khodier et al.70 reported that an increase in deposit size on the downstream side of probes for 

co-firing ratios higher in biomass indicated a higher risk of fouling.  
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2.5 Corrosion Mechanisms 

 

Through the study of the combustion of coal, then the study of co-firing, the main factors 

influencing corrosion have been determined as:1 

1. Tube Material 

2. Flue gas temperature, metal temperature, flux temperature 

3. Chemical deposit composition 

4. Chemical composition of the flue gas 

5. Plant operating regime  

For biomass, co-firing temperatures are often limited to 400-450°C as higher temperatures 

can often lead to harsher conditions related to the nature of the fuels. Before investigating 

corrosion mechanisms, the reaction of oxygen with a metallic surface should first be explored.  

Oxidation is initiated by adsorption of oxygen at the metal surface, this is followed by the 

growth of a bidimensional layer (oxide materials consisting of one atomic layer).83 The 

bidimensional layer then grows to form a tridimensional oxide growth, across which both metal 

and gas species diffuse. Following this, cracks in the metal and the oxide can form which may 

lead to cracks in the protective surface scale, in turn leading to spallation and an increase in 

corrosion.84  

The formation of a protective oxide layer is a key consideration during the selection of alloys 

for use in co-firing as power plant components, as it can increase the protection of the alloy 

from other forms of corrosion. The use of thermal cycling (heat up and cool down of power 

stations) can lead to spalling of the oxides, therefore reducing the lifetime of the components.  

2.5.1 Active Oxidation 

 

A Cl- containing atmosphere, formed either through the presence of deposited KCl or gaseous 

HCl, can lead to active oxidation; a schematic illustration can be seen in Figure 2- 9. Under 

reducing conditions, a defective oxide barrier (which is far less protective than an oxide layer) 

forms as little O2 is present to react and form a protective layer.85 The presence of CO at 

concentrations higher than 2% has previously been shown to increase the corrosive rate of 

HCl by 2.5 times.86   A high %O2 indicates oxidising conditions, under which protective oxide 

scales are more likely to form.85 Under a high p(O2), metal chlorides diffuse to the scale surface 
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and upon encountering a higher p(O2) gradient, solid metal oxides are formed in a loosely 

adherent non-protective, porous layer.86 

Zahs et al.87 show the reaction for the equilibrium of HCl in oxidising conditions as: 

4𝐻𝐶𝑙(𝑔) + 𝑂2(𝑔) =  2𝐶𝑙2(𝑔) + 2𝐻2𝑂(𝑔) 

Equation 2-1 

Cl2 is the main aggressor for short metal exposure times, however it was also shown that 

metal oxides catalyse this reaction.87 This in turn led to the assumption of Equation 2-1 

reaching equilibrium in the oxide layer. 

Cha and Spiegel stated possible reactions between KCl and Fe (Equation 2-2), and Cr 

(Equation 2-3). Investigation into the affect of 0.05 vol.% HCl addition88 showed an increase 

in the partial pressure of Cl- led to more FeCl3 forming, which promoted the formation of the 

low melting point KCl-FeCl3 eutectic. A chlorine rich layer formed on the surface of the Fe 

substrates which led to the increased adhesion of salt particles, and therefore an increase in 

deposit build up. At temperatures above 600°C, it was shown that Cl- diffuses through the 

oxide layer of a Cr/Cl interface, and increases corrosion through active oxidation.88 

 

2 𝐾𝐶𝑙 + 𝐹𝑒2𝑂3 + 0.5𝑂2 → 𝐾2𝐹𝑒2𝑂5 + 𝐶𝑙2 

Equation 2-2 

2𝐾𝐶𝑙 + 𝐶𝑟2𝑂3 + 2.5𝑂2 → 2𝐾2𝐶𝑟𝑂4 + 𝐶𝑙2  

Equation 2-3 

  

a) b) 

Figure 2- 9: Active oxidation mechanisms under a) oxidising and b) reducing conditions adapted from reference85 
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2.5.2 Sulphidation 

 

The corrosion of metals under sulphidation conditions (gas containing, H2S, COS and SOx) is 

reported to be much more severe than corrosion observed in purely oxidation enviroments.89 

It has been found that in the presence of oxidation-sulfidation atmospheres, sulphide corrosion 

occurs as S molecules diffuse through the oxide layer to reach the oxide-metal interface. Once 

this penetration has occurred, a sulphide layer rapidly grows on the surface of the alloy.90 This 

sulphidation is described as internal and can then cause retardation of protective oxide layer 

formation, leading to a rapid increase in oxidation. This in turn can increase the corrosion rate 

which is referred to as sulphidation/oxidation.91 

Sulphidation of Cl- containing phases, present in surface deposits and the oxide layer, can 

also lead to corrosion, as the replacement of Cl- with SO2 releases the Cl- to undergo active 

oxidation once again.1 However, Petterson et al.92 present research indicating that the growth 

of a K2SO4 scale over the top of an oxide scale can also form a protective barrier. 

2.6 Materials 

 

In relation to materials selection for use in power plants, mechanical, physical, and chemical 

properties must be considered84. The mechanical and physical properties of metals can be 

viewed as constants, the chemical properties are dependent on the conditions the materials 

are subjected to,84 therefore testing of alloys under conditions used in co-firing is necessary 

to give information into whether they are suitable for use in large scale applications. The theory 

behind corrosion protection is the minimisation and disruption of the electrochemical 

processes.93 

One method of materials selection presented by Antunes and Oliviera94 is the Ashby 

approach, which  follows the steps: 

1. All available materials 

2. Defining the functions, constraints, objectives and variables of the material required 

(translation) 

3. Materials which don’t meet the constraints are removed (screening) 

4. Materials that passed the screening test are classified according the objectives in step 

2 (ranking) 

5. Documentation of the top-ranked candidates are sought and materials are selected. 

(Seek documentation) 

Shriers corrosion states that the goal of alloy selection is to maximise oxidation lifetime by 

accounting for thermodynamic, kinetic, mechanical, physical and metallurgical factors.84  
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Materials being used in supercritical steam conditions must be resistant to creep, corrosion, 

and thermal fatigue, whereas materials at lower temperatures must be resistant to acid 

corrosion exhibited in flue gases.29 A material that was suitable for coal-fired conditions may 

be highly susceptible to corrosion from the type of biomass to be co-fired. For example it has 

been found that high-Cr steels are far more susceptible to attack when straw is being co-

fired.95  

Birks et al.96 produced a table showing the hierarchy of common engineering alloys with 

respect to temperature (Table 2-7). 

Table 2-7: Alloys and their applications96 

Alloy Protective Product Temperature Limit (°C) 

Low Alloy Steels M3O4 (M= Fe, Cr) 500 

Titanium – Base TiO2 600 

Ferritic Stainless Steel Cr2O3 650 (Creep Dependent) 

Austenitic Fe-Ni-Cr Cr2O3 850 

Austenitic Ni-Cr Cr2O3 950 

Austenitic Ni-Cr-Al  
Plus Coating 

MCrAlY  
(M= Ni,Co or Fe)  

1100 

Ceramics or Coatings  Above 1100 

 

Investigation of the reaction of KCl with Fe, Cr, and Ni by Cha and Spiegel88 showed active 

oxidation had a severe affect on Fe at 300°C, Cr at 500-600°C, corrosion was not enhanced 

in Ni. This led to the conclusion that Ni based superalloys and steels were best suited for 

biomass combustion plant superheater regions. 

Studies conducted by ELSAM showed that the combustion method had a significant affect on 

corrosion.97  It was shown that a 10 wt% addition of straw in a pulverised fuel boiler showed 

no, or only a minor increase (1.5 times), in corrosion in comparison to when coal is fired alone. 

In comparison, firing biomass on a (circulating fluidised bed) CFB or grate firing led to 

corrosion rates of 2-25 times higher when straw was co-fired.97  The difference in corrosion 

rates was explained as differences in the Cl speciation. In the CFB boilers, KCl was formed 

and condensed onto the superheater tubes whereas in the PF boilers there is a higher heating 

rate and so the Cl is present as HCl which leaves the boiler alongside the flue gases.  

Research at the Jordbro 70MW hot water boiler, firing pulverised wood as the fuel, indicated 

the alloys X20 and TP321 had the highest corrosion rates at 600°C. A chromium oxide was 

formed close to the metal interface with depletion seen below, on top of this chromium oxide 

was iron oxide. Creep strength of the materials at 600°C steam were also tested; X20, TP 

321, 825, and 800 H were shown not to be suitable, however E 1250, HR3C, and AC 66 were 
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suitable for metal temperatures up to 650°C.98 HR3C was shown to have the best creep 

strength, however cold working caused low ductility and therefore cracking. It was also noted 

that there was no clear correlation between the composition of materials and the corrosion 

rate observed during the tests.  

Research on HR3C exposed to 600 & 650°C removed from a pulverised fuel boiler firing 100% 

wood showed three general regions of a corrosion reaction.99 The gas phase/deposit interface, 

the initial iron oxides (scale), and the iron-depleted alloy (internal corrosion zone). It was 

concluded that the position of the probe relative to the gas flow would give differing corrosion 

results, with the deposit/gas interface playing a large part. Where inertial impaction was the 

dominant mechanism, there was a lower partial pressure of O and Cl. In the presence of KCl 

deposition by thermophoresis, or where no deposit was present, the corrosion was higher due 

to the increased partial pressure of O and Cl.99
 

Liu et al.99 investigated the corrosion of TP347H FG probes exposed in a wood-firing PF boiler 

for 3770h at 600 and 650°C. Three distinct layers are found under deposits. Firstly an internal 

corrosion layer as a result of inter granular corrosion; secondly an intermediate scale layer, 

comprising general corrosion products, and sometimes unreacted alloy; and finally an 

outermost scale, which is parallel to the metal surface and may contain sintered deposits.99  It 

was also shown that intergranular corrosion is often unrelated to the outermost scale. Cr 

enrichment was reported at the inner scale and is thought to enhance corrosion protection99. 

Hussain et al.100 studied the affects of temperature (600, 650 and 700°C), air (1300 vppm SO2, 

400 vppm HCl)/oxy-fuel (6260 vppm SO2, 1700 vppm HCl) conditions and the deposit 

Na2SO4:K2SO4:Fe2O3 in the ratio 1.5:1.5:1 on the alloys T92, HR3C, 347HFG and Alloy 625. 

Gas simulations were based on experimental data obtained from pilot plants for combined 

cereal product: Daw mill coal (20:80). The deposit is considered to be aggressive and likely to 

form alkali-iron-trisulphates. Data showed that, due to the nature of the deposit accelerated 

corrosion, the alloys were damaged in the order T92> 347HFG > HR3C. The authors stated 

the Cr content of the alloys was the reason for this ranking.100 It was also stated that peak 

corrosion damage was experienced at 650°C in air-firing conditions, and that the Cr content 

did not seem to affect protective scale formation under these conditions.  

Dudziak et al.101 used the deposit recoat method whilst investigating the affect of oxy-fired 

conditions on fireside corrosion of 15Mo3, T22, T21, and T91 at 600°C. Sample corrosion was 

studied for 1000h (5 recoats after each 200h) under gas simulation conditions from Daw Mill. 

The study concluded that the deposit containing Na2SO4:K2SO4:Fe2O3 will lead to the 

formation of alkali trisulphates, and therefore increase the corrosion rate. 15Mo3, the alloy 
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containing no Cr, showed good corrosion resistance when no deposit was present up to 800h 

of testing, after which spalling was observed. The alloy containing the highest Cr content, T91, 

exhibited similar corrosion resistance properties to T22, T23, and 15Mo3 under most 

conditions.  

Skrifvar et al.102 simulated deposit corrosion on alloys in a furnace for 1 week. It was found 

that in the presence of synthetic salt deposits, containing Na, K, S, Cl, and O in varying 

concentrations and compositions, on 10CrMo9-10 showed extensive corrosion at high 

temperatures, particularly when chlorine was present. Alloy 625, containing a high nickel 

content, showed very few signs of corrosion with only thin oxide layers forming in the high 

chloride salts. It has previously been noted that the Ni based alloy 625 has some resistance 

to chloride attack.103 Eriksson concluded from a variety of materials sampled both in lab and 

in plant, that an optimum Cr and Ni content seems to be of greater importance than additional 

elements.103 Hussain et al.100 reported results agreeing with this assessment; under oxy-fuel 

conditions with the simulated deposit (Na2SO4:K2SO4:Fe2O3 =1.5:1.5:1) at 750°C, alloy 625 

experienced more corrosion than HR3C, this was attributed to the differences in Cr content 

(HR3C more Cr by 2-5%). 

Petterson et al. studied the affect of KCl induced high temperature corrosion on Sanicro 28 

and 304L. It was found that in the presence of KCl, Cr depletion occurs for both alloys in the 

form of K2CrO4.
104 This leads to Cr loss from the scale and therefore Fe rich scales are 

exposed. 304L also experienced corrosion far away from the grain boundaries due to the 

formation of chromium oxyhydride, followed by its evaporation.104 It is noted that after the 

formation of K2CrO4, corrosion rates are rapidly decreased as a protective layer is formed. A 

further study showed K2CrO4, formed as a spinel on 304L at 600°C.92 Large amounts of 

research into Sanicro 28 and 304L,  and their corrosion at 600°C have been undertaken, and 

are mostly in good agreement in both simulated deposits, and also for the co-combustion of 

wood.105 Addition of sulphate to the fuel showed a reduction in chromate formation and 

therefore retarded corrosion.106  

2.6.1 Coatings 

 

Alloy design is often combined with the use of coatings in order to use materials for an increase 

in operation time under the service conditions whilst co-firing biomass and coal.84  A coating 

is a barrier layer between the material and the corrosive environment which is optimised to be 

as inert and impermeable to corrosion as possible.93 The coatings are used to protect against 

oxygen, nitrogen, SO2/SO3, Cl, and liquid deposits.107 It is noted that these factors must be in 

low concentrations as otherwise coatings will rapidly fail.107 The composition of the coatings 
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are often similar to those of high Ni based alloys. Coatings are employed as these alloys are 

often ten times the price of conventional ferritic steels.108 

The principle behind coatings is the presence of a reservoir phase (commonly Al2O3), which 

allows for the formation of a protective and slow growing oxide scale.107  Once this reservoir 

is depleted, corrosion occurs.84 Schutze et al. present a list of criteria for the development of 

coatings.107 

 A thermodynamically stable protective phase should form on the surface of the 

coating, this is commonly Al2O3,  Cr2O3, and SiO2, combined with spinels 

 These coatings should be slow growing, meaning the reservoir depletion is not as 

rapid.  

 Interdiffusion between the coating and the substrate alloy must be minimal, meaning 

the diffusion will occur at a slow rate.  

 Thermal expansion co-efficients of the coatings, substrate, and oxide scales should 

be as close as possible to minimize stress and strain when caused during thermal 

cycling. 

Further expansion behind these principles are presented in Shriers Corrosion.84 One of the 

limitations of coatings is that defects form during the coating process which will allow the 

corrosive atmosphere to reach the bulk material.93 

Most coating methods use thermal spraying, where small molten/ softened particles are 

deposited on to the alloy surface. These particles then flatten onto the surface and adhere to 

one another.109 The other two methods of deposition are Chemical Vapour Deposition (CVD) 

and Physical Vapour Deposition (PVD); these are not widely used, as thermal spraying is 

viewed as more versatile and can be used for new installations or to spray old components.110 

It should also be noted that the adherence of coatings is greatly increased when the surface 

to be coated has been correctly prepared93. 

The most common method of thermal spray coating is High-Velocity Oxy-Fuel (HVOF). A fuel 

is mixed with oxygen in chamber, propelling the powder coating (1000-2000m/s, 5500K). The 

advantages of the process are cited as high bond strength, low residual stress, and low 

porosity.111 A review of the advantages and disadvantages of the HVOF system is presented 

by Sidhu et al.111 
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2.7 Ash Utilisation/Disposal 

 

Biedermann and Obernberger59 identified chemical composition as a key factor in ash 

utilisation and disposal. The elements Cl, S, Na, K, As, Cd, Hg, Pb, and Zn have been 

identified as those creating the greatest concern.32,59,64 Jenkins et al.112 identify a need for 

further characterisation of biomass fuel ash to include heavy metals, rather than the 15 

elements often present; it is thought that this would help in classification for disposal of the 

ash. Vamvuka et al.113 however, reported the observed environmental impact of disposal of 

ash containing these elements to be negligible. As such it can be concluded that further work 

is needed prior to the production of comprehensive strategy of biomass ash disposal.  

The utilisation of biomass ash is viewed as important for the ongoing cost-affectiveness of 

firing or co-firing biomass.114 Use of ash as a soil enhancer, due to the high K content, has 

been reported several times.42,115,116 A review by Vassilev et al.42 indicated that water solubility 

of phases in biomass ash should be considered prior to ash being used as a soil enhancer, 

as they could lead to water contamination and eventually enter the food chain. The presence 

of harmful phases can be controlled to some extent by the combustion temperature.42 

Teixera et al.,117 in a comparison of concretes using biomass and coal fly ash as cement filler,  

concluded that the use of biomass ash was possible. They concluded that the use of biomass 

ash would improve the sustainability of concrete and the biomass combustion process. 

However it was also noted that further study of biomass ash incorporation should be 

conducted prior to large scale utilisation.  

Whilst progress has been made towards the disposal of biomass and co-fired ashes, adequate 

disposal and utilisation methods are still under investigation. 

2.8 Conclusions 

 

The combustion of biomass, both alone and co-fired with coal, provides many complex 

challenges as a sustainable energy source. Initially, selection of a suitable biomass as a fuel 

source is followed by the creation of a sustainable infrastructure to ensure that future energy 

demands are met. A choice on whether to convert existing infrastructure e.g. coal power 

stations or to build new ones must be made. Each of these options will present complex 

challenges related to materials selection, areas of deposition, ash forms, and waste disposal. 

This selection process will also yield different rates of efficiency, with higher efficiencies being 

desirable.  
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To ensure the best possible outcomes for these decisions, there are multiple steps that should 

be followed, from small scale fuel tests (e.g. in a laboratory, in a furnace, or chemical 

fractionation) to large scale tests in a combustion setting (e.g. at Elsam). There are multiple 

technologies currently being used for the co-firing of biomass including pulverised fuel, 

bubbling fluidised bed, and circulating fluidised bed. Each of these methods has been shown 

to produce different results and also different phases in the ash post-combustion.  

Ash deposition during co-firing is one of the key issues faced when converting a power station 

from dedicated coal firing to co-firing. The build up of ash in places different to those observed 

during coal firing have been observed during large scale fuel tests. This is due to the differing 

composition of the ash when biomass is fired. One of the key concerns during biomass 

combustion is the formation, and deposition, of the phase KCl. This has previously been 

shown to deposit onto the cooler surfaces in the combustion environment (e.g. boiler pipes 

and superheaters). This in turn leads to the active oxidation corrosion mechanism outlined in 

Section 1.5.1. This is undesirable as it can then lead to component failure, which then leads 

to plant downtime, and increased operations costs. 

The deposition of ash during firing can also lead to a drop in efficiency of the power plant as 

the build up of ash onto a heat transfer surface will mean more energy is required to heat the 

water. A large build up may halt this transfer altogether. The deposit composition will vary 

greatly between biomass fuel type with some types exhibiting a wider range of slagging and 

fouling, creating tenacious and harder to remove deposits.  

The disposal of the fly ash, post combustion, is an area of research with great interest in the 

industry as it is desirable for the process to be as environmentally friendly as possible, coupled 

with further use of the ash being a possible economic incentive. The disposal of the fly ash is 

being investigated, with two of the main methods of disposal being used as a fertilizer and use 

as a filler material in cement/concrete. In order for deposit build up, possible corrosion 

mechanisms, and disposal of the fly ash to be comprehensively understood, profiling of the 

ash formed during biomass and coal co-firing must be conducted.  
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3 Materials and Experimental 

 

3.1 Data Supplied by E.On 

 

The following data were supplied by E.On to supplement the rig data collected during the 

combustion trials. Results were produced in house in a lab conforming to reccomendations 

presented in BS 17025:2005.118 Sampling of the bulk fuel was undertaken as outlined in BS 

14778119 and prepared according to BS 14780.120 

3.1.1 As Received Fuel Analysis 

 

Analysis for moisture,121 volatile matter,122 fixed carbon,123 calorific value,124 sulphur, 

chlorine,125 and hydrogen126 were also provided for each fuel and the data are presented in 

Table 3-1. Things to note in particular are the large differences between moisture content of 

the fuels, and the high ash content of the hemp fuel in comparison to the other fuels. As is 

typical between biomass and coal, the coal has a much higher calorific value and fixed carbon 

than the biomass. These data represent partial analysis of the composition and therefore will 

not reach 100%. 

Table 3-1: As received analysis for the fuels used in the combustion trials 

 % As received 

 Kuzbass Coal Hemp Fuel Eucalyptus 

Moisture 7.3 14.5 8.2 

Volatile Matter 35.8 56.3 76.8 

Fixed Carbon 48.2 13.00 14.40 

Ash 8.7 16.2 0.6 

Calorific Value (CV) 27440 (kJ/kg) 14050 (kJ/kg) 18570 (kJ/kg) 

Sulphur 0.34 0.09 0.01 

Chlorine 0.01 0.21 0.03 

Hydrogen 4.48 4.43 5.63 
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3.1.2 Ash Analysis 

 

The analysis presented in Table 3-2 shows the compositional data, presented as oxides, for 

each fuel matrix calculated according to EN ISO 16967127 for Al, Ca, Fe, Mg, P, K, Si, Na and 

Ti and BS EN 15297128 for Mn. Detection was carried out using Inductively Coupled Plasma – 

Optical Emission Spectroscopy (ICP-OES).129 The elements analysed do not give the total 

composition (they do not add up to 100%). This indicates the presence of other elements or 

oxides (e.g. Cl), it is also likely as a result of high carbonate content.130 The elements analysed 

are those considered of most interest in the co-firing trials. The calculation of the elemental 

composition is presented below: 

𝑤𝑖 =
(𝑐𝑖 − 𝑐𝑖,0) × 𝑉

𝑚
𝑥

100

(100 −𝑀𝑎𝑑)
 

Equation 3-1 : Calculation of % of element present 

Wi = concentration of the element in the sample on a dry masis (mg/kg) 

Ci = concentration of the element in the diluted sample digest (mg/l) 

Ci,0= concentration of the element in the blank experiment (mg/l)  

V = volume of diluted sample digest solution (ml) 

m = mass of test portion (g) 

Mad = moisture content in the test sample (% m/m) 

 

Table 3-2: Matrix Analysis of Fuel ash used in the combustion trials 

 
Result (wt%) 

Analyte Pulverised Kuzbass Coal Hemp Fuel Eucalyptus Fuel 

Al2O3 6.21 1.68 7.60 

BaO 0.49 0.02 0.22 

CaO 23.1 17.7 21.8 

Fe2O3 4.50 0.84 5.13 

K2O 3.57 11.8 10.25 

MgO 2.55 3.89 5.88 

Mn3O4 0.57 0.17 2.03 

Na2O 1.52 0.32 2.52 

P2O5 1.13 6.52 2.88 

SiO2 44.8 44.0 26.5 

SO3 3.53 1.44 2.53 

TiO2 4.07 0.11 0.33 

Total 96.04 88.49 87.67 
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Conversion factors for the elements to their oxides are as follows, Al 1.89, Ca 1.40, Fe 1.43, 

Mg 1.66, Mn 1.29, P 2.29, K 1.20, S 2.50, Si 2.14, Na 1.35, Ti 1.67. These results are used 

as an integrity check in accordance with BS EN ISO 16993.130 

 

Reproducibility and repeatability standard deviation was calculated and used in conjunction 

with data presented in Annex B in BS 16967.127  Repeatability (r) is calculated according to 

equations Equation 3-2 andEquation 3-3130 

𝒓 = 𝟐√𝟐 × 𝒔𝒓 = 𝟐. 𝟖 × 𝒔𝒓 

Equation 3-2 absolute comparison of two measurements at repeatibility conditions 

𝒓 = 𝟐√𝟐 × 𝑪𝑽𝒓 = 𝟐. 𝟖 × 𝑪𝑽𝒓 

Equation 3-3 Relatively comparison of two measurements at repeatability conditions 

r = repeatability limit 

sr = repeatability standard deviation 

CVr = coefficient of the variation of repeatability 

 

Reproducibility (R) is calculated according to equations Equation 3-4 and Equation 3-5130 

𝑹 = 𝟐√𝟐 × 𝒔𝑹 = 𝟐. 𝟖 × 𝒔𝑹 

Equation 3-4 absolute comparison of two measurements at reproducibility conditions 

𝑹 = 𝟐√𝟐 × 𝑪𝑽𝑹 = 𝟐. 𝟖 × 𝑪𝑽𝑹 

Equation 3-5 Relatively comparison of two measurements at reproducibility conditions 

R = reproducibility limit 

sR = reproducibility standard deviation 

CVR = coefficient of the variation of reproducibility 

 

These data are then used in comparison with round robin data, like that presented in Annex 

B of BS 16967127 and data within the repeatability and reproducibility parameters is accepted. 
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Table 3-3 shows the calculated compositional data, presented as oxides, for each co-fired 

blend presented in this study. 

𝑤𝑡% =
(𝑓𝑢𝑒𝑙 1 × %𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑢𝑒𝑙1)

100
+ 
(𝑓𝑢𝑒𝑙 2 × %𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑢𝑒𝑙2)

100
 

Equation 3-6 calculation of co-fired blends ash composition 

SiO2 is higher in the Kuzbass coal and hemp fuel in comparison to the eucalyptus. The 

eucalyptus fuel has similar amounts of Al and Fe to the Kuzbass coal. 

Table 3-3: Ash Matrix Analysis of the co-fired blends fuels used in the combustion trials 

 Result (wt%) 

Analyte 
Kuzbass coal (23% by 

mass) and hemp 

Kuzbass coal (12% by 

mass) and eucalyptus 

Al2O3 2.72 7.28 

BaO 0.13 0.28 

CaO 18.94 22.10 

Fe2O3 1.68 4.99 

K2O 9.91 8.71 

MgO 3.58 5.11 

Mn3O4 0.26 1.69 

Na2O 0.60 2.29 

P2O5 5.28 2.48 

SiO2 44.18 30.71 

SO3 1.92 2.76 

TiO2 1.02 1.19 

Total 90.22 89.59 
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3.2 The Combustion Rig 

 

Hemp, eucalyptus, wood, and coal samples were fired in a 0.8MWth combustion test rig (Figure 

3-1). Ash samples were taken from the ash hopper (a), the end of probes (b), the ceramic 

probes (c), and superheater region quenched (d), as well as the cyclone (e). 

Figure 3-1: A schematic diagram of the 0.8MWth combustion rig246 a) ash collection hopper b)combustion probe coupons c) 
ceramic probes d) quenched ash e) the cyclone 

b 

a 

d c 

e 

 

Figure 3-1a: Ash Collection Hopper Figure 3-1 b: Corrosion coupon probes 



 
 

 

 
 

39 

  

Figure 3-2: A Schematic Diagram of the boiler and the ports used in the combustion run. 

Figure 3-1c: Ceramic probe inserted into the 
combustion rig to collect deposits 

Figure 3-1d: Apparatus used to collect samples 
quenched in water 
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Figure 3-2 is a schematic diagram of the combustion rig showing the ports used for sample 

collection. Ports 522-740 correspond with the superheater regions of the combustion rig, ports 

101-440 correspond with the boiler region of the combustion rig. 

3.2.1.1 Corrosion Coupon Probes 

 

Corrosion coupons were used to assess the amount of corrosion that alloys used in the test 

runs undergo. Corrosion coupons of 15Mo3 (measured composition in Table 3-4) were 

analysed, sometimes coated, and bare metal surface ground to a 0.4RA surface finish. These 

coupons were inserted into the boiler ports (Figure 3-2,) flush with the lining of the boiler so 

as to experience the same gas and temperature conditions that would be experienced in a full 

scale operation; these conditions were also used to minimise deviation of gas flow. The 

mechanisms securing the coupons in the probe were lubricated using Belzona 8211 (H.P. 

Anti-Seize) mineral based nickel grease.  A Eurotherm temperature controller with a 

continuously variable output was used to drive a proportional air throttle valve, enabling the 

flow of cooling air to the probe to be regulated. 

 

Table 3-4: Measured composition of the 15Mo3 alloy used for the corrosion test probes 

 Wt % 

Alloy Cr Mn Fe Ni Mo Cu 

15Mo3 0.22 0.48 98.59 0.24 0.29 0.18 

 

Table 3-5: Corrosion Probe Test Matrix  for Hemp and Coal Combustion Test 

Probe Port Number Material 
 Target 

Temperature(°C) 

HEMP A 325 15Mo3 475 

HEMP B 331 15Mo3 450 

HEMP C 419 15Mo3 425 

HEMP D 409 15Mo3 475 

HEMP E 410 15Mo3 475 

HEMP F 417 15Mo3 475 

HEMP G 117 15Mo3 450 

HEMP H 116 15Mo3 425 
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Table 3-6: Corrosion Probe Test Matrix  for Eucalyptus and Coal Combustion Test 

Probe Port Number Material 
Target 

Temperature (°C) 

EUCCO A 318 15Mo3 475 

EUCCO B 333 15Mo3 450 

EUCCO C 419 15Mo3 425 

EUCCO D 409 15Mo3 475 

EUCCO E 408 15Mo3 475 

EUCCO F 410 15Mo3 475 

EUCCO G 117 15Mo3 450 

EUCCO H 116 15Mo3 425 

 

Table 3-7: Composition of the coatings applied to EUC A-N 

      %      

Coatings Al Si Cr Mn Fe Ni Nb Mo W Y O 

FeCrAl  8 0.4 23 
 

65.1 
     

3.4 

IN625   0.4 19.2 
 

3.5 58.7 3.4 9.4 
  

4.4 

NiCrAlY 9 0.4 21.9 
 

3.6 62.8 
   

1 1.3 

50Cr50Ni 0.2 2.3 42.1 
 

5.7 44.6 
    

3 

Claddings Al Si Cr Mn Fe Ni Nb Mo W Y O 

FeCrAl  4.6 0.9 17.9 0.8 75.9 
      

IN625   0.7 21.3 0.5 3.4 60.6 4 9.9 
   

50Cr50Ni   2.6 44.7 
 

4.6 48.2 
     

C276   0.6 14.1 1.2 8.6 53.2 
 

16.9 4.7 
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Table 3-8: Corrosion Probe Test Matrix  for Eucalyptus Combustion Test Red denotes coating application using HVOF 
method Blue denotes coatings applied using the laser cladding method Table 3-7 gives the coating compositions 

Probe Port Number Material 
Mean surface 

Temperature (°C) 

EUC A 
317 

 

15Mo3 

(FeCrAl + IN625) 
400 

EUC B 
318 

 

15Mo3 

(NiCrAlY + 

50Cr50Ni) 

400 

EUC C 
324 

 

15Mo3 

(FeCrAl + IN625) 
425 

EUC D 
325 

 

15Mo3 

(NiCrAlY + 

50Cr50Ni) 

440 

EUC E 
326 

 

15Mo3 

(FeCrAl + IN625) 
440 

EUC F 
333 

 

15Mo3 

(NiCrAlY + 

50Cr50Ni) 

450 

EUC G 
334 

 

15Mo3 

(FeCrAl + IN625) 
485 

EUC H 
419 

 

15Mo3 

(NiCrAlY + 

50Cr50Ni) 

475 

EUC I 
412 

 

15Mo3 

(FeCrAl + IN625) 
425 

EUC J 
409 

 

15Mo3 

(50Cr50Ni + C276) 
425 

EUC K 
411 

 

15Mo3 

(FeCrAl + IN625) 
500 

EUC L 
406 

 

15Mo3 

(50Cr50Ni + C276) 
435 

EUC M 
408 

 

15Mo3 

(FeCrAl + IN625) 
500 

EUC N 
410 

 

15Mo3 

(NiCrAlY + 

50Cr50Ni) 

450 
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3.2.1.2 Ash Quenching 

 

A probe was inserted into rig port 722 or 740 (Figure 3-2), water was pumped through the 

probe and ash extracted through the probe, then quenched into a conical flask, this ash was 

then separated by filtration. Samples and collection time are listed in Table 3-9 to 3-11. 

Table 3-9: Hemp and Kuzbass Coal Ash Quenching 

Sample Duration 

H722-2 71 minutes 

H740-6 30 minutes 

H722-7 118 minutes 

H740-10 86 minutes 

 

Table 3-10: Eucalyptus and Kuzbass Coal Ash Quenching 

Sample Duration 

EC740-4 105 minutes 

 

Table 3-11: Eucalyptus Ash Quenching 

Sample Duration 

E740-2 120 minutes 

E740-3 120 minutes 

E740-5 120 minutes 

E740-8 120 minutes 

E740-10 120 minutes 

E740-11 120 minutes 

E722-13 120 minutes 
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3.2.1.3 Ceramic Probe Samples 

 

Ceramic probes were inserted into the rig at ports 722, 727, or 728 (Figure 3-2). Samples are 

listed in Table 3-12-14.  Samples were removed and air cooled before being stored. Differing 

sampling times for the first two combustion tests are due to combustion trials being used for 

multiple purposes; proper protocols were established in later trials.  

Table 3-12: Hemp and Kuzbass Coal Ceramic Probe Deposit Samples 

Sample Duration Temperature (°C) 

H722-3 38 minutes 971 

H727-4 57 minutes Not Available 

H722-8 66 minutes 1013 

H727-9 58 minutes 980 

 

Table 3-13: Eucalyptus and Coal Ceramic Probe Deposit Samples 

Sample Duration Temperature (°C) 

EC722-1 163 minutes 978 

EC728-5 202 minutes 914 

EC722-6 184 minutes 1012 

EC729-8 117 minutes 932 

 

 

Table 3-14: Eucalyptus Ceramic Probe Deposit Samples 

Sample Duration Temperature (°C) 

E722-1 120 minutes 962 

E722-4 120 minutes 968 

E722-6 120 minutes 1015 

E722-7 120 minutes Not Available 

E722-9 120 minutes 1045 

E722-12 120 minutes 1040 

E722-14 120 minutes 
1045 (30 mins after 

sampling) 
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3.3 Combustion Conditions 

 

Knowledge of the combustion conditions allows greater context to be given to the results. 

Table 3-15 gives information about the air composition, fuel blends, and feed calculations 

given for the fuel trials 

Table 3-15: Combustion conditions for the corrosion test runs 

 
Hemp and 

Coal 

Eucalyptus 

and Coal 
Eucalyptus 

Burner Low NOx coal Low NOx coal Low NOx coal 

Overfire Air 15-22% 9-21% 13-16% 

O2 1.5-2.5% 1.4-2% 0.9-3.5% 

Fuel 
40:57% coal + 

59:43% hemp 

12% coal + 88% 

eucalyptus 

100% 

eucalyptus 

Feed 

41.8 kg/h 

Kuzbass coal + 

140.10 kg/h 

hemp 

18.89 kg/h 

Kuzbass coal + 

138.5 kg/h 

eucalyptus 

168 kg/h 

eucalyptus 

 

3.4 Furnace Procedure for Ashing 

 

Into an oven dried (105°C) porcelain crucible, biomass (approx. 1g) was added. The crucibles 

were heated in a furnace to 150°C for one hour, 250°C for two hours, 450°C for 90 minutes, 

575°C for 3 hours and then cooled to 105°C. The samples were cooled in a dessicator, then 

weighed and returned to the oven at 575°C for 1 hour until a constant weight (±3mg) was 

obtained.  Coal was also ashed using this method.  

3.4.2 High Temperature Heat- Treatments of the ash 

 

After initial ashing (Section 3.5.1) the biomass, coal, and blends were further heated. The 

samples were heated in a Pt crucible from 600-1100°C at 100°C increments for one hour, a 

small portion of the sample was removed and the crucible was returned to the furnace.  
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3.5 Materials Characterisation Techniques 

 

3.5.1 X-Ray Diffraction (XRD) 

 

Powder-XRD has been selected to identify the phases present in each sample. PXRD is a 

powerful technique to carry out this, due to the large and extensive database of powder 

diffraction patterns housed in the International Centre for Diffraction Data (ICDD) Powder 

Diffraction File (PDF). 

Samples were prepared by grinding to a powder in a mortar and pestle and mounted either in 

a silicon miniwell or made as a smear between 2 layers of Scotch TapeTM. Where there was 

too little sample to analyse using the above preparative methods, a suspension of sample in 

acetone was placed on silicon wafers. LaB6 (ICDD card: 34-427) was occasionally used as an 

internal standard due to sample mounting difficulties.  PXRD data were collected using 3 

different powder X-ray diffractometers: either a Bruker D8 Advance in reflection geometry 

using Cu Kα1 radiation and a LYNXEYE TM 1D detector, a Bruker D2 Phaser in reflection 

geometry using Cu Kα radiation and a LYNXEYE TM 1D detector, or a Bruker D8 Discover in 

transmission geometry using Co Kα1 radiation and a Braun Position Sensitive detector. Data 

was collected on the D8 Advance over the 2θ range 5-60˚ with a step size of 0.013˚ 2θ and a 

count time of 0.55s per step, and on the D2 over the 2θ range 7-60˚ with a step size of 0.012˚ 

2θ and a count time of 0.122s per step. Phases in the samples were identified using the STOE  

WinXPOW software suite and the ICDD 2011 database.  

The high temperature XRD data were collected using a Nonius PDS 120 diffraction system 

consisting of an Inel-curved, position-sensitive detector within a static beam-sample-detector 

reflection geometry131. This system allowed for the simultaneous measurement of diffracted 

X-ray intensities at all angles of 2θ across 120°. A 100-μm-diameter beam was selected from 

a 300-μm-diameter primary beam by a pinhole at the end of a collimator evacuated tube to 

reduce air scattering. High brightness Cu Kα radiation was generated by a GeniX system with 

a Xenocs FOX2D CU 10_30P mirror operating at 50 kVand 1 mA. Silicon and silver behenate 

were used as external standards. The sample was loaded onto an Anton Paar HTK10 high 

temperature attachment. Calibration and data collection were performed using Diffgrab™. 

Data were collected every 100ºC on heating, with an average data collection time of 180 min. 

The instrumentation description was taken from.132 

Samples collected on the I-11 beamline at the Diamond Light Source are also presented. Data 

collection method is noted at the bottom of each XRD pattern presented. The use of the I-11 
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beamline allows resolution of the complex phases identified in the samples due to the variety 

of the sample matrix. Samples were ground in a pestle and mortar, the resulting powder was 

packed into 0.3mm capillaries and mounted onto brass sample holders using wax and 

superglue.  

Samples were then placed on the auto-carousel which mounted the samples onto a spinner 

on the θ circle. The data were then collected on both the MAC detectors mounted on the 2 

circle, and the PSD mounted on the  circle. Wavelengths used for collection were PSD 

0.826215 and MAC 0.82675.  

3.5.1.1 Phase detection limitations 

 

The limit of detection for XRD diffraction is commonly defined as the equivalent of two standard 

deviations of the observed background level133. It is commonly cited to be anywhere between 

1-5%133. Synchrotron radiation due to a higher signal to noise ratio and intensity can have a 

limit of detection as low as 0.2%134. Where possible synchrotron data has been used for 

analysis. Collection method is noted in figure captions. 

3.5.1.2 Topas Procedure 

A diffraction pattern was collected for the Si standard using the PSD detectors on the Diamond 

I-11 beamline. The pattern was then used for a Pawley fit using the parameters from ICDD 

card 27-1402. The fitted pattern gave peakshape information: 

TCHZ_Peak_Type 

pku,-0.00022 

pkv, -0.00042 

pkw, -0.00051 

pkz, 0.00058 

pky, 0.01171 

pkx, 0.00254` 

Simple_Axial_Model axial, 2.30888 

 

This information was used as a peakshape model in the initial refinement of the data. 

 

The ICDD cards for the phases that were identified in the qualitative analysis of the data were 

used as starting input for the Pawley fit. The number of background parameters was varied 

until a good fit was achieved (i.e. no deviation from the pattern). Each phase was entered 
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individually with fixed peakshape parameters. These peakshapes were then refined one by 

one (axial peakshape was not refined as it remains constant) and finally all together. Lattice 

parameters were checked against the ICDD cards to check that there were no significant 

changes. The calcite was refined using the hexagonal setting of the rhombahedral space 

group. Once the parameters had converged and no significant changes in r_wp (the weighted 

profile factor) and closeness to the r_exp (expected R factor, the best case-scenario) occurred 

the peakshapes were fixed and the Rietveld refinement was started. The goodness of fit (gof) 

is calculated using the Equation 3-7. The closer the gof gets to 1, the closer the refinement. 

Pawley fit data is presented in Table 3-16 

𝑋2 = (𝑅𝑤𝑝/𝑅𝑒𝑥𝑝)
2 

Equation 3-7 calculation of the goodness of fit 

 

Table 3-16: Pawley fit parameters for the refinement of the high temperature heat treatment of the hemp ash 

Lab ash at 

Temperature 

(°C) 

r_wp r_exp gof 

600 3.89 1.53 2.54 

700 4.58 1.61 2.84 

800 4.26 1.58 2.71 

900 4.49 1.34 1.49 

1000 2.09 1.4 1.49 

1100 1.92 1.27 1.51 

 

.cif files were obtained from the American Mineralogist Crystal Structural Database135. 

The lattice parameters and peakshapes that were refined in the Pawley fit were used in 

conjunction with the atom position information from the cif files. The refinement was run for 

each phase with the atom positions, lattice parameters, and peakshape all fixed. The 

peakshape for each phase was then refined. Atom positions were then refined according to 

the Wyckoff positions. Thermal parameters were fixed at 1.  

 

Table 3-17: Rietveld fit parameters for the refinement of the high temperature heat treatment of the hemp ash 

Lab ash at 

Temperature 

(°C) 

r_wp r_exp gof 

600 6.30 1.75 3.61 

700 6.52 1.84 3.54 

800 5.62 1.58 3.05 

900 6.35 1.76 3.59 

1000 3.42 2.02 1.69 

1100 3.2 2.02 1.59 
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3.5.2 Scanning Electron Microscopy (SEM) 

 

SEM was used to determine the morphology and size of the particles in the samples, 

information on morphology can give insights into how particles may travel through a system. 

SEM can also be used to show how samples change in the different environments of the 

combustion rig through monitoring the shape and degree of agglomeration. 

Samples were prepared by mounting pre-ground samples on carbon pads attached to 

aluminium stubs, followed by gold coating for 30s using a gold sputter coater. Leo-Zeiss 1530 

VP Field emission gun SEM was used for analysis at 5kV, aperture size 30µm using an SE2 

detector.  

3.5.3 Energy Dispersive X-ray Spectroscopy (EDS) 

 

SEM-EDS was used to show regions of closely occurring elements and map elemental 

variation across samples, this was used alongside PXRD to allow swift phase identification. 

Leo-Zeiss 1530 VP Field emission gun SEM was used for analysis at 20kV, 60µm aperture 

size, working distance 8.5mm using an SE2/ backscatter detector.  Energy dispersive X-ray 

spectroscopy (EDS) using Oxford Instruments X-Max 80mm2 Detector. Aztec software was 

used for analysis. Both mapping and whole sample spectral analysis were used. 

This technique has several limitations, there is a limit of detection of 1000-3000 ppm and only 

elements heavier than Be can be analysed. The spatial resolution of elements is atomic 

number dependent with higher atomic number having a resolution of 0.2-1 µm3 and lower 

having a resolution of 1-5 µm3
. The accuracy of the EDS analysis is ±5% for the ash samples 

analysed due to the rough surface of the particulate. A high accelerating volume was used 

and as such spatial resolution was decreased as the X-rays were generated from deeper in 

the samples. 

 

3.5.4 Micro X-Ray Flourescence (XRF) 

 

To complement the analysis performed by E.ON for the ash composition analysis, samples 

were prepared by grinding to a powder in a pestle and mortar. SPEX™ SamplePrep Prep-

Aid™ Grinding Aid was added in a 10-20% ratio to allow pelletisation. Pelletisation was 

performed in a Specac 15T manual hydraulic press using a 10mm pellet die. Pellets were 

pressed for 3 minutes at 10T. 

Data was collected using an EDAX Orbis Micro XRF analyser in vacuum mode whilst applying 

Rh-tube radiation (40kV and 300µA).  The x-ray primary beam was focused to a spot of 2mm 
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Figure 3-3: A comparison of XRF spectra a) without a filter and b) with a 250um Al filter to remove Rh 
3/interference with Cl 

diameter. Analysis of two sites per sample disc was used, data is presented as an average 

with e.s.d of both sites. No beam filter was used except for the quantification of Cl where a 

250µm Al filter was used to eliminate Rh interference (peak overlaps ClK 2.622, RhL 2.697, 

illustrated in Figure 3-3). Results were recorded using the Orbis Vision Software. 

