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Abstract 

The increase of global carbon emissions by 2.7% in 2018 from the 2015 level indicates that the 

utilisation of fossil fuel, particularly coal, as the primary energy source is still very significant 

worldwide. Many countries have made efforts to reduce their carbon emissions by replacing coal with 

biomass. The UK government has promoted the gradual transition from coal-firing to biomass-firing to 

achieve complete coal power plant shutdown by 2025. This transition program is also supported with 

several incentive schemes to encourage the current and planned future coal-firing power plants to utilise 

biomass. 

However, several disadvantages are attributed to the utilisation of biomass as an energy source. 

Significant exploitation of woody biomass contributes to flooding, increasing carbon debts, and food 

security issues due to deforestation. Additionally, the use of herbaceous biomass causes operational 

problems in power plants due to severe ash deposition and corrosion. 

Treated wood is abundantly available and is known to complement virgin biomass in combustion to 

mitigate the disadvantages associated with woody and herbaceous biomass combustion. In the EU, 52.9 

million tonnes of waste wood is produced annually, 54% of which is utilised to produce electricity. 

However, treated wood contains trace elements (TE), e.g. arsenic, cadmium, copper, lead, nickel, etc. 

sourced from prior anthropogenic treatment, e.g. preservatives and paints. These elements are relatively 

volatile at high temperatures and are released to the atmosphere during combustion. Ingestion of these 

elements may harm human metabolism and pose other health risks to wildlife. 

This thesis aims to develop a comprehensive model to predict the fate and the occurrence of trace 

elements (TEs) and ash-forming elements (AFEs) in combustion of treated wood and virgin wood. The 

combustion process considered is based on the biomass combustion operation in the 250-kW entrained-

flow boiler in the UKCCSRC Pilot-scale Advanced Capture Technology (PACT) facility in Sheffield, 

UK. The developed model is designed to predict the downstream concentrations, the fate profiles, and 

the occurrence profiles each AFE and TE. The modelled downstream concentrations as the element 

concentrations in uncooled downstream gas are well validated by the experimental downstream 

concentrations measured with the online inductively-coupled plasma – mass spectrometer (ICP-MS). 

The modelled fate and occurrence profiles of each AFE and TE are in good agreement with the 

experimental results pertaining to the respective elements.  
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Chapter 1 

 

Introduction 

 

1.1 Statement of the Problem 

The vast and overriding majority of experts and professionals believe that global warming is a real issue 

supported by scientific evidence. The Earth absorbs the sun’s heat, which it releases to outer space at 

the same rate to maintain a constant temperature habitable to humans.1 However, this heat balance has 

been disturbed due to anthropogenic phenomena and has caused global warming.  

Anthropogenic phenomena, especially fossil fuel combustion, have been proven to be the most 

significant cause of global warming.2 Fossil fuel exploitation transforms ‘buried carbon’ into carbon 

dioxide within seconds of a combustion process. In contrast, the reverse conversion of carbon dioxide 

back to ‘buried carbon’ requires a series of complex procedures that take a very long time. This 

imbalance in time required for the two stages of this carbon cycle to be completed has led to the 

accumulation of a significant amount of carbon dioxide in the atmosphere over half a century, as 

illustrated in Figure 1.1.3  
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Figure 1.1 Global Carbon Emissions 

 

The accumulation of carbon dioxide in the atmosphere increases global temperature due to the enhanced 

greenhouse-gas effect. The increase in global temperature since the last century is illustrated in Figure 

1.2.4 The global temperature increase affected the ocean’s physical properties between 1961 and 2003 

to the extent that global ocean temperature rose by 0.1K and global sea-level rose at a rate of 1.8mmy-

1. In addition, global energy demand is predicted to increase by more than twice its current level by 

2040. Unless countermeasures are taken, the quantity of carbon dioxide in the atmosphere will increase 

by another 10 Gigatonnes (Gt) by 2040.5 This could potentially increase the global atmospheric 

temperature by between 1.1K and 6.4K, and global sea level by between 0.18m and 0.59m.6 
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Figure 1.2 Global Temperature Anomaly Relative to Mean Global Temperature from 1951 to 1980 

 

Regional and international actions are being made in an effort to reduce global temperature. The Paris 

Agreement within the United Nations Framework Convention on Climate Change, which was signed 

by almost 200 countries in 2016, is one of the most critical initiatives that have been drawn up to combat 

climate change. The Paris Agreement aimed to maintain the increase in global temperature well below 

2°C and to deliver the changes necessary to limit the growth by 1.5°C. In the UK, the Climate Change 

Act was introduced in 2008 to limit UK net carbon emission by at least 80% of the 1990 value by 2050. 

Intense efforts are required to fulfil the demands of the Paris Agreement and of the Climate Change 

Act. It has been reported that, globally, a third of oil reserves, half of gas reserves, and four-fifths of 

coal reserves cannot be exploited if the world is to achieve the goal of the Paris Agreement.7 Moreover, 

the UK government has introduced the Carbon Budget programme, which aims to suppress greenhouse 

gas emissions within five consecutive years. Also, some of the UK Combined Heat and Power 

Incentives programmes are designed to motivate energy industries to focus on energy production 

efficiency. For instance,  an exemption to the Climate Change Levy is applied to fuel and energy tax if 

a 20% energy-saving threshold is achieved. As an external factor, the rise of the carbon price (a cost 

applied to carbon pollution) by 156% in 2018 could also force the energy industries to reduce their 

carbon emissions.8  

However, a recent study reported a 2.7% increase in global carbon emission in 2018 from its 2015 

value.9 This increase indicates that the current effort to reduce the global temperature is ineffectual, 

despite the Paris Agreement. The main contributors to the worldwide carbon emission increase are 
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China by 4.7%, the United States by 2.5%, and India by 6.3%. These contributions are sourced from 

massive utilisation of coal in power plants and oil in transportation to support the countries’ economic 

growth. 

The recent global increase in carbon emission due to fossil fuel utilisation has attracted attention to find 

and exploit another energy source. Biomass is well-known as one of the most suitable candidates to 

replace solid fossil fuels. Biomass is carbon-neutral, since the carbon it contains  has been absorbed via 

photosynthesis. Biomass is also more operationally efficient than coal, since it is more reactive due to 

its lower density.10 Notably, a gradual transition from coal use to biomass use is encouraged in the UK 

through a plan to shut all coal power plants by 2025.11 This gradual transition is also financially 

supported with the Renewable Heat Incentive included in the Combined Heat and Power Incentives 

programmes. 

Similarly to coal among solid fuels, biomass also has different varieties, listed in Table 2.1. Amongst 

the listed varieties, woody and herbaceous biomass have been the most commonly used as solid fuels 

due to a number of advantages, e.g. availability and energy content. However, the combustion of both 

woody and herbaceous biomass also has disadvantages that limit the flexibility of their use as solid 

fuels.  

Wood is mostly used as biomass solid fuel, particularly in countries that have few fossil fuel resources, 

due to its low cost and low carbon emissions.12 Wood also offers other advantages in other aspects. 

During combustion, wood is considered less operationally problematic at high temperature since it is 

unlikely to form molten slag that is responsible for the formation of ash deposits and retards power plant 

efficiency.13 Besides, wood bottom ash may be used as a cement additive due to its substantial calcium 

content.14  

However, the European Renewable Energy Directive (RED) has stated that use of half of Europe’s 

annual forest harvest as biomass would supply only 10% of the European energy that is required to 

originate from renewable fuels.15 This harvest quantity would require a large area of forest as wood 

source. A tremendous amount of carbon is released during harvested wood combustion. Despite the 

eventual carbon absorption forestry in the future, the re-establishment of this takes years due to the time 

required for plantation and growth. Consequently, carbon may remain in the atmosphere for decades 

and warm the Earth in the same way as if fossil fuels were used.16  

Additionally, economic predictions suggest possible future competition for land between the energy 

and the food sectors. It is estimated that around 1,500 million ha of land will be required for plantations 

and agriculture dedicated to the growth of biomass fuels for renewable energy by 2050 to meet the 

demands of the carbon tax on other businesses, even if that tax is implemented at the least stringent 

level of regulation.17  
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Herbaceous biomass is considered another potential alternative form of biomass solid fuel. Its structure 

avoids the issues regarding woody biomass. In comparison with woody biomass, herbaceous biomass 

is more widely abundant.18 A study has revealed that land that is surplus to the requirements of 

agriculture, mostly in developing countries, is available and in enough supply to meet energy demands 

by 2035. Energy crop productivity in developed countries is generally at around 5ton ha-1, which 

suggests that land expansion might not be necessary.19 In developed countries where herbaceous 

biomass use is still particularly rare, e.g. Finland, herbaceous biomass is expected to become one of the 

most dominant energy sources in the future, and it does not present food security issues.20 

However, herbaceous biomass contributes to operational issues during combustion due to higher ash 

contents than woody biomass as exhibited in Table 3.1. High ash contents establish biomass rich in 

AFEs, TEs, and chlorine. The significant quantity of potassium and chlorines promotes intense fouling. 

Fouling occurs via potassium volatisation at high temperature and condensation at low temperature on 

probe surfaces as a liquid layer initiating ash deposition buildup. Condensed KCl within ash deposit 

induces corrosion at probe surfaces. When a significant quantity of sulphur present in the ash deposit 

interacts with the condensed KCl, corrosion is accelerated due to chlorine that is liberated as a 

sulphation product and attacks the probe surface.21 Herbaceous biomass also contains a significant 

quantity of silicon, often along with a considerable amount of phosphorus and calcium, which is 

responsible for slagging at high temperature on refractory materials.22 

Alternatively, the exploitation of waste wood, e.g. furniture waste or demolished buildings, as solid fuel 

provides a promising route towards biomass-based energy production at a considerable quantity without 

requirements to overcome the problems associated with land competition, carbon debt, and operational 

issues. Waste wood is relatively abundant due to increasing property business, particularly in 

developing countries. The waste wood annual reserve is currently at around 52.9 million tonnes in the 

EU, only 54% of which is converted to electricity.23 Globally, the waste wood reserve is approximately 

30 million m3 y-1.24 According to the Wood Recyclers Association, 4.5 million tonnes of waste wood 

are generated in the UK every year. Only around 2.1 million tonnes are converted into solid fuel, whilst 

the rest is exported and recycled.  

However, waste-wood utilisation needs a thorough technical and environmental examination regarding 

its emission. Waste wood mostly originates from construction demolition and unused furniture, and it 

contains additives, e.g. preservatives, paints, and coatings. The additives are well absorbed and 

amalgamated with the wood at a cellular level. During combustion, hazardous elements in the additives 

or so-called trace elements (TEs), e.g. arsenic, cadmium, copper, etc. are partially volatilised to the 

atmosphere and remain in the bottom ash residue. Unfortunately, excessive intake of these elements to 

the human body causes complications such as congenital disability, organ failures, and metabolism 

disturbance.25 Authorities such as the Environmental Protection Agency of the US and the European 
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Environment Agency  set standards for emission limits that are precautionary to ensure that the TE 

emission concentrations of power plants do not exceed the standard. Also, bottom ash that contains 

trace elements is not suitable to be disposed of with virgin wood ash and requires an additional treatment 

process that can cost approximately $180 ton-1.26 

In order to predict the fate and occurrence of TEs in waste wood combustion, it is imperative firstly to 

understand the affecting parameters. The parameters are primarily the operating conditions of the 

combustion unit and the initial quantities of TEs in the waste wood. Various companies manufacture 

wood additives in different compositions. Also, use of different methods for application of additives 

leads to variability in the final additive concentration in the wood. 

Chemical equilibrium calculation has been commonly used in a wide range of applications to predict 

the fate and occurrence of TEs. One of the main reasons of this common use is due to a lack of available 

kinetic data for TE kinetic reactions in literature. Niu et al.27 compiled a list of all possible reactions 

involved during ash deposition. These reactions may be used qualitatively to deduce the origin of certain 

chemical compounds found in biomass ash. However, their work and that of many others have still been 

unable to incorporate kinetic data due to its availability.  

Although the previous models with chemical equilibrium calculated on the prediction of fate and 

occurrence of TEs have been widely available, the operating conditions were often simplified. The 

previous models often predicted the fate and occurrence of TEs in solid fuel combustion in a single 

combustion unit or a series of combustion units at specific mean temperatures at certain positions or 

units.28,29,30 The use of mean temperatures underestimated the variable temperatures around specific 

positions or within units and did not reveal any information on the fate and occurrence of TEs between 

any neighbouring positions or units. The lack of fate and occurrence of TEs might have given a 

misleading impression that, for instance, there was no formation of concerned products, e.g. liquid 

compounds, between any neighbouring positions or units. Moreover, some models did not really reflect 

the actual combustion since the temperatures were of typical values.31 

The previous models also used the initial quantities of TEs at any positions in a combustion unit for TE 

occurrence prediction that might have resulted in inaccurate TE partition.32,33 At locations farther from 

the combustion unit inlet, some portions of TEs are released from the solid fuel particles due to high 

temperatures. The remaining TEs might stay in the residual particles separated as bottom ash. Hence, 

when leaving the combustion units, the quantities of TEs in the gas phase are no longer the same, with 

those in the solid fuels and both TEs in the gas phase and TEs in the residual particles undergoing 

individual occurrence changes after the TE release positions. 

Therefore, this problem statement concludes that a more comprehensive prediction method is required. 

The proposed method primarily addresses the simplification of the affecting parameters by considering 
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the fate and occurrence evolution within temperature profiles and separate calculations of fate and 

occurrence prediction in the solid fuel and gas phases. With the proposed method, a chemical correlation 

between the affecting parameters and the emission and retention of TEs is established.  

1.2 Project Aims and Objectives 

This thesis aims to begin to develop a comprehensive combustion model to examine the combustion of 

virgin and waste wood that follows a specific set of parameters to predict the fate and occurrence of 

TEs. The entrained-flow combustion model equipped with the single-particle combustion model 

was the initial modelling approach to accommodate the evaluation of both intra-particle profiles and 

burner profiles. These profiles were the parameters and platforms for the fate and occurrence model. 

Further simplification of the entrained-flow combustion model and the single-particle combustion 

model was necessary due to computational limitations. More details on the development of these 

models are found in Section 2.4. The model later was extended to focus on the evaluation of liquid 

phase formation based on the occurrence and fate of ash-forming elements (AFEs), e.g. potassium, 

silicon, calcium, etc. Chemical equilibrium is considered as the primary method to calculate the fate 

and occurrence of TEs, based on thermodynamic analyses. The work described in this thesis therefore 

aims to fulfil the following objectives: 

• Chemical Equilibrium Model Platform 

Most numerical-computing environments are equipped with proprietary languages. However, 

the majority of chemical equilibrium tools feature built-in user interfaces written in 

conventional languages, e.g. Fortran, C++, etc. There is therefore a language barrier between 

the two computational fields. Based on this language barrier, one objective of the work is to 

link computationally a numerical-computing environment and a chemical equilibrium tool, e.g. 

Matlab and FactSage.    

• AFE and TE Fate and Occurrence Prediction 

The research aims to predict the proportion of AFEs and TEs found in the bottom ash and in 

released gas and aerosols, and to predict the compounds in which they are found in bottom ash 

and released gases and aerosols.  

• Prediction of TE Concentrations as Element Concentrations in Uncooled Downstream Gas 

This objective is to predict and validate the concentrations of elements in uncooled downstream 

gas at a boiler outlet. These values are used to assess whether the combustion of waste wood 

leads to emissions of TEs at concentrations within the administrative emissions limits.  

• Liquid Phase Formation 

This objective is to predict the formation of liquid compounds within both solid fuels and bulk 

gas at specific locations within a boiler as a prediction of ash deposition.  
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1.3 Thesis Outline 

This thesis incorporates nine chapters. 

• The first chapter discusses the background of the work described in this thesis. The background 

arises from biomass utilisation in energy production to fulfil the need to reduce global carbon 

emissions whilst minimising biomass-associated problems by exploiting waste wood as a viable 

option. Further, this chapter explains the research aims based on this background. 

• The second chapter presents a review of the literature for this thesis. This chapter categorises 

the review into several main general discussions, namely: biomass composition, conversion, 

and process; ash deposition problems; and trace elements. More detailed discussion of each of 

these facets is presented at the beginning of each subsequent chapter. 

• The third chapter lists the solid fuels evaluated in this thesis and explains their general chemical 

properties based on the results of proximate analysis, ultimate analysis, ash analysis, and 

chemical fractionation analysis. 

• The fourth chapter discusses the development of the single-particle combustion model with 

discretisation as the initial and fundamental approach of solid-fuel combustion in a boiler. The 

temperatures at the surface and centre of particles that are predicted by this model are validated 

with experimental results from the literature.  

• The fifth chapter discusses the development of the entrained-flow combustion model in a 

PACT (Pilot-scale Advanced Capture Technology) entrained-flow boiler based on a plug-flow 

reactor. The single-particle combustion model introduced in the third chapter is included as the 

sub-model to calculate the thermal decomposition of particles. The boiler temperature and 

oxygen concentration calculated by the model are validated with the experimental results from 

white-wood combustion in the PACT entrained-flow boiler. 

• The sixth chapter discusses the integration of chemical equilibrium and numerical-computing 

environments to produce a chemical equilibrium tool. Next, the AFE and TE fate and 

occurrence model is introduced. This is based on the model discussed in the fourth chapter. 

This chapter reveals that particle discretisation generates a costly computation. 

• The seventh chapter discusses the development of the simplified entrained-flow combustion 

model based on the entrained-flow combustion model introduced in the fourth chapter. The 

simplified model aims to eliminate the expensive computation. The fate and occurrence of 

AFEs and TEs are modelled through use of the simplified fate and occurrence model, based 

on the simplified entrained-flow combustion model. The inorganic gas concentrations that are 

calculated by the model to be emitted at the boiler outlet are validated by comparison with 

experimental measurement. 
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• The eight chapter extends the use of both the simplified entrained-flow combustion model and 

the simplified fate and occurrence model for use with silicon-rich solid fuels, namely: rice husk 

and switchgrass. A similar discussion of the fate and occurrence profiles is presented to evaluate 

the formation of liquid compounds and their potential to initiate ash deposits. 

• The ninth chapter draws together conclusions and recommends future work.  
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Chapter 2 

 

Literature Review: Biomass, 

Combustion Problems, and Model 

 

2.1 Biomass Composition, Conversion and Process 

Biomass is comprehensively defined by Vassilev et al.34 as: 

“Biomass is contemporaneous (non-fossil), and complex biogenic organic-inorganic solid 

product generated by natural and anthropogenic (technogenic) processes, and comprises: (1) 

natural constituents originated from growing land- and water-based vegetation via 

photosynthesis or generated via animal and human food digestion; and (2) technogenic 

products derived via processing of the above natural constituents.” 

As solid fuel, biomass is further classified into specific categories, as shown in Table 2.1. Biomass 

compositions show wide variability, which is due to many factors beyond the classifications shown in 

Table 2.1, namely: their growth mechanism, growth environment, the age of the plant at harvest, 

fertilisers and pesticide used, and harvesting time.35,36,37,38,39,40 Therefore, biomass characterisations, e.g. 

proximate and ultimate analysis, are necessary to ensure optimum combustion performance and avoid 

unnecessary operational and environmental issues. 

Table 2.1 General Classification of Types of Biomass as Solid Fuels 

Biomass Groups Biomass Sub-groups, Varieties, and Species 

Wood and Woody Biomass Coniferous or deciduous; angiospermous or gymnospermous; soft or hard; 

stems, branches, foliage, bark, chips, lumps, pellets, briquettes, sawdust, 

sawmill and others from various wood species 
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Herbaceous and Agricultural Biomass Annual or perennial and field-based or processed-based such as: (1) Grasses 

and flowers (alfalfa, arundo, bamboo, bana, brassica, cane, cynara, 

miscanthus, switchgrass, timothy, others); (2) Straws (barley, bean, flax, corn, 

mint, oat, rape, rice, rye, sesame, sunflower, wheat, others); (3) Other residues 

(fruits, shells, husks, hulls, pits, pips, grains, seeds, coir, stalks, cobs, kernels, 

bagasse, food, fodder, pulps, cakes, others) 

 

Aquatic Biomass Marine or freshwater algae; macroalgae (blue, green, blue-green, brown, red) 

or microalgae; seaweed, kelp, lakeweed, water hyacinth, others 

Animal and Human Biomass Wastes Bones, meat-bone meal, chicken litter, various manures, others 

Contaminated Biomass and Industrial 

Biomass Wastes (semi-biomass) 

Municipal solid waste, demolition wood, refuse-derived fuel, sewage sludge, 

hospital waste, paper-pulp sludge, waste papers, paperboard waste, chipboard, 

fibreboard, plywood, wood pallets and boxes, railway sleepers, tannery waste, 

others 

Biomass Mixtures Blends from the above varieties 

Proximate analysis was initially designed to determine moisture, volatile, char and ash contents of 

coal.41 Since biomass has become a prevalent energy source and has a somewhat similar composition 

to coal, proximate analysis has been implemented frequently for biomass. However, the proximate and 

ultimate analysis results of biomass require careful interpretation. Even if two biomass pellets originate 

from the very same tree, their proximate and also ultimate compositions could potentially show different 

results because the pellets might primarily contain materials from different parts of the tree, e.g. one 

pellet mostly contains bark whilst the other mostly contains foliage.42 Therefore, proximate and ultimate 

analysis on a specific biomass fuel should be conducted multiple times to obtain representative data. 

In practice, proximate analysis is a thermogravimetric measurement in which a solid fuel sample is 

heated at a constant heating rate under controlled atmospheric conditions. Sample mass is measured 

repeatedly until only residual solids are left. Further explanation regarding the way in which proximate 

analysis is conducted is given in ASTM D7582-15.43 An example of a thermogravimetric measurement 

that has defined the solid fuel constituent mass fraction is given in Figure 2.1.44 
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Figure 2.1 Result of Thermogravimetric Analysis of Pine Bark under N2(g) flowing at 200 ml min-1 at a 

Heating Rate of 15 K min-1 

 

Thermogravimetric measurement primarily consists of three major stages: drying, volatilisation, and 

combustion if oxygen (O2(g)) is involved. In the drying stage, the mass of the sample slightly decreases 

due to moisture loss. After a short period of drying, subsequent significant loss of sample mass is a sign 

that the drying stage has ended and the volatilisation stage has begun. Finally, the remaining sample 

reaches a constant mass, which indicates that volatilisation has ended and the residual char stage has 

been reached. An extra stage entitled remaining ash is noted when the analysis is conducted in O2(g)-

containing gas. The concentration of each proximate-analysis constituent, that is moisture, volatile 

matter, and char, is determined according to fractional mass loss within each stage.  

Measurement of constituent compositions by proximate analysis, as exemplified in Table 3.1, provides 

essential information regarding solid fuel combustion performances. High moisture content indicates 

poor fuel quality, since the presence of moisture increases combustion delay time. High quantities of 

volatile matter are preferred since volatile matter increases overall reactivity. Excessive char content, 

retards combustion rate due to reliance on heterogeneous oxidation.  

Another well-known characterisation method is ultimate analysis. The ultimate analysis method was 

also designed for coal characterisation. In ASTM D3176-15, ultimate analysis is defined as:45 
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“Ultimate analysis in the case of coal and coke is the determination of carbon, hydrogen, 

nitrogen, and sulphur, as found in the gaseous products of its complete combustion, the 

determination of ash in the material as a whole, and the calculation of oxygen by difference.”  

In typical ultimate analysis results, carbon makes up most of the biomass with a mass percentage at 

around 44% to 78%. Oxygen is in second place with a mass percentage above 40%. Hydrogen mass 

percentage is about 5% to 7%. In contrast, carbon content is significantly higher in coal at around 70% 

to 90%, whilst hydrogen content is only 3% to 6%. Both the hydrogen-to-carbon ratio (H/C) and the 

oxygen-to-carbon ratio (O/C) are often used to characterise solid fuel volatility. It has been proven 

experimentally that biomass with higher H/C and O/C than coal exhibits higher volatility.46 

Heating value is also used to characterise solid fuel. Heating value is measured as either higher heating 

value (HHV) or lower heating value (LHV). Both HHV and LHV are measured by calculating the 

enthalpy change between reactants and products, which consist of condensed water for HHV and 

gaseous water for LHV.47 However, heating value measurement is more complicated and time-

consuming to perform than proximate and ultimate analysis. Hence, it is more common to estimate 

heating value through calculation of correlations as functions of either proximate analysis results or 

ultimate analysis results, than to perform experiments.48,49,50 

Research on biomass was extended by many researchers from characterisations to combustion. 

Proximate and ultimate analysis are used to setup the optimum parameters of operating conditions in 

large-scale biomass combustion and estimate the speciation of each major element, e.g. carbon, 

hydrogen, and oxygen, in each biomass combustion thermal conversion reaction at particular 

combustion operating conditions. 

A series of thermal conversion reactions occurs in biomass combustion. Biomass combustion is initiated 

with pyrolysis into volatile matter, tar, and char at high temperature. The released volatile matter is 

exothermically oxidised with O2(g) and converted into CO2(g) and H2O(g). The tar does not create an 

operational problem in solid fuel combustion. During volatile matter volatilisation, the formed tar is 

simultaneously pyrolysed into char and oxidised into CO2(g) and H2O(g). The O2(g) heterogeneously reacts 

with formed char to produce CO2(g). The char is also gasified with the CO2(g) and H2O(g) released due to 

pyrolysis. Unlike gasification with CO2(g) and H2O(g), solid fuel combustion is solely used to generate 

heat, since oxidation reactions are exothermic. 
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It is imperative to provide a sufficient amount of O2(g) to ensure complete conversion in solid-fuel 

combustion. The availability of O2(g) is represented by the air-fuel ratio, 𝑅𝐴𝐹. 𝑅𝐴𝐹 is defined as the ratio 

of air mass to fuel mass. Under stoichiometric conditions, 𝑅𝐴𝐹𝑠𝑡𝑜𝑖𝑐ℎ is defined such that 𝑅𝐴𝐹𝑠𝑡𝑜𝑖𝑐ℎ kg 

of air is required to burn 1kg of solid fuel. The air-fuel equivalence ratio, 𝜆, is calculated as shown in 

Equation 2.1. 

𝜆 =
𝑅𝐴𝐹

𝑅𝐴𝐹𝑠𝑡𝑜𝑖𝑐ℎ
 (E2.1) 

𝜆 is ideally one. However, the formation of polycyclic aromatic hydrocarbons (PAHs), e.g. naphthalene, 

fluorine, phenanthrene, pyrene, etc., and volatile organic compounds (VOCs), e.g. formaldehyde, 

acetaldehyde, etc., are in practice often inevitable. The presence of PAHs and VOCs indicates that 𝜆 is 

actually less than one due to constraints of mixing and mass transfer.51,52 In practice, 𝜆 is always set at 

more than one to compensate for mixing and mass-transfer constraints and to minimise PAH and VOC 

emissions.53 

Solid fuel combustion on an industrial scale has been implemented since the early period of the 

Industrial Revolution. Since then, boilers have been playing the key role as solid fuel combustion 

equipment.54 According to Krevelen55 and Elliot56, the combustion method of coal combustion are 

grouped into three categories, as listed in Table 2.2. It can be inferred from Table 2.2 that solid fuel 

particle sizes influence the required boiler types. 

Table 2.2 Comparison of Coal Combustion Method Characteristics  

Variables 

Combustion Method 

Fixed Bed  

(Grate-firing) 

Fluidised Bed Suspension Firing  

(Entrained-flow) 

Particle Size 

Approximate Top 

Size 

<5.08 cm <80 mm 57 180 µm 

Average Size 6.35 in 1.016 mm 45 µm 

System/Bed 

Temperature 

815.6 °C 

(1,088.7 K) 

815.6 – 982.2 °C 

(1,088.7 – 1,255.3 K) 

>1,204.4 °C 

(1,477.6 K) 

Particle Heating Rate ~0.6 °C s-1 ~555 – 5,555 °C s-1 ~555 – 555,555 °C s-1 

Reaction Time 

Volatiles ~100 s 10 – 50 s <0.1 s 
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Char ~1,000 s 100 – 500 s <1 s 

Reactive Element 

Description Diffusion-controlled Diffusion-controlled Chemically-controlled 

As shown in Table 2.2, particle sizes affect volatilisation time. Fine particles are volatilised rapidly due 

to minor restrictions on intra-particle heat and mass transfer. In contrast, large particles need longer 

volatilisation time. Large particle volatilisation might potentially produce tar due to low particle 

temperatures in a high heating rate environment for a relatively considerable reaction duration. 

However, persistent contact with O2(g)
 converts the liquid tar into VOCs. 

Char combustion, the last stage of solid-fuel combustion, is considered the slowest part of the process, 

since the reaction involves two reactants of different phases. Char combustion incorporates complex 

mechanisms, namely: O2(g) diffusion towards the char surface; O2(g) attachment to the char active site; 

O2(g) reaction with carbon at the char active site; and CO(g) release from the char surface.58 However, 

some researchers believe that further CO(g) oxidation at the active sites on char surfaces may occur and 

directly release CO2(g) from the surface. The effect of diffusion and reaction on char combustion rates 

is illustrated in Figure 2.2.  

 

Figure 2.2 Char Combustion Regime (Logarithmic y-axis) 

 

Figure 2.2 shows that char combustion rates are clustered into three regimes. In regime 1, heterogeneous 

reaction rates are slow due to the low temperature of the char. Under these conditions, the rate of gas 



39 
 

diffusion towards the char surface defines the reaction rate.  As the temperature of the char increases, 

conditions are characterised as regime 2, in which both heterogeneous reaction rates and gas diffusion 

rates within particle bodies define the rate of reaction. In regime 3, heterogeneous reaction rates are 

extremely fast and dominate the rate of reaction due to very high char temperatures. Under these 

conditions, O2(g) is not present in the particle sub-surfaces since it has already been consumed at the 

particle surfaces.  

Grate-firing boilers are the oldest form of solid-fuel combustion equipment. The majority of currently 

active grate-firing boilers in combined heat and power (CHP) plants have power ratings of 20 MWe to 

50 MWe. Although grate-firing boilers were initially designed for coal combustion, the current 

applications of grate-firing boilers also include biomass combustion, e.g. AVV2 in Avedøre Power 

Station in Hvidovre, Denmark. AVV2 is a vibrating grate boiler combusting straw at an average mass 

flow rate of 6.55 kg s-1 with a thermal capacity of 105 MWth.59 A schematic diagram of AVV2 is shown 

in Figure 2.3.60  

 

Figure 2.3 Schematic Diagram of AVV2 

 

In a grate-firing boiler, solid fuel is introduced typically with a mechanical stoker. The stoker must be 

capable of spreading large particles and fine particles heterogeneously across the grate to minimise local 

heat formation. When the stoker drops the particles, large particles remain on the grate whilst fine 

particles may burn as they are carried above the grate by the air that flows upwards from below the 

grate. 
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Fluidised-bed boilers were a development of solid-gas reaction equipment that were introduced in the 

UK as solid-fuel combustors in the 1950s.61 In a fluidised-bed boiler, a bed that consists of solid fuel 

and bed material is retained at the bottom of the boiler. When air is introduced from the boiler base, the 

bed is “fluidised” and looks like a bubbling pond. The bed material distributes heat homogeneously 

throughout the bed. Improved heat distribution establishes a lower temperature, e.g. 1,073K to 1,173 

K, in a fluidised-bed boiler than in a grate-firing boiler. Low temperature prevents NOx formation and 

reduces the unnecessary costs of fitting boiler wall material that incorporates extreme heat resistance.62 

Another advantage of the low temperature is that bed material such as limestone can be retained at its 

optimum condition to capture sulphur dioxide (SO2(g)) that is released during combustion of sulphur-

containing biomass.63 

Fluidised-bed boilers are generally categorised as circulating fluidised-bed boilers or bubbling 

fluidised-bed boilers, as shown in Figure 2.4.64 Bubbling fluidised-bed boilers employ a suspended bed 

design due to the low gas flow rate, e.g. 1ms-1 to 3ms-1. In circulating fluidised-bed boilers, a substantial 

amount of bed is conveyed upward and departs from the boilers due to high gas flow rates, e.g. 3ms-1 

to 6ms-1. Circulating fluidised-bed boilers are equipped with a cyclone gas-solid separator to separate 

the entrained solids from the gas. Lower cyclone outlets are connected to the bottom of the boiler to 

recycle the entrained solids back to the bed. 

 

Figure 2.4 Schematic Diagram of Fluidised-bed Boiler: Circulating Fluidised-bed Boiler (left) and 

Bubbling Fluidised-bed Boiler (right) 
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Fluidised-bed boilers are compatible with biomass combustion. An example of biomass-fired fluidised-

bed boiler is Boiler 5 operated by Mälarenergi in Västerås, Sweden, as shown in Figure 2.5. Boiler 5 is 

a circulating fluidised-bed boiler with a thermal capacity of 157 MW and bed temperature ranging from 

1,073 K to 1,123 K. The fuel combusted in Boiler 5 is typically mixtures of wood, bark, forest residue, 

waste wood, and, sometimes, added with the bottom ash from Boiler 4 combusting a mixture of peat 

and coal.65 

 

Figure 2.5 Schematic Diagram of Boiler 5 

 

Unfortunately, bed agglomeration commonly occurs in biomass-fired fluidised-bed combustion. Due to 

operation at low temperatures, a sufficient amount of potassium and silicon might remain in bed. Both 

potassium and silicon might react to form low-melting-point alkali silicate. The formed alkali silicate 

melts at typical fluidised-bed boiler temperatures and promotes bed agglomeration, which causes bed 

defluidisation.66 In the worst scenario, an entire plant has to be shut down and cleaned due to flow 

blockage and formation of channels in bed. The agglomeration is less likely to occur in coal combustion 

than in biomass combustion since biomass contains relatively larger amounts of potassium.67 

Entrained-flow boilers of large capacity up to 1,300MW are favoured in solid-fuel combustion. In 

comparison with grate-firing boilers, entrained-flow boilers have higher efficiency, of maximum 45%. 

The solid fuel is heated within milliseconds due to good thermal diffusion. Rapid combustion may 

establish peak temperatures that are higher than the maximum temperatures reached in grate-firing 
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boilers. Consequently, inorganic aerosols are formed faster than in grate-firing boilers, since the 

inorganic compounds are volatilised easily and nucleated at lower temperatures.68 In general, the 

designs of entrained-flow boilers is shown in Figure 2.6.69  

 

Figure 2.6 Schematic Diagram of Entrained-flow Boiler 

 

Although entrained flow boilers are commonly used for coal combustion and coal co-combustion with 

biomass, few power plants utilise entrained flow boilers to fully combust biomass. An example is 

AMV2 in Amager Power Station in Amager, Denmark. AMV2 is an entrained-flow boiler with 12 feed 

burners at three levels; it was retrofitted in 2003 from coal combustion to biomass combustion and 

reduced in capacity by 30% due to this retrofitting. AMV2 co-combusts wood with straw at a maximum 

flow rate of 14.36 kg s-1 with thermal capacity of 250 MWth.70 

Entrained-flow combustion equipment also exists with non-commercial designs, e.g. PACT facility 

entrained-flow burner. The entrained-flow burner at PACT facility is operated to combust coal and 

biomass at a maximum thermal capacity of 250 kW. Both solid fuel and gas enters the burner from the 

top and the flue gas leaves the burner from the lowest level of the burner. PACT facility entrained-flow 

burner is modelled in this thesis and further discussed in Chapter 5.  
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2.2 Ash Problems: Fouling, Corrosion, and Slagging 

Biomass combustion is susceptible to operational problems associated with ash deposition and 

corrosion. Ash deposition reduces heat transfer efficiencies and increases average temperatures. The 

accumulation of ash deposit may block gas flow paths and establish localised pressure buildup 

mechanically damaging the boiler. The increasing average temperatures may thermally damage the 

boiler and reduce boiler lifetime and promote corrosion on heat transfer surfaces. In severe situations, 

boiler shutdown is required. Ash deposition is categorised as low-temperature deposition (fouling) and 

high-temperature deposition (slagging). Figure 2.7 exhibits the typical locations of both fouling and 

slagging in a commercial boiler.71 

 

Figure 2.7 Typical Locations of Fouling and Slagging in a Commercial Boiler 

 

Fouling is ash deposition on heat transfer surfaces of heat exchanger pipes at low temperatures and 

induced by the devolatilised silicon and alkali metals.72,73 Significant chlorine content in the biomass 

promotes rapid alkali-metal volatilisation by forming volatile potassium chloride (KCl(g)) and sodium 

chloride (NaCl(g)). At relatively low temperatures on heat transfer surfaces, KCl(g) and NaCl(g) are 

condensed and react with deposited silicon dioxide (SiO2(s)) to form alkali metal silicates. Once the 

deposit is thick enough, it affects the power-plant efficiency.74 Biomass with low sulphur content 

severely corrodes heat exchanger pipes due to the reaction of iron with KCl(l) on the surfaces of the 

pipes.75 Biomass with a high sulphur content releases sulphur trioxide (SO3(g)), which reacts with KCl(l) 

and therefore prevents corrosion through the formation of a barrier layer of potassium sulphate 

(K2SO4(s)). The chlorine subsequently leaves the deposit as gaseous hydrochloric acid (HCl(g)). 
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Fouling is driven by the presence of ash particulates, the pathway to the formation of which is illustrated 

in Figure 2.8.76 Volatile organo-metallic compounds are released during pyrolysis. Once char is formed, 

volatile compounds are released through the char’s pores during char oxidation. At low temperatures, 

inorganic gases with high vaporisation temperatures are condensed into aerosols or submicron-sized 

particles. Some other inorganic gases might be condensed on to the residual particles’ surfaces. Fouling 

routes of aerosols, submicron particles, and residual particles are described by three mechanisms, as 

shown in Figure 2.9, namely: alkali-metal-induced melting, silicate-induced melting, and 

agglomerations.77  

 

Figure 2.8 Routes for Biomass Ash Formation  

 

The alkali-metal-induced melting strongly depends on the compositions of the released gases that flow 

around the heat transfer surfaces. It has been confirmed experimentally that K2SO4(s) is mainly found in 

heat transfer ash deposits during the combustion of biomass that has low chlorine and high sulphur 

content, e.g. woody biomass. In contrast, KCl(g) has been commonly discovered in gas released from 

the combustion of herbaceous biomass that contains a significant amount of potassium and chlorine.78 

The alkali-metal-induced melting mechanism consists of sequential deposition. Alkali metal 

compounds are primarily released in the form of either hydroxides, chlorides, or sulphates.79 At low 

temperatures, the released alkali metal compounds are condensed on heat transfer surfaces as sticky 

liquid layers due to the low temperature. Coarser aerosols and residual particles that impact the heat-

exchanger surfaces are glued to the sticky layers and form the second layers. As the second layers 

become thicker, the adhesion becomes too weak to lead to further sticking of the coarse aerosols or 

residual particles. Then a new batch of alkali metal compounds is condensed and liquefied to form the 

third layers. This alkali-metal-induced melting mechanism enables the formation of deposits that 

contain alternating layers of fine and coarse ash particles. The growth of the alternating layers is 

predominantly driven by three different factors: inertial impaction of the residual particles, 
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thermophoresis of the coarser aerosols, and condensation of the alkali metal compounds. However, as 

the deposit layers thicken, they insulate the cooled exchanger pipes from the surrounding gas, and so 

the deposit surface temperature rises, reducing the role of condensation and thermophoresis. 

Inertial impaction is defined as the flow within the gas of particles with sufficient inertia to flow towards 

the heat-exchanger pipe and impact on the pipe surface. The inertial impaction rate strongly depends 

on the probability of the particles sticking and the efficiency of particle capture. The particle sticking 

probability determines the likelihood that particles will stick on pipe surfaces and it is based on particle 

melt fractions and deposited ash compositions.80,81 The particle capture efficiency determines the 

probability of particle capture based on the distance of the particles from stagnation points. The highest 

inertial impaction rates are located at particle stagnation points. At larger than 50° from stagnation 

points, inertial impaction rates are considered negligible. 

Thermophoresis is described as particle depositions that are induced by differences between gas 

temperatures and pipe-surface temperatures. Low temperatures at the pipe surface decrease the kinetic 

force of a particle and enhance the probability that the particle will flow slowly and be deposited on the 

pipe surface. Unlike inertial impaction, thermophoresis mostly affects finer particles. 

Condensation refers to phase transformations of gas into liquid and solid aerosols at low temperatures 

on pipe surfaces. Three mechanisms of condensation may occur: vapours are heterogeneously 

condensed on pipe surfaces; vapours are nucleated into aerosols and thermophoretically deposited on 

pipe surfaces; and vapours are heterogeneously condensed on aerosols and thermophoretically 

deposited on pipe surfaces. Condensation establishes a more uniformly distributed and less coarse ash 

deposit than the former deposition factors. When liquid is formed on outer layers of ash deposits, inertial 

impaction rates become significant due to adhesive bonds in the liquid that reduce the probability of 

particle rebounds. 

Alkali metal compounds are also condensed on the surfaces of coarse aerosols and residual particles. 

Condensed alkali metal compounds react with AFEs at the surface of coarse aerosols and residual 

particles to form other compounds, e.g. SiO2(s) and iron oxide (Fe2O3(s)).82 Liquefied surfaces glue the 

particles to one another and form clusters of agglomerated ash. Agglomerations in suspended beds, e.g. 

beds in fluidised-bed boilers, clog airflow and build channellings.83  

Silicate-induced melting occurs within ash particles that contain little potassium, e.g. residual particles. 

Liquid formation is mainly driven by the presence of silicon and aluminium. At high temperatures, 

SiO2(l) is formed on residual particle surfaces. Liquefied surfaces may promote sturdy construction of 

second layers of ash deposit. 
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Figure 2.9 Routes for Fouling and Agglomeration 

 

In a more comprehensive evaluation, the concentrations of AFEs vary along the heat transfer region in 

Figure 2.7 due to temperature variations. The heat transfer region consists of a series of heat exchanger 

pipe assembly ordered from the highest to the lowest temperature, e.g. superheater, reheater, and 

economiser. Potassium, sodium, and phosphorus are enriched at low temperature heat exchanger pipe 

assembly such as reheater and economiser since these elements vaporise easily from solid fuel during 

combustion and condenses at low temperatures. Aluminium, iron, silicon, calcium and magnesium have 

a substantially low tendency to volatilise and vaporise. Thus, the heat transfer region temperature 

variations do not significantly change the concentrations of aluminium, iron, silicon, calcium and 

magnesium in ash deposit in any heat exchanger pipe assembly.84 

Slagging is ash deposition on boiler refractory materials, e.g. the boiler wall or water wall tubes if 

available, due to the formation of molten ash at extremely hot temperatures mainly driven by radiative 

heat transfer.85 There are three sequential slagging mechanisms on the refractory materials, namely: the 

van der Waals force, viscosity-induced adhesion, and surface-tension-driven growth. The flowing ash 

particles move towards and hit the refractory material surfaces due to turbulent diffusion and 
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thermophoresis. After hitting the surfaces, the ash particles rebound back to the main gas flow unless 

the ash particle viscosities are less than the ash particle critical viscosities. The remaining ash particles 

merge due to low surface tension and build ash deposit layers. Based on this mechanism, three 

distinctive ash layers are built on the refractory materials, as illustrated in Figure 2.10.86 

 

Figure 2.10 Slagging Layers 

 

The initially formed layer adjacent to the boiler wall is the initial deposit layer, mostly containing fine 

ash particles. The temperatures are relatively cooler in the refractory material boundary layer than in 

the main gas flow. The low boundary layer temperatures promote fine ash particle deposition via 

thermophoresis due to temperature differences and are not likely to allow the deposited fine ash particles 

to sinter since the boundary layer temperatures are well below the fine ash particle melting temperatures. 

The thermal conductivity of the initial deposit layer is quite low, as the unsintered deposited fine ash 

particles form pores within the layer.87 

The bulk deposit layer is formed on the initial deposit layer surfaces when the initial deposit layer is 

thick and thermally resistive enough to achieve surface temperatures that allow viscosity-induced 

adhesion. The viscosity-induced adhesion occurs because the ash particles are sticky due to lower 
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particle viscosities than the critical particle viscosities.88 Sticky conditions allow the bulk deposit layer 

to have higher densities and thermal conductivities than the initial deposit layer due to sintering. 

As the bulk deposit keeps growing thicker, the deposit surface temperatures become hotter until the 

deposit stops growing due to the formation of the running slag layer, which is completely fused and 

molten. Due to the complete fusion, the layer is most dense and thermally conductive. The layer keeps 

flowing downward whilst fusing with any incoming arriving ash particles and eventually merging with 

residual particles as bottom ash.86 

The severity of slagging is practically assessed with severity indices as functions of the inorganic 

chemical compositions in the solid fuel. These indices have been developed over the years based on the 

behaviour of coal combustion. One of the most commonly used indices is the basic-to-acidic oxide 

ratios, 𝑅𝐵𝑂𝑥/𝐴𝑂𝑥, calculated in Equation 2.1.89 

𝑅𝐵𝑂𝑥/𝐴𝑂𝑥 =
𝑚𝐵𝑂𝑥

𝑚𝐴𝑂𝑥
 (E2.1) 

𝑚𝐵𝑂𝑥 and 𝑚𝐴𝑂𝑥 are the total masses of basic oxides and acidic oxides in kg, respectively. 𝐵𝑂𝑥 is the 

summation of Fe2O3(s), CaO(s), MgO(s), K2O(s), and Na2O(s). 𝐴𝑂𝑥 is the summation of SiO2(s), TiO2(s), and 

Al2O3(s). Equation 2.1 is often simplified by neglecting K2O(s) and Na2O(s) in 𝐵𝑂𝑥 and TiO2(s) in 𝐴𝑂𝑥 

due to their negligible quantities. Another common index is sulphur index, 𝑅𝑆, calculated in Equation 

2.2. 

𝑅𝑆 = 𝑅𝐵𝑂𝑥/𝐴𝑂𝑥
𝑚𝑆

𝑚𝑓𝑢𝑒𝑙−𝑚𝐻2𝑂(𝑙)

100 (E2.2) 

𝑚𝑆 is the mass of sulphur in kg. 𝑚𝑓𝑢𝑒𝑙 is the mass of solid fuel in kg. 𝑚𝐻2𝑂(𝑙) is the mass of moisture 

in kg. The severity of slagging is low when 𝑅𝑆 is smaller than 0.6, medium when 𝑅𝑆 is larger than 0.6 

and smaller than 2, high when 𝑅𝑆 is larger than 2 and smaller than 2.6, and very high when 𝑅𝑆 is larger 

than 2.6. 

The severity of slagging is also alternatively assessed with the ash fusibility index (AFI) as a function 

of initial deformation temperatures (IDTs) and hemisphere temperatures (HTs), calculated in Equation 

2.3. 

𝐴𝐹𝐼 =
4(𝑇𝐼𝐷−273)+(𝑇𝐻−273)

5
+ 273 (E2.3) 

𝐴𝐹𝐼 is the ash fusibility index in K. 𝑇𝐼𝐷 is the IDT in K. 𝑇𝐻 is the hemisphere temperature in K. The 

severity of slagging is low when 𝐴𝐹𝐼 is larger than 1,616 K, medium when 𝐴𝐹𝐼 is larger than 1,505 K 

and smaller than 1,616 K, high when 𝐴𝐹𝐼 is larger than 1,422 K and smaller than 1,505 K, and very 

high when 𝐴𝐹𝐼 is smaller than 1,422 K.90 
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IDTs and HTs are determined via ash fusion measurements visually represented through deformation 

of an ash pile, as illustrated in Figure 2.11. The ash pile is initially in the shape of a cone. The 

temperature is increased gradually to observe the effect of a hot environment on the pile’s shape. The 

first deformation is shown in stage two, in which the cone peak becomes blunt and rounded. This occurs 

when the temperature is at IDT. When the temperature is at spherical temperatures (STs), stage three is 

reached and the pile collapses into a spherical shape. The pile becomes hemispherical in stage four, 

when the temperature is at HTs. Finally, the pile becomes flat at stage five, when the temperature 

reaches fluid temperatures (FT).91 

 

Figure 2.11 Ash Fusion Measurement 

 

The severity of fouling is assessed using the fouling index, 𝐹𝑈, calculated in Equation 2.4. 

𝐹𝑈 = 𝑅𝐵𝑂𝑥/𝐴𝑂𝑥
𝑚𝑁𝑎2𝑂(𝑠)

+𝑚𝐾2𝑂(𝑠)

𝑚𝑓𝑢𝑒𝑙
100 (E2.4) 

𝑚𝑁𝑎2𝑂(𝑠) is the mass of Na2O(s) in kg. 𝑚𝐾2𝑂(𝑠) is the mass of K2O(s) in kg. 𝐹𝑈 is considered low when 

𝐹𝑈 is smaller than 0.6, medium when 𝐹𝑈 is larger than 0.6 and smaller than 1.6, high when 𝐹𝑈 is higher 

than 1.6 and smaller than 40, and very high when 𝐹𝑈 is larger than 40.89 

However, some of the above indices might not be accurate for slagging in biomass combustion. Biomass 

is much more reactive than coal so that rapid devolatilisation might release significant quantities of ash-

forming elements and should be considered as an important parameter. In Equation 2.1, 𝐵𝑂𝑥 is 

supposed to reduce ash melting temperatures. However, the domination of CaO(s), primarily relative to 

K2O(s), e.g. woody biomass, increases ash melting temperatures even if 𝐵𝑂𝑥 is larger than 𝐴𝑂𝑥 due to 

formation of high melting point calcium compounds, e.g. Ca2SiO4(s).92 𝑅𝑆 might also be insufficient to 

estimate the slagging severity properly since most biomass does not contain significant quantities of 

sulphur.  
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Of all the slagging indices, 𝐴𝐹𝐼 might be the most accurate index to predict biomass slagging. 𝐴𝐹𝐼 

simply relies on experimental observations whilst the former indices only correlate chemical 

compositions to ash fusibility without satisfactorily investigating the chemical synergy amongst the 

existing chemical compounds.93 

The inclusion of chlorine and sulphur compositions might improve the accuracy of the severity indices 

of biomass combustion since the release of alkali metals, such as those of the major AFEs in biomass, 

is dependent on chlorine and sulphur compositions. An improved fouling index formula includes 

chlorine and sulphur compositions, as shown in Equation 2.5.94 

 𝐹𝑈 =
𝑚𝑁𝑎+𝑚𝐾

2𝑚𝑆+𝑚𝐶𝑙
100 (E2.5) 

The severity of corrosion on the surfaces of heat exchanger pipes is also assessed with sulphur-to-

chlorine ratios, 𝑅𝑆/𝐶𝑙, as functions of sulphur and chlorine compositions in the solid fuel, calculated in 

Equation 2.6. 

𝑅𝑆/𝐶𝑙 =
𝑚𝑆

𝑚𝐶𝑙
 (E2.6) 

𝑚𝑆 is the mass of sulphur in kg. 𝑚𝐶𝑙 is the mass of chlorine in kg. The severity of corrosion is low when 

𝑅𝑆/𝐶𝑙 is larger than 2 and high when smaller than 2.95,96 When 𝑅𝑆/𝐶𝑙 is above 2, e.g. co-combustion of 

coal and bark, the quantity of sulphur originating from coal is adequate to convert all alkali chlorides 

into HCl(g) and prevent the condensation of chlorides on the surface of the heat exchanger pipes, as 

illustrated in Figure 2.12.97 Above 4, the severity of corrosion is considered negligible.98 
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Figure 2.12 Route of Chloride Deposition in Bark/Forest Residue Combustion and Chloride 

Deposition Prevention in Co-firing Forest Residue and Coal 

 

However, 𝑅𝑆/𝐶𝑙 does not always reflect the actual severity of corrosion. Equation 2.6 might be accurate 

for biomass but not for coal or co-firing of coal with any other reactive solid fuel. An experiment on 

coal co-firing showed that negligible alkali chloride deposition was observed when 𝑅𝑆/𝐶𝑙 was less than 

2. This anomaly occurred since, unlike the organic-bound alkali metals in biomass, the alkali metals in 

coal are primarily mineral-bound and therefore more difficult to devolatilise by chloride since minerals 

are more thermally stable than organics.99 

Combustion of sulphur-rich biomass, e.g. wheat straw, also promotes corrosion at a specific condition. 

The released sulphur in the reducing atmosphere near the boiler burner zone undergoes sulfidation with 

alkali metals and forms alkali pyrosulphate. Alkali pyrosulphate melts at temperatures below 698 K on 

the surfaces of heat exchanger pipes and causes corrosion on the pipes.100  

2.3 Trace Elements: Health Impact 

Waste wood that is regarded as contaminated biomass and industrial biomass waste is graded based on 

its inorganic composition and chemical treatment, as shown in Table 2.3.101 After publication of these 

gradings, Whitaker102 reported the classification of the most common waste wood found in the UK in 
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terms of WRAP grades and annual arising as listed in Table 2.4. The latter report may give brief 

information on the origin of UK waste wood. 

Table 2.3 General Classification of Biomass Waste Wood as Solid Fuels 

Waste 

Wood 

Grade 

Typical Markets Typical Sources of 

Raw Materials for 

Recycling 

Materials within Wood 

Waste Grade 

Typical Non-wood 

Content Prior to 

Processing 

Grade A: 

Clean 

Recycled 

Wood 

Manufacture of 

products such as 

animal bedding, 

horticultural 

mulches and the 

panel board sector 

Distribution, retailing, 

packaging, secondary 

manufacture, e.g. 

joinery or pallets 

Solid softwood and 

hardwood packaging waste, 

scrap pallets, packing 

waste, scrap pallets, 

packing cases, cable drums, 

off-cuts from joinery or 

manufacturing 

Nails and metal fixings, 

minor amounts of paint, 

minor amounts of surface 

coatings 

Grade B: 

Industrial 

Feedstock 

Grade 

Industrial wood 

processing 

operations, such as 

the manufacture of 

panel products, 

including chipboard 

and MDF. 

As Grade A, plus 

construction and 

demolition operations, 

and transfer stations 

May contain up to 60% 

Grade A material as above, 

plus building and 

demolition materials and 

domestic furniture made 

from solid wood 

Nails and metal fixings, 

some paints, plastics, 

glass, grit. Coatings, 

binders, glues. Limits on 

treated or coated 

materials as defined by 

WID 

Grade C: 

Fuel Grade 

Biomass fuel for use 

in the generation of 

electricity and/or 

heat in WID- 

compliant 

installations 

As above, plus 

municipal collections, 

recycling centres, 

transfer stations, and 

civic amenity 

recycling sites 

As above plus fencing 

products, flat-packed 

furniture and DIY materials. 

High content of chipboard, 

MDF, plywood, OSB and 

fibreboard  

Nails and metal fixings, 

paints, coatings, glues, 

paper, plastics, rubber, 

coated, and treated 

timber 

Grade D: 

Hazardous 

Waste 

Requires disposal at 

special facilities 

All of the above, plus 

fencing track work 

and transmission pole 

contractors 

Fencing, transmission poles, 

railway sleepers, cooling 

towers 

Copper-chrome-arsenate 

preservatives, treatments, 

creosote 

Waste wood compositions are widely variable since waste wood is usually a mixture of different 

materials that originate from a wide range of sources, as shown in Table 2.5. An approach to obtain 

mean values of AFE and TE concentrations in a wide range of waste-wood feedstock has been 

conducted to generalise each AFE and TE concentration.103 However, this approach is suitable only for 

rough estimations. Characterisations of the concentrations of each AFE and TE in waste wood are 

required to ensure accurate emission predictions. 