  

 

 

 

 

 

 

 

 

Results of the ash analysis are presented in Table 3-18. There is variation between the 

composition presented here and those presented in Table 3-2 and 3-3. The most significant 

variation is between the Si contents of the hemp ash and the hemp and coal ash which are 

much lower than those determined by ICP. The Ca also shows variation in comparison to the 

ICP results. 

One study which accounts for discrepancy between the ICP-OES results from E.On and the 

XRF results can be attributed to the conclusion drawn by Xing et al.136 who state that biomass 

ash prepared at 550°C can give inaccurate results from XRF analysis owing to significant 

unburnt carbon retained in the ash. This means that the results should be used in conjunction 

when looking at the lower temperature ashes i.e. up to 800°C. The temperature 800°C is used 

here as they also state that use of an ashing temperature above 800°C is more suitable for 

XRF testing. Therefore the XRF results for the laboratory high temperature ash (Chapter 4) 

and the deposits, quench and cyclone ashes (Chapter 5) can be used as stand alone as they 

are comparable to those produced using wet digestion136. 

Variations between the provided data and the collected data can be accounted for through the 

ashing procedure. In house ashing was undertaken using a different method than BS 18122137. 

The key differences between the two methods which accounts for the variation in Ca and Si 

present are the absence of a lid in the ashing procedure of the provided results, which may 

have resulted in the volatilisation of Ca in the samples giving a lower composition than 

observed in the collected data. A further difference is the loading of the ashing container in 
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the in house collected data exceeded 0.1g/cm3 of the bottom area, increasing the chance of 

incomplete incineration of the lower layer of biomass and increasing the CO2
 absorption onto 

the top ash layer which increases the likelihood of CaCO3 formation in calcium rich samples.137 

This in turn could change the amount of Ca present in the samples for the analysis and as 

such accounts for the data variation between provided and collected data. 

These variations should be anticipated as BS 16967 states that unless the ashing procedure 

is performed exactly as in BS18122137 methodical deviations will influence the results.127 As 

such general comparisons, e.g. trends between the data sets can be drawn however direct 

comparison, e.g. Ca content should be used with caution. Comparison with combustion rig 

data can be drawn from both data sets as the ash formation mechanism in the combustion rig 

is vastly different to either the provided data or the collected data. 

There are also significant differences between the calculated results for the biomass and coal 

blends (Table 3-5) and those determined using XRF. This is due to one set being calculated 

and one set being measured. The calculation does not account for ash matrix reactions. 

Calibration of the results was performed using the ‘no standards fundamental parameters(FP)’ 

approach, incorporated into the software. Fundamental parameters (FP) were first proposed 

in 1955138 and are based on the characteristic spectral line radiation emitted by an analyte and 

the concentration139.  The FP algorithm solves non linear equations which describe the 

intensity variation via concentration and layer thickness for each element140. It is cited as 

accurate for both layered and bulk samples140. A stored reference for each pure element is 

stored after measurement by the instrument manufacturer, this is then used by the algorithm 

to create a reference intensity ratio139. The EDAX algorithm is patented141 and has a non 

disclosed method for the quantitative method of FP using a standardless method. Further 

information on the instrument and software can be found in the ‘X-Ray Flourescence 

Metrology Tools’ guide provided by EDAX142.  

Results of the ash analysis are presented in Table 3-18.  

3.6 Synthesis of Akermanite 

 

Diopside (CaMgSi2O6, 0.5580g) and calcite (CaCO3, 0.2807g) were ground together in a 

pestle and mortar. The mixture was placed in a Pt crucible and heated to 900°C for 1 hour. 

The sample was then heated to 1000°C for 1 hour, followed by a final heating to 1100°C for 1 

hour. The samples were then analysed using PXRD and diopside, akermanite, larnite, and 

lime were identified. 
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Table 3-18: Elemental composition of the ash of biomass fuels presented in this thesis as determined by XRF 

Analyte 
Kusbass 

Coal 
Hemp Eucalyptus Hemp and Coal 

Eucalyptus  

and Coal 

Al 15.24 ±0.21 0.95 ±0.03 4.86 ±0.11 4.01 ±0.16 10.54 ±0.08 

Ca 8.52 ±0.37 39.95 ±0.47 36.70 ±0.64 31.91 ±0.01 17.75 ±0.13 

Cl 0.13 ±0.02 1.32 ±0.11 0.11 ±0.00 0.94 ±0.04 1.02 ±1.17 

Fe 11.13 ±0.62 1.41 ±0.04 9.61 ±0.33 3.13 ±0.02 11.93 ±0.49 

K 3.53 ±0.08 14.62 ±0.86 11.24 ±0.18 13.91 ±0.13 7.81 ±0.01 

Mg 2.38 ±0.31 6.81 ±0.46 6.03 ±0.33 5.27 ±0.19 2.81 ±0.05 

Mn 0.12 ±0.00 0.38 ±0.01 4.02 ±0.14 0.34 ±0.00 1.28 ±0.01 

Na 1.11 ±0.37 0.88 ±0.16 0.70 ±0.98 0.78 ±0.25 1.23 ±0.10 

Ni 0.03 ±0.01 0.07 ±0.00 0.09 ±0.01 0.02 ±0.00 0.04 ±0.01 

P 1.59 ±0.12 13.56 ±0.23 4.25 ±0.13 11.94 ±0.05 2.48 ±0.02 

S 11.16 ±0.13 2.22 ±0.16 2.55 ±0.05 4.55 ±0.21 9.16 ±0.08 

Si 43.17 ±0.49 13.41 ±0.23 16.92 ±0.21 23.41 ±0.49 31.25 ±0.35 

Sr 0.49 ±0.04 0.11 ±0.00 0.39 ±0.00 0.18 ±0.01 0.39 ±0.03 

Ti 1.41 ±0.03 0.47 ±0.37 0.92 ±0.03 0.42 ±0.06 1.35 ±0.01 

Zn 0.08 ±0.01 0.16 ±0.01 0.28 ±0.01 0.10 ±0.01 0.14 ±0.00 

Zr 0.08 ±0.00 0.05 ±0.00 0.02 ±0.01 0.07 ±0.04 0.05 ±0.01 

Total 100.14  96.33  98.66  100.94  99.20  
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4 Laboratory Ashing Studies of Selected Biomass Fuels, 

Hemp, Coal and Eucalyptus and their blends 

 

Fuel characteristics such as calorific value, elemental composition, and the presence of heavy 

metals (e.g. Cd, Pb, and Zn) can give important information into the feasibility for large scale 

combustion. Ash behaviour, including the formation of corrosive phases and the melting 

temperature (high or low) of silicates will give insight into the potential deposition areas, and 

therefore likely areas of corrosion in a full scale power plant. It is advisable that fuel should be 

investigated prior to full application, with the IEA Bioenergy Taskforce 32 publishing a report 

into advanced characterisation of solid biomass fuels.143  

Vassilev et al.,15,27,31,42,144 published multiple reviews of the current state of biomass ash 

research, giving indications of phases present and formation temperatures. The information 

gathered about phase transformations in the ash can also be used to identify phases that may 

cause issues during combustion, e.g. K-Silicates with low melting temperatures which can 

increase the likelihood of slagging and fouling. Information on phases formed at high-

temperature can also compliment research into the use of biomass ash disposal or utilisation. 

Vassilev et al.144 noted that as woody biomass typically has a lower ash content than 

conventional fossil fuels, they will be of benefit in energy production as less fouling, deposition, 

and agglomeration will be observed. They also noted however, that the highly variable 

composition of biomass ash between different sources of biomass can lead to problems when 

predicting where slagging and fouling are likely to occur.  

A further study by Vassilev et al.15 indicates that the higher Ca, K, Mg, Mn, Na, P, carbonates, 

chlorides, and phosphates values, and lower Al, Fe, N, S, Si, Ti, oxyhydroxides, and silicates 

compared to coal are responsible for the lower ash fusion temperature of biomass. This lower 

ash fusion temperature can in turn lead to the formation of low temperature melts. One of the 

most cited methods of predicting whether a fuel will foul or slag is the alkali index Equation 4-

8, where m = weight % in the ash).145 

𝑚𝐹𝑒2𝑂3 +𝑚𝐶𝑎𝑂 +𝑚𝑀𝑔𝑂 +𝑚𝐾2𝑂 +𝑚𝑁𝑎2𝑂

𝑚𝑆𝑖𝑂2 +𝑚𝑇𝑖𝑂2 +𝑚𝐴𝑙2𝑂3
 

Equation 4-8 

The alkali index, typically expressed by alkali metal oxide mass per unit fuel energy produced 

thermally (GJ) is often used in conjunction with modelling to predict boiler furnace slagging.146–



 
 

 

 
 

54 

148  Fuels with alkali index below 0.17kg/GJ are of low fouling and slagging index whereas 

those with an index above 0.34 kg/GJ are likely to foul severely.147 

Fuels can also be ashed under laboratory conditions to determine the fate of elements 

considered important due to their potential to foul boilers and propagate corrosion; high 

interest elements such as K,Cl, and S are often monitored. Niu et al.149 investigated capsicum 

stalks, cotton stalks, and wheat stalks over the temperature range 1000-1400°C to observe 

the speciation of these elements at high temperature. Suarez-Garcia et al.150 characterised 

ash formed from vegetable biomass feedstocks using PXRD and Fourier transform infrared 

spectroscopy (FTIR); at low temperatures (373 – 427K) quartz, carbonates, halites and 

phosphates were found to dominate, whereas at higher temperatures (823K) other 

transformations were observed.  

XRF data for each of the fuels was collected and is presented in Table 4-1. The difference 

between the data provided by E.On (Table 3-2) and the data collected using XRF can be 

attributed to both the presence of unburnt carbon in the ash matrix produced at 575°C and the 

difference in the ashing methods (previously discussed in section 3.5.3). This carbon may also 

be present as carbonates, which are identified in X-ray diffraction data.  It has previously been 

shown that XRF analysis of biomass ash heated below 800°C can be inaccurate due to 

retained unburnt carbon136.  When comparing the results of ash formed at 575°C and 900°C 

XRF data is used as comparison is for the general trends.
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Table 4-1: XRF data for the composition of the fuel ashes 

Analyte 
Kusbass 

Coal 
Hemp Eucalyptus Hemp and Coal 

Eucalyptus  
and Coal 

Al 15.24 ±0.21 0.95 ±0.03 4.86 ±0.11 4.01 ±0.16 10.54 ±0.08 

Ca 8.52 ±0.37 39.95 ±0.47 36.70 ±0.64 31.91 ±0.01 17.75 ±0.13 

Cl 0.13 ±0.02 1.32 ±0.11 0.11 ±0.00 0.94 ±0.04 1.02 ±1.17 

Fe 11.13 ±0.62 1.41 ±0.04 9.61 ±0.33 3.13 ±0.02 11.93 ±0.49 

K 3.53 ±0.08 14.62 ±0.86 11.24 ±0.18 13.91 ±0.13 7.81 ±0.01 

Mg 2.38 ±0.31 6.81 ±0.46 6.03 ±0.33 5.27 ±0.19 2.81 ±0.05 

Mn 0.12 ±0.00 0.38 ±0.01 4.02 ±0.14 0.34 ±0.00 1.28 ±0.01 

Na 1.11 ±0.37 0.88 ±0.16 0.70 ±0.98 0.78 ±0.25 1.23 ±0.10 

Ni 0.03 ±0.01 0.07 ±0.00 0.09 ±0.01 0.02 ±0.00 0.04 ±0.01 

P 1.59 ±0.12 13.56 ±0.23 4.25 ±0.13 11.94 ±0.05 2.48 ±0.02 

S 11.16 ±0.13 2.22 ±0.16 2.55 ±0.05 4.55 ±0.21 9.16 ±0.08 

Si 43.17 ±0.49 13.41 ±0.23 16.92 ±0.21 23.41 ±0.49 31.25 ±0.35 

Sr 0.49 ±0.04 0.11 ±0.00 0.39 ±0.00 0.18 ±0.01 0.39 ±0.03 

Ti 1.41 ±0.03 0.47 ±0.37 0.92 ±0.03 0.42 ±0.06 1.35 ±0.01 

Zn 0.08 ±0.01 0.16 ±0.01 0.28 ±0.01 0.10 ±0.01 0.14 ±0.00 

Zr 0.08 ±0.00 0.05 ±0.00 0.02 ±0.01 0.07 ±0.04 0.05 ±0.01 

Total 100.14  96.33  98.66  100.94  99.20  
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4.1. Hemp 

 

Competition for land use between food, animal feed, and energy production is high. This 

means crops with the best energy yield per hectare are selected for growth for use as 

biomass.151 Annual biomass, biomass in which the whole plant can be used for energy 

production, and crop rotation (alongside food and feed) have been identified as critical.151 

Hemp (Cannabis Sativa L.) previously cultivated for fibre production, fits the above criteria as 

a biomass suitable for energy production. The hemp fibre cultivation process does not require 

excessive pesticide use, as it is a natural weed suppressant.151,152 Its natural resilience means 

it is also suitable for growth in multiple climates around the world.153 Hemp has been reported 

to grow 50cm/month with the leaf shedding increasing the organic matter in the surrounding 

soil and improving its quality.154  

Hemp cultivation has been widespread for the past 5000 years.154 EU legislation prevented 

the growth of hemp for around 40 years due to the presence of d-9-tetrahydrocannibinol 

(THC).154 Much investigation into breeding hemp cultivars with low THC content has occurred 

since a legislation change in 2001.153 This legislation states that crops with a THC content 

below 0.2% may be grown; in the UK this is subject to license.155 

4.1.1 Hemp Fuel 

 

PXRD data (Figure 4-1) collected on the unburnt pulverised hemp fuel has two broad peaks 

in the 15-25° 2θ region, which can be identified as the poorly crystalline cellulose, hemi-

cellulose, and lignin.156  Crystalline phases are also present in the fuel and have been identified 

as SiO2 (quartz), CaCO3 (calcite), CaC2O4 (calcium oxalate), and KAlSi3O8 (microcline), which 

is thought to be extraneous in origin (from the soil/ collected during the harvesting process). 

The speciation of silica in plants is complex and yet to be fully understood. It is widely accepted 

that Si is usually taken up as orthosilicic acid (Si(OH)4). The pathways it takes before final 

deposition in the cells are still under investigation.157  

SEM imaging (Figure 4-2) of the hemp fuel shows a distinct fibrous nature to the un-ashed 

fuel, also present on the surface of the fuel are large thorn- like structures, thought to be 

trichomes (small epidermal protrusions).158 EDS analysis of these structures (Figure 4-3) 

shows them to be largely comprised of Si, O, Mg, and Ca with P, S, Cl, and K present in 

smaller quantities. Carbon is also present in the spectra. However as the fuel is stuck on a C 

sticky pad it is not possible to distinguish from the background.  
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SEM-EDS (Figure 4-4) analysis of the raw fuel also shows the presence of crystals with the 

main composition of Ca, C, and O. This could indicate the presence of CaC2O4 (calcium 

oxalate) or CaCO3 (calcium carbonate); both are present in the XRD data. The presence of 

CaC2O4 in hemp has been well established159 with K content affecting the size and shape of 

the oxalate crystals.  

Figure 4-1: XRD Pattern for the raw hemp fuel collected on the D2 diffractometer Cu Kɑ radiation (Qz- quartz,  Ca - calcite, 

C-Ox- calcium oxalate Mi - microcline) 
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Figure 4-3: Au coated EDS spectrum of the trichomes in the 
raw hemp fuel 

Figure 4-2: Electronmicrograph of raw hemp fuel showing a clear organic matrix i.e. the 
fibrous nature, with trichomes, large silicate structures attached 
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4.1.2 Hemp Ash 

 

Hemp was ashed according to the procedure outlined in Section 3.5.1. After ashing, the 

organic components (cellulose, hemi-cellulose, and lignin) were removed with the inorganic 

ash components remaining. Analysis of the PXRD data (Figure 4-5) shows the collected 

patterns for the hemp ash after heat treatment at 600-1100°C with Table 4-2 showing the 

phases present at each temperature. 

PXRD analysis of the ash showed the presence of SiO2 (quartz), in agreement with the Si 

identified in the fuel ash (Table 3-18, Table 3-2). CaCO3 was present after ashing and could 

be present in the fuel itself or through decomposition of CaC2O4 (Equation 4-2, Equation 4-10) 

𝐶𝑎𝐶2𝑂4
500°𝐶
→   𝐶𝑎𝐶𝑂3 + 𝐶𝑂 

Equation 4-9 

2𝐶𝑎𝐶2𝑂4 + 𝑂2  
420°𝐶
→   2𝐶𝑎𝐶𝑂3 + 2𝐶𝑂2 

 Equation 4-10 

The presence of K2Ca(CO3)3 (fairchildite), Ca10(PO4)6(OH)2  (hydroxylapatite (HA)), and KCl 

(sylvite) agree with previous research by Vassilev et al.,15 who stated that the formation of 

secondary carbonates, phosphates and chlorides will occur below 500°C. Work by Vassilev 

et al.27 has shown multiple occurrences of both apatites and hydroxyaptites which are thought 

to have been derived from organic matter. Vamvuka et al.33 suggest that the HA formation 

may also be due to fertiliser used during the growth of the biomass.  MgO is present, and 

multiple theories have been proposed for its formation27 including the thermal decomposition 

of chlorophyll (C55H72O5N4Mg). 

Figure 4-4: Electronmicrograph of crystals present in the raw hemp fuel with EDS spectrum  showing the composition 
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Table 4-2: Phases present at each temperature in the furnace ashing of hemp 

   Temperature (°C) 

Phase Key Composition 600 700 800 900 1000 1100 

Quartz Qz SiO2 • • • • • • 

Calcite Ca CaCO3 • • •    

Sylvite Sy KCl • • • •   

Fairchildite Fa K2Ca(CO3)2 • • •    

Hydroxyapatite Ha Ca10(PO4)6(OH)2 • • • • • • 

Microcline Mi KAlSi3O8 • • • • • • 

Periclase P MgO • • • • • • 

Dolomite Do CaMg(CO3)2 • • •    

Wollastonite Wo CaSiO3    • • • 

Diopside Di CaMgSi2O6   • • • • 

Akermanite Ak Ca2MgSi2O7     • • 

Larnite La Ca2SiO4     • • 

Kalsilite Ka KAlSiO4     • • 
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Figure 4-5: Patterns of hemp ash showing phases formed at high temperature, data collected on I-11 (λ 0.82675) beamline PXRD data is truncated to the range 0.2-0.5 1/D for clarity 
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At lower temperatures, carbonates (CaCO3, CaMg(CO3)2,  and K2Ca(CO3)2) are present as is 

found in the original raw fuel ash. On heating, the carbonates begin to decompose and new 

phases form through reaction. 

CaCO3 decomposes to form CaO according to the reaction outlined in Equation 4-11.160 There 

are many temperatures presented for this decomposition:31 

𝐶𝑎𝐶𝑂3 → 𝐶𝑎𝑂 + 𝐶𝑂2         

Equation 4-11 

The presence of CaO, formed through the decomposition of CaCO3, is not observed in the 

PXRD patterns presented here, suggesting that upon formation it may react with another 

phase in the samples. Research by Vassilev et al.,15 estimates the formation of lime (CaO) 

occurs between 500-700°C. The composition of the ash, and the atmosphere the ashing is 

carried out at, will have an affect on the decomposition temperature. Research by Cultrone et 

al.161 into ceramic carbonate silicate, phases formed during ceramic firing, suggests reactions 

at the carbonate/ silicate interface through mass diffusion and viscous flow. This would 

eliminate the detectable decomposition to CaO. 

The diffraction peak of MgO at 22.6°2θ (Figure 4-5) sharpens with increasing temperature, 

suggesting the MgO present becomes more crystalline at higher temperatures. This could also 

be due to an increase in MgO due to the decomposition of dolomite 

CaMg(CO3)2 decomposes according to the reaction:162 

𝐶𝑎𝑀𝑔(𝐶𝑂3)2 → 𝐶𝑎𝐶𝑂3 +𝑀𝑔𝑂 + 𝐶𝑂2        500 − 900℃ 

Equation 4-12 

At temperatures above 800°C, the silicate phases CaSiO3 (wollastonite), CaMgSi2O6 

(diopside), Ca2MgSi2O7 (akermanite), Ca2SiO4 (larnite), and KAlSiO4 (kalsilite) begin to form. 

Formation of these phases is proposed through the reaction of CaO/MgO/SiO2 at the elevated 

temperatures during heat treatment. This fits with previous work undertaken on ceramic and 

clay systems with similar compositions (Table 4-3)  to those in the hemp ash where it was 

shown that MCO3 (M = Mg, Ca) reacts with SiO2 during decomposition to form alkali 

silicates:162 

𝐶𝑎𝐶𝑂3 + 𝑆𝑖𝑂2 → 𝐶𝑎𝑆𝑖𝑂3 + 𝐶𝑂2 

Equation 4- 13 
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𝐶𝑎𝑀𝑔(𝐶𝑂3)2 + 𝑆𝑖𝑂2 → 𝐶𝑎𝑀𝑔𝑆𝑖2𝑂6 + 2𝐶𝑂2 

Equation 4-14 

 

Table 4-3: Composition of clays with high dolomite and calcite composition162 

Element (wt %) Calcite Rich Clay 
Dolomite Rich 

Clay 

SiO2 25.7 23.8 

Al2O3 9.39 9.33 

TiO2 0.49 0.38 

Fe2O3 (total) 5.41 3.97 

MgO 1.81 11.9 

MnO 0.05 0.11 

CaO 27.6 17.7 

Na2O 0.06 0.23 

K2O 2.11 3.93 

P2O5 0.11 0.11 

Loss on ignition 26.1 27.8 

 

Topas Academic (version 6) was used for the Rietveld refinement of high resolution powder X 

ray diffraction data collected on the  beamline I11 (Diamond Light Source) of the hemp 

laboratory synthesised ash samples (600-1100°).  Initially, a Pawley fit of the data was carried 

out to obtain starting unit cell and peak shape parameters. The phases were modelled 

according to information on the ICDD 2004 database cards. Calcite was modelled using the 

hexagonal setting of the rhombahedral space group. 

This was followed by Rietveld refinement using atom position information from CIF files. 

Lattice parameters, atom positions, peakshape, and thermal parameters were modelled for 

each phase with the thermal parameters of the  Ca-silicate phase(s) being constrained to 1 to 

give the most consistent results.The pathways of formation for the Ca-silicates which have 

previously been identified are corroborated by the by the quantitative analysis. A general trend 

was observed (Figure 4- 6) in that the amount of quartz decreases as a function of temperature 

due to reaction of this phase with Ca2+ (present from the decomposition of carbonate phases) 

to form complex calcium silicate phases (i.e: diopside, wollastonite, larnite, and akermanite). 

At 1000°C, the background increased (Figure 4-11) in comparison to the other patterns 
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collected; whilst some Ca-silicates were observed at this temperature, it is likely that they were 

present as glassy amorphous phases which then crystallised out at 1100°C.  

The proportions of the phases refined doesn't take into account the presence of any 

amorphous phases, so it can artificially enhance the proportions of some crystalline phases 

(making the peak appear higher than it is). Hydroxyapatite, the Ca-P phase present in each of 

the samples exhibits peak sharpening at 800°C (Figure 4-8) which suggests that it undergoes 

recrystallization or annealing. At lower temperatures the, Ca2+ source for the formation of 

diopside is the calcite (CaCO3) which shows a dramatically reduced quantity at 800°C. At 

higher temperatures, the hydroxyapatite is thought to contribute some of the Ca for the phases 

to form.  

The reaction of diopside with CaCO3 was conducted, results are presented in Section 4.1, 

where larnite and akermanite were identified alongside residual diopside. The quantity of 

diopside decreased as the temperature the samples were held at increased. This suggests 

that as diopside forms it may be further converted into other Ca-silicates, either through a 

phase transformation or through reaction with quartz or CaO/MgO to form akermanite.

Figure 4- 6: Variation in phases in the hemp samples vs weight percent. Laboratory synthesised hemp 
ash after heat treatment at 600°C-1100°C 
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a) 
b) 

c) 

Figure 4-7: (a) The refinement parameters for rietveld refinements of 600°C heat treated hemp ash. (b) A table presenting the results and errors for the wt% of the phases present in 

the refinement (c) Experimental (blue), calculated (red) and difference (grey) plots for rietveld refinements of 600°C heat treated hemp ash.  
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a) 
b) 

c) 

Figure 4-8: (a) The refinement parameters for rietveld refinements of 700°C heat treated hemp ash. (b) A table presenting the results and errors for the wt% of the phases present in the 
refinement (c) Experimental (blue), calculated (red) and difference (grey) plots for rietveld refinements of 700°C heat treated hemp ash.  
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a) 
b) 

c) 

Figure 4-9: (a) The refinement parameters for rietveld refinements of 800°C heat treated hemp ash. (b) A table presenting the results and errors for the wt% of the 
phases present in the refinement (c) Experimental (blue), calculated (red) and difference (grey) plots for rietveld refinements of 800°C heat treated hemp ash.  
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  a) b) 

c) 

Figure 4-10: (a) The refinement parameters for rietveld refinements of 900°C heat treated hemp ash. (b) A table presenting the results and errors for the wt% of the 
phases present in the refinement (c) Experimental (blue), calculated (red) and difference (grey) plots for rietveld refinements of 900°C heat treated hemp ash.  
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a) 

b) 

c) 

Figure 4-11:  (a) The refinement parameters for rietveld refinements of 1000°C heat treated hemp ash. (b) A table presenting the results and errors for the wt% of the 
phases present in the refinement (c) Experimental (blue), calculated (red) and difference (grey) plots for rietveld refinements of 1000°C heat treated hemp ash.  
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a) b) 

c) 

Figure 4-12: (a) The refinement parameters for rietveld refinements of 1100°C heat treated hemp ash. (b) A table presenting the results and errors for the wt% of the 
phases present in the refinement (c) Experimental (blue), calculated (red) and difference (grey) plots for rietveld refinements of 1100°C heat treated hemp ash.  
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Table 4-4: XRF data for hemp ash and high temperature hemp ash treated at 900°C 

 Wt% 
 Hemp Ash Hemp 900°C 

Al 0.95 ±0.03 1.14 ±0.06 

Ca 39.95 ±0.47 32.93 ±0.12 

Cl 1.32 ±0.11 0.71 ±0.08 

Fe 1.41 ±0.04 1.30 ±0.03 

K 14.62 ±0.86 14.78 ±0.57 

Mg 6.81 ±0.46 5.64 ±0.26 

Mn 0.38 ±0.01 0.31 ±0.01 

Na 0.88 ±0.16 0.62 ±0.03 

Ni 0.07 ±0.00 0.10 ±0.00 

P 13.56 ±0.23 13.11 ±0.29 

S 2.22 ±0.16 2.55 ±0.11 

Si 13.41 ±0.23 24.05 ±0.35 

Sr 0.11 ±0.00 0.11 ±0.00 

Ti 0.47 ±0.37 0.19 ±0.04 

Zn 0.16 ±0.01 0.14 ±0.00 

Zr 0.05 ±0.00 0.03 ±0.00 

 96.33 97.67 

 

XRF data comparing the 900°C ash composition to the hemp ash is presented in Table 4-4.  

Reduction in the Ca content (39.95 to 32.93 wt%) is observed, this indicates that some of the 

Ca may have volatilised when the carbonate (calcite, fairchildite and dolomite) decomposed. 

The loss of the Ca explains the increase in Si content (13.41 to 24.05 wt%) which also 

corresponds with the formation of the wollastonite (CaSiO3) and diopside (CaMgSi2O6). The 

decrease in Ca content indicates a change in the form of the Ca (e.g. from CaCO3 to CaO) 

which would have then reacted more readily with the SiO2 to form the complex silicates. The 

P content of the ash does not change significantly (13.56 and 13.11 wt%). This agrees with 

the XRD data, which indicates that there is no change in the phase hydroxyapatite 

(Ca10(PO4)6(OH)2) which contains the majority of the P. 

A decrease in the Cl content (1.31 to 0.71 wt%) is also seen, this suggests sylvite (KCl) is 

released at various intervals throughout the high temperature treatment. This decrease is not 

as visible through the rietveld analysis of the XRD data with a decrease in KCl from 2.81 wt% 

to 2.28 wt%. It is worth noting that as other phases in the ash decompose or transform the 

need for the quantitative analysis to add up to 100% accounts for this discrepancy. 

The Mn is not observed in any of the phases identified in the XRD data suggesting that it is 

present as amorphous manganese oxide. Some manganese may be incorporated into the 

silicates formed at high temperatures e.g. wollastonite (CaSiO3).163 
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The synthesis of akermanite (Ca2MgSi2O6) from diopside (CaMgSi2O6) was carried out to 

determine whether the excess Ca2+ present in the biomass ash would drive the formation of 

akermanite. XRD data collected on a synthetic sample of akermanite, produced through the 

high temperature reaction of diopside and calcite, is presented in Figure 4-13. The synthesis 

was carried out under the same conditions (temperatures and atmosphere) as the high 

temperature heat treatment of the biomass ashes.  This suggests that Ca2+ rich phases and 

diopside are likely to react to synthesise akermanite. Larnite (Ca2SiO4) was identified as an 

Figure 4-13: PXRD patterns of the starting reagents diopside and calcite and the reactions  at three temperatures to 

simulate reaction temperatures in the laboratory ash. Di- diopside (CaMgSi2O6)  Ak - akermanite (Ca2MgSi2O6) La- 

larnite (Ca2SiO4) Li - lime (CaO) Qz – quartz (SiO2)patterns were collected on the D8 Discover using Co Kɑ1 radiation 
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impurity phase. This suggests an excess of available Ca2+ in the ash will react with SiO2 to 

form larnite. 

Figure 4-14 shows the CaSiO3-MgSiO3 phase diagram by Jung et al.,164 highlighting the 

phases formed  over the temperature range 800-1800°C. The presence of both wollastonite 

and diopside in the hemp ash samples are supported by the phase diagram from this study.164 

Diopside (CaMgSi2O6) is present from 800°C, akermanite (Ca2MgSiO7) is present only above 

1000°C). The results presented in Figure 4-13 indicate that Ca2MgSiO7 only forms once an 

excess of reactive Ca is present and may require a higher temperature to be synthesised. 

Further high temperature experiments were carried out using a high temperature stage 

coupled to an X-ray diffractometer (details given in section 3.5.1, data presented in Figure 4- 

15). This was to monitor in-situ phase transformations and potential solid-solid interactions. 

Analysis of the data showed the phases identified were similar to those identified in the ex-

situ high temperature treated ash.  In the in-situ data, the thermal decomposition of calcite to 

lime was observed between 500-600°C, much lower than the decomposition observed in the 

ex-situ data. This suggests that when the sample was removed from the furnace, the CaO 

reacted with CO2 in the air to form CaCO3, rather than reacting further to form silicates.  

In-situ HT-PXRD also showed the presence of Ca-silicates at lower temperatures than those 

observed in the ex-situ data collected at ambient temperature. Calculation of peak positions 

of wollastonite, larnite, and akermanite at different temperatures could not be performed due 

to insufficient thermal expansion data.  The sets of peak positions for these silicates fit with 

the phases identified in data collected at room temperature and shift accordingly with further 

Figure 4-14: Calculated phase diagram of the CaSiO3 - MgSiO3 metasilicates from Jung 
et al.164 
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heating.  Akermanite is present whilst diopside is not, suggesting that as it forms a full 

conversion from diopside to akermanite is undergone.  Trindade et al.153 report that CaO is 

consumed more rapidly than MgO during formation of phases in the CaO-MgO-SiO2 system 

and therefore under the conditions studied, where Ca is much more abundant akermanite may 

be more likely to form. 

Hydroxyapatite is present in the in-situ data (Table 4-5), thermal expansion data was used to 

calculate powder diffraction patterns at non-ambient temperatures165 using a theoretical 

diffraction pattern calculation program. It is shown that hydroxyapatite is present up to 1000°C, 

and this is confirmed through the matching of patterns to calculated patterns (Appendix 1). 
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Table 4-5: Phases present in in-situ HT-PXRD 

   Temperature (°C) 

Phase Key Composition 500 600 700 800 900 1000 

Quartz Qz SiO2 • • • • • • 

Sylvite Sy KCl • •     

Calcite Ca CaCO3 • • • •   

Lime Li CaO   • • •  

Larnite  Ca2SiO4    • •  

Wollastonite Wo CaSiO3  • • • • • 

Hydroxyapatite Ha Ca10(PO4)6(OH)2 • • • • • • 

Microcline Mi KAlSi3O8 • •     

Akermanite Ak Ca2MgSi2O6     • • 
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Figure 4- 15: In-situ HTPXRD patterns of hemp ash showing phase changes undergone in the ash Cu Kɑ1 radiation (Section 2.4.1) 
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SEM imaging of the samples heated at temperatures between 600-1100°C (Figure 4-16) 

shows a decomposition of the organic matter from the raw hemp fuel (Figure 4-2) to ash at 

600°C i.e: the large organic structures can no longer be observed. The trichomes present in 

the raw fuel (Figure 4-2) are still clearly visible at the higher temperatures and have not 

decomposed or melted suggesting they are highly thermally stable. The point where the thorns 

connected to the organic structure prior to ashing can also be observed (circled in Figure 4-

16c and d), EDS analysis of these sites (Figure 4-17) shows that they have an incredibly 

similar composition to that of the trichomes themselves (Figure 4-3). With increasing 

Figure 4-16: Electronmicrographs of hemp ashed at a) 600°C for 1 hour b) 700°C for 1 hour c) 800°C for 1 hour d) 900°C 
for 1 hour e)1000°C for 1 hour f) 1100°C for 1 hour 
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temperature, a higher number of large glass-like particles are present (*). This suggests 

melting, reaction and agglomeration of particles in the fuel. 

Figure 4-18, shows EDS maps of the hemp ash at 600°C giving clear association between K+ 

and Cl- confirming the presence of KCl. Regions of close association of Si with other elements 

are not clearly observed at the low temperature, this is in agreement with the PXRD data which 

shows that the Ca-Mg-silicates do not form until 800°C. 

EDS maps of the hemp ash at 900°C (Figure 4-19) where a distinct region of association 

between Si and O is visible, this is likely to be quartz. Ca, Si, Mg, and O show clear 

associations confirming the presence of diopside. The association of Ca, P, and O also contain 

Mg, suggesting the incorporation of Mg  into the hydroxyapatite lattice; evidence of this 

incorporation was not observed during analysis of the PXRD data.166 This potential 

incorporation is also observed in the 1100°C ash sample (Figure 4-20). Figure 4-20 shows 

EDS maps of the hemp ash at 1100°C illustrating clear correlation between K,Al,Si and O 

which is likely to be present as microcline. The Ca, Mg, Si, and O are also still associated 

therefore confirming the presence of diopside (CaMgSi2O6) and akermanite (Ca2MgSi2O7).  

  

Figure 4-17: SEM Electronmicrograph of silicate thorn break site at 900°C and EDS analysis of the site 
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Figure 4-18: EDS Maps of hemp ashed for 1 hour at 600°C 
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Figure 4-19: EDS Maps of hemp ashed for 1 hour at 900°C 
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Figure 4-20: EDS Maps of hemp ashed for 1 hour at 1100°C 
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4.2 Eucalyptus 

 

Eucalyptus is classified as a fast growing woody biomass167 and has been shown to have a 

high calorific value.168 When used as an energy crop it is grown in a coppice system over 

periods of 3-6 years or 6-12 years.4 Eucalyptus is often widely used in the paper and pulp 

industry therefore study of the stumps that remain in the ground after harvesting has also been 

undertaken.169 In comparison to slower growing woody biomass, it has been found that 

eucalyptus may contain 0.04-0.43 wt% of K, Cl, and S.170 This information is important when 

considering coals to co-fire with a potential biomass.  

As well as stumps, analysis of eucalyptus bark, leaves and the whole biomass has been 

undertaken.171  Between the BIOBIB and Phyllis databases there are 27 entries concerning 

eucalyptus showing that it is being considered as a fuel for energy production.172,173 Neilan et 

al.168 reviewed the growth of eucalyptus in Ireland, and concluded that there is potential for 

several species to be used for energy production. 

4.2.1 Eucalyptus Raw Fuel 

 

PXRD of the raw eucalyptus fuel (Figure 4-21) shows broad peaks for the organic phases of 

cellulose, hemi-cellulose and lignin. The sharp peaks, indicative of crystalline phases in the 

hemp fuel are not present in the eucalyptus fuel. The ash content of the eucalyptus fuel is 

Figure 4-21: XRD Pattern of Eucalyptus Fuel showing large amorphous cellulose peaks collected on the D2 
diffractometer with Cu Kɑ radiation 
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much lower than that of the hemp (0.7% in comparison to 16.9%), this suggests that the 

crystallinity of the raw fuel is directly related to components later observed in the ash i.e. if 

crystalline inorganics/organics phases present in raw fuel and organics are observed then the 

elemental make-up of the fuel is more complex, potentially leading to more complex reactions 

in the ash. 

Figure 4-22, an electronmicrograph of the eucalyptus fuel shows a wood-like structure with 

some hemicellulose deposits on the surface, previously identified by Lima et al..174 Analysis of 

the fuel shows a structure characteristic of whole eucalyptus, with both morphology of 

eucalyptus bark and cellulose fibres present.169,174 

4.2.2 Eucalyptus Ash 

 

The eucalyptus was ashed according to the procedures outlined in Section 3.5. Analysis of 

the PXRD data of the ashes after high temperature heat treatment (Figure 4-23, Table 4-6) 

showed the phases present at each temperature. At 600°C the hemicellulose, cellulose, and 

lignin that were identified as present from the PXRD of the raw fuel have decomposed. The 

carbonates calcite, fairchildite and dolomite are formed during the thermal treatment of the 

raw fuel; formation of these phases has previously been explained by Vassilev  et al..15 Sylvite 

(KCl) and arcanite (K2SO4) were both present. In the analysis of the fuel ash, the chlorine and 

sulfur content of the fuels were shown to be (0.011% and 0.033%). The KCl is often reported 

as forming first, K2SO4 is then formed. After the decomposition of arcanite (between 800-

900°C), anhydrite (CaSO4) is formed, secondary sulphates (Table 2-5) have been seen to 

form at these temperatures.15 

Figure 4-22: Electronmicrograph of Eucalyptus fuel 
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Table 4-6: Phases present from 600-1100°C in the high temperature heat treatment of eucalyptus ash 

   Temperature (°C) 

Phase Key Composition 600 700 800 900 1000 1100 

Quartz Qz SiO2 • • • • • • 

Calcite Ca CaCO3 • •     

Fairchildite Fa K2Ca(CO3)2 • • •    

Microcline Mi KAlSi3O8 • • • •   

Sylvite Sy KCl •      

Periclase P MgO  • • • • • 

Hematite He Fe2O3 • • • • • • 

Arcanite Ac K2SO4 • • • •   

Kalsilite Ka KAlSiO4  • • • • • 

Lime Li CaO • •     

Monticellite Mo MgCaSiO4   • • •  

Portlandite Po Ca(OH)2   • • •  

Dolomite Do CaMg(CO3)2  •     

Anhydrite An CaSO4    • • • 

Grossular  Ca3Al2(SiO4)3      • 

Magnetite Mag Fe3O4  • •    

Forsterite Fo Mg2SiO4   • •   

Akermanite Ak Ca2MgSi2O6    • • • 

Wollastonite Ao CaSiO3    • • • 

Tridymite Tri SiO2    • • • 

Gehlenite Ge Ca2Al2SiO7     • • 

Merwinite Mw Ca3Mg(SiO4)2     • • 

Potassium Iron 

Oxide 

Not 

Shown 
KFe11O17     • • 
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The origin of the feldspar microcline is likely authigenic, present due to the harvesting methods 

of the biomass, as it is present at 600°C. The Fe containing phases hematite (Fe2O3) and 

magnetite (Fe3O4) are present due to the high Fe content of the eucalyptus ash (9.61% (XRF), 

5.13% (ICP-OES)) and not external in origin.   

As the heating temperature increases above 900°C, silicates begin to form. The Ca,(Mg)-

silicates that are present in high temperature heat treatment of hemp ash are also present in 

the high temperatures heat treated ash of the eucalyptus. In contrast to the hemp samples, 

diopside (CaMgSiO6) is not present whereas akermanite (Ca2MgSiO6) is present over the 

temperature range 900-1100°C.  Previous work by Courtial et al.175 has shown that diopside 

may experience early melting affects up to hundreds of degrees lower than the congruent 

melting point, and as such may react with excess Ca present in the samples to form 

akermanite, this is thought to be due to matrix impurities.  

Figure 4-24, illustrates the similarites between diopside (CaMgSi2O6), wollastonite (CaSiO4) 

and akermanite (Ca2MgSi2O7). Diopside is favoured under conditions with increased SiO2 and 

MgO content whereas akermanite is favoured with a higher CaO content.164  

The presence of monticellite (MgCaSiO4) and merwinite (Ca2Mg(SiO4)2) can also be related 

to the phase diagram (Figure 4-24), as a lower Si content will also lead to the formation of 

these phases. Trindade et al.162 show a reaction between dolomite and quartz at 800°C is 

responsible for the formation of monticellite. 

𝑆𝑖𝑂2 + 𝐶𝑎𝑀𝑔(𝐶𝑂3)2 → 𝐶𝑎𝑀𝑔𝑆𝑖𝑂4 + 𝐶𝑂2 

Equation 4-15  

The transformation of monticellite to merwinite may be facilitated by the decomposition of 

portlandite to lime, increasing the amount of available Ca to react with the monticellite to form 

merwinite. Vassilev et al.27 in their compilation of biomass phase transformations report the 

formation of monticellite at temperatures between 575-1300°C; solid state reactions are also 

reported in this temperature range supporting the formation of merwinite.
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Figure 4-23:  P-XRD patterns of laboratory ashed eucalyptus at temperatures 600-1100°C collected on beamline I-11 range (λ 0.826215) presented is 5-29°2θ to present 
clearer data 
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Trindade et al.162 also indicate the reaction of periclase (MgO) with diopside may lead to the 

formation of forsterite, which is also present in the high temperature heat treated ash. 

𝐶𝑎𝑀𝑔𝑆𝑖2𝑂6 + 3𝑀𝑔𝑂 → 2𝑀𝑔2𝑆𝑖𝑂4 + 𝐶𝑎𝑂 

Equation 4-16 

Trindade et al.162 further state that Ca is consumed prior to Mg, with Ca-Mg silicates expected 

to form prior to Mg-silicates which will then form due to an excess of MgO. The early formation 

of these compounds may be due to the inhomogenous nature of the fuels, and as such if MgO 

is situated close to SiO2 in the sample, forsterite will form prior to diopside. 

The Ca,Al-silicate phase gehlenite (Ca2(Al(Al Si)O7) was shown in research by Cultrone et 

al.161 to form in high temperature systems alongside wollastonite.  Gehlenite is formed in the 

heat treated ash between 900-1000°C. The presence of gehlenite alongside akermanite as a 

solid solution with the composition (2CaO.(1-x)MgO.xAl2O3.(2-x)SiO2 is suggested by Ventura 

et al..176 in their study of akermanite based glass ceramics. These studies show similar 

pathways of reaction to those in the biomass ash. 

  

Figure 4-24: Calculated liquidus surface of the CaO-MgO-SiO2 system at 1 bar pressure. T in °C Crist-Cristobalite Trid, 
Tridymite, woll, wollastonite,p-woll – pseudo wollastonite, diop- diopside, pig – pigeonite, aker – akermanite, merw- 

merwinite, mont – monticellite, fors - forsterite 
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At 1100°C the quartz is no longer detected and has transformed to the polymorph cristobalite 

(main peak at 11.7, Figure 4-5), as well as reaction with CaO and MgO to form the 

aforementioned Ca-Mg silicate phases. The reaction of all the SiO2 to silicates and other 

polymorphs is likely due to the lower SiO2 content of the fuel in comparison to hemp (26.5% 

compared to 44%), therefore if conditions favour the formation of other phases full conversion 

could take place. 