Table 2.4 General Classification of Biomass as Solid Fuels 

Sector Material Availability 

(103 t) 

Grade Contaminants 

Construction Solid wood 560 Mostly A, some B B: Formaldehyde and 

other resins, nails, and 

paint 



53 
 

Particle/panel boards 270 Mostly B: particle board 

(17%), MDF (14%), OSB 

(6%), plywood (5%) 

B: Formaldehyde and 

other resins, nails, and 

paint 

Other flooring 60 A or B, depending on 

treatment  

A: Nails and paint 

Other 110 A or B  

Demolition Demolition waste 1,100 Mostly C, some D C: Plastics, melamine, 

formaldehyde and other 

resins. Heavy metal 

treatments; D: CCA, 

halogens, other 

preservatives 

Commercial Wooden packaging 500 A with small amounts of B: 

composite wood; small 

chance of C 

A: Nails and paint; B: 

Formaldehyde and other 

resins; C: Methyl 

bromide in treated pallets  

Industrial Joinery and furniture 

waste 

153 A: Solid wood  

Joinery and furniture 

waste 

240 Mostly B: particle board 

(56%), MDF (23%), 

plywood (21%) 

B: Formaldehyde and 

other resins, nails, and 

paints 

Local 

Authority 

Total 560   

Off-cuts  Mostly A, some B B: Formaldehyde and 

other resins, nails, and 

paints 

Panel boards  B B: Formaldehyde and 

other resins, nails, and 

paints 

Garden waste  A Soil, stones, and debris 

Each TE is volatilised at a certain partition in solid fuel combustion.104 To characterise TE partitions, 

TEs are grouped into three classes according their volatility, namely: class 1, class 2, and class 3, as 

listed in Figure 2.13. Class 1 TEs include the elements equally distributed in bottom ash and fly ash. 

Class 2 TEs are the elements enriched in fly ash and remaining at much smaller portion in bottom ash. 

Class 3 TEs volatilise almost entirely and are not enriched in fly ash.105 
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Figure 2.13 Groups of TEs and Other Elements According to Their Volatility 

 

Exposure to volatilised TEs emitted from power plants has negative impacts on human health.106 

According to a study by the United States Environmental Protection Agency (EPA) a couple of decades 

ago, links had not been convincingly proven between TE exposure and human health;107 however, more 

recent evidence has exhibited conflicting findings.108,109 Metabolism disturbances in human bodies due 

to excessive intake of TEs are listed in Table 2.5. 

Table 2.5 Health Impacts of Trace Elements  

Element Metabolism Disturbance 

Cadmium Kidney damage, renal lesion, skeletal damage, prostate cancer 

Mercury Lung damage, tremor, restlessness, anxiety, sleep disturbance, depression, 

kidney damage, contact eczema, oral lichen, myocardial infarction, heart 

disease 

Lead Headache, irritability, abdominal pain, difficulty in concentration, psychosis, 

confusion, reduced consciousness, memory deterioration, anaemia, kidney 

damage, sperm production disturbance 

Arsenic Gastrointestinal symptoms, cardiovascular disturbance, nervous disturbance, 

bone-marrow depression, haemolysis, hepatomegaly, melanosis, 

polyneuropathy, encephalopathy, black-foot disease, lung cancer, kidney 

cancer, skin cancer, hyperkeratosis 

Chromium Nose irritation, asthma, cough, shortness of breath, skin ulcers, skin swelling, 

liver damage, kidney damage 

Nickel Lung cancer, nose cancer, larynx cancer, prostate cancer, lung embolism, 

birth defect, asthma, chronic bronchitis, pneumonitis, skin ulcer 

Zinc Metal fume fever, stomach cramps, nausea, vomiting, anaemia, pancreas 

damage, kidney damage 
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Copper Anaemia, reduced number of white blood cells, nausea, vomiting, abdominal 

pain, liver toxicity, kidney damage, Wilson’s disease, delayed bone 

formation 

The European Union (EU) has released the Directive 2010/75/EU which sets trace element emission 

thresholds to limit trace element concentrations in flue gas from waste incineration and to maintain safe 

atmospheric levels of TEs. The thresholds for TE concentrations in flue gas, along with in drinking 

water and in the atmosphere, are summarised in Table 2.6. 

Table 2.6 Regulatory Limits for Trace Elements  

Element Regulatory Limits 

Cadmium 5 ppb in drinking water (EPA) 

5 ppb in drinking water (FDA) 

5 µg m-3 in atmosphere for eight hours in working days (OSHA) 

0.05 mg m-3 including thallium in CHP flue gas at 273.15 K and 1 atm (EU)  

Mercury 2 ppb in drinking water (EPA) 

1 ppb of methyl mercury in a million parts of seafood (FDA) 

0.1 mg m-3 of organic mercury in atmosphere for eight hours in working days 

(OSHA) 

0.05 mg m-3 of metallic mercury in atmosphere for eight hours in working 

days (OSHA) 

0.05 mg m-3 in CHP flue gas at 273.15 K and 1 atm (EU)  

Lead 15 ppb in drinking water (EPA) 

0.15 µg m-3 in atmosphere (EPA) 

0.075 mg m-3 of tetraethyl lead or tetramethyl lead in atmosphere (OSHA) 

0.5 mg m-3 including antimony, arsenic, chromium, cobalt, copper, 

manganese, nickel, and vanadium in CHP flue gas at 273.15 K and 1 atm 

(EU) 

Arsenic 0.1 ppm in drinking water (EPA) 

10 µg m-3 in atmosphere for eight hours in working days (OSHA) 

0.5 mg m-3 of organic arsenic in atmosphere (OSHA) 

0.5 mg m-3 including antimony, lead, chromium, cobalt, copper, manganese, 

nickel, and vanadium in CHP flue gas at 273.15 K and 1 atm together with 

thallium (EU) 

Chromium 0.1 ppm in drinking water (EPA) 

1 mg l-1 in drinking water (FDA) 

0.0005 to 1 mg m-3 in atmosphere for eight hours in working days (OSHA) 

0.5 mg m-3 of chromium(II) in atmosphere (OSHA) 
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1 mg m-3 of insoluble salt in atmosphere (OSHA) 

0.5 mg m-3 including antimony, arsenic, lead, cobalt, copper, manganese, 

nickel, and vanadium in CHP flue gas at 273.15 K and 1 atm together with 

thallium (EU) 

Nickel 0.000038 µg m-3 in atmosphere (WHO) 

0.02 mg l-1 in drinking water (WHO) 

0.007 mg m-3 of nickel carbonyl in atmosphere (OSHA) 

1 mg m-3 of metallic nickel in atmosphere (OSHA) 

0.5 mg m-3 including antimony, arsenic, lead, chromium, cobalt, copper, 

manganese, and vanadium in CHP flue gas at 273.15 K and 1 atm together 

with thallium (EU) 

Zinc 1 µg m-3 of ZnCl aerosol in atmosphere (OSHA) 

5 µg m-3 of ZnO aerosol in atmosphere (OSHA) 

6 mg l-1 in drinking water (EPA) 

Copper 0.1 mg m-3 of copper fume in atmosphere (OSHA) 

1 mg m-3 of copper dust in atmosphere (OSHA) 

0.5 mg m-3 including antimony, arsenic, lead, chromium, cobalt, manganese, 

nickel, and vanadium in CHP flue gas at 273.15 K and 1 atm together with 

thallium (EU) 

 

2.4 Modelling Route  

The model was developed with increasing modelling scales and complexities as referred to Section 1.3: 

the single-particle combustion model, the entrained-flow combustion model, and the fate and 

occurrence model. The single-particle combustion model was used to calculate particle combustion in 

the entrained-flow combustion model. The fate and occurrence model predicted the fate and occurrence 

of AFEs and TEs using chemical equilibrium calculations in both particles and bulk, using the 

intraparticle and bulk temperatures and pressures calculated in the entrained-flow combustion model. 

To eliminate expensive computation, the last two models were simplified to the simplified entrained-

flow combustion model and the simplified fate and occurrence model. 

During early development of the solid-fuel combustion model, researchers ignored heat transfer and 

mass transfer within solid-fuel particles. Baum and Street110 then predicted coal-particle combustion 

behaviour and kinetic parameters through development of a lumped single-particle combustion model. 

Similarly, Timothy et al.111 modelled combustion of pulverised coal particles to understand the 

characteristics of coal-burning and volatilisation time. Both projects used micron-size particles and 

showed good validation with experimental results. Agarwal112 has cautioned that dependency of 

volatilisation time on particle sizes should be treated with care, particularly when relatively large 
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particle sizes are used. Large particles combust at slower rates than small, due to delayed formation of 

an ignition flame induced by slower  release rates of volatile compounds and the presence of 

temperature gradients within the particles.113,114  

Intra-particle calculations were later developed and incorporated into solid fuel combustion models to 

improve calculation accuracy. Lu et al.115 developed a single-particle combustion model to study the 

effect of particle sphericity on intra-particle temperature and concentration profiles. Yang et al.116 

incorporated particle-shape evolution into the single-particle combustion model. Other similar studies 

were conducted to observe several other aspects, e.g. volatilisation and char oxidation times; the impacts 

of boundary gas concentrations and rapid heating; the retardation of oxygen heterogeneous reactions 

due to the presence of fused ash; soot formation; and the fate of inorganic elements.117,118,119,120,121,122 

The single-particle combustion model has become an approach used to understand thermal behaviours 

of large-scale combustion from the perspective of miniaturised combustion. Wurzenberger et al.123 used 

the single-particle combustion model to study the thermal behaviour of particles in a grate-fired boiler 

combustion. Numerous pieces of work on use of the single-particle combustion model for fluidised-bed 

boilers were also conducted.124,125 The entrained-flow combustion model based on the single-particle 

combustion model was developed in this thesis, similar to the work conducted by Saastamoinen et al.126 

Entrained-flow combustion has been commonly implemented in numerous power plants around the 

world. Entrained-flow boilers were the most commercialised combustion facility in the world in 2008. 

At that time, there were more than 240 operating entrained-flow boilers and another 50 being planned 

and designed.127 One of the main reasons for the wide implementation of entrained-flow combustion is 

its fuel flexibility. An entrained-flow boiler is capable of combusting a wide range of types of biomass 

and coal.128 An entrained-flow boiler also often generates very high temperatures,129 which maximises 

reaction rates, leading to nearly 100% of solid fuel burnout.130 However, entrained-flow boilers were 

actually designed to combust coal. Industrial applications on biomass combustion in entrained-flow 

boilers have been only co-combustion with coal. A more detailed explanation on the reason of the 

development of the entrained-flow combustion of biomass is discussed in Chapter 4. 

Numerous research studies have been conducted to develop entrained-flow combustion models. The 

first development of an entrained-flow combustion model was a decade ago, when Brown et al.131 used 

CFD to develop a mathematically similar model for coal combustion in an entrained-flow combustion 

unit. A more simplified approach without CFD was used by Vamvuka et al.132 to model bituminous 

coal combustion in an entrained-flow boiler using a one-dimensional model. As use of CFD grew, 

research that utilised it on the entrained-flow combustion model continued to emerge. Some of the 

works aimed to obtain accurate predictions of experimental results.133,134,135,136,137,138 Others were 

conducted to evaluate the impact of combustion parameter modifications to certain variables, e.g. the 

evaluation of the fate and occurrence of AFEs and TEs using chemical equilibrium. 
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Chemical equilibrium is fundamentally explained using an example of reversible reaction expressed in 

Reaction 5.1. 

𝑎𝐴 + 𝑏𝐵 ↔ 𝑐𝐶 + ℎ𝑒𝑎𝑡 (R5.1) 

𝐴 exothermically reacts with 𝐵 to form 𝐶 and release heat. In the reverse reaction, 𝐶 is decomposed 

into 𝐴 and 𝐵 by absorbing the heat. Reaction 5.1 is considered in a state of equilibrium when the rate 

of forward reaction of 𝐴 and 𝐵 to form 𝐶 is equal to the rate of backward decomposition of 𝐶 into 𝐴 

and 𝐵. 

When the equalised Reaction 5.1 is chemically disturbed, e.g. by addition of more 𝐴, the change of 

Reaction 5.1 properties may be explained according to three principles, namely Le Châtelier’s principle, 

the equilibrium law principle, and the reaction rate principle.139  

According to Le Châtelier’s principle, any change of composition that is made to the constituents on 

the left-hand-side of the equation affects the composition of the constituents on the right-hand-side.  

The equilibrium law principle states that the forward reaction rate becomes faster than the backward 

reaction rate when a quantity of 𝐴 is added to the equilibrated Reaction 5.1 until another equilibrium 

condition is established. The equilibrium law principle is mathematically expressed as Equation 5.1. 

𝐾𝑒𝑞(𝑝𝑒𝑞,𝑇𝑒𝑞)
=

[𝐶]𝑐

[𝐴]𝑎[𝐵]𝑏
 (E5.1) 

[𝐴], [𝐵], and [𝐶] are concentrations of 𝐴, 𝐵, and 𝐶 in mol m-3. 𝐾𝑒𝑞(𝑝𝑒𝑞,𝑇𝑒𝑞)
 is the equilibrium constant 

of Equation 5.1 at equilibrium temperature, 𝑇𝑒𝑞, and equilibrium pressure, 𝑝𝑒𝑞. The addition of 𝐴 means 

in a mathematical sense that 
[𝐶]𝑐

[𝐴]𝑎[𝐵]𝑏
< 𝐾𝑒𝑞(𝑝𝑒𝑞,𝑇𝑒𝑞)

, or the forward reaction rate must increase over the 

backward reaction rate to re-obtain the condition expressed in Equation 5.1.  

According to the reaction rate principle, the concept of the forward reaction rate being superior to the 

backward reaction rate or vice versa is already established in the two former principles. However, the 

reaction rate principle expresses a fundamental concept that the equalised forward and backward 

reaction rate after addition of 𝐴 becomes higher due to the concentration increase. 

When the equilibrium calculation incorporates numerous parts and establishes a far more complex case 

than that of Reaction 5.1, the compounds formed from the chemical rearrangement of these numerous 

parts are considered in equilibrium when the Gibbs free energy change is at its minimum. The Gibbs 

free energy change, ∆𝐺, in J mol-1 is calculated by use of Equation 5.2.140 

∆𝐺 = ∑ 𝑥𝑛𝑖 (
∆𝐺0𝑖

𝑅𝑇𝑒𝑞
+ ln 𝑝𝑒𝑞 + ln (

𝑥𝑛𝑖

∑ 𝑥𝑛𝑖
𝑛𝑓
𝑖=1

))
𝑛𝑓
𝑖=1

 (E5.2) 
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𝑛𝑓 is the number of possible formed compounds at 𝑇𝑒𝑞 and 𝑝𝑒𝑞. ∆𝐺0𝑖 is the standard Gibbs free energy 

of compound 𝑖 in J mol-1. To obtain equilibrium composition, 𝑥𝑛𝑖 is introduced to Equation 5.2 with 

values that result in minimum ∆𝐺. 

Chemical equilibrium was initially used to estimate the fate of AFEs and TEs during coal combustion. 

Sandelin and Backman31 estimated the occurrence and fate of AFEs and TEs during coal combustion in 

a simple reactor process of power-plant scale using Chemsage. They extended this work29 to calculate 

the fate and occurrence of AFEs and TEs in a combustion chamber and clean-up equipment with a 

similar method. Danihelka et al.32 estimated TE fate and occurrence in Czech coal combustion in six 

power stations. 

Numerous studies, particularly on biomass combustion, then applied chemical equilibrium methods. 

Ljung and Nordin141 conducted AFE and TE fate and occurrence modelling on biomass combustion 

with Chemsage. Lind et al.142 used HSC Chemistry software to model TE volatilisation in a circulating 

fluidised-bed boiler that combusted forest residue. Boman et al.143 studied particulate matter formation 

from residential biomass combustion with Factsage. A sequential study was conducted by Boman et 

al.144 to compare AFE and TE occurrence during combustion of two different woody biomass parts, e.g. 

wood and bark, using FactSage. AFE and TE speciation estimation was later conducted on specific 

biomass type and species, e.g. orujillo, corn stalk, maize straw, cedar nut shell, wheat straw, 

etc.145,146,30,147 

Chemical equilibrium was further used to estimate AFE and TE fate and occurrence during combustion 

of mixed solid fuel. Dayton et al.28 modelled the occurrence and fate of AFEs during co-firing of coal 

and biomass, to estimate chlorine and potassium releases. Miller et al.148 used MTDATA to model TE 

partition during combustion of blends of biomass, coal, and waste in a bench-scale combustor. Several 

works applied chemical equilibrium methods to herbaceous biomass co-firing with coal. This became 

an attractive option due to abundant reserves of herbaceous biomass.149,150 AFE and TE partition was 

also evaluated in some studies on co-firing of biomass and coal substitute.33,151,152 Moreover, fate and 

occurrence modelling of AFEs and TEs in combustion of individual solid fuels other than biomass or 

coal has been conducted.153,154,155,156 

The use of chemical equilibrium methods was later extended beyond consideration of AFEs and TEs to 

the fate and occurrence estimation of other elements,157,158,159,160,161,162,163, and to consider the influence 

of operating conditions and solid-fuel modifications. Chemical equilibrium was used in works on oxy-

combustion to analyse the effect of concentrated O2(g) on AFE and TE partition.94,164 Chemical 

equilibrium was also used to estimate the occurrence and fate of AFEs and TEs in the gasification 

process.165,166,167 Ma et al. 168 employed chemical equilibrium to study slag formation during pressurised 

combustion of wood. The effect of impregnation on AFE and TE release during biomass combustion 
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was studied using chemical equilibrium.169,170,171 Chemical equilibrium was also specifically used to 

study the problem of agglomeration in fluidised-bed boilers.172,173 

The calculations of estimated fate and occurrence might not match data found through experiment since 

the influence of reaction kinetics is neglected. At temperatures higher than 1500 K, the mismatch may 

be tolerable due to rapid reaction rates. However, at low temperatures, the poor estimations might be 

significant due to low reaction rates. Additionally, when multiple phases are involved, e.g. gas and solid 

aerosols, their reactions are much slower due to mass transfer restrictions.174 Therefore, fate and 

occurrence data estimated using chemical equilibrium requires careful interpretation. 
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Chapter 3 
 

 

Literature Review: Modelled Solid 

Fuel and Inorganic Element Origins 

and Distributions 

 

Table 3.1 presents biomass characterisation data relevant to biomass combustion as discussed in 

Chapter 2. Four variants of biomass were chosen for modelling based on the aims and objectives 

discussed in Chapter 1. 

Table 3.1 Characterisation of Modelled Biomass 

Analysis Component White Wood Recycled Wood Rice Husk Switchgrass 

Proximate 

Analysis 

(% a.r. mass) 

Moisture 6.69 5.8 6.7 6.7 

Volatile Matter 78.1 73.9 58.59 75.01 

Fixed Carbon 14.51 17.1 17.91 13.53 

Ash 0.7 3.2 16.79 4.76 

Ultimate 

Analysis 

(% a.r. mass) 

C 48.44 51.9 37.63 44 

H 6.34 6 4.66 5.4 

O 37.69 41.7 33.35 38.43 

N 0.15 0.4 0.61 0.62 

S 0.02 0.02 0.06 0.1 

Cl 0.01 0.01 0.1 0.08 
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AFEs 

(a.r. mass ppm 

in fuel) 

Na 62.99 335.44 204.86 204.74 

K 547.59 650.62 3281.29 3799.99 

Ca 1260.27 6355.36 1196.59 3465.34 

Mg 216.68 745.53 197.83 1349.05 

Si 415.28 6257.57 76164.95 14703.12 

Al 65.67 925.28 191.83 556.53 

Fe 59.39 1602.47 265.61 452.65 

P N/A N/A 406.74 811.89 

Ti N/A N/A 20.69 79.85 

TEs 

(a.r. mass ppm 

in fuel) 

As 0.3 3.4 N/A N/A 

Cd 0.1 0.2 N/A N/A 

Cr 2.2 10.8 N/A N/A 

Cu 2.6 19.4 N/A N/A 

Pb 0.7 12.6 N/A N/A 

Ni 0.7 2.8 N/A N/A 

V 0.6 1.3 N/A N/A 

Zn 10.2 43.9 N/A N/A 

Hg 0.1 0.1 N/A N/A 

 

3.1 White Wood 

White wood is North American Grade A wood originating from natural forest residue and classified as 

wood and woody biomass according to Table 2.1.175 The combustion of white wood and recycled wood, 

discussed in Section 3.2, was conducted at PACT facility (discussed in Chapter 5) to produce 

experimental data for validating the developed model in this thesis. 

The proximate analysis of white wood is listed in Table 3.1 along with the ultimate and elemental 

analysis. White wood is composed mainly of volatile matter (78.1%). This is very high in comparison 

to the abundance of volatile matter in woody biomass which ranges from 30.4 to 79.7%. The rest of 

white wood is comprised of fixed carbon (14.51%), moisture (6.69%) and ash (0.7%). Typically, woody 

biomass such as white wood, bark, and poplar has the largest moisture contents with concentrations 

ranging from 4.7 to 62.9%. The wide range of woody biomass moisture concentrations leads to a high 
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variability this moisture typically contains water-soluble AFE cations and several anions such as Cl-, 

CO3
2-, NO3

-, OH-, etc.176 In contrast, woody biomass has the lowest ash concentrations amongst all 

biomass types with concentrations ranging from 0.1 to 8.4%. The ash concentration in wood is even 

lower than in other woody biomass parts, e.g. bark and foliage.34 

In the ultimate analysis of white wood, carbon and oxygen are the elements present at the highest mass 

percentages while the other elements, e.g. oxygen, nitrogen, sulphur, and chlorine, are present at much 

lower mass percentages. Despite carbon being the most abundant element by mass, the concentration 

of carbon is still sometimes much lower in woody biomass than in most coals. In some woody biomass, 

however, carbon concentrations could reach almost 60%. In contrast to coal, woody biomass is richer 

in oxygen with concentrations ranging from 32 to 45.3%. Hydrogen is also present in woody biomass 

with concentrations ranging from 3.2 to 9.2%. The presence of hydrogen in woody biomass is due to 

carbohydrates produced via photosynthesis.177 Amongst biomass, woody biomass has the lowest 

nitrogen, sulphur, and chlorine mass percentages ranging from 0.1 to 3.4%, 0.01 to 0.42%, and 0.01 to 

0.05%, respectively. Nitrogen is likely present in the form of free amino acids found mainly in 

parenchyma cells.178 Sulphur and chlorine concentrations are considered very low and found mainly in 

bark.179,34 

The identified AFEs in white wood as woody biomass in Table 3.1 and also the AFEs in most other 

types of plants might originate from natural absorption of soil salt solutions as nutrients via the roots 

during plant growth. The route of this natural absorption is very complex since the absorption rate of 

each individual element is affected by several ion-related factors, e.g. ion hydration, ion antagonism, 

ion displacement, etc.180 Due to lack of data, phosphorus and titanium concentrations are not shown for 

white wood and recycled wood. 

Ion diameters are influenced by their extents of hydration; a less hydrated ion is larger than a more 

hydrated one. The ions of sodium (Na), potassium (K), magnesium (Mg), and calcium (Ca) in this order 

are progressively more hydrated. This ranking implies that a potassium ion moves quicker than a sodium 

ion during absorption. However, ions with low hydration levels and heavy ionic masses might swell the 

protoplasm and reduce their absorption rates.  

Ion antagonism is the term for suppression of the inherent action of an ion due to the presence of another 

ion with the same charge. For instance, the toxic nature of Na+ to certain living organisms is suppressed 

when a certain amount of K+ or Ca2+ is added. Anion antagonism also affects the absorption of ion pairs. 

For instance, potassium sulphate (K2SO4) has a stronger tendency to be absorbed than potassium 

chloride (KCl), which is more likely to be absorbed than potassium nitrate (KNO3).  

Ion displacement is promoted by acidity and anion uptake. The pH of a salt solution leads to 

unequivalent proportions of absorbed cations and anions of an individual salt despite the presence of 
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equal amounts of cations and anions in the original solution. These unequal proportions are probably 

due to ionic displacement with balanced H+ and OH- ions in the protoplasm. During anion uptake, 

bicarbonate ions that originate from CO2(g) generated during respiration are formed and absorbed at a 

significant rate. Significant absorption of bicarbonate promotes a greater amount of anion uptake in 

comparison with the amount of cation uptake. 

Each absorbed AFE becomes part of the plant and contributes to plant growth. Phosphorus and sulphur 

are used as protein-based cell components. Magnesium and iron sustain chlorophyll function. 

Magnesium, along with calcium, also controls physical fluidic properties of protoplasm and maintains 

protoplasm pH. Potassium and sodium are responsible for plant metabolism and stress prevention.181 

Despite being absorbed from soil, aluminium does not contribute to plant growth due to its poisonous 

effect. Aluminium availability in the soil depends on the acidity or the level of alkali metal and alkaline 

earth metal washout from the soil.182 

The general occurrence of AFEs could be estimated from a previous analysis on spruce, pine, and birch 

wood since there was no any available quantitative analysis. Unlike coal, wood is not suited for the 

AFE occurrence analysis with x-ray diffraction (XRD) and scanning electron microscope (SEM) since 

wood has significantly lower mineral concentrations. The most viable method to characterise the 

occurrence of AFEs in wood is via chemical fractionation analysis (CFA).183 

The CFA is conducted by leaching the solid fuel with pure water, buffer, and acid consecutively. The 

first leaching with water is to separate water-soluble AFE salts, e.g. alkali chlorides and alkali sulphates. 

The second leaching with buffer is to separate organic-bound AFEs. The last leaching with acid is to 

separate acid-soluble included minerals, e.g. CaSO4(s). The residual solid contained excluded minerals, 

e.g. insoluble silicates. Any alkali metals bound to excluded minerals do not promote fouling.184 The 

AFE concentrations in the three obtained leachates are measured with inductively-coupled plasma (ICP) 

equipment. Additionally, the leachates are also analysed to measure the concentrations of dissolved 

anions, e.g. chloride, sulphates, nitrates, etc. The concentrations of any anions remaining in the solids 

are measured with methylene blue sorption. 

The general AFE occurrence obtained from a CFA analysis on woody biomass is listed in Figure 3.1. 

Most of AFEs and sulphur form bonds with organic matter. Only aluminium, potassium, and some 

anions such as phospates, sulphates, and chlorides are soluble in moisture. SiO2(s) and at around 70% of 

calcium existing as calcium oxalate are stored as included minerals. The remaining silicon, aluminium, 

iron, and sodium are found in the excluded minerals, e.g. quartz, feldspar, clays, and alkaline-earth 

minerals.185  
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Figure 3.1 The General Occurrence of AFEs in Woody Biomass 

 

The origin of TEs in white wood as a variant of virgin woody biomass is less understood than that of 

TEs in treated wood, which is explained later in Section 3.2. This is due to no direct influence of 

anthropogenic activities and being of little consequence since the concentrations are relatively very 

small. The existence of TEs in virgin woody biomass originates via absorption of TEs in soil during 

vegetation cycles. The TEs in the soil likely comes from the deposition of atmospheric pollutants.186,187 

TE occurrence in virgin woody biomass is not as comprehensively known as the occurrence of AFEs 

and could be evaluated with CFA. Vassilev et al.188 classified the occurrence of TE in virgin biomass 

in accordance with the occurrence classification of TEs in coal: TEs covalently or ionically bound to 

organic matter as organometallic compounds, TEs physically attached to mineral and amorphous 

compounds, TEs as minerals, and TEs dissolved in moisture as cations. 

3.2 Recycled Wood 

Recycled wood is treated woody biomass modelled to evaluate the differences of the AFE and TE fate 

and occurrence of recycled wood from those of white wood. The model evaluates the influence of not 

only temperatures but also the the initial AFE and TE concentrations on AFE and TE fate and 

occurrence, which the previous models neglected. Since recycled wood was originally virgin woody 

biomass, its proximate and ultimate analysis results are identical to white wood, except for ash. Higher 
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ash concentrations in recycled wood than in white wood is due to higher concentrations of TEs and 

AFEs as the main constituents of ash. The excess AFEs likely come from anthropogenic treatments as 

attributes to TE-based additives. 

TEs in treated woody biomass originate from various sources. Copper, chromium, and arsenic often 

originate as copper-chromium-arsenate (CCA) preservatives via impregnation to prevent rot when 

wood is used as housing or furniture material. Lead and nickel are often present in paints or coatings 

applied to the wood surface. Cadmium and mercury are produced naturally through volcano eruption, 

and their concentrations in the atmosphere could increase due to anthropogenic activities, e.g. coal 

mining and combustion in power stations, etc. It is unclear whether mercury in plants originates due to 

uptake from soil via roots or due to intake from the atmosphere via leaves. Several studies have proved 

that both soil uptake and atmospheric intake can account for mercury’s presence in plants.189,190,191 

Ericksen et al.192 conducted a large-scale experiment to replicate the behaviour of mercury in a forest. 

It was found that intake through foliage was the main route of mercury presence in biomass. It was also 

shown that mercury accumulated in plants and that less than 3% of the stored mercury exited from trees 

through rain precipitation. 

The distribution of inorganic elements within the wood structure essentially depends on how the 

elements are introduced to the structure. An element could be distributed almost uniformly within wood 

structure due to either pressurised impregnation or large wood pore size. On the other hand, an element 

could be concentrated at the wood surface due to surface application, e.g. painting. The latter 

distribution may promote non-uniform concentration distribution of inorganic elements in solid fuel. 

Non-uniform concentration distribution in solid fuel might lead to inconsistent concentrations of 

emitted inorganic elements upon combustion. 

Wood impregnation is conducted essentially by replacing air in wood pores with preservatives. Initially, 

a wooden block devoid of air is immersed in a chamber of preservative solution. The chamber is then 

placed under pressure to force preservative solution to flow into the pores of the wooden block. Once 

the pressure is reduced to atmospheric pressure, the chamber is drained to remove all liquid. The 

chamber is then placed under vacuum to discard all remaining solvents from within the wood block 

pores.  

Preservative solution undergoes sequential distribution in the wood pores. The sequential distribution 

depends on the preservative flow behaviour within wood pores, as discussed by Nicholson and 

Preston.193 Preservative solution initially flows within the pores and fills the entire macrostructure 

including the cell lumens. This process is known as macrodistribution. When the entire macrostructure 

has been filled, the preservative is fixated by three different fixation methods, namely: the preservative’s 

reaction with wood; the preservative’s self-reaction; and preservative deposition after chamber 

depressurisation. During macrodistribution, preservative solution may flow deeper into the cell wall, 
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known as microdistribution. Research on microdistribution was uncommon until equipment for 

scanning electron microscopy – energy dispersion x-ray (SEM-EDXA) became commonly produced.  

Wood impregnation does not guarantee that wood will be rot-free. Preservative might be concentrated 

in macropores only and leave micropores open to fungi. This rotting mechanism is known as soft-rot. 

However, soft-rot can be due to causes other than preservative absence from micropores. Even when 

preservative is homogeneously distributed, a certain location within the wood might have higher organic 

nutrient concentration than other locations. Fungi may continue to live in a rich-nutrient location even 

when preservative is well fixated.194 

Although coatings and paints are applied to wood surfaces without impregnation, Bulcke et al.195 have 

shown that they can penetrate to a certain depth within pine sapwood, beech wood, and meranti wood, 

as illustrated in a microscopic image shown in Figure 3.2. It has also been demonstrated that coatings 

and paints can penetrate to micropores. 

 

 

Figure 3.2 Penetration of a Solvent-borne Alkyd Primer into Sapwood Pine (Top), Beech Wood 

(Centre), and Meranti Wood (Bottom) 
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Although most paints and coatings currently on the market are not lead-based, many demolished old 

houses were built during the early 20th century when lead-based paints and coatings were used. A 

historical record196 has discussed a case of power sanding renovation work that was carried out on a 

house built in 1925 in New Orleans without any pre-work discussion regarding lead contaminants. 

Three children and a pet were living in the house during the renovation. The pet died six weeks after 

the work was executed. Not long after that, the children fell ill and were taken to a hospital. Analysis 

of the house structure revealed a lead concentration of around 130,000 µg g-1. 

Yang et al.197 discovered that foliage could store eight times more mercury than wood could. This 

discovery was in agreement with earlier work conducted by Ericksen et al.192. However, mercury release 

is one of the least anticipated problems of woody biomass combustion since wood dominates this 

biomass content rather than leaves.  

Phytoremediation is another common means by which TEs accumulate in plants. Phytoremediation is 

a process conducted to remove contaminants from soil by sowing contaminated land with plants that 

absorb and hyperaccumulate the soil contaminants, e.g. heavy metals. Intake pathways of TEs that are 

exploited in phytoremediation are shown in Figure 3.3.198 
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Figure 3.3 TE Intake Pathways in Phytoremediation 

 

Plants treat heavy metal intake differently from animals, including humans. Plants exhibit either 

avoidance or tolerance mechanisms to manage heavy metal contamination. In the avoidance 

mechanism, heavy metals are prevented from entering protoplasts and remain in cell walls; or under the 

tolerance mechanism, heavy metals are internalised via the cell wall membrane and sent to the 

protoplast via endocytosis.199 The heavy metals are later neutralised, sequestered from protoplast 

cytoplasmic compartments, and returned to cell walls and apoplast.200  

Plant cell walls have numerous polysaccharides that offer metal binding sites, e.g. –COOH, –OH , and 

–SH groups.201 Most heavy metals are bound to pectins in cell walls that exhibit some 

methylesterification.202 Growth of callose203 offers another defence mechanism. Callose is another 

polysaccharide that is grown as a temporary cell wall to block heavy metal penetration to the 
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protoplast.204 Kopittke et al.205 conducted microscopic visual analysis (shown in Figure 3.4) on plant 

cells to observe binding sites of lead that originated from phytoremediation. It is clear from these 

observations that TEs may be distributed at different binding sites even within the same organ within 

an individual plant species. 

 

Figure 3.4 Scanning Electron Micrographs of Outer Cortial Cells of Signal Grass and Rhodes Grass 

Root (V = Vacuole; CW = Cell Wall; C = Cytoplasm; MV = Vesicle) 

 

The occurrence of TEs is not more clearly understood in treated woody biomass than in virgin woody 

biomass. However, CFA could be as useful as that on virgin woody biomass to determine the occurrence 

of TEs in treated woody biomass. The results  might be similar to the general TE occurrence of virgin 

woody biomass. 
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3.3 Rice Husk 

The modelling of rice husk and switchgrass, which characterisation is explained in Section 3.4, is to 

evaluate the fate and occurrence of AFEs in the combustion of herbaceous biomass containing 

significant quantities of potassium and silicon responsible for slagging and fouling. The rice husk 

characterisation results used in this the model are from various sources compiled by Vassilev et al.206 

and listed in Table 3.1. The trace elements are not the focus in this evaluation of herbaceous biomass 

and their concentrations are, therefore, not incorporated. 

The proximate analysis result of rice husk shows almost similar characteristics to that of white wood 

probably due to their resemblance to virgin plants. However, the ash concentration of rice husk is much 

higher, at around 16.79%, because herbaceous biomass absorbs a significant amount of nutrients from 

soil during its lifetime.207 The use of fertiliser may also contribute to the accumulation of ash in 

herbaceous biomass.208 Data for moisture concentration was not available for rice husk and, 

additionally, switchgrass and assumed equal to the moisture concentration in white wood. 

The ultimate analysis result of rice husk is notably different from that of white wood. The mass 

percentages of major elements, e.g. carbon, hydrogen, and oxygen, are lower due to larger proportions 

of ash. The nitrogen concentration, however, is higher in rice husk. Most herbaceous biomass including 

rice husk, with vascular systems, absorbs significant quantities of soil nitrogen via roots. The absorbed 

nitrogen promotes rapid growth of herbaceous biomass.209 

Table 3.2 CFA Results of Rice Husk 

Salt Type 

Dissolved Element Concentration (mg (kg of dry fuel)-1) 

Si Al Fe Ca Mg P Na K S Cl 

Water-

soluble Salts 
494 4 0 73 100 309 25 2160 212 733 

Organically-

associated 

Ion-

exchangable 

Metal Ions 

3058 5 0 624 244 63 27 787 0 0 

Included 

Minerals 
2114 7 53 47 11 13 16 4 0 0 

Excluded 

Minerals 
81234 113 35 0 0 78 0 108 408 0 

The concentrations of AFEs other than calcium in rice husk in Table 3.1 shows significantly higher than 

those white wood. Apart from the ability of herbaceous biomass to obtain significant quantities of 
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nutrients via root uptake and fertiliser treatment, harvested herbaceous biomass is often left in fields 

and exposed to rains containing water-soluble AFEs. This allows an alternating cycle of wetting and 

drying on the herbaceous biomass. Due to multiple drying cycles, the AFEs accumulate in the 

herbaceous biomass.210 Calcium dominates the composition of woody biomass and is concentrated the 

most in bark.211 

A CFA result, listed in Table 3.2, by Skrifvars et al.211 is used as a means to understand the general 

occurrence of AFEs in rice husk since there is no AFE occurrence data of the rice husk in Table 3.2. 

Silicon and potassium are the main focus of the CFA analysis due to their direct involvement in fouling 

along with chlorine. Silicon has the highest concentrations in rice husk. Most of the silicon forms 

excluded minerals. Based on the SEM/EDX observations for rice husk, the excluded minerals form big 

deposit clusters amorphous SiO2(s) separated from potassium.212 Some silicon also exists as included 

minerals and organic-bound compounds. A tiny quantity of silicon is dissolved in moisture as 

Si(OH)4(aq) formed due to hydration of SiO2(s). Potassium, often as the second major AFE in rice husk, 

exists primarily as moisture-soluble salts.213 

3.4 Switchgrass 

Although the proximate and ultimate analysis results in Table 3.1 shows similar concentrations in white 

wood and switchgrass, the ash concentration of switchgrass is higher than that of white wood due to the 

nature of switchgrass as herbaceous biomass. Nevertheless, the ash concentration of switchgrass is 

significantly lower than that of rice husk. The ash concentrations of switchgrass vary inversely with its 

maturity.214 Switchgrass also has low silicon and chlorine intake rates due to its efficient water 

consumption during photosynthesis.215 

Unlike the CFA data of rice husk, the CFA data of switchgrass is not widely available and the AFE 

occurrence could only be estimated qualitatively. Potassium, sodium, and magnesium are found 

predominantly as either water-soluble salts or organic-bound compounds.183 Most of the calcium is 

linked to oxalates for forming crystalline calcium oxalate.216 The occurrence of phosphorus is not 

clearly understood. However, majority of phosphorus is probably in the form of water-soluble salts. 

The reduction of runoff water quality was reported to be due to contamination by significant quantities 

of phosphorus. This contaminating phosphorus was likely preserved in the switchgrass as the water-

soluble phosphorus leached with water from grasses due to the cycle of freezing and thawing during 

late winter seasons and rain washing during summer.217  
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Chapter 4 

 

Single-particle Combustion Model 

 

The development of the single-particle combustion model in the work described in this thesis has 

considered several aspects, namely: particle shape, intra-particle transport, and intra-particle chemical 

reactions. Each aspect along with its assumptions has been discussed thoroughly in this chapter. Particle 

shape has been assumed to be cylindrical due to the known structure of woody biomass fibre. Intra-

particle transport has included heat and mass transfer within particles and at the boundary layer. Intra-

particle chemical reactions have comprised homogeneous and heterogeneous reactions within particles. 

This chapter discusses the development of the single-particle combustion model as the initial approach 

to solid fuel combustion. The single-particle combustion model was developed to establish the intra-

particle temperature and property profiles as parameters to predict the intra-particle AFE and TE fate 

and occurrence. In Chapter 5, the single-particle combustion model is used to calculate particle 

combustion in the entrained-flow combustion model. Section 4.1 explains the mathematical concepts 

of the single-particle combustion model. The mathematical concepts include calculation of intra-particle 

concentration and temperature profiles along with their associated thermodynamic parameters, 

homogeneous and heterogeneous reaction kinetics, and pyrolysis gas mass fractions. In section 4.2, the 

results of the single-particle combustion model are validated against experimental results available in 

the literature.   

4.1 Mathematical Concept of the Model 

The distribution of temperatures and gas concentrations within a particle depends on intra-particle heat 

transfer, mass transfer, and chemical reactions. Particle temperatures increase due to heat sourced from 

flowing hot gas that surrounds the particle. Increased intra-particle temperatures pyrolyse the particle 

into volatile matter and char.218 Carbon monoxide, hydrogen and steam in the volatile matter reacts 

exothermically with O2(g) that diffuses within the particle. The diffusing O2(g) also reacts 
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heterogeneously with char. The heat of oxidation of both volatile matter and char contributes to 

increasing particle temperatures. As a particle loses its mass due to pyrolysis and heterogeneous 

reaction, the sizes of the pores within the particle are enlarged. Both enlarged pore sizes and high 

particle temperatures promote rapid heat and mass transfer. The dependency of intra-particle 

temperatures and gas concentrations on heat transfer, mass transfer, and chemical reactions is the 

fundamental concept of the single-particle combustion model that is considered in this thesis. 

Assumptions are applied to the single-particle combustion model to avoid unnecessary complexities. 

The assumptions are the following: 

• The particle is porous solid, e.g. coal or biomass, and consists of wood or coal, tar, char, 

moisture, and ash at any point in the particle body. Woody biomass is modelled in this chapter. 

• Thermal equilibrium is applied to the particle to allow uniform temperatures of all phases at 

any point in the particle body. This assumption is permitted because of negligible convective 

heat transfer effect of pore gas due to relatively small pore sizes. 

• The particle’s geometric dimension is only considered as one dimension (sphere), two 

dimensions (cylinder), or three dimensions (slab). 

• The particle’s aspect ratio changes due to particle shrinkage, unless the particle shape is 

spherical. However, the particle’s geometric shape is constant during particle shrinking. For 

instance, a cylindrical particle continues to have three surfaces, i.e. the upper base, lower base, 

and a side, until it reaches complete thermal conversion. Nevertheless, this assumption 

requires careful application on large particles. A mass-loss front propagates towards the centre 

of the particle with radial symmetry. Constant geometry may overestimate the temperatures 

at cylindrical particle edges and, subsequently, the intra-particle heat-transfer rates. 

• The initial particle porosity is assumed to be uniform within the particle body. This assumption 

may promote inaccurate prediction on biomass particle combustion since biomass 

microstructure is widely heterogeneous, even within the very same particle. It was observed 

that the intra-particle temperature experienced slower increase when the intra-particle 

microstructure was considered.219 However, this assumption is considered reasonable for the 

single-particle combustion model since the particles are well pulverised with relatively small 

limitation due to the intra-particle microstructure. In addition, there were no available data 

provided by PACT for microstructural characterisation, according to Ciesielski et al. 

(2015)219. 

• Gas in the particle pores behaves as an ideal gas because the gas is under low pressures and 

high temperatures. Intra-particle gas pressures are considered small and only slightly more or 

less than atmospheric pressure. Intra-particle gas temperatures could reach as high as 2,000 

K, as shown in Figure 4.17. 
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Biomass particle shapes are commonly irregular. However, for modelling purposes, the shapes are often 

simplified as regular shapes, e.g. sphere, cylinder, and slab. Previous work has often assumed that 

biomass particle shapes are spherical and have volumes equal to the volume of the original shapes.220,221 

However, the spherical shape is not an applicable assumption to particles of diameters larger than 200-

300µm.222 A sieving analysis on milled biomass has shown that biomass particles occur in non-spherical 

shapes of various aspect ratios.223 However, irregular shapes are not considered in this thesis because 

an irregular shape particle combustion model requires an advance calculation tool, e.g. computational 

fluid dynamics (CFD), which was not available for this research. In addition, the entrained-flow 

combustion model integrated with the single-particle combustion model in Chapter 5 calculates 

primarily micron-size particles, in which the effect of particle shape irregularity is negligible. 

For the work described in this thesis, the particles were assumed to be cylindrical. Wood is formed 

mostly of cellulose fibres and lignin as a skeleton that holds the entire structure. This structure enables 

the fibres to align in parallel, forming a structure that resembles a cylinder in shape.224 Comparison 

between the spherical and cylindrical particle shape has shown that the latter shape produces more 

accurate predictions of particle burnout time and maximum particle temperatures.225 

 

Figure 4.1 The Radial and Axial Directions of a Cylindrical Particle for Intra-particle Numerical 

Calculations 

 

The rates of heat and mass transfer at the interior of a cylindrical particle are calculated in both radial 

and axial directions, which are illustrated in Figure 4.1. The radial direction is measured from the 

centreline to the side. The axial direction is measured from the middle of the cylindrical section to both 

bases. The interior heat and mass transfer equations are shown as Equations 4.1 and 4.2. 

𝜕𝑇𝑝

𝜕𝑡
=

𝛼𝑝

𝑟

𝜕

𝜕𝑟
(
𝜕𝑇𝑝

𝜕𝑟
) + 𝛼𝑝

𝜕2𝑇𝑝

𝜕𝑧2
 (E4.1) 

𝜕𝐶𝑝

𝜕𝑡
=

𝐷𝑒𝑓𝑓𝑝

𝑟

𝜕

𝜕𝑟
(
𝜕𝐶𝑝

𝜕𝑟
) + 𝐷𝑒𝑓𝑓

𝜕2𝐶𝑝

𝜕𝑧2
+
1

𝑟

𝜂𝑝

𝜇𝑝

𝜕

𝜕𝑟
(𝑟𝐶𝑝

𝜕𝑝𝑝

𝜕𝑟
) +

𝜂𝑝

𝜇𝑝

𝜕

𝜕𝑧
(𝑧𝐶𝑝

𝜕𝑝𝑝

𝜕𝑧
) (E4.2) 



76 
 

𝑇𝑝 and 𝐶𝑝 are the intra-particle temperature and gas concentration in K and mol m-3. 𝛼𝑝 is the intra-

particle thermal diffusivity in m2s-1 and 𝐷𝑒𝑓𝑓𝑝
 is the effective mass diffusivity of intra-particle gas in 

m2s-1. Both 𝛼𝑝 and 𝐷𝑒𝑓𝑓𝑝
 determine particle heat conduction and mass diffusion driving force. 𝑝𝑝 is the 

intra-particle gas pressure in Pa. 𝜂𝑝 is particle permeability in m2 and 𝜇𝑝 is the viscosity of intra-particle 

gas in Pa s. 𝜂𝑝 indicates a particle’s capability of transmitting gas due to gas pressure difference. 𝑟 is 

the radial distance from the centreline and 𝑧 is the axial distance from the middle cylindrical section, 

both in m. 𝑡 is the time in s required to achieve the target 𝑇𝑝 and 𝐶𝑝. Equations 4.1 and 4.2 are expanded 

to Equations 4.3 and 4.4. Both Equations 4.3 and 4.4 are solved numerically. 

𝜕𝑇𝑝

𝜕𝑡
= 𝛼𝑝 (

𝜕2𝑇𝑝

𝜕𝑟2
+
𝜕𝑇𝑝

𝑟𝜕𝑟
+
𝜕2𝑇𝑝

𝜕𝑧2
) (E4.3) 

𝜕𝐶𝑝

𝜕𝑡
= 𝐷𝑒𝑓𝑓𝑝

(
𝜕2𝐶𝑝

𝜕𝑟2
+
𝜕𝐶𝑝

𝑟𝜕𝑟
+
𝜕2𝐶𝑝

𝜕𝑧2
) +

𝜂𝑝

𝜇𝑝
(
𝜕𝑝𝑝

𝜕𝑟
(
𝐶𝑝

𝑟
+
𝜕𝐶𝑝

𝜕𝑟
+ 𝐶𝑝

𝜕𝑝𝑝

𝜕𝑟
) +

𝜕𝑝𝑝

𝜕𝑧
(
𝜕𝐶𝑝

𝜕𝑧
+ 𝐶𝑝

𝜕𝑝𝑝

𝜕𝑧
)) (E4.4) 

The cylindrical particle is divided into four discrete parts, named as the northwest section (NW), 

northeast section (NE), southwest section (SW), and southeast section (SE), as illustrated in Figure 4.2. 

The NE is chosen as the calculation platform. Calculated intra-particle temperature and gas 

concentration profiles are mirror reflections of the other discrete parts. NW profiles are the symmetrical 

reflections of the NE profiles. SW and SE profiles are the polar reflections of NW and NE profiles. The 

green nodes are surface profiles for the side and bases. The blue node is the particle centre. Each node 

is labelled with a two-row index. The upper row represents a node number counted from the centreline. 

The lower row represents a node number counted from the middle cylindrical section. The indices m 

and n are the last node index values. 

 

Figure 4.2 The Discrete Intra-particle Parts of a Cylindrical Particle  
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The reaction rate at any node is not necessarily the same as that at any other nodes due to intra-particle 

temperature gradients. For instance, the particle surface undergoes pyrolysis whilst the particle centre 

remains intact. Therefore, a particle reacts and shrinks at various rates within that particle. These 

variable shrinkage rates establish non-uniform distances between nodes. Non-uniform grid equations 

shown in Equations 3.5 and 3.6 are used to calculate distances between nodes. 

𝜕2𝑋𝑝

𝜕𝑙2
=

𝑋𝑝𝑙+1
∆𝑙𝑙+𝑋𝑝𝑙−1

∆𝑙𝑙+1+𝑋𝑝𝑙
(𝑙𝑙+1−𝑙𝑙−1)

1

2
∆𝑙𝑙+1∆𝑙𝑙(∆𝑙𝑙+1+∆𝑙𝑙)

 (E4.5) 

𝜕𝑋𝑝

𝜕𝑙
=

𝑋𝑝𝑙+1
∆𝑙𝑙

2+𝑋𝑝𝑙−1
∆𝑙𝑙+1

2+𝑋𝑝𝑙
(𝑙𝑙+1

2−𝑙𝑙−1
2)

∆𝑙𝑙+1∆𝑙𝑙(∆𝑙𝑙+1+∆𝑙𝑙)
 (E4.6) 

𝑋 is the term for 𝑇, 𝐶, and 𝑝. 𝑙 is the term for 𝑟 and 𝑧. The distances from an evaluated node to its 

forward neighbour and its backward neighbour are denoted as ∆𝑙𝑙+1 and ∆𝑙𝑙, respectively. 

Heat from gas surrounding the particle increases the particle surface temperatures via heat convection 

and radiation. The general boundary heat transfer equation for the particle surface is shown as Equation 

4.7. The first right-hand side term of Equation 4.7 accounts for heat convection. The second right-hand 

side term accounts for heat radiation.    

𝜕𝑇𝑝𝑙
𝜕𝑙

= ℎ𝑐 (𝑇𝑝𝑙
− 𝑇∞) + 𝜖𝑝𝑙

𝜎 (𝑇𝑝𝑙
4 − 𝑇∞

4) (E4.7) 

𝑇∞ is the temperature of the gas surrounding the particle, in K. ℎ𝑐 is the convective heat mass transfer 

coefficient in W m-1 K-1. 𝜖𝑝𝑙
 is the particle emissivity. 𝜎 is the Stefan-Boltzmann constant in W m-2 K-

4.  

The gases generated during particle drying, pyrolysis, and heterogeneous reactions are released from 

the particle surface whilst the gas that surrounds the particle diffuses into the particle surface via mass 

convection. The general boundary mass transfer equation for the particle surface is shown as Equation 

4.8. 

𝜕𝐶𝑝𝑙
𝜕𝑙

= ℎ𝑚 (
𝐶𝑝𝑙
𝜀𝑝𝑙
− 𝐶∞) (E4.8) 

𝐶∞ is the surrounding gas concentration in mol m-3. ℎ𝑚 is the convective mass transfer coefficient in m 

s-1. 𝜀𝑝𝑙 is the particle porosity. 𝜀𝑝𝑙 is used to convert particle concentrations from particle-based 

concentrations to pore-based concentrations. 

At the particle centre, there is no change in either temperature or gas concentration. The general 

boundary equations for the particle centre are shown as Equations 4.9 and 4.10. 
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𝑘𝑒𝑓𝑓𝑝𝑙

𝜕𝑇𝑝𝑙
𝜕𝑙

= 0 (E4.9) 

𝐷𝑒𝑓𝑓𝑝𝑙

𝜕𝐶𝑝𝑙
𝜕𝑙

= 0 (E4.10) 

𝑘𝑒𝑓𝑓𝑝𝑙
 is the intra-particle effective thermal conductivity in W m-2 K-1. 𝐷𝑒𝑓𝑓𝑝𝑙

 is the intra-particle gas 

diffusivity coefficient in m2 s-1. 

Equations 4.7 and 4.8 are rearranged into first-order and second-order differential equations equivalent 

to Equations 4.5 and 4.6. The rearrangement of Equations 4.7 and 4.8 are given as Equations 4.11 and 

4.12 for intra-particle temperatures and Equations 4.13 and 4.14 for intra-particle gas concentrations. 

𝜕2𝑇𝑝𝑙
𝜕𝑙2

=
2

∆𝑙2
(

ℎ𝑐

𝑘𝑒𝑓𝑓𝑝
∆𝑙𝑙 (𝑇∞ − 𝑇𝑝𝑙

) +
𝜖𝑝𝑙
𝑘𝑒𝑓𝑓𝑝

𝜎∆𝑙𝑙 (𝑇∞
4 − 𝑇𝑝𝑙

4) + (𝑇𝑝𝑙−1
− 𝑇𝑝

𝑙
)) (E4.11) 

𝜕𝑇𝑝𝑙
𝜕𝑙

=
1

∆𝑙
(2

ℎ𝑐

𝑘𝑒𝑓𝑓𝑝
∆𝑙𝑙 (𝑇∞ − 𝑇𝑝𝑙) + 2

𝜖𝑝𝑙
𝑘𝑒𝑓𝑓𝑝

𝜎∆𝑙𝑙 (𝑇∞
4 − 𝑇𝑝𝑙

4) + (𝑇𝑝𝑙−1 − 𝑇𝑝𝑙
)) (E4.12) 

𝜕2𝐶𝑝𝑙
𝜕𝑙2

=
2

∆𝑙2
(

ℎ𝑚

𝐷𝑒𝑓𝑓𝑝
∆𝑙𝑙 (𝐶∞ − 𝐶𝑝𝑙) + (𝐶𝑝𝑙−1 − 𝐶𝑝𝑙

)) (E4.13) 

𝜕𝐶𝑝𝑙
𝜕𝑙

=
1

∆𝑙
(2

ℎ𝑚

𝐷𝑒𝑓𝑓𝑝
∆𝑙𝑙 (𝐶∞ − 𝐶𝑝𝑙

) + (𝐶𝑝𝑙−1
− 𝐶𝑝

𝑙
)) (E4.14) 

A similar rearrangement is applied to Equations 4.9 and 4.10. This rearrangement results in Equations 

3.15 and 3.16 for intra-particle temperatures and Equations 4.17 and 4.18 for intra-particle gas 

concentrations. 

𝜕2𝑇𝑝𝑙
𝜕𝑙2

= 2
(𝑇𝑝𝑙+1

−𝑇𝑝
𝑙
)

(𝑙𝑙+1−𝑙𝑙)
2  (E4.15) 

𝜕𝑇𝑝𝑙
𝜕𝑙

=
𝑇𝑝𝑙+1

−𝑇𝑝
𝑙

𝑙𝑙+1−𝑙𝑙
 (E4.16) 

𝜕2𝐶𝑝𝑙
𝜕𝑙2

= 2
(𝐶𝑝𝑙+1

−𝐶𝑝
𝑙
)

(𝑙𝑙+1−𝑙𝑙)
2  (E4.17) 

𝜕𝐶𝑝𝑙
𝜕𝑙

=
𝐶𝑝𝑙+1

−𝐶𝑝
𝑙

𝑙𝑙+1−𝑙𝑙
 (E4.18) 

𝛼𝑝 is calculated via Equation 3.19. 
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𝛼𝑝 =
𝑘𝑒𝑓𝑓𝑝

𝜌𝑝𝑐𝑃𝑝
 (E4.19) 

Each 𝛼𝑝 component, i.e. 𝜌𝑝, 𝑐𝑃𝑝, and 𝑘𝑒𝑓𝑓𝑝
, and 𝐷𝑒𝑓𝑓𝑝

 are functions of intra-particle gas 

concentrations, solid densities, and intra-particle temperatures. 𝜌𝑝 is the intra-particle density in kg m-

3. 𝑐𝑃𝑝 is the intra-particle heat capacity in J kg-1 K-1. The calculation of 𝑐𝑃𝑝 is explained in Appendix 

B.1. The individual heat capacities of solids, liquid, and gases are listed in Appendix A.1. 𝑘𝑒𝑓𝑓𝑝 is the 

sum of the intra-particle conductive thermal conductivities and the intra-particle radiative thermal 

conductivities. The intra-particle conductive thermal conductivities are of the particle solid phase, 

𝑘𝑐𝑜𝑛𝑠𝑜𝑙𝑖𝑑𝑝
, and the intra-particle gases, 𝑘𝑐𝑜𝑛𝑔𝑎𝑠𝑝

, in W m-1 K-1, respectively. The calculations of 

𝑘𝑐𝑜𝑛𝑠𝑜𝑙𝑖𝑑𝑝
 and 𝑘𝑐𝑜𝑛𝑔𝑎𝑠𝑝

 are explained in Appendix B.2 and B.3. The calculation of the intra-particle 

radiative thermal conductivities, 𝑘𝑟𝑎𝑑𝑝, is explained in Appendix B.4. The individual thermal 

conductivities of solids and gases are listed in Appendix A.2. 𝐷𝑒𝑓𝑓𝑝 is a function of the intra-particle 

Fick diffusivities, 𝐷𝐹𝑖𝑔𝑎𝑠𝑝
, and the intra-particle Knudsen diffusivities, 𝐷𝐾𝑛𝑔𝑎𝑠𝑝

, and calculated with 

the parallel pore model in Equation 4.20.  

𝐷𝑒𝑓𝑓𝑔𝑎𝑠𝑝
=

1
1

𝐷𝐹𝑖𝑔𝑎𝑠𝑝

+
1

𝐷𝐾𝑛𝑔𝑎𝑠𝑝

𝜀𝑝

𝜏𝑝
 (E4.20) 

𝐷𝑒𝑓𝑓𝑔𝑎𝑠𝑝
 is the intra-particle gas effective diffusivity in m2 s-1. 𝐷𝐾𝑛𝑔𝑎𝑠𝑝

 is the intra-particle gas 

Knudsen diffusivity in m2 s-1. 𝐷𝐹𝑖𝑔𝑎𝑠𝑝
 is the Fick diffusivity of gas 𝑖 in m2 s-1. 𝜏𝑝 is the tortuosity 

estimated via Equation 4.21. The calculation of particle porosity, 𝜀𝑝, is explained in Appendix B.8. 

𝜏𝑝 =
1

𝜀𝑝
 (E4.21) 

The calculations of 𝐷𝐹𝑖𝑔𝑎𝑠𝑝
 and 𝐷𝐾𝑛𝑔𝑎𝑠𝑝

 are explained in Appendix B.6 and B.7, respectively.  

The convective heat and mass transfer coefficients are calculated via Equations 4.22 and 4.23. 

ℎ𝑐 =
𝑁𝑢𝑔𝑎𝑠𝑏

𝑘𝑐𝑜𝑛𝑔𝑎𝑠𝑏
𝑑𝑝

 (E4.22) 

ℎ𝑚 =
𝑆ℎ𝑔𝑎𝑠𝑏

𝐷𝐹𝑖𝑔𝑎𝑠𝑏
𝑑𝑝

 (E4.23) 

ℎ𝑐 and ℎ𝑚 are the convective heat and mass transfer coefficients at particle surfaces in W m-2 K-1 and 

m s-1. 𝑁𝑢𝑔𝑎𝑠𝑏 is the boundary gas dimensionless Nusselt number calculated. 𝑆ℎ𝑔𝑎𝑠𝑏 is the boundary gas 

dimensionless Sherwood number. The calculations of 𝑁𝑢𝑔𝑎𝑠𝑏 and 𝑆ℎ𝑔𝑎𝑠𝑏 are explained in Appendix B.12 
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and B.13, respectively. 𝑘𝑐𝑜𝑛𝑔𝑎𝑠𝑏
 is the boundary gas conductive thermal conductivity in W m-2 K-1. 

The explanation of the calculation of 𝑘𝑐𝑜𝑛𝑔𝑎𝑠𝑏
 is in Appendix B.3. 𝐷𝐹𝑖𝑔𝑎𝑠𝑏

 is the boundary gas Fick 

diffusivity coefficient in m s-1. 𝑑𝑝 is the particle diameter in m. The explanation of the calculation of 

𝐷𝐹𝑖𝑔𝑎𝑠𝑏
 is in Appendix B.6. 

Intra-particle moisture evaporation is shown as Reaction 4.1. 

𝐻2𝑂(𝑙) → 𝐻2𝑂(𝑔) (R4.1) 

The calculations of the rate of Reaction 4.1, 
𝑑𝜌𝐻2𝑂(𝑙)𝑝

𝑑𝑡 (𝑅4.1)
, and the rate of temperature change due to 

Reaction 4.1, 
𝑑𝑇𝑝

𝑑𝑡 (𝑅4.1)
, are explained in Appendix C.1. 

Wood is naturally made up of 30-60% cellulose, 20-35% hemicellulose, and 15-30% lignin. Each part 

of the composition of wood undergoes a very complex conversion pathway. However, simplified 

conversion pathways that have been widely used in previous pyrolysis models were used in the research 

for this thesis. These simplified conversion pathways during wood pyrolysis consist of primary and 

secondary cracking reactions, as illustrated in Figure 4.3. Wood is converted into gas 1, tar, and char 

via primary cracking. Tar is converted into gas 2 and char via secondary cracking. 

 

Figure 4.3 Reaction routes during Wood Pyrolysis  

 

The rate of reaction of each conversion route is driven by kinetic parameters. The kinetic parameters 

are of specific values that depend on the biomass’ chemical and physical properties. Previous work has 

evaluated pyrolysis kinetic parameters of various plants. Thurner and Mann226 analysed oak wood 

primary cracking using a tubular pyrolysis reactor. Font et al.227 studied pyrolysis kinetics of almond 

shells in a fluidised-bed reactor. Wagenaar et al.228 predicted pyrolysis kinetic parameters of pinewood 
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using a rotating cone reactor. Blasi229 conducted pyrolysis experiments on beech wood powder using 

thermogravimetric analysis. Liden et al.230 proposed a tar pyrolysis model to estimate reaction 

parameters for gas 2 formation, which were validated reasonably well with the available data in the 

previous literature. The reaction rate for gas 2 formation is often assumed to be forty times quicker than 

that of the secondary char formation.231  

The kinetic equations for Reactions 4.2, 4.3, 4.4, 4.5, and 4.6 are utilised to obtain 
𝑑𝜌𝑔𝑎𝑠

𝑑𝑡 (𝑅4.2)
, 

𝑑𝜌𝑡𝑎𝑟

𝑑𝑡 (𝑅4.3)
, 
𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.4)
, 
𝑑𝜌𝑔𝑎𝑠

𝑑𝑡 (𝑅4.5)
, and 

𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.6)
 via Equation C.3, C.4, C.5, C.6, and C.7 in 

Appendix C. The respective rates of temperature changes, e.g. 
𝑑𝑇𝑝

𝑑𝑡 (𝑅4.2)
, 
𝑑𝑇𝑝

𝑑𝑡 (𝑅4.3)
, 
𝑑𝑇𝑝

𝑑𝑡 (𝑅4.4)
, 
𝑑𝑇𝑝

𝑑𝑡 (𝑅4.5)
, 

and 
𝑑𝑇𝑝

𝑑𝑡 (𝑅4.6)
, are calculated via Equation C.8, C.9, C.10, C.11, and C.12. 

Gas 1 and gas 2 mainly comprise CH4(g), CO(g), H2O(g), CO2(g) and H2(g), with minor amounts of longer-

chain hydrocarbons, e.g. C2H6(g), C2H4(g).232,233 Mass fractions of these compounds in gas 1 and gas 2 

have been investigated previously. Kung234 attempted to analyse transient behaviours during biomass 

pyrolysis. However, the analysis only achieved measurements of overall gas concentrations. Nunn et 

al.235 measured gas compositions during pyrolysis of sweet hardwood under pressure of 5 psi of helium 

gas. However, this work was unable to measure gas compositions from the pyrolysis of H2(g)-rich 

biomass. Bowersox236 conducted gas analysis during pyrolysis of populous hybrids. Blasi237 measured 

gas compositions during pyrolysis of a wood particle with a thickness of around 0.5cm to 1 cm. 

Thunmann et al.238 measured gas compositions during pyrolysis of hardwood and softwood using a 

developed pyrolysis model. Ranzi et al.239 later measured gas compositions and kinetic parameters 

during pyrolysis of the same biomass. For tar pyrolysis, Morf et al.240 measured gas compositions at 

temperatures within 500-1000 °C in a tubular flow reactor. All gas compositions from the above studies 

have been compiled and are shown in Table 4.1. 

Table 4.1 Wood Pyrolysis Gas Mass Fractions 

Biomass CH4(g) CO(g) CO2(g) H2(g) H2O(g) 

Wood234 0.03 0.16 0.27 0.02 0.52 

Hardwood235 0.21 0.41 0.19 0.01 0.19 

Populous 

Hybrid236 

0.08 0.31 0.19 0.01 0.19 

Hardwood115 0.12 0.36 0.19 0.1 0.23 

Wood237 0.03 0.27 0.39 0.05 0.26 

Softwood238 0.01 0.25 0.43 0.04 0.27 
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Hardwood238 0.01 0.2 0.51 0.04 0.23 

Tar239 0.2 0.5 0.3 0 0 

Tar240 0.08 0.46 0.46 0.01 0 

Table 4.1 shows that pyrolysis gas compositions are diverse and depend on biomass types. Adoption of 

a set of compositions as a general biomass composition may lead to mass balance inaccuracies. 

Therefore, proximate and ultimate analysis results were used in the work performed for this thesis as 

the sole reference to determine the actual pyrolysis gas compositions. An example of proximate and 

ultimate analysis results of some biomass is shown in Table 3.1. The molar masses of pyrolysis gases 

are calculated by solving a set of linear equations shown as Equations 4.24, 4.25, and 4.26. 

𝑛𝐶𝐻4(𝑔)𝑣𝑚
+ 𝑛𝐶𝑂(𝑔)𝑣𝑚

+ 𝑛𝐶𝑂2(𝑔)𝑣𝑚
= 𝑛𝐶𝑣𝑚 (E4.24) 

4𝑛𝐶𝐻4(𝑔)𝑣𝑚
+ 2𝑛𝐻2(𝑔)𝑣𝑚

+ 2𝑛𝐻2𝑂(𝑔)𝑣𝑚
= 𝑛𝐻𝑣𝑚 (E4.25) 

𝑛𝐶𝑂(𝑔)𝑣𝑚
+ 2𝑛𝐶𝑂2(𝑔)𝑣𝑚

+ 𝑛𝐻2𝑂(𝑔)𝑣𝑚
= 𝑛𝑂𝑣𝑚 (E4.26) 

𝑛𝐶𝐻4(𝑔)𝑣𝑚
, 𝑛𝐶𝑂(𝑔)𝑣𝑚

, 𝑛𝐶𝑂2(𝑔)𝑣𝑚
, 𝑛𝐻2(𝑔)𝑣𝑚

, and 𝑛𝐻2𝑂(𝑔)𝑣𝑚
 are the molar masses of CH4(g), CO(g), CO2(g), H2(g), 

and H2O(g) in volatile matter in mol. 𝑛𝐶𝑣𝑚, 𝑛𝐻𝑣𝑚, and 𝑛𝑂𝑣𝑚 are the molar masses of elemental C, H, 

and O in mol.  

Equations 4.24, 4.25, and 4.26 could be solved with the least-square method, since the number of 

unknown variables is more than the number of equations. However, the least-square method also 

generates inaccurate results. Therefore, Equations 4.24, 4.25, and 4.26 are simplified by eliminating 

two compounds that occur in the least significant amounts, i.e. CO2(g) and H2(g), to equalise the number 

of unknown variables and the number of equations. The simplified equations are presented in Equations 

4.27, 4.28, and 4.29. 

𝑛𝐶𝐻4(𝑔)𝑣𝑚
+ 𝑛𝐶𝑂(𝑔)𝑣𝑚

= 𝑛𝐶𝑣𝑚 (E4.27) 

4𝑛𝐶𝐻4(𝑔)𝑣𝑚
+ 2𝑛𝐻2𝑂(𝑔)𝑣𝑚

= 𝑛𝐻𝑣𝑚 (E4.28) 

𝑛𝐶𝑂(𝑔)𝑣𝑚
+ 𝑛𝐻2𝑂(𝑔)𝑣𝑚

= 𝑛𝑂𝑣𝑚 (E4.29)   

At the same time as pyrolysis gases diffuse from the particle centre to the particle surface, they 

homogeneously react with the O2(g) that is diffusing from the particle surface to the particle centre. The 

homogeneous gas reactions are shown by Reactions 4.7, 4.8, and 4.9. 

𝐶𝐻4(𝑔) + 1.5𝑂2(𝑔) → 𝐶𝑂(𝑔) + 2𝐻2𝑂(𝑔) (R4.7) 
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𝐶𝑂(𝑔) + 0.5𝑂2(𝑔) → 𝐶𝑂2(𝑔) (R4.8) 

𝐻2(𝑔) + 0.5𝑂2(𝑔) → 𝐻2𝑂(𝑔) (R4.9) 

The calculations of the kinetic equations for Reactions 4.7, 4.8, and 4.9 to obtain 
𝑑[𝐶𝐻4(𝑔)]𝑝

𝑑𝑡 (𝑅4.7)
, 

𝑑[𝐶𝑂(𝑔)]𝑝

𝑑𝑡 (𝑅4.8)
, and 

𝑑[𝐻2(𝑔)]𝑝

𝑑𝑡 (𝑅4.9)
 are explained in Appendix C.3. The respective rates of temperature 

changes, e.g. 
𝑑𝑇𝑝

𝑑𝑡 (𝑅4.7)
, 
𝑑𝑇𝑝

𝑑𝑡 (𝑅4.8)
, and 

𝑑𝑇𝑝

𝑑𝑡 (𝑅4.9)
, are calculated via Equation C.19, C.20, and C.21. 

The heterogeneous reactions of char with O2(g), CO2(g), and H2O(g) are shown by Reactions 3.10, 3.11, 

and 3.12. 

𝐶ℎ𝑎𝑟 + 0.5𝑂2(𝑔) → 𝐶𝑂(𝑔) (R4.10) 

𝐶ℎ𝑎𝑟 + 𝐶𝑂2(𝑔) → 2𝐶𝑂(𝑔) (R4.11) 

𝐶ℎ𝑎𝑟 + 𝐻2𝑂(𝑔) → 𝐶𝑂(𝑔) + 𝐻2(𝑔) (R4.12) 

The calculations of the kinetic equations for Reactions 4.10, 4.11, and 4.12 to obtain 
𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.10)
, 

𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.11)
, and 

𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.12)
 are explained in Appendix C.4. The respective rates of temperature 

changes, e.g. 
𝑑𝑇𝑝

𝑑𝑡 (𝑅4.11)
, 
𝑑𝑇𝑝

𝑑𝑡 (𝑅4.12)
, and 

𝑑𝑇𝑝

𝑑𝑡 (𝑅4.12)
, are calculated via Equation C.26, C.27, and C.28. 

The mass of particles decreases due to gas release during pyrolysis and due to char oxidation. Particle 

mass reduction causes the particle volume to shrink. Particle volume shrinkage could be estimated by 

Equation 4.30, according to previous researchers.115 

𝜃 = 1 + (1 − 𝜃𝐻2𝑂(𝑙)
)(

𝜌𝐻2𝑂(𝑙)

𝜌𝐻2𝑂(𝑙)0

− 1) 

+(𝜃𝐻2𝑂(𝑙)
− 𝜃𝑣) (

𝜌𝑤𝑜𝑜𝑑

𝜌𝑤𝑜𝑜𝑑0
− 1) + (𝜃𝑣 − 𝜃𝑐) (

𝜌𝑐ℎ𝑎𝑟

𝜌𝑐ℎ𝑎𝑟0
− 1) (E4.30) 

𝜌𝐻2𝑂(𝑙)0
, 𝜌𝑤𝑜𝑜𝑑0, and 𝜌𝑐ℎ𝑎𝑟0 are the initial densities of moisture, wood and char in the particle in kg 

m-3. 𝜃 is the particle shrinkage factor defined as the ratio of particle volume to initial particle volume. 

𝜃𝐻2𝑂(𝑙)
 is the moisture shrinkage constant. 𝜃𝑣 is the volatile matter shrinkage constant. 𝜃𝑐 is the char 

shrinkage constant. 𝜃 ranges from 0 to 1. 𝜃𝐻2𝑂(𝑙)
, 𝜃𝑣, and 𝜃𝑐 are assumed at 0.9, 0.75, and 0. 𝜃𝑐 is 0 

since char gasification is controlled by external diffusion and has no effect on particle shrinkage.  
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However, Equation 4.30 was not used in the work described in this thesis due to several limitations. 

The estimated values of 𝜃𝐻2𝑂(𝑙)
, 𝜃𝑣, and 𝜃𝑐 might be compatible only with a very specific type of wood. 

In addition, 
𝜌𝑐ℎ𝑎𝑟

𝜌𝑐ℎ𝑎𝑟0
 are undefined since 𝜌𝑐ℎ𝑎𝑟0 is 0. Equation 4.30 also does not feature the intra-particle 

ash densities as determinant parameters. Therefore, Equation 4.31 is used to calculate 𝜃 with an 

assumption that the fractional change of particle volumes is equal to the fractional change of particle 

mass. 

𝜃 = 1 + 𝐶𝜃 (
𝜌𝑤𝑜𝑜𝑑+𝜌𝑡𝑎𝑟+𝜌𝑐ℎ𝑎𝑟

𝜌𝑤𝑜𝑜𝑑0
− 1) (E4.31) 

𝐶𝜃 is the shrinkage constant obtained via Equation 4.31, when 𝜃 equal to 𝜃𝜌𝑤𝑜𝑜𝑑+𝜌𝑡𝑎𝑟+𝜌𝑐ℎ𝑎𝑟=0.  

Equation 4.31 cannot be used directly in the single-particle combustion model since Equation 4.31 is 

based on particle volume shrinkage, considering 𝜃 as 𝜃3𝐷𝑝 calculated via Equation 4.32.  

𝜃3𝐷𝑝 = 1 + 𝐶𝜃3𝐷 (
𝜌𝑤𝑜𝑜𝑑𝑝+𝜌𝑡𝑎𝑟𝑝+𝜌𝑐ℎ𝑎𝑟𝑝

𝜌𝑤𝑜𝑜𝑑0
− 1) (E4.32) 

𝜃3𝐷𝑝 is the three-dimensional shrinkage factor. 𝐶𝜃3𝐷 is the three-dimensional shrinkage constant. 𝜃3𝐷𝑝 

is converted into the one-dimensional shrinkage factor 𝜃1𝐷𝑝 in Equation 4.33, since the particle 

shrinkage evaluation is based on length shrinkage or length reduction between neighbouring nodes. 

𝜃1𝐷𝑝 = √𝜃3𝐷𝑝
3

 (E4.33) 

The formula to calculate the one-dimensional shrinkage constant, 𝐶𝜃1𝐷, is shown as Equation 4.34. 

𝐶𝜃1𝐷 =
𝜃1𝐷𝑝−1

(
𝜌𝑤𝑜𝑜𝑑𝑝+𝜌𝑡𝑎𝑟𝑝+𝜌𝑐ℎ𝑎𝑟𝑝

𝜌𝑤𝑜𝑜𝑑0
−1)

 (E4.34) 

𝜃1𝐷𝑝 is defined as the ratio of current lengths between two nodes to their initial lengths. Figure 4.4 

shows a visual explanation of 𝜃1𝐷𝑝. 
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Figure 4.4 Illustration of Nodes of Shrinking Particles  

 

∆𝑟0 is the initial distance between nodes m and m-1. The distances between nodes m and nodes m-1 

becomes shorter by ∆𝑟0 − ∆𝑟 as organic constituents in nodes m are pyrolysed and gasified. ∆𝑟0 and ∆𝑟 

are calculated by Equation 4.35 with 𝜃1𝐷𝑝. 

∆𝑟 = 𝜃1𝐷𝑝𝑒𝑥𝑝
∆𝑟0 (E4.35) 

Pyrolysis gas released from the particles, reacts with O2(g) in the particle boundary layer according to 

Reactions 4.7, 4.8, and 4.9. The reaction of pyrolysis gas with O2(g) establishes a flame in the boundary 

layer. The flame increases the boundary layer and particle surface temperatures via heat convection. 

For modelling purposes, the boundary layer is discretised as a platform to calculate the boundary layer 

profile. The discretisation is made based on the following assumptions: 

• The boundary layer gas is an ideal gas. 

• The heat and mass transfer through the boundary layer thickness can be estimated by Equations 

4.36 and 4.37, respectively. 

𝑙𝑏𝑙𝑐 =
𝑑𝑝

𝑁𝑢𝑔𝑎𝑠𝑏

 (E4.36) 

𝑙𝑏𝑙𝑚 =
𝑑𝑝

𝑆ℎ𝑔𝑎𝑠𝑏

 (E4.37) 

𝑙𝑏𝑙𝑐 is the heat-transfer boundary layer thickness in m. 𝑙𝑏𝑙𝑚 is the mass-transfer boundary layer 

thickness in m. In the research described in this thesis, 𝑙𝑏𝑙𝑚 was used since it was thicker than 

𝑙𝑏𝑙𝑐. 
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• The Peclet number is assumed and the bulk gas motion effect on the particle is neglected. In 

other words, the flow velocity of the bulk gas is assumed to be low enough that both temperature 

and concentration fields within the boundary layer are cylindrically -symmetrical. 

• The gas velocity at the boundary layer is equal to the gas velocity at the bulk as given by 

Equation 4.38. 

𝑣𝑏𝑙 = 𝑣∞ (E4.38) 

Here, 𝑣𝑏𝑙 is the gas velocity at the boundary layer and 𝑣∞ is the velocity of bulk gas. 

Boundary layer discretisation is illustrated in Figures 4.5 and 4.6 for radial and axial boundary layers. 

 

Figure 4.5 Discretisation of the Cylindrical Particle Radial Boundary Layers  
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Figure 4.6 Discretisation of the Cylindrical Particle Axial Boundary Layers  

 

The conservation equations for heat and mass transfer within the boundary layer are given as Equations 

4.39 and 4.40 for the radial direction and Equations 4.41 and 4.42 for the axial direction. 

𝜕𝑇𝑏𝑙

𝜕𝑡
= 𝛼𝑏𝑙

𝜕2𝑇𝑏𝑙

𝜕𝑟𝑏𝑙
2 + (

𝛼𝑏𝑙

𝑟𝑏𝑙
− 𝑣𝑏𝑙)

𝜕𝑇𝑏𝑙

𝜕𝑟𝑏𝑙
 (E4.39) 

𝜕𝐶𝑏𝑙

𝜕𝑡
= 𝐷𝐹𝑖𝑔𝑎𝑠𝑏𝑙

𝜕2𝐶𝑏𝑙

𝜕𝑟𝑏𝑙
2 + (

𝐷𝐴𝐵𝑏𝑙
𝑟𝑏𝑙

− 𝑣𝑏𝑙)
𝜕𝐶𝑏𝑙

𝜕𝑟𝑏𝑙
 (E4.40) 

𝜕𝑇𝑏𝑙

𝜕𝑡
= 𝛼𝑏𝑙

𝜕2𝑇𝑏𝑙

𝜕𝑧𝑏𝑙
2 − 𝑣𝑏𝑙

𝜕𝑇𝑏𝑙

𝜕𝑧𝑏𝑙
 (E4.41) 

𝜕𝐶𝑏𝑙

𝜕𝑡
= 𝐷𝐹𝑖𝑔𝑎𝑠𝑏𝑙

𝜕2𝐶𝑏𝑙

𝜕𝑧𝑏𝑙
2 − 𝑣𝑏𝑙

𝜕𝐶𝑏𝑙

𝜕𝑧𝑏𝑙
 (E4.42) 
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𝑇𝑏𝑙 is the boundary-layer temperature in K. 𝐶𝑏𝑙 is the boundary-layer gas concentration in mol m-3. 𝛼𝑏𝑙 

is the boundary-layer gas thermal diffusivity in m2 s-1. 𝑟𝑏𝑙 and 𝑧𝑏𝑙 are the distances between boundary-

layer nodes to the particle surface in m. 𝑣𝑏𝑙 is the boundary-layer gas velocity in m s-1. 𝐷𝐹𝑖𝑔𝑎𝑠𝑏𝑙
 is the 

conductive mass diffusivity coefficient of the boundary-layer in m2 s-1. 

The boundary layer is assumed to have a uniform grid and is discretised using finite-difference 

approximation. Central and forward difference is used to solve the second and first derivative term. The 

numerical solutions for heat and mass transfer are presented in Equations 4.43 and 4.44 for the radial 

direction and in Equations 4.45 and 4.46 for the axial direction. 

𝜕𝑇𝑏𝑙𝑟

𝜕𝑡
= 𝛼𝑏𝑙𝑟

𝑇𝑏𝑙𝑟+2−2𝑇𝑏𝑙𝑟+𝑇𝑏𝑙𝑟+1

∆𝑟𝑏𝑙𝑟
2 + (

𝛼𝑏𝑙𝑟

𝑟𝑏𝑙𝑟
− 𝑣𝑏𝑙)

𝑇𝑏𝑙𝑟+1−𝑇𝑏𝑙𝑟

∆𝑟𝑏𝑙𝑟
 (E4.43) 

𝜕𝐶𝑏𝑙𝑟

𝜕𝑡
= 𝐷𝐹𝑖𝑔𝑎𝑠𝑏𝑙𝑟

𝐶𝑏𝑙𝑟+2−2𝐶𝑏𝑙𝑟+𝐶𝑏𝑙𝑟+1

∆𝑟𝑏𝑙𝑟
2 + (

𝐷𝐹𝑖𝑔𝑎𝑠𝑏𝑙𝑟
𝑟𝑏𝑙𝑟

− 𝑣𝑏𝑙)
𝐶𝑏𝑙𝑟+1−𝐶𝑏𝑙𝑟

∆𝑟𝑏𝑙𝑟
 (E4.44) 

𝜕𝑇𝑏𝑙𝑙

𝜕𝑡
= 𝛼𝑏𝑙𝑙

𝑇𝑏𝑙𝑙+2−2𝑇𝑏𝑙𝑙+𝑇𝑏𝑙𝑙+1

∆𝑧𝑏𝑙𝑙
2 + 𝑣𝑏𝑙

𝑇𝑏𝑙𝑙+1−𝑇𝑏𝑙𝑙

∆𝑧𝑏𝑙𝑙
 (E4.45) 

𝜕𝐶𝑏𝑙𝑙

𝜕𝑡
= 𝐷𝐹𝑖𝑔𝑎𝑠𝑏𝑙𝑙

𝐶𝑏𝑙𝑙+2−2𝐶𝑏𝑙𝑙+𝐶𝑏𝑙𝑙+1

∆𝑧𝑏𝑙𝑙
2 + 𝑣𝑏𝑙

𝐶𝑏𝑙𝑙+1−𝐶𝑏𝑙𝑙

∆𝑧𝑏𝑙𝑙
 (E4.46) 

𝑇𝑏𝑙𝑟 and 𝑇𝑏𝑙𝑙 are boundary layer temperatures in radial and axial directions, in K. 𝐶𝑏𝑙𝑟 and 𝐶𝑏𝑙𝑙 are 

boundary layer temperatures in radial and axial directions in mol m-3. 𝛼𝑏𝑙𝑟 and 𝛼𝑏𝑙𝑙 are boundary layer 

thermal diffusivities in radial and axial directions in m2 s. ∆𝑟𝑏𝑙𝑟 and ∆𝑧𝑏𝑙𝑙 are distances between two 

neighbouring nodes in radial and axial directions. 

4.2 Case Study 

The work of Mason et al.117 is explained to give an understanding of single-particle combustion from 

an experimental perspective and to test results of the single-particle combustion model. The explanation 

comprises biomass properties, experimental setup, experimental results, and tests of the modelled result. 

Prior to conducting combustion, biomass particles are prepared and characterised. Biomass particles are 

prepared to obtain approximately cuboid or cylindrical shapes with diameters varying from 0.5 mm to 

4 mm by cutting and removing any bark material. Some portions of biomass are analysed to obtain their 

chemical composition. 
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A Méker-type natural gas burner was utilised as the combustion equipment. This burner is designed to 

produce a stable flame during combustion. The flame was stable at temperatures around 1,823 K. Room 

temperature was used as the radiative temperature, since biomass particles were combusted in an open 

atmospheric environment. O2(g) was supplied at 3 m s-1 with concentration of 21% of molar percentage 

at 1 atm. Biomass particles were hung from a fine steel needle during combustion. A video camera was 

used to record the burning biomass particles for around six seconds at 120 frames per second. The 

pictures produced were translated into thermal images. 

Table 4.2 Numerical Parameters of Mason et al.117 Single-Particle Combustion Model  

Parameter Value 

Particle Radius Nodes 5 

Particle Length Nodes 5 

Combustion Time Range 0.1 

Relative Tolerance 1e-9 

Absolute Tolerance 1e-6 

The single-particle combustion model based on the work of Mason et al.117 was compiled with use of 

Matlab 2018a software with a modelling route. It is illustrated in Figure 4.7. The model’s numerical 

parameters are shown in Table 4.2. These parameters were initially set in Matlab Editor of the main file 

(Mason_et_al_2015.m). The modelled particle section was the NE section with 25 nodes, or 52 nodes. 

Differential equations associated with 25 nodes for both temperature and intra-particle gas 

concentrations were numerically calculated with the Matlab ordinary-differential-equation (ODE) 

solver. Initial values required by the Matlab ODE solver were based on the results of the proximate and 

ultimate analysis. The initial values listed in Table 4.3 were considered to be uniformly distributed in 

all nodes. The ODE solver was commanded to solve the 25-node differential equations compiled as a 

function file (Combustion_Function.m). In the function file, functions related to particle 

thermodynamics and physical properties were set and these are listed in Table 4.4. The ODE solver 

time span was set from 0 to 6 seconds according to the combustion duration. 
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Figure 4.7 Modelling Route of Single-Particle Combustion Model  

 

Table 4.3 Initial Values of Mason et al.’s117 Single-Particle Combustion Model) 

Parameter Value 

Particle Temperature (K) 298 

Particle Wood Density (kg m-3) 606.45 

Particle Tar Density (kg m-3) 0 

Particle Char Density (kg m-3) 0 

Particle H2O(l) Density (kg m-3) 39 

Particle Gas CH4(g) Concentration (mol m-3) 0 

Particle Gas CO(g) Concentration (mol m-3) 0 

Particle Gas CO2(g) Concentration (mol m-3) 0 

Particle Gas H2(g) Concentration (mol m-3) 0 

Particle Gas H2O(g) Concentration (mol m-3) 0 

Particle Gas O2(g) Concentration (mol m-3) 4.29 

Particle Gas N2(g) Concentration (mol m-3) 16.15 
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Table 4.4 Property Functions of Single-Particle Combustion Model  

Property File Input 

Particle Thermal Conductivity Thermal_Conductivity_Function.m Particle Temperature 

Wood Density 

Tar Density 

Char Density 

Ash Density 

Particle Gas CH4(g) Concentration 

Particle Gas CO (g) Concentration 

Particle Gas CO2(g) Concentration 

Particle Gas H2(g) Concentration 

Particle Gas H2O(g) Concentration 

Particle Gas O2(g) Concentration 

Particle Gas N2(g) Concentration 

Particle Heat Capacity Heat_Capacity_Function.m Particle Temperature 

Wood Density 

Tar Density 

Char Density 

Ash Density 

Particle Gas CH4(g) Concentration 

Particle Gas CO (g) Concentration 

Particle Gas CO2(g) Concentration 

Particle Gas H2(g) Concentration 

Particle Gas H2O(g) Concentration 

Particle Gas O2(g) Concentration 

Particle Gas N2(g) Concentration 

Particle Mass Diffusivity Mass_Diffusivity_Function.m Particle Temperature 

Particle Gas CH4(g) Concentration 

Particle Gas CO (g) Concentration 

Particle Gas CO2(g) Concentration 

Particle Gas H2(g) Concentration 

Particle Gas H2O(g) Concentration 

Particle Gas O2(g) Concentration 

Particle Gas N2(g) Concentration 

Particle Viscosity Viscosity_Function.m Particle Temperature 

Particle Gas CH4(g) Concentration 

Particle Gas CO (g) Concentration 

Particle Gas CO2(g) Concentration 

Particle Gas H2(g) Concentration 
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Particle Gas H2O(g) Concentration 

Particle Gas O2(g) Concentration 

Particle Gas N2(g) Concentration 

Particle Emissivity Emissivity_Function.m Wood Density 

Char Density 

Ash Density 

Particle Permeability Permability_Function.m Wood Density 

Char Density 

Ash Density 

Particle Mass Reduction Mass_Reduction_Function.m Wood Density 

Tar Density 

Char Density 

Ash Density 

Particle Shrinkage Factor Shrinkage_Factor_Function.m Wood Density 

Tar Density 

Char Density 

Ash Density 

Attempts were made to run the single-particle combustion model with several ODE solvers as tests to 

obtain the most efficient ODE solver. Initially, ode45 was used since it is the most versatile ODE solver. 

This version solves non-stiff differential equations with the medium-order method. However, the run 

with ode45 became computationally expensive once the run reached transition between drying and 

volatilisation due to stiff calculations. Therefore, ode15s was chosen to replace ode45. According to the 

Matlab help file, ode15s is the best choice of stiff ODE solver to use to solve a stiff system. The single-

particle combustion model finally ran without any numerical problems. 

A single run of the single-particle combustion model generates two forms of results, namely: a node 

profile and a contour profile. The node profile is essentially an evolution of thermodynamic properties, 

e.g. temperature, density, and gas concentration, at any node. Thermodynamic property evolution could 

be used to determine the duration of each combustion stage, i.e. drying, volatilisation, and char-

oxidation, at the examined node. On the other hand, the contour profile shows a two-dimensional 

distribution of thermodynamic properties at all the nodes at a certain time. This thermodynamic property 

distribution may give information on the quality of heat and mass transfer within the particle.     

Unlike spherical particles, cylindrical particles have non-uniform distribution of thermodynamic 

properties at the particle surfaces. For instance, node (𝑚
𝑛
) (particle edge) receives convective heat from 

the north and east directions. On the other hand, node (𝑚
1
) (particle middle cylindrical surface) receives 

convective heat only from the north direction. These conditions cause the temperature of node particle 
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edge to increase significantly quicker than the temperature of particle middle cylindrical surface. This 

significant heating rate creates a temperature gradient along the northern surface nodes, e.g. node (𝑚
2
), 

node (𝑚
3
), node (𝑚

4
), and node ( 𝑚

𝑛−1
).  

However, thermodynamic properties measured at particle temperatures in most previous works have 

usually been represented by a single value, regardless of the particle shape. This is probably due to the 

difficulty of measuring the thermodynamic properties of particle surfaces since details of surface area 

are not sufficiently available for multiple measurements, particularly when the particle shrinks. To 

obtain a representative value for particle surface thermodynamic properties, an average of 

thermodynamic properties at the particle surface was used during the work described in this thesis. 

Comparison between the particle surface temperature profile obtained from the single-particle 

combustion model and the particle surface temperature profile taken from the experimental work of 

Mason et al.117 is shown in Figure 4.8. The comparison shows that the particle surface temperature 

profile obtained through use of the single-particle combustion model is in good agreement with the 

experimental particle surface temperature profile. 

 

Figure 4.8 Comparison between Particle Surface Temperatures Obtained in This Work and in the 

Work of Mason et al.117 

 

Although the temperature of the particle surface at any timepoint shown in Figure 4.8 is an average for 

the entire surface, the single-particle combustion model was also extended to provide the actual 

modelled temperatures at particle surface critical nodes. These critical nodes on the particle surface are 
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nodes (𝑚
𝑛
) (particle edge), (𝑚

1
) (particle middle cylindrical surface), and (1

𝑛
) (particle base centre). The 

particle edges are the hottest locations since they are exposed to boundary heat from two different 

directions. The particle middle cylindrical surfaces and the particle base centres are partially located at 

the intra-particle boundary line. The temperature evolution of these particle surface critical locations is 

presented in Figure 4.9 along with that of the particle centre. 

 

Figure 4.9 Modelled Intra-particle Temperature Profiles at Particle Edge, Particle Centre, Particle 

Middle Cylindrical Surface, and Particle Base Centre, based on Mason et al.117 

 

At an early stage of combustion, e.g. within 0.5 s, the temperature at the particle edges increases rapidly 

from 298 K to around 800 K, whilst those at the particle middle cylindrical surfaces and the particle 

base centres increases from 298 K to around 600 K. The particle edges achieve a higher temperature 

than the particle 94evolat cylindrical surfaces and the particle base centres since the particle edges 

receive boundary heat transfer from the north and east directions simultaneously, whilst each of the 

particle middle cylindrical surface and the particle base centre only receives boundary heat transfer 

from one direction. The temperature of the particle centre changes slightly until 2 s after the start of 

combustion, because heat from the surface nodes has not yet reached it.  

From around 0.5 s onward, the temperatures at the particle edges, the particle middle cylindrical 

surfaces, and the particle base centres increase slightly as the heat at these nodes is being used for drying 

and pyrolysis. As the particle surface becomes very porous due to pyrolysis, pyrolysis gas is released 

quickly to the boundary layer.241 Consequently, the particle surface does not have adequate carbon 

monoxide and hydrogen to react exothermically with O2(g) at the surface, as seen in Figure 4.11. Due to 
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lack of heat from oxidation, the particle surface temperature keeps rising gradually. After this the 

particle surface temperature increases rapidly to around 1,200K to 1,300K, which promotes rapid heat 

transfer from the particle surface towards the particle centre and consequently raises the temperature at 

particle centre at a rapid rate. 

 

Figure 4.10 Modelled Intra-particle CO(g) Concentration Profile at Particle Edge, Particle Centre, 

Particle Middle Cylindrical Surface, and Particle Base Centre, based on Mason et al.117 

 

Within 2.5 s to 2.7 s, the particle surface is almost completely combusted due to heterogeneous 

oxidation by O2(g). CO(g) released due to pyrolysis and char oxidation within deep layers of the particle 

flows towards the particle surface and reacts with O2(g). At the surface, CO(g) is at its maximum 

concentration, as shown in Figure 4.11. A considerable amount of CO(g) at the particle surface with 

significant concentration of O2(g) establishes rapid oxidation, as shown in Figure 4.12. This rapid 

exothermic oxidation increases the particle surface temperature at a rapid rate, as indicated by small 

temperature spikes at around 2.7 s. At this point, the particle’s surface and interior are already more 

than 50% converted and have very porous pores, whilst the particle centre still contains a significant 

amount of char, as shown in Figure 4.13. Increased porosity promotes rapid diffusion of O2(g) from the 

particle surface towards the particle centre. When a significant amount of O2(g) and heat simultaneously 

arrives at the particle centre, char at the particle centre is oxidised heterogeneously at a very rapid rate. 

Due to a very rapid exothermic reaction, the temperature the particle centre abruptly climbs to 1700 K. 

At this point, a very significant temperature gap between the particle surface and the particle centre is 

observed, as illustrated in Figure 4.14. 
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Figure 4.11 Modelled Intra-particle O2(g) Concentration Profile at Particle Edge, Particle Centre, 

Particle Middle Cylindrical Surface, and Particle Base Centre, based on Mason et al.117 

 

 

Figure 4.12 Modelled Intra-particle Char Density Profile at Particle Edge, Particle Centre, Particle 

Middle Cylindrical Surface, and Particle Base Centre, based on Mason et al.117 
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Figure 4.13 Modelled Intra-particle Temperature Contours at 2.763 s, based on Mason et al.117 

 

Shortly after 2.7 s, the temperature at the particle centre plunges dramatically to around 1250 K. This 

sudden drop in temperature is due to the significant temperature gap between the particle’s centre and 

surface. This gap promotes fast heat transfer from the centre to the surface. By the end of combustion, 

the temperature within the particle is uniformly distributed, as shown in Figure 4.14. 

 

Figure 4.14 Modelled Intra-particle Temperature Contours at 6 s, based on Mason et al.117 
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The results from the single-particle combustion model are further tested against other experimental 

results obtained from the work of Lu et al.115 and Lewtak and Marek242. Their work aimed to evaluate 

combustion behaviour of biomass particles in a single-particle combustor. Discussion regarding their 

research comprises experimental setup, experimental results, and modelled result tests. 

In the work of Lu et al.115, a cylinder was used as combustion equipment as shown in Figure 4.15. Pre-

heated air was introduced from the bottom of the cylinder and it flowed upward to oxidise the particle. 

The air temperature was controlled through use of a temperature controller with pre-heater temperature 

adjustment. The particle was hung with a thermocouple type B and connected to a mass balance coupled 

with a mass data logger. Cylindrical and near-spherical poplar particles were prepared with a diameter 

of 9.5 mm for this experiment.  

Lewtak and Marek242 used a horizontal single-particle combustor as shown in Figure 4.16. In the 

combustor, a willow particle was hung upward with a thermocouple and initially covered with a cool 

shield tube that had cooling water flowing within its wall. The cool shield tube was pulled out of the 

combustor once a steady air flow rate was achieved. The willow particle size was around 1-3 mm. A 

small hole was drilled to fit an inserted temperature probe for measurement of the temperature of the 

centre of the particle. 

 

Figure 4.15 Combustion Setup of Lu et al.115 
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Figure 4.16 Combustion Setup of Lewtak and Marek: 1. Biomass Particle; 2. Thermocouple; 3. Cool 

Shield Tube; 4. Reactor; 5. Gas Inlet; 6. High Speed Camera; 7. Quartz Window; 8. Gas Outlet 

 

Tests of the particle temperatures based on the work of Lu et al.115 is shown in Figure 4.17. The 

modelled centre temperature is not in good agreement with the centre temperature measured by 

experiment. The centre temperature according to the model  remains relatively constant during drying 

because heat flowing towards particle centre is allocated to the evaporation of particle moisture at the 

particle sub-surface. However, the centre temperature was found experimentally to rise by around 300 

K due to heat flowing conductively from air outside the particle to its centre via thermocouple B, which 

pierced the particle. Since the particle is relatively thick, O2(g) requires a longer time to diffuse towards 

the particle centre in the single-particle combustion model than in the work of Mason et al.117. When a 

significant amount of char in the particle centre is in contact with a large quantity of diffused O2(g), 

exothermic reaction occurs and raises the centre temperature to around 2300 K. In the experiment, this 

temperature jump to 2300 K was undetected, probably due to conductive loss of heat from the particle 

centre to the outside via thermocouple B. After the temperature jump, the temperature at the particle 

centre quickly decreases from 2300 K to 1250 K in less than 5 s due to rapid heat transfer through the 

porous particle towards the particle surface. In contrast, in the experiment, the temperature at the particle 

centre stayed at 1500 K until it dropped to 1250 K after around 50 s. Char oxidation produces a 

significant amount of CO(g). Reaction of CO(g)with O2(g) at the boundary layer generates heat, which in 

the experimental situation was transferred to the particle centre and established a constant elevated 

temperature for approximately 20 s. Conductive heat transferred from air outside the particle to the 

particle centre via thermocouple B quickly raised the overall temperature of the particle. 
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Figure 4.17 Comparison between the Temperature of the Particle Centre and Surface Obtained in 

This Work and the Temperature of the Particle Centre obtained in the Work of Lu et al.115 

 

A numerical analysis reveals that the thermocouple B is capable of transferring heat conductively from 

air outside the particle to the particle centre in less than a second. The numerical analysis discretises the 

thermocouple B and calculates the transient temperature profile along the thermocouple B body. The 

temperature profile shown in Figure 4.18 exhibits that the temperatures in the thermocouple B become 

uniform at 1 s and indicates that the thermocouple B has uniform temperatures at all times subsequent.  
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Figure 4.18 Thermocouple Temperature Profile during the Early Combustion Stage with the 

Surrounding Gas Temperature at 1,250 K 

 

The distortion shown in Figure 4.17 between the experimental and the modelled profiles during drying 

due to rapid heat transfer within the thermocouple B is analytically evaluated via Equation 4.47. 

𝑚𝑇𝑐𝑃𝑇 (𝑇𝑇𝑑𝑟𝑦 − 𝑇𝑒𝑞𝑑𝑟𝑦
) = 𝑚𝑃𝑎𝑓𝑓𝑐𝑃𝑃 (𝑇𝑒𝑞𝑑𝑟𝑦

− 𝑇𝑃𝑑𝑟𝑦) (E4.47) 

𝑚𝑇 is the mass of the thermocouple B pierced in the particle in kg. 𝑐𝑃𝑇 is the heat capacity of the 

thermocouple B in J kg-1 K-1. 𝑐𝑃𝑇 is assumed constant at 149.8 J kg-1 K-1 for the thermocouple type B 

consisting of 82% of platinum and 18% of rhodium. 𝑇𝑇𝑑𝑟𝑦 is the thermocouple temperature during 

drying in K. 𝑇𝑇𝑑𝑟𝑦 is 1,250 K according to Figure 4.17. Since the particle size is relatively thick, the 

heat originating from the thermocouple type B flows to only a certain distance from the particle 

centreline. In this evaluation, the geometry of the thermally affected particle body is shown in Figure 

4.19. 
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Figure 4.19 The Thermally Affected Particle Body Radially Surrounding the Thermocouple Type B 

 

The diameter of the thermally affected particle body is assumed 0.2 of the diameter of the particle. The 

volume of the thermally affected particle body, 𝑉𝑃𝑎𝑓𝑓, in m3 is calculated via Equation 4.48. 

𝑉𝑃𝑎𝑓𝑓 =
1

4
𝜋(0.2𝑑𝑃)

2 𝐿𝑃

2
 (E4.48) 

𝐿𝑃 and 𝑑𝑃 are 0.095 m. The mass of the thermally affected particle body, 𝑚𝑃𝑎𝑓𝑓, is calculated via 

Equation 4.49. 

𝑚𝑃𝑎𝑓𝑓 = 𝑉𝑃𝑎𝑓𝑓𝜌𝑃 (E4.49) 

𝑇𝑃𝑑𝑟𝑦 is the temperatures of the thermally affected particle body in K, particularly around the particle 

centre, during drying. 𝑇𝑃𝑑𝑟𝑦 is supposed to be at 298 K. Due to the thermocouple interference, the 

temperatures of the thermally affected particle body rises to 𝑇𝑒𝑞𝑑𝑟𝑦. 𝑇𝑒𝑞𝑑𝑟𝑦 is the equilibrium 

temperature during drying in K at around the thermally affected particle body. 𝑇𝑒𝑞𝑑𝑟𝑦 is calculated by 

rearranging Equation 4.47 into Equation 4.50. 

𝑇𝑒𝑞𝑑𝑟𝑦 =

𝑚𝑇𝑐𝑃𝑇𝑇𝑇𝑑𝑟𝑦

𝑚𝑃𝑎𝑓𝑓𝑐𝑃𝑃
+𝑇𝑃𝑑𝑟𝑦

1+
𝑚𝑇𝑐𝑃𝑇

𝑚𝑃𝑎𝑓𝑓𝑐𝑃𝑃

 (E4.50) 

The calculation via Equation 4.50 generates 𝑇𝑒𝑞𝑑𝑟𝑦 of 712.5 K. Similarly, the thermocouple retards 

particle burnout by transferring heat from the thermally affected particle body to the surrounding air 

during char oxidation since the temperatures at the thermally affected particle body are higher than the 

temperatures at the thermocouple. The combustion retardation is evaluated via Equation 4.51. 

𝑚𝑇𝑐𝑃𝑇 (𝑇𝑒𝑞𝐶,𝑜𝑥 − 𝑇𝑇𝐶,𝑜𝑥) = 𝑚𝐶𝑎𝑓𝑓
𝑐𝑃𝐶 (𝑇𝐶𝐶,𝑜𝑥 − 𝑇𝑒𝑞𝐶,𝑜𝑥) (E4.51) 
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𝑚𝐶𝑎𝑓𝑓
 is the mass of the thermally affected char body in kg. 𝑐𝑃𝐶 is the char heat capacities in J kg-1 K-

1. 𝑇𝑇𝐶,𝑜𝑥 is the thermocouple temperature during drying in K. 𝑇𝑇𝐶,𝑜𝑥 is also 1,250 K. 𝑇𝐶𝐶,𝑜𝑥 is the 

temperatures of the affected char body, approximately at around 2,300 K according to Figure 3.18. 

𝑇𝑒𝑞𝐶,𝑜𝑥 is the equilibrium temperatures during char oxidation in K. Equation 4.51 is rearranged into 

Equation 4.52. 

𝑇𝑒𝑞𝐶,𝑜𝑥 =

𝑚𝑇𝑐𝑃𝑇𝑇𝑇𝐶,𝑜𝑥
𝑚𝐶𝑎𝑓𝑓𝑐𝑃𝐶

+𝑇𝐶𝐶,𝑜𝑥

1+
𝑚𝑇𝑐𝑃𝑇

𝑚𝐶𝑎𝑓𝑓𝑐𝑃𝐶

 (E4.52) 

The calculation via Equation 4.52 generates 𝑇𝑒𝑞𝐶,𝑜𝑥
 of 1,307.6 K, indicating the temperatures drop due 

to heat loss to the surrounding gas via the thermocouple.  

Figure 4.20 illustrates a comparison between the modelled fractional residual particle mass and that 

obtained in experiments performed by Mehrabian et al.243. This figure shows that the particle lost mass 

earlier in the experiment than would be expected according to the model, due to a higher overall 

temperature that promoted more rapid pyrolysis and char oxidation rate than predicted by the model. 

 

Figure 4.20 Comparison between Fractional Residual Particle Mass Obtained in This Work and in 

the Work of Mehrabian et al.243  

 

The tests of particle temperatures obtained in this work by comparison with the work of Lewtak and 

Marek242 is shown in Figure 4.21. The modelled temperature of the particle centre during the drying 
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stage is in good agreement The particle size in this experimental case was considerably smaller at about 

2 mm than the particle size in the previous case of Lu et al.115. This smaller particle size improved the 

rate of conductive heat transfer towards the particle centre. Thus, the temperature of the particle centre 

rose at a faster rate than was seen in the work of Lu et al.115. Rapid intra-particle heat transfer enhanced 

the rate of the products of gasification reactions and their release to the particle boundary layer. The 

homogeneous reaction of these products with O2(g) in the boundary layer may have heated the 

thermocouple which pierced the particle, allowing the heat to flow conductively to the particle centre. 

This heated particle centre established a discrepancy between the temperature of the particle centre 

predicted by the model and the temperature measured at the particle centre in the work of Lewtak and 

Marek during the volatilisation stage, at around 3s to 4 s. At around 4.3 s, the temperature at the particle 

centre calculated by the model reaches its peak due to char oxidation. After 4.3 s, this modelled particle 

centre temperature plummets to around 930 K. The temperature of the particle centre found by 

experiment reached a similar peak temperature but subsequently decreased gradually due to the 

conductive heat that was sourced from the homogeneous reactions of CO and H2 with O2(g) in the 

boundary layer. 

 

Figure. 4.21 Comparison between Particle Centre Temperature Obtained in This Work and in the 

Work of Lewtak and Marek242 
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4.3 Concluding Remarks 

The fundamental concepts of the single-particle combustion model are based on numerous works 

conducted previously by many researchers. The development of the single-particle combustion model 

began with pulverised coal combustion that was modelled through use of a lumped particle model. 

Works published after this attempted to evaluate large particles that were often used in grate-firing and 

fluidised-bed boilers. It was found that combustion of large particles featured intra-particle temperature 

and gas concentration gradients that caused non-uniform combustion throughout the particle body. 

Consequently, extensive works were conducted to evaluate overlapping phenomena of moisture drying, 

volatilisation, and char oxidation. Later research utilised the single-particle combustion model to 

develop understanding of solid-fuel combustion in boilers. CFD was later introduced as a platform to 

obtain more accurate results from the single-particle combustion model. However, the single-particle 

combustion model explained in this thesis does not feature the latest developments in order to avoid 

unnecessary complexities and to provide suitability with chemical equilibrium tools. This is further 

explained in Chapters 5 and 6. 

Intra-particle heat and mass transfer rates have been determined with partial differential equations as 

functions of time, particle length, and particle radius. The partial differential equations have been 

reduced to ordinary differential equations to reduce numerical complexity. The differential equation 

reduction has been conducted by discretising the particle into a rectangular area of nodes with size of 

m-times-n, where m is the number of nodes for the radius and n is the number of nodes for the length. 

The axial centreline of the particle and the middle of the cylindrical section have been set as internal 

boundaries. 

Intra-particle gas thermodynamic properties, e.g. heat capacity and thermal conductivity, and the 

particle’s physical properties, e.g. porosity and permeability, have been considered essential to the 

single-particle combustion model. Each property is inherent in solid-fuel biomass combustion and has 

been mathematically included in the ordinary differential equations as functions of temperature. 

The behaviour of the particle surface is not only influenced by intra-particle heat and mass transfer but 

also by convective heat and mass transfer due to flowing air that surrounds the particle. Convective heat 

and mass transfer are essentially influenced by combustion operating conditions, e.g. air velocity, air 

temperature, and air pressure. Convective heat and mass transfer have been mathematically expressed 

with Nusselt and Sherwood numbers. These numbers are often determined with correlations specific to 

particle shape. 

The boundary layer has also been discretised as a platform to determine temperature and gas 

concentration profiles in it. The temperature and gas concentration in the boundary layer have also been 

calculated through use of ordinary differential equations. An attempt to run the single-particle 
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combustion model equipped with a discretised boundary layer was made. However, the model run was 

not finished due to expensive computation. From that point onward, the discretised boundary layer was 

discarded from the single-particle combustion model.   

Homogeneous and heterogeneous reactions contribute to gas occurrence and temperature within the 

particle. Reaction rate equations and their kinetic parameters given for the single-particle combustion 

model have been based on experimental results obtained from several previous works. The rate 

equations have been integrated with intra-particle heat and mass transfer equations.  

The single-particle combustion model results have been compared with the results from three 

experimental works, namely: Mason et al.117, Lu et al.115, and Lewtak and Marek242. The comparisons 

highlight the following: 

• The single-particle combustion model is capable of modelling previous experimental works.  

• Particle size affects particle combustion efficiency due to resistance to intra-particle heat and 

mass transfer as size increases. 

• The single-particle combustion model results feature not only particle temperature and gas 

concentration profiles at the particle’s surface and centre, but also contours of temperature and 

gas concentration distribution. 

• Experimental setup can compromise tests of the single-particle combustion model. 

Thermocouples that pierce the particles during the experiments could potentially transfer heat 

conductively from air outside the particle to the particle centre or vice versa. This conductive 

heat could quickly raise the temperature of the particle centre, even during the drying stage. A 

thermocouple used to measure the temperature at the particle surface could also read false 

temperatures due to particle shrinkage. A thermal imaging camera may be a viable option for 

reading the particle surface temperature.  
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Chapter 5 

 

Entrained-flow Combustion Model 

 

This chapter discusses the development of the entrained-flow combustion model based on the entrained-

flow burner at the Pilot-scale Advanced CO2 Capture Technology (PACT) facility at the University of 

Sheffield. The entrained-flow combustion model calculates the bulk profiles and the intra-particle 

profiles of individual particles falling through the entrained-flow burner. The entrained-flow 

combustion model is integrated with the single-particle combustion model in calculating the intra-

particle profiles. All the calculated profiles are later used in Chapter 6 as parameters to predict the fate 

and occurrence profiles of AFEs and TEs in both particles and bulk. 