 

Figure 4-25: Electronmicrographs of eucalyptus ashed at a) 600°C for 1 hour b) 700°C for 1 hour c) 800°C for 1 hour d) 
900°C for 1 hour e)1000°C for 1 hour f) 1100°C for 1 hour 
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Table 4-7: XRF analysis of the eucalyptus ash and high temperature eucalyptus ash treated at 900°C 

 Wt% 

 Eucalyptus 
Eucalyptus 

900°C 

Al 4.86 ±0.11 5.68 ±0.04 

Ca 36.70 ±0.64 35.36 ±0.39 

Cl 0.11 ±0.00 0.12 ±0.04 

Fe 9.61 ±0.33 8.58 ±0.16 

K 11.24 ±0.18 9.58 ±0.17 

Mg 6.03 ±0.33 7.91 ±0.48 

Mn 4.02 ±0.14 3.65 ±0.09 

Na 0.70 ±0.98 0.47 ±0.66 

Ni 0.09 ±0.01 0.04 ±0.00 

P 4.25 ±0.13 4.84 ±0.04 

S 2.55 ±0.05 3.03 ±0.05 

Si 16.92 ±0.21 18.28 ±0.16 

Sr 0.39 ±0.00 0.39 ±0.04 

Ti 0.92 ±0.03 0.69 ±0.04 

Zn 0.28 ±0.01 0.26 ±0.01 

Zr 0.02 ±0.01 0.03 ±0.00 

 98.66  98.87  

 

The changes in elemental composition between the eucalyptus ash and the heat treated 

eucalyptus as are presented in Table 4-7. There are no large changes in the composition 

(above 3 wt%). There are minor increases in both Al (4.85 to 5.68 wt%) and Si (16.92 to 18.28 

wt%). This is likely to be due to the formation of the phase kalsilite (KAlSiO4). The decrease 

in the K content of the ash (11.24 to 9.58 wt%) may correspond with the loss of the phase KCl. 

There is an increase in the Mg content of the ash (6.03 to 7.91 wt%); this corresponds with 

the decomposition of dolomite to form periclase (MgO). This is also visible in the XRD patterns 

where a visible sharpening of the MgO peak is also observed.  

The Mn is not observed in any of the phases identified in the XRD data suggesting that it is 

present as amorphous manganese oxide. Some manganese may be incorporated into the 

silicates formed at high temperatures e.g. wollastonite (CaSiO3).163 

SEM electronmicrographs of the high temperature heat treated eucalyptus show that 

significant agglomeration and melting take place in the fuel as the temperature increases. At 

600°C the carbon matrix of cellulose, hemicellulose, and lignin has degraded; whilst the 

inorganic components still seem to have held some of this structure (Figure 4-25a). As the 
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temperature increases the structure degrades further and distinct shapes are observed e.g. 

the spheres present in Figure 4-25d and f, and the donut shaped particle in Figure 4-25f.  

The glass like particle melt present in Figure 4-25e illustrates a possible area of high-

temperature reaction to form the K-silicates/ Ca,Mg- silicates. The agglomeration of several 

smaller particles together (Figure 4-25f) alongside melting on the surface of a sphere also 

highlights areas where the phase interactions may be taking place in the local environment. 

Above 800°C, clear cuboid shaped crystals (Figure 4-25c, Figure 4-26) with the composition 

of Ca and O are present. The phase identified through PXRD with these elements is 

portlandite (Ca(OH)2) which crystallises with trigonal geometry. The shape and composition 

of these Ca rich crystals indicate they are portlandite.  

EDS maps of the eucalyptus which were heat treated for 1 hour at 900°C (Figure 4-27), show 

a region of clear association between Mg and O, which is likely to be periclase (MgO). The 

association of K, Al, Si, and O confirms the XRD result, which shows that KAlSiO4 is present. 

There are also regions of distribution of Ca, however these do not seem to correspond with 

minerals found in PXRD data and these are likely to be regions where phases will form at 

higher temperatures.  

Figure 4-28, EDS maps of eucalyptus heat treated at 1000°C for 1 hour.  Close association of 

Ca, K, Al, Si, Mg, and O indicate that the reactions forming the silicates identified by PXRD 

may rely on elements required for formation to be in close proximity e.g. phases that are next 

to each other will react with one another.  

Figure 4-26: Ca and O rich crystals present in the eucalyptus fuel from 800°C 
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Figure 4-27: EDS Maps of Eucalyptus ash heat treated at 900C for 1 hour 
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Figure 4-28: EDS maps of eucalyptus ash heat treated at 1000C for 1 hour 
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4.3 Coal 

 

As coal has been used as a fuel since the early 1800s,177  there have been many investigations 

into the phases formed in ash from coal combustion.11,61,178,179 Fly ash is often used as a filler 

material in concrete, tarmac, and other building materials. 

4.3.1 Coal Fuel 

 

PXRD analysis of the pulverised coal fuel (Figure 4-29) shows a large amorphous bump at 0-

30° 2θ, indicating the complex carbon organic matrix. Crystalline inorganic phases are also 

present in the fuel with quartz, illite (KAl2(Si3Al)O10(OH)2), kaolinite (Al2(Si2O5)(OH)4), 

dolomite(CaMg(CO3)2), rozenite (FeSO4.4H2O), and gypsum (CaSO4.2H2O) comprising the 

main phases identified. The S containing minerals (rozenite and gypsum) are likely to account 

for the 0.34%(as received, Table 3-1) S value of the fuel.  

The morphology of the coal fuel (Figure 4- 30) is largely small particles of irregular shape, it 

differs to the structure of the biomass in that there are no clear organic structures left.  

  

Figure 4-29: PXRD Pattern for Pulverised Kuzbass Coal Fuel Qz Quartz,  Ko kaolinite, Gy gypsum, Ro rozenite, Do 

dolomite, Il illite collected on the D8 advance diffractometer Cu Kɑ1 radiation 



 
 

 

 
 

94 

4.3.2 Coal Ash 

 

After the initial ashing process, the organic amorphous phases are removed from the coal as 

shown by the lack of large amorphous bumps in the PXRD pattern background.  Table 3-18 

which shows the elemental composition, indicates a large portion of the ash is SiO2, likely to 

be quartz and or Illite, both of which have been identified in the PXRD data (Table 4-8, Figure 

4-31). Gypsum (CaSO4.2H2O), which has been identified in the coal fuel is no longer present 

after heating to 800°C, has most likely been dehydrated to form anhydrite (CaSO4). Dolomite 

and calcite decompose above 600°C and 700°C respectively in the samples presented here. 

It is proposed the decomposition products undergo further reaction with SiO2 to form phases 

such as Augite, a Ca,Mg,Fe-silicate with a similar structure to diopside. The illite 

KAl2(Si3Al)O10(OH)2, present in the fuel itself is also present in the heat-treated ash up to 

900°C, after which thermal decomposition occurs.  

Table 4-8: PXRD composition of high temperature heat treated ashes of coal 

   Temperature (°C) 

Phase Key Composition 600 700 800 900 1000 1100 

Quartz  Qz SiO2 • • • • • • 

Calcite  Ca CaCO3 • •     

Dolomite  Do CaMg(CO3)2 •      

Illite  Il KAl2(Si3Al)O10(OH)2 • • • •  

Anhydrite An CaSO4 • • • • • • 

Hematite  He Fe2O3 • • • • • • 

Albite  Ab NaAlSi3O8 • • • • • • 

Mullite Mu Al2.35Si0.64O4.82     • • 

Periclase  P MgO   • • • • 

Cristobalite  Cr SiO2     • • 

Augite  Au Ca(Mg0.74Fe0.26)Si2O6     • • 

Figure 4- 30: Electronmicrograph of pulverised coal showing irregularity of shape 
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Figure 4-31: PXRD patterns of heat treated coal ash showing phase changes with temperature increase, data collected on the I-11 (λ 0.82675) beamline and 
truncated to 5-30 °2θ for clarity 
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Table 4-9: XRF elemental analysis for coal ash and high temperature coal ash treated at 900°C 

 Wt% 

 Coal Coal 900°C 

Al 15.24 ±0.21 16.10 ±0.05 

Ca 8.52 ±0.37 8.55 ±0.04 

Cl 0.13 ±0.02 0.00 ±0.58 

Fe 11.13 ±0.62 10.68 ±0.16 

K 3.53 ±0.08 3.90 ±0.09 

Mg 2.38 ±0.31 2.66 ±0.01 

Mn 0.12 ±0.00 0.12 ±0.29 

Na 1.11 ±0.37 1.26 ±0.01 

Ni 0.03 ±0.01 0.03 ±0.01 

P 1.59 ±0.12 1.77 ±0.18 

S 11.16 ±0.13 7.78 ±0.56 

Si 43.17 ±0.49 45.17 ±0.03 

Sr 0.49 ±0.04 0.44 ±0.00 

Ti 1.41 ±0.03 1.45 ±0.01 

Zn 0.08 ±0.01 0.07 ±0.00 

Zr 0.08 ±0.00 0.07 ±0.05 

 100.14 100.00 

 

A comparison of the ash composition at 900°C with the untreated fuel ash is presented in 

Table 4-9. There are few significant changes between the two indicating that the ash 

composition is largely unchanged. This is supported by the similar phases present at 600°C 

and 900°C in the PXRD data.  

EDS maps of the coal ash shows the association of K, Al, Si, and O indicating the presence 

of illite at 600°C (Figure 4-32). This is in agreement of with the PXRD data at the same 

temperature. 

Figure 4-33 shows EDS maps of the coal ash at 800°C; there is clear correlation between Ca, 

S, and O but also Fe, Mg, S, and O, suggesting that the rozenite which was shown to be 

present in the coal fuel has decomposed into Fe2(SO4)3.
160 

EDS maps of the coal ash at 1000°C (Figure 4-34) show correlation between Ca, S, and O 

indicating the presence of anhydrite (CaSO4), confirmed by analysis of  the P-XRD data. Al, 

Si and O are also in close association, this suggests the presence of mullite also present in 

the PXRD pattern at 1000°C. Na is also in close association with Al, Si, and O likely to be the 

phase albite. K is present in this region too, however no K,Al-silicates were shown to be 

present through analysis of the PXRD data, suggesting it is present in minor quantities (less 

than 3wt% or amorphous) which are undetectable by PXRD. 
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Figure 4-32: EDS map of coal ash at 600°C showing the presence of illite 
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Figure 4-33: EDS Maps of coal ash at 800°C showing clear regions of correlation between Si,O,Al and K as well 
as Ca, S and O 
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Figure 4-34: EDS analysis of coal ash heat treated at 1000°C for one hour showing CaSO4 and mullite 
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4.4 Hemp and Coal Ash 

 

Hemp and coal (77:12 % by mass) were co-ashed according to the procedure outlined in 

Section 3.5.1. A large amount of the phases present in the separate fuel components are also 

in the blended ash after heat treatment (Table 4-10, Figure 4-35). The hydroxyapatite present 

in the hemp fuel is also present in the hemp and coal co-ash, and does not seem to react with 

other phases from either hemp or coal.  Periclase is present in the heat treated ash, 

presumably through the decomposition of the dolomite (CaMg(CO3)2) present in both fuels 

(Equation 4-12). 

Arcanite (K2SO4) is present in the heat treated ash, this forms through a reaction of KCl present 

in the hemp and the SO2 liberated during the ashing of the coal (Equation 4-17). SO2 is likely 

to form through decomposition of rozenite (FeSO4.4H2O).  Due to the low S content of the 

hemp fuel (Table 3-1), K2SO4 is unlikely to form in the hemp ash. The reaction of KCl and SO2, 

to form K2SO4, is of much interest in biomass firing and co-firing. KCl has frequently been cited 

as one of the most harmful components formed during the combustion of biomass as it 

condenses on surfaces which are cold in comparison to the gas. The KCl then reacts with the 

metal surface which often undergoes active oxidation (section 2.5.1).48 Promotion of the 

formation of K2SO4, due to high S content in co-fired fuels, is one possible way of mitigating 

aggressive KCl corrosion1. 

2𝐾𝐶𝑙 + 𝑆𝑂2 + 𝐻2𝑂 +
1

2
𝑂2 → 𝐾2𝑆𝑂4 

Equation 4-17 

Microcline is present in both the hemp ash and the heat treated co-ashes; orthoclase 

(KAlSi3O8) another K-feldspar, is also present in the data. Microcline often forms through the 

slow cooling of orthoclase,180 so the rapid cooling after removal from the furnace accounts for 

the formation of the orthoclase as the thermodynamic product microcline does not have time 

to form exclusively.
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Table 4-10: Phases identified in high temperature ashed hemp and coal blend 

    Temperature (°C) 

Phase Key Composition 600 700 800 900 1000 1100 

Quartz Qz SiO2 • • • • • • 

Calcite Ca CaCO3 • • • •   

Hydroxyapatite Ha Ca10(PO4)6(OH)2 • • • • • • 

Sylvite Sy KCl • • •    

Microcline Mi KAlSi3O8 • • • • • • 

Periclase P MgO • • • • • • 

Hematite He Fe2O3 • • • • • • 

Albite Ab NaAlSi3O8   •   • 

Illite Il KAl2(Si3Al)O10(OH)2 • • • •   

Arcanite Arc K2SO4   • •   

Wollastonite Wo CaSiO3    • • • 

Diopside Di CaMgSi2O6    • • • 

Akermanite Ak Ca2MgSi2O7   • • • • 

Kalsilite Ka KAlSiO4   • • • • 

Orthoclase Or KAlSi3O8     • • 

Larnite La Ca2SiO4   • • • • 

Mullite Mu Al2.35Si0.64O4.82     • • 

Anhydrite An CaSO4     • • 

Cristobalite Cr SiO2    
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Figure 4-35: PXRD patterns of high temperature heat treated hemp and coal ash showing ash composition and phases present at different temperatures, data 
800-1100°C collected on the I-11 beamline (λ 0.82675) 600-700°C collected on the D2 and truncated to 0.1-0.6 1/D. 
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Cultrone et al.161 show K-feldspars (such as microcline and orthoclase) forming through the 

reaction of illite and calcite. 

𝐾𝐴𝑙2(𝑆𝑖3𝐴𝑙)𝑂10(𝑂𝐻)2 + 2𝐶𝑎𝐶𝑂3 + 4𝑆𝑖𝑂2 → 2𝐾𝐴𝑙𝑆𝑖3𝑂8 + 2𝐶𝑎2𝐴𝑙2𝑆𝑖𝑂8 + 2𝐶𝑂2 + 𝐻2𝑂 

Equation 4-18 

Previous investigation of high temperature heat treatment of the hemp and coal blend showed 

the presence of anorthite181 (Ca2Al2SiO8), the presence of this phase was not observed in the 

ashes studied here suggesting the local environment of the phases is of great importance for 

formation i.e: phases that are in direct contact. Mao et al.182 present a calculated phase 

diagram (Figure 4-36) for the system CaO-SiO2-Al2O3 which suggests that CaSiO4 or pseudo-

wollastonite may form instead. 

Albite is present at 800°C and 1100°C. Its absence at 900 and 1000°C is likely due to the 

inhomogeneous nature of the samples. Albite is present from the coal fuel and therefore, due 

to the ratios of the fuel, less will be present in the sample.  The anhydrite (CaSO4) may have 

formed during heat treatment of the ashes, potentially as a component of the coal ash. CaSO4 

is present above 1000°C; Vassilev et al. note the crystallisation of secondary sulphates above 

900°C.27 Also present from the coal fuel is mullite (Al2.35Si0.64O4.82) suggesting formation 

without interaction with the hemp ash.  

Figure 4-36: The CaO-SiO2-Al2O3 phase diagram 
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The Ca-silicates and Ca,Mg-silicates formed in the high temperature heat treatment of the 

hemp ash are also present in the co-ash. Akermanite (Ca2MgSi2O6) is present prior to 

diopside. This is in agreement with the CaO-SiO2-MgO phase diagram (Figure 4-24),164 which 

indicates that a low MgO content will influence the formation of these phases; in this case the 

Mg content of the hemp and coal ash is 5.27%.The larnite (Ca2SiO4) is present in the co-ash 

at high temperature, as well as the hemp ash. This is likely to be a by product of the reactions 

to form akermanite and diopside.  

Table 4-11: XRF data for hemp and coal ash and high temperature hemp and coal ash blend treated at 900°C 

 Wt% 

 Hemp and Coal 
Hemp and Coal 

900°C 

Al 4.01 ±0.16 3.37 ±0.04 

Ca 31.91 ±0.01 31.66 ±0.63 

Cl 0.94 ±0.04 0.42 ±0.03 

Fe 3.13 ±0.02 3.03 ±0.32 

K 13.91 ±0.13 11.51 ±0.27 

Mg 5.27 ±0.19 5.09 ±0.17 

Mn 0.34 ±0.00 0.32 ±0.01 

Na 0.78 ±0.25 1.24 ±0.30 

Ni 0.02 ±0.00 0.02 ±0.01 

P 11.94 ±0.05 11.85 ±0.07 

S 4.55 ±0.21 4.42 ±0.06 

Si 23.41 ±0.49 24.57 ±0.76 

Sr 0.18 ±0.01 0.18 ±0.01 

Ti 0.42 ±0.06 0.32 ±0.00 

Zn 0.10 ±0.01 0.10 ±0.00 

Zr 0.07 ±0.04 0.05 ±0.01 

 100.92 98.13 

 

Comparison of the elemental composition of the ash at 900°C and the fuel blend ash (Table 

4-11) indicates little change. There is a decrease in Cl content (0.94 to 0.42 wt%). This also 

corresponds with a loss of K (13.91 to 11.51 wt%), potentially indicating the loss of KCl as a 

gas. There is an increase in Na (0.78 to 1.24 wt%) which suggests that there may be a greater 

percentage of albite in the sample prepared for analysis of the 900°C ash. 

Electronmicrographs of the hemp and coal co-ash (Figure 4-37) at 600 and 700°C show 

trichomes in the ash from the high temperature heat treatment of hemp are also present in the 

hemp and coal high temperature ash. At lower temperatures there seems to be separation 

between the two types of ash, however at higher temperatures the ash appears to have formed 

agglomerates. In comparison to high temperature hemp ash there are less large glassy 
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particles. The agglomeration of the particles suggests that the fuel blend may be disposed 

towards slagging and fouling.  

EDS maps of hemp and coal co-ash after heat treatment at 600°C (Figure 4-38), clearly show 

the presence of the trichomes present from the hemp. Also closely associated are K, Al, Si, 

and O suggesting that this may be illite present from the coal ash. On the surface of the K, Al, 

Si, O region is a Na, Al, Si, O region; this is likely to be the phase albite, also present from the 

coal.  Ca, S, and O are also clearly associated suggesting the presence of anhydrite, also 

from the coal. The separation of the phases present from the coal ash and hemp ash at this 

temperature suggests interaction begins at higher temperatures and this is supported by the 

PXRD data. 

At higher temperatures (Figure 4-39), there is less evidence of separation between the phases 

from hemp and coal ash individually. There is association between Ca, P, and O indicating 

the presence of the hydroxyapatite identified through PXRD analysis. Ca, S, and O are once 

again present in close association indicating the presence of anhydrite. 
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Figure 4-37: Electronmicrographs of hemp and coal co-ashing at a)600°C b)700°C c)800°C d)900°C e)1000°C f)1100°C 
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Figure 4-38: EDS Maps of Hemp and Coal at 600°C showing trichome composition and K,Al,Si and O association 
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Figure 4-39: EDS maps of hemp and coal ash after 1000°C high temperature heat treatment for 1 hour 
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4.5 Eucalyptus and Coal Ash 

 

Eucalyptus and coal (12:88% by mass) were co-ashed according to the procedure outlined in 

section 3.5.1. Similar to results seen in the heat treatment of the hemp ashes, phases present 

in both the eucalyptus and coal ashing were identified (Figure 4-40,Table 4-12).    

The K,Al-silicate leucite (KAlSi2O6) is thought to have formed through the reaction of kalsilite 

KAlSiO4 with quartz, as was shown synthetically by Zhang et al.183 where KAlSiO4 was 

synthesised followed by heat treatment at 750-900°C in 50°C increments to yield KAlSi2O6.  

Periclase is likely to have formed through the decomposition of dolomite (Equation 4-10), 

which was shown to be present at lower temperatures in the coal and eucalyptus ash. In 

comparison to the heat treated eucalyptus ash, where the Ca,Mg-silicate formed is 

akermanite, the dominant Ca-Mg silicate is diopside. This can be explained by the SiO2 

content in the samples, in the co-ash blend there is 31.28% SiO2 in comparison to 16.92% in 

the eucalyptus ash. Figure 4-24, the CaO-MgO-SiO2 phase diagram shows that a lower SiO2 

content will lead to the preferential formation of diopside. The change in SiO2 composition of 

the ash also accounts for the disappearance of the Ca,Mg-silicate phases monticellite and 

merwinite that were seen in the eucalyptus heat treatment. 

Mao et al.182 studied the CaO-Al2O3SiO2 system (Figure 4-36), this shows that gehlenite 

(Ca2Al2SiO7) will form under the conditions present in the eucalyptus ash systems. Cultrone  

et al.161 presented the reaction of illite and calcite, both of which are present in the ash, to form 

gehlenite: 

𝐾𝐴𝑙2(𝑆𝑖3𝐴𝑙)𝑂10(𝑂𝐻)2 + 6𝐶𝑎𝐶𝑂3 → 3𝐶𝑎2𝐴𝑙2𝑆𝑖𝑂7 + 6𝐶𝑂2 + 2𝐻2𝑂 + 𝐾2𝑂 + 3𝑆𝑖𝑂2 

Equation 4-19 

Cultrone et al. also note that the formation of gehlenite is likely due to ease of crystallisation, 

where under laboratory conditions it is easier for Al to form in 4-co-ordinate compounds.161 

Trindade et al.162 note that gehlenite and wollastonite are often precursors to anorthite, 

however at the temperatures reached in this heat treatment (up to 1100°C) they are stable.
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Table 4-12: Phases present in the high temperature heat treatment of eucalyptus and coal ash 

     Temperature (°C) 

Phase Key Composition 600 700 800 900 1000 1100 

Quartz Qz SiO2 • • • • • • 

Hematite He Fe2O3 • • • • • • 

Calcite Ca CaCO3 • •     

Fairchildite Fa K2Ca(CO3)2 • • •    

Albite Ab NaAlSi3O8 • • • • • • 

Anhydrite An CaSO4 • • • • • • 

Illite Il KAl2(Si3Al)O10(OH)2 • • • •   

Periclase P MgO • • • • • • 

Microcline Mi KAlSi3O8   • • • • 

Kalsilite Ka KAlSiO4    • •  

Wollastonite Wo CaSiO4     • • 

Diopside Di CaMgSi2O6     • • 

Akermanite Ak Ca2MgSi2O6     •  

Leucite Le KAlSi2O6     • • 

Cristobalite Cr SiO2     • • 

Mullite Mu Al2.35Si0.64O4.82     • • 

Grossular  Gr Ca3Al2(SiO4)3      • 

Magnetite  Mag Fe3O4      • 

Gehlenite  Ge Ca2Al2SiO7     • • 
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Figure 4-40: PXRD patterns of eucalyptus and coal ash from 800-1100°C showing fuel interactions and phases present after high temperature ashes patterns 800-1100C 

collected on the I-11 synchrotron beam (λ 0.826215)  1/D for comparison with 600-700 C range, collected on the D2 and truncated to 0.1-0.6. 
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Electronmicrographs of the eucalyptus and coal ash (Figure 4-41) show that once the organic 

matrix has been lost, some distinct crystals are observed (circled). The general morphology 

of the ash does not appear to change dramatically throughout the high-temperature treatment. 

This could be related to the low ash content of the eucalyptus, which has a greater content in 

the fuel blend. This also indicates that the fuel blend is likely to have a low slagging potential 

when used in larger scale combustion. 

The parallelepiped crystal circled in Figure 4-41a has the composition of K, Al, Si, and O. This 

suggests it may be microcline present from harvesting in the soil, or illite which will not have 

Figure 4-41: Electronmicrographs of the eucalyptus and coal co-ash at a)600°C b)700°C c) 800°C d)900°C e)1000°C and 
f) 1100°C 
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decomposed at 600°C but may have been exposed during the loss of organic matter. The 

crystal morphology is closer to that typically presented as monoclinic, and is therefore likely to 

be Illite which is in the monoclinic crystal system. The limitations of EDS analysis mean the H 

will be unable to be detected.  

The parallelepiped crystals present in Figure 4-41c have the composition Ca, S, and O (Figure 

4-43). This is anhydrite (CaSO4), also seen in the PXRD data at 800°C, which is present from 

the dehydration of gypsum (CaSO4.2H2O) in the initial ashing of the fuel. These crystals have 

the characteristic orthorhombic dipyramidal shape, further confirming the presence of 

anhydrite. 

The crystal circled in Figure 4-41f has a composition of O, Si, Al, Ca, K, Mg, Fe, and Mn 

(Figure 4-42) suggesting a complex system. The crystal may contain several minerals and 

therefore identification of each is not possible.  

Figure 4-42: EDS analysis of crystal presented in Figure 4-41f 

Figure 4-43: EDS Maps of crystals present after 800°C heat treatment of eucalyptus and coal ash for 1 hour 
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Analysis of the EDS maps of the co-ash heated at 900°C for 1 hour (Figure 4-44) shows there 

is distinct association between Ca, S, and O, indicative of anhydrite. Present is a region of K, 

Mg, Ca, Al, Si, and O interaction, this suggests the region my contain Illite or KAlSiO4 

alongside forming akermanite and gehlenite. In this block there is also a region rich in Si and 

O, suggestive of unreacted quartz. 

EDS Maps of eucalyptus and coal ash heat treated at 1100°C for 1 hour (Figure 4-45), shows 

regions of association between Si, O, K, Al, Ca, and Mg. This region is likely to contain 

akermanite, gehlenite, leucite, and quartz. In the bottom right hand corner of the image is 

association between Al, Si, and O, the needle shape of these crystals is indicative of mullite, 

formed from the coal ash, also shown to be present at this temperature in PXRD data analysis. 

Table 4-13: XRF data for eucalyptus and coal ash and high temperature eucalyptus and coal ash treated at 900°C 

 Wt% 

 Eucalyptus and Coal Eucalyptus and Coal 900°C 

Al 10.54 ±0.08 12.16 ±0.11 

Ca 17.75 ±0.13 16.20 ±0.09 

Cl 1.02 ±1.17 0.14 ±0.01 

Fe 11.93 ±0.49 9.04 ±0.28 

K 7.81 ±0.01 7.32 ±0.05 

Mg 2.81 ±0.05 3.95 ±0.06 

Mn 1.28 ±0.01 1.07 ±0.01 

Na 1.23 ±0.10 1.71 ±0.30 

Ni 0.04 ±0.01 0.02 ±0.00 

P 2.48 ±0.02 2.44 ±0.04 

S 9.16 ±0.08 10.39 ±0.04 

Si 31.25 ±0.35 32.87 ±0.08 

Sr 0.39 ±0.03 0.40 ±0.01 

Ti 1.35 ±0.01 1.06 ±0.03 

Zn 0.14 ±0.00 0.11 ±0.01 

Zr 0.05 ±0.01 0.05 ±0.00 

 99.20  98.90  

 

A comparison of the elemental composition of the fuel blend ash and the high temperature 

treatment of the ash at 900°C shows few changes (Table 4-13). This corresponds with 

changes to the phase composition of the ash which has changed relatively little with only a 

decomposition of the carbonates identified in the XRD data. The S present in the ash can be 

attributed to the presence of the phase anhydrite (CaSO4).  
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Figure 4-44: EDS Maps of eucalyptus and coal ash heated at 900C for 1 hour 
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Figure 4-45: EDS Maps of eucalyptus and coal ash heated at 1100C for 1 hour 
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4.6 Conclusions 

 

Evaluation of the biomass, coal, and the blends used in the co-firing trials has given 

information about the fuels that can be used when analysing the impact of using the blends 

and biomass in large scale combustion tests. As the temperature that the ash is treated at 

increases, reactions often happen in the ash; this can be biomass-biomass, coal-coal, or 

biomass-coal. The different proportions of the elements in the fuel can result in the formation 

of proportionally different phases containing the same elements as illustrated by the CaO-

MgO-SiO2 and CaO-Al2O3-SiO2 phase diagrams presented above. 

Ceramic systems with similar compositions to the biomass ashes, like those presented by 

Trindade et al.162 and Cultrone et al.161 can also be used alongside phase diagrams to predict 

which phases will be present in different conditions. This would be of particular use when 

investigating ashes where the additives lime and kaolin are used184,185 in an attempt to limit 

corrosion. 

The decomposition temperature of calcite (CaCO3) varies between the fuels (last detection 

varies from 700-900°C). This suggests that fuel content also has an affect on the 

decomposition and/or reaction of the calcite. For hemp, the last identification of CaCO3 is 

800°C. When the fuel is blended with coal, the last identification is 900°C. For eucalyptus the 

last detection is at 700°C, and when mixed with coal it remains at 700°C. The presence of Ca 

in the trichome structures in the hemp fuel could explain the later decomposition of the CaCO3 

as it is incorporated into the complex structure, and is therefore less accessible for 

decomposition.  

The formation of K-silicates should be noted as the incorporation of alkali metals into Si-

containing materials has been shown to reduce the melting points of slag deposits to below 

750°C65. This can lead to issues with rapid deposit build up, and highly tenacious deposits due 

to the glassy sintered nature. It is also often stated that alkali metal capture in silicate form is 

preferable to the volatilisation of KCl.  

The Si component of the ash appears to be an important parameter when determining the 

phases that are likely to form in the high temperature heat treated ash. In the ashes with the 

higher SiO2-CaO/MgO/K2O, quartz was still present at the higher temperatures.  In comparison 

when the ratio was lower (e.g. eucalyptus) a greater variety of silicates were present 

suggesting different reactions between the CaO and SiO2 present in the ashes.  When the 

coal and eucalyptus were ashed simultaneously, quartz was still observed suggesting that an 

excess of SiO2 was present compared to that of the eucalyptus alone. 
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No Mn containing phases were identified in the samples despite each fuel containing Mn, this 

suggests that the Mn either incorporates into other phases or is present as an amorphous 

oxide. 

The chemical composition of biomass ash has been identified as a parameter which will affect 

its disposal/ utilisation59. Liodakis et al.116 report that high alkali wood ash has been used as a 

soil amendment due to the high K content of the ash. Disposal of fly ash should be given 

special consideration as water solubility of the elements present in the ash has been reported 

to be as high as 61% in strongly alkali ash;32 without careful monitoring, ground water 

contamination could be a serious concern.  Vassilev et al.32 highlighted the presence of Ca 

containing phases (e.g. portlandite, calcite and ettringite) may bind hazardous elements such 

as Hg, Pb and Zn and reduce the risk of groundwater mobility.  No heavy metal containing 

compounds have been identified during high-temperature heat treatment of the ashes, this 

coupled with the high Ca content of the fuel, suggests several disposal routes for the ash are 

possible.  

Analysis and phase quantification on the full selection of fuels is a future aim, phase 

quantification on the hemp and coal sample set has been presented. This identifies a general 

trend of a decrease of quartz present in the ash alongside an increase of Ca-Mg silicates 

indicating the reaction pathways identified above are correct. Hydroxyapatite showed peak 

sharpening above 800°C indicating it may anneal at high temperatures.  

Small scale investigation of fuels, such as the one presented in this chapter are essential to 

gain information into ash behaviour before larger scale application. Knowledge of phases likely 

to form, including those responsible for corrosion (e.g KCl) or slagging and fouling (K-Al 

silicates) can be useful as oxidation/ reduction conditions in large scale tests may be altered 

to avoid some of the worst implications. Environmentally, the categorisation of ash is important 

as it disposal methods should be analysed to ensure no danger is posed. 
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5. Characterisation of the fly ash components of: deposited, 

quenched, cyclone, and bottom ash samples from the co-

firing of biomass and coal in a 1MWth combustion rig 

 

Each of the samples is comprised of fly ash; the fine ash particles which are driven from the 

boiler in the flue gas. Quenched, cyclone and bottom ash samples and deposits formed on 

boiler components for the hemp and coal and eucalyptus and coal fuel blends as well as the 

pure eucalyptus fuel, were collected during a 50h combustion and corrosion test. These 

samples were characterised using PXRD, SEM and EDS and the results are presented here. 

Comparisons between these results and the findings from Chapter 4 will be made. 

Combustion conditions and sample collection parameters are presented in Chapter 3. The 

sample identification code is presented as H (refers to the fuel) 722 (refers to the collection 

port) 3 (refers to the number of the collection in the sample set). Samples were collected in 

the superheater region of the combustion rig (Figure 3-1, Figure 3-2). Temperatures in the 

superheater region often fluctuate; the higher a port number the cooler the sample 

temperature will be i.e: 722 is at a higher temperature than 740. 

Cyclone ash is the ash removed through cyclone filtration of the flue gas prior to the exit from 

the combustion rig (Figure 3-1d). The cyclone ash is fly ash which did not deposit onto any of 

the boiler surfaces during the combustion trials, and therefore will give information to compare 

and contrast with the deposits. A comparison of the cyclone ash and the deposited ash gives 

insight into which of the phases formed in the flue gas, and which phases formed in the 

deposits. 

Figure 5-1: Photograph of a hemp deposit onto ceramic probe showing the 
elliptical shape of the ash. 
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The bottom ash is formed via the fusion of fly ash and raw fuel particles that fall to the bottom 

of the furnace hopper (Figure 3-1a) and are not carried in the flue gas. Bottom ash typically 

contains varying forms of low melting point silica, these are often highly crystalline. Upon 

cooling these melts form glassy porous structures.  Analysis of the bottom ash formed during 

the combustion trial can be used to suggest phases that may form in the deposits which could 

lead to an increase in slagging and fouling. 

 

The shape of the deposit samples is elliptical (Figure 5-1), with little or no deposit build up on 

the side facing away from the gas flow, indicating that the main deposition method onto the 

ceramic pipes (Figure 3-1c) is inertial impaction (section 2.3). The surface temperature of the 

ceramic that the deposits impact onto is not air cooled, and therefore will be at or around the 

gas temperature (during sample collection it was observed as glowing orange/red). These 

high temperatures indicate that little thermophoresis and diffusion will take place, as these 

mechanisms require a cold surface to initiate on to.  

There are several limitations related to the information gathered from the quenched ash 

samples. After removal of any solid via filtration, analysis of the quench water using inductively 

coupled plasma-mass spectroscopy (ICP-MS) would have been desirable. This would have 

allowed information on phases that dissolved in the water to be gathered. This was outside 

the scope of the investigation as the quench water used was tap water and so had unknown 

concentrations of Ca2+ and Mg2+. These analyses could not be carried out by the author (due 

to sample collection not being performed by the author) and sample collection of this nature 

was outside the scope of the larger study. As such, accurate concentrations of 

elements/phases dissolved in the water are not obtainable. 
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5.1 Hemp and coal combustion rig samples 

 

Gas composition collected at the exit of the combustion rig at the time of sampling are 

presented in Figure 5-2. Clear fluctuations in conditions are visible, with the largest monitored 

components of the gas being CO and CO2. Data was collected by E.On during the co-firing 

trial. Cyclone ash and bottom ash are not indicated in this figure as they were collected at the 

end of the combustion trials. 

 

5.1.1 Hemp and coal deposit samples 

 

As was observed in the ashing of the raw fuels (Chapter 3), the organic matrix of the fuels was 

removed during combustion. The release of this carbon is confirmed by the CO and CO2 

observed in the flue gas Figure 5-2. The hemp and coal have ash contents of 16.2% and 8.7% 

respectively, both of which are considered high, combining them in the ratio 77:23 giving a 

calculated ash content for the co-fired fuels of 14.5%. Collection times and sample 

temperatures for the deposit samples are presented in Table 5-1. 

  

Figure 5-2: Gas conditions at combustion rig exit during the co-combustion of hemp and Kuzbass coal. SO2, CO and 
NO should be read from the left concentration (ppm) axis and CO2 and O2 from the right concentration (%) axis. Red 

indicates a deposit, blue indicates a quenched sample. The numbers denote the sample code (Section 3) 



 
 

 

 
 

122 

Table 5-1: Collection time and sample temperatures of hemp and coal deposit samples 

Sample Duration Temperature (°C) 

H722-3 38 minutes 971 

H727-4 57 minutes Not Recorded 

H722-8 66 minutes 1013 

H727-9 58 minutes 980 

 

The phases present, as determined by analysis of PXRD data in each of the samples, are 

presented in Table 5-2 and Figure 5-3. Clear differences between each deposit are visible. 

The variation in probe temperatures (971-1013°C) and gas atmosphere accounts for some of 

these differences. Whilst in the combustion rig the deposit will be growing as more particles 

impact onto the surface. This means that not only will the composition of individual samples 

be changing, but also that each deposit may have a different composition due to the 

heterogeneous nature of the fuel. Additionally, the sample will only be deposited from a small 

portion of the flue gas and fly ash that is passing the ceramic deposition probe. 

The presence of carbonates (CaCO3, CaMg(CO3)2) despite the high temperatures in the 

combustion rig is thought to be through the reaction of CaO, which forms through the initial 

decomposition of CaCO3, with CO2(g) in the air during the cooling of the probe and deposit.  

The deposit is constantly changing and phases undergo internal reaction in the deposit, 

indicated by the formation of Ca-Mg silicates. There are two pathways of reaction for the 

deposited CaO. Either it may react further, whilst at high temperature, with other phases 

present in the ash sample e.g. SiO2/MgO to form complex silicate phases or it may react with 

CO2 in the air on cooling. 

Anhydrite (CaSO4) is shown to be present in each deposit sample. In Chapter 3 anhydrite was 

identified as being present through the dehydration of gypsum (CaSO4.2H2O). In the 

combustion rig anhydrite may also form through the sulphation of CaO in the deposit through 

reaction of the SO2 in the flue gas (Equation  5-17)27. The decomposition of anhydrite into lime 

and SO3 may occur, as previous research has shown it to decompose between 900-1300°C. 

However, it is also stated that this decomposition often occurs at 1050-1200°C,27 temperatures 

which are not reached in the flue gas. 

𝐶𝑎𝑂 + 𝑆𝑂2 + 𝑂2 → 𝐶𝑎𝑆𝑂4 

Equation 5-20 
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Table 5-2: Phases present in deposit samples from hemp and coal co-firing, identified through analysis of PXRD data 

Phase Key Composition H722-3 H727-4 H722-8 H727-9 

Quartz Qz SiO2 • • • • 

Calcite Ca CaCO3 • • •  

Kalsilite Ka KAlSiO4 • • • • 

Anhydrite An CaSO4 • • • • 

Arcanite Not shown K2SO4 • • • • 

Hydroxyapatite Ha Ca10(PO4)6(OH)2 • • • • 

Hematite He Fe2O3 • • • • 

Microcline Mi KAlSi3O8 •   • 

Albite Ab NaAlSi3O8 • • •  

Gehlenite Ge Ca2Al2SiO7 • • •  

Wollastonite Wo CaSiO3 •   • 

Forsterite Fo Mg2SiO4 •  •  

Magnetite Mag Fe3O4 •  •  

Augite Au Ca(Mg0.74Fe0.26)Si2O6 •    

Monticellite Mo MgCaSiO4 • •  • 

Andalusite Not Shown Al2SiO5 • • • • 

Periclase P MgO • • • • 

Diopside Di CaMgSi2O6  •  • 

Dolomite Do CaMg(CO3)2  •   

Sylvite Sy KCl  •   

Sanidine Sa KAlSi3O8   • • 

Mullite Mu Al2.35Si0.64O4.82   • • 

Merwinite Mw Ca2Mg(SiO4)2   •  

Akermanite Ak Ca2MgSi2O6   • • 

 

Hematite (Fe2O3) is thought to be present from the coal, which has a 11.13 wt% Fe2O3 content 

in comparison to the 1.41% in the hemp. The combined fuels contain 3.13 wt% Fe2O3 (Table 

3-18). Hematite may have formed through decomposition of rozenite (FeSO4.H2O) observed 

in the coal fuel (Figure 4-29). In samples H722-3 and H722-8, magnetite (Fe3O4) is present, 

this forms through the reduction of hematite (Equation 5-21).186   

3𝐹𝑒2𝑂3 + 𝐶𝑂 →  2𝐹𝑒3𝑂4 + 𝐶𝑂2 

Equation 5-21 

The cause of this reduction is due to the gas conditions at the time of sampling (Figure 5-2). 

For samples H722-3 and H722-8, the gas CO content was fluctuating and was lower than in 

H727-4 and H727-9; this could indicate incomplete combustion of the organic matter, causing 

some C to build up in the deposit. Monsen187 investigated the affect of CO on the reduction of 

hematite, and concluded that for controlled reduction of hematite to magnetite carbon 

deposition should be avoided. Therefore a greater C content in the deposit could lead to 

reduction to magnetite. 
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Figure 5-3: PXRD data of deposit samples removed from the combustion rig during co-firing hemp and Kuzbass coal trials. 1/D presented as H7279 D2 data Cu Kɑ radiation) 

is presented alongside synchrotron data (λ 0.826215) for H7228, H7274 and H7223. 
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Also observed in deposit H722-3 is augite (Ca(Mg0.74Fe0.26)Si2O6), an iron substituted 

analogue of diopside (CaMgSi2O6). This phase was observed in the high temperature coal ash 

in section 3.1.3.2.  It may also be due to the oxidation state of the Fe; Sørensen et al.188 

observed that Fe2+ was more mobile and likely to substitute into the diopside structure than 

Fe3+. As hematite (which contains Fe3+) has been reduced to magnetite (which contains some 

Fe2+) in the deposit, substitution of Fe2+ into the diopside structure is possible. Diopside is 

present in samples H727-4 and H727-9, supporting the proposed substitution mechanism as 

no magnetite was observed in these samples. Akermanite (Ca2MgSi2O6) is observed in H722-

8 and H727-9, and may have formed through reaction of diopside with CaO present in the 

deposit (chapter 3). 

Arcanite (K2SO4) is present in all of the samples. This phase has previously been observed  

to have formed in the deposit through sulphation of K2O released from the organic components 

of the fuel31. Vassilev et al.31 state that arcanite is likely to crystallise at temperatures between 

500-1100°C, the collection temperatures are inside this temperature bracket. The formation of 

K2SO4, through the sulphation of KCl, is also possible in the deposits. 

The feldspar microcline (KAlSi3O8), which probably originates from soil contamination through 

the harvesting process of the biomass, is present in H722-3 and H727-9. Sanidine (KAlSi3O8), 

the high temperature form of microcline, is also present in several deposits (Table 5-2). 

Cultrone et al.161 investigated the formation of sanidine in ceramic firing (as presented in 

Section 4.1.2) and found that microcline often transforms to sanidine at high temperature. 

Deposit exposure time may also play a role in the conversion of microcline to sanidine as in 

samples with an exposure time of above 58 minutes it was observed as present. In sample 

H722-3 however, with a shorter exposure time of 37 minutes, microcline was observed as 

present. H727-4 has a similar exposure time to that of H722-8, 57 and 58 minutes respectively, 

no specific temperature data is available but it will be in the temperature range 971-1013°C. 

As well as the high temperature transformation of microcline to sanidine, formation of the high-

temperature feldspar could also be attributed to the reaction of illite, present in the coal fuel 

(Table 4-8), with SiO2 (Equation 5-22).161 

 

3𝐾𝐴𝑙2(𝑆𝑖3𝐴𝑙)𝑂10(𝑂𝐻)2 + 2𝑆𝑖𝑂2 → 3𝐾𝐴𝑙𝑆𝑖3𝑂8 + 𝐴𝑙6𝑆𝑖12𝑂13 + 𝐻2𝑂 +𝑚𝑒𝑙𝑡 

Equation 5-22 

Monticellite (MgCaSiO4) was observed in samples H722-3, H727-4, and H727-9, whereas 

merwinite (Ca2Mg(SiO4)2) was identified in H722-8.  The temperature of H722-8 is higher than 

illite sanidine mullite 



 
 

 

 
 

126 

the other samples, suggesting this may contribute towards merwinite formation. It should also 

be noted that the deposit containing merwinite may be more Ca rich as it also contains 

akermanite. This also suggests that a significant factor in the formation of certain phases is 

down to what phases impact next to one another in the deposit. 

Andalusite (Al2SiO5), is a phase that is present in the deposits which was not observed in the 

high temperature heat-treated ashes (Section 3.1). Andalusite often co-occurs with mullite 

(Al2.35Si0.64O4.82), also identified in the ashes, through the decomposition of kaolinite.189  

Kaolinite is present in the coal fuel itself but was not identified after ashing to 575°C suggesting 

it had already volatilised. Mullite may also be present due to the decomposition of illite. 

KCl is present in deposit H727-4. It was thought unlikely that KCl would form in any of the 

deposits, as the main deposition mechanism it undergoes is diffusion (deposition onto a cool 

surface) and the deposit probe is at gas temperature. The gas conditions at the time of 

deposition were high in CO, suggesting a strong reducing atmosphere (As shown in Figure 5-

2). Previous work has shown KCl deposition increases under a reducing atmosphere.190 

Analysis of the SEM data (Figure 5-4) shows variation between the morphologies of the 

particles.  The spherical particles present in Figure 5-4a-e are either cenospheres (a 

microsphere of aluminosilicate glass encapsulating gas)191 or a plerosphere (a sphere 

encapsulating smaller pre-existing particles)191. A sphere is present in sample H722-8 Figure 

5-5a), the interior of the sphere is hollow (inside the hole is imaged in Figure 5-5b) and so it 

can be identified as a cenosphere. Cenospheres are formed through the expansion of a 

silicate droplet; the droplet must contain a small amount of carbon which in turn forms a gas 

causing the droplet to expand. Often a small amount of iron is present in the sphere which 

catalyses the sphere expansion.191 Plerospheres form with the same mechanism however 

they also encapsulate smaller droplets from the flue gas. 