However, the PACT facility entrained-flow burner is limited in reflecting industrial-scale solid fuel 

combustion. The burner is unable to provide data on both high- and low-temperature ash deposition due 

to lack of water wall and intra-burner heat exchanger pipe assembly. The high-temperature ash 

deposition on the burner wall surface might also not be sufficient to reflect the slagging in industrial 

scale boilers due to relatively low burner height as later described in Section 5.1. Rather, the burner was 

designed to explore combustion of different solid fuels. Nevertheless, at the moment, the PACT facility 

entrained-flow burner is the only pilot combustion equipment available that provides comprehensive 

online data of the intra-burner temperatures and gas concentrations and the AFE and TE downstream 

concentrations for model development in this thesis. The developed model could potentially be 

extended in the future for industrial-scale solid fuel combustion. 

Section 5.1 discusses the operating conditions of the PACT facility entrained-flow burner along with 

associated combustion work. Section 5.2 explains the importance of the mathematical contribution of 

particle aspect ratios to the entrained-flow combustion model. Section 5.3 explains mathematical 

concepts of the entrained-flow combustion model. The results from the entrained-flow combustion 

model are validated with the results from combustion experiments in the PACT facility entrained-flow 

burner.  
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5.1 Operating Conditions 

The PACT facility entrained-flow burner located in Sheffield, South Yorkshire, has been extensively 

used to combust a wide range of coals and biomasses. Combustion experiments in the burner are 

conducted to evaluate several aspects of solid-fuel combustion, e.g. temperature, gas concentrations, 

flame stability, inorganic emissions, probe ash deposition, and turbine and carbon capture 

performances. A three-dimensional diagram of the whole combustion unit including the burner is 

illustrated in Figure 5.1.175 A flow diagram for this unit is shown in Figure 5.2. 

 

Figure 5.1 Three-dimensional diagram of the PACT Facility 250kW Combustion Unit  
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Figure 5.2 Process Flow Diagram for the PACT Facility 250kW Combustion Unit  

 

The combustion unit is made up of three major stages: the upstream, burner and downstream stages. In 

the upstream stage, combustion gases, e.g. air, O2(g), and CO2(g), are stored in designated gas tanks. The 

combustion gases are pumped from the tanks to the gas pre-heater. The gas pre-heater comprises four 

identical heat exchangers: primary secondary tertiary and overfire pre-heaters. Gas from the primary 

pre-heater flows through the bottom of the solid fuel feeder and is mixed with the solid fuel. The mixture 

flows to the top of the burner and enters the burner through a feed introducer. When air is used as the 

combustion gas, air from the secondary pre-heater flows to the burner top. On the other hand, in oxy-

combustion, O2(g) flows from the outlet of the secondary pre-heater as supplementary O2(g) and merges 

with recycled residual gas that flows from the downstream stage back to the burner. Gas from the 

tertiary pre-heater flows directly to the top of the burner. In some cases, complete burnout is achieved 

by addition of extra gas flow from the overfire pre-heater to any middle axial section of the burner. 
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Figure 5.3 Three-Dimensional Diagram of the PACT Facility 250kW Entrained-flow Burner  

 

The burner is a 250kW cylindrical furnace provided by Doosan Babcock, as shown in Figure 5.3.244 

The cylinder is 4 m in height and 0.9 m in internal diameter. The cylinder consists of eight axial sections 

separated from each other by 0.1 m thick refractories. The height of each section is 0.5 m. The 

uppermost section is equipped with a feed introducer through which gas and solids enter the burner. 

The feed introducer is a cylinder with three concentric annuli as shown in Figure 5.4. Each annulus is 

connected to each respective pre-heater. Solid fuel and the gas flow vertically to the bottom of the 

burner. Tools for temperature and gas concentration measurements are installed at various heights to 

measure changes of temperature and O2(g) molar fraction when the burner is in use. At around 2.8 m 

from the burner top, a probe is installed to enable ash deposition analysis as part of the ash deposition 

process. Bottom ash is collected at an ash collector positioned below the lowermost section. Residual 

gas is released from a small nozzle at the side of the lowermost section. 

 

Figure 5.4 Two-dimensional Diagram of the Feed Introducer in the PACT Facility 250kW Entrained-

flow Burner 

 

In the downstream section,  the gas flows to the cyclone, at which light bottom ash entering the 

downstream section is separated from the gas. After the separation, the exhaust gas goes to the heat 

exchanger. A small portion of exhaust gas at the cyclone outlet is delivered to the on-line ICP system 
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for measurement of the concentrations of inorganic elements. The on-line ICP is further explained in 

Chapter 7. Cooled residual gas from the heat exchanger is delivered to the candle filter. The temperature 

of residual gas as it enters the candle filter is low enough to form particulate matter (PM). PM is 

separated from the residual gas at the candle filter. Finally, residual gas is discharged at the stack. For 

oxy-combustion, the discharged residual gas is sent to a carbon-capture unit. 

White wood and recycled wood were combusted in the PACT entrained-flow burner with two 

combustion gases, air and oxy27 (27% O2/73% CO2), which are listed in Table 5.1. Both gas 

compositions were modelled to evaluate the influence of bulk O2(g) quantities and concentrations on the 

fate and occurrence of AFEs and TEs of particles and bulk. The integration of the entrained-flow 

combustion model with both gas compositions and the chemical equilibrium calculation is discussed in 

depth in Chapter 6 and 7. 

The chemical properties and flow rates of both types of wood are shown in Table 3.1. Since both white 

wood and recycled wood are woody biomass, their chemical compositions are not significantly 

different. However, recycled wood has an ash concentration that is almost five times higher than that in 

white wood. Recycled wood is considered to resemble waste wood due to its significant ash content, 

whilst white wood is regarded as virgin wood. Although different ash contents might not establish 

distinctive temperature and combustion gas profiles of the two woody biomasses, the occurrence and 

fate profiles of inorganic elements might exhibit contrasting behaviours. Further explanations of the 

occurrence and fate of inorganic elements are discussed in Chapters 7 and 8. 

Table 5.1 Inlet Gas Operating Conditions at the PACT Entrained-flow Burner 

Parameter Air-combustion Oxy27-combustion 

Inlet Gas Flow Rate (mol s-1) 2.789 

CO2(g) (0) 

O2(g) (0.586) 

N2(g) (2.203) 

1.913 

CO2(g) (1.396) 

O2(g) (0.517) 

N2(g) (0) 

Inlet Gas Temperature (K) 480 480 

Inlet Gas Composition (% Volume) 

CO2(g) (0) 

O2(g) (21) 

N2(g) (79) 

CO2(g) (73) 

O2(g) (27) 

N2(g) (0) 
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5.2 Particle Aspect Ratio Profile 

PSD is one of the most important parameters that affects the performance of the entrained-flow 

combustion. PSD influences the quality of burnout, ignition delay, and flame stability. A high 

proportion of fine particle sizes improves combustion efficiency due to improved intra-particle heat and 

mass transfer. However, production of finely-sized particles requires additional time and energy for 

milling. 

Several studies have been conducted to evaluate optimal particle sizes to establish stable flames. Hein 

and Bemtgen245 conducted a pulverised-coal combustion experiment and found that coal particles with 

diameter of 4-8 mm and length of 1-2 cm were of the maximum coal particle geometry to achieve 

complete burnout in a pilot pulverised-coal boiler. Savoilanen246 suggested that particle micronisation 

was unnecessary since pulverised solid fuel with 100% of particle size less than 8 mm or 30-40% of 

particle size less than 1 mm was sufficient to sustain flame stability in a modern boiler. In addition, 

particle micronisation is not recommended due to high cost, high energy consumption, and health risks 

associated with dust explosions. 

The direction of flow in the boiler system also affects burnout time. An entrained-flow boiler that 

features upward flow has been shown to exhibit higher combustion efficiency than an entrained-flow 

boiler with downward flow, owing to greater residence time. In the upward flow design, gas is initially 

unable to convey particles since the gravitational force on the particle mass dominates over the 

buoyancy force. Once the particle mass becomes reduced due to combustion, the particles flow upward 

along with the gas.126 For a fluidised-bed boiler, the particle size is typically within 0.5-1.5 mm. Outside 

this range, smaller particles fly upwards whilst larger particles are dropped to the bottom of the bed.247 

To produce a model, a common assumption is made that the solid fuel particle is of a regular geometrical 

shape.248 However, pulverised biomass particles’ size and shapes has been proven to be irregular, as 

explained in Chapter 4.249 Biomass particles are often assumed to be cylindrical since biomass 

commonly exhibits a natural, elongated form.250 Cylindrical geometry enables heat and mass transfer 

not only in the radial direction but also in the axial direction. Therefore, the particle aspect ratio 

influences particle burnout. Ignoring the aspect ratio by assuming that all particles are spherical may 

result in production of an inaccurate model. Gera et al.251 found that the cylindrical shape has 44% more 

surface area and exhibits a 31% faster burnout rate than a spherical shape of equivalent volume. 
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Figure 5.5 Cummulative PSD of White Wood and Recycled Wood 

 

PSD of the white and recycled wood was measured with the Malvern Mastersizer 2000, and is presented 

in Figure 5.5. The original PSD data generated from the Malvern Mastersizer 2000 is titled as Original 

Data – WW for white wood and Original Data – RW for recycled wood. However, more than 20 

measurements were made, and incorporation of this amount of data was computationally expensive. 

Therefore, 100-micron-increment data points were chosen to reduce the number of modelled particle 

sizes. 

The particle sizes measured by the Malvern Mastersizer 2000 and shown in Figure 5.5 were measured 

as the diameter of particles as if the shape of the particles was near-spherical. These values do not 

represent the actual particle geometry and need to be converted into cylindrical shapes as expressed in 

Equation 4.1. 

1

4
𝜋

𝐿3

𝐴𝑅
2 =

4

3
𝜋 (

𝐷𝑀𝑆2000

2
)
3
 (E5.1) 

𝐿 is particle length in m. 𝐷𝑀𝑆2000 is particle diameter in m as given in Figure 5.5. 𝐴𝑅 is particle aspect 

ratio. To obtain 𝐴𝑅, a microscopic analysis was conducted to measure the actual particle aspect ratio. 

An example of a microscopic image of pulverised biomass particles is illustrated in Figure 5.6. Each 

observed particle length and diameter was measured visually. According to the analysis of the collected 

data on particle lengths and diameters based on visual observation, the particle aspect ratio depended 
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on particle length, as shown in Figure 5.7. The dependency of particle aspect ratio on particle length is 

formulated in Equation 5.2. 

𝐴𝑅 = 𝑓(𝐿) (E5.2) 

Equation 5.2 is substituted into Equation 5.1 to calculate 𝐿. Particle diameter is calculated via Equation 

5.3. 

𝐷 =
𝐿

𝐴𝑅
 (E5.3) 

Finally, particle length and radius distributions were obtained and are shown in Figure 5.8. Since 100-

increment data points are still considered computationally expensive for the entrained-flow combustion 

model, 200 micron-increment data points were used with the same method, with particle length and 

radius distributions shown in Figure 5.9. 

 

Figure. 5.6 Microscopic Image of White Wood 
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Figure 5.7 Particle Aspect Ratio as a Function of Particle Length 

 

 

Figure 5.8 Cummulative Particle Length and Radius Distribution with 100-micron-increment Data 

Points  
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Figure 5.9 Cummulative Particle Length and Radius Distribution with 200-micron-increment Data 

Points  

 

5.3 Mathematical Concept of the Model  

This historical evidence in Chapter 2 shows that CFD has been widely implemented during development 

of the entrained-flow combustion model. However, the entrained-flow combustion model investigated 

during the work for this thesis does not utilise CFD as its platform. Rather, a one-dimensional plug-

flow calculation is used. The advantages of the one-dimensional plug-flow calculation over CFD are as 

the followings 

• The calculation of both intra-particle profiles of individual particle and burner profiles 

simultaneously with CFD is computationally expensive and not feasible at this time. However, 

CFD use may be considered in future works. 

• Intra-particle profiles that are generated for use in the entrained-flow combustion model provide 

a platform for consideration of intra-particle inorganic compound concentrations in Chapter 6. 

This platform aims to predict liquid formation on particle surfaces, leading to evaluation of 

particle sticking probability. 

In the one-dimensional plug flow model, the PACT facility burner is discretised to provide a platform 

for consideration of thermodynamic property profiles as a result of combustion. The burner is 

discretised into numerous numbers of axial sections with a uniform length of thickness for each axial 
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section, as shown in Figure 5.10. An axial section is called a “thin slice” in this thesis for consistency. 

Calculation of the processes in a thin slice encompasses intra-particle heat and mass transfer, gas release 

rates from particles, and homogeneous combustion of bulk gas particles. 

 

Figure 5.10 Discretisation of the PACT Facility Entrained-flow Burner 

 

 

Figure 5.11 Combustion Model Structure of a Thin Slice with Discretised Particles 
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The route of calculation in a single thin slice is illustrated in Figure 5.11. The thin slice is represented 

by a grey rectangle with a thickness of ∆ℎ. The grey rectangle is divided by a vertical dashed line into 

the particle phase on the left-hand side and the bulk phase on the right-hand side. The rectangular upper 

side is of height 𝑎 − 1 and the rectangular lower side is of height 𝑎. Particles enter the rectangle at the 

upper side. Their properties have been generated in another rectangle located above the current 

rectangle. The particles entering the rectangle are grouped into various size clusters based on Figure 

5.9, e.g. from particle size cluster 1 to particle size cluster 𝑏. Each particle size is discretised radially 

and axially according to Figure 4.2. 

Particles in the entrained-flow combustion model behave differently from particles in the single-particle 

combustion model as they are not stationary and they exhibit falling velocities. Whilst particles are 

falling, bulk gas is also flowing to the burner bottom at a certain velocity. Parameters of convective heat 

and mass transfer depend on relative velocity, which is defined as the particle falling velocity relative 

to that of the flowing bulk gas. The falling velocity of particle 𝑏, 𝑣𝑝(𝑏)
, is calculated via in Appendix 

C. 

Intra-particle temperature and gas concentration at the particle’s interior at height of index 𝑎 are 

calculated with the single-particle combustion model explained in Chapter 4. Each differential term is 

divided by 𝑣𝑝(𝑏)
 to convert the time-based calculation to the height-based calculation. 

Particle mass is estimated as the ratio of the current particle density to the initial particle density, as 

shown in Equation 5.4. 

𝑚𝑝(𝑎,𝑏)
= (

∑ ∑ ∑ 𝜌𝑖𝑝(𝑎−1,𝑏,𝑚,𝑛)
𝑛𝑠
𝑛=1

𝑚𝑠
𝑚=1

𝑛
𝑖=1

∑ ∑ ∑ 𝜌𝑖𝑝(𝑎,𝑏,𝑚,𝑛)
𝑛𝑠
𝑛=1

𝑚𝑠
𝑚=1

𝑛
𝑖=1

)𝑚𝑝(𝑎−1,𝑏)
 ; 𝑖 = 1 𝑓𝑜𝑟 𝑤𝑜𝑜𝑑, 2 𝑓𝑜𝑟 𝑡𝑎𝑟, 𝑒𝑡𝑐. (E5.4) 

The indices (1, 𝑏,𝑚, 𝑛) indicate the initial properties of nodes 𝑚 and 𝑛 in particles of size cluster 𝑏. 

The change of particle volume is assumed to correlate linearly  with the change of particle mass as 

shown in Equation 5.5. 

𝑉𝑝(𝑎,𝑏) =
𝑚𝑝(𝑎,𝑏)

𝑚𝑝(𝑎−1,𝑏)

𝑉𝑝(𝑎−1,𝑏) (E5.5) 

The convective mass transfer equation given in Equation 5.6 is used to calculate the gas release rate 

from or gas penetration to the particle side surface. 

�̇�𝑖𝑝(𝑏,𝑚𝑠,𝑛)
= ℎ𝑚(𝑏)𝐴𝑝(𝑏,𝑚𝑠,𝑛)

(
𝐶𝑖𝑝(𝑏,𝑚𝑠,𝑛)

𝜀𝑝(𝑏,𝑚𝑠,𝑛)
− 𝐶𝑖(𝑎−1)) (E5.6) 
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Here, �̇�𝑖𝑝(𝑏,𝑚𝑠,𝑛)
 is the molar release or penetration rate in mol s-1 of gas 𝑖 from a single particle at nodes 

𝑚𝑠 and 𝑛 in particle size cluster 𝑏. 𝐶𝑖𝑝(𝑏,𝑚𝑠,𝑛)
 is surface pore gas concentration in mol m-3 of the single 

particle at nodes 𝑚𝑠 and 𝑛 in particle size cluster 𝑏, with 𝜀𝑝(𝑏,𝑚𝑠,𝑛)
 as porosity at the respective node. 

For the particle base surface, Equation 5.7 is used. 

�̇�𝑖𝑝(𝑏,𝑚,𝑛𝑠)
= ℎ𝑚(𝑏)𝐴𝑝(𝑏,𝑚,𝑛𝑠)

(
𝐶𝑖𝑝(𝑏,𝑚,𝑛𝑠)

𝜀𝑝(𝑏,𝑚,𝑛𝑠)
− 𝐶𝑖(𝑎−1)) (E5.7) 

𝐴𝑝(𝑏,𝑚𝑠,𝑛)
 is the radial surface area of the node with coordinates (𝑚𝑠

𝑛
). 𝐴𝑝(𝑏,𝑚𝑠,𝑛)

. Its geometry is wheel-

shaped, with width ranging from half the forward distance to half the backward distance, as illustrated 

in Figure 5.12. 
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Figure 5.12 Particle Side Surface Area of Node (𝑚𝑠
𝑛
) 

 

𝐴𝑝(𝑏,𝑚𝑠,𝑛)
 is mathematically described in Equation 5.8. At the particle edge and middle cylindrical 

section, Equations 5.9 and 5.10 apply. 

𝐴𝑝(𝑏,𝑚𝑠,𝑛)
= 𝜋𝑑𝑝(𝑏) (∆𝑧𝑛+1(𝑏) + ∆𝑧𝑛(𝑏)) (E5.8) 

𝐴𝑝(𝑏,𝑚𝑠,𝑛𝑠)
= 𝜋𝑑𝑝(𝑏)∆𝑧𝑛𝑠−1(𝑏)

 (E5.9) 

𝐴𝑝(𝑏,𝑚𝑠,1)
= 𝜋𝑑𝑝(𝑏)∆𝑧2(𝑏) (E5.10) 
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For the particle base, the axial surface area of the node with coordinates (𝑚
𝑛𝑠
), 𝐴𝑝(𝑏,𝑚,𝑛𝑠)

, has a geometry 

of a Saturn ring, as represented in Figure 5.13. The width of the ring ranges from half the forward 

distance to half the backward distance. 

 

Figure 5.13 Particle Base Surface Area of Node (𝑚
𝑛𝑠
) 

 

𝐴𝑝(𝑏,𝑚,𝑛𝑠)
 is calculated via Equation 5.11. Equations 5.12 and 5.13 are used to calculate the base surface 

area of nodes (𝑚𝑠
𝑛𝑠
) and ( 1

𝑛𝑠
). 

𝐴𝑝(𝑏,𝑚,𝑛𝑠)
= 2(𝜋 (𝑟𝑚(𝑏) +

∆𝑟𝑚+1(𝑏)

2
)
2

− 𝜋 (𝑟𝑚−1(𝑏) +
∆𝑟𝑚(𝑏)

2
)
2

) (E5.11) 

𝐴𝑝(𝑏,𝑚𝑠,𝑛𝑠)
= 2(

1

4
𝜋𝑑𝑝(𝑏)

2 − 𝜋 (𝑟𝑚𝑠−1(𝑏)
+
∆𝑟𝑚𝑠(𝑏)

2
)
2

) (E5.12) 

𝐴𝑝(𝑏,1,𝑛𝑠)
= 2𝜋∆𝑟2(𝑏)

2 (E5.13) 

The total rate of gas released from or penetrating to a single particle, �̇�𝑖𝑝(𝑏)
, is the sum of the gas release 

molar rate at each surface node, as expressed in Equation 5.14. 

�̇�𝑖𝑝(𝑏)
= ∑ �̇�𝑖𝑝(𝑏,𝑚𝑠,𝑛)

𝑛𝑠
𝑛=1 + ∑ �̇�𝑖𝑝(𝑏,𝑚,𝑛𝑠)

𝑚𝑠
𝑚=1  (E5.14) 

�̇�𝑖𝑝(𝑏)
 is in mol s-1. Equations 5.15 and 5.16 express the gas rate of release from, �̇�𝑖𝑝𝑟𝑒𝑙(𝑏)

, and 

penetration to, �̇�𝑖𝑝𝑝𝑒𝑛(𝑏)
, a particle. 

�̇�𝑖𝑝𝑟𝑒𝑙(𝑏)
= {

�̇�𝑖𝑝(𝑏)
, �̇�𝑖𝑝(𝑏)

> 0

0, �̇�𝑖𝑝(𝑏)
≤ 0

 (E5.15) 
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�̇�𝑖𝑝𝑝𝑒𝑛(𝑏)
= {

�̇�𝑖𝑝(𝑏)
, �̇�𝑖𝑝(𝑏)

≤ 0

0, �̇�𝑖𝑝(𝑏)
> 0

 (E5.16) 

The number of particles in a size cluster is determined by use of Equation 5.17. 

𝑁𝑝(𝑏)
=

𝑥𝑉(𝑏)
𝐹𝑠𝑓

𝜌𝑠𝑓
1

4
𝜋𝑑𝑝0(𝑏)

2𝑙𝑝0(𝑏)

 (E5.17) 

𝑁𝑝(𝑏) is the number of particles with size of cluster 𝑏 in s-1. 𝐹𝑠𝑓 and 𝜌𝑠𝑓 are as-received mass flow rate 

and density of solid fuel in kg s-1 and kg m-3. 𝑑𝑝0(𝑏)
 and 𝑙𝑝0(𝑏)

 are the diameter and length in m of a 

particle of size cluster 𝑏. 𝑁𝑝(𝑏)
 is used to calculate size-cluster released and penetrating gas molar rates, 

𝐹𝑖𝑝𝑟𝑒𝑙(𝑏)
 and 𝐹𝑖𝑝𝑝𝑒𝑛(𝑏)

, as expressed in Equations 5.18 and 5.19. 

𝐹𝑖𝑝𝑟𝑒𝑙(𝑏)
= 𝑁𝑝(𝑏) ∫

�̇�𝑖𝑝𝑟𝑒𝑙(𝑏)

𝑣𝑝(𝑏)

ℎ(𝑎−1)
ℎ(𝑎)

𝑑ℎ (E5.18) 

𝐹𝑖𝑝𝑝𝑒𝑛(𝑏)
= 𝑁𝑝(𝑏) ∫

�̇�𝑖𝑝𝑝𝑒𝑛(𝑏)

𝑣𝑝(𝑏)

ℎ(𝑎−1)
ℎ(𝑎)

𝑑ℎ (E5.19) 

𝐹𝑖𝑝𝑟𝑒𝑙(𝑏)
 and 𝐹𝑖𝑝𝑝𝑒𝑛(𝑏)

 are in mol s-1.  

According to Figure 5.11, the bulk gas temperature, concentration, and velocity require four stages of 

calculation: 

• Stage 1 

Gas released from, and penetrating into, the particle alters bulk gas concentration. 

• Stage 2 

Due to exothermic oxidation, the bulk gas temperature increases. Increased bulk gas 

temperature decreases bulk gas concentration and increases bulk gas velocity. 

• Stage 3 

The burner material enables loss of a certain quantity of heat from the bulk gas. Heat loss 

reduces the bulk gas temperature and increases the bulk gas concentration. 

• Stage 4 

During the combustion, introduced gas is heated and pyrolyses the solid fuels near the feed. 

The bulk gas temperature increases due to reaction of the gasification products released from 

particles with O2(g). After the reaction, some of the bulk gas is recirculated to the top of the 

burner and heats another batch of introduced gas. The entrained-flow combustion model 
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investigated in the research described in this thesis was limited to investigating steady 

combustion. Bulk gas entering the burner at only 500 K is unable to start fast pyrolysis. To 

circumvent this issue, a certain amount of heat was loaned to the bulk gas within the upper 

section of the burner (essentially, allowing ignition). Once solid fuels were completely 

converted, the heat was taken back from the bulk gas gradually. 

Gas 𝑖 concentration in the gas phase of the thin slice at stage 1 is calculated via Equation 5.20. 

𝐶𝑖𝑏𝑡𝑒𝑚𝑝1
=

∑ (𝐹𝑖𝑝𝑟𝑒𝑙(𝑏)
−𝐹𝑖𝑝𝑝𝑒𝑛(𝑏)

)∫
1

𝑣𝑝(𝑏)

∆ℎ

0

𝑏𝑓
𝑏=1 𝑑ℎ

𝐴𝑏∆ℎ
+ 𝐶𝑖𝑏(𝑎−1)

 (5.20) 

𝐶𝑖𝑏𝑡𝑒𝑚𝑝1
 is the temporary bulk gas 𝑖 concentration at stage 1 in mol m-3. Total temporary bulk gas 

concentration at stage 1, 𝐶𝑏𝑡𝑒𝑚𝑝1, in mol m-3 is the sum of 𝐶𝑖𝑏𝑡𝑒𝑚𝑝1
 as expressed in Equation 5.21.    

𝐶𝑏𝑡𝑒𝑚𝑝1 = ∑ 𝐶𝑖𝑏𝑡𝑒𝑚𝑝1
7
𝑖=1  (E5.21) 

The temporary bulk gas temperature at stage 1, 𝑇𝑏𝑡𝑒𝑚𝑝1, in K is calculated using a rearranged ideal gas 

equation shown in Equation 5.22. 

𝑇𝑏𝑡𝑒𝑚𝑝1 =
𝐶𝑖𝑏(𝑎−1)

𝐶𝑏𝑡𝑒𝑚𝑝1
𝑇𝑏(𝑎−1) (E5.22) 

The bulk gas velocity at height index 𝑎 − 1 is unchanged and used as temporary bulk gas velocity at 

stage 1, 𝑣𝑏𝑡𝑒𝑚𝑝1, as expressed in Equation 5.23. 

𝑣𝑏𝑡𝑒𝑚𝑝1 = 𝑣𝑏(𝑎−1) (E5.23) 

𝐶𝑖𝑏𝑡𝑒𝑚𝑝1
, 𝑇𝑏𝑡𝑒𝑚𝑝1, and 𝑣𝑏𝑡𝑒𝑚𝑝1 are used as initial parameters for homogeneous gas reactions of the 

bulk gas. The rates of the combustible gas oxidation, e.g. 
𝑑[𝐶𝐻4(𝑔)]𝑏𝑡𝑒𝑚𝑝1

𝑑𝑡 (𝑅4.7)
, 
𝑑[𝐶𝑂(𝑔)]𝑏𝑡𝑒𝑚𝑝1

𝑑𝑡 (𝑅4.8)
, and 

𝑑[𝐻2(𝑔)]𝑏𝑡𝑒𝑚𝑝1

𝑑𝑡 (𝑅4.9)
, and the rates of the respective temperature changes, e.g. 

𝑑𝑇𝑏𝑡𝑒𝑚𝑝1

𝑑𝑡 (𝑅4.7)
, 

𝑑𝑇𝑏𝑡𝑒𝑚𝑝1

𝑑𝑡 (𝑅4.8)
, and 

𝑑𝑇𝑏𝑡𝑒𝑚𝑝1

𝑑𝑡 (𝑅4.9)
, are calculated via the kinetic equations in Appendix C.3. 

The duration of bulk gas oxidation within a thin slice, 𝑡ℎ𝑜𝑚𝑜𝑏, is calculated via Equation 5.24. 

𝑡ℎ𝑜𝑚𝑜𝑏 =
∆ℎ

𝑣𝑏𝑡𝑒𝑚𝑝1
 (E5.24) 
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𝐶𝑖𝑏𝑡𝑒𝑚𝑝1𝑓
 and 𝑇𝑏𝑡𝑒𝑚𝑝1𝑓 are solutions for the numerical calculations of the bulk homogeneous gas 

reactions. The bulk homogeneous gas reaction calculations result in temporary variables at stage 2 

expressed in Equations 5.25, 5.26, and 5.27. 

𝑇𝑏𝑡𝑒𝑚𝑝2 = 𝑇𝑏𝑡𝑒𝑚𝑝1𝑓 (E5.25) 

𝐶𝑖𝑏𝑡𝑒𝑚𝑝2
=

𝑝𝑏

𝑅𝑇𝑏𝑡𝑒𝑚𝑝1𝑓

𝐶𝑖𝑏𝑡𝑒𝑚𝑝1𝑓

∑ 𝐶𝑖𝑏𝑡𝑒𝑚𝑝1𝑓
7
𝑖=1

 (E5.26) 

𝑣𝑏𝑡𝑒𝑚𝑝2 =
𝑇𝑏𝑡𝑒𝑚𝑝1𝑓

𝑇𝑏(𝑎−1)
𝑣𝑏𝑡𝑒𝑚𝑝1 (E5.27) 

 

Figure 5.14 Heat Loss through Burner Wall  

 

At stage 3, bulk gas loses heat consecutively through burner bulk gas, the burner wall, and the external 

environment as illustrated in Figure 5.14. In this figure, ℎ𝑐𝑏 is the convective heat transfer coefficient 

of the bulk gas in W m-2 K-1. 𝑘𝑤 is the thermal conductivity of the burner wall in W m-1 K-1. ℎ𝑐𝑒 is the 

convective heat transfer coefficient of the external environment in W m-2 K-1. 𝑇𝑏 is the bulk gas 
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temperature in K. In this case, 𝑇𝑏 is equal to 𝑇𝑏𝑡𝑒𝑚𝑝2. 𝑇𝑒 is the temperature of the external environment 

in K. ℎ𝑐𝑏 is denoted as ℎ𝑐𝑏𝑡𝑒𝑚𝑝2
 and is calculated through use of Equation 4.31. 

ℎ𝑐𝑏𝑡𝑒𝑚𝑝2
=

𝑁𝑢𝑏𝑡𝑒𝑚𝑝2𝑘𝑐𝑜𝑛𝑏𝑡𝑒𝑚𝑝2

𝑑𝑏
 (E5.28) 

𝑑𝑏 is burner diameter in m. 𝑘𝑐𝑜𝑛𝑏𝑡𝑒𝑚𝑝2
 is the temporary conductive thermal conductivity at stage 2 of 

the bulk gas and calculated via the equations in Appendix B.3. 𝑁𝑢𝑏𝑡𝑒𝑚𝑝2 is the bulk gas temporary 

Nusselt number and calculated via the equation in Appendix B.15.   

The wall of the entrained-flow burner at the PACT facility is a cylindrical structure without water wall 

as featured in commercial entrained-flow boiler. The wall is made of polycrystalline, high alumina 

fibres blended with aluminosilicate fibres and refractory alumina. The alumina to silica ratio is 

approximately 4:1. The thermal conductivity, 𝑘𝑤, of this alloy in W m-1 K-1 at the respective thin slice 

is denoted with 𝑘𝑤𝑡𝑒𝑚𝑝2 and calculated via Equation 5.29. 

𝑘𝑤𝑡𝑒𝑚𝑝2 =
10−13

𝑇𝑏𝑡𝑒𝑚𝑝2
−4 −

6.2∗10−10

𝑇𝑏𝑡𝑒𝑚𝑝2
−3 +

1.3∗10−6

𝑇𝑏𝑡𝑒𝑚𝑝2
−2 − (9.2 ∗ 10

−4)𝑇𝑏𝑡𝑒𝑚𝑝2 + 0.3052 (E5.29) 

At the external environment, air is assumed to be the only gas present, with temperature, 𝑇𝑒, of 298 K 

and very low velocity. ℎ𝑒 is assumed to be 10.45 W m-2 K-1. The temporary overall burner heat loss 

coefficient at stage 2, 𝑈𝑤𝑡𝑒𝑚𝑝2, is determined through use of Equation 5.30. 

𝑈𝑤𝑡𝑒𝑚𝑝2 =
1

(
1

2𝜋𝑑𝑏∆ℎℎ𝑐𝑏𝑡𝑒𝑚𝑝2
+

log(
𝑑𝑏𝑒𝑥𝑡
𝑑𝑏

)

2𝜋∆ℎ𝑘𝑤𝑡𝑒𝑚𝑝2
+

1

2𝜋𝑑𝑏∆ℎℎ𝑒
)

 (E5.30) 

𝑑𝑏𝑒𝑥𝑡 is the external diameter of the burner in m. The bulk gas temporary temperature at stage 3, 

𝑇𝑏𝑡𝑒𝑚𝑝3, in K is the temporary temperature at stage 3 due to heat loss. 𝑇𝑏𝑡𝑒𝑚𝑝3 is expressed in Equation 

5.31. 

𝑇𝑏𝑡𝑒𝑚𝑝3 = 𝑇𝑏𝑡𝑒𝑚𝑝2 −
𝑈𝑤𝑡𝑒𝑚𝑝2(𝑇𝑏𝑡𝑒𝑚𝑝2−𝑇𝑒)

𝑐𝑃𝑏𝑡𝑒𝑚𝑝2
𝜌𝑏𝑡𝑒𝑚𝑝2𝑣𝑏𝑡𝑒𝑚𝑝2𝜋(

𝑑𝑏
2
)
2 (E5.31) 

The temporary individual gas compound concentration and velocity at stage 3 of the bulk gas, 𝐶𝑖𝑏𝑡𝑒𝑚𝑝3
 

and 𝑣𝑏𝑡𝑒𝑚𝑝3, are calculated through use of Equations 5.32 and 5.33. 

𝐶𝑖𝑏𝑡𝑒𝑚𝑝3
=

𝑝𝑏

𝑅𝑇𝑏𝑡𝑒𝑚𝑝3

𝐶𝑖𝑏𝑡𝑒𝑚𝑝2

∑ 𝐶𝑖𝑏𝑡𝑒𝑚𝑝2
7
𝑖=1

 (E5.32) 
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𝑣𝑏𝑡𝑒𝑚𝑝3 =
𝑇𝑏𝑡𝑒𝑚𝑝3

𝑇𝑏𝑡𝑒𝑚𝑝2
𝑣𝑏𝑡𝑒𝑚𝑝2 (E5.33) 

The changes in bulk gas temperature, concentration, and velocity at stage 4 are due to loaned and 

removed heat. Heat is gradually loaned at the early stage of combustion to obtain an elevated 

temperature sufficient to trigger fast pyrolysis. The heat loan is stopped at an estimated height, e.g. 0.1 

m from the top of the burner. When 99% of burnout is achieved or the bulk gas temperature is above 

1900 K, the loaned heat is removed gradually. The rate of loaned heat, 𝑃𝑙𝑜𝑎𝑛, is calculated via Equation 

5.34. 

𝑃𝑙𝑜𝑎𝑛 = 𝐹𝑔 ∑ 𝑥𝑛𝑖 ∫
𝑐𝑃𝑖

(
1000

𝑀𝑊𝑖
)
𝑑𝑇

𝑇𝑖𝑔𝑛
𝑇𝑔

7
𝑖=1  (E4.34) 

𝑃𝑙𝑜𝑎𝑛 is in W. 𝐹𝑔 is the inlet gas molar flow rate in mol s-1. 𝑥𝑛𝑖 is the inlet gas compound 𝑖 molar 

fraction. 𝑇𝑖𝑔𝑛 is ignition temperature in K or the temperature at which the heat loan stops. 𝑇𝑔 is inlet gas 

temperature in K. 𝑐𝑃𝑖 is the heat capacity of gas compound 𝑖 as listed in Appendix A.1. 

At stage 4, 𝑃𝑙𝑜𝑎𝑛 is equally divided into the number of thin slices during the heat loan, as presented in 

Equation 5.35. 

𝑃𝑙𝑜𝑎𝑛∆ℎ =
𝑃𝑙𝑜𝑎𝑛

𝑎𝑖𝑔𝑛−1
 (E4.35) 

𝑃𝑙𝑜𝑎𝑛∆ℎ is heat loaned to a thin slice in W. 𝑎𝑖𝑔𝑛 is the height index of the ignition temperature. The 

addition of 𝑃𝑙𝑜𝑎𝑛∆ℎ increases temperature to bulk gas temporary temperature at stage 4, 𝑇𝑏𝑡𝑒𝑚𝑝4. 

𝑇𝑏𝑡𝑒𝑚𝑝4 is obtained by solving Equation 5.36. 

𝑃𝑙𝑜𝑎𝑛∆ℎ = 𝑣𝑏𝑡𝑒𝑚𝑝3𝐴𝑏 ∑ 𝐶𝑖𝑏𝑡𝑒𝑚𝑝3 ∫
𝑐𝑃𝑖

(
1000

𝑀𝑊𝑖
)
𝑑𝑇

𝑇𝑏𝑡𝑒𝑚𝑝4
𝑇𝑏𝑡𝑒𝑚𝑝3

7
𝑖=1  (E5.36) 

The rate of heat removed from a thin slice, 𝑃𝑟𝑒𝑚𝑜𝑣𝑒∆ℎ, is calculated via Equation 5.37. 

𝑃𝑟𝑒𝑚𝑜𝑣𝑒∆ℎ =
𝑃𝑙𝑜𝑎𝑛

𝑎𝑟𝑒𝑚𝑜𝑣𝑒𝑓−𝑎𝑟𝑒𝑚𝑜𝑣𝑒1
 (E5.37) 

𝑎𝑟𝑒𝑚𝑜𝑣𝑒0 and 𝑎𝑟𝑒𝑚𝑜𝑣𝑒𝑓 are indices of height at which heat removal starts and ends. 𝑇𝑏𝑡𝑒𝑚𝑝4 is obtained 

by solving Equation 5.38.  

𝑃𝑟𝑒𝑚𝑜𝑣𝑒∆ℎ = 𝑣𝑏𝑡𝑒𝑚𝑝3𝐴𝑏 ∑ 𝐶𝑖𝑏𝑡𝑒𝑚𝑝3
7
𝑖=1 ∫

𝑐𝑃𝑖

(
1000

𝑀𝑊𝑖
)
𝑑𝑇

𝑇𝑏𝑡𝑒𝑚𝑝3
𝑇𝑏𝑡𝑒𝑚𝑝4

 (E5.38) 

𝑇𝑏𝑡𝑒𝑚𝑝4 is in K. The temporary concentration 4 of bulk gas compound 𝑖 and bulk gas temporary velocity 

at stage 4 are calculated by use of Equations 5.39 and 5.40. 
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𝐶𝑖𝑏𝑡𝑒𝑚𝑝4
=

𝑝𝑏

𝑅𝑇𝑏𝑡𝑒𝑚𝑝4

𝐶𝑖𝑏𝑡𝑒𝑚𝑝3

∑ 𝐶𝑖𝑏𝑡𝑒𝑚𝑝3
7
𝑖=1

 (E5.39) 

𝑣𝑏𝑡𝑒𝑚𝑝4 =
𝑇𝑏𝑡𝑒𝑚𝑝4

𝑇𝑏𝑡𝑒𝑚𝑝3
𝑣𝑏𝑡𝑒𝑚𝑝3 (E5.40) 

𝑇𝑏𝑡𝑒𝑚𝑝4, 𝐶𝑖𝑏𝑡𝑒𝑚𝑝4
, and 𝑣𝑏𝑡𝑒𝑚𝑝4 are set as the values at height index 𝑎 as expressed in Equations 5.41, 

5.42, and 5.43. 

𝑇𝑏(𝑎) = 𝑇𝑏𝑡𝑒𝑚𝑝4 (E5.41) 

𝐶𝑖𝑏(𝑎)
= 𝐶𝑖𝑏𝑡𝑒𝑚𝑝4

 (E5.42) 

𝑣𝑏(𝑎) = 𝑣𝑏𝑡𝑒𝑚𝑝4 (E5.43) 

The calculation of the particle falling velocity at height index 𝑎, 𝑣𝑝(𝑎,𝑏)
, is explained in Appendix D. 

5.4 Discussion and Validation of the Model Result 

The bulk gas temperature profile comprises four consecutive combustion stages, namely: heat loan, 

simultaneous pyrolysis and char gasification, heat removal, and heat loss. This categorisation is 

proposed based on the most dominant physical and chemical activities that are in process at each stage. 

The purpose of this stage categorisation is to deliver a clear understanding in the following discussion 

regarding this topic.  

The heat loan stage occurs through the deliberate addition of heat gradually to the bulk gas to raise the 

bulk gas temperature. When this temperature is hot enough to enable rapid particle pyrolysis, heat 

addition is stopped. The heat loan stage essentially aims to replicate solid-fuel rapid pyrolysis that is 

promoted by self-sustaining high temperature near the feed introducer due to the flow pattern. 

Simultaneous pyrolysis and char gasification is the stage at which pyrolysis of solid fuel and 

gasification of char occur at the same time.  The particle sizes used in an entrained-flow burner are very 

fine. Exposure of fine particles to hot temperature promotes pyrolysis, and char combustion occurs 

simultaneously due to efficient intra-particle heat and mass transfer. Simultaneous pyrolysis and char 

combustion release a significant amount of partially combusted gases within a short time. Concentrated 

CO and H2 in the bulk gas aids fast exothermic reaction with O2(g). Fast exothermic reaction quickly 

raises the bulk gas temperature to its peak temperature. 

After achievement of the peak temperature of the bulk gas, the same amount of heat that was given to 

the bulk gas during the heat loan stage is gradually removed. This stage is called heat removal. The 
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bulk gas temperature change during heat removal is smaller than that  during heat loan due to the 

availability of more gas during the heat removal stage. 

The heat loss stage accounts for heat removed from the bulk gas to the external environment due to the 

conductivity of the burner wall. Due to heat removal, the bulk gas temperature slowly decreases. 

Essentially, heat removal to the external environment occurs at any height within the burner. However, 

its occurrence is distinctive during the heat loss stage since there is no other competing thermal activity.   

 

Figure 5.15 Validation of the Modelled Bulk Gas Temperature Profile of White Wood during Air-

combustion in the PACT Entrained-flow Burner 

 

Figure 5.15 shows the comparison of the bulk gas temperature profile generated from the entrained-

flow combustion model that simulated air-combustion of white wood with experimental results. The 

comparison shows reasonably good validation of the modelled profile. However, the bulk gas peak 

temperature was not reached in the experiment. Due to bulk gas recirculation near the feed, close to the 

burner wall, simultaneous pyrolysis and char gasification is likely to establish the peak temperature 

near the burner wall. However, the temperature probes were installed to measure the centreline 

temperature. The temperature probes might have missed reading the peak temperature due to their fixed 

limited position. 

Figure 5.16 shows another comparison. In this case, the molar percentage profile of bulk O2(g) generated 

from the entrained-flow combustion model that simulated air-combustion of white wood is compared 

with the experimental results. According to the comparison, the modelled profile is poorly validated 
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within 0.5 m of the burner’s upper section. Experimental measurement shows that little O2(g) was present 

in this section of the burner, whilst the modelled profile shows otherwise. The absence of O2(g) might be 

due to bulk gas recirculation, which draws O2(g) to flow near the burner wall. As was the case with the 

temperature probes, the concentration probes are installed to measure the O2(g) molar percentage at the 

burner centreline. Consequently, the concentration probes were incapable of detecting O2(g) elsewhere.   

 

Figure 5.16 Validation of Dry Molar Percentage Profile of the Modelled Bulk O2(g) Gas during Air-

combustion of White Wood in the PACT Entrained-flow Burner 

 

The entrained-flow combustion model can also be used to predict particle profiles, e.g. intra-particle 

temperature, particle falling velocity, and particle residual mass fraction. Particle profiles for three 

particle sizes, 200 micron, 800 micron, and 1400 micron, were compared. Profiles for 1400-micron 

particles are discussed exclusively to understand the effect of particle size on the evolution of these 

profiles.  

Intra-particle temperature profiles are shown in Figure 5.17 for particle centre temperature profiles and 

in Figure 5.18 for particle surface temperature profiles. Both figures show that particle size is directly 

proportional to the rate of intra-particle temperature increase. The 1400-micron particle was the largest 

of the three particle sizes investigated, and therefore exhibited the slowest response to heat transfer. 

Therefore, the surface temperature profile and centre temperature profile of the 1400-micron particle 

show the longest time lag before reaching their maximum values. The 1400-micron particle also 

exhibited the quickest falling velocity as it had the heaviest mass, as shown in Figure 5.19. The particle 

that falls the fastest also shows the shortest residence time and receives the least amount of convective 
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heat transferred from the bulk gas to the particle surface. The 1400-micron particle also has the longest 

distance from its surface to its centre, which promotes the greatest resistance to a rise of centre 

temperature via heat conduction. Consequently, the 1400-micron particle experiences the lowest 

heating rate and therefore reaches complete burnout at the lowest height inside the burner, at around 1 

m. These results are shown in Figure 5.20.  

 

Figure 5.17 Centre Temperature Profiles of Modelled Particles of White Wood during Air-

combustion in the PACT Entrained-flow Burner 
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Figure 5.18 Surface Temperature Profiles of Modelled Particles of White Wood during Air-

combustion in the PACT Entrained-flow Burner 

 

 

Figure 5.19 Velocity Profiles of Bulk Gas and Modelled Particles of White Wood during Air-

combustion in the PACT Entrained-flow Burner 
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Figure 5.20 Residual Mass Fraction Profiles of Modelled Particles of White Wood during Air-

combustion in the PACT Entrained-flow Burner 

 

The comparison between the temperature profiles of the bulk gas measured during experiment  and 

calculated by the entrained-flow combustion model during oxy27-combustion of white wood are shown 

in Figure 5.21. The comparison shows poor validation, as the modelled bulk gas temperature is higher 

than that measured by experiment in almost every axial position in the burner. The poor validation 

might be due to the limited predictive properties of the model regarding the radial temperature 

distribution of the bulk gas. 

Figure 5.22 shows the comparison between the molar percentage profile of the bulk O2(g) generated by 

the entrained-flow combustion model with that found during experiment.  The comparison shows that 

both profiles exhibit similar trends to those observed during air-combustion of white wood. The 

modelled molar percentage of O2(g) is lower than the molar percentage of O2(g) observed during 

experiment at almost every axial position in the burner. A lower modelled O2(g) molar percentage is 

associated with a reduced quantity of O2(g) in the inlet gas of oxy27-combustion. Nevertheless, the 

modelled profile predicts that the molar percentage of O2(g) becomes zero when complete conversion is 

obtained, whilst a stoichiometric calculation expects 1% of O2(g) to remain. The model prediction of 0% 

O2(g) might originate from numerical error due to rough numerical discretisation. 
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Figure 5.21 Validation of Modelled Bulk Gas Temperature Profile of White Wood during Oxy27-

combustion in the PACT Entrained-flow Burner 

 

 

Figure 5.22 Validation of Modelled Dry Molar Percentage Profile of Bulk O2(g) of White Wood during 

Oxy27-combustion in the PACT Entrained-flow Burner 
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5.3 Concluding Remarks 

The entrained-flow combustion model is a well-developed method for modelling entrained-flow 

combustion. During the early development of this model, a one-dimensional entrained-flow combustion 

model was widely used. Many researchers later utilised CFD to obtain more accurate predictions. The 

results generated from combustion in the entrained-flow burner at the PACT facility in South Yorkshire 

were used to validate the results generated from the entrained-flow burner combustion model. In the 

past, several studies were conducted that used CFD to model the PACT-facility combustion. However, 

CFD has not featured in the work conducted for this thesis to avoid expensive computation. 

Prior to development of the entrained-flow combustion model, a certain number of particle sizes was 

chosen from the PSD. The volume fraction of each particle size was normalised and used as the new 

volume fraction. However, these particle sizes represented the diameters of spherical shapes, whilst 

woody biomass particles are of cylindrical shape. Using microscopic analysis, the particle diameter 

distribution was converted into particle length distribution using a measured aspect ratio. This actual 

particle length and aspect ratio distribution was used as the particle dimensions in the entrained-flow 

combustion model.  

The entrained-flow combustion model that was produced as part of the work performed for this thesis 

was developed according to a one-dimensional plug-flow reactor model. A column-shaped burner was 

discretised from top to bottom into numerous identical axial sections, or so-called “discretised burner 

sections”. Within each discretised burner section, heat transfer, mass transfer, and chemical reaction 

kinetics were used to calculate temperatures and gas concentrations in both the particle phase and the 

bulk phase. In the particle phase, a particle of each size cluster was modelled through use of the single-

particle combustion model. Each particle fell from the top to the bottom of the thin slice.  Bulk gas 

properties at the top of the thin slice were used as the boundary conditions. The amount of gas released 

from the particle phase was determined as functions of particle surface area and mass transfer rate. The 

released gas was added to the gas entering at the top of the thin slice in the bulk phase. The bulk gas 

concentration and the temperature at the bottom of the thin slice were calculated by solving reaction 

kinetic equations for bulk gas. 

For white wood combusted in air, the modelled bulk gas temperature and concentration profiles were 

well-validated with the experimental results. However, the peak temperature predicted in the modelled 

bulk gas temperature profile was not observed in the experimental temperature profile, since the peak 

temperature was likely to be established near the wall at 0.5 m from the top of the burner due to the 

recirculation flow pattern of the bulk gas, whilst the temperature probe installed in the burner only 

measured temperature at the burner centreline. In the experimental O2(g) molar percentage profile, no 

O2(g) was detected within 0.5 m of the burner upper section. In contrast, the modelled O2(g) molar 
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percentage profile predicted the presence of O2(g) in that location. This indicated that O2(g) might have 

flowed towards the burner wall at 0.5 m from the top of the burner due to recirculation. The undetected 

O2(g) during combustion could be due to the absence of O2(g) at the centreline at 0.5 m from the burner 

top.  

The modelled bulk gas temperature and concentration profiles were poorly validated by the 

experimental results in oxy27-combustion of white wood. The modelled bulk gas temperature was 

found to be higher than the bulk gas temperature measured experimentally, whilst the modelled bulk 

O2(g) gas molar percentage was lower than the bulk O2(g) molar percentage measured in almost any 

position in the burner. The poor validation might be due to a limitation of the model in predicting bulk 

gas temperature and radial distribution of O2(g) concentration in oxy27-combustion. 
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Chapter 6 

 

Fate and Occurrence Model 

 

This chapter discusses the prediction of the occurrence and fate of AFEs and TEs in the PACT facility 

entrained-flow burner using the fate and occurrence model, as functions of the intra-particle profiles 

and bulk profiles obtained in the entrained-flow burner. The intra-particle profiles of temperatures and 

concentrations of major gases, e.g. CH4(g), CO(g), CO2(g), H2(g), H2O(g), O2(g), and N2(g), were used as the 

parameters to calculate the intra-particle AFE and TE concentrations. Simultaneously, the bulk 

temperatures and concentrations of major gases were also used to simulate the bulk AFE concentrations. 

Both major calculations were conducted with the assistance of a chemical equilibrium tool. Section 6.1 

considers the numerical assumptions made for the fate and occurrence model. Section 6.2 explains the 

mathematical concepts used in the fate and occurrence model that are based on those applied in the 

entrained-flow combustion model. Section 6.3 discusses the integration of software used to build the 

fate and occurrence model with the assigned chemical equilibrium tool.  The method used here was 

ultimately unsuccessful, but there is a more successful method in Chapter 6. Of course, it is important 

to note that chemical equilibrium only gives a guide as to the driving force for reactions to occur; it is 

not necessarily wholly accurate, but detailed chemical reaction models may contain hundreds of species 

and thousands of reactions, even for a relatively small number of species, so estimation is necessary. 

6.1 Model Assumptions 

Inorganic elements, e.g. AFEs and TEs, can be considered relatively homogeneously distributed in 

wood. However, this might not be entirely the case for wood with a history of painting and coating. 

When wood is pulverised, the concentrations of paint and coating elements might be different in one 

pulverised particle compared with another due to their original locations in the wood. Nevertheless, this 

work assumes that each element is homogeneously distributed throughout a particle body, as 

mathematically expressed in Equations 6.3 and 6.4.  



137 
 

[𝐴𝐹𝐸]𝑝(1,𝑏,𝑚1,𝑛1)
= [𝐴𝐹𝐸]𝑝(1,𝑏,𝑚2,𝑛2)

;𝑚1 ≠ 𝑚2; 𝑛1 ≠ 𝑛2  (E6.1) 

[𝑇𝐸]𝑝(1,𝑏,𝑚1,𝑛1)
= [𝑇𝐸]𝑝(1,𝑏,𝑚2,𝑛2)

;𝑚1 ≠ 𝑚2; 𝑛1 ≠ 𝑛2  (E6.2) 

[𝐴𝐹𝐸]𝑝 and [𝐴𝐹𝐸]𝑝 are concentrations of AFEs and TEs in a particle. 𝑚1, 𝑚2, 𝑛1, and 𝑛2 are radial 

and axial coordinates of arbitrary points in a discretised particle. Although this assumption might not 

be suitable for paint and coating elements, the effect of this assumption on the fate and occurrence 

model accuracy is considered insignificant.  

The mechanism of AFE and TE release from particles was initially based on the assumption that AFEs 

and Tes were chemically and physically independent of the particle’s organic constituents. A trial model 

was run with this assumption. The results revealed that complex minerals were suddenly formed and 

most Tes were released at relatively low temperature, e.g. 298 to 700 K, within the early stage of 

combustion. 

Furthermore, the release mechanism of major elements (MEs), e.g. C, H, O, and N, is explained as an 

analogy to consider the plausibility of the previous assumption regarding the AFE and TE release 

mechanism. The majority of wood is composed of  C, H, O, and a small amount of N.. Chemical 

equilibrium calculation of these elements using the previous assumption results in formation of 

hydrocarbon products unavailable at low temperature in most combustion experiments. This analogy 

emphasises that MEs, indeed, are available in wood but are bound to the organic constituents and are 

not ready to react unless a certain temperature for pyrolysis is achieved. Hence, AFE and TE release is 

assumed to follow this approach. 

The units of concentration of biomass AFEs must be converted into ppm in raw fuel since the unit is 

commonly presented in most literature as percentage in ash, whilst TE concentration is already in ppm. 

The conversion method is exemplified with K2O. 𝑚𝑎𝑠ℎ is mass of ash in kg and set as the basis. 

𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠 is mass of biomass in kg and calculated via Equation 6.3. 

𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠 =
1

𝑥𝑚𝑎𝑠ℎ

𝑚𝑎𝑠ℎ (E6.3) 

𝑥𝑚𝑎𝑠ℎ is ash mass percentage. 𝑚𝐾2𝑂 is mass of K2O and calculated via Equation 6.4. 

𝑚𝐾2𝑂 = 𝑥𝑚𝐾2𝑂𝑎𝑠ℎ
𝑚𝑎𝑠ℎ (E6.4) 

𝑥𝑚𝐾2𝑂𝑎𝑠ℎ
 is mass percentage of K2O in ash. 𝑚𝐾 is mass of pure potassium in kg and calculated by use 

of Equation 6.5. 

𝑚𝐾 = 𝑛𝐾𝐾2𝑂
𝑚𝐾2𝑂

𝑀𝑊𝐾2𝑂
𝑀𝑊𝐾 (E6.5) 
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𝑀𝑊𝐾2𝑂 and 𝑀𝑊𝐾 are the molecular weights of K2O and potassium in g mol-1. 𝑛𝐾𝐾2𝑂
 is the elemental 

number of potassium in K2O. 𝑝𝑝𝑛𝐾 is the concentration of potassium in ppm and calculated by use of 

Equation 6.6. 

𝑝𝑝𝑛𝐾 =
𝑚𝐾

𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠
106 (E6.6) 

AFE and TE release rates during pyrolysis are barely found in the literature. Only a few studies have 

been conducted to measure AFE and TE release rates during pyrolysis.252 Since pyrolysis rates of 

inorganic constituents from particles are not available, the mass percentage of inorganic constituents 

from pyrolysed particles are assumed equal to those of organic constituents from pyrolysed particles as 

mathematically formulated in Equation 6.7. 