Distinct agglomeration of the particles is observed in the samples, the clearest example of 

these are presented in H727-4 (Figure 5-4c). The growth of deposits this way also confirms 

the deposition mechanism as inertial impaction, as the size of the deposit grows rapidly when 

the deposit surface becomes sticky. The particle indicated by the red box in sample H722-3 

(Figure 5-4a, indicated in the red box) may be one of the trichomes previously identified in the 

hemp fuel.  
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Figure 5-4: SEM electronmicrographs of hemp and coal deposits a,b) H722-3 c,d) H727-4 e,f) H722-8 g,h) 
H727-9 showing the different morphologies present in the deposits. 
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Analysis of the deposits using SEM-EDS mapping (Figure 5-6) confirms the phases identified 

through analysis of the PXRD data. K, S, and O are associated, this is in agreement with the 

phase arcanite.  K, Al, Si, and O are associated (not presented here), this indicates the 

presence of microcline and kalsilite. In the top right third a trichome, highlighted in the red box, 

is intact; this has the composition of S, Na, Ca, P, Mg, Si, and O, similar to the analysis of the 

trichomes presented in Figure 4-3. This suggests that the trichome is multiphase. Albite 

(NaAlSi3O8) can be identified through the association of Na, Al, Si, and O (data not presented 

here).  

The EDS maps (Figure 5-7) and PXRD data of sample H727-4 complement each other. The 

KCl identified in the PXRD data is also observed in the EDS maps, KCl was present in multiple 

analysed areas. The mechanism of deposition is still unclear, it may also have formed in situ 

in the deposit. There are areas of association between K, S, and O confirming the presence 

of K2SO4, also identified in the PXRD data. There are regions of association between Ca, P, 

Mg and O, this suggests some substitution into hydroxyapatite by Mg, this was also suggested 

in Chapter 3.  

Analysis of the EDS maps for sample H7228 (Figure 5-8) indicate the presence of K2SO4, 

identified as present through PXRD analysis. S is also associated with Ca, confirming the 

presence of anhydrite (CaSO4) thought to originate from the coal. There is also association of 

Ca and O, this is likely to be the CaCO3 identified using PXRD, the C map is not presented 

here as the analysis matrix is a C tab which causes inaccuracy in the C map. KCl is observed 

in the bottom right hand corner of the map, this was not identified through PXRD suggesting 

that it is a minor contributor in this deposit. 

  

Figure 5-5: a) a cenosphere present in H722-8 b) the inside surface of the cenosphere present in H722-8 
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Figure 5-6: A micrograph and EDS maps of H722-3 showing both K2SO4 and CaSO4 as well as a trichome 
present. 
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Figure 5-7: Electron micrograph and EDS Maps of H727-4 showing elemental association indicating the silicate 

akermanite/diopside and sanidine/microcline also identified in PXRD data  
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Figure 5-8: An electronmicrograph and EDS maps of H722-8 showing elemental association similar to the phases 
identified in the PXRD data. 
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Figure 5-9: An electronmicrograph and EDS maps of H727-9 illustrating elemental association of Fe and O, indicating 

hematite/magnetite. 
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Analysis of the H727-9 EDS maps is presented in Figure 5-9. In each sample there is Fe 

distributed about, this largely corresponds with presence of spheres. The formation of 

cenospheres and plerospheres by Raask,191 stated the need for a catalytic amount of Fe to 

be present in order for the spheres to swell. The presence of Fe in some of the spheres is in 

agreement with this statement. Not all of the spheres contain aluminosilicates, with some 

containing Ca, Mg, P, and O and no Al suggesting that more than just the aluminosilicates 

shown by Raask can form ceno/plerospheres. 

Valentim et al.192 have identified these spheres as phosphospheres, no mechanism has been 

put forward as a reason for the spheres in comparison to the cenosphere formation 

mechanism presented by Raask.191 Phosphospheres have been identified in both biomass 

and coal, the internal structure has been compared to that of a pomegranate.  

The presence of K2SO4 and KCl in the deposits onto the probes was unexpected, as the main 

mechanism of deposition being thermophoresis/diffusion, which relies on a cold surface for 

the phases to nucleate. However during ash formation stages, surface enrichment of K2SO4 

and KCl have been reported on the surface of coarse fly ash particles (1-200μm). The 

presence of these phases on the surface could be a further mechanism for presence in this 

deposit. 

Table 5-3: XRF data comparison for hemp and coal ash, heat treated hemp and coal ash and samples H722-3 and 
H727-9 

 Wt% 

 Hemp and Coal 
Hemp and Coal 

900°C 
H722-3 H727-9 

Al 4.01 ±0.16 3.37 ±0.04 3.39 ±0.24 4.18 ±0.18 

Ca 31.91 ±0.01 31.66 ±0.63 36.03 ±1.37 32.62 ±1.63 

Cl 0.94 ±0.04 0.42 ±0.03 0.19 ±0.01 0.16 ±0.06 

Fe 3.13 ±0.02 3.03 ±0.32 4.07 ±0.05 3.89 ±0.35 

K 13.91 ±0.13 11.51 ±0.27 13.35 ±0.33 15.70 ±0.25 

Mg 5.27 ±0.19 5.09 ±0.17 4.42 ±0.21 4.17 ±0.25 

Mn 0.34 ±0.00 0.32 ±0.01 0.36 ±0.01 0.33 ±0.03 

Na 0.78 ±0.25 1.24 ±0.30 0.66 ±0.93 0.87 ±0.27 

Ni 0.02 ±0.00 0.02 ±0.01 0.02 ±0.01 0.01 ±0.00 

P 11.94 ±0.05 11.85 ±0.07 9.59 ±0.11 8.77 ±0.44 

S 4.55 ±0.21 4.42 ±0.06 6.47 ±0.71 6.68 ±0.63 

Si 23.41 ±0.49 24.57 ±0.76 19.67 ±2.12 20.85 ±2.47 

Sr 0.18 ±0.01 0.18 ±0.01 0.23 ±0.01 0.24 ±0.02 

Ti 0.42 ±0.06 0.32 ±0.00 0.47 ±0.06 0.55 ±0.04 

Zn 0.10 ±0.01 0.10 ±0.00 0.07 ±0.00 0.09 ±0.01 

Zr 0.07 ±0.04 0.05 ±0.01 0.06 ±0.01 0.05 ±0.01 

 100.92  98.13  99.01  99.12  
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The elemental composition of H722-3 and H727-9 are presented in Table 5-3. The elemental 

compositions of the samples are similar indicating that gas conditions, temperature, and what 

the elemental composition of the ash that impacts in proximity to reactive phases are important 

factors to consider.  Zbogar et al.46 report that ash depositied in the superheater region, where 

the samples were collected, and the fly ash will be very similar. General composition of the fly 

ash can be considered to be similar to the laboratory synthesised sample at 900°C. An 

enrichment of the alkali metals in deposits has previously been reported by Baxter et al.,65 it 

was also reported that in areas of high mass transfer (i.e. the front of probes) the deposits are 

enriched in alkali and sulphate content. This enrichment is visible in the deposit analysis 

Averaged data from the whole area analysis of the deposit regions is presented in Table 5-4. 

The data is largely similar to that presented in Table 5-3. The exceptions are the P content 

which is almost double in the XRF collected data. The region of analysis for the XRF data is a 

greater size and therefore will give greater information on the bulk data.  

Table 5-4: Averaged data for whole area analysis data collected during SEM-EDS analysis of multiple sample regions 
of the hemp and coal deposits. C and O removed due to interference from the samples mounting process 

 

 H722-3 H727-4 H722-8 H722-9 Average 

Al 4.73 ±1.66 4.26 ±1.48 4.53 ±1.23 5.39 ±4.19 4.73 ±0.48 

Ca 36.83 ±5.86 36.04 ±7.95 32.78 ±3.90 42.97 ±17.07 37.15 ±4.25 

Cl 0.31  0.59 ±0.45 0.42 ±0.20 0.39 ±0.15 0.43 ±0.12 

Cr 0.59    0.11   ±0.21 0.35  

Cu   0.45 ±0.08 0.39 ±0.07 0.82 ±4.19 0.55  

Fe 3.95 ±0.81 2.51 ±0.31 3.75 ±3.30 4.07 ±5.01 3.57 ±4.58 

K 14.15 ±4.62 16.54 ±7.39 17.84 ±3.27 12.47 ±1.17 15.25 ±5.48 

Mg 4.46 ±1.23 7.35 ±5.44 5.14 ±0.41 5.65  5.65 ±1.51 

Mn   0.22  0.29 ±0.02  ±0.68 0.25  

Na 1.36 ±0.31 0.97 ±0.27 1.23 ±0.25 1.80 ±2.22 1.34 ±1.64 

P 5.48 ±1.57 4.55 ±1.62 5.93 ±1.28 4.46 ±5.85 5.10 ±1.41 

S 6.05 ±0.71 7.40 ±3.13 6.56 ±1.42 7.90 ±10.88 6.98 ±3.44 

Si 19.70 ±4.01 18.51 ±6.80 21.11 ±1.91 13.46 ±0.06 18.19 ±9.70 

Ti 0.38 ±0.08 1.48 ±2.41 0.28 ±0.06 0.48  0.66 ±0.67 
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5.1.2 Hemp and coal quenched samples 

 

Quenched samples are portions of the ash removed from the combustion rig through a suction 

probe followed by rapid quenching in water. Composition of the quenched fly ash gives 

information of composition of bulk fly ash. This is in comparison to the deposit samples, which 

will give information about how phases will react in fly ash when in close proximity post 

deposition. Sample collection times for the quenched samples are presented in Table 5-5. 

Table 5-5: Sample collection times for the hemp and coal quenched samples 

Sample Duration 

H722-2 71 minutes 

H740-6 30 minutes 

H722-7 118 minutes 

H740-10 86 minutes 

 

Analysis of the PXRD data is presented in Table 5-6 and Figure 5-10. Similar to the deposited 

samples, there are variations between the samples. The heterogeneous nature of the fuel 

explains some of these differences. Gas temperatures at the time of sampling were 

unavailable and so comparison based on temperature could not be made. Whilst information 

(e.g. phases present, particle morphology) about the bulk fly ash can be gathered, it is also 

important to note that the samples may react with the water that they are quenched in.   

Calcite (CaCO3) is present in the quenched samples as well as the deposit samples. The 

formation of the calcite in the quenched samples is thought to happen in two stages (Equation 

5-23&5). The CO2(g) is assumed to be dissolved in the water. 

𝐶𝑎𝑂(𝑠) + 𝐻2𝑂(𝑙) → 𝐶𝑎(𝑂𝐻)2(𝑠) 

Equation 5-23 

𝐶𝑎(𝑂𝐻)2(𝑠) + 𝐶𝑂2(𝑔) → 𝐶𝑎𝐶𝑂3(𝑠) + 𝐻2𝑂(𝑙) 

Equation 5-24 

Both larnite (Ca2SiO4) and wollastonite (CaSiO3) are present in the quenched samples. 

However in the deposit samples there is wollastonite but no larnite present. Mazzucato et al.193 

reported that wollastonite forms through a two-step reaction; firstly larnite forms, then reacts 

with excess SiO2 to form wollastonite. This suggests that in the deposits the excess SiO2 

present will drive the reaction towards wollastonite 
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Table 5-6: Phases present in quenched samples from hemp and coal co-firing as identifed through analysis of the 
PXRD data 

Phase Key Composition H727-2 H740-5 H740-6 H740-10 

Quartz Qz SiO2 • • • • 

Calcite Ca CaCO3 • • • • 

Kalsilite Ka KAlSiO4 • • • • 

Hydroxyapatite Ha Ca10(PO4)6(OH)2 • • • • 

Hematite He Fe2O3 • • •  

Gehlenite Ge Ca2Al2SiO7 • • • • 

Wollastonite Wo CaSiO3  •  • 

Forsterite Fo Mg2SiO4 •  • • 

Magnetite Ma Fe3O4 •  • • 

Monticellite Mo MgCaSiO4 • • •  

Larnite La Ca2SiO4 • • • • 

Andalusite Not 

Shown 

Al2SiO5 • • • • 

Periclase P MgO • • • • 

Sanidine Sa KAlSi3O8 • • • • 

Mullite Mu Al2.35Si0.64O4.82   •  

Merwinite Mw Ca2Mg(SiO4)2    • 

Akermanite Ak Ca2MgSi2O6 • • • • 

 

In a study of glass-ceramic formation in fly ash, Vu et al.194 found larnite formed through a 

reaction of CaO with amorphous SiO2 (Equation 5-25). The background features of the PXRD 

patterns of these quenched samples (Figure 5-10) indicate that there may be amorphous SiO2 

present in the quenched samples.  However it does not correspond with the expected 1/D of 

0.496.   

2𝐶𝑎𝑂 + 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑆𝑖𝑂2 → 𝐶𝑎2𝑆𝑖𝑂4 

Equation 5-25 

Sanidine (KAlSi3O8) is present in all of the quenched samples, suggesting that the speed of 

the cooling of the sample did not allow microcline, the low temperature structure, to crystallise. 

Cultrone et al.161 reported that with rapid cooling, amorphous sanidine may be present, 

therefore some contribution by sanidine to the amorphous region of the PXRD pattern is 

expected.  
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Figure 5-10: PXRD patterns collected on the I-11 beamline (λ 0.826215) and analysis of hemp and coal quenched samples 1/D presented to allow easy comparison with the deposit samples. 
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Akermanite (Ca2MgSi2O6) and gehlenite (Ca2Al2SiO7) are both present in all of the quenched 

samples. The peaks associated with akermanite and gehlenite are broad, and merge into one 

another, suggesting that they may be forming a solid solution.195  

Hematite and magnetite are both present in H727-2 and H740-6; in comparison only hematite 

is present in H740-5 and magnetite in H740-10. It is unclear what has caused this variation in 

the samples. 

KCl, which was detected in H727-4, the deposit sample, was not detected in any of the quench 

samples. 360g/Kg of KCl is soluble in water at 25°C,196 so as the samples are quenched in 

water it would have to be present in extremely high quantities to precipitate out in detectable 

amounts. Arcanite (K2SO4) is also soluble in water27 and so will be absent from the quenched 

samples. The anhydrite (CaSO4) present in the deposit sample is likely to rehydrate to gypsum 

(CaSO4.2H2O) which is then moderately soluble in water,27 the full transformations are 

explained in “the crystal forms of calcium sulphate”.197 

Analysis of the SEM data collected from the quenched samples (Figure 5-11) shows 

similarities with the deposit samples as there are the ceno- or plerospheres present. The 

spheres present in the quenched samples are much less agglomerated than in the deposit 

samples, i.e. the spheres present in the quenched samples show much less melting between 

one another (Figure 5-11c and Figure 5-11g). The surface of the spheres can vary widely 

(Figure 5-11f and g) which may be due to compositional variations of the sample, or the 

heating rate across the particle. 

Observed in the sample are distinct porous regions (Figure 5-11c), thought to contribute to the 

amorphous region observed in the PXRD data (Figure 5-11). The plate shaped crystal present 

in Figure 5-11b may be portlandite (Ca(OH)2) which has been previously identified as a 

precursor to calcite. During the precipitation of calcite from the quenched samples, the 

Ca(OH)2 may be present but in quantities undetectable in PXRD.  

The surfaces of some of the spheres are not smooth (Figure 5-11h). Research into spheres 

present in ash by Valentim et al.192 states that the texture is likely due to immiscible phases 

being included in the droplet. This results in a punctuated appearance in SEM images. It 

should also be noted that the surface texture cannot be relied on to identify spheres as either 

largely P bearing or Si bearing as both sphere types can exhibit this texture.190  
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Figure 5-11: SEM electronmicrographs of the quenched samples in the hemp and coal co-firing a&b) H722-2 c&d) 
H740-5 e&f) H740-6 g&h) H740-10 illustrating the different morphologies present in the samples. 

a) b) 

c) d) 

e) f) 

g) h) 
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Figure 5-12: an electronmicrograph and EDS Maps of sample H727-2 showing hydroxyapatite and K,Al – silicates 
present in the quenched sample. 
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Figure 5-13: An electronmicrograph and EDS Maps of sample H740-10 showing a phosphosphere and association 
between K,Al , Si  and O 
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EDS maps of the quenched sample H727-2 (Figure 5-12) show clear agreement with the 

PXRD analysis, as multiple associations which can be linked to the phases identified using 

PXRD are shown. K, Al, Si, and O make up a large portion of the sample. These indicate the 

presence of kalsilite, microcline, and sanidine. Peaks for kalsilite have greater intensity in the 

quenched samples in comparison to the deposits, indicating the samples contain larger 

amounts of K in comparison to the deposits. Ca, P, Mg, and O are associated, once again 

indicating the presence of hydroxyapatite. The trichome structure present in the raw fuel, 

laboratory ashed samples, and the deposits is also present in the quenched samples. 

EDS map analysis of samples H740-5 and H740-6 identified similar trends with K, Al, Si, and 

O largely being the composition of the spheres and trichome structures largely containing Ca, 

P, and O. 

In sample H740-10 (Figure 5-13) a large plate of K, Al, Si, and O is visible, this could be 

sanidine or kalsilite identified through PXRD analysis. As well as the large plate there are also 

spheres containing K, Al, Si, and O presumably formed through the expansion mechanism 

outlined by Raask.191 Several of the phosphospheres presented by Valentim et al.192 can also 

be observed. 

Averaged data from the whole area analysis of the quenched samples is presented in Table 

5-7, XRF analysis of H722-2 is presented in Table 5-8. Elemental analysis is in close 

agreement between the two techniques. In comparison to the high temperature ash at 900°C 

the quenched samples contain much less S, this indicates that the species are either largely 

soluble (K2SO4 identified in the deposits is soluble in water) or were in phases too small to 

be removed from the gas flow by the equipment (K2SO4 is often present in aerosol size).  

In comparison to the deposits and the lab synthesised ash there is a decrease in Ca. This 

suggests that the Ca is present in the gas flow in a form that is soluble in water. It is also 

indicative that the Ca phase responsible for the formation of the complex silicates in the 

deposits may be water soluble.  

The decrease in the Ca wt% of the sample goes hand in hand with an increase in the K, Al 

and Si wt%. The PXRD data shows strong peaks for the phase kalsilite (KAlSiO4) and as such 

this increase confirms the presence of kalsilite in large quantities (alongside sanidine, 

KAlSi3O8).  
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Table 5-7: Averaged data for whole area analysis data collected during SEM-EDS of multiple sample regions of the 
hemp and coal quenched samples. C and O removed due to interference from the sample mounting process 

Wt% 

Element H722-2 H740-5 H740-6 H740-10 Average 

Al 13.89 12.70 10.69 11.18 12.12 

Ca 14.78 21.83 19.24 20.51 19.09 

Cl 0.14 0.28 0.35 0.27 0.26 

Cu  0.48 0.72 0.64 0.61 

Fe 5.09 5.19 8.08 3.99 5.59 

K 21.41 19.04 15.25 18.75 18.61 

Mg 1.86 2.03 5.25 2.91 3.01 

Mn  0.45 0.47 0.45 0.45 

Na 2.66 1.38 2.17 1.70 1.98 

P 5.62 7.17 6.61 7.32 6.68 

S 3.02 1.57 2.52 2.06 2.29 

Si 30.22 27.52 28.19 29.72 28.91 

Ti 0.74 0.71 0.64 0.70 0.70 

Zn  0.26 0.52 0.47 0.42 

 

Table 5-8: XRF data for the comparison of lab collected ash and sample H722-2 

 Wt% 

 Hemp and Coal Ash 
Hemp and Coal Ash 

at 900°C 
H722-2 

AlK 4.01 ±0.16 3.37 ±0.04 10.17 ±0.05 

CaK 31.91 ±0.01 31.66 ±0.63 19.10 ±0.03 

ClK 0.94 ±0.04 0.42 ±0.03 0.19 ±0.01 

FeK 3.13 ±0.02 3.03 ±0.32 6.42 ±0.13 

K K 13.91 ±0.13 11.51 ±0.27 18.84 ±0.46 

MgK 5.27 ±0.19 5.09 ±0.17 2.27 ±0.02 

MnK 0.34 ±0.00 0.32 ±0.01 0.32 ±0.01 

NaK 0.78 ±0.25 1.24 ±0.30 0.84 ±0.12 

NiK 0.02 ±0.00 0.02 ±0.01 0.03 ±0.01 

P K 11.94 ±0.05 11.85 ±0.07 7.95 ±0.16 

S K 4.55 ±0.21 4.42 ±0.06 0.96 ±0.11 

SiK 23.41 ±0.49 24.57 ±0.76 30.18 ±0.01 

SrK 0.18 ±0.01 0.18 ±0.01 0.28 ±0.00 

TiK 0.42 ±0.06 0.32 ±0.00 0.92 ±0.04 

ZnK 0.10 ±0.01 0.10 ±0.00 0.51 ±0.09 

ZrK 0.07 ±0.04 0.05 ±0.01 0.06 ±0.00 

 100.92  98.13  98.99  
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5.1.3 Hemp and coal cyclone ash samples 

 

Analysis of the hemp and coal cyclone ash is presented in Table 5-9 and Figure 5-14 . Quartz 

is present in the fly ash, but no cristobalite (SiO2) is present suggesting that formation 

conditions are favourable in the deposited ash but not the quenched ash. Also present in the 

fly ash is KCl, indicating that the surfaces present in the combustion rig were not suitable for 

condensation of KCl. This is likely due to the absence of lots of cool surfaces, in larger scale 

power plants more cool surfaces (defined here as below gas temperature (approx. 1100°C), 

in the form of heat transfer and superheater pipes, will be present. This may lead to an 

increase in deposition of KCl onto areas susceptible to corrosion, in comparison to the 

surfaces present in the combustion rig, as they will provide much cooler surfaces. This in turn 

often leads to corrosion of the boiler components. 

 

Table 5-9: Phases present in hemp and coal cyclone ash 

Phase Key Composition 

Quartz Qz SiO2 

Sylvite Sy KCl 

Periclase P MgO 

Calcite Ca CaCO3 

Hematite He Fe2O3 

Gehlenite Ge Ca2Al2SiO7 

Merwinite Mw Ca3Mg(SiO4)2 

Kalsilite Ka KAlSiO4 

Hydroxyapatite Ha Ca10(PO4)6(OH)2 
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Hydroxyapatite is present in the cyclone ash, which is also present in the laboratory heat 

treated samples, deposits, quenched, and coupon probe samples. This suggests that the 

hydroxyapatite is either present in the biomass itself, or formed in the flue gas, rather than 

post-deposition.  Gehlenite (Ca2Al2SiO7) is present in the cyclone ash, this suggests that it 

formed in the flue gas through agglomeration of the parent oxides (Figure 2-3).  

Periclase (MgO), calcite (CaCO3), which decomposes to form CaO, and SiO2 are present in 

the cyclone ash; these are the endmembers of the CaO-MgO-SiO2 phase system identified as 

one of the dominant systems of phases present in the ash. This accounts for the formation of 

Merwinite (Ca3Mg(SiO4)2) in the ash, and suggests that the cyclone ash is rich in CaO (from 

the phase diagram presented in Figure 4-24). 

Kalsilite is also identified in the ash but, in comparison to the laboratory and deposit samples, 

there are no other K,Al-silicates e.g. leucite, microcline, sanidine, and orthoclase identified as 

present. This suggests that the feldspars (microcline, sanidine, and orthoclase) or illite did not 

reach the cyclone ash as they had impacted and deposited, fallen into the bottom ash or they 

Figure 5-14: PXRD analysis of the hemp and coal cyclone ash collected on the d8 advance diffractometer (Cu Kɑ1 
radiation) *denotes the LaB6 internal standard 
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formed kalsilite in the flue gas. The absence of leucite suggests that it is also a phase that 

forms in the deposit. 

 

An electron micrograph of the wide variety of morphologies present in the hemp and coal 

cyclone ash is presented in Figure 5-15. The majority of the fly ash comprises of the 

plerospheres and cenospheres, which are also present in the deposit ash as well as the 

quenched portion of the fly ash. The surface texture of the spheres shows multiple variations 

suggesting there may be phase composition differences between the spheres. The particles 

deposited onto the surface of the spheres are either surface enrichment of KCl (Figure 2-3), 

or gold particles from the coating used. 

A large particle with stick-like morphology is present alongside the spheres. This is likely to be 

one of the trichomes present in the hemp raw fuel. These structures are also present in the 

laboratory ash, deposits, and quench. Char particles, those particles still containing some C, 

are present in the deposits and quenched ash, which suggests incomplete combustion of the 

fuel. The 20μm particle in the bottom right hand corner is similar in morphology to char 

particles present in other samples.  

The large flake like particle present in the sample is thought to be unburnt hemp due to the 

morphological similarities shared with the raw fuel. There is also evidence of particle sintering 

in the sample suggesting that the high temperatures of the flue gas can cause sintering prior 

to deposition of the fly ash. The sintering may also have been removed from deposits through 

Figure 5-15: An electron micrograph of hemp cyclone ash showing a trichome, several spheres, a 
char particle and a large flake 
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erosion by other particles in the flue gas, explaining the presence of sintered particles in the 

cyclone ash. 

SEM-EDS analysis of the samples confirms that the stick-like particles are the trichomes, as 

identified in the raw fuel. The particles are comprised of the same elements, and are the same 

shape as the trichomes identified in the high-temperature lab ash samples, (Figure 4-2) the 

deposit (Figure 5-4), and quenched (Figure 5-11) samples. 

The KCl identified through analysis of the PXRD data is also shown to be present through 

analysis of the EDS maps. The KCl is distributed throughout the sample which suggests that 

it is enriched on the surface of the other particles. This is in agreement with research by 

Backman et al.198 who state that KCl often forms as an aerosol. Figure 2-3 indicates that KCl 

often nucleates on the surface of larger particles. 

The composition of the spheres is largely K, Al, Si, and O which suggests that the composition 

of the hemp and coal quench samples  is largely similar to the cyclone ash and therefore bulk 

composition of the fly ash.  

Table 5-10: XRF data comparing laboratory synthesised ash with the hemp and coal cyclone ash 

 Wt% 

 Hemp and Coal Ash 
Hemp and Coal Ash 

900°C 
Cyclone Ash 

Al 4.01 ±0.16 3.37 ±0.04 8.04 ±0.25 

Ca 31.91 ±0.01 31.66 ±0.63 21.71 ±0.71 

Cl 0.94 ±0.04 0.42 ±0.03 1.23 ±0.00 

Fe 3.13 ±0.02 3.03 ±0.32 5.315 ±0.06 

K 13.91 ±0.13 11.51 ±0.27 23.02 ±0.52 

Mg 5.27 ±0.19 5.09 ±0.17 2.985 ±0.02 

Mn 0.34 ±0.00 0.32 ±0.01 0.215 ±0.01 

Na 0.78 ±0.25 1.24 ±0.30 0.93 ±0.11 

Ni 0.02 ±0.00 0.02 ±0.01 0.02 ±0.00 

P 11.94 ±0.05 11.85 ±0.07 6.38 ±0.23 

S 4.55 ±0.21 4.42 ±0.06 1.805 ±0.21 

Si 23.41 ±0.49 24.57 ±0.76 24.295 ±0.57 

Sr 0.18 ±0.01 0.18 ±0.01 0.315 ±0.01 

Ti 0.42 ±0.06 0.32 ±0.00 0.8 ±0.06 

Zn 0.10 ±0.01 0.10 ±0.00 0.16 ±0.00 

Zr 0.07 ±0.04 0.05 ±0.01 0.05 ±0.00 

 100.92  98.13  97.27  

The elemental composition of the hemp and coal combustion trial cyclone ash is presented in 

Table 5-10. The composition of the ash is similar to the quenched ash (Table 5-8). The 
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presence of kalsilite in both these samples and the increase in K and Al suggests that kalsilite 

is formed in the gas stream. There is an enrichement of Cl in the cyclone ash. This is likely to 

be as sylvite which also presents strong diffraction peaks in the XRD data (Figure 5-14).  

  

Figure  5-16: Backscattered electronmicrograph of cyclone ash and EDS maps showing the presence of Ca-
phosphates, KCl, K,Al-silicates, a trichome and CaSO4 
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5.1.4 Hemp and coal bottom ash 

 

Whilst the cyclone ash was largely comprised of fine particles, the hopper bottom ash consists 

of large agglomerated blocks (Figure 5- 17). These blocks are not uniform in appearance, both 

large pores and sintering are present, these are also visible as several different coloured 

layers.  These layers also show a variety of textures. The top sintered layer is pale green, the 

middle pale turquoise layer is more closely packed and the bottom grey layer is much more 

porous.  

PXRD analysis of the bottom ash (Table 5-11, Figure 5-18) indicates that three quartz 

polymorphs are present. At the conditions in the combustion rig quartz, cristobalite and 

tridymite are the polymorphs expected to form. The formation of cristobalite suggests that the 

temperature of the ash in the hopper must have reached temperatures close to 1400°C. The 

hopper ash is mostly comprised of the large particles that did not follow the path of flue gas 

through the combustion rig, and as such fell into the bottom ash hopper. 

The feldspar albite (NaAlSi3O8) is also present in the bottom ash; it may have formed in the 

high-temperature melt, or it could be present from the coal ash, as it is identified in the high 

temperature laboratory produced ash as well as the hemp and coal ash. The phase KCl is 

also present in the bottom ash; due to the high temperature in the ash hopper, it is unlikely 

that it has condensed onto the surface of the melt. Instead it is likely that partially combusted, 

or uncombusted, fuel fell into the hopper and decomposed leaving behind KCl. Uncombusted 

biomass in the high temperature melt may also be responsible for the large pores visible in 

the ash blocks. The decomposition of the fuel to yield gas (likely CO2) may have caused the 

large bubbles visible in the sample.  

 

Figure 5- 17: A photograph of a large block of bottom ash from the hemp and coal combustion trial 
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Table 5-11: Phases identified through PXRD analysis in the hemp and coal hopper ash collected during a combustion 
trial. 

Phase Key Composition 

Quartz Qz SiO2 

Cristobalite Cr SiO2 

Tridymite Tr SiO2 

Sylvite Sy KCl 

Albite Ab NaAlSi3O8 

Potassium Calcium Magnesium Phosphate MP Ca9MgK(PO4)7 

The phosphate Ca9MgK(PO4)7 is present in the bottom ash. Hydroxyapatite (Ca10(PO4)6(OH)2) 

has previously been identified in the high temperature lab ash, the deposits, quenched 

samples, and in coupon deposits. Queiroz et al.199,200 have previously synthesised 

Ca9MgK(PO4)7  after melting glass of the composition 0·45 SiO2–0·405 MgO–0·045 K2O–

0·1(3CaO.P2O5) at 1500°C for 1 hour. The temperature of the hopper ash is known to be 

above 1500°C (due to the formation of cristobalite). Further investigation of the formation of 

Ca9MgK(PO4)7
199 showed crystallisation from the above glass composition occurred via 

Figure 5-18: PXRD diffraction analysis for the hemp and coal bottom ash 
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oxyapatite (or hydroxyapatite) at temperatures above 850°C. This suggests that the formation 

of this phase occurred via the hydroxyapatite previously identified in the ash blend. 

The structure of the bottom ash is presented in Figure 5-19. The glass like structure of the 

bottom ash blocks is also visible in these images. Figure 5-19a shows a particle of compact 

ash with other smaller particles on the surface. There is little variation in the particle 

morphology, which also suggests that the melt is fairly uniform. Figure 5-19b shows several 

particles being absorbed into the surface of a glassy melt. As these particles are still visible, it 

suggests that they comprise of high melting point compounds.  

EDS analysis of the hopper ash after encapsulation in resin (Figure 5-20)  shows that there 

are distinct regions in the melt that do not have clearly visible morphological differences.  EDS 

analysis shows that there are distinct SiO2 regions, which are the quartz, cristobalite, or 

tridymite, identified through analysis of the PXRD data. There also appears to be lime (CaO) 

which has not reacted with SiO2 as there are distinct regions. K, Si, and O are present in the 

Figure 5-19: SEM analysis of hemp and coal hopper ash 
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melt too, this was not identified in the PXRD analysis, however it may be present in small 

quantities or as a glassy amorphous phase. 

 

 

Figure 5-20: An Electronmicrograph and EDS maps of hopper ash encapsulated in resin. Distinct SiO2 and CaO 
regions are visible 
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5.2 Eucalyptus and Coal Combustion Rig Samples 

 

Gas conditions collected at the exit of the combustion rig are presented in Figure 5-21, 

samples coloured red are deposit samples, samples coloured blue are quenched samples. 

SO2, CO and NO should be read from the left concentration (ppm) axis, and CO2 and O2 from 

the right concentration (%) axis. Similarly to the conditions in the hemp combustion run, there 

is significant fluctuation in the CO concentration during the fuel trial. In contrast, the CO2 

concentration remains fairly constant.  

 

5.2.1 Eucalyptus and Coal Deposit Samples 

 

The organic matrix observed in the raw fuels (Figure 4-22) decomposed during combustion, 

leaving the inorganic ash components behind. The release of the C is observed as CO/CO2 in 

the flue gas (Figure 5-21). The ash contents of the fuel are 0.6% for eucalyptus, and 8.7% for 

coal; the fuels were fired in the ratio 88:12 eucalyptus:coal which gives a combined ash 

content of 1.57%. This is much lower than the ash content of the hemp and coal fuel blend.  

Figure 5-21: Gas conditions at combustion rig exit during the co-combustion of eucalyptus and Kuzbass 
coal. Red indicates a deposit, blue indicates a quenched sample. The numbers denote the sample code 

(Section 3) 
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Table 5-12: Sample collection times and temperature for eucalyptus and coal deposit samples 

Sample Duration Temperature (°C) 

EC 722-1 163 minutes 978 

EC 728-5 202 minutes 914 

EC 722-6 184 minutes 1012 

EC729-8 117 minutes 932 

 

The temperature range of the eucalyptus and coal samples was between 914-1012°C (Table 

5-12). Analysis of the PXRD data is presented in Table 5-13 and Figure 5-22.  Whilst there is 

a significant variation in temperatures between the samples, this does not appear to have had 

a large affect on the phases present i.e. a large portion of the same phases are present in 

each sample. This can be observed as the XRD patterns are similar yet not identical.  The 

SO2, CO2, O2 and NO content of the gas fluctuated very little through the duration of the 

combustion run. 

In contrast to the hemp and coal deposits, there are no carbonates e.g. CaCO3 or CaMg(CO3)2 

observed.  This could be due to the length of time that the sample was collected for e.g. 117 

minutes – 202 minutes for eucalyptus and coal, in comparison to 37-58 minutes for hemp and 

coal. The longer the sample is in the combustion environment the more stable the deposit may 

become, i.e. the most stable phases are likely to form and not react further. Lime (CaO) is 

present in the sample. Previously it was thought that the CaO (s) may react with CO2(g) during 

cooling to form the CaCO3 a phase observed in the hemp and coal sample (Section 4.1.1).  It 

may be that some CaCO3 is present in the deposit but in undetectable quantities. The CaO 

may also have been too deep in the deposit to react with CO2 from the air, as the outside of 

the deposit would cool and solidify first and almost “seal” the outside. 

Both the eucalyptus and coal have a high Fe content (Table 3-18), which is reflected through 

the presence of hematite (Fe2O3) and maghemite (y-Fe2O3). Maghemite forms from the 

incomplete oxidation of Fe3O4. Incomplete combustion of the fuel can lead to an increase of C 

in the deposits, and this can in turn affect the reduction/oxidation conditions in the deposit. 
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Table 5-13: Phases present in deposit samples from eucalyptus and coal co-firing as identified through PXRD 
analsysis 

Phase Key Composition EC727-1 EC728-5 EC722-6 EC729-8 

Quartz Qz SiO2 • • • • 

Diopside Di CaMgSi2O6 • • • • 

Hematite He Fe2O3 • • • • 

Kalsilite Ka KAlSiO4 • • • • 

Periclase P MgO • • • • 

Anhydrite An CaSO4 • • • • 

Cristobalite Cr SiO2 • • • • 

Microcline Mi KAlSi3O8 • • • • 

Sanidine Sa KAlSi3O8 •    

Forsterite Fo Mg2SiO4 • • • • 

Mullite Mu Al2.35Si0.64O4.82 • • • • 

Aluminium 

Oxide 
Al2 Al2O3 • • • • 

Akermanite-

Gehlenite 

Ak-

Geh 
Ca2(Mg0.5Al0.5)(Si1.5Al0.5)O7 • • • • 

Leucite Le KAlSi2O6 •    

Arcanite Ac K2SO4 • • • • 

Albite Ab NaAlSi3O8 • • • • 

Merwinite Me Ca3Mg(SiO4)2 • • • • 

Lime Le CaO • • • • 

Grossular Gr Ca3Al2(SiO4)3  • • • 

Maghemite Magh y-Fe2O3 • • • • 

 

Cristobalite, a high temperature SiO2 polymorph, is present in the samples (Table 5-13). The 

presence of cristobalite highlights that there is either an excess of SiO2 in the fuel, or that the 

conditions have not reached stability.201 Under stable conditions all SiO2 would react to form 

Ca/Mg/K silicates or form slags; if cristobalite is present it is an indicator that this stability 

hasn’t been reached.202 Cristobalite has been reported to have a high affinity to alkali metals 

at high temperature.202 Farny et al.203 state that this is due to the low density, porous nature of 

the structure which leads to a large surface area more susceptible to reaction. This suggests 

that reactions to form the silicates observed could proceed with cristobalite as the SiO2 source, 

which further explains the formation of these phases at lower temperatures than predicted. 
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Figure 5-22: PXRD eucalyptus and coal deposits synchrotron I-11 beamline data (λ0.826215) is presented, the range is truncated to 0.2-0.5 for clarity 
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The presence of cristobalite has both disposal and environmental implications. Cristobalite 

can lead to the lung condition silicosis204 and therefore the presence of crystalline cristobalite 

in particulate emissions is subject to monitoring.205 This monitoring has also been extended to 

further use of the ash eg: fly ash in the concrete industry, where monitoring of respirable quartz 

and cristobalite is already used206 suggesting that as long as the presence of cristobalite is 

monitored, health hazards can be limited.  

As shown in Table 5-13 the phases present in the different samples are similar. However in 

EC722-1 leucite and sanidine are also present. The gas temperature of EC722-1 is 978°C, a 

temperature in the middle of the recorded range. The gas conditions were not vastly different 

to those recorded during for the other samples (Figure 5-21). Therefore it is not immediately 

obvious why these two K,Al-silicates have formed. The inhomogeneity of the samples i.e: the 

difference of what deposits next to one another is likely to contribute. 

Al is present in the ash matrix at 10.54 wt%, Al2O3 is confirmed by PXRD to be present in the 

ash. The increased content of Al in the fuel will have led to the formation of the akermanite-

gehlenite solid solution identified to be present by analysis of the PXRD data. Increased Al2O3 

in the ash is desirable as it increases the ash fusion temperature,207 this in turn means that a 

deposit is less likely to sinter.56 The presence of Al2O3 in quantities lower than 8.6 wt% has 

previously been shown to favour the formation of diopside over anorthite in ceramic 

systems.176,208 Kurama et al.209 reported that gehlenite forms at lower temperatures than 

anorthite, and therefore an increase in temperature of the deposit, or presence for a greater 

amount of time (e.g. formation on boiler/superheater tubes during power plant service) could 

potentially lead to further reaction of gehlenite to form anorthite.  

Analysis of the SEM electron micrographs of the samples show that, similarly to the deposits 

in the hemp and coal combustion run, there is agglomeration of the spherical particles (Figure 

5-23). As well as the spherical particles there are clear sintered and porous regions of the 

deposit (Figure 5-23) which appear to join larger spheres together. Sintering of deposits can 

lead to melting and flow and, this can create very tenacious deposits that are not able to be 

removed with soot blowing.65 This sintering commonly accompanies fuels high in alkali and 

silicate content;65 the blend of coal with the eucalyptus decreases the K2O content from 

10.25% in eucalyptus to 8.71% in the co-fire blend, which may reduce the likelihood of 

sintering. 

Figure 5-24 shows areas of sintering in deposit sample EC 727-8. The area of sintering is 

largely comprised of K, Al-silicate confirming that alkali silicates give an increased chance of 

sintering in ash deposits.  Also present in this region of the deposit are Ca, Mg, Al, and Si 
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suggesting these could be particles of the akermanite-gehlenite solid solution identified as 

present through analysis of the PXRD data. In the EDS maps, an area of Ca,Mg phosphate is 

also identified. This was not observed in analysis of the PXRD data suggesting it is either 

present in minor quantities that cannot be detected, or due to the number of different crystalline 

phases present, there is a large degree of peak overlap. 

EDS maps of melted agglomerated spheres from a deposit in sample EC 722-6 are presented 

in Figure 5-25. Distinct regions of overlap between Ca, Mg, Al, Si, and O can be observed 

which suggests that these melt regions may be the origin of formation of the akermanite-

gehlenite solid solution.  

 

Figure 5-23: SEM electronmicrographs of eucalyptus and coal ash a) EC727-1 b) EC728-5 c) EC722-6 d) EC 722-8 
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Figure 5-24: EDS maps of EC 727-8 showing areas of sintering in the deposit and their composition 
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Figure 5-25: EDS maps of EC 722-6 showing regions of sphere agglomeration and reactions between them 
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Table 5-14: Averaged data for whole area analysis data collected during SEM-EDS of multiple sample regions of the 
eucalyptus and coal deposits. C and O removed due to interference from the sample mounting process 

Wt % 
 722-1 728-5 722-6 729-8 Average 

Al 10.83 ±1.31 16.25 ±1.41 15.43 ±1.22 17.00 ±1.84 14.88 ±2.77 

Ca 28.99 ±4.23 14.21 ±2.53 19.89 ±5.77 16.75 ±2.72 19.96 ±6.45 

Cu 0.55 ±0.12 0.60 ±0.08 0.64 ±0.25 0.59 ±0.23 0.59 ±0.04 

Fe 7.98 ±0.79 8.80 ±0.77 10.19 ±4.34 9.37 ±3.17 9.08 ±0.93 

K 5.25 ±0.44 7.39 ±0.86 5.27 ±0.91 5.52 ±0.55 5.86 ±1.03 

Mg 4.68 ±0.58 3.45 ±0.46 4.08 ±0.67 3.95 ±0.63 4.04 ±0.51 

Mn 1.09 ±0.27 1.05 ±0.12 1.34 ±0.40 1.32 ±0.44 1.20 ±0.15 

Na 1.96 ±0.19 3.02 ±0.90 2.90 ±0.76 2.96 ±0.44 2.71 ±0.50 

P 2.60 ±0.30 1.48 ±0.70 1.46 ±0.59 1.84 ±0.73 1.84 ±0.53 

S 5.88 ±2.31 3.14 ±0.64 3.68 ±1.31 3.25 ±1.42 3.99 ±1.28 

Si 28.46 ±3.72 39.33 ±1.60 34.39 ±5.23 36.46 ±1.53 34.66 ±4.60 

Ti 0.76 ±0.11 1.07 ±0.25 0.90 ±0.08 0.94 ±0.19 0.92 ±0.13 

 

Table 5-15: XRF data comparing deposit samples EC722-6, EC729-8, eucalyptus and coal ash and eucalyptus and coal 
ash heat treated to 900°C 

 Wt% 

 EC722-6 EC729-8 
Eucalyptus and 

Coal 

Eucalyptus 
and Coal 

900°C 

Al 11.09 ±0.18 11.50 ±0.09 10.54 ±0.08 12.16 ±0.04 

Ca 22.15 ±0.28 21.73 ±0.59 17.75 ±0.13 16.20 ±0.39 

Cl 0.15 ±0.04 0.23 ±0.02 1.02 ±1.17 0.14 ±0.04 

Fe 10.68 ±0.31 10.38 ±0.32 11.93 ±0.49 9.04 ±0.16 

K 4.96 ±0.01 4.77 ±0.06 7.81 ±0.01 7.32 ±0.17 

Mg 4.17 ±0.01 3.69 ±0.06 2.81 ±0.05 3.95 ±0.48 

Mn 1.80 ±0.01 1.77 ±0.06 1.28 ±0.01 1.07 ±0.09 

Na 1.60 ±0.37 1.26 ±0.43 1.23 ±0.10 1.71 ±0.66 

Ni 0.03 ±0.01 0.02 ±0.00 0.04 ±0.01 0.02 ±0.00 

P 2.75 ±0.09 2.57 ±0.09 2.48 ±0.02 2.44 ±0.04 

S 1.70 ±0.12 3.31 ±0.03 9.16 ±0.08 10.39 ±0.05 

Si 35.60 ±0.80 35.64 ±0.62 31.25 ±0.35 32.87 ±0.16 

Sr 0.64 ±0.02 0.63 ±0.02 0.39 ±0.03 0.40 ±0.04 

Ti 1.11 ±0.01 1.12 ±0.03 1.35 ±0.01 1.06 ±0.04 

Zn 0.05 ±0.00 0.05 ±0.01 0.14 ±0.00 0.11 ±0.01 

Zr 0.09 ±0.01 0.09 ±0.01 0.05 ±0.01 0.05 ±0.00 

 98.52  98.71  99.20  98.90  

TablesTable 5-14 and Table 5-15 show analysis of the elemental composition of the deposit 

samples using SEM-EDS and XRF data. Overall the analysis between both methods are in 

agreement. In comparison to the samples produced in the laboratory there is a decrease in 

the K content (7.32 wt% to 4.96 and 4.77wt%, from XRF data) of the deposits. This 
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corresponds with the SEM-EDS data which also shows a decrease across the majority of the 

samples with EC 728-5 being the exception. Comparison with the XRD data shows several K 

containing silicates are identified in the samples but the peaks associated with them are not 

dominant. However, without phase quant on the samples no conclusion of K content from XRD 

can be drawn.  