𝜌𝑖𝑛𝑜𝑟𝑔𝑝(𝑎−1,𝑏,𝑚,𝑛)
− 𝜌𝑖𝑛𝑜𝑟𝑔𝑝(𝑎,𝑏,𝑚,𝑛)

=
𝜌𝑜𝑟𝑔𝑝(𝑎−1,𝑏,𝑚,𝑛)

−𝜌𝑜𝑟𝑔𝑝(𝑎,𝑏,𝑚,𝑛)

𝜌𝑜𝑟𝑔𝑝(𝑎−1,𝑏,𝑚,𝑛)

𝜌𝑖𝑛𝑜𝑟𝑔𝑝(𝑎−1,𝑏,𝑚,𝑛)
  (E6.7) 

The densities of the generated AFEs, 𝜌𝐴𝐹𝐸𝑝𝑐𝑜𝑛𝑣(𝑎−1,𝑏,𝑚,𝑛)
, and TEs, 𝜌𝑇𝐸𝑝𝑐𝑜𝑛𝑣(𝑎−1,𝑏,𝑚,𝑛)

, in kg m-3 

from pyrolysed inorganic constituents are calculated via Equations 6.8 and 6.9. 

𝜌𝐴𝐹𝐸𝑝𝑐𝑜𝑛𝑣(𝑎−1,𝑏,𝑚,𝑛)
= (𝜌𝑖𝑛𝑜𝑟𝑔𝑝(𝑎−1,𝑏,𝑚,𝑛)

− 𝜌𝑖𝑛𝑜𝑟𝑔𝑝(𝑎,𝑏,𝑚,𝑛)
)

𝑚𝐴𝐹𝐸

∑ 𝑚𝐴𝐹𝐸
10
𝐴𝐹𝐸=1 +∑ 𝑚𝑇𝐸

12
𝑇𝐸=1

 (E6.8) 

𝜌𝑇𝐸𝑝𝑐𝑜𝑛𝑣(𝑎−1,𝑏,𝑚,𝑛)
= (𝜌𝑖𝑛𝑜𝑟𝑔𝑝(𝑎−1,𝑏,𝑚,𝑛)

− 𝜌𝑖𝑛𝑜𝑟𝑔𝑝(𝑎,𝑏,𝑚,𝑛)
)

𝑚𝑇𝐸

∑ 𝑚𝐴𝐹𝐸
10
𝐴𝐹𝐸=1 +∑ 𝑚𝑇𝐸

12
𝑇𝐸=1

 (E6.9) 

Equations 6.8 and 6.9 are based on Reaction 6.1. 

𝑖𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐 → 𝑁𝑎(𝑠) + 𝐾(𝑠) + 𝐶𝑎(𝑠) +𝑀𝑔(𝑠) + 𝑆𝑖(𝑠)+. . . +𝑉(𝑠) +𝐻𝑔(𝑠)  (R6.1) 

However, each AFE and TE is not originally in the form of pure solid elements in particles. Of course,  

each AFE and TE has its own initial form of occurrence. The initial occurrence of an element may vary, 

depending on its location within a cell, and its chemical interaction with any other element. Neglecting 

the initial occurrences does not affect the overall AFE and TE mass balances, but ignores temperature 

change due to the decomposition heat of initial occurrence.  

A calculation was conducted to evaluate the extent of the temperature change of neglecting AFE and 

TE initial occurrence. Calcium was chosen as the evaluated element since calcium is the most dominant 

element in woody biomass. CaC2O4(s) is assumed as the initial calcium occurrence. According to the 

calculation, neglecting the heat of decomposition of CaC2O4(s) reduces the particle temperature by 

around 4.92 K. This value is insignificant in comparison with the increase in particle temperature due 
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to char oxidation, heat convection, and heat radiation. Therefore, simplification using Reaction 6.1 is 

reasonable. The details of the calculation are shown in Appendix E. 

More than 1,000 formed AFE and TE compounds are assumed to show thermodynamic properties equal 

to the thermodynamic properties of ME compound mixtures. Most AFE and TE compounds exhibit 

little known thermodynamic properties. Even if the thermodynamic properties were completely 

available, their inclusion in the fate and occurrence model would promote extremely expensive 

computation. The assumptions made are therefore reasonable since a tiny amount of AFE and TE does 

not significantly affect particle temperature and gas release. 

Solid aerosols formed due to AFE and TE compound nucleation are assumed to flow downwards with 

velocity equal to the bulk gas velocity. This assumption may not be true since solid aerosols are 

essentially subject to their falling velocities as calculated via Appendix D. Nevertheless, calculation of 

solid aerosol falling velocities using these equations requires detail of the solid aerosol geometry as 

parameter.253,254 On the other hand, the solid aerosol geometry depends on the surface tension and 

saturation ratios of the AFE and TE compounds. Moreover, the solid aerosol geometry is likely to 

change during combustion due to aerosol collisions and condensation. Both surface tension and 

saturation are barely available for each individual AFE and TE compound. Therefore, use of bulk gas 

velocity as the solid aerosol falling velocity is considered necessary to avoid complexity. In addition, 

solid aerosols with small sizes that generate very low Stoke numbers are unlikely to fall independently.  

Intra-particle AFE and TE condensation is assumed not to affect the shrinkage factor,  𝜃(𝑏,𝑚,𝑛). 

However, this assumption is in disagreement with the investigation results of Biermann and Ondov255. 

These investigation results suggest that the shrinkage factor, 𝜃(𝑏,𝑚,𝑛), increases due to inorganic gas 

condensation. Nevertheless, since the fate and occurrence model is separated from the entrained-flow 

combustion model, the particle size geometry profile generated in the entrained-flow combustion model 

is used as a fixed parameter in the fate and occurrence model according to the assumption. This 

assumption is made to avoid complexity. In addition, the increase of particle size due to AFE and TE 

condensation is considered insubstantial in biomass combustion. 

6.2 Mathematical Concept of the Model 

The general fate of ash-forming compounds (AFCs) and trace compounds (TCs) during falling of a 

particle in the burner is depicted in Figure 6.1. During devolatilization (ℎ = ℎ2), AFCs and TCs are 

released from the particle as ash-foming gas compounds (AFGCs) and trace gas compounds (TGCs) 

along with major gas compounds. Simultaneously, the remaining AFGCs and TGCs are condensed and 

solidified into ash-forming liquid compounds (AFLCs), ash-forming solid compounds (AFSCs), trace 

liquid compounds (TLCs), and trace solid compounds (TSCs). During heterogeneous reactions (ℎ =
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ℎ3), O2(g) diffuses into the particle and reacts with the remaining AFCs and TCs to form high melting-

point oxides and silicates. This general fate is dependent on temperatures, intra-particle gas 

concentrations, and bulk gas concentrations. 

 

Figure 6.1 General Fate of AFEs and TEs during Falling of Particles in Burner 

 

The route of calculation in a single thin slice for the fate and occurrence model is illustrated in Figure 

6.2. A grey rectangle with a thickness of ∆ℎ represents the thin slice. The vertical dashed line that 

crosses the thin slice divides the section into the particle phase shown on the left-hand side and the bulk 

phase on the right-hand side. Particles grouped into various size clusters are introduced at height 𝑎 − 1 

located at the rectangle upper side. Before entering the thin slice, the pure element density of the particle 
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solid-phase at height 𝑎 − 1, .e.g. 𝜌𝑁𝑎(𝑠)𝑝(𝑎−1,𝑏,𝑚,𝑛)
, 𝜌𝑀𝑔(𝑠)𝑝(𝑎−1,𝑏,𝑚,𝑛)

, 𝜌𝐾(𝑠)𝑝(𝑎−1,𝑏,𝑚,𝑛)
, etc. is 

combined with 𝜌𝐴𝐹𝐸𝑝𝑐𝑜𝑛𝑣(𝑎−1,𝑏,𝑚,𝑛)
 and 𝜌𝑇𝐸𝑝𝑐𝑜𝑛𝑣(𝑎−1,𝑏,𝑚,𝑛)

 generated from pyrolysis in the above 

thin slice. The intra-particle gas calculation consists of two consecutive steps. 

The first step is change of intra-particle concentration of AFGCs and TGCs due to mass diffusion and 

permeation as expressed in Equation 4.4. At the particle boundary, the changes of concentration of 

AFGCs and TGCs are calculated by use of Equations 4.13 and 4.14 for the particle surface boundary 

and Equations 4.17 and 4.18 for the inner particle boundary. 𝐷𝑒𝑓𝑓𝑝(𝑏,𝑚,𝑛)
 is calculated via Equation 

4.20. 𝜇𝑔𝑎𝑠𝑝(𝑏,𝑚,𝑛)
 is calculated via Appendix B.5. 𝜂𝑝(𝑏,𝑚,𝑛) is calculated by use of Equation B.9.  

The second step is the chemical equilibrium calculation on intra-particle concentration at 𝑇𝑝(𝑎,𝑏,𝑚,𝑛)
 

and 𝑝𝑝(𝑎,𝑏,𝑚,𝑛)
. The results of the intra-particle chemical equilibrium calculation produces the density 

of AFCs and TCs at height 𝑎, 𝜌𝐴𝐹𝐶𝑝(𝑎,𝑏,𝑚,𝑛)
 and 𝜌𝑇𝐶𝑝(𝑎,𝑏,𝑚,𝑛)

. AFGC and TGC release rates from, 

�̇�𝐴𝐹𝐺𝐶𝑝𝑟𝑒𝑙(𝑏)
 and �̇�𝑇𝐺𝐶𝑝𝑟𝑒𝑙(𝑏)

, and penetration rates to, �̇�𝐴𝐹𝐺𝐶𝑝𝑝𝑒𝑛(𝑏)
 and �̇�𝑇𝐺𝐶𝑝𝑝𝑒𝑛(𝑏)

, the particle side 

surface are calculated through use of Equations 5.15 and 5.16. The AFGC and TGC release rates from, 

𝐹𝐴𝐹𝐺𝐶𝑝𝑟𝑒𝑙(𝑏)
 and 𝐹𝑇𝐺𝐶𝑝𝑟𝑒𝑙(𝑏)

, and penetration rates to, 𝐹𝐴𝐹𝐺𝐶𝑝𝑟𝑒𝑙(𝑏)
 and 𝐹𝑇𝐺𝐶𝑝𝑝𝑒𝑛(𝑏)

, a particle of a 

particular size cluster are calculated by use of Equations 5.18 and 5.19.  

 



142 
 

Figure 6.2 AFE and TE Model Structure in Thin Slice with Discretised Particle 

 

Concentrations of AFGCs and TGCs in the bulk gas undergo three stages of change whilst the bulk gas 

flows through the thin slice. 

• Stage 1 

Gas that is released from and penetrating to particles changes the bulk gas concentration. 

• Stage 2 

The concentration of gases and aerosols in the bulk gas change due to chemical equilibrium 

calculations. 𝑇𝑏(𝑎) is used as temperature for the bulk gas chemical equilibrium calculation. 

• Stage 3 

Altered concentrations of gases and aerosols generated from the chemical equilibrium 

calculation in stage 2 is readjusted at 𝑇𝑏(𝑎). 

Concentrations of AFGCs and TGCs at stage 1 are calculated through use of Equations 6.10 and 6.11.  

𝐶𝐴𝐹𝐺𝐶𝑏𝑡𝑒𝑚𝑝1
=

∑ (𝐹𝐴𝐹𝐺𝐶𝑝𝑟𝑒𝑙(𝑏)
−𝐹𝐴𝐹𝐺𝐶𝑝𝑝𝑒𝑛(𝑏)

)∫
1

𝑣𝑝(𝑏)

∆ℎ

0

𝑏𝑓
𝑏=1

𝑑ℎ

𝐴𝑏∆ℎ
+ 𝐶𝐴𝐹𝐺𝐶𝑏(𝑎−1)

 (E6.10) 

𝐶𝑇𝐺𝐶𝑏𝑡𝑒𝑚𝑝1
=

∑ (𝐹𝐴𝐹𝐺𝐶𝑝𝑟𝑒𝑙(𝑏)
−𝐹𝑇𝐺𝐶𝑝𝑝𝑒𝑛(𝑏)

)∫
1

𝑣𝑝(𝑏)

∆ℎ

0

𝑏𝑓
𝑏=1

𝑑ℎ

𝐴𝑏∆ℎ
+ 𝐶𝑇𝐺𝐶𝑏(𝑎−1)

 (E6.11) 

𝐶𝐴𝐹𝐺𝐶𝑏𝑡𝑒𝑚𝑝1
 and 𝐶𝑇𝐺𝐶𝑏𝑡𝑒𝑚𝑝1

 are the temporary concentrations at stage 1 of ash-forming gases and 

trace gas compounds in mol m-3. The temporary concentrations at stage 1 of ash-forming liquid, trace 

liquid, ash-forming solids, and trace solids are considered equal to 𝐶𝐴𝐹𝐿𝐶𝑏(𝑎−1)
, 𝐶𝑇𝐿𝐶𝑏(𝑎−1)

, 

𝐶𝐴𝐹𝑆𝐶𝑏(𝑎−1)
, and 𝐶𝑇𝑆𝐶𝑏(𝑎−1)

 as expressed in Equations 6.12, 6.13, 6.14, and 6.15. 

𝐶𝐴𝐹𝐿𝐶𝑏𝑡𝑒𝑚𝑝1
= 𝐶𝐴𝐹𝐿𝐶𝑏(𝑎−1)

 (E6.12) 

𝐶𝑇𝐿𝐶𝑏𝑡𝑒𝑚𝑝1
= 𝐶𝑇𝐿𝐶𝑏(𝑎−1)

 (E6.13) 

𝐶𝐴𝐹𝑆𝐶𝑏𝑡𝑒𝑚𝑝1
= 𝐶𝐴𝐹𝑆𝐶𝑏(𝑎−1)

 (E6.14) 

𝐶𝑇𝑆𝐶𝑏𝑡𝑒𝑚𝑝1
= 𝐶𝑇𝑆𝐶𝑏(𝑎−1)

 (E6.15) 

𝐶𝐴𝐹𝐺𝐶𝑏𝑡𝑒𝑚𝑝1
, 𝐶𝑇𝐺𝐶𝑏𝑡𝑒𝑚𝑝1

, 𝐶𝐴𝐹𝐿𝐶𝑏𝑡𝑒𝑚𝑝1
, 𝐶𝑇𝐿𝐶𝑏𝑡𝑒𝑚𝑝1

, 𝐶𝐴𝐹𝑆𝐶𝑏𝑡𝑒𝑚𝑝1
, and 𝐶𝑇𝑆𝐶𝑏𝑡𝑒𝑚𝑝1

 are converted into 

elemental concentrations. The elemental concentrations are used as inputs to the chemical equilibrium 

calculation at stage 2. The outputs of the chemical equilibrium calculation are the temporary 
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concentrations at stage 2 of bulk AFE and TE compounds, e.g. 𝐶𝐴𝐹𝐺𝐶𝑏𝑡𝑒𝑚𝑝2
, 𝐶𝑇𝐺𝐶𝑏𝑡𝑒𝑚𝑝2

, 𝐶𝐴𝐹𝐿𝐶𝑏𝑡𝑒𝑚𝑝2
, 

𝐶𝑇𝐿𝐶𝑏𝑡𝑒𝑚𝑝2
, 𝐶𝐴𝐹𝑆𝐶𝑏𝑡𝑒𝑚𝑝2

, and 𝐶𝑇𝑆𝐶𝑏𝑡𝑒𝑚𝑝2
. The temporary concentrations at stage 2 of bulk AFE and 

TE compounds are adjusted at 𝑇𝑏(𝑎) to bulk AFE and TE compound temporary concentrations at stage 

3, e.g. 𝐶𝐴𝐹𝐶𝑏𝑡𝑒𝑚𝑝3
 and 𝐶𝑇𝐶𝑏𝑡𝑒𝑚𝑝3

, in Equations 6.16 and 6.17. 

𝐶𝐴𝐹𝐺𝐶𝑏𝑡𝑒𝑚𝑝3
=

𝑝𝑏

𝑅𝑇𝑏(𝑎)

𝐶𝐴𝐹𝐺𝐶𝑏𝑡𝑒𝑚𝑝2

∑ 𝐶𝐴𝐹𝐶𝑏𝑡𝑒𝑚𝑝2

𝐴𝐹𝐶𝑓
𝐴𝐹𝐶=1

 (E6.16) 

𝐶𝑇𝐺𝐶𝑏𝑡𝑒𝑚𝑝3
=

𝑝𝑏

𝑅𝑇𝑏(𝑎)

𝐶𝑇𝐺𝐶𝑏𝑡𝑒𝑚𝑝2

∑ 𝐶𝑇𝐶𝑏𝑡𝑒𝑚𝑝2

𝑇𝐶𝑓
𝑇𝐶=1

 (E6.17) 

𝐶𝐴𝐹𝐶𝑏𝑡𝑒𝑚𝑝3
 and 𝐶𝑇𝐶𝑏𝑡𝑒𝑚𝑝3

 are assigned as the bulk AFE and TE compound concentrations at height 𝑎 

as mathematically expressed in Equation 6.18 and 6.19. 

𝐶𝐴𝐹𝐶𝑏(𝑎)
= 𝐶𝐴𝐹𝐶𝑏𝑡𝑒𝑚𝑝3

 (E6.18) 

𝐶𝑇𝐶𝑏(𝑎)
= 𝐶𝑇𝐶𝑏𝑡𝑒𝑚𝑝3

 (E6.19) 

6.3 Chemical Equilibrium Integration and Performance 

The most notable and widely used chemical equilibrium software packages at the moment are HSC 

Chemistry, MTDATA, ChemSage, and FactSage. The working principles of these packages are 

generally similar. However, preferences regarding which to use are subject to the content of the 

software’s thermodynamic database. HSC Chemistry is a package for thermochemistry developed by 

Outokumpu Technology. HSC Chemistry aims to assist the mineral and metallurgical industries. 

However, HSC Chemistry’s thermodynamic database cannot be used to solve non-ideal solution phases, 

e.g. molten slag. MTDATA was developed by the National Physical Laboratory and is used frequently 

by many researchers. MTDATA is supported by the Scientific Group Thermodata Europe (SGTE) 

thermodynamic database. However, MTDATA was considered obsolete for the research discussed in 

this thesis, since the latest update of MTDATA was offered in 2011. On the other hand, Factsage is the 

most widely used chemical equilibrium tool. It was produced due to a merger of FACT-Win and 

ChemSage. Hence, FactSage contains both the SGTE and FACT databases. These databases enable the 

calculation of complex chemical mixtures using FactSage. These mixtures include those produced by 

metal smelting, molten salt, and slag. Therefore, FactSage was chosen as the sole tool to predict AFE 

and TE occurrence in the fate and occurrence model. 

The first attempt at chemical equilibrium integration with the model environment, as explained in 

Appendix B, required Matlab to be commanded to automatically open, run, and close FactSage chosen 
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to conduct the chemical equilibrium calculations for both the particle and bulk phases. However, this 

first integration attempt was considered impractical due to the following limitations. 

• A single run of chemical equilibrium calculation takes around three seconds or more, depending 

on the number of input and output compounds. The burner height of 3.8 m was discretised into 

a number of identical 0.001-m thin slices. Each particle was discretised into 3-times-3 

resolution. These discretisation settings generate 239,463 calculations. The time required to 

calculate these calculations was 239,463 times 3 s, equivalent to 8.3 days. This long 

computation time was not practically feasible. 

• A test of the maximum possible number of FactSage automatic runs was conducted. According 

to the test, FactSage was able to run automatically not more than around 3,400 times. When 

exceeding 3,400 times, a run-time error window appeared, which notified the user that FactSage 

had failed to conduct further calculations. Until now, there has not been any official statement 

from the FactSage developer regarding this limitation. 

To eliminate these limitations, a second attempt of integration explained in Appendix C was conducted 

using Model Development Suite (MoDS), which is a statistical software package developed by CMCL 

Innovations. Chemical equilibrium calculation results were generated from 3,000 FactSage automatic 

runs. These generated results were converted into multiple enciphered files stored in a single folder. 

These files acted as a chemical equilibrium function called by a Matlab Executable (MEX) file provided 

by CMCL Innovations. 

A performance test was conducted on the second integration. The test revealed that the chemical 

equilibrium calculation time was significantly reduced for a single calculation. However, further 

observation of compound partition, e.g. AsO(g), as a function of time exhibits a severely inconsistent 

trend as shown in Figure 6.3. The molar mass occurrence of AsO(g) at temperatures above 1800 °C is 

distributed inconsistently. A quantitative measurement of the degree of deviation of Sobol sequence 

regression results from FactSage chemical equilibrium calculation results was conducted. The 

temperature range was set from 500°C to 1500 °C under atmospheric pressure. All element molar 

masses were set at 1 mol. The molar mass deviations of three common TEs, AsO(g), PbO(g), and Cd(g), 

in biomass combustion are shown in Figure 6.4. At lower temperature, the deviation is extremely high 

for both AsO(g) and PbO(g). It decreases as temperature rises towards a peak. On the other hand, the Cd(g) 

molar mass deviation tends to be only slightly influenced by temperature variation. 
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Figure 6.3 Sobol Sequence Data for AsO(g) Molar Mass (y-axis) vs Temperature (x-axis) 

 

 

Figure 6.4 Deviations in Chemical Equilibrium Results for AsO(g), PbO(g), and Cd(g) 

 

The fate and occurrence model using the second integration was run to observe the effect of deviation 

in the Sobol sequence regression result on AFE and TE fate and occurrence. The run was initially 

without problems. However, when relatively significant amounts of intra-particle AFGC and TGC were 
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present, the model became very computationally expensive. The number of elements was then reduced 

in an attempt to avoid expensive computation, by including all AFEs but only one TE. This assumption 

was based on the idea that chemical interaction of one TE with another was very unlikely to occur. 

However, the fate and occurrence model still did not show any significant improvement. Further 

investigation revealed that the cause of expensive computation was that the fate and occurrence model 

was not capable of handling calculations involving the number of gas species that were present. 

6.4 Concluding Remarks 

Mathematical rendering of chemical equilibrium has been used for years to predict the fate and 

occurrence of AFEs and TEs in numerous works on coal and biomass combustion. Although the 

chemical interaction of AFEs and Tes is  kinetically limited, use of chemical equilibrium results can 

generate relatively good predictions. Moreover, chemical equilibrium has also been used to investigate 

other aspects that affect predictions of AFE and TE fate and occurrence, e.g. inlet gas composition, 

solid fuel composition, operating condition, etc. Hence, given that chemical equilibrium methods are 

practical and reliable,  the work performed for this thesis employed chemical equilibrium methods to 

produce a fate and occurrence model. To reduce calculation complexity, the fate and occurrence model 

was equipped with engineering assumptions.  

AFEs and TEs were considered homogeneously distributed in wood. Homogeneous distribution of Tes 

in wood is mostly realised via pressurised impregnation and soil absorption. Only a few TEs are 

concentrated at the wood surface, particularly those that originate from paint. Although TE 

accumulation at the wood surface promotes non-uniform TE concentrations between particles, varying 

TE concentration may not significantly affect the results of the fate and occurrence model. 

The fractional pyrolysed masses of inorganic constituents were assumed equal to the fractional 

pyrolysed masses of organic constituents. This assumption was made due to a lack of individual AFE 

and TE pyrolysis rate equations. The pyrolysed inorganic constituents are decomposed into solid pure 

elements. However, each AFE and TE in wood is in its original form. Assuming that each original AFE 

and TE in wood occurs as the pure element neglects decomposition heat. However, a calculation 

suggested that this assumption was plausible since decomposition heat contributes little to temperature 

change. 

Solid aerosols formed via AFE and TE compound nucleation were assumed to flow with the same 

velocity as the bulk gas, since the size of the solid aerosols was considered to be very small with very 

low Stoke numbers. Unless parameters such as surface tension and saturation ratio are available, solid 

aerosol velocity is essentially not calculable. However, most of the required parameters are not available 

in the literature. 
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Particle size expansion due to AFE and TE gas condensation within particles at low temperature was 

assumed negligible. This assumption was made because the fate and occurrence model was separated 

from the entrained-flow combustion model. Future improvement may discard this assumption by 

integration of both models. 

To integrate the chemical equilibrium software (FactSage) with the model environment (Matlab), two 

integration methods were attempted, namely: direct command of FactSage with Matlab, and use of a 

chemical equilibrium function built with MoDS. However, both methods proved inefficient to 

implement. In Chapter 6, another method in which the fate and occurrence model is simplified is 

introduced to eliminate this inefficiency. The simplification transforms discretised particles into a single 

node particle to avoid expensive computation. A single node assumption that considers temperature 

within the entire particle body to be uniform is plausible, since particle sizes are very small to have an 

intra-particle temperature gradient. The assumption of uniform temperature was validated by the 

presence of a very low Biot number for white wood, as shown in Figure 6.5. 

 

Figure 6.5 White Wood Biot Numbers 
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Chapter 7 

 

Simplified Entrained-flow Combustion 

Model and Simplified Fate and 

Occurrence Model 

 

This chapter discusses the development of the simplified entrained-flow combustion model and the 

simplified fate and occurrence model. As previously explained in Chapter 6, the incorporation of intra-

particle profiles as parameters and platforms for the intra-particle AFE and TE concentrations results in 

a very computationally expensive calculation. The simplified entrained-flow combustion model reduces 

the computation cost by eliminating particle temperature and concentration gradients and assuming 

lumped particle temperatures and concentrations, as justified with low Biot numbers shown in Figure 

6.5. for biomass particles. The simplified fate and occurrence model is practically the fate and 

occurrence model with lumped particle concentrations. Section 7.1 discusses the development of the 

simplified entrained-flow combustion model with the simplified fate and occurrence model. Section 7.2 

introduces ChemApp as the chemical equilibrium software package that was used in the work described 

in this chapter. Section 6.3 discusses the validation of the results of both models with the respective 

experimental results. 

7.1 Mathematical Concept of the Model 

The route of calculation in the simplified entrained-flow combustion model in a single thin slice is 

illustrated in Figure 7.1. The thin slice is shown in the figure as a grey rectangular area with a thickness 

of ∆ℎ. The thin slice is divided by a vertical dashed line into two areas, namely: the left-hand area for 

the particle phase and the right-hand area for the bulk phase. Particles enter the upper side of the 
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rectangle at height 𝑎 − 1 and exit the rectangle’s lower side at height 𝑎. The thermodynamic and 

physical properties of the entering particles are generated in the thin slice above the one studied. 

Similarly to the calculations in Chapter 5, each differential term is divided by the particle falling 

velocity, 𝑣𝑝(𝑏), of a particle of size cluster 𝑏, to convert the time-based calculation to the height-based 

calculation. 

 

Figure 7.1 Combustion Model Structure of a Thin Slice with Non-discretised Particle 

 

Particle temperature at any height in the thin slice is calculated by use of Equation 7.1. 

𝜕𝑇𝑝(𝑏)

𝜕ℎ
=

(ℎ𝑐(𝑏)(𝑇(𝑎−1)−𝑇𝑝(𝑏)
)+𝜖𝑝(𝑏)

𝜎(𝑇(𝑎−1)
4−𝑇𝑝(𝑏)

4))𝐴𝑝(𝑏)

𝑣𝑝(𝑏)
𝑚𝑝(𝑏)

𝐶𝑝𝑝(𝑏)

 (E7.1) 

𝑇𝑝(𝑏) is the temperature of the particle of size cluster 𝑏 in K. To simplify the model, all particles are 

considered to have no intra-particle temperature gradient.  This means that 𝑇𝑝(𝑏) is a uniform 

temperature at any location in the body of the particle of size cluster 𝑏. This assumption is also applied 

to all other intra-particle thermodynamic properties. ℎ𝑐(𝑏) is the coefficient of convective heat transfer 

of a particle of size cluster 𝑏 in W m-2 K-1 and calculated by use of Equation 4.73. 𝜖𝑝(𝑏) is the emissivity 

of a particle of size cluster 𝑏. 𝑚𝑝(𝑏)
 is the mass of a particle of size cluster 𝑏 in kg. 𝐶𝑝𝑝(𝑏)

 is the heat 

capacity of a particle of size cluster 𝑏 in J kg-1 K-1 and calculated via Appendix B.1. 𝐴𝑝(𝑏) is the surface 
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area of a particle of size cluster 𝑏 in m2. 𝑣𝑝(𝑏) is the falling velocity of a particle of size cluster 𝑏 in m 

s-1 and calculated via Appendix D. 𝜖𝑝(𝑏) is calculated via Appendix B.10. 

The loss rate of moisture mass of a particle of size cluster 𝑏, 
𝑑𝑚𝐻2𝑂(𝑙)𝑝

𝑑𝑡 (𝑅4.1)(𝑏)

, and the rate of 

temperature change due to Reaction 4.1, 
𝑑𝑇𝑝

𝑑𝑡 (𝑅4.1)(𝑏)

, are calculated via Apendix C.1. 

The wood is pyrolysed via Reaction 7.1. This reaction is the simplification of the reactions in Figure 

4.3. The purpose of the simplification is to avoid mass balance inaccuracies. The secondary cracking 

allows the simultaneous generation and decomposition of tar during pyrolysis. A false synergy between 

the kinetics of tar generation and decomposition forms inaccurate quantities of tar and, eventually, 

pyrolysis gas. The inaccurate quantities result in either higher or lower quantities of generated pyrolysis 

gas than the supposed quantities. 

𝑊𝑜𝑜𝑑 → 𝑥1𝐺𝑎𝑠 + 𝑥2𝐶ℎ𝑎𝑟 (R7.1) 

𝑥1 is the ratio of volatile matter mass to dry ash-free wood mass. 𝑥2 is the ratio of fixed carbon to dry 

ash-free wood mass. Gas and char formation rates of a particle of size cluster 𝑏, 
𝑑𝑚𝑔𝑎𝑠𝑝

𝑑𝑡 (𝑅6.1)(𝑏)

 and 

𝑑𝑚𝑐ℎ𝑎𝑟𝑝

𝑑𝑡 (𝑅6.1)(𝑏)

, and the respective rates of temperature change, 
𝑑𝑇𝑝

𝑑𝑡 (𝑅6.1)(𝑏)

, are calculated via 

Appendix C.2. 

The calculations of the decomposition rates of heterogeneous char of a particle of size cluster 𝑏, e.g. 

𝑑𝑚𝑐ℎ𝑎𝑟𝑝

𝑑𝑡 (𝑅4.10)(𝑏)

, 
𝑑𝑚𝑐ℎ𝑎𝑟𝑝

𝑑𝑡 (𝑅4.11)(𝑏)

, and 
𝑑𝑚𝑐ℎ𝑎𝑟𝑝

𝑑𝑡 (𝑅4.12)(𝑏)

, are explained in Appendix C.5 as functions 

of the effectiveness factors, e.g. 𝜂(𝑅4.10)(𝑏), 𝜂(𝑅4.11)(𝑏), and 𝜂(𝑅4.12)(𝑏), defined as the ratios of the actual 

reaction rates to the intrinsic reaction rates. However, the research performed for this thesis assumes 

that 𝜂(𝑅4.10)(𝑏), 𝜂(𝑅4.11)(𝑏), and 𝜂(𝑅4.12)(𝑏) are equal to 1. The reason behind this assumption is that, in 

Appendix C.5, most of 𝑚𝑐ℎ𝑎𝑟𝑝(𝑏)
 has powers of less than unity. These powers are considered to account 

for 𝜂(𝑅4.10)(𝑏), 𝜂(𝑅4.11)(𝑏), and 𝜂(𝑅4.12)(𝑏) by reducing the value of 𝑚𝑐ℎ𝑎𝑟𝑝(𝑏)
. In addition, this value 

reduction may be due to convective bulk gas diffusion resistance. To investigate the influence of the 

resistance of the bulk gas to diffusion, the fzero function in Matlab was used to solve Equation C.45, 

C.46, and C.47. The investigation revealed that the calculation could not progress after a certain number 

of steps due to the limitation of the fzero function to solve stiff iterations. However, the calculation 

could progress further when the power was changed from the default values, e.g. 0.49, to higher values, 

e.g. 1, 2, etc. Therefore, at this stage, the particle surface pressure was set equal to the bulk pressure as 
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a justified assumption to simplify the calculation of Equation C.45, C.46, and C.47. The rates of the 

temperature change of the particle of size cluster 𝑏 is calculated via Equation C.51, C.52, and C.53. 

Mass in kg and volume in m3 of the particle of size cluster 𝑏 are assumed to be linearly correlated as 

formulated in Equation 5.5. 

The mass fraction of each pyrolysis compound, 𝑥𝑚𝑖𝑣𝑚
, is calculated by use of Equation 7.2 based on 

ultimate analysis results.  

𝑥𝑚𝑖𝑣𝑚
=

𝑛𝑖𝑣𝑚𝑀𝑊𝑖

∑ 𝑛𝑖𝑣𝑚𝑀𝑊𝑖
5
𝑖=1

 (E7.2) 

The release molar mass rate profile of gas compounds in mol s-1 are calculated via Equation 7.3 for 

drying, 7.4 for pyrolysis, 7.5 for char oxidation, 7.6 for gasification with CO2(g), and 7.7 for gasification 

H2O(g).  

�̇�𝑖𝑝(𝑏)(𝑅4.1)
= 𝑥3

𝑑𝑚𝐻2𝑂(𝑙)𝑝

𝑑𝑡 (𝑅4.1)(𝑏)

(
𝑀𝑊𝑖
1000

)
; 𝑖 = 1 𝑓𝑜𝑟 𝐶𝐻4(𝑔), 2 𝑓𝑜𝑟 𝐶𝑂(𝑔), 𝑒𝑡𝑐 (E7.3) 

�̇�𝑖𝑝(𝑏)(𝑅6.1)
= 𝑥4

𝑥𝑚𝑖𝑣𝑚

𝑑𝑚𝑔𝑎𝑠𝑝

𝑑𝑡 (𝑅6.1)(𝑏)

(
𝑀𝑊𝑖
1000

)
; 𝑖 = 1 𝑓𝑜𝑟 𝐶𝐻4(𝑔), 2 𝑓𝑜𝑟 𝐶𝑂(𝑔), 𝑒𝑡𝑐 (E7.4) 

�̇�𝑖𝑝(𝑏)(𝑅4.10)
= 𝑥5

𝑑𝑚𝑐ℎ𝑎𝑟𝑝

𝑑𝑡 (𝑅4.10)(𝑏)

(
𝑀𝑊𝑖
1000

)
; 𝑖 = 1 𝑓𝑜𝑟 𝐶𝐻4(𝑔), 2 𝑓𝑜𝑟 𝐶𝑂(𝑔), 𝑒𝑡𝑐 (E7.5) 

�̇�𝑖𝑝(𝑏)(𝑅4.11)
= 𝑥6

𝑑𝑚𝑐ℎ𝑎𝑟𝑝

𝑑𝑡 (𝑅4.11)(𝑏)

(
𝑀𝑊𝑖
1000

)
; 𝑖 = 1 𝑓𝑜𝑟 𝐶𝐻4(𝑔), 2 𝑓𝑜𝑟 𝐶𝑂(𝑔), 𝑒𝑡𝑐 (E7.6) 

�̇�𝑖𝑝(𝑏)(𝑅4.12)
= 𝑥7

𝑑𝑚𝑐ℎ𝑎𝑟𝑝

𝑑𝑡 (𝑅4.12)(𝑏)

(
𝑀𝑊𝑖
1000

)
; 𝑖 = 1 𝑓𝑜𝑟 𝐶𝐻4(𝑔), 2 𝑓𝑜𝑟 𝐶𝑂(𝑔), 𝑒𝑡𝑐 (E7.7) 

The values of 𝑥𝑖 of the calculated gas compounds are listed in Table 7.1. 

Table 7.1 Combustion Gas Heat Capacity Parameters 

𝑥𝑖 

Gas 

CH4(g) CO(g) CO2(g) H2(g) H2O(g) O2(g) N2(g) 

𝑥3 0 0 0 0 1 0 0 

𝑥4 1 1 1 1 1 0 0 
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𝑥5 0 1 0 0 0 -0.5 0 

𝑥6 0 2 -1 0 0 0 0 

𝑥7 0 1 0 1 -1 0 0 

The total molar mass rate of each individual major compound of the particle of size cluster 𝑏, �̇�𝑖𝑝(𝑏)
, is 

summed as shown in Equations 7.8. 

�̇�𝑖𝑝(𝑏)
= �̇�𝑖𝑝(𝑏)(𝑅4.1)

+ �̇�𝑖𝑝(𝑏)(𝑅7.1)
+ �̇�𝑖𝑝(𝑏)(𝑅4.10)

+ �̇�𝑖𝑝(𝑏)(𝑅4.11)
+ �̇�𝑖𝑝(𝑏)(𝑅4.12)

 (E7.8) 

The total molar mass rate with positive sign indicates gas release to the bulk, whilst total molar mass 

rate with negative sign indicates gas penetration to the particle. Release and penetration rates of 

individual major gas compounds, �̇�𝑖𝑝𝑟𝑒𝑙(𝑏)
 and �̇�𝑖𝑝𝑝𝑒𝑛(𝑏)

, from and to a particle of size cluster 𝑏 in mol 

s-1 are expressed in Equations 5.15 and 5.16. The total molar rates of release and penetration within a 

thin slice in mol s-1 are calculated using integration and shown in Equations 5.18 and 5.19. 

The route of calculation for the simplified fate and occurrence model in a single thin slice is illustrated 

in Figure 7.2. The thin slice is shown in the figure as a grey rectangular area with a thickness of ∆ℎ. 

The bulk temperature and velocity at height index 𝑎 − 1 and 𝑎 are generated from the simplified 

combustion model and used as parameters in the simplified fate and occurrence model. 

 

Figure 7.2 AFE and TE Model Structure in a Thin Slice with Non-discretised Particle 

 

The masses of AFEs and TEs generated from pyrolysis are calculated with use of Equation 7.9. 
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𝑚𝑖𝑛𝑜𝑟𝑔𝑝(𝑎−1,𝑏)
−𝑚𝑖𝑛𝑜𝑟𝑔𝑝(𝑎,𝑏)

=
𝑚𝑜𝑟𝑔𝑝(𝑎−1,𝑏)

−𝑚𝑜𝑟𝑔𝑝(𝑎,𝑏)

𝑚𝑜𝑟𝑔𝑝(𝑎−1,𝑏)

𝑚𝑖𝑛𝑜𝑟𝑔𝑝(𝑎−1,𝑏)
  (E7.9) 

𝑚𝑖𝑛𝑜𝑟𝑔𝑝(𝑎−1,𝑏)
 and 𝑚𝑖𝑛𝑜𝑟𝑔𝑝(𝑎,𝑏)

 are inorganic constituent masses at height index 𝑎 − 1 and 𝑎 of the 

particle of size cluster 𝑏. 𝑚𝑜𝑟𝑔𝑝(𝑎−1,𝑏)
 and 𝑚𝑜𝑟𝑔𝑝(𝑎,𝑏)

 are organic constituent masses at height index 

𝑎 − 1 and 𝑎 of a particle of size cluster 𝑏. The generated masses of AFEs and TEs, 𝑚𝐴𝐹𝐸𝑝𝑐𝑜𝑛𝑣(𝑎−1,𝑏)
 

and 𝑚𝑇𝐸𝑝𝑐𝑜𝑛𝑣(𝑎−1,𝑏,𝑚,𝑛)
, are calculated via Equations 7.10 and 7.11. 

𝑚𝐴𝐹𝐸𝑝𝑐𝑜𝑛𝑣(𝑎−1,𝑏)
= (𝑚𝑖𝑛𝑜𝑟𝑔𝑝(𝑎−1,𝑏)

−𝑚𝑖𝑛𝑜𝑟𝑔𝑝(𝑎,𝑏)
)

𝑚𝐴𝐹𝐸

∑ 𝑚𝐴𝐹𝐸
10
𝐴𝐹𝐸=1 +∑ 𝑚𝑇𝐸

12
𝑇𝐸=1

 (E7.10) 

𝑚𝑇𝐸𝑝𝑐𝑜𝑛𝑣(𝑎−1,𝑏,𝑚,𝑛)
= (𝑚𝑖𝑛𝑜𝑟𝑔𝑝(𝑎−1,𝑏)

−𝑚𝑖𝑛𝑜𝑟𝑔𝑝(𝑎,𝑏)
)

𝑚𝑇𝐸

∑ 𝑚𝐴𝐹𝐸
10
𝐴𝐹𝐸=1 +∑ 𝑚𝑇𝐸

12
𝑇𝐸=1

 (E7.11) 

In the particle phase, 𝑚𝐴𝐹𝐸𝑝𝑐𝑜𝑛𝑣(𝑎−1,𝑏)
 and 𝑚𝑇𝐸𝑝𝑐𝑜𝑛𝑣(𝑎−1,𝑏,𝑚,𝑛)

 are added to the pure elements of 

AFSCs and TSCs at height index 𝑎 − 1, e.g. K(s), Ca(s), and Cr(s). All inorganic compounds are processed 

into the chemical equilibrium calculation to obtain the new AFLCs, TLCs, and AFSCs, and TSCs at 

height index 𝑎. The new AFGCs and TGCs are released to the bulk phase and added to the existing 

𝐴𝐹𝐺𝐶(𝑎−1) and 𝑇𝐺𝐶(𝑎−1) in stage 1 of the bulk phase calculation. The bulk-phase chemical equilibrium 

calculation is applied in stage 2. In stage 3, all AFCs and TCs concentrations are adjusted according to 

𝑇𝑏(𝑎). 

7.2 Chemical Equilibrium Integration 

In Section 6.3, it is shown that the first and second integration methods are not practically compatible 

with the fate and occurrence model. The first integration method requires a considerable amount of time 

to perform a single chemical equilibrium calculation. The fate and occurrence model consists of 

thousands of calculation points for each particle at each height position. The second integration method 

successfully overcomes the incompatibility of the first integration. However, the calculation accuracy 

is severely sacrificed due to the degree of multidimensionality. To eliminate these problems, the third 

integration method is proposed by using ChemApp as the chemical equilibrium calculator.  

ChemApp is practically FactSage without a user interface. With the absence of a user interface, 

ChemApp is essentially digital libraries that contain minimum Gibbs free energy equations. These 

digital libraries work as a chemical equilibrium function called by user-written or commercially 

available third-party coding software. ChemApp integration with Matlab generates results as accurate 

as those that would be expected from FactSage but without excessive time consumption. 
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ChemApp has not been utilised as frequently as FactSage in studies of coal and biomass combustion. 

However, ChemApp has been used for some studies, such as to predict ash-fusion behaviour,256,257 and 

in a combustion process, ChemApp has been used to predict inorganic element speciation.258,259 

ChemApp has also been used to investigate the influence of HCl(g), SO2(g), and H2O(g) concentrations on 

AFE and TE fate and occurrence during combustion.260,261 Furthermore, the fate and occurrence of 

individual elements has also been investigated using ChemApp in gasification.262,263,264 One study was 

conducted on alkali metal speciation under the influence of varying gas pressures and solid fuel 

compositions.265 

Matlab and ChemApp are integrated through the following brief procedure, namely: writing up a 

bridging program, preparing files, and compiling a MEX file. The bridging program is composed of 

lines of subroutines written in one of four different computational languages, i.e. C/C++, FORTRAN, 

Delphi, and Visual Basic, to command the library to perform specific actions. For the work described 

in this thesis, the bridging program was written in C/C++ with Microsoft Visual Studio. By default, 

ChemApp is written in FORTRAN and is readily compatible with a FORTRAN-written bridging 

program. An interface file, “cacint.c”, and a header file, “cacint.h”, are provided by GTT Technologies, 

the developer of ChemApp, to provide translated subroutines compatible with most C/C++ compilers. 

The utilised subroutines and the bridging program consisting of output assignment, chemical 

equilibrium calculation, and input assignment are shown in Appendix D. To compile the MEX file, the 

bridging program, “cacint.c”, “cacint.h”, dynamic library, static library, and a builder program are 

required. The bridging program is named “chemapp.cpp”. The dynamic and static library, 

“ca_vc_e_x64.dll” and “ca_vc_e_x64.lib”, are the compilation of minimum Gibbs free energy 

equations. The builder program, “build.cmd”, is run to compile the MEX file. The MEX file is named 

“chemapp.mexw64”. 

Chemical equilibrium calculations using “chemapp.mexw64” are unable to proceed without 

thermochemical data files generated manually from FactSage. After setting up all reactants in the 

“Reactant” window shown in Figure F.2, the “File” button is pressed in the “Menu: last system” window 

shown in Figure F.3. From the dropdown menu, “File”►”ChemSage File” ►”Save ChemSage File 

…” is chosen to save the thermochemical data file based on the set of reactants. Before saving the file, 

the file format is set below the ”Save ChemSage File …” button, either as ASCII (.dat) or transparent 

(.cst) data files. Another format, .e.g. binary data file (.bin), may also be used to accommodate 

customised data files. For the work performed for this thesis, the thermochemical data files were saved 

as “all_elements_with_Ar.cst”. 

The name “all_elements_with_Ar.cst” accentuates that argon is included in the reactant system. 

Without the inclusion of argon, the chemical equilibrium calculation may be halted at certain burner 

height indices. Introduction of all AFEs and TEs as inputs might cause a problem associated with 
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extreme dimensionality of the chemical system. With 𝑋 number of elements, the Gibbs free energy 

minimiser needs to find the 𝑋 − 1 dimensional tangent hyperplane to the most stable compounds and 

the gas phase that is lowest in Gibbs free energy for the system composition. The minimiser becomes 

unable to manage this problem whilst all different combinations are being tested. To enhance the 

robustness of the minimiser, gas phase stability needs to be increased to enable all compound activities 

to be fixed in the gas phase. Gas phase stability can be increased by the addition of a small amount of 

noble gas, e.g. argon, helium, neon, krypton, or xenon, as is done here. 

7.3 Model Result Discussion and Validation 

The modelled bulk gas temperature profile and bulk O2(g) molar percentage profile generated from the 

simplified entrained-flow combustion model were compared with the experimental profiles. The results 

are shown in Figures 7.3 and Figure 7.4 for air-combustion. The comparison exhibits reasonable 

validation of the modelled profiles with the experimental profiles. However, the peak temperature that 

is shown in the modelled temperature profile is undetected in the experimental temperature profile. This 

is due to the installed position of the temperature probe to measure the temperature at the burner 

centreline, whilst the peak temperature was thought to be established near the burner wall. Similarly, 

the molar percentage of bulk O2(g) gas was undetected within 0.5 m of the burner’s uppermost section. 

O2(g) may have been concentrated near the burner wall and reacted with gasification products to establish 

the peak temperature. Under these conditions, there is no O2(g) at the burner centreline and hence it is 

undetected by the O2(g) concentration probe, which, like the temperature probe, is positioned at the 

burner centreline. The more detailed explanation on this peak temperature deviation is discussed in 

Section 5.4. 
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Figure 7.3 Validation of the Modelled Bulk Gas Temperature Profile of White Wood during Air-

combustion in the PACT Entrained-flow Burner 

 

 

Figure 7.4 Validation of Dry Molar Percentage Profile of the Modelled Bulk O2(g) Gas during Air-

combustion of White Wood in the PACT Entrained-flow Burner 
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For oxy27-combustion, the modelled bulk gas temperature and bulk O2(g) molar percentage profiles 

generated by the simplified entrained-flow combustion model were compared with the experimental 

profiles and the results are shown in Figures 7.5 and Figure 7.6, respectively. The comparison shows 

poor validation of the modelled profiles with the experimental profile. The modelled temperature profile 

is higher than that found by experiment. On the other hand, the modelled bulk O2(g) profile is lower than 

that found by experiment. The poor validation might be because of the limitation of the model lacking 

in incorporating temperature and gas concentration radial distribution. The validation improves as the 

bulk gas temperature measurement approaches the bottom of the burner. This might indicate that bulk 

gas temperature becomes more uniformly radially distributed near the bottom of the burner. This 

distribution pattern of the temperature of the bulk gas also affects the distribution pattern in the bulk 

O2(g). Nevertheless, stoichiometric calculation shows that the final O2(g) molar percentage once complete 

burnout is achieved is around 1% as comprehensively explained in Appendix I, which is in agreement 

with the data shown in Figure 7.6.  

 

Figure 7.5 Validation of the Modelled Bulk Gas Temperature Profile of White Wood during Oxy27-

combustion in the PACT Entrained-flow Burner 
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Figure 7.6 Validation of Dry Molar Percentage Profile of the Modelled Bulk O2(g) Gas during Oxy27-

combustion of White Wood in the PACT Entrained-flow Burner 

 

Fate and occurrence profiles of each AFE and TE in three combustion cases, that is, white wood during 

air-combustion, white wood during oxy27-combustion, and recycled wood in air-combustion, were 

calculated using the fate and occurrence model and compared against each other. The comparison 

between white wood in air-combustion and in oxy27-combustion aimed to study the influence of the 

O2(g) molar quantity on the fate and occurrence of AFEs and TEs. The results of combustion of white 

wood in air were also compared with the results of combustion of recycled wood in air to study the 

influence of AFE and TE concentrations in the particles on their fate and occurrence. The fate and 

occurrence profiles of three important AFEs, e.g. potassium, calcium, and silicon, and two TEs, e.g. 

copper and chromium, are discussed in this section. The discussion of the other AFEs and TEs are 

compiled in Appendix J. 

Potassium 

The modelled fate profile of potassium is shown in Figure 7.7 for the Air/Oxy27 comparison and Figure 

7.8 for the white/recycled wood comparison. In both figures, it can be seen that potassium shows a 

similar fate profile to that for sodium. This similarity might be due to the dependency of potassium 

volatilisation on the sodium content.266  

Modelled potassium occurrence profiles for both air-combustion and oxy27-combustion of white wood 

are shown in Figures 7.9 and 7.10. Before the peak temperatures within the topmost 0.1 m of the burner, 
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multiple compound transitions occur at low temperatures. These compound transitions are not of 

concern in this evaluation since the mass of these compounds is considered negligible, as seen in Figures 

7.7 and 7.8, and potassium is primarily still concentrated in particles. This trend also occurs in all 

occurrence evaluations throughout this thesis. A significant proportion of KOH(g) is formed when the 

bulk gas temperature is about to reach its peak. Potassium is released from biomass mainly as KOH(g) 

and KCl(g).267 The bulk occurrence of potassium is essentially dictated by Reaction 7.2.268 

𝐾𝐶𝑙(𝑔) +𝐻2𝑂(𝑔) ↔ 𝐾𝑂𝐻(𝑔) +𝐻𝐶𝑙(𝑔) (R7.2) 

Above 1050 K, both forward and backward reactions shown in Reaction 6.4 are fast and are considered 

to be in equilibrium. Since a significant amount of H2O(g) is present, the forward reaction rate dominates 

the backward reaction rate. This domination of the forward reaction means that  KOH(g) is the major 

potassium compound formed. 

Furthermore, a fraction of sulphur might be volatilised as SO2(g). SO2(g) reacts with KCl(g), and 

additionally with NaCl(g), as expressed in Reactions 7.3 and 7.4. 

2𝐾𝐶𝑙(𝑔) + 𝑆𝑂2(𝑔) + 𝑂2(𝑔) ↔ 𝐾2𝑆𝑂4(𝑔) + 𝐶𝑙2(𝑔) (R7.3) 

2𝑁𝑎𝐶𝑙(𝑔) + 𝑆𝑂2(𝑔) + 𝑂2(𝑔) ↔ 𝑁𝑎2𝑆𝑂4(𝑔) + 𝐶𝑙2(𝑔) (R7.4) 

However, K2SO4(g) and Na2SO4(g) are formed in minor amounts.  Reactions 6.5 and 6.6 are known to be 

slow reactions, so sufficient reaction time, e.g. during KCl(g) and NaCl(g) deposition on the superheater 

probe, is required to enable formation of the sulphates.269 

The modelled potassium occurrences during air-combustion of recycled wood are shown in Figure 7.11. 

During the heat loss stage, formation of KAlSi2O6(s2). KAlSi2O6(s2) and NaAlSi3O8(s2) might indicate 

similar potassium and sodium occurrences during combustion. In a boiler with an integrated 

superheater, refractory material is formed and grows at a certain rate on the superheater surface. Within 

this refractory material, alkali metal compounds react with silicate compounds. Upon aerosol arrival at 

the refractory material, it deposits on the superheater surface, after which alkali metal and silicates may 

react via aerosol collisions.270 Within the refractory material, KAlSi2O6(s2) is commonly found along 

with other similar compounds, e.g. KAlSiO4(s), NaAlSi3O8(s2), etc.271 The formation is possibly via 

Reaction 7.5.272 

𝐴𝑙2𝑂3(𝑔) + 4𝑆𝑖𝑂2(𝑔) + 2𝐾𝐶𝑙(𝑔) +𝐻2𝑂(𝑔) ↔ 2𝐾𝐴𝑙𝑆𝑖2𝑂6(𝑔) + 2𝐻𝐶𝑙(𝑔) (R7.5) 
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Figure 7.7 (Left) Modelled Potassium Fate Profiles in Air-combustion and Oxy27-ombustion of White 

Wood; Figure 7.8 (Right) Modelled Potassium Fate Profiles in Air-combustion of White Wood and 

Recycled Wood; P: Particle, G: Gas, LA: Liquid Aerosol, SA: Solid Aerosol, TB: Bulk Temperature, 

Air: Air-combustion, Oxy27: Oxy27-combustion, WW: White Wood, RW: Recycled Wood 

 

 

Figure 7.9 Modelled Potassium Bulk Occurrences in Air-combustion of White Wood  
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Figure 7.10 Modelled Potassium Bulk Occurrences in Oxy27-combustion of White Wood  

 

 

Figure 7.11 Modelled Potassium Bulk Occurrences in Air-combustion of Recycled Wood  

 

Calcium 

The modelled fate profiles for calcium are shown in Figure 7.12 for the Air/Oxy27 comparison and 

Figure 7.13 for the white/recycled wood comparison. Figure 7.12 shows that calcium is surprisingly 
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quite highly volatilised.273 Most of the released calcium forms solid aerosols. Calcium has a strong 

tendency to associate with silicate and, to some extent, magnesium.274 In Figure 7.13, air-combustion 

of recycled wood favours formation of solid calcium aerosols, probably due to the greater calcium 

content of recycled wood. 

Modelled occurrence profiles of bulk calcium in both air-combustion and oxy27-combustion of white 

wood are shown in Figures 7.14 and 7.15. A small partition of Ca(OH)2(g) is formed, as shown in both 

figures. CaCO3(g) is likely to form at fast rates at low temperature according to Reactions 7.6, 7.7, 7.8, 

and 7.9.275   

𝐶𝑎(𝑂𝐻)2(𝑔) → 𝐶𝑎2+(𝑔) + (𝑂𝐻)
−
(𝑔) (R7.6) 

𝐶𝑂2(𝑔) +𝐻2𝑂(𝑔) → 𝐶𝑂2 ∙ 𝐻2𝑂(𝑔) (R7.7) 

𝐶𝑂2 ∙ 𝐻2𝑂(𝑔) + 2(𝑂𝐻)
−
(𝑔) → 𝐶𝑂3

2−
(𝑔)
+ 2𝐻2𝑂(𝑔) (R7.8) 

𝐶𝑎2+(𝑔) + 𝐶𝑂3
2−
(𝑔)

→ 𝐶𝑎𝐶𝑂3(𝑔) (R7.9) 

However, these reactions are less likely at high temperature, when calcium occurrence might be shifted 

from CaCO3(g) to Ca(OH)2(g).276 The major bulk calcium compound formed during air-combustion or 

oxy27-combustion of white wood is Ca2SiO4(s3). Ca2SiO4(s3) is likely to form due to calcium reaction 

with SiO(s) aerosols. Calcium might be released as Ca(g) and nucleate during reaction with SiO2(g) at 

temperatures from 1623K to 1873 K, as in Reaction 7.10.277 

 2𝐶𝑎(𝑔) + 𝑆𝑖𝑂(𝑔) + 3𝐶𝑂2(𝑔) → 𝐶𝑎2𝑆𝑖𝑂4(𝑠) + 3𝐶𝑂(𝑔) (R7.10) 

At the lower temperature range of 1143 to 1751 K, a different mechanism might promote formation of 

Ca2SiO4(s) by Reaction 7.11.278 

8𝐶𝑎𝑂(𝑠) + 4𝑆𝑖𝑂2(𝑠) → 3𝐶𝑎2𝑆𝑖𝑂4(𝑠) + 𝑆𝑖𝑂2(𝑔) + 2𝐶𝑎𝑂(𝑔) (R7.11) 

A significant amount of calcium remains in particulate form, mostly as CaSiO3(s), during air-combustion 

of recycled wood, as shown in Figure 7.16. According to Table 3.1, the initial concentration of calcium 

in recycled wood is similar to the initial concentration of silicon in recycled wood. On the other hand, 

the initial concentration of calcium in white wood is much higher than that of silicon in white wood. 