There is slight increase in the Si content (35.6 wt% for the deposits from 32.87 wt% in the 

laboratory ash at 900°C) and a minor decrease in the Al content of the ash (11.09 wt% and 

11.50 wt% from 12.16 wt% in the laboratory ash at 900°C). This suggests that the dominant 

method of deposition is inertial impaction as these are larger particles which will not deviate 

around the probe with gas flow and so will impact causing the build up of sticky deposits. It is 

suggested that a large amount of the Al and Si will come from the coal fuel with phases such 

as mullite being present in the deposits (Table 5-13) and as the coal fuel contains more Si 

than the eucalyptus fuel (43.17 wt% to 16.92 wt%). 

The deposits are enriched in Ca in comparison to the high temperature laboratory ashed 

samples (22.15 and 21.73 wt% to 16.20 wt% Ca). In contrast to the hemp and coal deposit 

samples there are fewer Ca,Mg silicates (e.g. diopside and merwinite) and more Ca as non-

silicate phases (e.g. anhydrite and lime). Suggesting that the Ca deposited in forms available 

for reaction rather than as silicates, Figure 5-24 andFigure 5-25 show clear association 

between Ca and S indicating these are regions where CaSO4 deposited.  

Mn and Ti are identified in both the XRF and SEM-EDS averaged results. No phases 

containing them are in the XRD analysis. In Figures Table 5-14 andTable 5-15 there are clear 

regions of Mn and Ti. This suggests that the phases are either amorphous or present in 

amounts undetectable by XRD. This observation is also true for the P identified as Ca/Mg 

phosphate in Figure 5-24. 
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5.2.2 Eucalyptus and coal quenched samples 

 

Sample EC740-4 was collected according to the method described in Section 2.2.1.2. The 

sample collection time was 105 minutes and no temperature was recorded; from previous 

combustion runs the temperature is estimated to be around 700-800°C.  

Table 5-16: Phases present in sample EC740-4 

Phase Key Composition 

Quartz Qz SiO2 

Hematite He Fe2O3 

Magnetite Ma Fe3O4 

Corundum  Al2O3 

Microcline Mi KAlSi3O8 

Mullite Mu Al6Si2O13 

PXRD analysis of EC740-4 is presented in Table 5-16 and Figure 4-27.  The phases present 

in EC740-4 identified through analysis of the PXRD data are mainly insoluble oxides. These 

have formed through decomposition of the fuels during combustion. In comparison to the 

quenched samples from the hemp and coal (5.1.2), and eucalyptus (5.3.2), there are 

comparatively fewer silicates identified in the PXRD data. There is however a high background 

in the sample suggesting the presence of amorphous phases; these may be silicate 

compounds that did not crystallise during the water quenching process as the amorphous 

compounds do not show distinct patterns.  

Analysis of the SEM data (Figure 5-26) shows that particles of several different morphologies 

are present. The majority of the ash is comprised of the smaller spheres often found in the 

quenched samples. There are also cuboid structures similar to those of microcline observed 

in previous samples.

Figure 5-26: SEM Electron micrographs of EC740-4 a) large and small spheres present b) a cuboid shaped particle 
with smaller spherical particles 
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Figure 4-27: PXRD analysis of sample EC740-4 collected on the I-11 beamline (λ 0.826215) 
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Figure  5-28: EDS maps of sample EC740-4 showing distribution of K, Al, Si and O throughout the sample 
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Analysis of the EDS maps presented in Figure  5-28 indicates a large portion of the ash in the 

samples is comprised of K, Al, Si, and O. The glassy phase which has a similar composition 

to sanidine (KAlSi3O8) is likely to be responsible for the amorphous region in the background 

of the PXRD data samples.  There is association between Ca, P, and O (Figure  5-28), 

suggesting the presence of calcium phosphate, but this was not observed in the PXRD 

analysis.  The cuboid structured crystals observed in the SEM data (Figure 5-26) and Figure 

Figure 5-29: EDS maps of sample EC740-4 showing K,Al silicates  
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5-29 are largely comprised of K,Al Si and O suggesting that they are the microcline identified 

through PXRD data analysis.  

Table 5-17: Averaged data for whole area analysis data collected during SEM-EDS of multiple sample regions of the 
eucalyptus and coal quenched sample EC740-4. C and O removed due to interference from the sample mounting 

process 

Wt% 

Element EC 740-4 

Al 18.30 ±0.47 

Ca 4.53 ±1.83 

Cu 0.97 ±0.33 

Fe 6.10 ±1.17 

K 11.27 ±1.72 

Mg 1.63 ±0.12 

Mn 0.37  

Na 4.52 ±0.52 

P 1.88 ±0.33 

S 5.03 ±2.33 

Si 44.84 ±4.95 

Ti 1.09 ±0.20 

  
Table 5-18: XRF analysis of EC 740-4 compared with Eucalyptus and Coal and Eucalyptus and coal at 900°C 

Wt% 

Element EC 740-4 Eucalyptus and Coal Eucalyptus and Coal 900°C 

Al 13.68 ±0.62 10.54 ±0.08 10.54 ±0.08 

Ca 10.59 ±2.84 17.75 ±0.13 17.75 ±0.13 

Cl 0.12 ±0.00 1.02 ±1.17 1.02 ±1.17 

Fe 11.91 ±0.62 11.93 ±0.49 11.93 ±0.49 

K 10.98 ±0.39 7.81 ±0.01 7.81 ±0.01 

Mg 2.10 ±0.42 2.81 ±0.05 2.81 ±0.05 

Mn 0.58 ±0.04 1.28 ±0.01 1.28 ±0.01 

Na 2.14 ±0.40 1.23 ±0.10 1.23 ±0.10 

Ni 0.03 ±0.01 0.04 ±0.01 0.04 ±0.01 

P 3.13 ±0.04 2.48 ±0.02 2.48 ±0.02 

S 0.37 ±0.02 9.16 ±0.08 9.16 ±0.08 

Si 39.74 ±2.21 31.25 ±0.35 31.25 ±0.35 

 Sr 0.57 ±0.04 0.39 ±0.03 0.39 ±0.03 

 Ti 1.49 ±0.08 1.35 ±0.01 1.35 ±0.01 

 Zn 0.33 ±0.04 0.14 ±0.00 0.14 ±0.00 

 Zr 0.11 ±0.01 0.05 ±0.01 0.05 ±0.01 

  97.84  99.20  99.20  
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Table 5-17 andTable 5-18 show elemental analysis of the sample EC 740-4 through EDS 

analysis and XRF. Overall the results agree fairly well with the EDS analysis indicating higher 

levels of Al and Si compared to the XRF results (Al,18.3 wt% to 13.68 wt% and Si, 44.84 wt% 

to 39.74 wt%). These variations are likely due to the sample area variations as the XRF 

samples a much larger volume and therefore will give more bulk information. 

An increase in Si in the quenched ash is likely as a result of the loss of soluble species into 

the quench water. The species where Si is present (i.e. quartz, microcline and mullite) are 

insoluble and are also present in the ash which has not been heat treated (Table 4-12) and as 

such are unlikely to have form in the flue gas. The large background present in the PXRD 

pattern for EC 740-4 is likely to have large contribution of amorphous silicates e.g. Sanidine, 

which was unable to crystallise during the rapid cooling in the quench water161. It is likely that 

the P identified in the analysis is also present as an amorphous part of the matrix. 

The sample is reported to contain between 6.10 wt% Fe (EDS) and 11.91 wt% Fe (XRF) which 

is present as the oxides hematite and magnetite (Table 5-16). This suggests that these phases 

do not react in the flue gas.  
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5.2.3 Eucalyptus and coal bottom ash samples 

No cyclone ash was collected from the eucalyptus and coal co-fire. There were two types of 

hopper ash collected; the glassy blocks similar to those observed in the hemp and coal 

combustion trial and loose bottom ash (Figure 5-30). There were clear phase compositional 

differences between the two. The loose ash contained more carbonates than the glassy blocks 

as well as MgO. The presence of SiO2, CaCO3, and MgO in the loose ash and the presence 

of diopside in the glassy block suggests that these oxides and carbonates react together to 

form the diopside. This may occur in several reaction steps as was outlined previously 

(4.1.2.1). 

The glassy blocks have a much closer texture in comparison to the loose ash which is much 

more porous. The samples were ground, prior to analysis, in order for PXRD to be carried out 

on the samples. The loose ash was able to be ground by hand, but the large glassy blocks 

required ball milling. 

PXRD data are presented in Figure 5-31 and Table 5-19. The presence of KCa(CO3)2 and 

MgO in the loose ash, alongside hydroxyapatite is likely to lead to the formation of the phase 

Ca9MgK(PO4)7 which is seen in the glassy blocks and was also identified in the hemp and 

coal bottom ash. This is in agreement with the work by Queiroz et al.200 who showed that the 

Ca,Mg,K phosphate can form via hydroxyapatite.  

  

Figure 5-30: Eucalyptus and coal bottom ash showing a porous texture and regions of slag flow melts as well as the 
loose bottom ash 
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Table 5-19: Phases identified in the eucalyptus and coal co-fired bottom ash through analysis of PXRD 

Phase Key Composition 
Glassy 

Blocks 
Loose 

Quartz Qz SiO2 • • 

Hematite He Fe2O3 •  

Anorthite An CaAl2Si2O8 •  

Cristobalite Cr SiO2 • • 

Leucite Le KAlSi2O6 •  

Akermanite-Gehlenite Ak-Geh Ca2(Mg0.5Al0.5)(Si1.5Al0.5O7)  • 

Diopside Di CaMgSi2O6 •  

 MP Ca9MgK(PO4)7 •  

Calcite Ca CaCO3  • 

Fairchildite Fa KCa(CO3)2  • 

Periclase P MgO  • 

Hydroxyapatite Ha Ca10(PO4)6(OH)2  • 

 

  

Figure 5-31: PXRD analysis of the glassy blocks and loose bottom ash present in the eucalyptus and coal bottom ash 
collected on the D2 diffractometer (Cu Kɑ radiation) 
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The akermanite-gehlenite solid solution is present in both the glassy blocks and the looser 

ash; it is also present in the deposit samples (Table 5-13). This suggests that formation occurs 

post deposition at the higher temperatures often present in the deposits. The presence of this 

phase in three sample sets suggests this solid solution is the most favourable and stable 

composition of the phases in relation to the basic composition of the ash.   

The glassy nature of the solid blocky bottom ash is visible when imaged using SEM (Figure 5-

32a). Figure 5-32b presents the loose bottom ash electron micrograph. The structure is more 

porous than the bottom ash glassy blocks, suggesting that it did not reach the high 

temperatures that are typical of the centre of the bottom ash slag. The colour of the loose 

particles is black (Figure 5-30) suggesting that they contain a large amount of unburnt carbon. 

This may also be responsible for the large pores observed in the loose bottom ash melts. 

There are also small particles observed in the loose bottom ash; these are likely to contain the 

carbonates identified using PXRD.  

 

Analysis of the blocky bottom ash using EDS (Figure 5-33) shows the areas of Ca phosphate, 

which indicate hydroxyapatite, which is also in agreement with the PXRD analysis. Also 

identified in association are Ca ,K, Mg, P, and O which is in agreement with the PXRD data 

analysis indicating the phase Ca9MgK(PO4)7. The presence of hydroxyapatite in the loose ash 

and the Ca9MgK(PO4)7 in the blocky bottom ash is in agreement with the proposed formation 

mechanism. The association of Ca, Mg/Al, Si, and O together also indicates the akermanite-

gehlenite solid solution identified in the PXRD analysis. The association of these elements 

also suggests the presence of diopside. The patches of association of K, Al, Si, and O are 

likely to be the leucite previously identified.  

Figure 5-32a) Ball milled eucalyptus and coal bottom ash electron micrograph showing the glassy texture of the 
bottom ash b) An electron micrograph of the eucalyptus and coal loose bottom ash. 
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EDS analysis of the loose bottom ash (Figure 5-34) shows areas of Ca, Mg phosphate. Only 

hydroxyapatite was identified using PXRD. However it is likely that there was some 

substitution of Mg into the structure as has been discussed in 4.1.1.1. In several of the particles 

analysed indicate that C is present. This suggests that these are unburnt char particles that 

did not follow the flue gas through the boiler; these are also likely to be responsible for the 

porous structure present in the solid bottom ash blocks. K and Ca are also present in these 

particles, suggesting the presence of fairchildite and calcite identified through PXRD analysis. 

There is also Cl present in the loose deposits, which may be present as small quantities of 

KCl. This was also observed in the hemp and coal bottom ash, suggesting it may be present 

in the bottom ash of other fuel combinations.  

The data for the averaged composition of the bottom ash samples from the eucalyptus and 

coal co-firing test is presented in Table 5-20. In the loose bottom ash the composition of the 

ash is largely similar to that of the fuel blend ash suggesting that relatively little change 

occurred in the ash. This is also supported by the presence of un-combusted fuel in the sample 

(Figure 5-30). The increase in the presence of K and Na compared to the deposit ash and fuel 

blend ash is probably due a small percentage of the feldspars microcline and albite, which 

although they are not identified in the PXRD analysis are likely to be present as soil impurities.   

In contrast the glassy bottom ash shows a significant increase in Si from 21.72 wt% to 46.05 

wt%. This is present as both quartz and cristobalite. Amorphous SiO2 may also be present, 

indicated by the bump in the baseline of the PXRD pattern (Figure 5-31). 

Table 5-20: Averaged data for whole area analysis data collected during SEM-EDS of multiple sample regions of the 
eucalyptus and coal bottom ash samples. C and O removed due to interference from the sample mounting process 

Wt % 

Element Glassy Blocks Loose Ash 

Al 3.51 ±0.19 11.86 ±5.62 

Ca 21.66 ±6.63 24.98 ±7.81 

Cr 0.33 ±0.01 0.92 ±0.19 

Fe 3.14 ±0.24 6.53 ±4.29 

K 9.18 ±5.62 14.05 ±1.15 

Mg 3.84 ±0.04 5.12 ±2.04 

Mn 0.31 ±0.02 2.25 ±1.54 

Na 0.79 ±0.07 4.72 ±2.31 

P 5.17 ±0.40 3.01 ±1.21 

S 0.61  4.60 ±2.25 

Si 46.05 ±0.72 21.72 ±2.98 

Ti 12.32 ±17.02 0.66 ±0.03 
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Figure 5-33: EDS analysis and an electromicrograph of eucalyptus and coal blocky bottom ash. Showing areas of 
leucite and Ca-phosphate. There is also association of Ca,Mg,K,P and O suggesting the presence of the phase 

identified using PXRD 
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Figure 5-34: EDS maps and an electronmicrograph of the loose bottom ash from eucalyptus and coal 
combustion trial showing Ca,Mg phosphate. There is also C present in the particles suggesting that they 

are unburnt char or the carbonates also identified in the sample. 
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5.3 Eucalyptus Ash Combustion Rig Samples 

 

The gas conditions at the time of sampling for the deposit and quenched samples are 

presented in Figure 5-35. Each sample was collected for 120 minutes, and the deposit and 

quench samples were collected at the same time. Combustion gas conditions remained fairly 

stable throughout the test, with little fluctuation in CO2 and O2. In comparison there is greater 

fluctuation in the CO concentration. 

5.3.1 Eucalyptus Deposit Samples 

 

Similar to the hemp and coal, and eucalyptus and coal combustion tests, the fuel has lost the 

majority of the organic matrix. The presence of CO and CO2 in the flue gas confirms the loss 

through combustion (Figure 5-35). The eucalyptus fuel has an ash content of 0.7% which is 

considered low, and therefore deposits are likely to be smaller. 

Collection times and temperatures of the deposits are presented in Table 5-21. Collection time 

remained constant through the trial. (Sample port 722 can be identified using Figure 3-2). The 

temperatures increased during the trial by around 80°C which can have some bearing on 

deposit composition. 

 

Figure 5-35: Gas conditions of eucalyptus combustion test. SO2, CO and NO left axis. CO2, O2 right axis. Purple 
boxes indicate deposit and quench samples were collected simultaneously 
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Table 5-21: Deposit sampling conditions in the eucalyptus combustion trial 

Sample Duration Temperature (°C) 

E722-1 120 minutes 962 

E722-4 120 minutes 968 

E722-6 120 minutes 1015 

E722-7 120 minutes Not given 

E722-9 120 minutes 1045 

E722-12 120 minutes 1040 

E722-13 120 minutes 
1045 (30 mins after 

sampling) 

 

Analysis of the phases present in deposits,  identified through PXRD analysis, are presented 

in Table 5-22 and Figure 5-36. 13 core phases were identified in the deposit samples. These 

were mainly the Ca-silicates, Mg-silicates, Ca, Mg, silicates and Ca and Mg oxides. Fewer Al 

and K phases were identified. A more detailed discussion about the phases present in this 

sample set will now be presented.  

 

The phase anhydrite (CaSO4) is present in the samples. In the co-fired blends it was previously 

thought this was formed through the dehydration of gypsum (CaSO4.2H2O) in the coal fuel. 

However as there is no coal present in this combustion test, this suggests a reaction of CaO, 

present in the deposit with SO2(g).  

 

The eucalyptus ash has a high Fe content at 9.16 wt%. Boström et al.210 noted that when 

considering Fe during biomass combustion, it often exists just as the oxides e.g. hematite and 

magnetite. The iron oxide hematite (Fe2O3) is present in the ash. However, they also noted 

that reactions of Fe with solid and liquid solutions may take place e.g. diopside is also present 

in the ash, this phase can incorporate Fe into it to form the phase augite.  

The eucalyptus fuel contains 4.25 wt% P, present as Ca3(PO4)2 which has previously been 

identified in biomass combustion ashes31,210. This phase is formed through the reaction of lime 

and P2O5 (Equation 5-26)27. 

3𝐶𝑎𝑂 + 𝑃2𝑂5 → 𝐶𝑎3𝑃2𝑂8 

Equation 5-26
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Table 5-22: Phases identifed in deposits from the eucalyptus combustion trial analysed using PXRD 

Phase Key Composition E722-1 E722-4 E722-6 E722-7 E722-9 E722-12 E722-13 

Quartz Qz SiO2 • • • • • • • 

Akermanite Ak Ca2Mg(Si2O7) • • • • • • • 

Merwinite Me Ca3Mg(SiO4)2 • • • • • • • 

Periclase P MgO • • • • • • • 

Wollastonite Wo CaSiO3 • • • • • • • 

Forsterite Fo Mg2SiO4 • • • • • • • 

Hematite He Fe2O3 • • • • • • • 

Lime Li CaO • • • • • • • 

Diopside Di CaMgSi2O6 • •  • • • • 

Anhydrite An CaSO4 • • • • • • • 

Mullite Mu Al6Si2O13 •    •   

Cordierite 
Not 

shown 
Mg2Al4Si5O8 • • • • • • • 

Kalsilite Ka KAlSiO4 • •      

Microcline Mi KAlSi3O8 • • • • • • • 

Calcium Phosphate 

Not 

labelle

d 

Ca3(PO4)2 • • • • • • • 

Sodium-Melilite N-Me NaCaAlSiO7 • •      

Grossular 

Not 

Labelle

d 

Ca3Al2(SiO4)3 • • • • • • • 

Cristobalite Cr SiO2   • •  • • 

Leucite Le KAlSi2O6    •  • • 

Corundum Co Al2O3     • • • 
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Figure 5-36: PXRD data of the eucalyptus deposit samples collected during a combustion trial. Data collected on the I-11 beamline (λ 0.826215 ) 
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Quartz (SiO2) and cristobalite are present in most of the samples. The SiO2 content was 

determined as 16.92 wt% and these phases have been previously discussed in section 5.2 

Microcline (KAlSi3O8), is present in the samples and is thought to originate from the harvesting 

and processing of the raw eucalyptus fuel. Two other K, Al-silicates are present, leucite 

(KAlSi2O6) and kalsilite (KAlSiO4) and they are thought to have formed in the combustion rig 

either in the flue gas or the deposit. Vassilev et al.31 report multiple methods of kalsilite 

formation; those involving kaolinite are discounted as it is not present in the eucalyptus fuel.  

Reaction of Al2O3.2SiO2 with either KCl or KOH (in the flue gas) is the proposed mechanism 

of formation.  Leucite, when present, probably forms through the reaction of KAlSiO4 with SiO2 

as proposed by Zhang et al..211  

The fuel ash contains 36.70 wt% CaO, 6.03 wt% MgO, and 16.92 wt% SiO2 (Table 3-18) 

meaning that 60% of the ash composition falls into the CaO-MgO-SiO2 system. Multiple 

silicates in this system are present i.e. wollastonite, forsterite, akermanite, diopside and 

merwinite. As over half of the ash comprises of the individual components of the CaO-MgO-

SiO2 system a wide variety of Ca, Mg-silicates can be expected. If the samples were 

homogenous, akermanite would be the dominant Ca, Mg-silicate due to the ratio of the CaO, 

MgO and SiO2. However, as deposit samples are not homogenous and are dependent on 

what particle deposits next to another, so the local ratios could favour the formation of other 

Ca, Mg silicates. The formation of forsterite (Mg2SiO4) in the deposits would seem unlikely, as 

MgO would have to be in relative excess compared to CaO as the ratio in the fuel is 1 MgO: 

4 CaO. However if MgO and SiO2 are in close proximity and correct proportions, they are likely 

to react to form forsterite. 

Al2O3 is present in the ash at 4.86 wt%. In a homogenously distributed deposit gehlenite would 

be the dominant Ca,Al silicate. Gehlenite forms solid solutions with akermanite as they are 

both end members of the melilite system. A further member of the melilite family, soda-

mellilite, has also been identified using PXRD in the deposit samples which suggests that 

these phases are relatively stable in the deposit. Mullite and corundum are also present in the 

deposits from the CaO-Al2O3-SiO2 system. These two phases are Al rich, and may form in the 

deposit in areas depleted of CaO. SiO2 reacting with the refractory oxide lining of the 

combustion rig that has been dislodged during the combustion trial may also have formed 

mullite. 

Analysis of SEM micrographs (Figure 5-37) shows a large amount of spheres present in the 

deposits. These are formed due to the high rate of heating present in the combustion rig. Clear 

agglomeration of the spheres is visible; Figure 5-37f illustrates two of the spheres joining 
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together, potentially forming the start of a melt. This is visible on a larger scale in Figure 5-37e 

and g, where a large number of spheres have joined together. The joining of these spherical 

particles is also indicative of the inertial impaction mechanism (Figure 2-5) as the spheres may 

impact into regions that are already partially or fully melted. 

Also present in the samples are more porous regions; these often surround and link some of 

the spheres together (Figure 5-38). This porosity is likely due to sintering of smaller particles. 

Sintering is commonly identified as a problem when firing biomass, due to the high K-silicate 

composition. Steenari et al.212 reported that the presence of potassium silicates, in 

combination with high ratio Ca/K phosphates, are associated with low melting point and low 

sintering point ashes. In the eucalyptus ash, several potassium silicates (kalsilite and leucite) 

alongside calcium phosphate have been identified through PXRD explaining the presence of 

sintering. 

Also visible in the deposits are large holes. Figure 5-39 shows the inside of two of the large 

holes. Figure 5-39a shows a plate like structure inside the deposit suggesting the 

condensation or formation of one phase. In contrast Figure 5-39b has much less structured 

texture suggesting it may be multiphase melt, and made of phases with lower melting points 

than those in Figure 5-39a. 

Analysis of the EDS maps of the deposits is in good agreement with the PXRD data. There 

are clear regions of association between Ca, Mg, Si, and O (Figure 5-40) indicative of the 

phases previously identified as belonging to the CaO-MgO-SiO2 system. In some regions of 

the deposits Al is also present (Figure 5-40) suggesting the presence of the mellilite system 

containing akermanite and gehlenite. Na is also present in some of these regions, suggesting 

the presence of soda-melilite, identified in several of the samples through PXRD.  

The CaSO4 identified through PXRD is also shown to be present through analysis of the EDS 

data (Figure 5-40).  The S present in the deposits is mostly associated with Ca, with small 

amounts being associated with K, suggesting K2SO4. This may be present in small quantities 

undetectable using PXRD. The Ca-phosphate identified as present in the PXRD data is also 

identified in the EDS analysis. Clear association between K, Al, Si, and O can be seen (Figure 

5-40). These areas are likely to be kalsilite (KAlSiO4), microcline (KAlSi3O8), or leucite 

(KAlSi2O7), as identified through PXRD analysis.  

Present in several regions of the deposits is Cr (Figure 5-41, Figure 5-40). Cr is present in the 

fuel as 1.77mg/kg dry fuel, determined using ICP-OES (data provided by E.On). Previous 

investigation of Cr speciation during the combustion of bituminous and sub-bituminous coal 

has shown that Cr often associates with anhydrite213. This study did not find that to be the 
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Figure 5-37: Electronmicrographs of the deposit samples from a eucalyptus combustion trial a) E 722-1 b) E 722- 4 c) E 
722- 6  d) E 722- 7 e) E 722-9 f) E 722-12 g) E 722-13 

case, instead the Cr was associated with Ca, Mg, Si, Fe, Al and O suggesting incorporation 

into silicate structures Figure 5-42). In small quantities this incorporation would not be detected 

using PXRD. 
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.   

 

 

  

Figure 5-39: a) the inside of a deposit from E722-12 b) the inside of a deposit from 722-13 highlighted in Figure 3g 

Figure 5-38: SEM Electronmicrograph showing sintering in the deposit E722-12 
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Figure 5-40: EDS maps of sample E722-6 
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Figure 5-41: EDS maps of sample E722-7 
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Figure 5-42: EDS Maps of sample E722-12 
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Table 5-23: Averaged data for whole area analysis data collected during SEM-EDS of multiple sample regions of the eucalyptus deposit samples. C and O removed due to interference 
from the sample mounting process 

Wt% 

Element E722-6 E722-7 E722-9 E722-12 E722-13 Average 

Al 7.09 ±2.18 8.44 ±0.45 8.58 ±0.84 7.61 ±0.79 7.77 ±0.84 7.90 ±0.61 

Ca 39.06 ±11.22 34.22 ±1.69 35.24 ±3.21 38.96 ±6.05 33.84 ±3.63 36.26 ±2.56 

Cl 0.08 ±0.08   0.03 ±0.03     0.06 ±0.06 

Cr         0.59 ±0.54 0.59 ±0.59 

Cu 0.45 ±0.45 0.64 ±0.04 0.77 ±0.24 0.99 ±0.99 0.51 ±0.51 0.67 ±0.22 

Fe 8.38 ±1.92 10.92 ±1.31 8.43 ±0.29 7.12 ±1.91 12.98 ±8.18 9.57 ±2.35 

K 2.45 ±0.60 3.02 ±0.31 2.57 ±0.82 3.03 ±1.97 4.24 ±0.62 3.06 ±0.71 

Mg 8.58 ±1.06 8.65 ±1.21 8.34 ±0.63 8.37 ±2.29 7.78 ±0.56 8.35 ±0.34 

Mn 3.35 ±0.88 3.71 ±0.13 3.44 ±0.36 3.34 ±0.95 3.08 ±0.22 3.38 ±0.23 

Na 1.98 ±0.66 2.12 ±0.28 3.23 ±1.19 3.30 ±1.26 2.45 ±0.18 2.62 ±0.62 

P 3.04 ±0.30 2.97 ±0.54 2.92 ±0.29 3.06 ±1.38 2.98 ±0.44 2.99 ±0.06 

S 3.92 ±0.80 5.15 ±2.03 5.25 ±1.67 3.08 ±2.04 4.18 ±1.46 4.32 ±0.91 

Si 21.37 ±6.12 19.25 ±4.18 20.61 ±3.38 21.41 ±12.46 19.60 ±5.64 20.44 ±0.99 

Ti 0.59 ±0.22 0.93 ±0.52 0.54 ±0.14 0.48 ±0.05 0.76 ±0.31 0.66 ±0.18 

Zn 0.39 ±0.11 0.56 ±0.00 0.41 ±0.41     0.45 ±0.09 
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Table 5-24: XRF data for the samples E722-4 and E722-6 alongside a comparison of eucalyptus ash and high 
temperature eucalyptus ash at 900°C 

 Wt% 

 E722-4 E722-6 Eucalytpus Ash 
Eucalyptus Ash 

at 900°C 

Al 7.13 ±0.21 6.02 ±1.42 4.86 ±0.11 5.68 ±0.04 

Ca 28.28 ±0.20 31.17 ±3.63 36.70 ±0.64 35.36 ±0.39 

Cl 0.17 ±0.09 0.18 ±0.03 0.11 ±0.00 0.12 ±0.04 

Fe 12.24 ±0.39 9.33 ±3.97 9.61 ±0.33 8.58 ±0.16 

K 4.35 ±0.07 5.23 ±0.28 11.24 ±0.18 9.58 ±0.17 

Mg 5.56 ±0.04 6.12 ±0.54 6.03 ±0.33 7.91 ±0.48 

Mn 3.62 ±0.02 3.03 ±0.81 4.02 ±0.14 3.65 ±0.09 

Na 1.33 ±0.15 1.59 ±0.11 0.70 ±0.98 0.47 ±0.66 

Ni 0.03 ±0.92 0.02 ±0.00 0.09 ±0.01 0.04 ±0.00 

P 5.26 ±0.07 4.45 ±1.05 4.25 ±0.13 4.84 ±0.04 

S 2.08 ±0.06 1.74 ±0.46 2.55 ±0.05 3.03 ±0.05 

Si 26.35 ±0.33 28.05 ±3.45 16.92 ±0.21 18.28 ±0.16 

Sr 0.47 ±0.00 0.5 ±0.01 0.39 ±0.00 0.39 ±0.04 

Ti 0.85 ±0.01 0.75 ±0.16 0.92 ±0.03 0.69 ±0.04 

Zn 0.56 ±0.01 0.13 ±0.49 0.28 ±0.01 0.26 ±0.01 

Zr 0.06 ±0.01 0.06 ±0.01 0.02 ±0.01 0.03 ±0.00 

 98.3  98.37  98.66  98.87  

 

Elemental composition analysis of the deposit samples from EDS (Table 5-23) and XRF (Table 

5-24) show differences between technique. This is likely to be a result of the XRF sampling 

more of a bulk sample compared to the small area sampled in EDS. The deposits are enriched 

in Al and Si in comparison to the fuel ash. This change in composition is due to the deposition 

method of inertial impaction meaning that the heavier particles will impact onto the surface of 

obstacles in the path of the gas flow. Thirteen of the twenty phases identified in the XRD 

pattern (Table 5-21, Figure 5-36) contain Si indicating the deposition mechanism is highly 

likely. 

A large amount of the phases identified in PXRD contain Ca with the akermanite, diopside and 

wollastonite all exhibiting strong and sharp peaks confirming that the EDS and XRF data and 

PXRD analysis are in good agreement. The decrease in the amount of K present in the deposit 

samples could be due to the volatitility of the K-bearing phases in the eucalyptus fuel differing 

from those of the phases present in the fuel blends. i.e. the K is released and forms other 

phases which deposit elsewhere in the powerplant. A portion of this may be the phase KCl 

which would not deposit on the ceramic probes as a cooler surface is required for the dominant 

deposition mechanism. 
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EDS maps and whole sample analysis identify Cr as present in the samples. Eucalyptus is a 

fast growing plant species79 and has been used as a phytoremediant species214 (a species 

which will accumulate certain metals quickly from contaminated soils) suggesting that the Cr 

is present from the fuel itself. Figure 5-42 shows the Cr is present alongside Ca, Si, O, Al and 

Mg indicating it is likely to be present in an oxide cluster or substituted into a silicate.  
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5.3.2 Eucalyptus Quenched Samples 

 

The quenched samples were removed from the combustion rig in accordance with the method 

described in Chapter 3. The sample duration and temperatures are presented in Table 5-25. 

During this combustion trial deposit and quenched samples were taken simultaneously 

allowing a comparison between the two. PXRD analysis of the samples is presented in Table 

5-26 and Figure 5-43. 

Table 5-25: Duration and temperatures of eucalyptus quenched ash samples 

Sample Duration Temperature (°C) 

E740-2 120 minutes 752 

E740-5 120 minutes 766 

E740-8 120 minutes 785 

E740-10 120 minutes Not stated 

E740-11 120 minutes 815 

E740-14 120 minutes 823 (30 min after sample) 

 

The carbonates calcite, dolomite, and fairchildite that have previously been observed in 

quench ash are present in these samples.  A mechanism for the formation of calcite is 

presented in Section 4.1.2. Similarly to the hemp and coal quenched samples, there is larnite 

present in the quenched ash but not the deposit ash.  Wollastonite forms in the deposit after 

the deposition or formation of larnite, which is the first product in a two step reaction resulting 

in wollastonite.193 The larnite may form in the flue gas through reaction of CaO and SiO2 

followed by further reaction with SiO2, to wollastonite in the deposit.  Research by Jung et 

al.164 shows that larnite can react with forsterite to form the Ca,Mg silicate phases of merwinite 

and monticellite and these phases are present in the quenched ash.  

In comparison to the hemp and coal quenched samples, where a significant portion of the ash 

is comprised of K,Al-silicates, the eucalyptus ash does not contain kalsilite in such great 

quantities. There is 36.70 wt% Ca in the fuel in comparison to 1.24% K, meaning that more 

Ca is available for reaction. The SiO2 content of the eucalyptus fuel is lower than the hemp  

and coal and eucalyptus and coal (16.92, 23.41 and 31.25 wt% respectively), and so the 

formation of the Ca containing silicates could be preferential 
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Table 5-26: Phases identified through PXRD analysis of quenched samples in a eucalyptus combustion trial 

Phase Key Composition E740-2 E740-3 E740-5 E740-8 E740-10 E740-11 E740-14 

Quartz Qz SiO2 • • • • • • • 

Calcite Ca CaCO3 • • • • • • • 

Hematite He Fe2O3 • • • • • • • 

Magnetite Ma Fe3O4 • • • • • • • 

Akermanite Ak Ca2Mg(Si2O7) • • • • • • • 

Merwinite Me Ca3Mg(SiO4)2 • • • • • • • 

Grossular Gr Ca3Al2(SiO4)3 • • • • • • • 

Forsterite Fo Mg2SiO4 • • • • • • • 

Dolomite Do CaMg(CO3)2 • • • • • • • 

Wollastonite Wo CaSiO4 • • • • • • • 

Larnite La Ca2SiO4 • • • • • • • 

Microcline Mi KAlSi3O8 • • • • • • • 

Albite Ab NaAlSi3O8 • •      

Fairchildite Fa K2Ca(CO3)2 •  • • • • • 

Xonotlite Not shown Ca6Si6O16(OH)2  • • • • • • 

Kalsilite Ka KAlSiO4  • •   • • 

Iron Silicate Not Shown Fe2SiO4 • • • • • • • 
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Figure 5-43: PXRD data of the eucalyptus quenched samples collected during a combustion trial patterns were collected on the I-11 beamline (λ 0.826215) 
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Analysis of the SEM electronmicrographs (Figure 5-44) shows different morphologies in the 

quenched samples compared to the deposit samples. This appears not to be the case in the 

quenched samples, where the surfaces of the large areas are much less smooth, and contain 

more well defined individual particles. This also indicates that a large amount of the melting 

occurs in the deposits.  

The porous structures visible in Figure 5-44b&c are thought to be char particles, carbon rich 

areas of the ash that have not undergone full combustion during the trial. Analysis of the EDS 

data shows that these particles are large C structures (Figure 5-45). Any particles of char that 

were present in the deposit are likely to have decomposed, due to the 120 minute time period 

that they were exposed to the high temperature (962-1045°C) of the flue gas.  

The spheres that are present in the deposit samples of both the hemp and coal, and 

eucalyptus and coal samples, are also present in the quenched samples. This indicates that 

they are formed in the flue gas due to the high rate of heating in the combustion rig, following 

the formation mechanism of plenospheres/cenospheres. Alongside the spheres there are 

several other distinct particle morphologies present. Figure 5-44 d, f and g show orthoganal 

particles present in the samples; analysis of the EDS maps (Figure 5-46) shows that they are 

largely comprised of K, Al, Si, and O or just Si and O indicating that they may be the feldspar 

microcline, present from harvesting of the biomass. Particles containing K,Al,Si and O are also 

present in the spherical morphology suggesting that they are leucite/kalsilite phases that have 

formed in the combustion rig.  

The Ca silicates, Ca,Mg silicates and Ca, Al silicate phases presented in the PXRD can also 

be identified by analysing the EDS maps. The phases can’t be distinguished from one another 

and multiple phases may be present in each area as reaction may have been taking place in 

this region. 

Through the samples there is also an even distribution of Mn and Fe. No Mn phases were 

identified from the PXRD, however previous research by Wu et al.215 and Lumpkin et al.216 has 

indicated that MnO and CaO/MgO can have some substitution of Mn into the silicates. 
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Figure 5-44: Composite of SEM electronmicrographs from the quenched samples a)E740-2 b)E740-3 c)E740-5 d)E740-8 
e)E740-10 f)E740-11 g)E740-14 
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Figure 5-45: EDS maps of a char particle identified in sample E470-5 
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Figure 5-46: EDS maps showing association of KAlSiO and SiO2 cuboids present in sample E740-14 
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Figure 5-47: EDS maps showing a variety of phases and particle morphologies of sample E740-10 
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Ash composition data collected by EDS and XRF is presented in Table 5-28 and Table 5-27. 

The quenched ash for eucalyptus is similar to that of the co-fired blends in showing an increase 

in Al (from 5.68 wt% to 10.58 wt%). The phases containing Al are largely feldspar or silicate 

in origin. The feldspars are usually crystalline when present in the fly ash and are in the ash 

via the harvesting process.As a large portion of the phases identified in the XRD patterms do 

not contain Al it is likely that they are present as amorphous Al, silicates.  

In both collected compositional datasets there is an increase in the Fe content of the ashes. 

This is likely enriched due to the insolubility of the Fe containing magnetite, hematite and 

Fe2SiO4. The increase in the Na content (from 8.58 wt% to 19.55 wt%) can also be explained 

by the insolubility of albite. 

As was observed in the eucalyptus and coal quenched samples there are no P containing 

species identified in the XRD data Table 5-28. There are however P containing species in the 

EDS maps (Figure 5-41 and Figure 5-42) and XRF analysis, which indicates that these phases 

are either amorphous or in undetectable quantities.  

 

Table 5-27: XRF analysis for the sample E 740-2 and Eucalyptus ash and high temperature 900°C Eucalyptus ash 

 Wt% 

 E740-2 Eucalyptus Ash Eucalyptus 900°C 

Al 10.58 ±0.03 4.86 ±0.11 5.68 ±0.04 

Ca 20.65 ±0.28 36.70 ±0.64 35.36 ±0.39 

Cl 0.26 ±0.06 0.11 ±0.00 0.12 ±0.04 

Fe 19.55 ±0.02 9.61 ±0.33 8.58 ±0.16 

K 3.79 ±0.06 11.24 ±0.18 9.58 ±0.17 

Mg 4.62 ±0.17 6.03 ±0.33 7.91 ±0.48 

Mn 5.13 ±0.09 4.02 ±0.14 3.65 ±0.09 

Na 1.82 ±0.07 0.70 ±0.98 0.47 ±0.66 

Ni 0.05 ±0.01 0.09 ±0.01 0.04 ±0.00 

P 7.50 ±0.10 4.25 ±0.13 4.84 ±0.04 

S 0.60 ±0.01 2.55 ±0.05 3.03 ±0.05 

Si 20.11 ±0.13 16.92 ±0.21 18.28 ±0.16 

Sr 0.43 ±0.01 0.39 ±0.00 0.39 ±0.04 

Ti 1.07 ±0.01 0.92 ±0.03 0.69 ±0.04 

Zn 1.64 ±0.03 0.28 ±0.01 0.26 ±0.01 

Zr 0.05 ±0.00 0.02 ±0.01 0.03 ±0.00 

 97.81  98.66  98.87  
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Table 5-28: Averaged data for whole area analysis of multiple sample regions of the eucalyptus quenched samples 

Wt% 

Element E740-5 E740-8 E740-10 E740-11 E740-14 Average 

Al 17.90 ±0.50 16.56 ±2.01 16.06 ±1.49 14.99 ±0.92 14.83 ±2.03 16.07 ±1.25 

Ca 17.47 ±2.91 17.31 ±2.98 17.28 ±2.50 15.90 ±2.03 19.67 ±8.89 17.53 ±1.36 

Cl 0.51 ±0.05 0.53 ±0.53   1.04 ±1.39   0.69 ±0.30 

Cr       0.68 ±0.09   0.68 ±0.09 

Cu 0.95 ±0.44 1.23 ±0.12 0.90 ±0.05 1.12 ±0.16 1.03 ±0.17 1.04 ±0.13 

Fe 14.23 ±1.43 15.45 ±1.76 13.91 ±2.30 17.82 ±1.66 14.96 ±3.42 15.27 ±1.54 

K 4.31 ±1.95 3.37 ±0.32 3.52 ±0.54 3.07 ±0.50 4.42 ±1.99 3.74 ±0.60 

Mg 6.64 ±0.74 5.69 ±1.16 5.65 ±0.63 4.77 ±0.79 4.45 ±0.66 5.44 ±0.86 

Mn 5.44 ±0.69 5.23 ±0.86 5.08 ±1.01 4.34 ±0.39 5.77 ±1.50 5.17 ±0.53 

Na 2.61 ±0.20 3.36 ±0.64 2.89 ±0.32 3.82 ±0.86 4.29 ±3.17 3.39 ±0.68 

P 5.16 ±0.74 4.74 ±0.56 4.09 ±0.56 5.59 ±0.64 4.93 ±0.93 4.90 ±0.55 

S 2.43 ±1.05 2.84 ±1.23 1.94 ±0.63 3.87 ±0.82 2.18 ±0.73 2.65 ±0.76 

Si 21.47 ±4.42 22.01 ±7.43 26.97 ±7.75 21.87 ±4.87 24.12 ±9.58 23.29 ±2.30 

Ti 0.72 ±0.05 0.83 ±0.12 0.79 ±0.24 0.65 ±0.09 0.72 ±0.18 0.74 ±0.07 

Zn 1.23 ±0.19 1.28 ±0.31 0.94 ±0.10 1.42 ±0.11 1.35 ±0.42 1.24 ±0.19 
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5.3.3 Eucalyptus Cyclone ash sample 

 

The phases present in the eucalyptus cyclone ash that were identified are presented in Figure 

5-48 and Table 5-29. The oxides and carbonates identified in the co-ash blends are also 

present in the eucalyptus cyclone ash. SiO2 is present as quartz, not the polymorph 

cristobalite; this indicates that the gas temperature during combustion was not high enough to 

form cristobalite. Similarly to the hemp and coal sample, there is also sylvite (KCl) present in 

the ash. KCl was present in the boiler coupon flake samples, meaning that if a surface is cool 

enough to condense onto during the combustion trial, KCl will deposit there; this can have 

severe implications in regard to corrosion.53  

 

Table 5-29: Phases identified in PXRD analysis of the Eucalyptus combustion trial cyclone ash 

Phase Key Composition 

Quartz Qz SiO2 

Sylvite Sy KCl 

Periclase P MgO 

Calcite Ca CaCO3 

Hematite He Fe2O3 

Gehlenite Magnesian Ge-Mg Ca2(Mg0.25Al0.75)(Si1.25Al0.75O7) 

Merwinite Mw Ca3Mg(SiO4)2 

Anhydrite An CaSO4 

Soda Melilite N-Me CaNaAlSi2O7 

 

Also present in the samples are CaCO3 and MgO and the presence of these two phases is in 

agreement with the presence of gehlenite-magnesian and merwinite previously identified in 

the PXRD analysis. The formation of these phases has been discussed previously  (Section 

4.1); at present it is unclear if these phases formed in the flue gas or form in a deposit and are 

then removed by the flue gas through erosion. There is no Na carbonate/oxide identified in 

the cyclone ash. However, as it is present in the fuel ash as 0.70 wt% the formation and 

incorporation into the melilite system, which gehlenite is a member of, is plausible. The 

hematite (Fe2O3) is present in the cyclone ash, the high Fe content of the fuel is the origin of 

this oxide. It has not been reduced to magnetite (Fe3O4), indicating that conditions in the flue 

gas are not sufficient for reduction. This is in contrast to the quenched samples, which 

suggests water may play a role in the reduction.  
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SEM analysis of the cyclone ash (Figure 5-49) shows the different morphologies present in 

the cyclone ash. Similar to the deposit and quench samples, the dominating morphology that 

is observed in are the spherical particles. These spheres form due to the heating rate in the 

combustion rig and so far fewer are present in the high temperature laboratory samples.  