According to the CaO-SiO2 phase diagram, a bulk CaO:SiO2 ratio of 1 favours CaSiO3(s) formation, 

whilst a dominant amount of CaO over SiO2 promotes Ca2SiO4(s) formation. CaSiO3(s) might originate 

from the reaction of CaCO3(g) with SiO2(g) as expressed in Reaction 7.12.279 

 𝐶𝑎𝐶𝑂3(𝑔) + 𝑆𝑖𝑂2(𝑔) → 𝐶𝑎𝑆𝑖𝑂3(𝑠) + 𝐶𝑂2(𝑔) (R7.12) 
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CaSiO3(s) might be formed via Ca(OH)2(g) reaction with SiO2(g). However, this reaction is unlikely to 

occur since only a trace proportion of Ca(OH)2(g) is available. CaSiO3(s) could also be formed via 

Ca2SiO4(s3) decomposition, as in Reaction 7.13.280 

𝐶𝑎2𝑆𝑖𝑂4(𝑠3) + 𝑆𝑖𝑂2(𝑔) → 2𝐶𝑎𝑆𝑖𝑂3(𝑠) (R7.13) 

CaMgSi2O6(s) is also formed at a relatively significant proportion. It is unclear which reaction might 

lead to CaMgSi2O6(s) formation. However, evidence shows that CaMgSi2O6(s) has been found in fly ash 

created during fir wood combustion.281 

Calcium occurrence in the bottom ash created during air-combustion or oxy27-combustion of white 

wood is predicted by the model, as shown in Figures 7.17 and 7.18. Since calcium is the most abundant 

and one of the least volatile elements present in woody biomass, calcium often remains as one of the 

main constituents of bottom ash. Calcium tends to form mineral compounds with other AFEs, e.g. 

magnesium, aluminium, and silica.282 Ca2SiO4(s2) is the major form of calcium compound found in 

bottom ash after air-combustion or oxy27-combustion of white wood.283 During air-combustion of 

white wood, a small proportion of Ca2SiO4(s) is also formed that displays different crystal structures. 

The Ca2SiO4(s2) partition is higher in oxy27-combustion than in air-combustion, probably due to higher 

temperatures and the greater oxygen concentration. An X-ray diffraction analysis has shown that the 

Ca2SiO4(s2) partition rises with increasing combustion temperature until around 1700 K.284 

During air-combustion of recycled wood, more complex calcium silicates associate with magnesium 

and aluminium, as shown in Figure 7.19. This might be due to higher quantities of ash-forming elements 

in the particles. Calcium reacts with quartz to form CaSiO3(s) and Ca2SiO4(s).285 Due to magnesium and 

aluminium interference, Ca2SiO4(s) formation might be inhibited and Ca3MgSi2O8(s) and Ca2Al2SiO7(s) 

formation is favoured.286,287 
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Figure 7.12 (Left) Modelled Calcium Fate Profiles in Air-combustion and Oxy27-combustion of White 

Wood; Figure 7.13 (Right) Modelled Calcium Fate Profiles in Air-combustion of White Wood and 

Recycled Wood; P: Particle, G: Gas, LA: Liquid Aerosol, SA: Solid Aerosol, TB: Bulk Temperature, 

Air: Air-combustion, Oxy27: Oxy27-combustion, WW: White Wood, RW: Recycled Wood 

 

 

Figure 7.14 Modelled Calcium Bulk Occurrences in Air-combustion of White Wood  
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Figure 7.15 Modelled Calcium Bulk Occurrences in Oxy27-combustion of White Wood  

 

 

Figure 7.16 Modelled Calcium Bulk Occurrences in Air-combustion of Recycled Wood  
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Figure 7.17 Modelled Calcium Occurrence in Bottom Ash at 298 K Obtained from Air-combustion of 

White Wood 

 

 

Figure 7.18 Modelled Calcium Occurrence in Bottom Ash at 298 K Obtained from Oxy27-combustion 

of White Wood 
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Figure 7.19 Modelled Calcium Occurrence in Bottom Ash at 298 K Obtained from Air-combustion of 

Recycled Wood 

 

Silicon 

Modelled silicon fate profiles are shown in Figure 7.20 for the Air/Oxy27 comparison and Figure 7.21 

for the white/recycled wood comparison. Silicon fate and occurrence profiles in the Air/Oxy27 

comparison show similar behaviour to those of calcium due to silicon’s strong affinity with calcium. In 

the white/recycled wood comparison, the modelled fate profile of silicon predicts a considerable 

partition of liquid formed during the heat removal stage. Subsequently, the liquid partition decreases 

during the heat loss stage.  

Due to silicon’s strong affinity with calcium, the modelled occurrence of bulk silicon shows similarities 

to modelled occurrence of bulk calcium. Ca2SiO4(s3) is the primary form of silicon produced by air-

combustion and oxy27-combustion of white wood, as shown in Figures 7.22 and 7.23. Similarly, 

CaSiO3(s2) is the primary form of silicon that is produced during air-combustion of white wood, as shown 

in Figure 7.24. At around peak temperature, silicon is condensed as SiO2(l). Due to the greater 

concentration of silicon in recycled wood than in white wood, the combustion temperature of recycled 

wood may not be high enough to vaporise SiO2(l). McNallan et al.288 have described SiO2(l) formation 

due to SiO2(g) supersaturation. Silicon is likely to be released as SiO(g), which is then oxidised as 

expressed in Reaction 7.14. 

𝑆𝑖𝑂(𝑔) + 0.5𝑂2(𝑔) → 𝑆𝑖𝑂2(𝑔) (R7.14) 
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Reaction 7.14 is a rapid reaction. When SiO2(g) reaches saturation, SiO2(g) nucleates to form SiO2(l) as in 

Reaction 7.15. 

𝑆𝑖𝑂2(𝑔) → 𝑆𝑖𝑂2(𝑙) (R7.15) 

On the other hand, heterogeneous nucleation via reaction with CO2(g) might occur, as expressed in 

Reaction 7.16. 

𝑆𝑖𝑂(𝑔) + 𝐶𝑂2(𝑔) → 𝑆𝑖𝑂2(𝑙) + 𝐶𝑂(𝑔) (R7.16) 

SiO2(g) may also react heterogeneously with CaCO3(s) to form CaSiO3(s3) as expressed in Reaction 6.14. 

At around 2000 K, no SiO2(l) is predicted and CaSiTiO5(l) is the only liquid compound foreseen by the 

model. TiO2(s) may be released as aerosols, which react with CaSiO3(s3) to form CaSiTiO5(l).289 

CaSiO4(s2) is the main silicon compound formed in the bottom ash during air- and oxy27-combustion of 

white wood, as shown in Figure 7.25 and Figure 7.26. On the other hand, CaSiO3(s3) is the main silicon 

compound formed during air-combustion of recycled wood, as shown in Figure 7.27. Formation of 

these compounds is in agreement with calcium partition in the bottom ash during air-combustion of 

recycled wood due to the strong chemical association between silicon and calcium to form calcium 

silicate compounds. 

 

Figure 7.20 (Left) Modelled Silicon Fate Profiles in Air-combustion and Oxy27-combustion of White 

Wood; Figure 7.21 (Right) Modelled Silicon Fate Profiles in Air-combustion of White Wood and 

Recycled Wood; P: Particle, G: Gas, LA: Liquid Aerosol, SA: Solid Aerosol, TB: Bulk Temperature, 

Air: Air-combustion, Oxy27: Oxy27-combustion, WW: White Wood, RW: Recycled Wood 
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Figure 7.22 Modelled Silicon Bulk Occurrences in Air-combustion of White Wood  

 

 

Figure 7.23 Modelled Silicon Bulk Occurrences in Oxy27-combustion of White Wood  
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Figure 7.24 Modelled Silicon Bulk Occurrences in Air-combustion of Recycled Wood  

 

 

Figure 7.25 Modelled Silicon Occurrence in Bottom Ash at 298 K Obtained from Air-combustion of 

White Wood 
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Figure 7.26 Modelled Silicon Occurrence in Bottom Ash at 298 K Obtained from Oxy27-combustion 

of White Wood 

 

 

Figure 7.27 Modelled Silicon Occurrence in Bottom Ash at 298 K Obtained from Air-combustion of 

Recycled Wood 
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Copper 

Modelled fate profiles for bulk copper are shown in Figure 7.28 for the Air/Oxy27 comparison and in 

Figure 7.29 for the white/recycled wood comparison. Both figures show that copper is completely 

released from particles as gas in all cases. This volatility is similar to that of arsenic and cadmium. 

Copper is considered to have the same level of volatility as those elements.290 

Figures 7.30 and 7.31 show copper occurrence during air-combustion and oxy27-combustion of white 

wood. Copper is mainly released as Cu(g). As the temperature decreases during the heat loss stage, Cu(g) 

is gradually converted to CuCl(g) due to reaction with chlorine released as Cl2(g), according to Reaction 

7.17.291 

2𝐶𝑢(𝑔) + 𝐶𝑙2(𝑔) → 2𝐶𝑢𝐶𝑙(𝑔) (R7.17) 

Reaction 7.17 runs faster at lower temperatures, e.g. 1173 K. The initial gradual conversion rate of Cu(g) 

to CuCl(g) indicates that Reaction 7.17 might run slowly at high temperature. Selectivity towards CuCl(g) 

formation is less favoured in oxy27-combustion than in air-combustion of white wood. In air-

combustion of recycled wood, selectivity towards CuCl(g) formation is the most significant among all 

cases as shown in Figure 7.32. This may be due to greater chlorine release from the particles. 

 

Figure 7.28 (Left) Modelled Copper Fate Profiles in Air-combustion and Oxy27-combustion of White 

Wood; Figure 7.29 (Right) Modelled Copper Fate Profiles in Air-combustion of White Wood and 

Recycled Wood; P: Particle, G: Gas, LA: Liquid Aerosol, SA: Solid Aerosol, TB: Bulk Temperature, 

Air: Air-combustion, Oxy27: Oxy27-combustion, WW: White Wood, RW: Recycled Wood 
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Figure 7.30 Modelled Copper Bulk Occurrences in Air-combustion of White Wood 

 

 

Figure 7.31 Modelled Copper Bulk Occurrences in Oxy27-combustion of White Wood 
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Figure 7.32 Modelled Copper Bulk Occurrences in Air-combustion of Recycled Wood 

 

Chromium 

Modelled chromium fate profiles are shown in Figure 7.33 for the Air/Oxy27 comparison and in Figure 

7.34 for the white/recycled wood comparison. Both comparisons depict that chromium is entirely 

volatilised from the particles. Complete chromium volatilisation might be promoted by the stability of 

gaseous chromium at temperatures above 1673 K.160 

Modelled occurrence profiles of bulk chromium are shown in Figures 7.35, 7.36, and 7.37 for all cases. 

Chromium is initially released as CrOOH(g) in all cases. However, there has not been any clear evidence 

of chromium presence in bulk gas once it has been released from biomass. In the particles, chromium 

is probably present originally as CrO2(s), which is converted to CrOOH(g) in a reducing atmosphere.292 

CrOOH(g) and CrO2(s) decompose to Cr2O3(s) aerosols at temperatures above 1000 K.293 According to 

experimental observation, CrO3(g), CrO2(OH)2(g), and CrO2(OH)(g) are the products of Cr2O3(g) oxidation 

in the presence of H2O(g) as expressed in Reactions 7.18, 7.19, and 7.20.294,295,296 

0.5𝐶𝑟2𝑂3(𝑠) + 0.75𝑂2(𝑔) ↔ 𝐶𝑟𝑂3(𝑔) (R7.18) 

0.5𝐶𝑟2𝑂3(𝑠) +𝐻2𝑂(𝑔) + 0.75𝑂2(𝑔) ↔ 𝐶𝑟𝑂2(𝑂𝐻)2(𝑔) (R7.19) 

0.5𝐶𝑟2𝑂3(𝑠) + 0.5𝐻2𝑂(𝑔) + 0.5𝑂2(𝑔)
↔ 𝐶𝑟𝑂2(𝑂𝐻)(𝑔) (R7.20) 
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As shown in Figures 7.35, 7.36, and 7.37, selectivity towards CrO2(OH)2(g) is favoured at high 

temperature. This finding is in agreement with a previous thermodynamic calculation result.297 Opila et 

al.298 later confirmed this finding experimentally. 

 

Figure 7.33 (Left) Modelled Chromium Fate Profiles in Air-combustion and Oxy27-combustion of 

White Wood; Figure 7.34 (Right) Modelled Chromium Fate Profiles in Air-combustion of White Wood 

and Recycled Wood; P: Particle, G: Gas, LA: Liquid Aerosol, SA: Solid Aerosol, TB: Bulk Temperature, 

Air: Air-combustion, Oxy27: Oxy27-combustion, WW: White Wood, RW: Recycled Wood 

 

 

Figure 7.35 Modelled Chromium Bulk Occurrences in Air-combustion of White Wood 
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Figure 7.36 Modelled Chromium Bulk Occurrences in Oxy27-combustion of White Wood 

 

 

Figure 7.37 Modelled Chromium Bulk Occurrences in Air-combustion of Recycled Wood 
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7.4 Method of PACT ICP Measurements and Bulk 

Validation 

Combustion products comprise major compounds, e.g. CO2(g), H2O(g), etc., gaseous AFE compounds, 

gaseous TE compounds, aerosol AFE compounds, and aerosol TE compounds. They are discharged at 

temperatures of 800 to 860 K from the burner through a small nozzle at the burner lowermost section 

and sent to the downstream stage for further analysis. In the downstream stage, the discharged 

combustion products are initially introduced to a cyclone. The cyclone aims to remove any small 

residual particles that are mixed with the discharged combustion products. After flowing through the 

cyclone, a small portion of the stream of discharged combustion products is split from the main stream 

and flows to the on-line ICP unit for elemental analysis. 

 

Figure 7.38 Flow Diagram of PACT Online ICP  

 

A detailed process flow diagram of the ICP is shown in Figure 7.38. The ICP feed is pumped to the ICP 

unit at 200 ml/min with a peristaltic pump and heated in the heated sample line at 453 K to avoid 

moisture loss. After passing the pump, the feed is cooled down in a desolvator and a condenser  at 

temperatures of 423 and 275 K, respectively, to trap moisture and enable the dry aerosols to flow to the 

plasma. The formed aerosols are burnt with a plasma flame at 6000 K. At this temperature, all solid and 

liquid aerosols are expected to vapourise.175 

The main stream of discharged combustion gas released from the cyclone is processed further in the 

downstream stage. Once released from the cyclone, the main stream flows towards the heat exchanger. 
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Once the main stream is cooled, it flows to the candle filter where all condensed aerosols are separated 

from clean gas to ensure that the gas composition is below the administrative limit for trace element 

emission.299 The online ICP is located prior to the candle filter so that its results can be used to assess 

the cleanup requirement, based on whether the trace element concentrations exceed their administrative 

limits. Finally, the clean gas is released to the atmosphere via a gas stack. 

The modelled downstream concentrations produced through this work were compared with the ICP 

measurements. The comparison is presented in Figure 7.39 for air-combustion of white wood and Figure 

7.40 for oxy27-combustion of white wood. The comparison shows that the modelled element 

concentrations in uncooled downstream gas are relatively well validated by the ICP results. However, 

there is some disagreement possibly due to model limitations.  

 

Figure 7.39 Validation of Element Concentrations in Uncooled Downstream Gas during Air-

combustion of White Wood (E: Experiment; M: Model; Black Vertical Line: Error Line) 
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Figure 7.40 Validation of Element Concentrations in Uncooled Downstream Gas during Oxy27-

combustion of White Wood (E: Experiment; M: Model) 

 

In both air-combustion and oxy27-combustion, the modelled element concentrations of alkali metals in 

uncooled downstream gas show relatively good agreement with those of alkali metals in uncooled 

downstream gas as measured by the ICP, except for potassium in oxy27-combustion. The concentration 

of potassium in uncooled downstream gas in oxy27-combustion is significantly higher in the experiment 

than in the model. This may be due to the higher concentration of O2(g) in oxy27-combustion than in 

air-combustion, which may lead to higher partition of potassium as KOH(g) in the bulk gas. This may 

be kinetically limited in the model. Further analysis is required to evaluate the influence of other aspects, 

e.g. candle filter ash analysis, to confirm the validity of this hypothesis. Nevertheless, potassium 

measurement might have been unconvincing since potassium mass balance, calculated according to 

Appendix I.1, in both air-combustion and oxy27-combustion of white wood results in an imbalanced 

mass flow rate possibly due to measurement anomaly. Consequently, potassium partition cannot be 

presented in the compilation of element partition based on On-line ICP measurement in both air-

combustion and oxy27-combustion of white wood, as respectively shown in Figure 7.41 and 7.42. A 

similar case also occurs for sodium in oxy27-combustion of white wood. 
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Figure 7.41 Element Partition Based on On-line ICP Measurement in Air-combustion of White Wood 

 

 

Figure 7.42 Element Partition Based on On-line ICP Measurement in Oxy27-combustion of White 

Wood 

 

Modelled concentrations of the least volatile AFEs, e.g. calcium, aluminium, magnesium, and iron, are 

relatively higher than those measured in uncooled downstream gas in both air-combustion and oxy27-
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combustion. This might demonstrate that these elements have a strong tendency to remain in the bottom 

ash. Calcium, aluminium, and magnesium are likely to form silicate compounds, e.g. CaMgSi2O6(s), 

CaSiO3(s2), Ca2SiO4(s3), CaAl2O4(s), MgAl2O4(s), due to reaction with silicon at low temperatures during 

the heat loss stage. Similarly, iron is very stable in forming Fe3O4(s) within the same stage. These 

compounds are formed via simultaneous reaction and nucleation. For instance, in Reaction 7.10, 

Ca2SiO4(g) is initially formed. As Ca2SiO4(g) becomes more concentrated, it starts to nucleate to form 

Ca2SiO4(s) and the reaction is no longer homogeneous. Due to eutectic behaviour, SiO2(g) in Reaction 

7.11 might condense on the surface of Ca2SiO4(s3) aerosols. This might establish a solid-state reaction 

as expressed in Reaction 7.21. 

𝐶𝑎2𝑆𝑖𝑂4(𝑠) + 𝑆𝑖𝑂2(𝑠) → 2𝐶𝑎𝑆𝑖𝑂3(𝑠) (R7.21) 

Solid-state reactions exhibit slower reaction rates than heterogeneous or homogeneous reactions due to 

phase restrictions. Hence, a random distribution of minerals may be found within a single aerosol 

particle. Once nucleated, a single aerosol particle is likely to coagulate with any other aerosol particles 

and form a larger aerosol particle. Moreover, coagulation is more likely to occur between a single 

aerosol particle and a fuel particle. This phenomenon may reduce the probability of discharge of heavy 

AFEs from the burner. Therefore, higher modelled element concentrations than measured element 

concentrations in uncooled downstream gas would be anticipated, since no aerosol growth calculation 

was included in the fate and occurrence model. 

The lack of CFA results might also overestimate the concentrations of the least volatile AFEs in 

uncooled downstream gas. By neglecting the element initial occurrence in the particles, primarily the 

included and excluded minerals, e.g. CaC2O4(s) and anorthite (CaAl2Si2O8(s)) for calcium, the prediction 

of calcium fate will favour more significant partition of calcium towards flue gas leaving the burner, as 

shown in Figure 7.12 and 7.13, than the actual measurement, as shown in Figure 7.41 and 7.42. Mineral 

AFEs might primarily remain in residual particles dropped to the bottom of the burner due to different 

volatilisation behaviour than the organically-associated AFEs and water-soluble AFEs. Despite 

exposure to very high temperatures, due to more complex chemical structure than the organically-

associated AFEs and water soluble AFEs, the minerals might require longer decomposition time, which 

the chemical equilibrium calculation does not consider. 

Slagging might also promote AFEs partition in the burner according to the slagging mechanism 

explained in Section 2.2. Ash deposit layers are built due to thermophoresis and inertial impaction of 

silicate and aluminosilicate aerosols to the burner wall. Once the running slag is formed, the aerosols 

hitting the slag are liquified and possibly solidified once closer to the bottom of the burner. 

The modelled emission concentration of vanadium is higher than the measured emission level of 

vanadium in both air-combustion and oxy27-combustion. Vanadium forms (CaO)3(V2O5)2(s) according 
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to Figures J.42 and J.43. (CaO)3(V2O5)2(s) formation might also promote aerosol growth, which was not 

included in the fate and occurrence model. Less vanadium is discharged from the burner in oxy27-

combustion than in air-combustion. According to Figures J.42 and J.43, formation of (CaO)3(V2O5)2(s) 

starts at a higher position in the burner in air-combustion than in oxy27-combustion. This might enable 

longer interaction between (CaO)3(V2O5)2(s) and other aerosol particles and eliminate a significant 

amount of vanadium discharged from the burner. 

The modelled chromium concentration compared with the measured chromium emission concentration 

in uncooled downstream gas shows good validation for air-combustion and poor validation for oxy27-

combustion. In oxy27-combustion, the measured concentrations of chromium is less than the modelled 

equivalent. Again, aerosol growth could be the reason for this discrepancy, and the fate and occurrence 

model was not designed to take account of aerosol particle growth. Higher O2(g) concentration during 

oxy27-combustion than in air-combustion might promote K2CrO4(s) formation via Reaction 7.22 at 

lower temperatures. There is evidence from previous published studies that K2CrO4(s) is deposited in 

bottom ash.300 

𝐶𝑟2𝑂3(𝑠) + 4𝐾𝐶𝑙(𝑔) + 1.5𝑂2(𝑔) + 2𝐻2𝑂(𝑔) → 2𝐾2𝐶𝑟𝑂4(𝑠) + 4𝐻𝐶𝑙(𝑔) (R7.22) 

However, Reaction 7.22 is unlikely to occur in the work performed for this thesis since chromium 

occurrence is mostly as CrO2(OH)2(g) at lower temperatures. Another reaction between CrO2(OH)2(g) 

and KCl(g) might occur to form K2CrO4(s). 

The modelled zinc concentration is well validated by the measured zinc concentration in uncooled 

downstream gas for air-combustion but not for oxy27-combustion. In oxy27-combustion, the measured 

zinc emission concentration is less than the modelled data. This result indicates that zinc is likely to 

remain in the bottom ash.  

In the oxy27-combustion environment with high O2(g) concentration, Fe3O4(s) may be oxidised at 

localised low temperature as expressed in Reaction 7.23.301 

2𝐹𝑒3𝑂4(𝑠) + 0.5𝑂2(𝑔) → 3𝐹𝑒2𝑂3(𝑠) (R7.23) 

Simultaneously, ZnO(g) is formed via backward reaction of Reaction J.14 due to the low temperature. 

ZnO(g) subsequently reacts with Fe2O3(s) to form ZnFe2O4(s) according to Reaction 7.24.302 

𝐹𝑒2𝑂3(𝑠) + 𝑍𝑛𝑂(𝑔) → 𝑍𝑛𝐹𝑒2𝑂4(𝑠) (R7.24) 

ZnFe2O4(s) may form as aerosols, and the subsequent aerosol growth would again be numerically 

excluded from the fate and occurrence model. 
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Both Figures 7.39 and 7.40 show that the modelled nickel concentration is less than the measured nickel 

concentration in uncooled downstream gas. However, it is likely that the measured nickel concentration 

is a measurement anomaly. Since all the nickel is volatilised from the particles, the measured nickel 

concentration should be less than the modelled nickel concentration, as demonstrated in Appendix I.1. 

Consequently, it is unable to graphically express nickel partition in both Figure 7.41 and 7.42. 

Additionally, bulk liquid aerosols were evaluated to estimate their potential to enhance slagging. 

According to Figures 7.24 and J.19, three bulk liquid compounds, namely SiO2(l), CaSiTiO5(l), and 

Fe3O4(l), are formed within 0.5 m of the burner’s uppermost section in air-combustion of recycled wood. 

In contrast, bulk liquid compounds are not formed during air-combustion of white wood. The absence 

of bulk liquid compounds in air-combustion of white wood might be due to the presence of too little 

AFE to condense. Nevertheless, the bulk liquid:solid ratio profile within the burner was calculated to 

observe the potential of ash deposition at certain heights within the burner. The bulk liquid:solid ratio 

profile of recycled wood combustion is shown in Figure 7.43. 

 

Figure 7.43 Modelled Liquid-to-solid Mass Ratio for Recycled Wood (L: Liquid; S: Solid) 

 

Bulk liquid:solid ratio profiles peak twice in both air-combustion and oxy27-combustion. The first 

peaks occur shortly before the peak temperature is achieved. Although the first peaks are relatively 

high, the amount of released inorganic elements is still insignificant. During transition from the heat 

removal stage to the heat loss stage, the second peaks occur. The bulk liquid phase is more dominant 

during the second peak, possibly due to substantial amounts of AFEs and TEs in bulk that then condense 

into liquid aerosols. After the transition, the bulk liquid:solid ratio profiles step down to around 0.2. 
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This value remains constant until the bulk temperature profiles are at around 1500 K. Beyond this 

temperature, there is no bulk liquid present. 

Based on the formed liquid compounds, calcium, silicon, and iron play key roles in formation of the 

aerosol liquid phase. Calcium- and silicon-based liquid compounds are often understood based on ash-

fusion characteristics analysis and liquidus isotherms within a K2O-CaO-SiO2 ternary diagram. In other 

types of biomass with significant amounts of potassium, ash is deposited via KCl(l) formation and 

sulphation. These two mechanisms are explained in Chapter 7 with further discussion of herbaceous 

biomass with higher silicon and potassium contents. 

7.5 Concluding Remarks 

ChemApp has successfully integrated chemical equilibrium theory with the simplified entrained-flow 

combustion model. The integration creates a simplified fate and occurrence model without expensive 

computation and calculation inaccuracy. The simplified fate and occurrence model was used to model 

AFE and TE concentrations at the downstream stage and to estimate AFE and TE fates and occurrences 

in the burner. 

The estimation of AFE and TE fates and occurrences in the burner was conducted on three combustion 

cases, namely: air-combustion of white wood, oxy27-combustion of white wood, and air-combustion 

of recycled wood. The estimation of air-combustion of white wood and oxy27-combustion of white 

wood, which taken together were named as the Air/Oxy27 comparison, aimed to study the influence of 

bulk O2(g) concentration on AFE and TE fates and occurrences. On the other hand, the estimation of air-

combustion of white wood and air-combustion of recycled wood, which taken together were named as 

the white/recycled wood comparison, aimed to study the influence of the initial concentrations of AFEs 

and Tes in wood on their fates and occurrences.  

Regarding fate estimation, the fate of each AFE and TE in all combustion cases were compared. Most 

AFEs and TEs were volatilised completely in both cases in the Air/Oxy27 comparison. This might be 

due to low quantities of AFEs and TEs, which led to little attainment of chemical equilibrium to retain 

the solid phase in the particles. In air-combustion of recycled wood, some elements showed retention 

in the particles. The least volatile AFE, i.e. calcium, aluminium, magnesium, and silicon, were mostly 

retained in particles due to their propensity to form silicate compounds. On the other hand, sodium and 

potassium were volatilised completely from the particles due to their strong volatility. Several TEs, e.g. 

vanadium, chromium, and nickel, were often found in the bottom ash. However, most TEs were 

volatilised from the particles. 

AFEs and TEs were primarily modelled to occur either as pure elements, hydroxides, or oxides, once 

they were released from the particles. At lower temperatures, some of these elements were thought to 
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condense or associate with other elements to form solid aerosols. Silicate compounds, which are 

commonly formed by calcium, aluminium, magnesium, and silica, were also predicted to form in bulk 

mainly as aerosols. 

The modelled AFE and TE concentrations were compared with the measured AFE and TE 

concentrations in uncooled downstream gas. The comparison showed good validation of the modelled 

concentrations with the measured concentrations. However, some modelled AFE and TE concentrations 

were poorly validated due to several possible unincorporated factors inhibiting AFEs and TEs to leave 

the burner, namely: aerosol coagulation, mineral decomposition, and aerosols captured by running slag. 

An extended comprehensive evaluation on these factors is required to assess how significant each factor 

contribute to the poor validation. 

In addition, bulk liquid:solid ratio was evaluated to investigate the potential of liquid aerosols to initiate 

deposition. Based on this evaluation, the bulk liquid phase was found to occur at a significant level 

during the transition from the heat removal stage to the heat loss stage. This might deliver some insights 

into ways in which slagging and deposition are initiated in a combustion unit. Further explanation is 

discussed in Chapter 8 regarding combustion of herbaceous biomass with higher silicon and potassium 

content. 
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Chapter 8 

 

Evaluation of Fate and Occurrence of 

AFEs and TEs in Herbaceous 

Biomass Combustion with the 

Simplified Fate and Occurrence Model 

 

The prediction of the fates and occurrences model of AFEs that the AFEs would be the main constituents 

of ash is of great importance, since certain AFEs, e.g. potassium, sodium, and silicon, have the 

propensity to initiate ash deposition via formation of sticky liquid aerosols. However, the scope of the 

fate and occurrence prediction of AFEs discussed in Chapter 7 only covers woody biomass ash mainly 

composed of calcium. Although the fate and occurrence prediction for AFEs in woody biomass exhibits 

liquid aerosol formation, the proportion of formed liquid aerosols during combustion of calcium-rich 

biomass is significantly less than the proportion of formed liquid aerosol in combustion of potassium- 

or silicon-rich biomass, e.g. herbaceous biomass. 

This chapter models the fate and occurrence of AFEs in herbaceous biomass combustion in the PACT 

facility entrained-flow burner. The fate and occurrence of AFEs are predicted using the simplified 

entrained-flow combustion model and the simplified fate and occurrence model. Section 7.1 discusses 

the importance of ternary diagrams on the fate and occurrence evaluation and the model setup. Sections 

7.2 and 7.3 discuss the fate and occurrence of AFEs from two herbaceous biomasses. 
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8.1 CaO-SiO2-K2O Ternary Diagram and Model Setup 

Liquid aerosol production is one of the main contributors to rapid ash deposition rates in biomass 

combustion, as explained in Chapter 2. The formation rates of liquid aerosols in both alkali-metal-

induced melting and silicate-induced melting are challenging to determine since the kinetics data are 

not widely available. Kinetics-based calculations were not used in the research described in this thesis 

to predict liquid aerosol formation due to these limitations. Rather, a more simplified approach, e.g. a 

ternary diagram, was used to assess the potential of liquid aerosol formation via liquid isotherm lines. 

Ternary phase diagrams have been developed since the early 20th century to estimate the mineral phases 

established at certain independent fractions of three compounds at various temperatures and pressures. 

Morey et al.303 developed a ternary phase diagram of CaO-SiO2-K2O to determine the liquidus isotherm 

line. Later, ternary phase diagrams of CaO-SiO2-FeO, CaO-SiO2-Al2O3, and SiO2-Al2O3-FeO were 

established respectively by Bowen and Schairer304, Rankin and Wright305, and Snow and McCaughey306. 

Schairer307 later developed a quaternary phase diagram of CaO-SiO2-Al2O3-FeO based on these former 

works.  

Ternary phase diagrams were used extensively in a wide range of work on solid-fuel combustion. 

Öhman and Nordin308 studied agglomeration during biomass combustion in a fluidised-bed boiler using 

the ternary phase diagram of CaO-SiO2-K2O. Öhman and Nordin309 later studied fluidised-bed boiler 

agglomeration with kaolin addition as an improvement using the same ternary phase diagram. 

Lindström et al.310 used a ternary phase diagram of Ca2MgSi2O7-CaSiO3-KalSi2O6 to evaluate the 

influence of kaolin and limestone addition on slag formation. Niu et al.311 further suggested that the 

ternary phase diagram of K2O-SiO2-Al2O3 should be used to take account of kaolin addition. Jandačka 

et al.312 confirmed by use of the ternary phase diagram of CaO-SiO2-K2O that the melting temperature 

of ash increases by 300 K with kaolin addition. 

The CaO-SiO2-K2O ternary phase diagram was chosen for use in this thesis since CaO, SiO2, and K2O 

are known to be the major compounds found in biomass ash. FactSage was used to generate the CaO-

SiO2-K2O ternary phase diagram built at minimum Gibbs free energy, as shown in Figure 7.1. The 

diagram parameters were configured in Phase Diagram module. The temperature range was set from 

200K to 2500 K at 100-K increments to ensure adequate coverage of the bulk temperature. Formation 

of the liquid phase starts at around 750 K. The liquid constitutes 60% pure K2O, denoted with a blue 

line. At higher temperatures from 800K to 1800 K, the liquid phase is seen to be split between the SiO2-

rich region and the K2O-rich region, possibly as SiO2(l) and K2SiO4(l). Within the CaO-rich region, the 

liquid phase does not form at any temperature since calcium is less likely to promote liquid formation. 

However, 70% of CaO without the presence of K2O at 2400 K to 2500 K denoted with red lines is the 

maximum allowable calcium molar fraction to produce liquid slag, e.g. Ca2SiO4(l) or CaSiO3(l). As the 
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point of the maximum allowable calcium molar fraction is dragged down along the red lines, CaO molar 

fraction decreases faster than the increase of SiO2 and K2O molar fractions.  

Nevertheless, the molar fractions of SiO2, K2O, and CaO in raw biomass should not be used directly as 

parameters since these quantities do not imply biomass ash melting characteristics. During combustion, 

a significant portion of potassium, for instance, is volatilised. Although potassium is initially a major 

AFE in the solid fuel, liquid phases may not be formed in the combusted residual solid fuel due to lack 

of potassium. Therefore, the evaluation on the liquid phase formation should be separately conducted 

on residual particles and gas and aerosols, partition of which depends on combustion parameters. 

  

 Figure 8.1 Liquidus Isotherm Lines within CaO-SiO2-K2O Ternary Phase Diagram 

 

The modelled combustion parameters are mostly based on the results of air-combustion in the PACT 

facility entrained-flow burner. Combustion operating conditions, e.g. the burner’s dimensions, inlet gas 

properties, and particle size distribution, are considered to be the same as those that were inserted into 

the model for air-combustion and oxy27-combustion of white wood. The moisture content of 

herbaceous biomass is assumed to be the same as that of white wood. The flow rate of the inlet air is 
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reduced from that used during air-combustion to ensure that the outlet bulk O2(g) molar percentage is 

within 3% to 3.5%. 

The calculation routes of the simplified entrained-flow combustion model and the simplified fate and 

occurrence model used to predict AFE and TE occurrences in herbaceous biomass combustion are the 

routes according to the model structures shown in Figures 7.1 and 7.2. The only changed parameters 

from those used in the models for air combustion of white wood are the density of herbaceous biomass 

and the pyrolysis kinetic equations based on Equations C.13 and C.14. The pyrolysis kinetic parameters 

are listed in Table 8.1. 

Table 8.1 Kinetic Parameters of Pyrolysis of Herbaceous Biomass  

Biomass Reaction 𝐴 (s-1) 𝐸𝐴 (J mol-1) ∆𝐻𝑅𝑥,298𝐾 (J kg-1) 

Rice Husk (R7.1) 1.3e9 97.1e3 4.2e5 

Switchgrass (R7.1) 2.84e9 108.7e3 4.2e5 

 

8.2 Discussion of the Model Result: Rice Husk 

The modelled temperature profile of the bulk gas and the modelled molar percentage profile of bulk 

O2(g) gas for rice husk during both air-combustion and oxy27-combustion are shown in Figures 8.2 and 

8.3. The bulk gas temperature profile in air-combustion is not significantly distinctive from that seen in 

oxy27-combustion. However, the bulk O2(g) molar percentage is higher by 3% in oxy27-combustion 

than in air-combustion at complete burnout. This higher concentration of residual bulk O2(g) in oxy27-

combustion than in air-combustion is due to a reduced flow rate of the inlet gas in oxy27-combustion. 

The fate and occurrence model is executed using these bulk gas temperature profiles, bulk O2(g) molar 

percentage profiles, and AFE initial concentrations as shown in Table 3.1, as input parameters. The fate 

and occurrence profiles of potassium, silicon, and calcium are presented in this section. The discussion 

of the fate and occurrence profiles of the other AFEs are compiled in Appendix K. 
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Figure 8.2 Modelled Temperature Profile of Bulk Gas during Rice Husk Combustion in the PACT 

Entrained-flow Burner 

 

 

Figure 8.3 Modelled Dry Molar Percentage Profile of Bulk O2(g) Gas during Combustion of Rice 

Husk in the PACT Entrained-flow Burner 
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Potassium 

The potassium fate profile produced by the model is shown in Figure 8.4. Most potassium is released 

from the particles as gas. However, in contrast with potassium’s strong volatility, a considerable 

proportion of potassium remains in the particles, probably due to reaction with silicon to form alkali-

metal silicates. The significant amount of bulk potassium is transformed during air-combustion into 

liquid aerosols during the heat loss stage. On the other hand, bulk potassium remains as gas during the 

heat loss stage of oxy-27 combustion. 

The modelled occurrence profiles of bulk potassium are shown in Figure 8.5 for air-combustion and in 

Figure 8.6 for oxy27-combustion. In air-combustion, potassium is volatilised at the peak temperature 

as KOH(g). During the heat loss stage, KOH(g) is converted into K2Si4O9(l). Anicic et al.313 discovered 

that K2Si4O9(l) was formed via SiO2(s) reaction with K2CO3(s) by agglomeration in a fluidised-bed boiler, 

as expressed in Reaction 8.1. 

4𝑆𝑖𝑂2(𝑠) + 𝐾2𝐶𝑂3(𝑠) → 𝐾2𝑆𝑖4𝑂9(𝑙) + 𝐶𝑂2(𝑔) (R8.1) 

At temperatures above 1,073 K, Reaction 8.1 occurs at a fast rate. However, no presence of K2CO3(s) is 

shown in Figure 8.5. Rather, a reduced KOH(g) partition with increased K2Si4O9(l) partition and constant 

KCl(g) partition might indicate that Reaction 8.2 occurs, even though there is no clear evidence. 

4𝑆𝑖𝑂2(𝑠) + 2𝐾𝑂𝐻(𝑠) → 𝐾2𝑆𝑖4𝑂9(𝑙) +𝐻2𝑂(𝑔) (R8.2) 

Ma et al.314 suggested that K2O(s) might react first with SiO2(s) as expressed in Reaction 8.3. However, 

Reaction 8.3 is unlikely to occur since K2O(s) is very unstable and is violently reactive with H2O(g). 

4𝑆𝑖𝑂2(𝑠) + 𝐾2𝑂(𝑠) → 𝐾2𝑆𝑖4𝑂9(𝑙) (R8.3) 

In oxy27-combustion, the partition of K2Si4O9(l) is considered insignificant. Reduced partition of 

K2Si4O9(l) might be associated with insufficient availability of bulk silicon since silicon is barely 

volatilised in oxy27-combustion, as shown in Figure 8.13. 

The presence of K2Si4O9(l) indicates that a substantial amount of silicon in the bulk might boost fireside 

fouling in commercial boilers and 𝑅𝑆/𝐶𝑙 is no longer the sole parameter to define fouling severity. 

Although SiO2(s) melts at around 1,986 K, SiO2(s) association with potassium forms K2Si4O9(l) at as low 

as 1,040 K.315 It is essential to keep the flue gas temperature below 1,040 K in the vicinity of convective 

pass in biomass combustion to prevent K2Si4O9(l) formation; e.g. the potential of straw combustion in 

both Masnedø and Ensted grate-fired boilers to experience frequent fouling due to flue gas temperatures 

operating at around 1,173 to 1,292 K in the vicinity of convective pass. As shown in Figure 8.7, the 

intermediate layer of fouling deposit in an Ensted boiler contains a very dense solid mixture of 
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potassium, chlorine, silicon, and calcium.316 The formation of this solid dense mixture is often 

understood as a result of silicon- and calcium-rich aerosol and residual particle clustering assisted with 

KCl(l). However, the formation of K2Si4O9(l) might suggest another alternative explanation, that 

K2Si4O9(l) and KCl(l) are sintered to some degree as the intermediate layer.317 

Modelled potassium occurrence in bottom ash is shown in Figure 8.8 for air-combustion and Figure 8.9 

for oxy27-combustion. In both cases, KAlSi3O8(s2) is the major potassium compound formed, with a 

minor proportion of K2Si2O5(s). KalSi3O8(s2) is probably formed via Reaction 8.4.318 

𝐾2𝑆𝑂4(𝑠) + 𝐴𝑙2𝑂3 ∙ 𝑆𝑖𝑂2(𝑠) + 𝑆𝑖𝑂2(𝑠) → 2𝐾𝐴𝑙𝑆𝑖3𝑂8(𝑠) + 𝑆𝑂3(𝑠) (R8.4) 

K2SO4(s) is one of the most common compounds found in biomass bottom ash.319 K2Si2O5(s) is also 

common in the bottom ash of biomass that contains excessive silicon content.320  

 

Figure 8.4 Modelled Potassium Fate Profiles in Air-combustion and Oxy27-combustion of Rice Husk 

( ― P (Air): Particle in Air-combustion; ― G (Air): Gas in Air-combustion; ― LA (Air): Liquid 

Aerosol in Air-combustion; ― SA (Air): Solid Aerosol in Air-combustion; --- P (Oxy27): Particle in 

Oxy27-combustion; --- G (Oxy27): Gas in Oxy27-combustion; --- LA (Oxy27): Liquid Aerosol in 

Oxy27-combustion; --- SA (Oxy27): Solid Aerosol in Oxy27-combustion; ― TB (Air): Bulk Temperature 

in Air-combustion; --- TB (Oxy27): Bulk Temperature in Oxy27-combustion 
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Figure 8.5 Modelled Potassium Bulk Occurrences in Air-combustion of Rice Husk 

 

 

Figure 8.6 Modelled Potassium Bulk Occurrences in Oxy27-combustion of Rice Husk 
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Figure 8.7 SEM Images of Fouling Deposit Layers in Ensted Boiler 

 

 

Figure 8.8 Modelled Potassium Occurrence in Bottom Ash at 298 K Obtained from Air-combustion of 

Rice Husk 
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Figure 8.9 Modelled Potassium Occurrence in Bottom Ash at 298 K Obtained from Oxy27-

combustion of Rice Husk 

 

Calcium 

Calcium is barely volatilised as seen in the modelled fate profiles for this element shown in Figure 8.10. 

Since the calcium content of the biomass is significantly lower than that of silicon, selectivity towards 

formation of Ca(OH)2(g) is not favoured. Rather, calcium reacts with silicon in the particles and is 

retained in the bottom ash mostly as CaSiO3(s) with a small proportion of CaMgSi2O6(s) in both air-

combustion and oxy27-combustion, as shown in Figure 8.11 and 8.12. CaSiO3(s) is likely to form via 

Reactions 7.11 and 7.12, consecutively. 
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Figure 8.10 Modelled Calcium Fate Profiles in Air-combustion and Oxy27-combustion of Rice Husk ( 

― P (Air): Particle in Air-combustion; ― G (Air): Gas in Air-combustion; ― LA (Air): Liquid Aerosol 

in Air-combustion; ― SA (Air): Solid Aerosol in Air-combustion; --- P (Oxy27): Particle in Oxy27-

combustion; --- G (Oxy27): Gas in Oxy27-combustion; --- LA (Oxy27): Liquid Aerosol in Oxy27-

combustion; --- SA (Oxy27): Solid Aerosol in Oxy27-combustion; ― TB (Air): Bulk Temperature in Air-

combustion; --- TB (Oxy27): Bulk Temperature in Oxy27-combustion 

 

 

Figure 8.11 Modelled Calcium Occurrence in Bottom Ash at 298 K Obtained from Air-combustion of 

Rice Husk  
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Figure 8.12 Modelled Calcium Occurrence in Bottom Ash at 298 K Obtained from Oxy27-combustion 

of Rice Husk 

 

Silicon 

The modelled fate profiles for silicon are shown in Figure 8.13. They show strong retention of silicon 

in the particles along with calcium and magnesium. This prediction is in agreement with Figures 8.11 

and 8.12 that silicon forms silicate compounds associated with calcium and magnesium. A slight 

proportion of silicon is released from the particles in air-combustion. In oxy27-combustion, almost all 

silicon remains in the particles. 

Modelled occurrence profiles for bulk silicon are shown in Figure 8.14 for air-combustion. Silicon is 

initially released as SiO2(l) at peak temperature. As bulk temperature decreases during the heat removal 

stage, SiO2(l) is solidified into SiO2(s6). At the beginning of the heat loss stage, SiO2(s6) is converted into 

SiO2(s4) and K2Si4O9(l). K2Si4O9(l) is formed possibly via Reaction 8.2 at a temperature of around 1,600 

K whilst the proportion of SiO(s4) decreases. 

According to the silicon occurrence profile shown in Figure 8.14, SiO2(l) and K2Si4O9(l) are the only 

liquid compounds that are produced. They are formed at two different temperatures, at around 2,000 K 

during the heat removal stage for SiO2(l) and between 1,500 K and 1,600 K during the heat loss stage 

for K2Si4O9(l). In the ternary diagram shown in Figure 8.15, these two liquidus conditions are 

approximately located within the black box in which the molar fraction of potassium dominates the 
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molar fraction of silicon. SiO2(l) and K2Si4O9(l) are respectively represented by yellow lines and green 

lines. 

SiO2(l) might not contribute to slagging-induced ash deposition in commercial boilers. Slagging is 

initiated with inertial impaction and thermophoresis of solid aerosols, e.g. SiO2(s), Ca2SiO4(s), at 

relatively lower temperatures at water walls than at boiler centreline. Rather, SiO2(l) could promote 

agglomeration of the other AFEs into coarse aerosols and increase the proportion of bottom ash over 

fly ash.321 When the bulk deposit layer is formed with average temperatures closer to bulk gas 

temperatures, SiO2(l) might be deposited directly onto the bulk deposit layer and enhance the sintering. 

A mineral analysis was conducted on a fragment of slagging ash deposit taken from an entrained-flow 

boiler in the Kardia power plant. The fragment was divided into three zones, namely: zone I for the 

initial deposit layer, zone II for the bulk deposit layer, and zone III for the running slag layer, as shown 

in Figure 8.16. According to the mineral analysis, silicon was enriched primarily in zone II in the form 

of calcium silicates, e.g. Ca2SiO4(s), CaAl2Si2O8(s), Ca2Al2SiO7(s), and Ca(Mg,Al)(Si,Al)2O6(s).322 In 

sulphur-rich solid fuel combustion, CaSO4(s) was found to be the predominant compound in all zones. 

Calcium silicates is capable of adsorbing free calcium. The adsorbed free calcium promotes rapid 

sulphation by attracting sulphates. This mechanism creates a plerospheric structure with CaSO4(s) as the 

shell covering calcium silicates as the core.321 

Silicon occurs in the bottom ash as SiO2(s) and as a small partition of SiO2(s4) in both air-combustion and 

oxy27-combustion. These results are shown in Figures 8.17 and 8.18. SiO2(s) is a common compound 

found in biomass. The mass percentage of SiO2(s) in bottom ash potentially exceeds 10%.323 The 

estimated location of the CaO-SiO2-K2O composition in rice husk particles at complete burnout is in 

the black box shown in Figure 8.19. The liquid phase in the particles is potentially formed at around 

1,400 K to 1,700 K as indicated by green lines that intercept the black box. 
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Figure 8.13 Modelled Silicon Fate Profiles in Air-combustion and Oxy27-combustion of Rice Husk ( 

― P (Air): Particle in Air-combustion; ― G (Air): Gas in Air-combustion; ― LA (Air): Liquid Aerosol 

in Air-combustion; ― SA (Air): Solid Aerosol in Air-combustion; --- P (Oxy27): Particle in Oxy27-

combustion; --- G (Oxy27): Gas in Oxy27-combustion; --- LA (Oxy27): Liquid Aerosol in Oxy27-

combustion; --- SA (Oxy27): Solid Aerosol in Oxy27-combustion; ― TB (Air): Bulk Temperature in Air-

combustion; --- TB (Oxy27): Bulk Temperature in Oxy27-combustion 

 

 

Figure 8.14 Modelled Silicon Bulk Occurrences in Air-combustion of Rice Husk 
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Figure 8.15 Bulk Composition of Rice Husk (Black Box) at Complete Combustion and Liquidus 

Isotherm Lines within CaO-SiO2-K2O Ternary Phase Diagram 

 

 

Figure 8.16 A Fragment of Ash Deposit Generated in an Entrained-flow Boiler in Kardia Power 

Plant 
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Figure 8.17 Modelled Silicon Occurrence in Bottom Ash at 298 K Obtained from Air-combustion of 

Rice Husk 

 

 

Figure 8.18 Modelled Silicon Occurrence in Bottom Ash at 298 K Obtained from Oxy27-combustion 

of White Wood 
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Figure 8.19 Particle Composition of Rice Husk (Black Box) at Complete Combustion and Liquidus 

Isotherm Lines within CaO-SiO2-K2O Ternary Phase Diagram 

 

8.3 Discussion of the Model Result: Switchgrass 

The modelled temperature profile of bulk gas and the molar percentage profile of bulk O2(g) gas for 

switchgrass in both air-combustion and oxy27-combustion are shown in Figures 8.20 and 8.21. In 

general, the bulk gas profiles illustrated in Figures 8.20 and 8.21 share similar trends with the bulk gas 

profiles shown for rice husk in Figures 8.2 and 8.3, which would be expected. These bulk gas profiles 

shown in Figures 8.20 and 8.21 and AFE initial concentrations given in Table 3.1 are used as input 

parameters for the fate and occurrence model of switchgrass. This section discusses the fate and 

occurrence profiles of potassium, silicon, and calcium. The discussion of the fate and occurrence 

profiles of the other AFEs are compiled in Appendix L. 
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Figure 8.20 Modelled Temperature Profile of Bulk Gas during Switchgrass Combustion in the PACT 

Entrained-flow Burner 

 

 

Figure 8.21 Modelled Dry Molar Percentage Profile of Bulk O2(g) during Combustion of Switchgrass 

in the PACT Entrained-flow Burner 
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Potassium 

The modelled fate profile for potassium is shown in Figure 8.22. Around 20% of the initial potassium 

remains in the particle in air-combustion whilst all the potassium is volatilised in oxy27-combustion. 

In oxy27-combustion, the greater quantity of bulk O2(g) retains more silicon in the particles than the 

lower amount of bulk O2(g) in air-combustion, as shown in Figure 8.31. Greater silicon retention in the 

particles promotes more potassium release from the particles since the retained silicon forms stable 

SiO2(s), thereby allocating potassium to form volatile KOH(g).  

Modelled bulk potassium occurrence profiles are shown in Figure 8.23 for air-combustion and in Figure 

8.24 for oxy27-combustion. In both cases, most of the potassium is released as KOH(g). During the heat 

loss stage, less KAlSi2O6(s2) is formed in oxy27-combustion due to the release of less silicon to the bulk 

to react with KOH(g). 

K2Si2O5(s) and KAlSi3O8(s2) are the major compounds found in switchgrass bottom ash in air-

combustion, as shown in Figure 8.25. KAlSi3O8(s2) is present in less proportion than K2Si2O5(s) in 

switchgrass bottom ash, whilst an opposite trend occurs in rice husk bottom ash. Since less aluminium 

is left in the particles after switchgrass combustion, KAlSi3O8(s2) formation is less favoured. 

 

Figure 8.22 Modelled Potassium Fate Profiles in Air-combustion and Oxy27-combustion of 

Switchgrass ( ― P (Air): Particle in Air-combustion; ― G (Air): Gas in Air-combustion; ― LA (Air): 

Liquid Aerosol in Air-combustion; ― SA (Air): Solid Aerosol in Air-combustion; --- P (Oxy27): Particle 

in Oxy27-combustion; --- G (Oxy27): Gas in Oxy27-combustion; --- LA (Oxy27): Liquid Aerosol in 

Oxy27-combustion; --- SA (Oxy27): Solid Aerosol in Oxy27-combustion; ― TB (Air): Bulk Temperature 

in Air-combustion; --- TB (Oxy27): Bulk Temperature in Oxy27-combustion 



205 
 

 

Figure 8.23 Modelled Potassium Bulk Occurrences in Air-combustion of Switchgrass 

 

 

Figure 8.24 Modelled Potassium Bulk Occurrences in Oxy27-combustion of Switchgrass 
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Figure 8.25 Modelled Potassium Occurrence in Bottom Ash at 298 K Obtained from Air-combustion 

of Switchgrass 

 

Calcium 

Modelled calcium fate profiles are shown in Figure 8.26. During air-combustion, around half of the 

calcium is volatilised from the particles. On the other hand, less than 10% of the calcium is volatilised 

from the particles in oxy27-combustion. The release of a significant amount of calcium in air-

combustion is probably due to the presence of less silicon in switchgrass than rice husk to form alkaline-

earth silicate compounds that are often left in the particles. Oxy27-combustion with higher bulk O2(g) 

concentration promotes faster O2(g) penetration to the particle to oxidise particle AFEs and to retain 

more particle silicate compounds. 

Modelled occurrence profiles of bulk calcium in air-combustion are shown in Figure 8.27. By the end 

of the heat removal stage, calcium is mainly in the form of CaSiO3(s2). CaSiO3(s2) is formed at high 

temperature via Reaction 8.5.324 

𝑆𝑖𝑂2(𝑠) + 𝐶𝑎𝐶𝑂3(𝑠) ↔ 𝐶𝑎𝑆𝑖𝑂3(𝑠2) + 𝐶𝑂2(𝑔) (R8.5) 

At the beginning of the heat loss stage, CaSiO3(s2) disappears, and Ca3(PO4)2(s2) is formed as the major 

calcium compound during the heat loss stage. Due to a considerable quantity of released calcium, 

phosphorus is more chemically attracted to calcium than sodium in rice husk combustion. Phosphorus 

is likely to be released from the particles as PO2(g). Due to moisture content in the bulk gas, PO2(g) reacts 

with moisture to form H3PO4(g) as expressed in Reaction 8.6. 
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𝑃𝑂2(𝑔) +𝐻2𝑂(𝑔) → 𝐻3𝑃𝑂3(𝑔) +𝐻𝑃𝑂3(𝑔) (R8.6) 

H3PO3(g) is decomposed into H3PO4(g) and PH3(g) at temperatures above 473 K, according to Reaction 

8.7.325 

4𝐻3𝑃𝑂3(𝑔) → 3𝐻3𝑃𝑂4(𝑔) + 𝑃𝐻3(𝑔) (R8.7) 

Furthermore, PH3(g) is oxidised as shown in Equation 8.8. 

𝑃𝐻3(𝑔) + 𝑂4(𝑔) → +𝐻3𝑃𝑂4(𝑔) (R8.8) 

Pan et al. have suggested a series of reactions that create a formation mechanism for Ca3(PO4)2(g).326 

According to this mechanism, H3PO4(g) is further decomposed via a reversible reaction shown in 

Reaction 8.9. 

𝐻3𝑃𝑂3(𝑔) → 𝐻4𝑃2𝑂7(𝑔) + 𝐻2𝑂(𝑔) (R8.9) 

The CaSiO3(s2) might be converted to CaCO3(s). CaCO3(s) might further react with H4P2O7(g) at high 

temperature as shown in Reactions 8.10 and 8.11. 

2𝐶𝑎𝐶𝑂3(𝑠) +𝐻4𝑃2𝑂7(𝑔) ↔ 𝐶2𝑃2𝑂7(𝑔) + 2𝐻2𝑂(𝑔) + 2𝐶𝑂2(𝑔) (R8.12) 

10𝐶𝑎𝐶𝑂3(𝑠) + 3𝐻4𝑃2𝑂7(𝑔) ↔ 𝐶𝑎10(𝑃𝑂4)6(𝑂𝐻)2(𝑔) + 5𝐻2𝑂(𝑔) + 10𝐶𝑂2(𝑔) (R8.13) 

Subsequent proposed reactions are shown in Reactions 8.14 and 8.15. 

𝐶𝑎𝐶𝑂3(𝑠) + 𝐶2𝑃2𝑂7(𝑔) ↔ 𝐶𝑎3(𝑃𝑂4)2(𝑔) + 2𝐶𝑂2(𝑔) (R8.14) 

3𝐶𝑎10(𝑃𝑂4)6(𝑂𝐻)2(𝑔) + 2𝐻3𝑃𝑂4(𝑔) ↔ 10𝐶𝑎3(𝑃𝑂4)2(𝑔) + 6𝐻2𝑂(𝑔) (R8.15) 

Modelled bulk occurrence profiles for calcium in oxy27-combustion are shown in Figure 8.28. 

Ca3Mg4(PO4)4(s) is the only calcium compound predicted. Ca3Mg4(PO4)4(s) formation is probably 

promoted by higher bulk O2(g) concentration. In addition, Sinyaev et al.327 have experimentally 

discovered Ca3Mg4(PO4)4(s) in fly ash at a temperature of around 1,273 K. 

Modelled calcium occurrence in bottom ash is shown in Figure 8.29 for air-combustion and in Figure 

8.30 for oxy27-combustion. Ca3(PO4)2(s2) is formed in the bottom ash only in air-combustion since there 

is no phosphorus available in oxy27-combustion bottom ash to react with calcium to form the 

compound. Ca3(PO4)2(s2) in the bottom ash during air-combustion is possibly produced via Reaction 

8.16.328 

3𝐶𝑎𝑂(𝑠) + 𝑃2𝑂5(𝑠) ↔ 𝐶𝑎3(𝑃𝑂4)2(𝑠) (R8.16) 
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In addition to potassium, phosphorus is another important element that needs to be carefully treated due 

to its potential contribution to fouling in combustion of phosphorus-rich solid fuel, e.g. switchgrass. 

Evidence exhibits that phosphate was found enriched in ash deposits on superheater in an entrained-

flow boiler combusting sub-bituminous coal.329 Phosphate was also captured in the form of aerosols 

near an economiser in an entrained-flow boiler co-firing straw and coal.330 Although these findings were 

not based on combustion of complete biomass, Kalisz et al.331 concludes that high phosphorus content 

in biomass could contribute to severe fouling. 

A significant quantity of calcium in phosphorus-rich biomass is an advantage in combustion. Calcium 

has high selectivity in reacting with phosphates. Phophate reaction with calcium may prevent the 

formation of low-melting-temperature alkali phosphates which is potential to cause fouling. However, 

the residual alkali metals might induce another problem via reaction with silicates to form low-melting-

temperature alkali silicates, as previously discussed in Section 8.2. CaCO3(s) was reportedly an effective 

additive to simultaneously prevent the formation of both alkali phosphates and alkali silicates. CaCO3(s) 

may coat the existing silicates and remove them from the burner.332 

 

Figure 8.26 Modelled Calcium Fate Profiles in Air-combustion and Oxy27-combustion of Switchgrass 

( ― P (Air): Particle in Air-combustion; ― G (Air): Gas in Air-combustion; ― LA (Air): Liquid 

Aerosol in Air-combustion; ― SA (Air): Solid Aerosol in Air-combustion; --- P (Oxy27): Particle in 

Oxy27-combustion; --- G (Oxy27): Gas in Oxy27-combustion; --- LA (Oxy27): Liquid Aerosol in 

Oxy27-combustion; --- SA (Oxy27): Solid Aerosol in Oxy27-combustion; ― TB (Air): Bulk Temperature 

in Air-combustion; --- TB (Oxy27): Bulk Temperature in Oxy27-combustion 
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Figure 8.27 Modelled Calcium Bulk Occurrences in Air-combustion of Switchgrass 

 

 

Figure 8.28 Modelled Calcium Bulk Occurrences in Oxy27-combustion of Switchgrass 
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Figure 8.29 Modelled Calcium Occurrence in Bottom Ash at 298 K Obtained from Air-combustion of 

Switchgrass 

 

 

Figure 8.30 Modelled Calcium Occurrence in Bottom Ash at 298 K Obtained from Oxy27-combustion 

of Switchgrass 
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Silicon 

Modelled silicon fate profiles are shown in Figure 8.31. The quantity of silicon released from the 

particles is greater in oxy27-combustion than in air-combustion due to a faster penetration rate of bulk 

O2(g) in a higher bulk O2(g) concentration. Initially, silicon is released as liquid aerosols at peak 

temperature. At around 2,000 K during the heat removal stage, the liquid aerosols are converted to solid 

aerosols. However, according to the CaO-SiO2-K2O ternary diagram shown in Figure 8.32, SiO2(l) 

disappears when the temperature is still above the liquidus isotherm temperature at around 1,700 K, 

located in the black box. This anomaly is probably due to bulk magnesium interference. Switchgrass 

ash contains 4.2% of magnesium, 40% to 60% of which is released to bulk. This places magnesium as 

a major AFE with the third largest bulk concentration after silicon and potassium. Another ternary 

diagram of MgO-SiO2-K2O in Figure 8.33 is used for further observation. The black box that locates 

bulk MgO-SiO2-K2O composition has a temperature at around 1,900 K, which is closer to the 

temperature at which silicon liquid compound disappears. Nevertheless, a quaternary diagram is 

required to obtain more valid answers. 

Selectivity towards SiO2 crystal formation is favoured when silicon is the major AFE in both particle 

and bulk phases, as shown in Figures 8.34, 8.35, 8.36, and 8.37. Once silicon is released, SiO2(l) is 

formed. During heat loss stage, SiO2(l) is solidified mostly into SiO2(s6) due to less quantity of potassium 

in bulk to form K2Si4O9(l) in switchgrass than in rice husk. As is found in the bottom ash, partition of 

SiO2 crystals dominates. 
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Figure 8.31 Modelled Silicon Fate Profiles in Air-combustion and Oxy27-combustion of Switchgrass ( 

― P (Air): Particle in Air-combustion; ― G (Air): Gas in Air-combustion; ― LA (Air): Liquid Aerosol 

in Air-combustion; ― SA (Air): Solid Aerosol in Air-combustion; --- P (Oxy27): Particle in Oxy27-

combustion; --- G (Oxy27): Gas in Oxy27-combustion; --- LA (Oxy27): Liquid Aerosol in Oxy27-

combustion; --- SA (Oxy27): Solid Aerosol in Oxy27-combustion; ― TB (Air): Bulk Temperature in Air-

combustion; --- TB (Oxy27): Bulk Temperature in Oxy27-combustion 
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Figure 8.32 Bulk Composition of Switchgrass (Black Box) at Complete Combustion and Liquidus 

Isotherm Lines within CaO-SiO2-K2O Ternary Phase Diagram 
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Figure 8.33 Bulk Composition of Switchgrass (Black Box) at Complete Combustion and Liquidus 

Isotherm Lines within MgO-K2O-SiO2 Ternary Phase Diagram 

 

 

Figure 8.34 Modelled Silicon Bulk Occurrences in Air-combustion of Switchgrass 
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Figure 8.35 Modelled Silicon Bulk Occurrences in Oxy27-combustion of Switchgrass 

 

 

Figure 8.36 Modelled Silicon Occurrence in Bottom Ash at 298 K Obtained from Air-combustion of 

Switchgrass 
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Figure 8.37 Modelled Silicon Occurrence in Bottom Ash at 298 K Obtained from Oxy27-combustion 

of Switchgrass 

 

8.4 Concluding Remarks 

Herbaceous biomass has become one of the most promising alternative solid fuels to replace woody 

biomass since use of woody biomass is not environmentally favourable due to forest preservation. 

However, herbaceous biomass contains a significant quantity of potassium and silicon, which form 

liquid aerosols that are responsible for ash deposition. Combustion of herbaceous biomass was modelled 

in this research and is described in this chapter to predict the potential for liquid aerosol formation. 

A ternary diagram of CaO-SiO2-K2O was used to evaluate liquid phase formation based on liquidus 

isotherm temperature lines. Previous research on ternary diagrams has been briefly explained to outline 

their importance in liquid mineral analysis and study of additives. Due to the limited number of available 

ternary diagrams in the literature, the required ternary diagram of CaO-SiO2-K2O was built for this 

study using FactSage. 

Rice husk and switchgrass were chosen for evaluation due to their potassium and silicon content. The 

conclusions and highlights regarding mineral composition and its effects on the potential use of rice 

husk and switchgrass as solid fuels for combustion are listed in the following paragraphs. 

• Silicon is present in the largest quantity in both rice husk and switchgrass ash, at around 93% 

and 68%  respectively. Potassium is present in the second largest quantity at around 5% and 
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25% in rice husk and switchgrass ash, respectively. Fate and occurrence profiles of AFEs and 

Tes of rice husk and switchgrass were compared to observe the influence of silicon and 

potassium content on formation of liquid aerosols. 

• The molar fraction of calcium was almost five times higher in switchgrass than in rice husk. 

This potentially promotes more intense slag aerosol production in rice husk than switchgrass. 

Magnesium and phosphorus concentrations are also higher in switchgrass than in rice husk by 

four and eight times, respectively. Phosphorus exhibits strong affinity for calcium and 

magnesium. Phosphorus is thermodynamically proven to form liquid aerosols with magnesium. 

At lower calcium content, phosphorus is likely to associate with sodium.  

• The fate of AFEs depends not only on their concentrations but also on their masses in solid 

fuel. A solid fuel might produce a larger mass of silicon than another solid fuel if that fuel 

produces a larger mass of ash, even though the other solid fuel might have higher silicon 

concentration. Iron and sodium are present at similar molar fractions in both rice husk and 

switchgrass. Since the mass percentage of dry ash produced by rice husk is 3.5 times higher 

than that of switchgrass, the actual molar masses of the iron and sodium produced are roughly 

four times larger in rice husk than in switchgrass. 

• Large initial masses of calcium, magnesium, aluminium, and silicon AFEs exhibit strong 

retention in particles. This suggests that more thermal “effort” is required to volatilise AFEs 

that are present in large masses in particles. 

• Calcium, magnesium, aluminium, and silicon are more likely to be retained in particles in 

oxy27-combustion than in air-combustion. Bulk O2(g) gains more access in oxy27-combustion 

than in air-combustion to form higher quantities of calcium, magnesium, and aluminium 

silicates in the particles due to more rapid particle oxidation. On the other hand, potassium, 

sodium, iron, and phosphorus are very volatile and are often completely volatilised from the 

particles in major cases. 

• Use of molar fractions of AFEs in raw solid fuel as variables in a ternary diagram to predict 

liquid aerosol formation is considered inaccurate. In rice-husk combustion, calcium, 

magnesium, and aluminium are barely volatilised. On the other hand, sodium, potassium, 

phosphorus and a small partition of silicon are volatilised and become the major bulk inorganic 

constituents. Bulk sodium reacts with bulk phosphorus to form sodium phosphate compounds. 

Bulk potassium forms KCl(g), KOH(g), and K2Si4O9(l) as products of bulk potassium reaction 

with bulk silicon. Partition of K2Si4O9(l) is less than the combined partition of KCl(g) and KOH(g) 

since only a small quantity of silicon is released to bulk. In switchgrass combustion, a 

considerable partition of calcium, magnesium, aluminium, and silicon is, however, volatilised 

to bulk. Bulk sodium no longer forms phosphate compounds and remains in the gas phase since 

bulk phosphorus is more chemically attracted to bulk calcium and bulk magnesium. Further 
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observation reveals that calcium is excluded from the list of top three AFEs that exhibit the 

highest quantity in bulk. These three are silicon, potassium, and magnesium.  

• Calcium is thermodynamically capable of reducing the propensity of AFEs to form liquid 

aerosols. It competes with potassium in reaction with silicon to form calcium and magnesium 

silicate compounds, e.g. CaMgSi2O6(s) and MgSiO3(s), and, to some extent, prevents formation 

of potassium liquid aerosol compounds, e.g. K2Si4O9(l). However, the lack of formation of a 

certain liquid aerosol compound might be an opportunity for any other liquid aerosol 

compounds to appear. Magnesium’s affinity to phosphorus may lead to formation of liquid 

aerosol compounds, e.g. Mg3P2O8(l). An extended analysis using a ternary diagram of CaO-

P2O5-MgO reveals that the bulk temperature is within the Mg3P2O8(l) liquidus temperature. 

• A ternary diagram has been thermodynamically proven to have certain limitations in 

determining the liquidus temperature. In switchgrass combustion, SiO2(g) formation in bulk was 

not in agreement with the ternary diagram of CaO-SiO2-K2O. Rather, SiO2(l) formation is 

expected according to the liquidus temperature line in the ternary diagram of CaO-SiO2-K2O. 

A more appropriate liquidus temperature line is obtained when further evaluation is conducted 

with the ternary diagram of MgO-SiO2-K2O, since the bulk calcium quantity is less than that of 

bulk magnesium. Nevertheless, both magnesium and calcium content of the herbaceous 

biomass may deliver some influence on the establishment of liquidus isotherm lines. The 

inclusion of both compositions is recommended in a pyramid shape quaternary diagram for 

more accurate results. 

• Bottom ash produced from combustion of both rice husk and switchgrass contains Fe3O4(s) and 

various silicate compounds of calcium, magnesium, aluminium, and potassium. These 

compounds are formed and stable due to O2(g) penetration of particles via heterogeneous 

oxidation during the combustion. The liquid phase might form in the particles as the result of 

silicate eutectics. Even without the liquid phase, a very small completely burnt particle is able 

to flow and stick to the superheater surface covered with KCl(l) and initiate ash deposit growth. 
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Chapter 9 

 

Conclusions and Future Works 

 

9.1 Conclusions 

In the previous chapters, the development of the model to calculate the fate, occurrence, and 

downstream concentrations of AFEs and TEs has been thoroughly discussed. The initial development 

of the model was the single-particle combustion model aiming to calculate both intra-particle 

temperature and gas concentration profiles. The model was later expanded into the entrained-flow 

combustion model based on PACT entrained-flow burner with particle combustion calculated via the 

single-particle combustion model, which was validated against experimental work.  One interesting 

finding was that measuring the centreline temperature of a particle by using a thermocouple can lead to 

significant temperature deviations from the “true” temperature.  Due to expensive computation of 

simultaneous particle and bulk profile calculation, the entrained-flow combustion model was reduced 

to the simplified entrained-flow combustion model where the intra-particle properties are considered 

homogeneous. The intra-particle properties and bulk properties were further used as parameters in the 

simplified fate and occurrence model to calculate the fate and occurrence of AFEs and TEs in both 

particles and bulk, respectively, via chemical equilibrium. 

It has been demonstrated that the developed model is able to predict the fate, occurrence, and 

downstream concentrations of AFEs and TEs in biomass combustion in PACT entrained-flow burner 

via the successful integration of the modelling environment (MATLAB) and the chemical equilibrium 

calculator (ChemApp) but that the validation of the results is mixed. The poor validation is possibly 

due to several factors, namely: kinetic limitation, initial element association data unavailability, and 

disregard for aerosol coagulation. 

The fate and occurrence of each individual inorganic element is qualitatively predicted in Chapters 7 

and 8 with validation with experimental results. Due to the current limitation in the PACT entrained-
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flow burner, a quantitative prediction on fate and occurrence of AFEs and TEs could not be produced. 

Quantitative prediction is required to determine whether the chemical equilibrium is kinetically limited. 

Nevertheless, the qualitative prediction mostly exhibits good agreement with experimental results. 

The lack of use of CFA result data providing element association in raw biomass may reduce the 

accuracy of prediction of AFE and TE fate and occurrence in the simplified fate and occurrence model 

in which most AFEs and TEs are released completely. As discussed in Chapter 3, inorganic elements 

in biomass have multiple chemical associations, e.g. moisture-soluble elements, organic-bound 

elements, included-mineral elements, and excluded-mineral elements, on which the element 

volatilisation rates depend. Unlike the three former types of elements possibly volatilised during drying, 

devolatilisation, and char oxidation, the release mechanisms of the excluded-mineral elements might 

not simply depend only on temperatures but also on mineral melting behaviour, mineral interactions 

with the surrounding minerals, and mass diffusion of the elements within the mineral body. 

The neglect of aerosol coagulation may overestimate the quantity of elements leaving the burner. 

Aerosol coagulation allows aerosol particle size growth via the collision and merging of multiple 

smaller aerosol particles. Once the growing aerosol particle mass is heavy enough to stop flowing along 

with the flue gas, the growing aerosol particle falls to the bottom of the burner and carries the contained 

inorganic elements along. Though the model does not include aerosol coagulation, it is important to 

note that the existence of aerosols is generally ignored entirely in similar work. 

Despite poor validation at this stage, the developed model does exhibit the important effects of bulk 

O2(g) concentrations and initial inorganic element concentrations in biomass on AFE and TE fate 

and occurrence during combustion. High bulk O2(g) concentrations and high initial inorganic element 

concentrations in biomass individually promote high propensities for the inorganic elements, primarily 

calcium, magnesium, aluminium, and silicon, to remain in the biomass. Consequently, the formation of 

a certain compound in either the biomass particle phase or the bulk phase is affected by the availability 

of the composition of the elements in the respective phase. The importance of element partition on 

element occurrence may be essential as an improvement of the previous approach, where the element 

occurrence is simply a function of the inorganic element initial concentrations in biomass without 

considering element partition. 

  

9.2 Future Work: Model Comparison with the State of the 

Art and Room for Improvement 

After a comprehensive comparison with the previous models and a thorough literature review in this 

thesis, it is possible to state that the developed model in this thesis is the most advanced AFE and TE 
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prediction using chemical equilibrium in biomass combustion. The previous models briefly mentioned 

in Section 1.1 feature much more simplification in terms of chemical equilibrium calculation.  

In one of the previous models, Boman et al. (2006)333 as a compartive example, predicted TE partition 

and enrichment in a power plant with a grate-fired boiler integrated with a fuel dryer unit, which process 

flow diagram is shown in Figure 9.1. The methodology implemented by Boman et al. (2006)333 and 

many others in fate and occurrence prediction was calculating the fate and occurrence of AFEs and TEs 

only at certain positions, e.g. grate-fired boiler at 1,000 °C, PM sampling point at 300 °C, direct dryer 

unit exit at 90 °C, without information and discussion on chemical transformations occurring between 

those positions. The methodology also neglected element partition in either particle or bulk and, instead, 

used the initial AFE and TE quantities in biomass fuel as the input for equilibrium. 

 

Figure 9.1 A Power Plant with a Bark-combusting Grate-fired Boiler Integrated with a Fuel Dryer 

Unit in Boman et al. (2006) 

 

In comparison to the prediction methodology of the developed model in this thesis, the prediction 

methodology of the previous models might generate far less accurate results requiring more careful 

interpretation. The unavailability of AFE and TE fate and occurrence in between the certain positions, 

e.g. from the bottom to the top to the outlet of the grate-fired boiler via convective pass, does not predict 

the formation of a number of potential operationally hazardous compounds, e.g. K2Si4O9(l), KCl(l), 

SiO2(l), CaSO4(s),. Disregarding element partition in either bulk and particle phase divides the results at 

a single position into two phases only, a solid phase and a gas phase, whilst the developed model 

considers the formation of aerosols. 

However, the developed model can still be significantly improved, based on another comparison with 

a more comprehensive model with a similar objective. As an example, James et al. (2014)334 developed 
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a model of the fate of arsenic, selenium, and antimony in coal combustion in an entrained-flow burner 

physically similar to that of the PACT facility using CFD. Although their model did not use chemical 

equilibrium for biomass combustion, it is considered as state-of-the-art research in this field, according 

to the literature review conducted for this thesis. The main technical differences between the model 

developed here and the model of James et al. (2014)334 is discussed in the following passages as the 

baseline for future improvements. 

Unlike the developed model, the model of James et al. (2014)334 utilised elemental release mechanisms 

based on coal CFA result data. As explained in Chapter 3, the inorganic elements in solid fuel are 

distributed in moisture, organic matrices, included-mineral matrices, and excluded-mineral matrices. 

The organic-bound elements are released when the element bonds with the organic matrices are broken 

due to exposure to high temperatures in reducing conditions, which occurs via rapid oxidation of the 

vicinity carbon. The included-minerals, exposed to similar temperatures and O2(g) concentrations to the 

organic matrices, melt and vaporise at a considerable amount.335 On the other hand, the excluded 

minerals are softened due to exposure to lower temperatures and less reducing conditions. As both 

minerals are not in solid form, the contained inorganic elements travel from the interior to the surface 

of the minerals and volatilise to the exterior.336  

The model of James et al. (2014)334 also accounted for the impact of excluded mineral fragmentation 

on the rate of element release, which is not considered in this thesis. The softened excluded minerals 

may swell and form hollow structures that might cause fragmentation.337 The fragmented particles 

release the inorganic elements at higher rates due to increasing surface area. 

The use of CFD in the model of James et al. (2014)334 presents more comprehensive results by providing 

profiles of both axial and radial directions. With known temperatures and concentrations of each 

elements in every position within the boiler, those known values may be used as parameters for detailed 

prediction on ash interactions with every surface within the boiler.   

Although adaptation of the methodology of James et al. (2014)334 for future development of the thesis 

model may improve the accuracy of AFE and TE fate and occurrence prediction in biomass combustion, 

challenges regarding the adaptation may be required to overcome for methodology optimisation and 

practicality of conduct.  

Implementation of the methodology of James et al. (2014)334 requires an additional comprehensive set 

of characterisation data other than those of proximate, ultimate, and ash analysis, obtained from various 

measurement devices, e.g. a SEM and an ICP for chemical association analysis, a PSD analyser, a 

graphite furnace integrated with atomic absorption spectrometry (GFAAS) to estimate the release 

activation energy of each elements in each association, and a furnace for ash fusion analysis to 
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comprehend mineral melting behaviours. Since biomass is considerably more diverse than coal, the use 

of all these devices for every variant of combusted biomass will be time- and cost-consuming.  

The use of chemical reaction instead of chemical equilibrium for the atomic release of the inorganic 

elements might be sufficient for only three elements in the methodology of James et al. (2014).334 

However, when more than 10 elements are involved, the interactions amongst the elements, of which 

the reactions and the kinetics are hardly available, might become important to allow the release of the 

elements in the form of compounds rather than atoms. This implies that despite kinetic limitations, the 

use of chemical equilibrium is useful for the sake of calculation practicality. 

Other potential thesis model improvements based on the findings discussed in earlier chapters could 

also be proposed for future work. The potential improvements may cover numerical calculation 

accuracy, process scale-up, adaptation to other boiler types (particularly circulating fluidised beds), and 

ash growth model. The underlying combustion model is particularly suited for translation to other 

equipment types.   

The scale of combustion that was employed in the research for this thesis could be extended to power-

plant scale. Modelling of power plants is commonly conducted in process modelling programs, e.g. 

Aspen Plus. The entrained-flow combustion model could be used as a function to calculate the output 

of combustion equipment or as a block in the designed process. 

Chemical equilibrium methods have the potential to be implemented in boiler types other than 

entrained-flow boilers. The other common boiler types used in commercial power plants are fluidised-

bed boilers and grate-firing boilers. The combustion models for both these types were developed three 

decades ago. However, studies that have involved comprehensive AFE and TE inclusion in the models 

of these boilers are still rarely available. Future works on AFE and TE fate and occurrence in fluidised-

bed boilers and grate-firing boilers would help to widen emission compliance data to a majority of 

power plants. Additionally, the fate and occurrence model may also be extended to predict AFE and TE 

fate and occurrence in clean-up systems. The extended model should not be used to consider whether 

clean-up systems were required but to optimise clean-up system designs and reduce design costs. 

Finally, future work on aerosol coagulation and nucleation could establish a more accurate prediction 

of the bottom ash PSD and provide comprehensive and accurate input parameters for growth of slagging 

and fouling ash deposits. However, this work would face many challenges, e.g. heterogeneous 

nucleation and irregular aerosol shapes, and might require a series of evaluations from aerosol scale to 

power-plant scale. 
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Appendix 

 

Appendix A: Individual Property Equations 

Appendix A contains the calculations of properties of all solids, moisture, gases incorporated in biomass 

combustion. The incorporated solids are wood, tar, char, ash. The incorporated gases are CH4(g), CO(g), 

CO2(g), H2(g), H2O(g), O2(g) and N2(g). 

 

Appendix A.1 Heat Capacities of Solids, Liquids, and Gases 

The heat capacities of wood, tar, char, and ash are calculated via Equations A.1, A.2, A.3, and A.4.338,339 

𝑐𝑃𝑤𝑜𝑜𝑑 = 2400 − 2500𝑒
−0.004𝑇 (EA.1) 

𝑐𝑃𝑡𝑎𝑟 = 506 + 1.16𝑇 − 0.000116𝑇
2 −

0.00000333

𝑇2
 (EA.2) 

𝑐𝑃𝑐ℎ𝑎𝑟 = 1430 + 0.355𝑇 −
0.000000732

𝑇2
 (EA.3) 

𝑐𝑃𝑎𝑠ℎ = −5𝑒
−10𝑇4 + 3𝑒−6𝑇3 + 1𝑒−10𝑇3 − 0.0054𝑇2 + 4.156𝑇 − 173.39 (EA.4) 

𝑐𝑃𝐻2𝑂(𝑙)
= (0.0003𝑇2 − 0.1768𝑇 + 104.12)0.018 (EA.5) 

𝑐𝑃𝑤𝑜𝑜𝑑, 𝑐𝑃𝑡𝑎𝑟, 𝑐𝑃𝑐ℎ𝑎𝑟, 𝑐𝑃𝑎𝑠ℎ, and 𝑐𝑃𝐻2𝑂(𝑙)
 are the heat capacities of wood, tar, char, ash and water as 

moisture in J kg-1 K-1. Ash mainly consists of calcium, silicon, and potassium. Nevertheless, the heat 

capacity of ash is assumed equal to the heat capacity of SiO2(s) to avoid needless complexity.340 𝑇 is the 

temperatures of the respective materials in K. The gas heat capacities are calculated via Equation A.6. 

𝑐𝑃𝑖 = 𝐴𝑐𝑃 𝑖
𝑇6 + 𝐵𝑐𝑃 𝑖

𝑇5 + 𝐶𝑐𝑃 𝑖
𝑇4 +𝐷𝑐𝑃 𝑖

𝑇3 + 𝐸𝑐𝑃 𝑖
𝑇2 + 𝐹𝑐𝑃 𝑖

𝑇 + 𝐺𝑐𝑃 𝑖
 (EA.6) 

𝑖 is a gas compound, e.g. CH4(g), CO(g), CO2(g), H2(g), H2O(g), O2(g), and N2(g). 𝑐𝑃𝑖 is the heat capacity of 

gas 𝑖 in J kg-1 K-1. The values of 𝐴𝑐𝑃 𝑖
, 𝐵𝑐𝑃 𝑖

, 𝐶𝑐𝑃 𝑖
, 𝐷𝑐𝑃 𝑖

, 𝐸𝑐𝑃 𝑖
, 𝐹𝑐𝑃 𝑖

, and 𝐺𝑐𝑃 𝑖
 for each gas 𝑖 are listed in 

Table A.1. 
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Table A.1 Combustion Gas Heat Capacity Parameters 

𝑖 𝐴𝑐𝑃𝑖
 𝐵𝑐𝑃𝑖

 𝐶𝑐𝑃𝑖
 𝐷𝑐𝑃𝑖

 𝐸𝑐𝑃𝑖
 𝐹𝑐𝑃 𝑖

 𝐺𝑐𝑃𝑖
 

CH4(g)
341 1e-18 -2e-14 1e-10 -7e-8 -0.0014 5.0649 781.64 

CO(g)
340 3e-19 -5e-15 4e-11 -1e-7 0.0001 0.1814 969.51 

CO2(g)
340 -5e-19 1e-14 -9e-11 4e-7 -0.001 1.4528 498.41 

H2(g)
340 2e-18 -5e-14 4e-10 -2e-6 0.0044 -2.6327 14831 

H2O(g)
340 7e-19 -1e-14 1e-10 -4e-7 0.0007 0.2511 1699.6 

O2(g)
340 -2e-19 6e-15 -5e-11 2e-7 -0.0005 0.7238 719.64 

N2(g)
340 9e-20 -2e-15 9e-12 -6e-9 -0.0001 0.3948 879.11 

 

Appendix A.2 Thermal Conductivities of Solids and Gases 

The thermal conductivities of solids comprise the conductive and radiative thermal conductivities. The 

conductive thermal conductivities of wood depend on moisture mass fractions as calculated in Equation 

A.7. 

𝑥𝑚𝐻2𝑂(𝑙)
=

𝜌𝐻2𝑂(𝑙)

𝜌𝑤𝑜𝑜𝑑+𝜌𝑡𝑎𝑟+𝜌𝑐ℎ𝑎𝑟+𝜌𝐻2𝑂(𝑙)+
∑ 𝜌𝑖
𝑛
𝑖=1

 (EA.7) 

𝑥𝑚𝐻2𝑂(𝑙)
 is the H2O(l) mass fraction.  

The conductive thermal conductivities of wood are calculated via Equation A.8.342 

𝑘𝑐𝑜𝑛𝑤𝑜𝑜𝑑 = (0.0932 + 0.0065𝑥𝑚𝐻2𝑂(𝑙)
) (1 + 0.00365𝑇) (0.986 + 2.695𝑥𝑚𝐻2𝑂(𝑙)

) (EA.8) 

𝑘𝑐𝑜𝑛𝑤𝑜𝑜𝑑 is the conductive thermal conductivity of wood in W m-1 K-1. The conductive thermal 

conductivities of char and ash are estimated via Equations A.9 and A.10.343 

𝑘𝑐𝑜𝑛𝑐ℎ𝑎𝑟 = 0.071 (EA.9) 

𝑘𝑐𝑜𝑛𝑎𝑠ℎ = 1.4 (EA.10) 

𝑘𝑐𝑜𝑛𝑐ℎ𝑎𝑟 and 𝑘𝑐𝑜𝑛𝑎𝑠ℎ are the conductive thermal conductivities of char and ash in W m-1 K-1. 𝑘𝑐𝑜𝑛𝑎𝑠ℎ 

is the conductive thermal conductivity of SiO2(s). The conductive thermal conductivities of gases are 

calculated via Equations A.11 for CH4(g), A.12 for CO(g), A.13 for CO2(g), A.14 for H2(g), A.15 for H2O(g), 

A.16 for O2(g), and A.17 for N2(g).344,345,346 
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𝑘𝑐𝑜𝑛𝐶𝐻4(𝑔)
=

−23.35+0.1698𝑇+0.00001893𝑇2

1000
 (EA.11) 

𝑘𝑐𝑜𝑛𝐶𝑂(𝑔)
= −7𝑒−9𝑇2 + 7𝑒−5𝑇 + 0.004 (EA.12) 

𝑘𝑐𝑜𝑛𝐶𝑂2(𝑔)
= (−2.4 + 0.0216𝑇 − 0.000003244𝑇2) (

418

1000
) (EA.13) 

𝑘𝑐𝑜𝑛𝐻2(𝑔)
= (1434 + 1.257(𝑇 − 1200)) (

418

1000
) (EA.14) 

𝑘𝑐𝑜𝑛𝐻2𝑂(𝑔)
= 0.0001𝑇 − 0.0228 (EA.15) 

𝑘𝑐𝑜𝑛𝑂2(𝑔)
= 3𝑒−5𝑇 + 0.05 (EA.16) 

𝑘𝑐𝑜𝑛𝑁2(𝑔)
= −3𝑒−16𝑇4 + 2𝑒−12𝑇3 − 1𝑒−8𝑇2 + 0.00007𝑇 + 0.0053 (EA.17) 

𝑘𝑐𝑜𝑛𝐶𝐻4(𝑔)
, 𝑘𝑐𝑜𝑛𝐶𝑂(𝑔)

, 𝑘𝑐𝑜𝑛𝐶𝑂2(𝑔)
, 𝑘𝑐𝑜𝑛𝐻2(𝑔)

, 𝑘𝑐𝑜𝑛𝐻2𝑂(𝑔)
, 𝑘𝑐𝑜𝑛𝑂2(𝑔)

, and 𝑘𝑐𝑜𝑛𝑁2(𝑔)
 are the conductive 

thermal conductivities of CH4(g), CO(g), CO2(g), H2(g), H2O(g), O2(g), and N2(g) in W m-1 K-1. 

 

Appendix A.3 Viscosities of Gases 

The viscosities of gases are calculated via Equation A.18. 

𝜇𝑖 = 𝐴𝜇𝑖𝑇
2 + 𝐵𝜇𝑖𝑇 + 𝐶𝜇𝑖 (EA.18) 

The values of 𝐴𝜇𝑖, 𝐵𝜇𝑖, and 𝐶𝜇𝑖 are listed in Table A.2. 

Table A.2 Combustion Gas Viscosity Parameters 

𝑖 𝐴𝜇𝑖
 𝐵𝜇𝑖

 𝐶𝜇𝑖
 

CH4(g) 0 3e-8 5e-6 

CO(g) -6e-12 4e-8 8e-6 

CO2(g) -9e-12 5e-8 2e-6 

H2(g) 3e-12 2e-8 5e-6 

H2O(g) -4e-12 5e-8 4e-6 

O2(g) -6e-12 5e-8 9e-6 

N2(g) -4e-12 4e-8 8e-6 
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Appendix A.4 Molecular Collision Diameters of Gases 

The molecular collision diameters, 𝑟𝑚, of gases are listed in Table A.3.  

Table A.3 Combustion Gas Collision Diameters 

𝑖 or 𝑗 𝑟𝑚 (Å) 

CH4(g)
347 3.758 

CO(g)
347 3.690 

CO2(g)
347 3.941 

H2(g)
348 3.55 

H2O(g)
347   2.641 

O2(g)
347 3.467 

N2(g)
347 3.798 

 

Appendix A.5 Interaction Energies of Gases 

The interaction energies of gases are listed in Table A.4.349 

Table A.4 Combustion Gas Interaction Energies 

𝑖 or 𝑗 𝐸𝑖𝑛𝑡𝑖
𝑘𝐵

 or 
𝐸𝑖𝑛𝑡𝑗

𝑘𝐵
 (K) 

CH4(g) 154 

CO(g) 110 

CO2(g) 190 

H2(g) 38 

H2O(g)   809.1 

O2(g) 113 

N2(g) 99.8 

𝑘𝐵 is the Boltzmann constant with a value of 1.38064852e-23 m2 kg s-2 K-1. 
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Appendix A.6 Permeabilities of Solids 

The permeabilities of solids are listed in Table A.5. 

Table A.5 Permeabilities of Solids 

𝑖 𝜂𝑖 (Å) 

Wood350 1e-14 

Char350 1e-12 

Ash  1e-12 (Assumption) 

 

Appendix A.7 Emissivities of Solids 

The emissivities of solids are listed in Table A.6. 

Table A.6 Emissivities of Solids 

𝑖 𝜖𝑖 

Wood115 0.85 

Char115 0.95 

Ash  0.95 

 

Appendix B: Total Property Equations 

Appendix B contains the calculations of the total value of the individual properties in Appendix A. The 

calculations include the development of the formulae over time. 

 

Appendix B.1 Heat Capacities of Mixtures for Solids, Liquids, and Gases 

The heat capacities, 𝑐𝑃, of the mixture for solids, liquids, and gases are calculated through a weighted 

average formula, as shown in Equation B.1. 

𝑐𝑃 =
∑ 𝜌𝑖𝑠𝑜𝑙𝑐𝑃𝑖𝑠𝑜𝑙

𝑛𝑠𝑜𝑙
𝑖𝑠𝑜𝑙=1

+∑ 𝜌𝑖𝑙𝑖𝑞𝑐𝑃𝑖𝑙𝑖𝑞

𝑛𝑙𝑖𝑞
𝑖𝑙𝑖𝑞=1

+∑ 𝜌𝑖𝑔𝑎𝑠𝑐𝑃𝑖𝑔𝑎𝑠
𝑛𝑔𝑎𝑠
𝑖𝑔𝑎𝑠=1

∑ 𝜌𝑖𝑠𝑜
𝑛𝑠𝑜𝑙
𝑖𝑠𝑜𝑙=1

+∑ 𝜌𝑖𝑙𝑖𝑞

𝑛𝑙𝑖𝑞
𝑖𝑙𝑖𝑞=1

+∑ 𝜌𝑖𝑔𝑎𝑠
𝑛𝑔𝑎𝑠
𝑖𝑔𝑎𝑠=1

 (EB.1) 
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𝜌𝑖𝑠𝑜𝑙, 𝜌𝑖𝑙𝑖𝑞 , and 𝜌𝑖𝑠𝑜𝑙 are the densities of 𝑖 of solids, liquids, and gases in kg m-3. 𝑐𝑃𝑖𝑠𝑜𝑙
, 𝑐𝑃𝑖𝑙𝑖𝑞

, and 𝑐𝑃𝑖𝑔𝑎𝑠
 

are the heat capacities of 𝑖 of solids, liquids, and gases in J kg-1 K-1. 𝑛𝑠𝑜𝑙, 𝑛𝑙𝑖𝑞, and 𝑛𝑔𝑎𝑠 are the last 

species of solids, liquids, and gases. 

 

Appendix B.2 Conductive Thermal Conductivities for Mixtures of Solids and Liquids 

The conductive thermal conductivities, 𝑘𝑐𝑜𝑛, of the mixture of the solids and liquids are calculated via 

Equation B.2 with a weighted-average formula. 

𝑘𝑐𝑜𝑛 =
∑ 𝜌𝑖𝑠𝑜𝑙𝑘𝑖𝑠𝑜𝑙
𝑛𝑠𝑜𝑙
𝑖𝑠𝑜𝑙=1

+∑ 𝜌𝑖𝑙𝑖𝑞𝑘𝑖𝑙𝑖𝑞

𝑛𝑙𝑖𝑞
𝑖𝑙𝑖𝑞=1

𝜌𝑖𝑠𝑜𝑙+𝜌𝑖𝑙𝑖𝑞
 (EB.2) 

𝜌𝑖𝑠𝑜𝑙 and 𝜌𝑖𝑙𝑖𝑞  are the densities of 𝑖 of solids and liquids in kg m-3. 𝑘𝑖𝑠𝑜𝑙 and 𝑘𝑖𝑙𝑖𝑞  the thermal 

conductivities of 𝑖 of solids and liquids in W m-1 K-1. 𝑛𝑠𝑜𝑙 and 𝑛𝑙𝑖𝑞 are the last species of solids and 

liquids. 

 

Appendix B.3 Conductive Thermal Conductivities for Mixtures of Gases 

Several researchers developed the conductive thermal conductivity equation for gas mixtures. 

Wassiljewa351 proposed a formula based on kinetic theory to calculate the conductive thermal 

conductivity of a binary mixture of gases 𝐴 and 𝐵, as shown in Equation B.3. 

𝑘𝑐𝑜𝑛 =
𝑘𝑐𝑜𝑛𝐴

1+𝐴𝑊𝑎𝑠𝑠𝑖𝑙𝑗𝑒𝑤𝑎𝐴𝐵
(
𝑥𝑛𝐵
𝑥𝑛𝐴

)
+

𝑘𝑐𝑜𝑛𝐵

1+𝐴𝑊𝑎𝑠𝑠𝑖𝑙𝑗𝑒𝑤𝑎𝐴𝐵
(
𝑥𝑛𝐴
𝑥𝑛𝐵

)
 (EB.3) 

𝑘𝑐𝑜𝑛𝐴 and 𝑘𝑐𝑜𝑛𝐵 are the conductive thermal conductivities of gases A and B in W m-1 K-1. 

𝐴𝑊𝑎𝑠𝑠𝑖𝑙𝑗𝑒𝑤𝑎𝐴𝐵 is the dimensionless Wassiljewa constant for a binary mixture of gases A and B. 𝑥𝑛𝐴 

and 𝑥𝑛𝐵 are the molar fractions gases 𝐴 and 𝐵. However, Weber352 later proved that Equation B.3 was 

poorly validated with experimental results. Another conductive thermal conductivity formula for gas 

mixtures was introduced by Kennard, who proposed a polynomial equation as shown in Equation B.4.353 

𝑘𝑐𝑜𝑛𝑔𝑎𝑠 = 𝑘𝑐𝑜𝑛𝐴𝑥𝑛𝐴
2 + 𝐾𝐾𝑒𝑛𝑛𝑎𝑟𝑑𝑥𝑛𝐴𝑥𝑛𝐵 + 𝑘𝑐𝑜𝑛𝐵𝑥𝑛𝐵

2 (EB.4) 

𝐾𝐾𝑒𝑛𝑛𝑎𝑟𝑑 is the Kennard constant, which is determined using the least-square method. However, 

Equation B.4 also failed to show satisfactory validation when tested against experimental results. 

Lindsay and Bromley354 later adopted Equation B.2 to develop a more accurate formula that is shown 



250 
 

in Equation B.5. Equation B.5 was used for the work described in this thesis since it had been proven 

to show good agreement with experimental results. 

𝑘𝑐𝑜𝑛 = ∑
𝑘𝑐𝑜𝑛𝑖

1

𝑥𝑛𝑖
∑ 𝐴𝐿𝑖𝑛𝑑𝑠𝑎𝑦−𝐵𝑟𝑜𝑚𝑙𝑒𝑦𝑖𝑗

𝑥𝑛𝑗
𝑛
𝑗=1
𝑗≠𝑖

𝑛
𝑖=1  (EB.5) 

𝑘𝑐𝑜𝑛𝑖 is the gas 𝑖 thermal conductivity in W m-1 K-1. 𝑥𝑛𝑖 and 𝑥𝑛𝑗 are the molar fractions of gases 𝑖 and 

𝑗. 𝐴𝐿𝑖𝑛𝑑𝑠𝑎𝑦−𝐵𝑟𝑜𝑚𝑙𝑒𝑦𝑖𝑗
 is the Lindsay-Bromley constant for a binary mixture of gases 𝑖 and 𝑗, and is 

calculated via Equation B.6. 

𝐴𝐿𝑖𝑛𝑑𝑠𝑎𝑦−𝐵𝑟𝑜𝑚𝑙𝑒𝑦𝑖𝑗 =
1

4
(1 + (

𝜇𝑖

𝜇𝑗
(
𝑀𝑊𝑗

𝑀𝑊𝑖
)

3

4 (1+
𝑆𝑖
𝑇
)

(1+
𝑆𝑗

𝑇
)
)

1

2

)

2

(1+
𝑆𝑗

𝑇
)

(1+
𝑆𝑖
𝑇
)
 (EB.6) 

𝜇𝑖 and 𝜇𝑗 are the viscosities calculated in Appendix B.4 of gases 𝑖 and 𝑗 in Pa s. 𝑀𝑊𝑖 and 𝑀𝑊𝑗 are the 

molecular weights of gases 𝑖 and 𝑗 in g mol-1. The Sutherland constants, 𝑆𝑖 for gas 𝑖 and 𝑆𝑗 for gas 𝑗, are 

estimated via Equation B.7. 

𝑆𝑖 = 1.5𝑇𝑖𝐵 (EB.7) 

𝑇𝑖𝐵 is the boiling temperature of compound 𝑖 at 1 atm in K. For H2, 79 K is used. 

 

Appendix B.4 Radiative Thermal Conductivities for Porous Solid 

The radiative thermal conductivities for the mixture of the solids are calculated via Equation B.8. 

𝑘𝑟𝑎𝑑 =
𝜀𝜎𝑇3𝑑𝑝𝑜𝑟𝑒

𝜖
 (EB.8) 

𝑘𝑟𝑎𝑑 is the radiative thermal conductivities for the solid in W m-1 K-1. 𝑑𝑝𝑜𝑟𝑒 is the solid pore diameter 

of biomass, assumed constant at 3.2e-6 m.115 𝜀 is the porosity of the solid. 𝜎 is the Stephan-Boltzmann 

constant or 5.670373e-8 W m-2 K-4. 𝜖 is the emissivity of the solid. 

 

Appendix B.5 Viscosities for Mixtures of Gases 

The viscosity equation for gas mixtures has been developed by previous researchers. Graham355 

approximated the gas mixture viscosities using a weighted-average formula that is shown in Equation 

B.9. 
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𝜇 = ∑ 𝑥𝑛𝑖𝜇𝑖
𝑛
𝑖=1  (EB.9) 

𝜇 is the viscosity of the mixture of gases in Pa s. 𝑥𝑛𝑖 is the molar fraction of gas 𝑖. 𝜇𝑖 is the viscosity of 

gas 𝑖 in Pa s. However, Equation B.9 is only accurate for mixtures of gas compounds with similar 

molecular weights. Fairbanks and Wilke356 later developed multi-component systems with a correlation 

based on kinetic theory. Their formula is shown in Equation B.10. 

𝜇 = ∑
𝑥𝑛𝑖𝜇𝑖

𝑥𝑛𝑖+∑ 𝑥𝑛𝑗𝐴𝑊𝑖𝑙𝑘𝑒𝑖𝑗
𝑛
𝑗=1

𝑗≠𝑖

𝑛
𝑖=1  (EB.10) 

𝐴𝑊𝑖𝑙𝑘𝑒𝑖𝑗 is the Wilke coefficient, which is calculated via Equation B.11. 𝜇𝑗 is the viscosity of gas 𝑗 in 

Pa s. 𝑀𝑊𝑖 and 𝑀𝑊𝑗 are the molecular weights of gases 𝑖 and 𝑗 in g mol-1. 

𝐴𝑊𝑖𝑙𝑘𝑒𝑖𝑗 =

(1+(
𝜇𝑖
𝜇𝑗
)

1
2
(
𝑀𝑊𝑗

𝑀𝑊𝑖
)

1
4
)

2

4

√2
(1+

𝑀𝑊𝑖
𝑀𝑊𝑗

)

1
2

 (EB.11) 

Herning and Zipperer357 had previously developed a more straightforward formula shown in Equation 

B.12. 

𝜇 =
∑ 𝜇𝑖𝑥𝑛𝑖√𝑀𝑊𝑖
𝑛
𝑖=1

∑ 𝑥𝑛𝑖√𝑀𝑊𝑖
𝑛
𝑖=1

 (EB.12) 

Equation B.12 is accurate for most gases, with an average deviation of 1.5%. However, Equation B.12 

gives inadequate validation for H2(g)-rich gases. Brokaw358 later solved the validation problem of H2(g)-

rich gases through development of another formula that showed a reduced average deviation of 0.7%. 

This formula is given in Equation B.13. 

𝜇 = ∑
𝑥𝑛𝑖√𝜇𝑖

𝑥𝑛𝑖

√𝜇𝑖
+∑

𝑆𝐵𝑟𝑜𝑘𝑎𝑤𝑖𝑗
𝐴𝐵𝑟𝑜𝑘𝑎𝑤𝑖𝑗

𝑥𝑛𝑖

√𝜇𝑗

𝑛
𝑗=1
𝑗≠𝑖

𝑛
𝑖=1  (EB.13) 

𝑆𝐵𝑟𝑜𝑘𝑎𝑤𝑖𝑗 and 𝐴𝐵𝑟𝑜𝑘𝑎𝑤𝑖𝑗 are the Brokaw constants for binary mixtures of gases 𝑖 and 𝑗. 𝑆𝐵𝑟𝑜𝑘𝑎𝑤𝑖𝑗 and 

𝐴𝐵𝑟𝑜𝑘𝑎𝑤𝑖𝑗 are defined in Equations B.14 and B.15. 

𝑆𝐵𝑟𝑜𝑘𝑎𝑤𝑖𝑗 =
𝑟𝑚𝑖𝑗

2

𝑟𝑚𝑖𝑟𝑚𝑗

 (EB.14) 

𝐴𝐵𝑟𝑜𝑘𝑎𝑤𝑖𝑗 = 𝑀𝑊𝑖𝑗 (
𝑀𝑊𝑗

𝑀𝑊𝑖
)

1

2

(

 
 
1 +

𝑀𝑊𝑖
𝑀𝑊𝑗

−(
𝑀𝑊𝑖
𝑀𝑊𝑗

)

0.45

2(1+
𝑀𝑊𝑖
𝑀𝑊𝑗

)+
1+(

𝑀𝑊𝑖
𝑀𝑊𝑗

)

0.45

1+𝑀𝑊𝑖𝑗
𝑀𝑊𝑖𝑗)

 
 

 (EB.15) 
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𝑟𝑚𝑖 and 𝑟𝑚𝑗 are the molecular collision diameters of gases 𝑖 and 𝑗 in Å. 𝑟𝑚 of the combustion gases are 

listed in Appendix A.4. 𝑟𝑚𝑖𝑗 is the collision diameter of binary molecules in a mixture of gases 𝑖 and 𝑗 

in Å. 𝑟𝑚𝑖𝑗 is calculated via Equation B.16. 

𝑟𝑚𝑖𝑗 =
1

2
(𝑟𝑚𝑖 + 𝑟𝑚𝑗) (EB.16) 

𝑀𝑊𝑖𝑗 is the combined molecular weight of gases 𝑖 and 𝑗. 𝑀𝑊𝑖𝑗 is estimated via Equation B.17. 

𝑀𝑊𝑖𝑗 = (
4𝑀𝑊𝑖𝑀𝑊𝑗

(𝑀𝑊𝑖+𝑀𝑊𝑗)
2)

1

4

 (EB.17) 

 

Appendix B.6 Fick Diffusivities for Mixtures of Gases 

The Fick diffusivity of mixtures of gases, 𝐷𝐹𝑖, in m2 s-1 is calculated in Equation B.18 as a function of 

individual gas 𝑖 molar fractions.356 

𝐷𝐹𝑖 =
1−𝑥𝑛𝑖

∑ (
𝑥𝑛𝑗

𝐷𝐹𝑖𝑖𝑗
)𝑛

𝑗=1
𝑗≠𝑖

 (EB.18) 

𝑥𝑛𝑖 and 𝑥𝑛𝑗 are the molar fractions of gases 𝑖 and 𝑗. 𝐷𝐹𝑖𝑖𝑗 is the Fick diffusivity for a binary mixture of 

gases 𝑖 and 𝑗 in m2 s-1. 𝐷𝐹𝑖𝑖𝑗 is calculated via Equation B.19. 

𝐷𝐹𝑖𝑖𝑗 =
0.00186𝑇

3
2

𝑝𝑟𝑚𝑖𝑗
2Ω

(
1

𝑀𝑊𝑖
+

1

𝑀𝑊𝑗
)

1

2
 (EB.19) 

𝑟𝑚𝑖𝑗 is the molecular collision diameters of binary mixtures of gases 𝑖 and 𝑗 in Å and calculated in 

Equation B.16. 𝑝 is the gas pressure in atm. 𝑀𝑊𝑖 and 𝑀𝑊𝑗 are the molecular weights of gases 𝑖 and 𝑗 

in g mol-1. Ω is the collision integral estimated visually through use of Figure B.1. 
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Figure B.1 Collision Integral as a Function of Temperature 

 

On the x-axis, 𝑘𝐵 is the Boltzmann constant with a value of 1.38064852e-23 m2 kg s-2 K-1. 𝐸𝑖𝑛𝑡𝑖𝑗 is the 

interaction energy between gas 𝑖 and gas 𝑗 in J. 𝐸𝑖𝑛𝑡𝑖𝑗 is calculated via Equation B.20. 

𝐸𝑖𝑛𝑡𝑖𝑗 = √𝐸𝑖𝑛𝑡𝑖𝐸𝑖𝑛𝑡𝑗 (EB.20) 

𝐸𝑖𝑛𝑡𝑖 and 𝐸𝑖𝑛𝑡𝑗 are the interaction energies of gases 𝑖 and 𝑗 in J. 𝐸𝑖𝑛𝑡 of the combustion gases is listed 

in Appendix A.5. 

 

Appendix B.7 Knudsen Diffusivities for Mixtures of Gases 

The pore sizes influence the gas diffusivities, since the mean free path of the gas molecules might be 

within the lengths of pore sizes. The influence of the gas mean free path on gas diffusion is known as 

Knudsen diffusion. The Knudsen diffusivities for the mixture of gases are estimated via Equation B.21. 

𝐷𝐾𝑛 = 4850𝑑𝑝𝑜𝑟𝑒100√
𝑇

𝑀𝑊𝑖
 (EB.21) 

𝐷𝐾𝑛 is the particle Knudsen diffusivity in m2 s-1. 𝑑𝑝𝑜𝑟𝑒 is the pore size in cm. 𝑀𝑊𝑖 is the molecular 

weight of gas 𝑖 in g mol-1. 𝑇 is the temperature of the gas mixtures in K 
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Appendix B.8 Porosities of Solids 

The porosities of solid mixtures, 𝜀, are assumed to show a linear correlation with densities of the solid 

mixtures, as calculated via Equation B.22. 

𝜀 = 1 −
𝜌

𝜌0
(1 − 𝜀0) (EB.22) 

𝜌0 is the initial solid density in kg m-3. 𝜀0 is the initial solid porosity. 𝜀0 is assumed to equal 0.4.115 

 

Appendix B.9 Permeabilities of Solids 

The permeabilities of solid mixtures, 𝜂, are estimated through use of a weighted-average formula as 

shown in Equation B.23.350 

𝜂 =
∑ 𝜌𝑖𝜂𝑖
𝑛
𝑖=1

∑ 𝜌𝑖
𝑛
𝑖=1

 (EB.23) 

𝜌𝑖 is the density of solid 𝑖 in kg m-3. 𝜂𝑖 is the permeability of solid 𝑖 in m2.  

 

Appendix B.10 Emissivities of Solids 

To calculate the radiative heat transfer and radiative thermal conductivities of the particle surfaces, it is 

essential to know the emissivities of the particles. The radiative heat transfer at particle surfaces has a 

more significant impact on increases in particle temperature than the convective heat transfer.359 The 

emissivities of the particles are estimated with a weighted-average formula that is shown in Equation 

B.24. 

𝜖 =
∑ 𝜌𝑖𝜖𝑖
𝑛
𝑖=1

𝜌𝑖
 (EB.24) 

𝜌𝑖 is the density of solid 𝑖 in kg m-3. 𝜖𝑖 is the emissivity of solid 𝑖 in m2. 

 

Appendix B.11 Reynold Number of Flowing Gas Passing a Cylindrical Particle 

Reynold number, 𝑅𝑒, calculated via Equation B.25 determines gas flow patterns surrounding particles, 

e.g. laminar flow or turbulent flow. 
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𝑅𝑒 =
𝑑𝑝𝜌𝑣

𝜇
 (EB.25) 

𝑑𝑝 is the particle diameter in m. 𝜌 is the gas density in kg m-3. 𝑣 is the gas velocity in m s-1. 𝜇 is the gas 

viscosity in Pa s. 

 

Appendix B.12 Nusselt Number of Flowing Gas Passing a Cylindrical Particle 

Nusselt number, 𝑁𝑢, is defined as how much convective heat transfer is enhanced over conductive heat 

transfer at particle surfaces due to boundary gas motion. Numerous correlations of Nusselt number have 

been developed through evaluation of several parameters, e.g. forced convection, natural convection, 

turbulence, particle geometry, and boiler geometry. In the work described in this thesis, Equation B.26 

was used to calculate 𝑁𝑢.360 

𝑁𝑢 = 2+ 0.6𝑅𝑒
1
2𝑃𝑟

1
3 (EB.26) 

Equation B.25 was primarily developed for spherical particles. Previously, the 𝑁𝑢 correlation for 

cylindrical particles with infinite lengths was used in the current research.  However, this correlation 

did not give good agreement with the experimental results. Thus, it was decided to use Equation B.23 

for cylindrical particles under the assumption that the cylindrical particle aspect ratios were relatively 

small so that the particles behaved like spherical particles. Equation B.23 has been used in other research 

when it satisfies 0 ≤ 𝑅𝑒 < 200 and 0 ≤ 𝑃𝑟 < 250. 𝑅𝑒 is the boundary gas Reynold number relative to 

particle positions. 𝑃𝑟 is the boundary gas Prandtl number defined as the propensity of gas to flow 

according to its momentum diffusion or thermal diffusion. 𝑃𝑟 is calculated via Equation B.27. 