Also visible in the samples is some evidence of sintering; this may be a region of deposit that 

has been removed through erosion of deposits with flue gas particulate, as similar sintering 

has been observed the deposit samples (Figure 5-44 c, f). Alternatively these large particles 

could also have formed in the flue gas and agglomerated as they impacted together due to 

the high temperature of the flue gas. Also present in the cyclone ash are particles with similar 

morphology to char; this suggests that combustion of the fuel is incomplete. The presence of 

CaCO3 in the ash, as previously, also suggests incomplete combustion. 

EDS mapping of the sample (Figure 5-50, Figure 5-51) indicates that there are still char 

particles present in the cyclone ash and this suggests incomplete combustion of the 

eucalyptus. The spherical particles show varying composition, similar to the compositions 

previously observed in deposit (Figure 5-40) and quenched (Figure 5-47) samples. Several of 

the spheres are embedded in a crack of a large particle.  These spheres are smaller than the 

Figure 5-48: Eucalyptus cyclone ash data collected on the D2 diffractometer Cu Kɑ radiation 
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spheres present in other portions of the ash, suggesting that they could not expand as much 

as other spheres due to being compressed.  

Also present in the samples is the phase CaSO4 which was also identified through PXRD 

analysis, this is likely a reaction of CaO with SO2 present in the flue gas (Figure 5-35). There 

were also regions where carbonates could be identified (Figure 5-51). At higher temperatures 

they will decompose to oxides and are likely to then form the complex silicates identified in the 

deposits and quenched samples, through the formation mechanisms previously presented. 

The phosphates present were not identified in the PXRD data analysis; these phosphates may 

be amorphous, rather than crystalline, explaining their absence from the PXRD pattern 

analysis.   

KCl is identified in both EDS maps and PXRD data. As has been outlined previously, large 

amounts of Cl in the fuel can be concerning as it can lead to aggressive corrosion in the boiler 

environment. KCl was not present in the deposit or quenched ash due to the lack of cool 

surfaces to condense onto for the deposits, and the solubility of KCl in water. 

Elemental composition analysis data is presented in Table 5-30 and Table 5-31. The most 

noticeable change is the increase in Cl content (0.12 wt% to 2.00 wt%, from XRF data). This 

corresponds with the presence of KCl identified in the XRD pattern (Figure 5-48). The 

presence of KCl in the cyclone ash indicates few cool surfaces for the phase to condense on 

during the combustion test.  

CaCO3 was identified in the ash alongside fewer Ca silicates suggesting the formation of the 

silicates in deposit as opposed to during flight in the flue gas. The suggested mechanism for 

formation is the deposition of the CaCO3 (or CaO) followed by reaction with the viscous high 

silicate melt.  

Figure 5-49: SEM electronmicrographs of eucalyptus combustion trial cyclone ash showing spherical particles with 
sintering and char particles 
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There is a decrease in the amount of K present in the cyclone ash compared to the high 

temperature ash (6.86 wt% to 9.58 wt%). This decrease can be attributed to the increased 

likelihood of free alkali metal condensation on boiler surfaces.54  

Table 5-30: Averaged data of several EDS spectra of the cyclone ash samples from the eucalyptus co-firing test. 

Wt % 

Element Average 

Al 8.21 ±2.74 

Ca 29.49 ±3.75 

Cl 6.70 ±4.07 

Fe 9.50 ±2.46 

K 5.26 ±0.91 

Mg 4.08 ±0.81 

Mn 2.16 ±0.19 

Na 5.83 ±2.18 

P 19.84 ±9.33 

S 1.25 ±1.25 

Si 8.21 ±2.74 

Ti 29.49 ±3.75 

 

Table 5-31: XRF data analysis of the cyclone ash compared with the eucalyptus ash and the high temperature 
eucalyptus ash at 900°C 

 Wt% 

 Cyclone Ash Eucalyptus Ash 
Eucalyptus Ash 

900°C 

Al 6.53 ±0.11 4.86 ±0.11 5.68 ±0.04 

Ca 31.62 ±0.38 36.70 ±0.64 35.36 ±0.39 

Cl 2.00 ±0.13 0.11 ±0.00 0.12 ±0.04 

Fe 9.59 ±0.02 9.61 ±0.33 8.58 ±0.16 

K 6.86 ±0.07 11.24 ±0.18 9.58 ±0.17 

Mg 4.63 ±0.18 6.03 ±0.33 7.91 ±0.48 

Mn 2.40 ±0.01 4.02 ±0.14 3.65 ±0.09 

Na 1.75 ±0.23 0.70 ±0.98 0.47 ±0.66 

Ni 0.06 ±0.00 0.09 ±0.01 0.04 ±0.00 

P 3.95 ±0.02 4.25 ±0.13 4.84 ±0.04 

S 4.72 ±0.02 2.55 ±0.05 3.03 ±0.05 

Si 20.81 ±0.09 16.92 ±0.21 18.28 ±0.16 

Sr 0.52 ±0.01 0.39 ±0.00 0.39 ±0.04 

Ti 0.75 ±0.04 0.92 ±0.03 0.69 ±0.04 

Zn 0.13 ±0.00 0.28 ±0.01 0.26 ±0.01 

Zr 0.04 ±0.00 0.02 ±0.01 0.03 ±0.00 

 96.32  98.66  98.87  
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Figure 5-50: An electronmicrograph and EDS maps of the eucalyptus cyclone ash showing char particles, 
silicates, KCl and CaSO4 also identified using PXRD analysis 
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Figure 5-51: An electronmicrograph and EDS maps of the eucalyptus cyclone ash showing KCl, carbonates 
and phosphates. The silicate speeres present in the cracks have not expanded to the same size as those 

present in the looser ash. 
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5.3.4 Eucalyptus Bottom ash samples 

 

Similar to the eucalyptus and coal bottom ash, there are both glassy blocks and loose ash. 

(Figure 5-52). The phases present in the loose ash (Figure 5-53, Table 5-32) allow insight into 

the phases that are likely to form in the glassy blocks. As has been previously mentioned, 

kalsilite can be a precursor to leucite (Section 3.1.5).The calcite likely loses CO2 to form lime 

(CaO) which then reacts with SiO2 to form wollastonite; further reaction with MgO (not 

identified) to form the diopside was identified in the glassy blocks. The akermanite identified 

in the loose bottom ash may have reacted with MgO to form the diopside. The Ca9MgK(PO4)7 

present in the co-fired bottom ash is present in the eucalyptus ash. Hydroxyapatite was 

previously identified as the precursor to this phase, but it has not been identified in the 

eucalyptus ash. However, the phase Ca3(PO4)2 has been identified in the eucalyptus deposits 

suggesting that this may also be a precursor to the formation of Ca9MgK(PO4)7. 

 

 

  

Figure 5-52: Eucalyptus combustion trial bottom ash showing large pores, slag flow melt and 
loose bottom ash 
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Table 5-32: Phases identified through PXRD data analysis of loose and glassy bottom ash 

Phase 
Key 

Composition 
Glassy 

Blocks 
Loose 

Quartz Qz SiO2 • • 

Hematite He Fe2O3 •  

Albite  Ab 8O3NaAlSi •  

Cristobalite Cr SiO2 • • 

Leucite Le KAlSi2O6 •  

 MP Ca9MgK(PO4)7 •  

Diopside Di CaMgSi2O6 •  

Wollastonite Wo CaSiO3 •  

Mullite Mu Al4.56Si1.44O9.72 •  

Grossite Gr CaAl4O7 •  

Calcite Ca CaCO3  • 

Kalsilite Ka KAlSiO4 
 • 

Microcline Mi KAlSi3O8 
 • 

Akermanite Ak Ca2MgSi2O7  • 

 

Figure 5-53: PXRD analysis of eucalyptus glassy blocks and loose bottom ash pattern collected on the d2 
diffractometer (Cu Kɑ radiation) 
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SEM analysis of the samples (Figure 5- 54) shows morphology differences between the loose 

ash and the glassy blocks. The glassy blocks have a much closer texture in comparison to the 

loose ash which is much more porous. The samples were ground, prior to analysis in order for 

PXRD to be carried out on the samples. The loose ash was able to be ground by hand however 

the large glassy blocks required ball milling. 

Analysis of the EDS maps of the glassy block bottom ash shows (Figure 5-55) distinct 

association between Al, Si, and O confirming the presence of the mullite which was also 

identified through analysis of the PXRD data (Table 5-32). Mullite present in the combustion 

rig samples has previously been attributed to the decomposition of kaolinite. As there is no 

kaolinite present from the coal in these samples, because only eucalyptus is fired it is possible 

that SiO2 reacted with the refractory lining of the boiler. Also clearly visible are regions of 

Ca,Mg silicate which are likely to be the diopside or akermanite which were also identified 

from the PXRD data. 

Fe,Cr-O is also associated in the glassy block and this is likely to be in the spinel type phase. 

Magnetite has been identified in several other forms of the fuel ash. This suggests that the 

spinel may have formed via Cr substitution into the magnetite. Also present in the EDS 

analysis is Ca,Mg phosphate which is also associated with K; this was also identified through 

PXRD  as Ca9MgK(PO4)7 . 

Figure 5- 54: Electronmicrographs of a) Eucalyptus bottom ash blocks showing a close glassy texture and b) 
Eucalyptus loose bottom ash showing porous regions and several different particle morphologies 
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Figure 5-55: An electronmicrograph and EDS maps of eucalyptus glassy block bottom ash showing mullite, Fe-Cr 
spinel and C,aMg Phosphate 
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Data collected from analysis of the glassy blocks and loose bottom ash through SEM-EDS is 

presented in Table 5-33. The loose bottom ash shows a similar composition to the eucalyptus 

fuel ash  A minor increase in the Ca and K content of the loose bottom ash can be attributed 

to the presence of the phase fairchildite (KCa(CO3)2), which was also identified in the PXRD 

data.  

In contrast to the loose bottom ash the glassy blocks show a very different composition to the 

eucalyptus fuel. There is a large increase in the Si content (from 16.92 wt % to 45.52 wt %) 

suggesting the more volatile elements are lost through the gas stream before the heavier 

silicates fall to the bottom ash hopper. The increase in Al and K corresponds with the presence 

of leucite (KAlSi2O6) in the PXRD data.  

Table 5-33: Averaged analysis of the EDS data for the glassy blocks and loose bottom ash of the eucalyptus 
combustion run 

Wt % 

Eleme
nt 

Glassy Blocks Loose 

Al 14.26 ±2.51 6.85 ±1.04 

Ca 17.50 ±3.00 25.49 ±2.41 

Cl   1.17 ±0.24 

Cr 0.69 ±0.35   

Fe 5.02 ±1.93 5.34 ±0.60 

K 7.91 ±0.60 18.91 ±2.05 

Mg 2.37 ±0.30 5.92 ±0.74 

Mn   2.71 ±0.42 

Na 1.20 ±0.11 7.32 ±1.34 

P 3.81 ±0.12 2.70 ±0.36 

S 1.39 ±0.41 6.38 ±2.35 

Si 45.52 ±1.57 17.53 ±2.71 

 Ti 0.69 ±0.15   

 

.  
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5.4 Conclusions 

 

There are several phases identified in the combustion rig deposits that were not identified in 

the laboratory ashed samples. Mullite, one of the decomposition products of illite, is present, 

suggesting decomposition of illite in the flame. Mullite, alongside andalusite, is also a 

decomposition product of kaolinite. Kaolinite was present in the raw coal fuel but had 

decomposed in the initial ashing process up to 575°C; this explains the absence of andalusite 

in the HT heat treated ash, as the product it forms from is not present at the high temperatures 

in the furnace. 

The silicates that are present in the HT lab ash, but not the deposit e.g. wollastonite 

(eucalyptus and coal), can be considered precursors to other silicates present e.g. diopside 

and akermanite which may have formed in the deposit via wollastonite. The akermanite and 

gehlenite present in some deposit samples have formed a solid solution in comparison to the 

laboratory HT ash samples, where they are present as individual phases. This can be 

attributed to two affects. Firstly the deposit is present in the combustion rig for 2-3 times longer 

than the 60 minutes the samples are in the furnace for. This means that reactions between 

phases that require longer to form can occur. Secondly, the deposit is continuously having 

ash impacted onto it, meaning that the composition is constantly changing; consequently more 

Mg/Al may become available to alter the composition of the solid solution. 

The hemp and coal cyclone ash has a composition similar to that of the quenched samples. 

The main difference between these samples is the absence of water soluble phases in the 

quenched samples i.e: KCl. The samples are morphologically similar, containing spheres 

which comprise of silicates and phosphates alongside the rod-like particles which are the 

remainder of the trichomes present on the raw fuel. 

There are significant morphology differences between the HT lab ash and deposit, quenched, 

and cyclone ash samples. The spheres that are present in the hemp and coal, and eucalyptus 

and coal combustion trials are also present in the eucalyptus combustion trials; this suggests 

that the plero and cenospheres originally identified by Raask191
 as forming through coal will 

form from ash of the same composition from biomass. In the deposit samples there are 

multiple examples of sintering between the large spheres, and significant melt in the deposits 

seems to have occurred. The deposits are not so tenacious however that they are unable be 

removed from the probes. The deposit and quenched samples also have a greater number of 

large spheres present in the ash. The formation of the spheres is thought to be influenced by 

the heating rate of the ash and so is challenging to reproduce in a lab environment. The 
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spheres are not the only morphology present in the cyclone ash, some of the particles show 

evidence of sintering. This indicates that particle collision in the flue gas stream may have 

occurred to form these particles, or that some of the deposits were removed through an 

erosion mechanism. 

The microcline that was present in the HT ash is present in several of the rig samples, however 

sanidine is also present suggesting temperature and gas conditions in the combustion rig are 

favourable for formation of sanidine. This may be due to the heating rate and temperatures 

experienced in the combustion rig. Kalsilite (KAlSiO4) is present in the deposit, quenched, and 

HT ash. The greater peak intensities of kalsilite in the quenched samples suggest rapid 

quenching of the sample may lead to formation, indicating it could be a kinetic product i.e. the 

product that forms first and due to rapid cooling is unable to convert into a more stable 

thermodynamic product. 

KCl is identified in both the loose bottom ash and the cyclone ash for the eucalyptus fuel 

suggesting that not all KCl formed in the combustion process will deposit. 

There are several polymorphs of SiO2 present in the glassy blocks. This means that the 

temperatures in the ash hopper were similar during both co-firing combustion trials. Also 

present in the glassy blocks is the phase Ca9MgK(PO4)7, which has formed via hydroxyapatite 

present in the loose ash (eucalyptus and coal).  Several silicate phases are present in the 

glassy block ash; in comparison the loose ash contains more carbonates, these in turn are 

thought to degrade into oxides (e.g. CaO which are identified in some of the deposit ash 

samples and MgO). These oxides will then react with SiO2 to form the silicates. The phases 

present in the loose ash have feasible pathways to form the phases present in the glassy 

blocks. 

A comparison of the HT ash, deposits, and quench samples shows that the vast majority of 

the phases present in the combustion rig samples can be predicted if a fuel is ashed prior to 

large scale combustion. The sintering in the deposits is of some concern, however, deposit 

sintering and increased molten flow can be directly related to the presence of potassium 

silicates and KCl, which are not present in large quantities. Zbogar et al.46
 note that a high 

content of SiO2 and Ca also contribute to the formation of porous deposits and therefore these 

deposits are weaker and easier to remove. 
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6. Analysis of deposit build up on boiler probes from a 

1MWth combustion rig 

 

6.1 Introduction 

Low alloy steels, such as 15Mo3 are often used as structural materials in power plants due to 

their lower cost in comparison to other ferritic and heat-resistant steels. 15Mo3 is typically 

used at temperatures up to 475°C. However, oxidation can lead to serious problems including 

pipe failure and wall thinning at high temperatures. Chang and Wei217 have previously 

reviewed high temperature oxidation of low alloy steels, and found that hematite and magnetite 

are the most commonly formed oxides. Higginson et al.218 characterised the oxides formed on 

low alloy steels and concluded that hematite, magnetite, and wustite are most commonly 

Figure 6-1: Fe-O phase diagram showing magnetite and hematite as 
the most common Fe-O phases below 500°C 
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formed. The phase diagram of Fe-O is presented in Figure 6-1, showing that hematite and 

magnetite are the phases predicted at the temperatures in relation to the O content (below 

500°C) in the combustion trial. Later work by Chang219 showed that long term oxidation of 

metals could not accurately be predicted, as different alloys possess widely different spalling 

characteristics. It is therefore important to investigate different alloys and their compatabilities 

with different fuels. The as-measured composition of the alloy 15Mo3 used in this study is 

presented in Table 6-1.   

Table 6-1: Measured composition of the 15Mo3 coupons used in the combustion trials 

Alloy Cr Mn Fe Ni Mo Cu 

15Mo3 0.22 0.48 98.59 0.24 0.29 0.18 

 

Heat transfer to the boiler tubes is often affected by deposit build up, and depending on 

composition, these deposits can also contribute to premature boiler failure.  Information on 

oxidation products and deposit interaction on 15Mo3 during the combustion of biomass is 

essential to minimise plant downtime. In this chapter, analysis of the deposits onto the surface 

of the 15Mo3 coupons during hemp and coal, eucalyptus and coal, and eucalyptus combustion 

trials will be presented.  
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6.2 Analysis of the hemp and coal boiler coupon surface deposits 

 

Eight samples (Hemp A-H) were analysed; each sample was in a different port of the 

combustion rig (Figure 6-4). Gas profiles of CO and O2 (sampled locally to the probe every 

two hours through the combustion run) for the probes are presented in Figure 6-2 and Figure 

6-3, and clear differences in the gas composition surrounding the samples were visible. A 

higher %CO suggests the sample conditions are reducing, a high %O2 indicates oxidising 

conditions. Under oxidising conditions, a protective oxide scale is more likely to form. The 

target temperatures of the samples are presented in Table 6-2; whilst the temperatures of the 

samples are duplicated, the atmospheres surrounding the samples are different (the position 

of the samples in the boiler are presented in Figure 6-4) and so some variation between 

oxidation and deposit composition is expected. 

Table 6-2: Target temperatures of the 15Mo3 probes in the hemp and coal combustion test 

Sample 

Target 

Temperature 

(°C) 

Atmosphere 

Hemp A 475 Reducing 

Hemp B 450 Oxidising 

Hemp C 425 Oxidising 

Hemp D 475 Oxidising 

Hemp E 475 Oxidising 

Hemp F 475 Oxidising 

Hemp G 450 Oxidising 

Hemp H 425 Oxidising 
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Figure 6-2: Gas conditions sampled every two hours from 15Mo3 probes in the hemp and coal combustion test. a) Hemp A b) Hemp B c) Hemp C d) Hemp D 
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Figure 6-3: Gas conditions sampled every two hours from 15Mo3 probes in the hemp and coal combustion test. a)Hemp E b) Hemp F c) Hemp G d) Hemp H 
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Figure 6-4: Positions of the 15Mo3 hemp and coal combustion probes in the hemp and coal combustion run a) Hemp A b) Hep B c) Hemp C d) Hemp D e) Hemp E f) Hemp F 
g) Hemp G, h) Hemp H 
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Table 6-3: Phases present in the probe scales from the hemp and coal combustion run (* indicates solid solution between two phases) 

Phase Key Composition Hemp A Hemp B Hemp C Hemp D Hemp E Hemp F Hemp G Hemp H 

Quartz Qz SiO2 • • • • • • • • 

Hematite He Fe2O3 • • •  • •   

Sylvite Sy KCl • • • • •  •  

Calcite Ca CaCO3 • •       

Cristobalite Cr SiO2 • • •   • • • 

Diopside Di CaMgSi2O6 •      • • 

Arcanite Ac K2SO4 • •  • •    

Akermanite Ak Ca2MgSi2O7 •  •   • • * 

Anhydrite An CaSO4 • •       

Kalsilite Ka KAlSiO4 •  •   • •  

Leucite Le KAlSi2O6 •  •   • • • 

Microcline Mi KAlSi3O8  • • •  •   

Hydroxyapatite Ha Ca10(PO4)6(OH)2  • •   • • • 

Gehlenite Ge Ca2Al(AlSiO7)  •      * 

Fairchildite Fa KCa(CO3)2   •   • •  

Periclase P MgO   •      

Orthoclase Or KAlSi3O8       •  

Albite Ab NaAlSi3O8        • 
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Analysis of the PXRD data and phases present in the hemp probe deposits are presented in 

Table 6-3 and Figure 6-5. KCl has been identified in the hemp probe samples; as has been 

mentioned previously, KCl is often highlighted as a phase of concern when co-firing biomass. 

Figure 2- 9 shows the widely accepted mechanism for active oxidation. KCl is often one of first 

phases to deposit during biomass combustion.47,220 The main deposition mechanisms of KCl 

are diffusion and thermophoresis (Section 2.3). The probe temperatures are 425-475°C and 

therefore the KCl will deposit on to the probes as they are significantly cooler than the flame / 

combustion air, which can be in excess of 1000°C.   

Arcanite (K2SO4) is also shown to be present through analysis of the PXRD data. K2SO4 could 

have deposited through the diffusion and thermophoresis mechanisms similarly to KCl.1 

Kassman et al.221 give an equation (Equation 6-27) for the sulphation of KCl in the deposit. 

Figure 5-2 shows the gas composition leaving the rig, therefore the reaction is likely to happen. 

This SO2 could be present due to the decomposition of the rozenite identified in the PXRD of 

the coal fuel. Baxter et al.205 list sulphation, alkali absorption, and oxidation as the three most 

important reactions in the chemical reaction category of the deposition mechanisms. 

2𝐾𝐶𝑙 + 𝑆𝑂2 + 𝐻2𝑂 + 
1
2⁄ 𝑂2 → 𝐾2𝑆𝑂4 + 2𝐻𝐶𝑙 

Equation 6-27 

Also identified in the samples is cristobalite (SiO2). Cristobalite is a high temperature 

polymorph of SiO2 which, due to a highly porous structure, is more reactive than quartz as an 

SiO2 source.222 This suggests the cristobalite is the SiO2 source for the formation of the 

complex silicates identified e.g. akermanite and diopside. The larger particles which deposit 

on to the probe samples are too large to follow the gas flow through the convective pass. 

Therefore, they either impact into the boiler walls and stick to the probes, or fall into the bottom 

ash collector.  

Ca,Mg,Al silicates have been identified through PXRD data analysis and are present in both 

the high temperature lab ash and the deposit samples, once again indicating that formation 

ocurrs after deposition. Tite and Maniatis report that the melting point of Ca compounds is 

decreased by aprroximately 50°C in reducing atmospheres,223 which explains the presence of 

both diopside and akermanite in hemp A. However, both Ca-Mg silicates are also present in 

samples G and H, which are in a largely oxidising atmosphere, suggesting that the atmosphere 

does not have a large affect on which of these silicate phases form.  The gas conditions also 

seem to have little affect on the formation of K,Al silicates with kalsilite, with leucite being 

present under both reducing and oxidising conditions. Rathossi and Pontikes224 report that for 
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clays with compositions of SiO2 (42.03-51.17wt%), Al2O3 (10.48-12.8wt%), and CaO (9.48-

13.97wt%), between 850-950°C no significant mineral or structural differences between 

oxidising and reducing atmospheres were seen. At temperatures above 1050°C, the 

atmosphere was shown to be more important, with an increase in vitreous and viscous glassy 

phases.224 The formation of glassy phases is undesirable in a combustion environment as it 

can lead to tenacious deposits which will decrease heat transfer and therefore efficiency. 

SEM electronmicrographs are presented in Figure 6-6Error! Reference source not found.. 

Several clear morphologies are visible in the deposits. Distinct cubes are of KCl are present 

in hemp B (Figure 6-6b, Figure 6-7), which are also identified as present by analysis of the 

PXRD data (Table 6-3). These cubes of KCl formed through heterogeneous condensation 

onto the comparatively cooler surface of the probe coupons. Surrounding the cubic KCl in 

Figure 6-7 was a region high in Al,Si and O. The close proximity of these two phases suggests 

that if left at high temperature in the boiler for long periods of time, they may react to form one 

of the K,Al-silicates identified through PXRD analysis. 

 

Needle shaped crystals are present in several of the probe deposit samples (Figure 6-6a,b,d 

and e); these are likely to have formed after deposition. Zbogar46 lists chemical reaction as a 

method of deposit formation; the formation of these needle crystals may be due to the reaction 

of phases present in the deposit with CO, CO2, SO2, or O2 from the flue gas. EDS analysis of 

these needles is presented in Figure 6-8, and close association between K, S, and O suggests 

that they are the phase K2SO4 also identified in the PXRD data.  The close proximity of these 

needles to a large region of KCl suggests that SO2 in the flue gas reacts with the deposited 

KCl to form the K2SO4. This is in agreement with the formation mechanism presented Equation 

6-27. 

A different morphology of K2SO4 is observed in sample Hemp C (Figure 6-9), where deposition 

onto a large particle of FeS is observed. This could be from the decomposition of rozenite 

(FeSO4.4H2O) to form FeS, the S present may then react with KCl that deposited onto the 

surface of the particle.  
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Figure 6-5: PXRD Data analysis of hemp probe deposits, data collected on the D2 diffractometer (Cu Kɑ radiation) 
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In several samples, metal oxide flakes are present (Figure 6-6e); these are thought to form 

through breakaway oxidation, followed by the loss of scales on cooling.225 The needles 

observed in several other samples are also present at the oxide-deposit surface, further 

suggesting in deposit growth.  

Also visible on the deposit surface were spheres which may have formed in the flue gas and 

deposited through inertial impaction. At the deposit-interface, there was also some evidence 

of sintering  (particle-particle attachment during heating). Sintering can increase the tenacity 

of a deposit, therefore making it harder to remove.46 Figure 6-10 presents an 

electronmicrograph and EDS maps of a metal oxide flake; clear KCl cubes can be seen on 

the surface of the flake as well as in the large deposit region. K2SO4  was also present in this 

deposit suggesting the sulfation of KCl at the metal oxide interface. In close association in the 

deposit is Ca,P and O confirming the presence of the hydroxyapatite identified in the samples 

through PXRD analysis. Figure 6-10 further confirms the presence of the hydroxyapatite as 

there is a distinct visible region in the sample. There is also evidence of the formation of K, Al 

silicates as there are several distinct regions present in the deposit.  

The trichomes that were present in the raw hemp fuel were also present in some of the probe 

deposits, Figure 6-6f shows trichomes present in Hemp F. The shape is similar to those seen 

in the raw fuel, and also the trichomes that did not degrade in the high temperatures of the 

deposits or the HT laboratory ashed samples. EDS maps (Figure 6-11) confirm that these are 

the trichome like structures, as they have the same composition that was observed from the 

raw fuel (Section 4.1.1) suggesting that decomposition of these structures requires harsher 

conditions than those present in most regions of the combustion rig.  

Presented in the electronmicrograph and EDS maps of Figure 6-12 is a deposit which has 

melted and incorporates several spheres. The spheres that have not melted are 

phosphospheres;192 melting points of phosphates are typically higher than melting points of 

silicates. The phosphates could have formed in the deposit, firstly through the formation of 

KPO3 in the gas phase, followed by deposition and reaction with CaO in the deposit.210 The 

presence of the phosphospheres suggests that the spheres formed in the flame, and therefore 

deposited onto the probe surface. The presence of lower melting point silicates surrounding 

the Ca-phosphate pockets also supports the deposition mechanism of formation. 
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c) 

Figure 6-6: SEM electronmicrographs of the 15Mo3 coupon deposits illustrating different morphologies present a) 
Hemp A b) Hemp B c) Hemp C d) Hemp D e) Hemp E f) Hemp F g) Hemp G h) Hemp H 
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Figure 6-7: An electronmicrograph and EDS maps of a KCl cube present in Hemp B 
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Figure 6-8: An electronmicrograph and EDS maps of showing the needles to be K2SO4 



 

 
 
 

 

 
 

226 

 

  

Figure 6-9: An electronmicrograph and EDS maps showing K2SO4 deposition in both needle and droplet morphology 
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Figure 6-10: An electronmicrograph and EDS Maps of K2SO4 and KCl on a metal oxide flake 
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  Figure 6-11: SEM electronmicrograph and EDS maps showing trichomes present in Hemp F 
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Figure 6-12: An electronmicrograph and EDS maps showing pockets of calcium phosphate in a silicate melt. 
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6.2.1 Conclusions 

 

The deposits that have attached to the 15Mo3 probe coupons have a largely similar 

composition to the deposits formed on the ceramic probes in the superheater region of the 

combustion rig. This is also similar to the high temperature heat treated samples from the 

laboratory. The trichomes identified in the previous deposits are also present in these samples. 

Large cubic KCl particles are visible under reducing atmospheres; these are thought to have 

deposited through a diffusion mechanism as the surface of the coupons are cooler than the 

gas temperature. The deposition of KCl can lead to active oxidation of the coupon surface, 

which can in turn lead to oxide spalling upon cooling, and therefore an increase in corrosion. 

Evidence of metal oxide flakes with KCl deposition is presented in Figure 6-10. The KCl on 

this sample is also associated with K2SO4, and therefore the reaction according to, Equation 

6-27, can be assumed.  The presence of K2SO4 needles in several of the samples also 

confirms this mechanism of formation as reaction of KCl in the deposit with SO2, released 

during the combustion of the fuel, to allow the formation of needle crystals.  

There is evidence of sintering in the deposits which can then lead to slagging and flow. This 

is undesirable as it can retard heat transfer. The presence of higher melting point silicates, 

e.g. akermanite and diopside, indicates less slagging may occur. 
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6.3 Analysis of the eucalyptus and coal boiler coupon surface deposits 

 

Gas profiles of CO and O2 for the probes are presented in Figure 6-13 and Figure 6-14. Clear 

differences in the gas conditions local to each probe coupon are visible. Under oxidising 

conditions (those with high% O2), oxide scales are more likely to form. Target temperatures 

and whether the sample was exposed to a largely oxidising or reducing atmosphere are 

presented in Table 6-4. Sample collection points in the boiler are presented in Figure 6-15; 

variation between samples, due to boiler position, is expected.  

Table 6-4: Temperature and gas conditions of Eucalyptus Co-fire boiler probe deposit samples 

Sample 
Temperature 

(°C) 
Atmosphere 

EUCCO A 475 Reducing 

EUCCO B 450 Reducing 

EUCCO C 425 Oxidising 

EUCCO D 475 Reducing 

EUCCO E 475 Oxidising 

EUCCO F 475 Oxidising 

EUCCO G 450 Oxidising 

EUCCO H 425 Oxidising 
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Table 6-5: Phases present in eucalyptus and coal probe deposit samples. There was an insufficient amount of EUCCO D and E to analyse with PXRD. 

Phase 
Key 

Composition 
EUCCO 

A 

EUCCO 

B 

EUCCO 

C 

EUCCO 

F 

EUCCO 

G 

EUCCO 

H 

Quartz Qz SiO2 • • • • • • 

Leucite Le KAlSi2O6 •      

Diopside Di CaMgSi2O6 •      

Albite Ab NaAlSi3O8 •      

Akermanite Ak Ca2MgSi2O7 •      

Gehlenite Ge Ca2Al2SiO7 •      

Periclase P MgO •     • 

Arcanite Ac K2SO4 • •     

Magnetite Ma Fe3O4 • • • • • • 

Cristobalite Cr SiO2 •      

Calcium Chromium Oxide Not shown  •      

Fairchildite Fa K2Ca(CO3)2 
  •    

Microcline Mi KAlSi3O8 
   •   

Sylvite Sy KCl  •     

Hematite He Fe2O3 
 • •  • • 

Grossular Gr Ca3Al2(SiO4)3  •    • 

Anhydrite An CaSO4 
  • • • • 

Anorthite Ao CaAl2Si2O8 
   •   

Nickel Oxide Ni NiO 
    • • 

Tremolite 
Not shown Ca2(Mg,Fe)5Si8

O22(OH)2 
    •  

Chomium Oxide CrO Cr2O3 
    • 

Natrite Na NaCO3 
     • 
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Figure 6-13: Coupon O2 and CO2 gas conditions for the eucalyptus and coal combustion trial a) EUCCO A b) EUCCO B c) EUCCO  C d) EUCCO  D 
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Figure 6-14: Coupon O2 and CO2 gas conditions for the eucalyptus and coal combustion trial a) EUCCO E b) EUCCO F c) EUCCO  G d) EUCCO  H 
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Figure 6-15: Port positions for probes containing the coupon samples a) EUCCO A b)EUCCO B c)EUCCO C d)EUCCO D e) EUCCO E F) EUCCO F g) EUCCO G h) 
EUCCO H 
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Figure 6-16:  PXRD patterns for EUCCO coupon deposits data collected on the D2 diffractometer (Cu Kɑ radiation) 
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The metal oxides hematite, magnetite and Cr2O3 are present (Figure 6-16, Table 6-5), this 

suggests oxidation of the 15Mo3 coupons. These metal oxides were present under both 

oxidising and reducing conditions, suggesting that some breakaway oxidation (significant 

changes in oxidation rate which creates oxide cracks resulting in a loss of oxide scales upon 

cooling) has occurred.  Chang et al.219 state that at temperatures below 570°C the Fe-oxides 

magnetite and hematite will be present. As the temperature increases the phase wüstite (FeO) 

will also form. Characterisation of low alloy steels at high temperatures by Higginson et al.218 

agreed with these conclusions. The NiO present in the samples is from the anti-seize grease, 

used to allow coupon removal from the probe, and is unlikely to be an oxidation product from 

the minimal amount of Ni present in the alloy. 

Anhydrite (CaSO4) was present in the samples that experienced oxidising atmospheres, 

suggesting preferential formation under these conditions irrespective of temperature. The 

carbonates natrite (NaCO3) and fairchildite (K2Ca(CO3)2) were also only present under 

oxidising conditions, suggesting they formed through oxidation and reaction in the deposit 

between char particles and oxides present in the fuels. 

The feldspars albite, microcline, and anorthite were present in reducing and oxidising 

conditions. This suggests that, either formation is unaffected by redox conditions, or that they 

are already present as large debris present from harvesting, in the biomass ash which do not 

deviate with the gas flow and therefore impact into the probes and deposit.  Under reducing 

conditions, cristobalite (SiO2) had formed; in Section 4.2.1 the reactivity of polymorphs of SiO2 

is discussed. Cristobalite is only identified in EUCCO A; this sample also has the greatest 

variation in silicates present, further indicating it is the more reactive SiO2 polymorph. 

Research by Ringdalen222 suggests that cristobalite is not as readily formed under reducing 

conditions in comparison to inert conditions, however cristobalite formation was also 

dependent on the SiO2 source meaning that many factors (e.g. particle size and Si speciation 

in the biomass) may affect the formation.  

Also identified in samples under reducing conditions are KCl and K2SO4. Petterson et al.92 

showed that KCl deposits onto 304-type austenitic alloys leading to an increase in breakaway 

oxidation, in particular around grain boundaries. As the KCl is present under reducing 

conditions, it may be that more breakaway oxidation has occurred in the samples formed 

under a reducing atmosphere. K2SO4 is most commonly formed through the sulphation of KCl. 
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Figure 6-17 presents an electronmicrograph of an oxide scale with a large amount of KCl 

deposited onto the surface, the deposition mechanism of KCl onto the surface of the probe is 

diffusion (Section 2.3). The particles are fairly large in size which suggests that some may 

have formed through homogenous nucleation in the flue gas. These large deposits were only 

imaged on flakes found under reducing conditions, although EDS mapping of other samples 

indicate that regions of KCl are present under oxidising conditions (Figure 6-18).   

  

Figure 6-17: SEM micrograph and EDS spectrum of KCl deposition onto the surface of an oxide scale 
under reducing conditions in sample EUCCO B 

Figure 6-18:Electronmicrograph and EDS maps of KCl and K2SO4 deposition onto metal oxide flakes in sample 
EUCCO G 
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A linescan of an oxide scale in sample EUCCO G (Figure 6-19) shows clear separation 

between oxide and deposit regions. There is also clear association of K and S. This is similar 

to the oxide scale observed in Figure 6-18. The K2SO4 present is likely to have deposited 

through the diffusion mechanism proposed by Zbogar et al.,60 or through the reaction of SO2 

with KCl that had previously deposited onto the scale, causing an increase in the active 

oxidation cycle. The silicate spheres present in the deposit region of the scale deposit through 

the inertial impaction mechanism, and may undergo reaction post deposition. 

EDS analysis of the oxide scale formed under a reducing atmosphere in EUCCO B shows the 

presence of Cr oxide and Mn oxide, alongside Fe oxide.  Considering the Cr content of 15Mo3 

is 0.22% (Table 3-4) the Cr enrichment in the scale appears high. The enrichment of Cr in 

scales formed on low-alloy steels under reducing conditions, was also found in research by 

Uusitalo et al..109  Wood225 stated that the initial oxidation of Cr (when the alloy contains less 

that 0.2%) is more rapid in comparison to the oxidation of Fe; this in turn can lead to a Cr 

maximum at the inner/outer scale interface. Oxidation rates are likely to be faster under 

reducing conditions than oxidising conditions.225 The increase in Cr content of the scale can 

be explained by this preferential oxidation. Fe and Cr are present in close association with one 

another which suggests the presence and formation of Fe,Cr spinel. Also associated in the 

EDS maps are K2SO4 present on metal oxide scales. The presence of the Ni is likely to be 

due to the grease used in the lubrication of the probe.  

 

Figure 6-19: SEM electronmicrograph and linescan spectra of K2SO4 deposit onto an iron oxide scale 
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The iron oxide magnetite (Fe3O4) that was shown as present through PXRD analysis (Figure 

6-16). On several oxide scales in EUCCO B octahedral crystals characteristic of magnetite 

are visible (Figure 6-20). EDS analysis of these octahedral crystal shows that they are largely 

comprised of Fe and O which, coupled with their morphology, confirms that they are Fe3O4. 

Small amounts of Mn and Ni are also present in the scale suggesting that this oxide flake was 

removed from the 15Mo3 alloy coupon. The Ca, Al, Si and O present in the spectrum are from 

the spheres present on the magnetite deposit surfaces.  The K and Cl, which is likely to be 

present as KCl, is thought to have induced FeCl2 transport to the surface of the deposit. After 

encountering O2 at the deposit surface octahedral crystals will form through the active 

oxidation mechanism.85 

Figure 6-20: Magnetite Octahedral Crystals visible under both oxidising and reducing conditions, SEM-EDS analysis of 
the octahedral regions 

Figure 6-21: Hematite whiskers present under an oxidising atmosphere 
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Cracks in the oxide scales, either at the deposit oxide interface or between an oxide-oxide 

interface, were observed. Whiskers were observed in these cracks in the scales formed under 

oxidising conditions only (Figure 6-21). Higginson et al.226 in their study on whisker growth 

morphology of high temperature oxides showed that these whiskers are highly likely to be 

hematite. There is a difference in opinion to how these whiskers form. Yuan et al.227 state that 

whisker growth occurs at the hematite/magnetite boundary. In comparison Higginson et al.226 

and Pettersson et al.104 found that the whiskers were most likely to form in areas where 

breakaway oxidation has occurred.  

Alongside the alloy oxidation products there was also evidence of sintering in the deposit. An 

electronmicrograph of EUCCO E (Figure 6-22) shows sintering in a deposit onto a metal oxide 

surface. Sintering is often caused by low melting point silicates, which can then cause an in- 

deposit heat flux, and create a corrosive environment. This potentially explains the presence 

of the metal oxide flake in the deposit.  

Sintering was also observed in EUCCO A deposits (Figure 6-23) . Strong association between 

Ca, Al/Mg Silcates, corresponds to the gehlenite and akermanite identified in PXRD analysis 

of the sample. There is also close association between K, Al, Si, and O which is likely to be 

leucite identified in PXRD. Present in this deposit is also a close association of K,Ca, C and 

O which is suggestive of the carbonate fairchildite, this has not been identified using PXRD 

however it could be present in minor quantities undetectable using PXRD. The C through the 

deposit is likely to be from unburnt char particles which did not undergo complete combustion. 

Figure 6-22: Electronmicrograph of EUCCO E showing a metal 
oxide with a sintered deposit 



 

 
 
 

 

 
 

242 

 Loose silicates, unattached from oxide flakes were also observed, Figure 6-24 illustrates 

several spheres often observed during biomass and coal combustion. Ca, Al silicates and 

K,Al-silicates were observed. There were some areas of association between K, Al silicates 

and K2SO4, suggesting an in deposit reaction forming the silicates through a reaction of K2SO4 

and SiO2. Also visible in this area were the Ni flakes probably from the joint grease which 

allows removal of the probe coupon after the combustion trial. 

Figure 6-23: SEM electronmicrograph and EDS maps from sample EUCCO A showing 
akermanite/gehlenite and leucite deposition alongside unburnt C deposition 
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Figure 6-24: An electronmicrograph and EDS maps of EUCCO D showing silicates present as well as Ni joint grease 
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6.3.1 Conclusions 

There is clear evidence of oxidation of the 15Mo3 coupons during the eucalyptus and coal 

combustion trials. The samples under a reducing atmosphere showed large KCl deposits onto 

the coupons, which can lead to an increased rate of breakaway oxidation.  

Magnetite octahedra have been observed under both reducing and oxidising conditions, KCl 

was also visible around these octahedra suggesting their formation occurs during active 

oxidation. Hematite whiskers, which are present under oxidising conditions are observed, 

although reasons for their formation are still unclear.  

There are multiple silicates present in the deposits; the akermanite and gehlenite, which were 

observed in the laboratory high temperature heat-treated eucalyptus and coal ash, are also 

identified in these samples, confirmed through PXRD and EDS analysis. Leucite, a K-Al 

silicate, is present in the scale deposits; this phase was also observed in the HT eucalyptus 

and coal ash analysed during the in house experiments. 
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6.4 Analysis of the eucalyptus boiler coupon surface deposits 

 

Eleven samples (EUC A-K) were analysed, each sample was in a different port of the 

combustion rig (Figure 6-25). The gas profiles of CO and O2 for the probes are presented in 

Figure 6-26, Figure 6-27 and Figure 6-28. Clear differences in the gas composition 

surrounding the samples are visible. The mean temperatures of the samples are presented in 

Table 6-6, alongside the sample atmosphere (oxidising or reducing). The base alloy of the 

samples is 15Mo3 however the samples are also coated or clad with other materials (Table 6-

6). The composition of these coatings is presented in Table 3-7. These coatings aim to present 

an economic way of increasing lifetime of boiler components.   

Table 6-6: Corrosion Probe Mean surface temperature and atmosphere Red denotes coating application using HVOF 
method Blue denotes coatings applied using the laser cladding method 

Probe Material 
Mean surface 

Temperature (°C) 
Atmosphere 

EUC A 
15Mo3 

(NiCrAlY + 
50Cr50Ni) 

400 Reducing 

EUC B 
15Mo3 

(NiCrAlY + 
50Cr50Ni) 

440 Reducing 

EUC C 
15Mo3 

(NiCrAlY + 
50Cr50Ni) 

450 Reducing 

EUC D 
15Mo3 

(FeCrAl + IN625) 
485 Reducing 

EUC E 
15Mo3 

(NiCrAlY + 
50Cr50Ni) 

475 Reducing 

EUC F 
15Mo3 

(FeCrAl + IN625) 
425 Reducing 

EUC G 
15Mo3 

(50Cr50Ni + C276) 
425 Reducing 

EUC H 
15Mo3 

(FeCrAl + IN625) 
500 Reducing 

EUC I 
15Mo3 

(50Cr50Ni + C276) 
435 Reducing 

EUC J 
15Mo3 

(FeCrAl + IN625) 
500 Oxidising 

EUC K 
15Mo3 

(NiCrAlY + 
50Cr50Ni) 

450 Oxidising 
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PXRD analysis of the samples is presented in Figure 6-29, Figure 6-30, and Table 6-7. The 

Fe oxides hematite, magnetite, and wüstite were present in the samples, suggesting oxidation 

of the 15Mo3 samples. Wüstite (FeO) is only present under reducing conditions (EUC C,D 

and E). The Fe-O phase diagram indicates that under reducing conditions (low wt% O2) wüstite 

will form alongside α-Fe and magnetite at temperatures above 570°C.  Magnetite is present 

in samples EUC C, D and E suggesting reduction of magnetite to wustite during the 

combustion test. Samples EUC C, D and E are in similar positions in the boiler (Figure 6-25), 

and they may have been in the flame, and therefore reached higher temperatures than the 

other samples.  Other metal oxides (e.g. Cr2O3) are not present in the XRD analysis of the 

samples, which suggests some of the metal oxide scales may have come from the rings used 

to secure the coupons to the probes.
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Figure 6-25: Probe positions for the eucalyptus combustion run probes a) EUC A b) EUC B c) EUC C d) EUC D e) EUC E f) EUC F g) EUC G h) EUC H i) EUC I j) EUC J 
k) EUC K 
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Figure 6-26: Gas conditions sampled every two hours from 15Mo3 probes in the eucalyptus combustion test . a) EUC A b) EUC B  c) EUC C  d) EUC D 
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Figure 6-27: Gas conditions sampled every two hours from 15Mo3 probes in the eucalyptus combustion test . a) EUC E b) EUC F  c) EUC G  d) EUC H 
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Figure 6-28: Gas conditions sampled every two hours from 15Mo3 probes in the eucalyptus combustion test . a) EUC I b) EUC J  c) EUC K 
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Table 6-7: Phases present in the probe scales from the eucalyptus combustion run 

Phase Key Composition 
EUC 

A 

EUC 

B 

EUC 

C 

EUC 

D 
EUC E EUC F 

EUC 

G 

EUC 

H 
EUC I EUC J 

EUC 

K 

Magnetite 
Mag 

 
Fe3O4 • • • • • • • • •  • 

Akermanite Ak Ca2Mg(Si2O7) • • • •  • • • • • • 

Quartz Qz SiO2 •  • •  • • • • • • 

Hematite He Fe2O3 •  •  •  • • • • • 

Fairchildite Fa K2Ca(CO3)2 •          • 

Anhydrite An CaSO4 •     • • • • • • 

Diopside Di CaMgSi2O6 • • • •  • • • • • • 

Leucite Le KAlSi2O6 • • • •  • • • • • • 

Magnesio-Wustite Mg-Fe (MgO)0.77(FeO)0.23 
 •          

Sylvite Syl KCl   •       •  

Wustite Wu FeO   • • •       

Calcium Phosphate Ca-P Ca3(PO4)2 
   •  •    •  

Orthoclase Or KAlSi3O8      •  •   • 

Cristobalite Cr SiO2         • • • 

Microcline Mi KAlSi3O8           • 
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Figure 6-29: PXRD data for EUC A-E collected on the D2 diffractometer (Cu Kɑ radiation) 
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Figure 6-30: PXRD data and analysis for EUC F-K collected on the D2 diffractometer (Cu Kɑ radiation) 
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KCl was identified in samples EUC C and J. There is little correlation between the samples 

with regards to temperature, atmosphere, and position. The average surface temperature of 

EUC C and EUC J differ by 50°C; however with the flame temperature being higher than 

500°C, sample surfaces will still be the coolest surface for KCl to condense on to. The K2SO4 

that often co-occurs with KCl is not identified in these samples, suggesting that SO2
 from the 

coal is often responsible for the sulphation of KCl during the combustion. 

CaSO4 is present in multiple samples, suggesting combustion conditions are favourable for its 

formation through sulphation of CaO. Ca-phosphate is present in samples EUC C, D and J; 

these samples are in the temperature range of 475-500°C, indicating that higher temperatures 

are favoured during the formation of this phase. Ca-phosphate is present under both reducing 

and oxidising conditions, indicating that the formation is unaffected by atmosphere.  

Quartz was present in several of the combustion probe samples. The Ca,Mg silicates 

akermanite and diopside that were present in the HT lab ash, deposits, and quenched samples 

are also present in the deposits analysed from the probe coupons (Table 6-7, Figure 6-29, 

Figure 6-30). Formation of these phases is covered in previous chapters.  

Figure 6-31 presents electronmicrographs of the samples EUC A-K. The samples show 

several common characteristics with a large degree of sintering in the deposits being 

observed. There were also several regions where melting has occurred indicating that use of 

fuel may lead to slagging or fouling if used in larger scale combustion rigs. A large deposit had 

built up on EUC E (Figure 6-32), the colouring and shape of it suggests a melt region that has 

flowed and formed a droplet, which may be undesirable. The site of attachment to the boiler 

is also porous and exhibits sintering, this suggests that the conditions surrounding EUC G are 

undesirable during large scale combustion. 

EUC E (Figure 6-31e) had a metal oxide scale present in the coupon scale deposit. This oxide 

scale corresponds with the PXRD data obtained from the sample where hematite, magnetite, 

and wustite are present. The scale probably detached from the coupon during the cooling of 

the probe after the test. Cracking on the surface of the scale is clearly visible, which can 

indicate breakaway oxidation (previously discussed in Section 2.5.1). There are also spherical 

particles present on the surface, likely to be silicates that are present in several other samples.  

The spherical particles were present in multiple samples (Figure 6-31 A, D, G, H, I, and J). In 

several samples these spheres are being incorporated into the sample melt. This incorporation 

is particularly visible in EUC A and D, where a large region of melt and agglomeration 

surrounds the sphere. 
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Regions of the deposit also show a high degree of porosity (Figure 6-31f and j). These porous 

regions may indicate a degree of C-rich char particles that impacted onto the deposit, which 

then released CO2 and formed the large visible pores.  EDS analysis of one of these porous 

char particles is presented in Figure 6-33. The porous region largely consists of C and O, it is 

likely to be unburnt C from the eucalyptus fuel. Regions of Ca,Mg, Si and O are visible, 

suggesting the presence of the akermanite and diopside also identified through PXRD. There 

is also close association of KCl in the maps presented. The presence of KCl in the char particle 

suggests it may not have been released during combustion, it could also have condensed on 

the surface of the particle leading to enrichment. 

An electron micrograph and EDS maps of spheres present in EUC C are presented in Figure 

6-34. Whilst the morphology of the spheres is similar, in that they are all spheres, there is 

variation between the surfaces of the spheres and also elemental composition. The 

differences in the surfaces are illustrated in the spheres present in the micrograph of Figure 

6-34. Spheres one and two show a smoother surface in comparison to spheres three and four. 

Various different sphere surfaces can also be observed in Figure 6-31. 

The surface variation in sphere three is also visible in the EDS maps. On the surface of the 

sphere to the right hand side there are clear regions of Ca, Mg silicate interspersed with 

regions of K,Al,Si and O. This indicates that there is little reaction between the two phases.  

Fe is associated with O in the sphere; previous research by Raask191 has shown a catalytic 

amount of Fe is often required to form the spheres from aluminosilicate droplets in the gas 

stream. Sphere one, in comparison, has a much more uniform composition comprising largely 

of Ca, Mg, Si, O, P, and Fe. The variations between the spheres suggests that heating rate 

has a far greater affect on the formation compared to the elemental composition of the 

spheres.  
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Figure 6-31: SEM electronmicrographs showing different sample morphologies present in the eucalyptus coupon deposits a) EUC A b) EUC B c) EUC C d) EUC D e) EUC E f) EUC F g) 
EUC G h) EUC H i) EUC I j) EUC J k) EUC K 
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Due to the variable composition of the spheres the melting points of the spheres will differ. 

This is illustrated in Figure 6-35, an electron micrograph and EDS maps of a melt region 

containing both Ca, Mg, phosphate spheres, and K, Al silicate spheres. The composition of 

the melt surrounding these spheres is largely uniform, exhibiting little variation between region, 

suggesting that the most thermodynamically stable phase under the combustion conditions 

has formed. The incorporation of the spheres into this melt indicates that the melt may have 

formed around the spheres, as the spheres present comprise of two distinct phases as 

opposed to the less uniform composition visible in Figure 6-34. If the spheres had impacted 

after the formation of the melt it is likely they would consist of multiple phases. 

There are several metal oxide flakes present in the samples, Figure 6-31e shows one of the 

most distinct scales. A metal oxide flake is presented in Figure 6-36, one end of the flake is 

Fe- oxide rich and also incorporates K, this indicates that it is likely to be a corrosion scale that 

has detached from the coating of 15Mo3 alloy. The Si build up on the other side of the flake 

indicated deposition onto the metal surface. 

A further metal oxide is presented in Figure 6-37, throughout the flake there is both Fe and Cr 

distribution suggesting formation of a Cr,Fe oxide spinel.  Mechanisms of Cr enrichment in 

high Fe alloys has been discussed in Section 5.2. The scale could also originate from either 

of the claddings on the sample (FeCrAl or IN 625). The presence of both K2SO4, potentially 

formed through reaction with KCl, and Cr-oxide suggests that this is corrosion scale formed 

during the combustion trial which has then been removed from the main oxide layer. 

Figure 6-32: Glassy slag flow removed from EUC E 
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Figure 6-33: An electronmicrograph and EDS maps of a porous char particle from EUC J 
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Figure 6-34: SEM electronmicrograph and EDS maps of spheres present in EUC C showing a variety of compositions 
between spheres and in individual spheres 
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Figure 6-35: SEM Electronmicrograph and EDS maps of a melt incorporating Ca-Phosphate spheres from EUC D 
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Figure 6-36: SEM micrograph and EDS maps showing an Fe scale with deposit build up from sample EUC 
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Figure 6-37: SEM Electronmicrograph and EDS maps of a corrosion scale from EUC H showing regions of Cr 
enrichment and K2SO4 deposition 
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The deposit region highlighted with a red box in Figure 6-31k has an unusual composition. 

The area is a mixture of Ti, Fe, and O (Figure 6-34). The two oxides do not overlap, suggesting 

that there is no substitution between the two oxides. Research into the crystallisation of Fe-Ti 

oxides showed that immiscible oxides often formed during cooling.228 The origin of this metal 

oxide deposit is unlikely to be from the alloy or coating, as Ti is not present. Instead it is more 

likely that this phase formed in the deposit from Ti and Fe present in the fuel.  

6.4.2 Conclusions 

 

The three Fe-oxides hematite, magnetite and wustite are identified using both PXRD and 

SEM-EDS analysis. These scales may have come from the alloy/coatings or they may 

originate from the rings used to secure the coupons to the probes. The scales, which contain 

Cr, are more likely to originate from the corrosion coupons / coatings as the Cr content of the 

fuel is minimal (1.77 mg/kg). Whilst Cr was previously observed in the deposit samples 

(Section 4.3.1), the close association of Cr and Fe in scales indicates that these are corrosion 

scale products. 

 

The K2SO4 surrounding these scales also suggests that active oxidation has occurred, leading 

to spalling of these oxides, which leads to the scales detaching from the bulk.  

Figure 6-38: An electron micrograph and EDS maps of Fe, Ti and O deposit in sample EUC K 
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There is sintering present in several of the deposit samples analysed. The formation of low 

melting point phases has allowed sintering to occur, as was stated in Section 4.3.1. There are 

also regions which have sintered and then melted; this melting can often lead to a greater 

degree of slagging and fouling. This can then lead to deposits flowing, which occurred in EUC 

G (Figure 6-32). This is undesirable as it will retard heat transfer and can create more 

tenacious deposits, although the formation of these melts do not appear to have increased 

corrosion rate.  

 

There are also melts which did not create the flow seen on the surface of several of the 

samples. These melts are often multiphase, and incorporate spheres which remain intact; 

these spheres often comprise of Ca phosphate or K, Al silicates. This suggests that the 

formation of these compounds may be desirable as they will prevent the formation of hard to 

remove deposits, which can in turn lead to a reduction in efficiency and an increase in plant 

down time.   

Several variations of spheres are present in the deposit samples, the spheres have a large 

variation in composition and surface texture. The spheres often contain multiple phases which 

suggests that their formation is dependent on heating rate in the flame, as opposed to the 

phase composition 
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7. Discussion and Overview 

 

This chapter aims to present an overview of the phases formed at various stages of the 

combustion process. A more in depth discussion of the presence and absence of targeted 

phases under certain conditions then follows. Comparisons of the fuels and fuel blends will 

also be given, in order to give a comprehensive idea of where, and how, phases are likely to 

form in the combustion rig. In the comparison tables for the fuels, only 900°C and 1000°C are 

presented as these are the temperatures closest to those in the combustion rig. 

Each of the sample sets (hemp and coal, eucalyptus and coal, and eucalyptus) are complex 

systems with a large number and variety of phases present. For instance, from the phases 

identified links to the phase diagrams CaO-SiO2-MgO, CaO-SiO2-Al2O3 can be made. Such 

phase formation pathways are recognised in other disciplines, for instance in refractory 

ceramics. Comparisons between the laboratory ashed samples and combustion rig samples 

show similarities, allowing patterns to be identified. The phases present ash samples indicate 

that predictable reactions are taking place in the combustion rig.  

7.1 Hemp and Coal Discussion 

 

The phases identified in the combustion rig samples, and the laboratory synthesised ash, are 

presented in Table 7-1. Various polymorphs of SiO2 (quartz, cristobalite, and tridymite) are 

often present as the dominant phases in the samples, the SiO2 content of the ash in the hemp 

and coal blend is 23.41wt% meaning it is around a quarter of the bulk ash matrix (Table 3-18). 

Tridymite and cristobalite, the high temperature polymorphs of SiO2 are only present in 

samples that are settled/deposited (i.e: coupons and bottom ash for over 1 hour) meaning that 

the phases take time to form/ transform. 

One of the phases that is of greatest concern during biomass co-firing is KCl. In the hemp and 

coal samples it was identified in the deposits, coupons, fly ash, and bottom ash. It was not 

identified in the 900°C and 1000°C samples generated in the lab; this is likely due to 

volatilisation earlier in the heating process and so it may have condensed in a cooler region 

of the furnace. The presence of KCl in deposits was unexpected as the bulk deposition 

mechanism of KCl is onto cooler surfaces, and the ceramic probes used for deposition were 

at approximately gas temperature (971-980°C). The presence of KCl in the deposits (Table 5-

1) could be due to condensation of the KCl on the surface of larger particles, which then impact 

onto the surface of the probe/ growing deposit (Figure 2-3). KCl that did not deposit onto a 

surface, travelled with the flue gas in the fly ash and reached the cyclone. 
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As the bottom ash reached temperatures high enough to give large glassy phases, the 

presence of KCl was not expected. It is possible that the KCl comes from char particles which 

did not follow the flue gas flow and fell into the ash hopper. Decomposition in the high 

temperature of the bulk bottom ash, alongside its dense glassy nature, prevented the KCl from 

volatilising and re-entering the flue gas of the combustion rig. 

The presence of KCl in the coupons (Figure 6-7) suggests that corrosion of the alloy 15Mo3 

is likely to occur when hemp and coal are co-fired as fuels. KCl deposits under the 

diffusion/thermophoresis mechanism, meaning it condenses onto cooler surfaces. As the 

probes were air cooled, this environment is much cooler compared to the gas flow and is the 

likely point of deposition in the combustion rig. The presence of arcanite (K2SO4) suggests the 

sulphation of KCl according to Equation 6-27. The SO2 required for this reaction will come 

from the coal component of the co-fired fuel blend. 

The iron oxides, hematite and magnetite, are identified in the sample. In the coupons this 

could be either a corrosion product of 15Mo3 oxidation or a deposition phase. Other 

occurrences (those in the deposit and quench samples) are likely to have formed from the 

fuel. Magnetite is only present in the deposit and quenched samples. The reduction of 

hematite to magnetite in the deposit samples could be due to the unburnt C present in the 

combustion gas/char, which has previously been shown to lead to uncontrolled reduction187. 

As has been shown in previous chapters (4,5) the CaO-MgO-SiO2 system comprises a large 

part of the ash. Seven phases have been identified in this system which are present from the 

hemp and coal fuel blend; these are wollastonite, larnite, diopside, akermanite, monticellite, 

merwinite, and forsterite, with a further two (gehlenite and augite) being from closely related 

systems. This system is also likely to contain Mn, which was not detected in the PXRD data. 

The formation of these phases by reaction of other phases present in the ash is illustrated 

through Rietveld refinement of the hemp laboratory ash samples. The phase quantification of 

the ash shows the general trend of the SiO2 content decreasing as the silicate content 

increases. This means that the SiO2 is reacting with Ca (likely to be from the hydroxyapatite 

or calcite) to form the complex Ca-silicates. 

The CaO comes from the decomposition of the CaCO3, present in the biomass fuel, and the 

MgO is present as periclase, from the decomposition of dolomite. Phases from this system 

are more dominant in the deposit samples, which suggests that the phases form in deposit as 

opposed to flue gas reactions confirming that these phases take time to form. 
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Table 7-1: Comparison table of phases identified at multiple points during the combustion run and in synthetic ashing 
procedure for hemp and coal 

  Lab Samples Combustion Rig Sample 

Phase Composition 900 °C 1000°C 
Deposits 

Combined 

Quench 

Combined 

Coupons 

Combined 

Cyclone 

Ash 

Bottom 

 Ash 

Combined 

Quartz SiO2 · · · · · · · 

Cristobalite SiO2     ·  · 

Tridymite SiO2 
      · 

Sylvite KCl   ·  · · · 

Arcanite K2SO4 ·  ·  ·   

Anhydrite CaSO4  · ·  ·   

Calcite CaCO3 ·  · · · ·  

Fairchildite K2(CaCO3)2     ·   

Periclase MgO · · · · · ·  

Hematite Fe2O3 · · · · · ·  

Magnetite Fe3O4   · ·    

Albite NaAlSi3O8 · · ·  ·  · 

Orthoclase KAlSi3O8  ·   ·   

Microcline KAlSi3O8 · · ·  ·   

Sanidine KAlSi3O8   · ·    

Kalsilite KAlSiO4 · · · · · ·  

Leucite KAl2SiO6     ·   

Wollastonite CaSiO3 · · · ·    

Larnite Ca2SiO4  ·  ·    

Diopside CaMgSi2O6 · · ·  ·   

Augite Ca(Mg0.74Fe0.26)Si2O6   ·     

Akermanite Ca2MgSi2O7 · · · · ·   

Gehlenite Ca2Al(AlSiO7) · · ·  ·  · 

Monticellite CaMgSiO4    ·    

Merwinite Ca3MgSi2O8    ·    

Forsterite Mg2SiO4    · ·   

Hydroxyapatite Ca10(PO4)6(OH)2 · · · · · ·  

 Ca9MgK(PO4)7       · 

Illite KAl2(Si3Al)O10(OH)2 ·       

Andalusite Al2SiO5   ·     

Mullite Al2.35Si0.64O4.82  · · ·    
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As was shown in the hemp and coal laboratory ashing studies, diopside can react with excess 

CaCO3, which decomposes to lime (CaO) at temperatures above 900°C, to form akermanite 

and larnite. Diopside also accepts Fe to form the phase augite, identified in the deposit 

samples. Augite was only identified when magnetite was also present in the deposit sample, 

suggesting the oxidation state of Fe is an important factor. This was previously identified by 

Sorenson et al.188 

Akermanite (Ca2MgSi2O7) and gehlenite (Ca2Al(AlSiO7) are both end members of the melilite 

system. A solid solution exists between these two end members, via replacement of Mg with 

Al (or vice versa), and so would be present independently in the hemp and coal ash. Cultrone 

et al.161 identified gehlenite alongside wollastonite in Ca,Mg rich clays fired at 900-1000°C to 

form ceramic phases. This observation is also present in the lab ashed samples and the 

deposit samples; however it is not true for the coupons, suggesting the wollastonite may be 

consumed in the formation of another phase. It is also suggested that illite and calcite may 

react to form gehlenite; the source of the illite in this instance is the coal.  

Further Ca containing phases identified as hydroxyapatite and Ca9MgK(PO4)7 are present in 

the hemp and coal samples. The hydroxyapatite is thought to originate in the hemp fuel, and 

may be present in the trichome structures (Figure 4-3). At temperatures above 1500°C it has 

been shown by Queiroz et al.199 that the phase Ca9MgK(PO4)7 forms from hydroxyapatite. The 

incorporation of K into the phase comes from the KCl also present in the bottom ash. 

The illite identified in the laboratory synthesised ash and the coal fuel is thought to have 

decomposed into the sanidine and mullite phases identified; decomposition occurs between 

800-1000°C. This reaction is also present in the laboratory ash as illite is present at 900°C but 

not 1000°C, sanidine was not detected by PXRD.   

There are multiple K, Al-silicates present, and it is thought that these can interconvert. The 

microcline may have formed through the reaction of illite (present from the coal) with calcite, 

giving a Ca, Al silicate as a side product (Equation 4-18).161 The sanidine may also have 

formed through high temperature transformation of microcline.161 Also present in the coal was 

kaolinite; this has previously been identified as a precursor to kalsilite formation by Vassilev 

et al..27 A reaction between kalsilite and quartz, to yield leucite, was also shown observed at 

temperatures between 700-950°C.183 These temperatures were reached in multiple regions of 

the combustion rig. 

Orthoclase (KAlSi3O8) is present in the coupon samples and the laboratory ash at 1000°C. 

Previous work by Frandsen et al.49 shows that microcline (another K-feldspar) forms through 

slow cooling of orthoclase. Deposit samples and the coupon samples cooling rapidly after 
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removal from the combustion rig is the origin of orthoclase (the kinetic product), as microcline 

(the thermodynamic phase) does not have time to form.  

There are very few Na containing phases identified in the samples collected from the 

combustion rig, with the feldspar albite being the exception. This suggests that the Na2O 

identified in the ash matrix is either the albite, which may not decompose during combustion, 

or that the Na incorporates into other phases without causing detectable structural changes. 

Incorporation of Na into other crystal structures is observed through analysis of the EDS data, 

where there are clear regions of Na present around identified phases (Figure 5-6). This is also 

thought to be the case for Mn, which could also be present in an amorphous form, 

undetectable by PXRD. 

As well as distinct trends in the phases observed in the PXRD data of the samples, there are 

also morphological trends. The morphology of the particle debris identified as trichomes from 

the hemp raw fuel is clearly visible in the samples collected from the laboratory ash (Figure 4-

2), the combustion rig deposits, quench samples (Figure 5-11), coupons, and fly ash (Figure 

5-15).The trichome structure is not visible in the bottom ash, as the bottom ash reaches high 

temperatures and forms a slag melt. This infers that the temperatures are thought to be above 

1500°C, due to the formation of the phase  Ca9MgK(PO4)7. Through analysis of the EDS data, 

the trichomes contain Ca, Mg, P, and O, amongst other elements, suggesting that the absence 

of the trichomes and hydroxyapatite is therefore likely to be due to the high temperatures 

reached in the bottom ash, leading to a high temperature formation of Ca9MgK(PO4)7. 

In contrast to the trichome structures, which are present in both the lab and the combustion 

rig ash, the morphology of the bulk of the ash differs between the two. In the laboratory ash 

the particles have distinct shapes similar to that of the original hemp/coal structure. In contrast 

the combustion rig samples, particularly those formed in the flue gas prior to 

deposition/removal, largely contain a spherical morphology. These differences are due to the 

heating gradient in the combustion rig; the introduction of the fuel to a flame causes the ash 

formation stages outlined in Figure 2-3. The increased heating by introduction of the fuel to 

the flame, in comparison to the gradual temperature rise of the laboratory ashing, leads to 

rapid droplet expansion causing the observed spheres.  

The spheres, named ceno/plerospheres by Raask,191 are formed through rapid gas expansion 

catalysed by a small amount of Fe and C present in the silicate droplets. This mechanism was 

initially observed in coal ash. Composition can vary both between spheres,190 and in the 

spheres themselves, as is shown through EDS analysis of the particles (Figure 5-9). This, 

similar to the morphology, can be attributed to the rapid heating the ash particles undergo. 
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Phases that are close to one another will react within the particle, in the high temperature 

environment. If these particles then deposit further, reaction of these phases will occur and 

additional reactions will occur. This explains the absence of complex silicates (e.g. 

diopside/akermanite) present in the cyclone ash, in comparison to the deposit and coupon 

phases.  
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7.2 Eucalyptus and Coal Discussion 

 

As with the hemp and coal blend, the eucalyptus and coal blended ash samples are complex 

and multiphase (Table 7-2). Like the hemp and coal samples, the largest portion of the oxides 

in the ash matrix is SiO2. This is reflected by the presence of the phases quartz and cristobalite, 

alongside the complex silicate phases also identified using PXRD analysis. Cristobalite has 

previously been reported to have a high affinity for alkali metals at high temperatures. This 

attribute, coupled with the highly porous structure of cristobalite, increases the surface area. 

It was previously concluded in Section 4.2.1 that this may be responsible for phases forming 

at lower temperatures than have previously reported. The quench sample for eucalyptus and 

coal contains oxides and feldspars. This supports the formation of complex silicates in deposit 

as opposed to in the flue gas, a conclusion also drawn from the hemp and coal data.  

The CaO-MgO-SiO2 system is dominant; the eucalyptus and coal fuel blend has a higher CaO 

content compared to hemp and coal. This difference between the basic fuel ash matrices 

explains the multiple phases present in separate blends. The phases present in the eucalyptus 

and coal blend from the CaO-MgO-SiO2 system are wollastonite, diopside, akermanite, 

merwinite, and forsterite, with those that are closely related being gehlenite and grossular. 

 

The conversion between wollastonite, diopside and akermanite is explained above in the 

present chapter and the laboratory ashing chapter (Section 4.4.1). Also present in the samples 

is grossular (Ca3Al2(SiO4)3) which was found to form alongside diopside and wollastonite162. 

In comparison to the hemp and coal ash matrix, there is a higher content of Al2O3 (Table 3-

18). Periclase is identified in the laboratory ashed samples, deposits, coupons and bottom ash 

meaning it is present as a Mg source for the formation of complex silicates. 
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Table 7-2: Phases present in laboratory and combustion rig samples of eucalyptus and coal ash, # indicates a solid 
solution between two phases 

 Laboratory ash Combustion rig sample 

Phase Composition 900°C 1000°C 
Deposits 

Combined 

Quench 

Combined 

Coupons 

Combined 

Bottom 

Ash 

Combined 

Quartz SiO2 • • • • • • 

Cristobalite SiO2 • • •  • • 

Sylvite KCl     •  

Arcanite K2SO4   •  •  

Anhydrite CaSO4 • • •  •  

Calcite CaCO3      • 

Fairchildite K2Ca(COs)2 • •   • • 

Natrite NaCO3     • 

Periclase MgO • • •  • • 

Hematite Fe2O3 • • • • • • 

Magnetite Fe3O4 • •  • •  

Aluminium 

oxide 
Al2O3   • •   

Albite NaAlSi3O8 • • •  •  

Microcline KAlSi3O8 • • • • •  

Sanidine KAlSi3O8   •    

Kalsilite KAlSiO4 • • •    

Leucite KAl2SiO6 • • •  • • 

Wollastonite CaSiO3 • •     

Diopside CaMgSi2O6 • • •  • • 

Akermanite Ca2MgSi2O7 • • #  • # 

Gehlenite Ca2Al(AlSiO7) • • #  • # 

Grossular Ca3Al2(SiO4)3 • •   •  

Anorthite CaAl2Si2O8     • • 

Merwinite Ca3MgSi2O8   •    

Forsterite Mg2SiO4   •    

Hydroyapatite Ca10(PO4)6(OH)2      • 

 Ca9MgK(PO4)7      • 

Illite KAl2(Si3Al)O10(OH)2 • •     

Mullite Al2.35Si0.64O4.82 • • • •   

 
Calcium Chromium 

Oxide 
    •  

Talc Mg3Si4O10(OH)2     •  

Nickel Oxide NiO     •  

Chromium 

Oxide 
Cr2O3     •  

Tremolite Ca2(Mg,Fe)5Si8O22(OH)2     •  
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A large portion of Al2O3 in the ash is advantageous during co-firing as it increases the ash 

fusion temperature of the deposits which leads to a decrease in in-deposit sintering. This 

advantage is being investigated with the use of  Al2O3 as an additive.229 A decrease in sintering 

is desirable because sintering increases can lead to the blocking of ducts and decrease 

efficiency. Incorporation of the Al2O3 into the akermanite phase will either yield the phase 

gehlenite, through total replacement of the Mg, or the formation of a solid solution between 

akermanite and gehlenite which is observed here. These two phases are end members of the 

melilite family. The presence of Al2O3 in both the deposit and the quenched samples, 

alongside gehlenite, is in agreement with the formation mechanisms presented above.  

The Ca,Al-silicate anorthite was also identified in the coupons and bottom ash samples. 

Previous research9,10,11 has shown that a matrix content of less than 8.6% favours the 

formation of diopside over anorthite. As such, the presence of anorthite in the coupons and 

bottom ash could be due to higher temperatures than those in the other samples (i.e. the 

bottom ash reaches temperatures in excess of 1500°C and the gas temperature of the 

coupons is similar to the flame temperature), as Kurama et al.209 report that at higher 

temperature gehlenite can react further to form anorthite.  

The K,Al-silicates microcline, sanidine, kalsilite, and leucite are present in the samples. The 

formation of leucite in the coupon and bottom ash samples could be due to the presence of 

cristobalite in these samples. Which, due to the increased surface area in comparison to 

quartz, has an affect on reaction rate.  

In contrast to the hemp and coal samples, KCl was identified in fewer samples, which is likely 

due to the Cl content of the eucalyptus being seven times lower than that of hemp (Table 3-

1). The KCl identified in the coupons is deposited due to the diffusion/ thermophoresis 

mechanism. This often leads to an increase in corrosion. Figure 6-17 shows distinct KCl 

deposition onto an oxide scale formed during the combustion trial. Whilst KCl was only 

identified on one coupon it is also identified in several others via EDS. Figure 6-18 shows the 

presence of KCl on a scale surface alongside K2SO4, showing substitution has occurred. This 

is also shown through a linescan analysis of a sample in Figure 6-19. K2SO4 (Table 5-13, 

Figure 5-23) is also present in the deposit samples suggesting that conversion of KCl to K2SO4 

may have occurred in the deposit, or deposited after formation in the flue gas.  

Unlike the hemp and coal coupon samples, distinct iron-oxide crystals can be observed using 

SEM-EDS. The iron oxides hematite and magnetite are present in samples other than the 

coupon samples, due to the high Fe content of the eucalyptus fuel. SEM-EDS analysis allows 

differentiation between the scale formed in the coupons, from that of the ash matrix. There are 
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whiskers of hematite observed growing between the scale and the deposit (Figure 6-21).226 

Research by Pettersson et al.104 concluded that these whiskers are most likely to form in areas 

which have undergone breakaway oxidation, therefore it is likely these whiskers are metal 

oxidation products.  

Distince octahedral magnetite crystals are also visualised through SEM-EDS (Figure 6-20); 

this shows that the metal of the coupon has experienced reducing conditions during the 

combustion run. The presence of Mn and Ni indicates that the scales come from the 15Mo3 

alloy (Table 3-4). This observation, coupled with the presence of the hematite whiskers, shows 

that corrosion may occur when co-firing the eucalyptus and coal fuel blend.  

The oxides Cr2O3 and NiO are also present in the coupon samples. The NiO comes from the 

grease used in the lubrication of the coupon samples. The Cr2O3 is present from the 15Mo3 

alloy. Previous research by Uusitalo et al.85 and Wood et al.225 indicate that Cr enrichment 

occurs in boiler scales in low alloy steels. Cr2O3 and Fe2O3 often form a spinel; this was not 

identified through PXRD analysis as the patterns of hematite and the Cr-Fe spinel have similar 

peak positions and intensities which are hard to distinguish from one another.  

Through SEM-EDS analysis, morphology differences between the lab ashing and combustion 

rig samples can also be observed (i.e: no spheres (Figure 4-41) and spheres (Figure 5-23)). 

The increase of Al, which has often been reported to increase the sintering temperature of the 

ash, did not lead to significant morphological differences between the hemp and coal sintered 

regions and the eucalyptus and coal sintered regions. The distinct trichome structures are not 

visible in the eucalyptus and coal showing that these are structures distinct to the hemp fuel.   
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7.3 Eucalyptus Discussion 

 

In contrast to the co-fired blends, the SiO2 content of the ash matrix is much lower (16.92wt%, 

compared to 23.41 wt% hemp and coal, and 31.25 wt% eucalyptus and coal (Table 4-1)). This 

suggests that there will be differences in the composition of the ash formed as the lower Si 

content may lead to the formation of silicates with differing SiO2 contents. The three 

polymorphs of SiO2 quartz, tridymite, and cristobalite are observed in several of the samples. 

Tridymite is only observed in the lab samples suggesting that conditions in the combustion rig 

favour quartz or cristobalite. The polymorph cristobalite is only present in the samples that 

were present in the rig for an extended amount of time i.e: above 120 minutes. This indicates 

that for cristobalite to form it requires above 60 minutes (the time at high temperature in the 

furnace for the lab ashing studies) at elevated temperature.  

As was shown in the co-fired fuel blends one of the significant ternary systems is CaO-MgO-

SiO2, with seven phases which are present in this phase diagram in this system observed, as 

well as those closely related phases in the CaO-Al2O3-SiO2 system. The eucalyptus ash matrix 

contains a higher proportion of Al2O3 in comparison the hemp and coal blend; This increase 

in Al content has led to an increase in the amount of Al containing phases. These phases are 

mainly observed in the deposit and quench samples suggesting that they require time to form, 

and also that formation is dependent on what phases are in close proximity; for instance, 

Cordierite, a Mg, Al-silicate is present in the deposit sample.  

 

Phases in the melilite family that were present in the eucalyptus and coal, and hemp and coal 

ash samples, are also present in the eucalyptus samples. Akermanite, gehlenite, solid 

solutions of these two phases, as well as soda melilite are present in the samples. Na is also 

incorporated into the melilite system. The phase containing Na that was identified in both of 

the fuel blends, is albite, this was not identified in the eucalyptus ash produced in the laboratory 

although it was present in the quenched and coupon samples. This suggests that the Na in 

the eucalyptus fuel is available in a more accessible form (i.e. it is released during combustion) 

which reacts with Al2O3 and SiO2 to form the soda-melilite. The albite that is identified through 

PXRD could be soil contamination, when it is observed in the co-fired fuel blends it is likely to 

come from the coal, as the phase is present in the coal ash produced in the laboratory (Table 

4-8 , Figure 4-29). 
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Table 7-3: Phases identified in the eucalyputs laboratory ash and combustion rig samples, # indicates a solid solution 
between two phases 

 Sample 

 Composition 900°C 1000°C Deposits 
Combined 

Quench 
Combined 

Coupons 
Combined 

Cyclone 
Ash 

Bottom 
Ash 
Combined 

Quartz SiO2 • • • • • • • 

Cristobalite SiO2   •  •  • 

Tridymite SiO2 • •      

Sylvite KCl     • •  
Anhydrite CaSO4 • • •  • •  

Calcite CaCO3    •  • • 

Fairchildite K2(CaCO3)2    • •   

Dolomite CaMg(CO3)2    •    

Periclase MgO • • •   •  

Magnesium 
iron oxide 

(MgO)0.77(FeO)0.23 

 
    •   

Lime CaO   •     

Portlandite Ca(OH)2 • •      

Hematite Fe2O3 • • • • • • • 

Magnetite Fe3O4    • •   

Wustite FeO     •   

 KFe11O7  •      

Aluminium 
oxide 

Al2O3   •     

Corundum Al2O3   •     

Albite NaAlSi3O8    •   • 

Microcline KAlSi3O8 •  • • •  • 

Orthoclase KAlSi3O8     •   

Kalsilite KAlSiO4 • • • •   • 

Leucite KAl2SiO6   •  •  • 

Wollastonite CaSiO3 • • • •   • 

Larnite Ca2SiO4    •    

Diopside CaMgSi2O6   •  •  • 

Akermanite Ca2MgSi2O7 • • • • • # #• 

Gehlenite Ca2Al(AlSiO7)  •    # # 

Monticellite CaMgSiO4 • •      

Merwinite Ca3MgSi2O8  • • •  •  

Forsterite Mg2SiO4 •  • •    

Soda 
melilite 

CaNaAlSi2O7 
 

  •   •  

Grossular Ca3Al2(SiO4)3   • •    

Grossite CaAl4O7       • 

Xonotlite Ca6Si6O16(OH)2    •    

Cordierite Mg2Al4Si5O8   •     

Calcium 
Phosphate 

Ca3(PO4)2 
 

  •  •   

Iron Silicate Fe2SiO4    •    

Mullite Al2.35Si0.64O4.82   •    • 
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In contrast to the fuel blends, more oxides have been identified (Table 7-3). Incorporation of K 

and Mg into the Fe-oxides has been observed. The high Fe content of the eucalyptus 

compared to the other fuel blends is likely the cause for this observation. However, as KFe11O7 

is only present in the laboratory ashed samples, it may be that this phase was formed due to 

proximity, rather than being a favoured or likely phase to appear in the combustion rig. The 

magnesium iron oxide, observed in the coupon scales, is likely to be a reaction occurring prior 

to the formation of augite, a silicate closely related to the CaO-MgO-SiO system.  

 

The phosphate hydroxyapatite that was observed in the hemp and coal ash, and in the loose 

bottom ash of the eucalyptus and coal ash, was not observed in the eucalyptus ash. Instead 

the phase Ca3(PO4)2 is present; this is likely formed through the reaction of P2O5 with CaO 

(Equation 5-26). The source of the hydroxyapatite in the samples is not fully clear; in the hemp 

and coal samples it is thought to be present in the trichome structures of the raw hemp fuel 

which only decompose at high temperatures. The Ca3(PO4)2 is present in the deposit samples 

and the ash coupons, suggesting that it takes longer than an hour at high temperature to form.  

 

The plerospheres and cenospheres that were identified and classified by Raask191 are also 

identified in the eucalyptus combustion rig samples (Figure 5-37) indicating that they are not a 

coal specific morphology. This is due to the similar ash composition (presence of SiO2, Al2O3) 

of the biomass fuels and coal, which suggests that alongside the other formation conditions of 

catalytic Fe to induce droplet swell and a small amount of C is needed in the spheres means 

that the spheres will be present during biomass combustion. Spheres are also identified by 

Valentim et al.192, however rather than being silicate spheres the composition is largely P and 

are named phosphospheres, these have been identified in both biomass and co-fired ash in 

the present study (Figure 6-34).  

Sintering, slagging, and fouling are severe problems related to firing biomass or co-firing 

biomass in power plants that were developed for other types of fuel.53 Analysis of the data 

suggests sintering has occurred in all fuel types; the  K or Ca-silicates and phosphates have 

previously been identified as causing sintering, and as such are likely responsible for the 

sintering in the deposits formed in the combustion rig. Figure 6-35 indicates regions of silicates 

and P containing regions where the spheres have joined together to form melts, these may 

then sinter as is the case in Figure 6-36. A slag melt formed during the combustion run on the 

face of probe EUC E is presented in Figure 6-32. Sintering and slag melt is also observed in 

the bottom ash of all of the combustion trials (Figure 5-30), showing that all of the fuels will 

form slag melts under extreme conditions. 
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 7.4 Fuel comparisons and conclusions 

 

Whilst the fuels and fuel blends had variations in the composition of the ash matrix, there are 

several distinct trends that can be identified in the phase formation during combustion. All three 

polymorphs of SiO2 are formed during the combustion of biomass ash, with the presence of 

cristobalite likely aiding the formation of the complex alkali silicates observed in the ash. 

The phase diagram CaO-MgO-SiO2 can be used to accurately predict which silicates will form 

during the combustion of biomass/ biomass and coal, as phases from this system are present 

in each fuel blend/type. There is variation between the phases formed with wollastonite, 

akermanite, and diopside being the most commonly formed in the samples. The formation of 

these phases is dependent on the time that the deposited ash spends in the flue gas e.g. these 

phases are less likely to be observed in the quenched ash samples. The formation of phases 

other than those predicted by the ideal conditions (which would be ideal mixing (homogenous 

distribution) of the phases with no temperature gradient over the sample) are likely due to the 

random impaction mechanism of the particles, which makes it impossible to predict where each 

phase will deposit. For example, if more Mg deposits in a region compared to Ca, monticellite 

will form in favour of merwinite. This also accounts for the formation of forsterite (magnesium 

silicate) and wollastonite/larnite (calcium silicates) phases, without significant substitution by 

the opposite oxide.  

Closely related to this above mentioned phase diagram is the CaO-Al2O3-SiO2 system. The 

phases akermanite and gehlenite are end members in the melilite family, and so the formation 

of these two phases, both alone and as a solid solution is likely to occur. The eucalyptus fuel 

has a higher content of Al2O3 than the co-fired blends and therefore, coupled with the lower 

SiO2 content, more Ca,Al-silicates are formed. This phase diagram also predicts the formation 

of the phases anorthite and mullite which have also been observed in the samples.  

The K,Al-silicates that are present in the co-fired samples may form through decomposition of 

the kaolinite/illite present in the coal fuel. However in the eucalyptus these phases are not 

present. The proposed mechanism of formation for kalsilite is instead a reaction between 

Al2O3.SiO2 and KOH/KCl present from the combustion of the biomass. This formation 

mechanism is also applicable for the co-fired blends, as K is present in more readily accessible 

(during combustion) forms in biomass compared to coal, i.e. do not require high temperature 

decomposition for formation. The multiple formation pathways of kalsilite, coupled with a 

presence in a large portion of the samples analysed, indicate that the phase is favoured in the 

combustion conditions observed in the combustion trials. This phase can then convert to 
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leucite with an excess of SiO2, which accounts for the presence of this phase in the deposits, 

coupons, and bottom ash as the excess SiO2 is either present from transport through the 

deposit or inertial impaction onto the kalsilite region. 

Also present in the samples are K-feldspars (microcline, sanidine, and orthoclase); these 

feldspars are likely to originate from the soil collected during the harvesting of the biomass. 

However, formation can also occur during the decomposition of coal phases during 

combustion. Interconversion of these feldspars occured in the combustion rig and also in the 

lab samples. This is due to the rapid cooling of the samples, with both the coupons removed 

from the combustion rig and the samples removed from the furnace cooling rapidly after 

removal from the high temperature environment. This leads to the formation of orthoclase, the 

high temperature form of microcline, as the rapid cooling did not allow rearrangement to 

microcline.  

P-containing phases in the samples vary between the co-fired ashes and the eucalyptus ash. 

In the co-fired blends hydroxyapatite was identified. In the case of hemp and coal it is present 

from the trichome structures, and may be partially present from the coal. In comparison, 

Ca3(PO4)2 formed when the eucalyptus was fired alone. This suggests that the formation of 

hydroxyapatite was assisted by the coal. Also present in the hemp fuel are the trichome 

structures which comprise of silicate and phosphates; this accounts for the higher content of 

P2O5 in the ash in comparison to the two other fuels. The hydroxyapatite present converts into 

the phase Ca9MgK(PO4)7  in the high temperature slag melt of the bottom ash. This phase may 

also have formed from the phosphospheres, first presented by Valentim et al.192 these are 

identified in Figure 6-36. 

Spheres present in the ashes, identified as plerospheres and cenospheres, were first identified 

by Raask191 in coal ash. The spherical morphology is more commonly observed in samples 

removed from the combustion rig, this suggests that formation is dependent on the heating 

rate, which is higher in the combustion rig. Nucleation of KCl has also been observed on the 

surface of the spheres, indicating a reason for observation in the deposits onto ceramic. 

The formation of phases present in the CaO-MgO-SiO2 and CaO-Al2O3-SiO2 systems, occurs 

on the surface of the coupons present in the boiler. The formation of deposits on these surfaces 

can lead to a loss in heat transfer and therefore is undesirable. The deposition of KCl onto the 

surface of the coupons is present in all three fuel systems analysed. The eucalyptus and coal 

had the widest variety of oxidation products (Table 6-5) suggesting this fuel blend was more 

likely to cause corrosion on a larger scale. However, these results cannot be compared with 
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the eucalyptus combustion run as coatings were present on the coupons. The eucalyptus co-

fire had the highest SO3 content of the fuel blends, suggesting that upon sulfation of the KCl 

(to yield K2SO4) the Cl liberated was free to attack the metal surface again initiating corrosion. 