𝑃𝑟 =
𝑐𝑃𝜇

𝑘𝑐𝑜𝑛
 (EB.27) 

𝑐𝑃 is the gas heat capacity in J kg-1 K-1 and is estimated via Equation B.1. 𝜇 is the gas viscosity in Pa s 

and calculated via Equation B.13. 𝑘𝑐𝑜𝑛 is the conductive thermal conductivity of the gas in W m-1 K-1 

and calculated via Equation B.5. 

 

Appendix B.13 Sherwood Number of Flowing Gas Passing a Cylindrical Particle  

Sherwood number, 𝑆ℎ, is defined as the effectiveness of mass convection at particle surfaces over 

mass conduction and the mass-transfer equivalent of 𝑁𝑢. 𝑆ℎ is calculated via Equation B.28.360 

𝑆ℎ = 2+ 0.6𝑅𝑒
1
2𝑆𝑐

1
3 (EB.28) 

𝑆𝑐 is the Schmidt number and the mass-transfer equivalent of 𝑃𝑟. 𝑆𝑐 is calculated via Equation B.29. 



256 
 

𝑆𝑐 =
𝜇

𝐷𝐹𝑖𝜌
 (EB.29) 

𝐷𝐹𝑖 is the gas Fick diffusivity in m2 s-1 and is calculated via Equation B.18. 𝜇 is the gas viscosity in Pa 

s and calculated via Equation B.13. 𝜌 is the gas density in kg m-3. 

 

Appendix B.14 Reynold Number of Flowing Gas in a Column 

Reynold number, 𝑅𝑒, calculated via Equation B.30 determines gas flow patterns in a column, e.g. 

laminar flow or turbulent flow. 

𝑅𝑒 =
𝑑𝑐𝜌𝑣

𝜇
 (EB.30) 

𝑑𝑐 is the column diameter in m. 𝜌 is the gas density in kg m-3. 𝑣 is the gas velocity in m s-1. 𝜇 is the gas 

viscosity in Pa s. 

 

Appendix B.15 Nusselt Number of Flowing Gas in a Column 

The Nusselt number, 𝑁𝑢, of gas flowing in a column is calculated via Equation 

𝑁𝑢 =

{
 
 

 
 3.66 +

0.065𝑅𝑒𝑃𝑟
𝑑𝑐
ℎ

1+0.04(𝑅𝑒𝑃𝑟
𝑑𝑐
ℎ
)

2
3

, 𝑅𝑒 < 2300

0.125𝑅𝑒𝑃𝑟
1
3

(0.79 log(𝑅𝑒)−1.64)2
, 𝑅𝑒 ≥ 2300

 (EB.30) 

𝑅𝑒 is the gas Reynold number calculated via Equation B.30. 𝑃𝑟 is the gas Prandtl number calculated 

via Equation B.27. 𝑑𝑐 is the column diameter in m. ℎ is the column height in m. 

 

Appendix C: Reaction Kinetics 

Appendix C contains the kinetic equations and parameters of reactions incorporated in biomass 

combustion. The reactions are homogeneous reactions and heterogeneous reactions. 

 

Appendix C.1 Drying 

The kinetic equation for Reaction 4.1 is shown in Equation C.1 and C.2.  
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𝑑𝜌𝐻2𝑂(𝑙)

𝑑𝑡 (𝑅4.1)
= −𝐴(𝑅4.1)𝑒

(
−𝐸𝐴(𝑅4.1)

𝑅𝑇
)
𝜌𝐻2𝑂(𝑙) (EC.1) 

𝑑𝑇

𝑑𝑡(𝑅4.1)
=

𝑑𝜌𝐻2𝑂(𝑙)

𝑑𝑡 (𝑅4.1)

∆𝐻𝑅𝑥,298𝐾(𝑅4.1)
+∫ (𝑐𝑃𝐻2𝑂(𝑔)

−𝑐𝑃𝐻2𝑂(𝑙)
)𝑑𝑇

𝑇

298

𝜌𝑐𝑃
 (EC.2) 

𝑑𝜌𝐻2𝑂(𝑙)

𝑑𝑡 (𝑅4.1)
 is the rate of Reaction 4.1 in kg m-3 s-1. 𝐴(𝑅4.1) is the pre-exponential factor of Reaction 

4.1. 𝐸𝐴(𝑅4.1) is the activation energy of Reaction 4.1. The values of 𝐴(𝑅4.1) and 𝐸𝐴(𝑅4.1) are 51.3e9 s-1 

and 88 kJ mol-1, respectively. 𝑇 is the temperature of the respective material in K. 𝜌𝐻2𝑂(𝑙) is the density 

of water in kg m-3. 
𝑑𝑇

𝑑𝑡(𝑅4.1)
 is the rate of temperature change due to Reaction 4.1 in K s-1. The heat of 

Reaction 4.1, ∆𝐻𝑅𝑥,298𝐾(𝑅4.1), is 2,440 kJ kg-1. 𝑐𝑃𝐻2𝑂(𝑔)
 and 𝑐𝑃𝐻2𝑂(𝑙)

 are the heat capacities of H2O(g) and 

H2O(l), respectively. 𝑐𝑃𝐻2𝑂(𝑔)
 and 𝑐𝑃𝐻2𝑂(𝑙)

 are calculated via Equation A.6 and A.5. 𝜌 and 𝑐𝑃 are the 

density in kg m-3 and heat capacity in J kg-1 K-1 of the respective material. 

 

Appendix C.2 Wood Pyrolysis 

The kinetic equations for Reaction 4.2, 4.3, 4.4, 4.5, and 4.6 of wood pyrolysis with secondary cracking 

are shown in Equation C.3, C.4, C.5, C.6, C.7, C.8, C.9, C.10, C.11, and C.12. 

𝑑𝜌𝑔𝑎𝑠

𝑑𝑡 (𝑅4.2)
= 𝐴(𝑅4.2)𝑒

(
−𝐸𝐴(𝑅4.2)

𝑅𝑇
)
𝜌𝑤𝑜𝑜𝑑 (EC.3) 

𝑑𝜌𝑡𝑎𝑟

𝑑𝑡 (𝑅4.3)
= 𝐴(𝑅4.3)𝑒

(
−𝐸𝐴(𝑅4.3)

𝑅𝑇
)
𝜌𝑤𝑜𝑜𝑑 (EC.4) 

𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.4)
= 𝐴(𝑅4.4)𝑒

(
−𝐸𝐴(𝑅4.4)

𝑅𝑇
)
𝜌𝑤𝑜𝑜𝑑 (EC.5) 

𝑑𝜌𝑔𝑎𝑠

𝑑𝑡 (𝑅4.5)
= −𝐴(𝑅4.5)𝑒

(
−𝐸𝐴(𝑅4.5)

𝑅𝑇
)
𝜌𝑡𝑎𝑟 (EC.6) 

𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.6)
= −𝐴(𝑅4.6)𝑒

(
−𝐸𝐴(𝑅4.6)

𝑅𝑇
)
𝜌𝑡𝑎𝑟 (EC.7) 

𝑑𝑇

𝑑𝑡(𝑅4.2)
= −

𝑑𝜌𝑔𝑎𝑠

𝑑𝑡 (𝑅4.2)

∆𝐻𝑅𝑥,298𝐾(𝑅4.2)+∫ (∑ 𝑥𝑚𝑖𝑣𝑚
𝑐𝑃𝑖

𝑛
𝑖=1 −𝑐𝑃𝑤𝑜𝑜𝑑)𝑑𝑇

𝑇

298

𝜌𝑐𝑃
 (EC.8) 

𝑑𝑇

𝑑𝑡(𝑅4.3)
= −

𝑑𝜌𝑡𝑎𝑟

𝑑𝑡 (𝑅4.3)

∆𝐻𝑅𝑥,298𝐾(𝑅4.3)+∫ (𝑐𝑃𝑡𝑎𝑟−𝑐𝑃𝑤𝑜𝑜𝑑)𝑑𝑇
𝑇

298

𝜌𝑐𝑃
 (EC.9) 
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𝑑𝑇

𝑑𝑡(𝑅4.4)
= −

𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.4)

∆𝐻𝑅𝑥,298𝐾(𝑅4.4)+∫ (𝑐𝑃𝑐ℎ𝑎𝑟−𝑐𝑃𝑤𝑜𝑜𝑑)𝑑𝑇
𝑇

298

𝜌𝑐𝑃
 (EC.10) 

𝑑𝑇

𝑑𝑡(𝑅4.5)
= −

𝑑𝜌𝑔𝑎𝑠

𝑑𝑡 (𝑅4.5)

∆𝐻𝑅𝑥,298𝐾(𝑅4.5)+∫ (∑ 𝑐𝑃𝑖
𝑛
𝑖=1 −𝑐𝑃𝑡𝑎𝑟)𝑑𝑇

𝑇

298

𝜌𝑐𝑃
 (EC.11) 

𝑑𝑇

𝑑𝑡(𝑅4.6)
= −

𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.6)

∆𝐻𝑅𝑥,298𝐾(𝑅4.6)+∫ (𝑐𝑃𝑐ℎ𝑎𝑟−𝑐𝑃𝑡𝑎𝑟)𝑑𝑇
𝑇

298

𝜌𝑐𝑃
 (EC.12) 

𝑑𝜌𝑔𝑎𝑠

𝑑𝑡 (𝑅4.2)
, 
𝑑𝜌𝑡𝑎𝑟

𝑑𝑡 (𝑅4.3)
, 
𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.4)
, 
𝑑𝜌𝑔𝑎𝑠

𝑑𝑡 (𝑅4.5)
, and 

𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.6)
are the rate of Reaction 4.2, 4.3, 4.4, 4.5, 

and 4.6 in kg m-3 s-1. 
𝑑𝑇

𝑑𝑡(𝑅4.2)
, 
𝑑𝑇

𝑑𝑡(𝑅4.3)
, 
𝑑𝑇

𝑑𝑡(𝑅4.4)
, 
𝑑𝑇

𝑑𝑡(𝑅4.5)
, and 

𝑑𝑇

𝑑𝑡(𝑅4.6)
 are the rate of temperature changes 

due to Reaction 4.2, 4.3, 4.4, 4.5, and 4.6. 𝑇 is the temperature of the respective material in K. 𝑥𝑚 𝑖𝑣𝑚
 

is the mass fraction of gas 𝑖 in the volatile matter. 𝑐𝑃𝑤𝑜𝑜𝑑, 𝑐𝑃𝑡𝑎𝑟, 𝑐𝑃𝑐ℎ𝑎𝑟, and 𝑐𝑃𝑖 are the heat chapacities 

of wood, tar, char, and gas 𝑖 and calculated individually in Appendix A. 𝜌 and 𝑐𝑃 are the density in kg 

m-3 and heat capacity in J kg-1 K-1 of the respective material. The values of 𝐴, 𝐸𝐴, and ∆𝐻𝑅𝑥,298𝐾 are 

listed in Table C.1. 

Table C.1 Wood Pyrolysis Kinetic Parameters 

Reaction 𝐴 (s-1) 𝐸𝐴 (J mol-1) ∆𝐻𝑅𝑥,298𝐾 (J kg-1) 

(R4.2)226 1.44e4 88.6e3 4.2e5 

(R4.3)226 4.13e6 11.27e4 4.2e5 

(R4.4)226 7.38e5 106.5e3 4.2e5 

(R4.5)230 4.28e6 10.75e4 -4e4 

(R4.6)231 1e5 10.75e4 -4e4 

The wood pyrolysis reaction is often simplified to Reaction 6.1 by removing tar formation and tar 

secondary cracking. This simplification mainly aims to improve the accuracy of mass balance. The 

parameters of Reactions 4.2, 4.3, 4.4, 4.5, and 4.6 might be subject to use of a certain variety of wood 

grown in a specific location and during a specific season. Any other wood variety might lead to a 

requirement for different reaction parameters that would be required to be generated from experimental 

measurement. Use of generalised reaction parameters might lead to inaccurate results. Gas and char 

formation rates, 
𝑑𝜌𝑔𝑎𝑠

𝑑𝑡 (𝑅6.1)
 and 

𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅6.1)
, are calculated via Equations C.13 and C.14. 

𝑑𝜌𝑔𝑎𝑠

𝑑𝑡 (𝑅6.1)
= −𝑥1𝐴(𝑅6.1)𝑒

(
−𝐸𝐴(𝑅6.1)

𝑅𝑇
)
𝜌𝑤𝑜𝑜𝑑 (EC.13) 
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𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅6.1)
= −𝑥2𝐴(𝑅6.1)𝑒

(
−𝐸𝐴(𝑅6.1)

𝑅𝑇
)
𝜌𝑤𝑜𝑜𝑑 (EC.14) 

𝑥1 is the ratio of the initial volatile matter density to the initial dry ash-free wood density. 𝑥2 is the ratio 

of the initial fixed carbon density to the initial dry ash-free wood density. The temperature change rate 

due to Reaction 6.1 is calculated via Equation C.15. 

𝑑𝑇

𝑑𝑡(𝑅6.1)
=

𝑑𝜌𝑤𝑜𝑜𝑑𝑝

𝑑𝑡 (𝑅6.1)

∆𝐻𝑅𝑥,298𝐾(𝑅6.1)+∫ (∑ 𝑐𝑃𝑖
𝑛
𝑖=1 +𝑐𝑃𝑐ℎ𝑎𝑟−𝑐𝑃𝑤𝑜𝑜𝑑)𝑑𝑇

𝑇

298

𝜌𝑐𝑃
 (EC.15) 

𝐴(𝑅4.2), 𝐸𝐴(𝑅4.2), and ∆𝐻𝑅𝑥,298𝐾(𝑅4.1) can be used as 𝐴(𝑅6.1), 𝐸𝐴(𝑅6.1), and ∆𝐻𝑅𝑥,298𝐾(𝑅4.1) 

 

Appendix C.3 Gas Homogeneous Reactions 

The kinetic equations for Reaction 4.7, 4.8, and 4.9 for homogeneous gas reactions are shown in 

Equation C.16, C.17, C.18, C.19, C.20, and C.21. 

𝑑[𝐶𝐻4(𝑔)]

𝑑𝑡 (𝑅4.7)
= −𝐴(𝑅4.7)𝑒

(
−𝐸𝐴(𝑅4.7)

𝑅𝑇
)
[𝐶𝐻4(𝑔)]

0.7
[𝑂2(𝑔)]

0.8
 (EC.16) 

𝑑[𝐶𝑂(𝑔)]

𝑑𝑡 (𝑅4.8)
= −𝐴(𝑅4.8)𝑒

(
−𝐸𝐴(𝑅4.8)

𝑅𝑇
)
[𝐶𝑂(𝑔)] [𝑂2(𝑔)]

0.25
[𝐻2𝑂(𝑔)]

0.5
 (EC.17) 

𝑑[𝐻2(𝑔)]

𝑑𝑡 (𝑅4.9)
= −𝐴(𝑅4.9)𝑒

(
−𝐸𝐴(𝑅4.9)

𝑅𝑇
)
[𝐻2(𝑔)]

0.25
[𝑂2(𝑔)]

1.5
 (EC.18) 

𝑑𝑇

𝑑𝑡(𝑅4.7)
=

𝑑[𝐶𝐻4(𝑔)]

𝑑𝑡 (𝑅4.7)

∆𝐻𝑅𝑥,298𝐾(𝑅4.7)+∫

(

  
 𝑐𝑃𝐶𝑂(𝑔)

(
1000

𝑀𝑊𝐶𝑂(𝑔)
)

+
2𝑐𝑃𝐻2𝑂(𝑔)

(
1000

𝑀𝑊𝐻2𝑂(𝑔)
)

−
𝑐𝑃𝐶𝐻4(𝑔)

(
1000

𝑀𝑊𝐶𝐻4(𝑔)
)

−
1.5𝑐𝑃𝑂2(𝑔)

(
1000

𝑀𝑊𝑂2(𝑔)
)

)

  
 
𝑑𝑇

𝑇

298

𝜌𝑐𝑃
 (EC.19) 

𝑑𝑇

𝑑𝑡(𝑅4.8)
=

𝑑[𝐶𝑂(𝑔)]

𝑑𝑡 (𝑅4.8)

∆𝐻𝑅𝑥,298𝐾(𝑅4.8)+∫

(

  
 𝑐𝑃𝐶𝑂2(𝑔)

(
1000

𝑀𝑊𝐶𝑂2(𝑔)
)

−
𝑐𝑃𝐶𝑂(𝑔)

(
1000

𝑀𝑊𝐶𝑂(𝑔)
)

−
0.5𝑐𝑃𝑂2(𝑔)

(
1000

𝑀𝑊𝑂2(𝑔)
)

)

  
 
𝑑𝑇

𝑇

298

𝜌𝑐𝑃
 (EC.20) 

𝑑𝑇

𝑑𝑡(𝑅4.9)
=

𝑑[𝐻2(𝑔)]

𝑑𝑡 (𝑅4.9)

∆𝐻𝑅𝑥,298𝐾(𝑅4.9)+∫

(

  
 𝑐𝑃𝐻2𝑂(𝑔)

(
1000

𝑀𝑊𝐻2𝑂(𝑔)
)

−
𝑐𝑃𝐻2(𝑔)

(
1000

𝑀𝑊𝐻2(𝑔)
)

−
0.5𝑐𝑃𝑂2(𝑔)

(
1000

𝑀𝑊𝑂2(𝑔)
)

)

  
 
𝑑𝑇

𝑇

298

𝜌𝑐𝑃
 (EC.21) 
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𝑑[𝐶𝐻4(𝑔)]

𝑑𝑡 (𝑅4.7)
, 
𝑑[𝐶𝑂(𝑔)]

𝑑𝑡 (𝑅4.8)
, and 

𝑑[𝐻2(𝑔)]

𝑑𝑡 (𝑅4.9)
 are the rate of Reaction 4.7, 4.8, and 4.9. 

𝑑𝑇

𝑑𝑡(𝑅4.7)
, 
𝑑𝑇

𝑑𝑡(𝑅4.8)
, 

and 
𝑑𝑇

𝑑𝑡(𝑅4.9)
 are the rate of temperature changes due to Reaction 4.7, 4.8, and 4.9. 𝑇 is the temperature 

of the respective material in K. 𝑐𝑃𝐶𝐻4(𝑔)
, 𝑐𝑃𝐶𝑂(𝑔)

, 𝑐𝑃𝐶𝑂2(𝑔)
, 𝑐𝑃𝐻2(𝑔)

, and 𝑐𝑃𝐻2𝑂(𝑔)
 are the heat chapacities 

of CH4(g), CO(g), CO2(g), H2(g), and H2O(g), calculated individually in Appendix A. 𝜌 and 𝑐𝑃 are the density 

in kg m-3 and heat capacity in J kg-1 K-1 of the respective material. 𝑀𝑊𝐶𝐻4(𝑔)
, 𝑀𝑊𝐶𝑂(𝑔), 𝑀𝑊𝐶𝑂2(𝑔)

, 

𝑀𝑊𝐻2(𝑔)
, 𝑀𝑊𝐻2𝑂(𝑔), and 𝑀𝑊𝑂2(𝑔)

 are the moleculer weights of CH4(g), CO(g), CO2(g), H2(g), H2O(g), and 

O2(g) in g mol-1. The values of 𝐴, 𝐸𝐴, and ∆𝐻𝑅𝑥,298𝐾 are listed in Table C.2. 

Table C.2 Homogeneous Gas Reaction Kinetic Parameters 

Reaction 𝐴  𝐸𝐴 (J mol-1) ∆𝐻𝑅𝑥,298𝐾 (J mol-1) 

(R4.7)361 1.58e10 202505.6 -519261 

(R4.8)361 1.26e10 179912 -282984 

(R4.9)362 (3.82e13)T-1 167360 -241818 

 

Appendix C.4 Char Heterogeneous Reactions with Non-homogeneous Intra-particle Profile 

The kinetic equations of the heterogeneous reactions of char as deduced in previous works have been 

compiled by Blasi.363 One or two of these compiled equations have been chosen for use in this thesis.  

However, there is no guarantee that the chosen equations are suitable for the single-particle combustion 

model. The chosen equations are taken from the work of Van den Aarsen et al.364 and Barrio and 

Hustad365 for CO2(g) gasification, Kojima et al.366 for H2O(g) gasification, and Janse et al.367 for O2(g) 

combustion. These equations are used for the following reasons. 

• The chemical and physical properties of the gasified biomass that was studied in these 

researches, i.e. birch wood, beechwood, and sawdust, are of the most common and typical 

woody biomass. 

• The gasification was conducted within a reasonable range of temperature. 

• The kinetic equations take into account the temperatures and partial pressures of the intra-

particle gases, and the intra-particle char densities. Other kinetic equations are available, but 

they do not incorporate char density. The absence of intra-particle char densities could lead to 

misleading results when the molar ratio of available gas to stoichiometrically required gas is 

larger than unity. 
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The kinetic equations for Reactions 4.10, 4.11, and 4.12 are given by Equations C.22, C.23 and C.24 

respectively of Van den Aarsen et al.364 and Barrio and Hustad365, and C.25. 

𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.10)
= −𝐴(𝑅4.10)𝑒

(
−𝐸𝐴(𝑅4.10)

𝑅𝑇
)
𝑝𝑂2(𝑔)

0.53𝜌𝑐ℎ𝑎𝑟
0.49 (EC.22) 

𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.11)
= −

𝐴(𝑅4.11)

𝑇0.8
𝑒
(
−𝐸𝐴(𝑅4.11)

𝑅𝑇
)
𝑝𝐶𝑂2(𝑔)

0.8𝜌𝑐ℎ𝑎𝑟
2

3 (EC.23) 

𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.11)
= −𝐴(𝑅4.11)𝑒

(
−𝐸𝐴(𝑅4.11)

𝑅𝑇
)
𝑝𝐶𝑂2(𝑔)

0.38𝜌𝑐ℎ𝑎𝑟 (EC.24) 

𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.12)
= −𝐴(𝑅4.12)𝑒

(
−𝐸𝐴(𝑅4.12)

𝑅𝑇
)
𝑝𝐻2𝑂(𝑔)

0.41𝜌𝑐ℎ𝑎𝑟 (EC.25) 

𝑇 is the temperature of the entire material, e.g. the particle. 
𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.10)
, 
𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.11)
, and 

𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.12)
 

are the rates of Reaction 4.10, 4.11, and 4.12. 𝑝𝑂2(𝑔), 𝑝𝐶𝑂2(𝑔), and 𝑝𝐻2𝑂(𝑔) are the pressures of O2(g), 

CO2(g), and H2O(g) in Pa. 𝜌𝑐ℎ𝑎𝑟 is the density of char in kg m-3. The values of 𝐴, 𝐸𝐴, and ∆𝐻𝑅𝑥,298𝐾 are 

listed in Table C.3. 

Table C.3 Heterogeneous Gas Reaction Kinetic Parameters 

Reaction 𝐴  𝐸𝐴 (J mol-1) ∆𝐻𝑅𝑥,298𝐾 (J kg-1) 

(R4.10)367 5.3e5 1.25e5 -9.2e6 

(R4.11)364  9.1e6 1.66e5 1.4e7 

(R4.11)365 3.1e6 2.15e5 1.4e7 

(R4.12)366 1.7e3 1.79e5 1.1e7 

The temperature change rates of the heterogeneous reactions, e.g. 
𝑑𝑇

𝑑𝑡(𝑅4.10)
, 
𝑑𝑇

𝑑𝑡(𝑅4.11)
, and 

𝑑𝑇

𝑑𝑡(𝑅4.12)
, are 

calculated via Equations C.26, C.27, and C.27. 

𝑑𝑇

𝑑𝑡(𝑅4.10)
=

𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.10)

∆𝐻𝑅𝑥,298𝐾(𝑅4.10)+

∫

(

 
 
 
 𝑐𝑃𝐶𝑂(𝑔)

(
1000

𝑀𝑊𝐶𝑂(𝑔)
)

−
𝑐𝑃𝑐ℎ𝑎𝑟

(
1000

𝑀𝑊𝑐ℎ𝑎𝑟
)
−

0.5𝑐𝑃𝑂2(𝑔)

(
1000

𝑀𝑊𝑂2(𝑔)
)

)

 
 
 
 

𝑑𝑇
𝑇
298

(
𝑀𝑊𝑐ℎ𝑎𝑟
1000

)

𝜌𝑐𝑃
 (EC.26) 
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𝑑𝑇

𝑑𝑡(𝑅4.11)
=

𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.11)

∆𝐻𝑅𝑥,298𝐾(𝑅4.11)+

∫

(

 
 
 
 2𝑐𝑃𝐶𝑂(𝑔)

(
1000

𝑀𝑊𝐶𝑂(𝑔)
)

−
𝑐𝑃𝑐ℎ𝑎𝑟

(
1000

𝑀𝑊𝑐ℎ𝑎𝑟
)
−

𝑐𝑃𝐶𝑂2(𝑔)

(
1000

𝑀𝑊𝐶𝑂2(𝑔)
)

)

 
 
 
 

𝑑𝑇
𝑇
298

(
𝑀𝑊𝑐ℎ𝑎𝑟
1000

)

𝜌𝑐𝑃
 (EC.27) 

𝑑𝑇

𝑑𝑡(𝑅4.12)
=

𝑑𝜌𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.12)

∆𝐻𝑅𝑥,298𝐾(𝑅4.12)+

∫

(

 
 
 
 𝑐𝑃𝐶𝑂(𝑔)

(
1000

𝑀𝑊𝐶𝑂(𝑔)
)

+

𝑐𝑃𝐻2(𝑔)

(
1000

𝑀𝑊𝐻2(𝑔)
)

−
𝑐𝑃𝑐ℎ𝑎𝑟

(
1000

𝑀𝑊𝑐ℎ𝑎𝑟
)
−

𝑐𝑃𝐻2𝑂(𝑔)

(
1000

𝑀𝑊𝐻2𝑂(𝑔)
)

)

 
 
 
 

𝑑𝑇
𝑇
298

(
𝑀𝑊𝑐ℎ𝑎𝑟
1000

)

𝜌𝑐𝑃
 (EC.28) 

𝑐𝑃𝐶𝑂(𝑔)
, 𝑐𝑃𝐶𝑂2(𝑔)

, 𝑐𝑃𝐻2(𝑔)
, and 𝑐𝑃𝐻2𝑂(𝑔)

 are the heat chapacities of CO(g), CO2(g), H2(g), and H2O(g), 

calculated individually in Appendix A. 𝜌 and 𝑐𝑃 are the density in kg m-3 and heat capacity in J kg-1 K-

1 of the respective material. 𝑀𝑊𝐶𝑂(𝑔), 𝑀𝑊𝐶𝑂2(𝑔)
, 𝑀𝑊𝐻2(𝑔)

, 𝑀𝑊𝐻2𝑂(𝑔), and 𝑀𝑊𝑂2(𝑔)
 are the moleculer 

weights of CO(g), CO2(g), H2(g), H2O(g), and O2(g) in g mol-1. 

 

Appendix C.5 Char Heterogeneous Reactions with Lumped Intra-particle Profile 

When the particle is not discretised because the intra-particle profiles are homogenously distributed due 

to relatively small particle sizes, the particle mass is used instead of the particle density, as shown in 

Equation C.29, C.30, and C.31.  

𝑑𝑚𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.10)
= −𝜂(𝑅4.10)𝐴(𝑅4.10)𝑒

(
−𝐸𝐴(𝑅4.10)

𝑅𝑇
)
𝑝𝑂2(𝑔)𝑝𝑠

0.53𝑚𝑐ℎ𝑎𝑟
0.49 (EC.29) 

𝑑𝑚𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.11)
= −𝜂(𝑅4.11)

𝐴(𝑅4.11)

𝑇0.8
𝑒
(
−𝐸𝐴(𝑅4.11)

𝑅𝑇
)
𝑝𝐶𝑂2(𝑔)𝑝𝑠

0.8𝑚𝑐ℎ𝑎𝑟

2

3 (EC.30) 

𝑑𝑚𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.12)
= −𝜂(𝑅3.12)𝐴(𝑅3.12)𝑒

(
−𝐸𝐴(𝑅4.12)

𝑅𝑇
)
𝑝𝐻2𝑂(𝑔)𝑝𝑠

0.41𝑚𝑐ℎ𝑎𝑟 (EC.31) 

𝑝𝑂2(𝑔)𝑝𝑠
, 𝑝𝐶𝑂2(𝑔)𝑝𝑠

, and 𝑝𝐻2𝑂(𝑔)𝑝𝑠
 are the partial pressures of O2(g), CO2(g), and H2O(g) at the surface of 

the particle. 𝜂(𝑅4.10), 𝜂(𝑅4.11), and 𝜂(𝑅4.12) are the effectiveness factors of Reactions 4.10, 3.11, and 4.12 

and defined as the ratios of the actual reaction rate to the intrinsic reaction rate and calculated via 

Equations C.32, C.33, and C.34. 

𝜂(𝑅4.10) =
3

𝜙(𝑅4.10)
(

1

tanh𝜙(𝑅4.10)
−

1

𝜙(𝑅4.10)
) (EC.32) 
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𝜂(𝑅4.11) =
3

𝜙(𝑅4.11)
(

1

tanh𝜙(𝑅4.11)
−

1

𝜙(𝑅4.11)
) (EC.33) 

𝜂(𝑅4.12) =
3

𝜙(𝑅4.12)
(

1

tanh𝜙(𝑅4.12)
−

1

𝜙(𝑅4.12)
) (EC.34) 

𝜙(𝑅3.10), 𝜙(𝑅3.11), and 𝜙(𝑅3.12) are estimated by use of Equations C.35, C.36, and C.37. 

𝜙(𝑅4.10) =
𝐿𝑐𝑝

6

√
1.53

2
𝐴(𝑅4.10)𝑒

(
−𝐸𝐴(𝑅4.10)

𝑅𝑇
)
𝑚𝑐ℎ𝑎𝑟

0.49 𝑚𝑐ℎ𝑎𝑟

(
𝑀𝑊𝑐ℎ𝑎𝑟
1000

)
𝑅𝑇∞

𝑝𝑂2(𝑔)𝑝𝑠
0.47𝑉𝐷𝑒𝑓𝑓𝑂2(𝑔)

 (EC.35) 

𝜙(𝑅4.11) =
𝐿𝑐𝑝

6

√
1.8𝐴(𝑅4.11)𝑒

(
−𝐸𝐴(𝑅4.11)

𝑅𝑇
)
𝑚𝑐ℎ𝑎𝑟

2
3

𝑚𝑐ℎ𝑎𝑟

(
𝑀𝑊𝑐ℎ𝑎𝑟
1000

)
𝑅𝑇∞

𝑝𝐶𝑂2(𝑔)𝑝𝑠
0.2𝑉𝐷𝑒𝑓𝑓𝐶𝑂2(𝑔)

 (EC.36) 

𝜙(𝑅4.12) =
𝐿𝑐𝑝

6

√
1.41𝐴(𝑅4.12)𝑒

(
−𝐸𝐴(𝑅4.12)

𝑅𝑇
)
𝑚𝑐ℎ𝑎𝑟

𝑚𝑐ℎ𝑎𝑟

(
𝑀𝑊𝑐ℎ𝑎𝑟
1000

)
𝑅𝑇∞

𝑝𝐻2𝑂(𝑔)𝑝𝑠
0.2𝑉𝐷𝑒𝑓𝑓𝐻2𝑂(𝑔)

 (EC.37) 

𝑇∞ is the bulk temperature in K. 𝑉 is the volume of the particle. in m3. 𝐷𝑒𝑓𝑓𝑂2(𝑔)
, 𝐷𝑒𝑓𝑓𝐶𝑂2(𝑔)

, and 

𝐷𝑒𝑓𝑓𝐻2𝑂(𝑔)
 are the effective diffusivity coefficients of O2(g), CO2(g), and H2O(g) and are calculated by use 

of Equation C.38 where 𝑖 is a gas compound. 

𝐷𝑒𝑓𝑓𝑖 =
1

1

𝐷𝐾𝑛𝑖
+

1

𝐷𝐹𝑖𝑖

𝜀

𝜏
 (EC.38) 

𝜀 is the porosity of the particle. The tortuosity of the particle, 𝜏, is estimated via Equation C.39. 

𝜏 =
1

𝜀
 (EC.39) 

𝐷𝐹𝑖𝑖 is calculated via Equation B.18 as a function of 𝐷𝐹𝑖𝑖𝑗. 𝐷𝐹𝑖𝑖𝑗 and 𝐷𝐾𝑛𝑖 is calculated by use of 

Equation B.19 and B.21, respectively, at mean temperature of bulk and particle, 𝑇𝑝𝑏, calculated via 

Equation C.40.  

𝑇𝑝𝑏(𝑏) =
𝑇𝑝(𝑏)

+𝑇𝑏(𝑎−1)

2
 (EC.40) 

Partial pressures of O2(g), 𝑝𝑂2(𝑔)𝑝𝑠
, CO2(g), 𝑝𝐶𝑂2(𝑔)𝑝𝑠

, and H2O(g), 𝑝𝐻2𝑂(𝑔)𝑝𝑠
, at the particle surface in Pa 

are calculated by use of Equations C.41, C.42, and C.43. 
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ℎ𝑚

𝑅𝑇∞
(𝑝𝑂2(𝑔)∞

− 𝑝𝑂2(𝑔)𝑝𝑠
) =

0.5
𝑑𝑚𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.10)

𝑀𝑊𝑐ℎ𝑎𝑟𝐴
 (EC.41) 

ℎ𝑚

𝑅𝑇∞
(𝑝𝐶𝑂2(𝑔)∞

− 𝑝𝐶𝑂2(𝑔)𝑝𝑠
) =

𝑑𝑚𝑐ℎ𝑎𝑟
𝑑𝑡 (𝑅4.11)

𝑀𝑊𝑐ℎ𝑎𝑟𝐴
 (EC.42) 

ℎ𝑚

𝑅𝑇∞
(𝑝𝐻2𝑂(𝑔)∞

− 𝑝𝐻2𝑂(𝑔)𝑝𝑠
) =

𝑑𝑚𝑐ℎ𝑎𝑟
𝑑𝑡 (𝑅4.12)

𝑀𝑊𝑐ℎ𝑎𝑟𝐴
 (EC.43) 

ℎ𝑚 is estimated through the Frössling formula as shown in Equation C.44. 

ℎ𝑚 = (2 + 0.6𝑅𝑒
1

2𝑆𝑐
1

3)
𝐷𝐹𝑖𝑖
𝐿𝑐

 (EC.44) 

𝐿𝑐 is the characteristic length of the particle in m. 𝑅𝑒 and 𝑆𝑐 are calculated via Equation B.25 and B29. 

𝑝𝑂2(𝑔)𝑝𝑠(𝑏)
, 𝑝𝐶𝑂2(𝑔)𝑝𝑠(𝑏)

, and 𝑝𝐻2𝑂(𝑔)𝑝𝑠(𝑏)
 as shown in Equations C.41, C.42, and C.43 are rearranged 

and substituted in Equations C.29, C.30, and C.31, respectively. The rearrangements and substitutions 

generate Equations C.45, C.46, and C.47.  

𝑑𝑚𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.10)
= −𝜂(𝑅4.10)𝐴(𝑅4.10)𝑒

(
−𝐸𝐴(𝑅4.10)

𝑅𝑇
)
(𝑝𝑂2(𝑔)∞

−

𝑑𝑚𝑐ℎ𝑎𝑟𝑝

𝑑𝑡 (𝑅4.10)

𝐾𝐷𝑂2(𝑔)

)

0.53

𝑚𝑐ℎ𝑎𝑟
0.49 (EC.45) 

𝑑𝑚𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.11)
= −𝜂(𝑅4.11)𝐴(𝑅4.11)𝑒

(
−𝐸𝐴(𝑅4.11)

𝑅𝑇
)
(𝑝𝐶𝑂2(𝑔)∞

−

𝑑𝑚𝑐ℎ𝑎𝑟𝑝

𝑑𝑡 (𝑅4.11)

𝐾𝐷𝐶𝑂2(𝑔)

)

0.8

𝑚𝑐ℎ𝑎𝑟

2

3 (EC.46) 

𝑑𝑚𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.12)
= −𝜂(𝑅4.12)𝐴(𝑅4.12)𝑒

(
−𝐸𝐴(𝑅4.12)

𝑅𝑇
)
(𝑝𝐻2𝑂(𝑔)∞

−

𝑑𝑚𝑐ℎ𝑎𝑟𝑝

𝑑𝑡 (𝑅4.12)

𝐾𝐷𝐻2𝑂(𝑔)

)

0.41

𝑚𝑐ℎ𝑎𝑟 (EC.47) 

𝐾𝐷𝑂2(𝑔)
, 𝐾𝐷𝐶𝑂2(𝑔)𝑝(𝑏)

, and 𝐾𝐷𝐻2𝑂(𝑔)𝑝(𝑏)
 are calculated via Equations C.48, C.49, and C.50. 

𝐾𝐷𝑂2(𝑔)
=

(
𝑀𝑊𝑐ℎ𝑎𝑟
1000

)𝐴ℎ𝑚

0.5𝑅𝑇
 (EC.48) 

𝐾𝐷𝐶𝑂2(𝑔)
=

(
𝑀𝑊𝑐ℎ𝑎𝑟
1000

)𝐴ℎ𝑚

𝑅𝑇
 (EC.49) 

𝐾𝐷𝐻2𝑂(𝑔)
=

(
𝑀𝑊𝑐ℎ𝑎𝑟
1000

)𝐴ℎ𝑚

𝑅𝑇
 (EC.50) 
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The rates of temperature changes of the particle due to Reaction 4.10, 4.11, and 4.12 is calculated via 

Equation C.51 for Reaction 4.10, 
𝑑𝑇

𝑑𝑡(𝑅4.10)
, Equation C.52 for Reaction 4.11, 

𝑑𝑇

𝑑𝑡(𝑅4.11)
, and Equation 

C.53 for Reaction 4.12, 
𝑑𝑇

𝑑𝑡(𝑅4.12)
. 

𝑑𝑇

𝑑𝑡(𝑅4.10)
=

𝑑𝑚𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.10)

∆𝐻𝑅𝑥,298𝐾(𝑅4.10)+∫ (
𝑐𝑃𝐶𝑂(𝑔)

(
1000
𝑀𝑊𝐶𝑂

)
−

𝑐𝑃𝑐ℎ𝑎𝑟

(
1000

𝑀𝑊𝑐ℎ𝑎𝑟
)
−
0.5𝑐𝑃𝑂2(𝑔)

(
1000
𝑀𝑊𝑂2

)

)𝑑𝑇
𝑇

298

𝑚𝑐𝑃(
𝑀𝑊𝑐ℎ𝑎𝑟
1000

)
 (EC.51) 

𝑑𝑇

𝑑𝑡(𝑅4.11)
=

𝑑𝑚𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.11)

∆𝐻𝑅𝑥,298𝐾(𝑅4.11)+∫ (
2𝑐𝑃𝐶𝑂(𝑔)

(
1000
𝑀𝑊𝐶𝑂

)
−

𝑐𝑃𝑐ℎ𝑎𝑟

(
1000

𝑀𝑊𝑐ℎ𝑎𝑟
)
−
𝑐𝑃𝐶𝑂2(𝑔)

(
1000
𝑀𝑊𝑂2

)

)𝑑𝑇
𝑇

298

𝑚𝑐𝑃(
𝑀𝑊𝑐ℎ𝑎𝑟
1000

)
 (EC.52) 

𝑑𝑇

𝑑𝑡(𝑅4.12)
=

𝑑𝑚𝑐ℎ𝑎𝑟

𝑑𝑡 (𝑅4.12)

∆𝐻𝑅𝑥,298𝐾(𝑅4.12)+∫ (
𝑐𝑃𝐶𝑂(𝑔)

(
1000
𝑀𝑊𝐶𝑂

)
+
𝑐𝑃𝐻2(𝑔)

(
1000
𝑀𝑊𝐻2

)

−
𝑐𝑃𝑐ℎ𝑎𝑟

(
1000

𝑀𝑊𝑐ℎ𝑎𝑟
)
−
𝑐𝑃𝐻2𝑂(𝑔)

(
1000

𝑀𝑊𝐻2𝑂
)

)𝑑𝑇
𝑇

298

𝑚𝑐𝑃(
𝑀𝑊𝑐ℎ𝑎𝑟
1000

)
 (EC.53) 

 

Appendix D: Falling Particle Velocity 

The velocity, 𝑣𝑝, in m s-1 of a particle falling co-currently with gas flowing downward in a column is 

calculated via Equation D.1. 

𝑣𝑝 = √
(𝑚𝑝−𝑉𝑝𝜌𝑔)𝑔

0.5𝜌𝑔𝐴𝑝𝑟𝑜𝑗𝑝
𝐶𝐷𝑝

2
+ 𝑣𝑔 (ED.1) 

𝑚𝑝 is the particle mass in kg. 𝑉𝑝 is the particle volume in m3. 𝜌𝑔 is the gas density in kg m-3. 𝐴𝑝𝑟𝑜𝑗𝑝 is 

the particle projected area in m2. 𝑣𝑔 is the gas velocity in m s-1. 𝐶𝐷𝑝 is the particle drag coefficient 

calculated in Equation D.2. 

𝐶𝐷𝑝 =

{
 
 

 
 

24

𝑅𝑒𝑝
, 𝑅𝑒𝑝 ≤ 0.1

(√
24

𝑅𝑒𝑝

2
+ 0.5407)

2

, 0.1 < 𝑅𝑒𝑝 ≤ 6000

0.44, 𝑅𝑒𝑝 > 6000

 (ED.2) 

𝑅𝑒𝑝 is the particle Reynold number calculated via Equation D.3 

𝑅𝑒𝑝 =
𝐿𝑐𝑝𝜌𝑔(𝑣𝑝−𝑣𝑔)

𝜇𝑔
 (ED.3) 
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𝐿𝑐𝑝 is the particle characteristic length in m. 𝜇𝑔 is the gas viscosity in Pa s. Equations D.1, D.2, and 

D.3 are solved simultaneously using trial-and-error to obtain 𝑣𝑝. 

 

Appendix E: Particle Temperature Change due to Neglect 

of Element Initial Occurrence 

Mass of 200-micron particle, 𝑚𝑝200𝜇𝑚
, of white wood is defined in Equation E.1 with unit of kg.  

𝑚𝑝200𝜇𝑚
= 1.09 ∗ 10−9 (EE.1) 

Heat capacity of 200-micron particle is calculated with wood heat capacity formula in Equation E.2 

with unit on J kg-1 K-1. 

𝑐𝑃𝑝200𝜇𝑚
= 2400 − 2500𝑒

−0.004𝑇𝑝200𝜇𝑚 (EE.2) 

2300 K as the maximum value of 𝑇𝑝200𝜇𝑚 is used. Nevertheless, since particle temperature evolves 

during combustion, any temperature within the temperature profile could be used. 𝑐𝑃𝑝200𝜇𝑚
 at 𝑇𝑝200𝜇𝑚 

equal to 2300 K is 2399.16 J kg-1 K-1. Calcium is chosen as the evaluated element since calcium is the 

most abundant element in woody biomass. The main occurrence of calcium in woody biomass might 

be calcium oxalate, CaC2O4. The concentration of CaC2O4, 𝑝𝑝𝑛𝐶𝑎𝐶2𝑂4𝑝200𝜇𝑚
, in the particle is 1260 

ppm. The mass of CaC2O4, 𝑚𝐶𝑎𝐶2𝑂4𝑝200𝜇𝑚
, in the particle is calculated in Equation E.3 with unit of kg. 

𝑚𝐶𝑎𝐶2𝑂4𝑝200𝜇𝑚
=

𝑝𝑝𝑛𝐶𝑎𝐶2𝑂4𝑝200𝜇𝑚
𝑚𝑝200𝜇𝑚

106
 (EE.3) 

𝑚𝐶𝑎𝐶2𝑂4𝑝200𝜇𝑚
 is 1.37e-12 kg. CaC2O4 molar mass in mol is calculated in Equation E.4. 

𝑛𝐶𝑎𝐶2𝑂4𝑝200𝜇𝑚
=

𝑚𝐶𝑎𝐶2𝑂4𝑝200𝜇𝑚
103

𝑀𝑊𝐶𝑎𝐶2𝑂4

 (EE.4) 

𝑛𝐶𝑎𝐶2𝑂4𝑝200𝜇𝑚
 is 1.07e-11 mol. The heat of CaC2O4 decomposition at 298 K is 1360600 J mol-1. The 

heat of CaC2O4 decomposition at 2300 K or at any other 𝑇𝑝200𝜇𝑚 is calculated in Equation E.5. 

∆𝐻𝐹,𝑇𝑝200𝜇𝑚𝐶𝑎𝐶2𝑂4
= ∆𝐻𝐹,298𝐾𝐶𝑎𝐶2𝑂4

+ ∫ 𝐶𝑝𝐶𝑎𝐶2𝑂4
(𝑇)

𝑇𝑝200𝜇𝑚

298 𝐾
𝑑𝑇 (EE.5) 
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∆𝐻𝐹,𝑇𝑝200𝜇𝑚𝐶𝑎𝐶2𝑂4
 is in J mol-1. 𝐶𝑝𝐶𝑎𝐶2𝑂4

(𝑇) is estimated constant in Equation E.6. 

𝐶𝑝𝐶𝑎𝐶2𝑂4
(𝑇) = 152.4 (EE.6) 

∆𝐻𝐹,𝑇𝑝200𝜇𝑚𝐶𝑎𝐶2𝑂4
 is 1665704.8 J mol-1. Temperature reduction, ∆𝑇𝑇𝑝200𝜇𝑚𝑝

, is calculated in Equation 

E.7. 

∆𝑇𝑇𝑝200𝜇𝑚𝑝
=

∆𝐻𝐹,𝑇𝑝200𝜇𝑚𝐶𝑎𝐶2𝑂4

𝑛𝐶𝑎𝐶2𝑂4𝑝200𝜇𝑚

𝑚𝑝200𝜇𝑚
𝑐𝑃𝑝200𝜇𝑚

 (EE.7) 

∆𝑇𝑇𝑝200𝜇𝑚𝑝
 is 6.82 K. 

 

Appendix F: Matlab-FactSage Integration Procedure 

The chemical equilibrium calculations in FactSage are accommodated with the Equilib module 

available on the FactSage main window along with the other module, as shown in Figure F.1. The 

“Reactant” window shown in Figure F.2 pops up after pressing the Equilib Module button. In the 

“Reactant” window, six columns, in order from the left-hand side, show the molar mass, species, phase, 

temperature, pressure, and stream number. If the “Initial Conditions” box at the bottom right of the 

window is not ticked, it is not necessary to determine the contents of the phase, temperature, and 

pressure columns. The molar mass, species, and stream columns must be completed. Any additional 

species is added by pressing “Add a new Reactant”. Once all the reactant data requirements are fulfilled, 

the “Next” button at the bottom of the window is pressed to bring up the “Menu: last system” window, 

which is shown in Figure F.3. In the “Menu: last system” window, product phases are determined in 

the “Compound Species” tab by choosing “gas”, “pure liquids”, or “pure solids”. Equilibrium 

temperature and pressure is determined in the “Final Conditions” tab. The “Calculate” button at the 

bottom right of the window is pressed to bring up the “Results” window, which is shown in Figure F.4. 
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Figure F.1 FactSage Main Window 

 

 

Figure F.2 FactSage Equilib Module “Reactant” Window 
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Figure F.3 FactSage Equilib Module “Menu: last system” Window 

 

 

Figure F.4 FactSage Equilib Module “Results” Window 
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Figure F.5 FactSage Equilib Module “List” Window 

 

The “Results” window shows the occurrence and quantity of chemical equilibrium products. A more 

organised view of the result is presented in the “List” window by pressing the “List Window” button at 

the top right of the window. The “List” window is shown in Figure F.5. Automatic FactSage opening 

is commanded using a batch file executed with codes in a macro file. In Matlab, each line of the code 

is written in an m-file to imitate the macro file. The fopen function is used to create a blank macro file. 

The fprintf function rewrites these codes in the blank macro file. The system function reads the batch 

file to execute the calculation according to the commands in the created macro file. The output of this 

calculation is stored as an extensible markup language (xml) file. The xmlread function is used to 

translate the xml file characters into a Matlab array to obtain the output of the equilibrium calculation 

as extractable Matlab variables. An example of an m-file of this integration method is shown below for 

a system containing carbon, oxygen, and silicon. Each element molar mass is set at 1 mol at 1 atm and 

773 K. 

clear; 

clc; 

  

T=500; % unit in deg C 

p=1; % unit in atm 

n_C=1; % unit in mol 

n_O=1; % unit in mol 

n_Si=1; % unit in mol 

  

% CREATE MACRO 

row_1='VARIABLE %%Element %%Biomass'; 

row_2='VARIABLE %%Temp1 %%Pres1'; 
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row_3='VARIABLE %%C1'; 

row_4='VARIABLE %%O1'; 

row_5='VARIABLE %%Si1'; 

row_6='%%Biomass Biomass'; 

row_7='%%Element ALL'; 

row_8=['%%Temp1 ',num2str(T)]; 

row_9=['%%Pres1 ',num2str(p)]; 

row_10=['%%C1 ',num2str(n_C)]; 

row_11=['%%O1 ',num2str(n_O)]; 

row_12=['%%Si1 ',num2str(n_Si)]; 

row_13='OPEN EquiGeneral.DAT'; 

row_14='SET REACTANT DEL K'; 

row_15='SET REACTANT ADD C SOLID #1'; 

row_16='SET REACTANT C MASS %%C1'; 

row_17='SET REACTANT ADD O SOLID #1'; 

row_18='SET REACTANT O MASS %%O1'; 

row_19='SET REACTANT ADD Si SOLID #1'; 

row_20='SET REACTANT Si MASS %%Si1'; 

row_21='SET SELECT GAS + FactPS'; 

row_22='SET SELECT SOLID + FactPS'; 

row_23='SET SELECT LIQUID + FactPS'; 

row_24='SET EQUILIBRIUM NORMAL'; 

row_25='SET FINAL T %%Temp1'; 

row_26='SET FINAL P %%Pres1'; 

row_27='CALC'; 

row_28='SAVE %%Biomass_%%Element.TXT'; 

row_29='SAVE Equi%%Biomass_%%Element.RES'; 

row_30='SAVE %%Biomass_%%Element.XML'; 

row_31='END'; 

fid=fopen('Combust4.mac','wt'); 

factsage_caller=fprintf(fid,[row_1 '\n' row_2 '\n' row_3 '\n' row_4 '\n' row_5 '\n' 

row_6 '\n' row_7 '\n' row_8 '\n' row_9 '\n' row_10 '\n' row_11 '\n' row_12 '\n' 

row_13 '\n' row_14 '\n' row_15 '\n' row_16 '\n' row_17 '\n' row_18 '\n' row_19 '\n' 

row_20 '\n' row_21 '\n' row_22 '\n' row_23 '\n' row_24 '\n' row_25 '\n' row_26 '\n' 

row_27 '\n' row_28 '\n' row_29 '\n' row_30 '\n' row_31]); 

  

% RUN FACTSAGE 

system('Run_Equilib_Combust4.bat'); 

  

% EXTRACT RESULT 

xdoc=xmlread('Biomass_ALL.xml'); 

page=xdoc.getElementsByTagName('page'); 

child=page.item(0).getElementsByTagName('result'); 

Si_based_gas_molar_mass=zeros(1,8); 

for i=1:1:numel(Si_based_gas_molar_mass) 

    Si_based_gas_molar_mass(1,i)=str2double(char(child.item((i-

1)+12).getAttribute('n'))); 

end 

Si_based_liquid_molar_mass=zeros(1,2); 

for i=1:1:numel(Si_based_liquid_molar_mass) 

    Si_based_liquid_molar_mass(1,i)=str2double(char(child.item((i-

1)+20).getAttribute('n'))); 

end 

Si_based_solid_molar_mass=zeros(1,11); 

for i=1:1:numel(Si_based_solid_molar_mass) 

    Si_based_solid_molar_mass(1,i)=str2double(char(child.item((i-

1)+24).getAttribute('n'))); 

end 
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Appendix G: Chemical Equilibrium Function Surrogate 

Creation of a chemical equilibrium function using MoDS requires a comprehensive procedure. The 

MoDS opening window is displayed first as shown in Figure G.1. On the blue background, the “New 

Project” button is pressed to open the “Create new project” window. Lists of existing projects are shown 

below the “New Project” button. In the “Create new project” window, shown in Figure G.2, the project 

name and directory are created. A project description is required to obtain brief project information. By 

pressing the “OK” button, the MoDS working window pops up as shown in Figure G.3. Model lists are 

displayed on the left-hand side box. A new model is initiated by pressing the “Add model” button. 

 

 

Figure G.1 MoDS Opening Window 
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Figure G.2 MoDS “Create new project” Window 

 

 

Figure G.3 MoDS Blank Working Window 

 

 

Figure G.4 MoDS “Add new model” Window 
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The “Add new model” window appears as shown in Figure G.4. “Executable Model” is chosen and 

named “Model_1”. After pressing the “OK” button, “Model_1” tabs appear on the right-hand side of 

the MoDS working window as shown in Figure G.5. The tabs are “Files”, “Input Variables”, and 

“Output Variables”. The “Files” tab contains files required to run FactSage. “Set input directory” is 

used to open an explorer window and assign the directory in which the files are located as the input 

directory. As shown in Figure G.6, the files are “Biomass_ALL.xml”, “combust4.mac”, and 

“Run_Equilib_Combust4.bat”. “Biomass_ALL.xml” is the xml file containing the result of a single 

FactSage chemical equilibrium calculation of the modelled elements at an arbitrary temperature, 

pressure, and concentration within the design range. The FactSage automatic run is activated with 

“Run_Equilib_Combust4.bat”. “Run_Equilib_Combust4.bat” is commanded with text code in 

“combust4.mac”; “combust4.mac” is based on a modified version of macro code in the first integration 

attempt to ensure MoDS compatibility with the macro file. “Run_Equilib_Combust4.bat” is chosen as 

the execution command by pressing “Set as the executable”. 

 

Figure G.5 Blank “Files” Tab of Model 1 MoDS Working Window 
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Figure G.6 “Files” Tab of Model 1 MoDS Working Window 

 

“Perform Dry Run” at the bottom right is used to check whether the model runs properly. A successful 

dry run test is indicated by the notification shown in Figure G.7. 

 

Figure G.7 Successful Dry Run Notification in MoDS Dry Run Window 
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After conducting a dry run, all input variables are added by pressing “Add from file” in the “Input 

Variables” tab as shown in Figure G.8. 

 

Figure G.8 Blank “Input Variables” Tab of Model 1 MoDS Working Window 

 

The “Choose a file from list” tab in Figure G.9 appears and shows the list of the files. “Combust4.mac” 

is read as a comma-separated values (CSV) tab character as delimiter. 

 

Figure G.9 Selection of “Combust4.mac” in the MoDS “Choose a file from list” Window 
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The “combust4.mac” code is displayed in the “Variable input file location specifier” window as cells, 

as shown in Figure G.10. Temperature, pressure, and molar mass are selected with “Single Row 

Querier” and “Col Query”. 

 

Figure G.10 MoDS “Variable input file location specifier” Window 

 

Once confirmed, all the input variables are listed under the “Input Variables” tab in Figure G.11. In the 

blank “Output Variables” tab, as shown in Figure G.12, “Add from file” is also chosen to reopen the 

“Choose a file from list” window. As shown in Figure G.13, “Biomass_ALL_xml” is selected and read 

as XML. 
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Figure G.11 “