The main oxidation products of the hemp and coal combustion trial were hematite and 

magnetite. 

None of the fuels/blends were free of slagging, fouling, and sintering, suggesting that for larger 

trials optimum combustion conditions should be looked for more closely. The high SiO2, K2O, 

and CaO content of the fuels increases the likelihood of sintering, whereas an increase in the 

Al2O3 content of the fuel leads to the formation of phases with higher melting temperatures.  

Overall, there were a wide variety of phases identified in the combustion trial samples which 

could be predicted relatively well using phase diagrams of the dominant oxides in the ash, 

coupled with in laboratory studies of the fuels used in the trials. The prediction of the formation 

of these phases is important information prior to full scale combustion, as phases that are likely 

to cause large deposit build up or high corrosion rates are desirable to avoid. The morphology 

range of the particles present in the deposit, quenched, and fly ash samples was not wide as 

the dominant morphology was the spherical particles formed due to the heating rate across 

the samples in the flame.  
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8. Overall Conclusions and Further Work 

 

The analysis of the fuels and ashes of hemp, coal, and eucalyptus, alongside the co-fired 

blends of hemp and coal, and eucalyptus and coal synthesised in the laboratory enabled a 

profile which could be applied to a larger scale to be compiled. The formation of phases at 

specific temperatures and over time can directly feedback to larger scale tests and applications 

as problem areas (i.e. areas where these phases may grow and then form large slag melts) 

can then be identified. The initial ash matrix of the bulk helps to gain information about phases 

that may form at high temperatures i.e. the high SiO2 and CaO content of the fuels meant Ca-

silicates were likely to form. The phase systems, particularly CaO-MgO-SiO2 and CaO-Al2O3-

SiO2 can be used to identify phases that are present in the samples. In samples containing a 

a different compostion e.g. K2O instead of CaO the appropriate phase systems should be 

applied. Phase quantification of the laboratory ash samples enhanced information collected as 

the trend of decreasing SiO2 whilst the complex Ca-silicated increased showed the profiling of 

the ash to be correct. 

Multiple forms of the fly ash (deposits, quenched, and cyclone ash) and bottom ash from a 

large scale combustion rig have been analysed. The multiple sources of fly ash allowed a 

profile of ash behaviour in the large scale to be constructed. The presence of more complex 

silicates in the deposits compared to the quenched ash/ cyclone ash shows that these phases 

require time to form. Which phases deposit next to each other is also a consideration in the 

formation of complex silicates. The variety of temperatures and positions the samples were 

collected at can be applied to larger scale applications, such as full firing, as temperatures that 

should be avoided to reduce the formation of problem phases or gas passage angles, that will 

increase the chance of deposition, can be identified. 

Throughout the study phase formation pathways have been identified and applied to both the 

laboratory synthesised ash and the combustion rig samples. The inhomogeneous nature of 

the samples (i.e. it is impossible to predict which particles will contain certain phases and 

whether they will deposit next to another particle) and the time required to form a phase are 

identified as key points when analysing the ash samples. Whilst some sintering, identified via 

SEM imaging, of the deposits has occurred they can be removed. However, if the deposits had 

been present in the combustion rig for longer, a greater degree of sintering may have occurred 

and slag melts (such as those seen on the eucalyptus coupon probes) may have formed. It is 

important to monitor this affect in larger scale applications where components will be left for a 

long time. 
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The morphology of the ash between the laboratory synthesised ash and the combustion rig 

trials differs in that spheres are the dominant morphology of the combustion rig samples. The 

heating rate of the combustion rig is responsible for this dominance; the spheres are 

designated as ceno and plerospheres (previously identified in coal) and phosphospheres 

(recently categorised). The presence of the spheres in the eucalyptus samples, where no coal 

is present, means that the mechanism of formation can also be applied to biomass ash. 

One of the phases of interest in biomass combustion and co-firing is KCl, as it is cited as a 

precursor to corrosion and breakaway oxidation. KCl was identified in multiple samples and 

was shown to have a direct affect on the coupons, particularly when eucalyptus and coal were 

co-fired. Distinct areas of KCl attack have been observed. KCl was also present in deposits 

and cyclone ash meaning that not all KCl in the combustion environment deposited.  

The 15Mo3 coupons showed signs of active oxidation, where scales had been removed from 

the coupon surface. Hematite whiskers and magnetite octahedra were also observed. This 

oxidation and reduction in a large scale trial shows that monitoring of components using the 

15Mo3 alloy should be included in plant operation. Coatings appeared to reduce the visible 

signs of active oxidation.  

Futher work analysing biomass fuels and ash for combustion is required. Different fuel blends 

should be analysed to strengthen this approach, which can also be used in conjunction with 

modelling. The application of these techniques to other combustion technologies, e.g. bubbling 

fluidised bed and circulating fluidised bed, should also be attempted, which will allow further 

profiling of fuels.   

Further phase quantification work on the laboratory synthesised ash and the combustion rig 

samples is also necessary, as this will allow further trends to be identified. Analysis of the 

combustion rig samples will give further information about the composition of the deposits and 

how much the SiO2 reacts in the deposits. The information about composition of the ashes is 

also likely to be useful when analysing disposal of the ashes. Little other work has been done 

on phase quantification of biomass ashes.  

Analysis of the spheres, such as cross sectioning to find out what is inside, to gather further 

information about formation mechanisms should be conducted. The formation of the whiskers 

in the eucalyptus and coal combustion rig samples is of interest as, whilst several studies have 

already been attempted, a general consensus has yet to be reached.  
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This study has looked at the application of biomass co-firing to pulverised fuel for combustion 

trials, further work assessing the availability of the fuel, transport costs, and disposal should 

also be conducted.  
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Appendix 1 – Calculating Patterns for High Temperature In-

Situ Data 

Using the program WinXPow - THEO the crystal parameters are entered and a full pattern for 

the specified pattern is generated. The high temperature values for KCl, CaCO3, MgO, 

hydroxyapatite and CaO were obtained from literature165,230–233. Quartz data was already 

available in the ICDD database. Atom positions were entered from cif files (obtained from the 

American Mineralogist Crystal Structure Database (AMCSD)234). Finally, pattern parameters 

for geometry (reflection), monochromator (none) and profile function (pearson) were entered. 

This gave the generation of a pattern with predicted intensities which could then be saved as 

a .TIN file to put into the graphic comparison software. Where direct temperature data was not 

available (e.g. CaO) patterns either side were generated and checked for trend. 
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ABSTRACT: The co-firing of biomass and coal is one method proposed for the reduction of CO2 emissions. This paper 

compares synthetic laboratory ash of hemp, coal and eucalyptus and their co-ashed blends with deposits formed during 

the co-combustion of hemp and coal and eucalyptus and coal. Results show that whilst the results are not in complete 

agreement a trend towards the formation of Ca-silicates, Ca-Mg silicates and K-Al-Silicates at high temperatures is 

present in both laboratory ashed samples. The morphology of the particles formed through the different methods differs 

with larger spherical agglomerates present in the deposits.  

Keywords: Ashes, Biomass, Co-Firing, Eucalyptus, Hemp,  
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1 INTRODUCTION 

 

Environmental concerns arising from the frequent and 

widespread use of fossil fuels for energy generation have 

led to greater interest in the use of both dedicated biomass 

firing and biomass/coal co-firing 31. The combustion of 

biomass is widely considered to be carbon neutral as the 

CO2 absorbed in photosynthesis during plant growth is 

then released through combustion 54,56. It is worth noting, 

that small amounts of greenhouse gases are emitted during 

fuel transport and processing. Therefore, to ensure that the 

process is as carbon neutral as possible, it is desirable that 

biomass is sourced locally 1. Increases in biomass usage 

requires a deeper understanding of the fuels used including 

combustion properties, fuel characteristics (e.g: calorific 

value, ash composition, heavy metals present) and ash 

behaviour (formation of corrosion products or high 

melting point silicates) 235. This important analysis should 

be undertaken prior to full application of the fuels 31. A 

review of the behavior of a wide range of biomass during 

combustion has been undertaken 27,42. Investigations into 

the composition of ash produced from biomass firing/co-

firing have been carried out alongside the possible 

applications or uses of the ash including fly ash as 

components in concrete and for use in road surfaces 31.  

Phase transformations, alongside chemical 

interactions during combustion and pyrolysis, have 

previously been identified as key questions in relation to 

biomass firing 27. Multiple studies into biomass 

combustion and the transformation behavior of the major 

inorganic elements contained in the ash have been 

conducted on a variety of fuels 63,65,201,236,237. Lindberg et 

al. noted that as some systems may have in excess of 20 

elements present in the fuels predicting interactions and 

deposition will not be straight forward 238. 

A study into the composition of several species of 

woody biomass and types of plant tissue of trees (e.g. 

needles, bark, stem, shoots) concluded that, due to the 

inhomogeneous nature of the biomass and variations in 

plant tissue, producing a representative composition of the 

whole tree is challenging 28. Further work modelling the 

ashing characteristics of five types of plant tissue and 

comparing against laboratory ashed samples, found the 

theoretical results to be in good agreement with the 

samples 239. The elemental composition of biomasses were 

found to vary between plant species and genus 171. These 

studies also showed that the ash composition is likely to 

vary due to different mineral pathways in the plant itself, 

as well as sometimes being affected by differing soil 

characteristics. 

 Databases such as the BIOBIB database 172 provide 

useful information on fuels already analysed however, the 

varying nature of biomasses even between crop and 

harvest 22,240, may mean that the information cannot be 

relied upon for 100%  accurate information on fuels 

selected for use in power plants and further analysis may 

be required. It was found that some entries in the database 

were missing >20% of values required for peer data 

comparison (e.g. proximal analysis (C,H,S,N,Cl), ultimate 

analysis (inorganic ash matrix), calorific value, ash 

thermal behaviour and heavy metal content) 171. 

 This paper is to examine the ashing characteristics of 

three biomasses and one coal as well as two blends (hemp-

coal and eucalyptus coal) to examine interactions of 

phases present in the ash at various temperatures on 

heating. Data obtained from lab studies are compared to 

deposits formed during large scale co-firing trials in a 

1MWth combustion rig.  

 

 

2 EXPERIMENTAL 

 

 Hemp, eucalyptus, Russian coal and two biomass-coal 

blends, hemp and coal (77:23 by mass) and eucalyptus and 

coal (88:12 by mass), were ashed in an air atmosphere, in 

a Carbolite CSF12/13 chamber furnace with a Eurotherm 

808 controller. 1g of each sample was ashed in a clean 

oven dried crucible according to the temperature profile: 

150°C (1 hour), 250°C (2 hours), 450°C (1h 30 mins), 

575°C (3 hours) followed by cooling in a dessicator, 

weighing and returning to the furnace at 575°C until a 

constant weight (±3mg) was obtained.  This was carried 

out in triplicate.  

 These ashes and ash blends were placed in a Pt 

crucible in an Elite BRF14/5-2416 Furnace, and heated at 

100°C intervals for 1 hour between 600-1100°C. At each 

temperature, a small portion of each sample was removed 

and the ash was returned to the furnace. 

  Fuel analysis was provided by E.On Technology 

(Ratcliffe) Limited. As received data are presented in 

Table I.  
Ash analysis of the bulk fuels was provided by E.On 

Technology (Ratcliffe) Limited. Elements present were 

determined by acid dissolution and emission spectroscopy 

according to ASTM D6349-09. (Table II) gives ash 

analysis. 

 

 

Table I: Fuel composition, as received provided by E.On 

Technology (Ratcliffe) Limited 

 Hemp Eucalyptus Coal 

Moisture (%) 14.5 8.2 7.3 

Volatile Matter (%)  56.3 76.8 35.8 

Fixed Carbon (%) 13.00 14.40 48.20 

Ash (%) 16.2 0.6 8.7 

CV, kJ/kg 14050 18570 27440 

Sulfur (%) 0.09 0.01 0.34 

Chlorine (%) 0.21 0.03 0.01 

Hydrogen (%) 4.43 5.63 4.48 

 

Table II: Elements present in the ashes of fuels studies as 

determined by emission spectroscopy, provided by E.On 

Technology (Ratcliffe) Limited. (CaO as CaCO3 for 

biomass) 

Element (%) Hemp Eucalyptus Coal 

SiO2 44.00 26.50 44.80 

Al2O3 1.68 7.60 6.21 

Fe2O3 0.84 5.13 4.50 

CaO 17.70 21.80 23.10 

MgO 3.89 5.88 2.55 

K2O 11.80 10.25 3.57 

Na2O 0.32 2.52 1.52 

TiO2 0.11 0.33 4.07 

BaO 0.02 0.22 0.49 

Mn3O4 0.17 2.03 0.57 

P2O5 6.52 2.88 1.13 

SO3 1.44 2.53 3.53 

 

 Samples were collected onto ceramic probes (Figure 

1) in the superheater region of a 1MWth test combustion 

rig. They were taken in-situ during combustion runs of the 

co-firing of hemp-coal (77:23% by mass) and eucalyptus-

coal (88:12% by mass). The collection times and 

temperatures are shown in Table III. 
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Figure 1: Hemp and coal ash deposits onto ceramic probes 

 

Table III: Sample collection parameters for combustion 

rig samples (H=Hemp, E=Eucalyptus) 

Sample Duration (min) Temperature (°C) 

H1 38  971 

H2 57  Not Recorded 

H3 76  1013 

H4 58  980 

E1 163  978 

E2 202  914 

E3 184  1012 

E4 117  932 

  

 Samples were prepared for Scanning Electron 

Microscopy (SEM)- Energy Dispersive X-Ray 

Spectroscopy (EDS) by placing the ash materials onto a 

carbon sticky pad attached to an aluminium stub followed 

by Au coating for 30s. Analysis was carried out using a 

Leo-Zeiss 1530VP field emission gun (FEG) with an X-

Max 80mm2 detector (20kV, 60µm aperture, backscatter 

detector, 8.5mm working distance) or (10kV, 30 µm 

aperture, SE2 detector (deposit samples)).  

 Samples were prepared for Powder X-Ray Diffraction 

(PXRD) by grinding in a pestle and mortar with acetone 

to a suspension and mounting on a silicon substrate. 

Powder XRD data were collected using the Bruker D2 

PHASER diffractometer (5-60º 2θ, CuKα radiation, 

15min, step size 0.0122, 4509 steps, 0.2s time step, 1-

Dimentional LYNXEYE detector).  Data was analysed 

using STOE WinXPow software suite and the ICDD 2005 

database.  

 

 

3 RESULTS AND DISCUSSION 

  

 Table I illustrates that the fuel compositions differ 

from one another, with coal and hemp containing a larger 

portion of ash in comparison to eucalyptus. This, in turn, 

is likely to have an affect on the slagging and fouling 

prospensity of a fuel. Larger quantities of ash lead to an 

increase in the likelihood of phases which can cause the 

well documented issues 1,53 of high deposition rate and 

corrosion to occur.  

 Table II gives the elemental composition of the ash 

matrices of the three fuels studied. Differences in the 

quantity of elements present can lead to a significant phase 

variation between fuels. A comparison of the phases 

present in laboratory ashed samples to those present in ash 

samples collected in the combustion rig, may show some 

differences. This is likely to be due to the 

reduction/oxidation conditions and atmosphere 

experienced in each environment differing, which may 

result in the formation of different phases. 

 

3.1 Laboratory Ashed Samples 

3.1.1 X-Ray Diffraction 

 PXRD data are presented in Figures 2-4, representing 

analysis of samples at 600°C, 1000°C and 1100°C . These 

temperatures and data sets were selected as they highlight 

clear differences in the phases present at different 

temperatures on heating. The PXRD patterns shown in 

Figure 2, show that the major component of the ash at 

600°C is quartz (SiO2). This is unsurprising due to the 

large percentage of Si present in each of the fuels (Table 

I). At lower temperatures SiO2 remains largely unreacted. 

The role of silicates in plants is known to be largely a 

protection mechanism from stress 241; it is commonly 

taken up as sililic acid (Si(OH)4) before transport to other 

regions of the plant. 

 At lower temperatures carbonates (calcite (CaCO3), 

fairchildite (K2Ca(CO3)2) and dolomite (CaMg(CO3)2)) are 

present. The origin of calcite in the biomass fuels is 

thought to be via the decomposition of calcium oxalate, 

known to be present in the fuels 159,242. The decomposition 

occurs in two steps: 

CaC2O4.H2O  CaC2O4 + H2O  170-200°C  

(Equation 1) 27 

 

CaC2O4  CaCO3 + CO2  300-600°C   

(Equation 2) 27 

 

Calcite often then undergoes a decomposition to lime 

(CaO) according to the reaction: 

 

CaCO3  CaO + CO2  840°C 

 (Equation 3)  

Dolomite decomposition follows the path shown in 

Equation 4162.  

 

CaMg(CO3)2  CaCO3 + MgO + CO2  500-900°C 

(Equation 4)27 

 
Figure 2: PXRD data of laboratory ashed samples at 

600°C. A selected range (20-40°2θ) is presented for 

clarity. Q (Quartz, SiO2), M (Microcline, KAlSi3O8), F 

(Fairchildite, K2CaCO3), S (Sylvite, KCl), C (Calcite, 

CaCO3),  N (Nepheline, NaAlSiO4), Hp (Halite Potassian 

(K0.4Na0.6Cl), D (Dolomite, CaMg(CO3)2), I (Illite, 

K(Al4Si2O9(OH)3), HA (hydroxyapatite (Ca9.04(PO4)-

6(OH)1.68), He ( Hematite, Fe2O3). The highest intensity 

reflection of Periclase (MgO) is observed at 42.9°2θ, 

outside the range presented. Tables V-IX in the appendix  

list the full phases present in each fuel at each temperature. 

 The presence of lime was only observed in the sample 

set for hemp suggesting that upon formation it promptly 

reacts, most likely to form Ca-silicates.  
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 Above 900°C silicates begin to form (Figures 3 & 4). 

Due to the differing original compositions of the fuels 

there are a variety of silicates formed for each fuel. All 

three fuels are high in Ca and therefore the presence of Ca-

silicates through the pathways presented in equations 5-7 

is likely. 

 

CaCO3 + SiO2  CaSiO3 (wollastonite) +CO2 + 2CO2 

(Equation 5)162 

 

CaMg(CO3)2 + SiO2  CaMgSi2O6 (diopside) + 2CO2 

(Equation 6)162 

 

KAl2(Si3Al)O10(OH)2  (illite) + 2 CaCO3 + 4SiO2   

2KAlSi3O8 (leucite) + 2Ca2Al2SiO8 (anorthite) + 2CO2 

+H2O 

(Equation 7)243 

 

The formation of the Ca-silicates alongside CaMg-

silicates highlights the potential for interaction between 

the elements and phases present in biomass and coal. For 

instance, eucalyptus ashed without coal was found to have 

more prominent peaks associated with akermanite 

(Ca2MgSi2O7) in comparison to the diffraction signature 

of the more Mg-rich phase, diopside (CaMgSi2O6), 

whereas the eucalyptus-coal blend had a more prominent 

signature of the diopside phases. This suggests that Ca 

reacted preferentially over Mg to drive formation as 

shown by Trindade et al., who found that CaCO3 is 

consumed more rapidly than MgO in the formation of Ca-

Mg silicates 162. Therefore an increase in MgO content of 

the ash, derived from the dolomite present in the coal 

during co-ashing, may drive the reactions further towards 

diopside rather than akermanite. 

Figure 3: Laboratory ashed samples at 1000°C. A selected 

range (20-40°2θ) is presented for clarity. Q (Quartz, 

SiO2), M (Microcline, KAlSi3O8), HA (hydroxyapatite 

(Ca9.04(PO4)6(OH)1.68), He ( Hematite, Fe2O3), Di 

(Diopside, CaMgSi2O6), K (Kalsilite, KAlSiO4), W 

(Wollastonite, CaSiO3), Ak (Akermanite, Ca2MgSi2O7), L 

(Leucite, KAlSi2O6), Ao (Anorthite (CaAl2Si2O8), An 

(Anhydrite (CaSO4)), Cr (Cristobalite, SiO2). The highest 

intensity reflection of Periclase (MgO) is observed at 

42.9°2θ and Mullite (Al2.35Si0.64O4.82), main peak at 

16.5°2θ outside the range presented.  

 
Figure 4: : Laboratory ashed samples at 1100°C. A 

selected range (20-40°2θ) is presented for clarity. Q 

(Quartz, SiO2), M (Microcline, KAlSi3O8), HA 

(hydroxyapatite Ca9.04(PO4)6(OH)1.68), He ( Hematite, 

Fe2O3), Di (Diopside, CaMgSi2O6), K (Kalsilite, 

KAlSiO4), W (Wollastonite, CaSiO3), Ak (Akermanite, 

Ca2MgSi2O7), L (Leucite, KAlSi2O6), Ao (Anorthite 

(CaAl2Si2O8), An ( Anhydrite CaSO4), Cr (Crisobalite, 

SiO2),Ln (Larnite, Ca2SiO4).  The highest intensity 

reflection of Periclase (MgO) is observed at 42.923 2θ and 

Mullite (Al2.35Si0.64O4.82), main peak at 16.529 2θ outside 

the range presented.  

 

 Hemp ashed with coal has a greater variety of silicates 

present in comparison to the ashing of hemp alone (Tables 

V & VII). The lower Fe content of the hemp-coal mixture, 

in comparison to eucalyptus and coal, for instance may 

drive the formation of the feldspar anorthite (CaAl2Si2O8). 

Sorenson et al. investigated the affects of Fe on the 

formation of aluminosilicate phases. They concluded that 

a lower iron content was more likely to yield anorthite 

rather than diopside, as this mineral was found to 

crystallise alongside augite 

((Ca,Na)(Mg,Fe,Al,Ti)[(Si,Al)2O6]) in the presence of Fe 
188.  

 Kang et al. classified the affects of Al2O3 on the 

diopside/anorthite system and found that below 8.6wt% 

Al2O3 favoured the formation of  diopside over anorthite, 

Above 15.9wt% Al2O3 anorthite was shown to be the 

dominant phase 
208

. The low wt% of Al2O3 present in the 

mixtures suggests a preference towards the formation of 

diopside. Hemp and coal has a lower Fe content than 

eucalyptus-coal, favouring anorthite. Increased Al from 

coal ash in the hemp-coal blend, potentially explains the 

presence of anorthite in the hemp co-ash where there is 

none in the hemp ash.  

 Kalsilite (KAlSiO4) is often present in the ash samples 

(Tables V-IX). Vassilev et al., in their comprehensive 

study of biomass ash transformations state that the 

formation temperature of kalsilite is between 900-1100°C 
27. This corresponds well with experimental data, however 

it has been identified in PXRD patterns collected on 

samples heated below 900°C. The complex nature of the 

matrix may be a contributing factor in its early formation. 

Also present in the ash is leucite (KAlSi2O6), which may 

have formed from kalsilite. Previous work by Zhang et al. 

has shown kalsilite to be a precursor to leucite 

formation183. Equation 7 shows a pathway for leucite 

formation through a reaction with illite. Due to the 

presence of illite in the coal ash it is likely this is 

mechanism of the leucite formation at lower temperature 

in the eucalyptus and coal co-ash. 
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 Hematite (Fe2O3) is present in the ashes of coal, 

eucalyptus, coal & eucalyptus and hemp & coal, which is 

correlated by the iron contents of the fuels (Table II).The 

Fe2O3 shown to be present in the hemp & coal ash is highly 

likely come from the coal. Vassilev et al. 27 state that 

organically bound iron in biomass fuels oxidises to 

hematite between 200-700°C, this may explain the 

presence of Fe2O3 in the eucalyptus ash, as the eucalyptus 

fuel was shown to have a high amount of Fe (Table II). 

 Sylvite (KCl) was found to be present in the hemp 

samples at low temperature. The eucalyptus and coal fuels 

have low Cl content (Table I) and therefore no KCl in the 

ashes of these fuels was detected by PXRD. 

 Hydroxyapatite is present in both the hemp ash and the 

hemp and coal ash; hemp has a relatively high level of 

P2O5 in the ash matrix (Table II). The hydroxyapatite 

could be either extraneous, from the soil or formed as a 

secondary phase during ashing 15,241. Boström et al. 201 

report that the formation of Ca-phosphate phases will 

occur prior to an Ca/Si interaction. 

 The origin of the feldspar phase microcline is thought 

to originate from soil contamination during harvest and 

processing 201. 

3.1.2 Hemp Microscopy Analysis  

 Figure 5 shows calcium oxalate/carbonate crystals 

present in the hemp fuel pre-ashing. Exact information on 

the composition is hard to ascertain due to the high 

carbonaceous nature of the fuel. In plant material, it is 

likely the carbonate phase present is CaC2O4 and therefore 

the presence of CaCO3 through the decomposition of 

oxalate is likely (Equation 2). 

 
Figure 5: SEM electromicrogaph and EDS analysis of 

CaC2O4/CaCO3 crystals (labelled a) present in hemp fuel. 

  

 Figure 6a shows interesting thorn-like structures on 

the surface of the hemp fuel. Whilst the original texture of 

the hemp fuel is lost during heating, largely due to its 

organic composition, these structures remain clearly intact 

through the heating process. EDS analysis of these 

structures (Figure 7) shows the major components are 

Ca,K,Mg,Si, P and O, suggesting they comprise of both 

silicates and hydroxyapatite, this would account for the 

stability at high temperatures.  

 
Figure 6: SEM electromicrographs of:- a) hemp fuel b) 

hemp ash after 1h 600°C  

c) hemp ash after 1h 700°C d) hemp ash after 1h 800°C e) 

hemp ash after 1h 900°C f) hemp ash after 1h 1000°C g) 

hemp ash after 1h 1100°C 

 

 As the ashing temperature increased a higher number 

of glass-like particles are present. This suggests the 

melting, reaction and agglomeration of certain 

components of the fuels. EDS mapping (Figure 8) shows 

that these glassy particles largely comprise of Ca-Mg 

silicates alongside K-Al silicates. Ca and P also remain 

closely associated. This would confirm the presence of 

hydroxyapatite, which is thermally stable at 1100°C.  
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Figure 7: EDS analysis of a thorn-like structure from 

hemp ash sample at 800°C 

Figure 8: SEM electromicrographs EDS maps of hemp 

ash at 1100°C  

 

3.1.3 Eucalyptus Microscopy Analysis 

 

 An SEM electromicrograph of the eucalyptus fuel 

(Figure 9a) shows a large degree of texture on the fuel 

surface. This is lost during the ashing process indicating it 

is cellulose, hemicellulose and lignin that form this 

structure. After removal of the organic material distinct 

crystals are observed in the fuels (Figures 9b-9g).  

 EDS analysis shows distinct K,Al,Si,O crystals 

(Figure 9b) at 600°C, thought to be microcline 

(KAlSi3O8) as this is the phase containing those elements 

present at this temperature from XRD (Table IX).  

 Present at 800°C is an anhydrite (CaSO4) crystal 

probably originating from coal via dehydration of gypsum 

(CaSO4.2H2O); this indicates little reaction between 

certain components of eucalyptus and coal ash until higher 

temperatures are reached.  

 The Fe crystals present in Figure 9e are thought to 

originate from fuel processing. 

 

 
Figure 9: SEM electromicrographs of a) Eucalyptus fuel 

b) Eucalyptus ash after 1h 600°C c) Eucalyptus ash after 

1h 700°C d) Eucalyptus ash after 1h 800°C e) Eucalyptus 

ash after 1h 900°C  

f) Eucalyptus ash after 1h 1000°C g) Eucalyptus ash after 

1h 1100°C 

 

 

3.2 COMBUSTION RIG SAMPLES 

 

 To further this investigation, comparison of the data 

collected on samples from lab-based studies to those 

collected during combustion rig runs, will now be made. 

This part of the study focuses on comparisons between the 

hemp & coal and eucalyptus & coal blends. 

  

3.2.1 P-XRD Analysis 

3.2.2 Hemp and Coal Co-Fire  

 PXRD analysis of the hemp ash samples shows 

compositional differences between H1-H4 (Table IV, 

Figure 10).   The phases found to be present in H2 deviate 

most when compared to the other samples (H1, H3, H4). 

Dolomite was shown to be present, with  diopside being 
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the most significant CaMg-silicate phase. In the other 

samples however, the Ca-Mg silicate akermanite was 

found to be present. It is also worth noting that the 

temperature for H2 is unknown and therefore accurate 

interpretation of the phases present is not fully possible. 

The presence of dolomite alongside diopside in H2 

suggests that there was not a full reaction of dolomite into 

Ca-Mg silicates and therefore it may have formed from 

reaction of CaO and MgO with atmospheric CO2. Vassilev 

et al. show the formation of secondary carbonates between 

200-900°C 31. 

 Variations between samples may also be attributed to 

temperature differences between samples (971-1013°C) 

and also reduction/oxidation conditions at the time of 

sampling 68. The lack of KCl present in the deposits is due 

to the temperatures of the ceramic probes; KCl usually 

deposits through a diffusion/thermophoresis mechanism 46 

on to a cool surface. As the temperatures of the ceramic 

probes used for deposition were at approximately the same 

temperature as the flue gas it is unlikely that KCl would 

be present in the samples. 

 A comparison of the laboratory ashed samples to the 

combustion rig samples shows many similarities in the 

phases found to be present. The presence of 

hydroxyapatite in both sample sets do not indicate whether 

it is formed during the ashing process or if it is present in 

the plant itself, possibly in the thorn-like structures. 

Microcline is only present in some of the rig samples, this 

suggests that it is extraneous in origin i.e: collected during 

harvesting from the soil. Extraneous minerals behave 

differently to those found in the biomass, for instance they 

may reach lower surface temperatures during combustion 
41, or,  due to their larger crystallite size (as they will not 

volatilize in the flame) they may also fail to be carried in 

the flue gas and drop into the ash hopper, explaining its 

absence in the rig samples. 

 The different silicates present in each set of samples 

can be attributed to the non-equilibrium state of the 

combustion rig and therefore, whilst the laboratory ashed 

samples provide some prediction of phases likely to form, 

in the temperatures of the rig there are some deviations in 

those found in the rig samples due to the different 

conditions.   

 

3.2.3 Eucalyptus and Coal Co-Fire P-XRD 

 Comparison of the PXRD data collected for 

eucalyptus and coal (Table V, Figure 11)to that of the 

hemp and coal co-fire (Table IV, Figure 10) shows the 

eucalyptus and coal blend deposits to be much more 

uniform in composition throughout the combustion run. 

The lower ash content of the eucalyptus in comparison to 

coal (0.6 and 16.2% respectively) suggests that as there is 

less variation in the phases capable of forming the ash. 

The similarities in phases formed in the eucalyptus co-fire 

(sample E1-E4) also suggest much more uniform 

oxidation/reduction conditions. However it should be 

noted that the sample collection time for eucalyptus was 

two-three times longer than the hemp samples (Table III) 

suggesting that residence time in the combustion 

environment plays a key role in reaching conditions where 

phases become more uniform and stable 

 

 

 
Figure 10: XRD Pattern for combustion rig samples for 

hemp and coal co-fire. A selected range (20-40°2θ) 

presented for clarity. Q (Quartz, SiO2), M (Microcline, 

KAlSi3O8), Di (Diopside, CaMgSi2O6), K (Kalsilite, 

KAlSiO4), S (Sanidine, KAlSi3O8), Ak (Akermanite, 

Ca2MgSi2O7), L (Leucite, KAlSi2O6), HA (hydroxyapatite 

Ca9.04(PO4)6(OH)1.68), Mo (monticellite, CaMgSiO4 ), Ao 

(Anorthite CaAl2Si2O8), An ( Anhydrite CaSO4), Do 

(Dolomite CaMg(CO3)2) The highest intensity reflection 

of Periclase (MgO) is observed at 42.923 2θ and Mullite 

(Al2.35Si0.64O4.82), main peak at 16.529 2θ outside the 

range presented. 

 

Table IV: Phases identified in samples H1-H4 from hemp 

and coal co-fired combustion run 

 H1 H2 H3 H4 

Quartz  

(SiO2) 
• • • • 

Akermanite 

(Ca2MgSi2O7) 
•  • • 

Diopside 

(CaMgSi2O6) 
• •  • 

Hematite 

(Fe2O3) 
  • • 

Anhydrite 

 (CaSO4 ) 
• • •  

Leucite 

 (KAlSi2O6) 
•   • 

Dolomite 

(CaMg(CO3)2) 
• •   

Hydroxylapatite 

(Ca9.04(PO4)6(OH)1.68) 
• • • • 

Forsterite 

 (Mg2SiO4) 
  •  

Monticellite 

(CaMgSiO4) 
• • • • 

Kalsilite  

(KAlSiO4) 
• • •  

Albite 

 (NaAlSi3O8) 
•    

Periclase 

 (MgO) 
• • • • 

Microcline 

 (KAlSi3O8) 
 •  • 

Gehlenite 

 (Ca2Al2SiO7) 
 •   

Wollastonite  

(CaSiO3) 
  • • 

Sanidine 

 (KAlSi3O8) 
  • • 

Mullite 

 (Al2.35Si0.64O4.82) 
  • • 
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. Alongside Ca-Mg-silicates, Mg-silicates are also 

present. As has been previously stated, CaCO3 

preferentially reacts with SiO2 during dolomite 

decomposition favouring diopside and akermanite 

formation, the presence of forsterite (Mg2SiO4) indicates 

that a longer residence time may lead to a greater number 

of chemical reactions in the ash.  

  

Table V: Phases identified in samples E1-E4 from a 

eucalyptus and coal co-fired combustion run  

 E1 E2 E3 E4 

Quartz (SiO2) • • • • 

Akermanite 

(Ca2MgSi2O7) 
• • • • 

Diopside 

(CaMgSi2O6) 
• • • • 

Hematite(Fe2O3) • • • • 

Anhydrite (CaSO4 ) • • • • 

Leucite (KAlSi2O6) • • • • 

Dolomite 

(CaMg(CO3)2) 
• • • • 

Aluminium Oxide 

(Al2O3) 
• • • • 

Forsterite (Mg2SiO4) • • • • 

Anorthite 

(CaAl2Si2O8) 
• • • • 

Rutile (TiO2) • • • • 

Albite (NaAlSi3O8) • • • • 

 

 

Figure 11: XRD Pattern for combustion rig samples for 

eucalyptus and coal co-fire. Region 20-40° is presented for 

clarity. Q (Quartz, SiO2), Ab (Albite, NaAlSi3O8), Di 

(Diopside, CaMgSi2O6), Ak (Akermanite, Ca2MgSi2O7), 

L (Leucite, KAlSi2O6), Ao (Anorthite (CaAl2Si2O8), An ( 

Anhydrite (CaSO4)) He (Hematite, Fe2O3), F (Forsterite, 

Mg2SiO4) Al (aluminium oxide, Al2O3) 

 

 The lack of kalsilite, but presence of leucite, once 

again suggests that longer exposure to a high temperature 

environment has an affect on sample composition. 

Equation 7 gives a mechanism of formation for both 

leucite and anorthite, with the presence of both illite and 

calcite in the fuel. Future work ashing the eucalyptus and 

coal under laboratory conditions for longer time periods 

would be useful for predicting the ash compounds in the 

combustion rig. 

 

 

3.2.4 Microscopy of the Co-Fired Rig Samples 

 Micrographs of the co-fired samples show a distinct 

spherical morphology for the vast majority of particles in 

the deposits. The mechanism of deposition for these fly 

ash particles is inertial impaction, which occurs when 

large particles (>10µm) have too much mass/inertia to 

deviate from the gas flow and therefore hit the surface of 

the tube/deposit46.  

Figure 12: a) SEM electromicrograph of hemp and coal 

ash deposits removed from a ceramic probe showing 

particle agglomeration and surface deposition, sample H2. 

B) SEM electromicrograph of eucalyptus and coal ash 

deposits removed from a ceramic probe showing a large 

amount of spherical particles agglomerated together, 

sample E1.  

  

 These deposits form a characteristic elliptical shape as 

they form on the same side as the gas flow48, this elliptical 

shape is shown in Figure 1. Inertial impaction in these 

deposits is also evidenced by the agglomerated particle 

morphology. Clear fusion between some of the spheres 

was observed (Figure 12b) suggesting reactions may be 

occurring at these interfaces.  

 The thorn-like structures which were present in the 

SEM analysis of hemp and coal (Section 3.1.2), are still 

observed in deposits from the hemp and coal. Figure 13 

shows EDS analysis of one of these structures which is 

similar to the analysis presented in Figure 7, suggesting 

the parameters for ash formation have little affect. 

 The particle surfaces are not always smooth (Figure 

14) suggesting formation of phases on the surface of the 

particles. This often occurs through heterogenous 

nucleation, where refractory oxides (e.g. SiO2, MgO, CaO 

etc. or KCl, K2SO4 or K2CO3) condense with the same 

species and often form enriched areas on particles 

surfaces. 

 In comparison to the morphology of the laboratory 

ashed samples the spherical particles seen in the rig 

deposits are much larger. Raask investigated the formation 

of cenospheres and plerospheres (aluminosilicate glass 
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microspheres encapsulating gas and smaller pre-existing 

particles respectively) during coal combustion191. 

 
Figure 13: EDS analysis of thorn-like structure from 

sample H3. 

 

The spheres, which must contain a small amount of Fe and 

C, form through the expansion of silicate droplets to form 

a hollow sphere. It is likely that this is a formation 

mechanism for some of the spheres present in the deposit. 

These spheres may also form due to the gas conditions 

present in the combustion rig as one of the main 

mechanisms in fly ash formation is agglomeration 244. 

 

 
Figure 14: An SEM electromicrograph showing a 

spherical particle from the hemp and coal co-fire with 

surface enrichment of cubic crystals.  

  

 

4 CONCLUSIONS 

  

 This paper highlights the benefits from carrying out 

controlled laboratory ashing studies of fuels to predict fly 

ash deposition of the same fuels in a combustion rig/power 

plant. There are many similarities between samples ashed 

in a controlled environment, at temperatures analogous to 

those logged during deposition of samples in the 

combustion rig. The differences between laboratory ashed 

and combustion rig fired samples indicate that the amount 

of time a deposit spends in the high temperature 

environment can have a significant affect on the phases 

formed. 

 At high temperatures the main phases, other than 

quartz identified as present in deposits, are Ca-silicates 

and Ca-Mg-silicates. These are likely to have formed 

through a reaction between calcite, dolomite, periclase and 

quartz. The formation conditions of the phases present in 

ash samples are similar to those conditions used during 

ceramic phase formation. 

 SEM studies have shown that the morphology of 

particles/phases formed during laboratory ashing of the 

fuels differs to the morphology from those formed under 

combustion rig conditions. The morphology of particles 

formed in the rig were more spherical with the spheres 

present from the combustion rig being larger and are likely 

formed through a cenosphere/plerosphere mechanism. 

The conditions required for the formation of these spheres 

is challenging to replicate under laboratory conditions.  

 We have shown that controlled laboratory studies 

produce useful data that can allow predictions of the phase 

composition of ash deposits in the combustion rig to be 

made. This could be used alongside modelling to provide 

a relatively quick, cheap and affective method of assessing 

a fuel prior to large scale combustion tests. 

 Future work on the samples includes longer ashing of 

the coal-biomass blends in the laboratory to determine if 

the phases formed are similar in composition to those 

exposed to the high-temperature rig environment for 

periods longer than 60 minutes. Phase quantification of the 

PXRD data is also underway to investigate how the 

proportions of phases alter as a function of temperature. 
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7 APPENDIX  

 

 Due to the inhomogenous nature of the samples 

certain phases are only present in very small amounts and 

therefore may not always be observed.   
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Table V: Phases present in laboratory ashed samples of 

hemp. 

 Temperature (°C) 

Phase  600 700 800 900 1000 1100 

Quartz  

(SiO2) 
• • • • • • 

Calcite  

(CaCO3) 
• •     

Sylvite  

(KCl) 
• • • •   

Fairchildite 

(K2Ca(CO3)2) 
• • •    

Hydroxyapatite 

(Ca9.04(PO4)-

6(OH)1.68) 
• • • • • • 

Microcline 

(KAlSi3O8) 
• • • • • • 

Periclase  

(MgO) 
• • • • • • 

Halite, 

potassian 

(K0.4Na0.6Cl) 
• • •    

Dolomite 

(CaMg(CO3)2 
• • •    

Lime  

CaO) 
  •    

Wollastonite 

(CaSiO3) 
  •  • • 

Diopside 

(CaMgSi2O6) 
  • • • • 

Akermanite 

(Ca2MgSi2O7) 
    • • 

Larnite 

(Ca2SiO4) 
    • • 

Kalsilite 

(KAlSiO4) 
    •  

Table VI: Phases present in laboratory ashed samples of 

coal. 

 Temperature (°C) 

Phase 600 700 800 900 1000 1100 

Quartz  

(SiO2) 
• • • • • • 

Calcite  

(CaCO3) 
•      

Dolomite 

(CaMg(CO3)2 
•      

Illite 

(K(Al4Si2O9(

OH)3) 
• • • •   

Anhydrite 

 (CaSO4) 
• • • • •  

Cuprite  

(Cu2O) 
 •  • • • 

Hematite  

(Fe2O3) 
 • • • • • 

Albite  

(NaAlSi3O8) 
    • • 

Labradorite 

(Ca0.65Na0.32(

Al1.62Si2.38O8) 

     
• 
 

Mullite 

(Al2.35Si0.64O4

.82) 

     • 

Table VII: Phases present in laboratory ashed samples of 

hemp and coal 

 Temperature (°C) 

Phase 600 700 800 900 1000 1100 

Quartz 

 (SiO2) 
• • • • • • 

Calcite  

(CaCO3) 
• • •    

Sylvite 

 (KCl) 
• • •    

Fairchildite 

(K2Ca(CO3)2) 
• • •    

Hydroxyapatite 

(Ca9.04(PO4)-

6(OH)1.68) 
• • • • • • 

Microcline 

(KAlSi3O8) 
• • • • • • 

Periclase 

 (MgO) 
• • • • • • 

Hematite 

 (Fe2O3) 
• • • • • • 

Dolomite 

(CaMg(CO3)2 
• •     

Illite 

(K(Al4Si2O9(O

H)3) 
• •     

Nepheline 

(NaAlSiO4) 
• • •    

Wollastonite 

(CaSiO3) 
   • • • 

Diopside 

(CaMgSi2O6) 
   • • • 

Akermanite 

(Ca2MgSi2O7) 
   • • • 

Kalsilite 

(KAlSiO4) 
   • • • 

Anorthite 

(CaAl2Si2O8) 
    • • 

Larnite 

(Ca2SiO4) 
    •  

Mullite 

(Al2.35Si0.64O4.82

) 

    • • 
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Table VIII: Phases present in laboratory ashed samples of 

eucalyptus 

 Temperature (°C) 

Phase 600 700 800 900 1000 1100 

Quartz 

(SiO2) 
• • • • • • 

Calcite 

(CaCO3) 
• •     

Fairchildite 

(K2Ca(CO3)2) 
• •     

Microcline 

(KAlSi3O8) 
• •  • • • 

Sylvite 

(KCl) 
•      

Periclase 

(MgO) 
  • • • • 

Hematite 

(Fe2O3) 
• • • • • • 

Arcanite 

(K2SO4) 
• • •    

Cristobalite 

(SiO2) 
     • 

Wollastonite 

(CaSiO3) 
    • • 

Diopside 

(CaMgSi2O6) 
   •   

Akermanite 

(Ca2MgSi2O7) 
   • • • 

Leucite 

(KAlSi2O6) 
     • 

Kalsilite 

(KAlSiO4) 
 • • • • • 

Mullite 

(Al2.35Si0.64O4.82

) 

     • 

Table IX: Phases present in laboratory ashed samples of 

eucalyptus and coal 

 Temperature (°C) 

Phase 600 700 800 900 1000 1100 

Quartz 

(SiO2) 
• • • • • • 

Calcite 

(CaCO3) 
•  •    

Fairchildite 

(K2Ca(CO3)2) 
• •     

Microcline 

(KAlSi3O8) 
• • • • • • 

Illite 

(K(Al4Si2O9(O

H)3) 
• •     

Periclase 

(MgO) 
 • • • • • 

Hematite 

(Fe2O3) 
• • • • • • 

Anhydrite 

(CaSO4) 
• • • •   

Arcanite 

(K2SO4) 
  •    

Cristobalite 

(SiO2) 
    • • 

Wollastonite 

(CaSiO3) 
    •  

Diopside 

(CaMgSi2O6) 
    • • 

Anorthite 

(CaAl2Si2O8) 
   • • • 

Leucite 

(KAlSi2O6) 
   • • • 

Kalsilite 

(KAlSiO4) 
  • • • • 

Mullite 

(Al2.35Si0.64O4.82

) 

    • • 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


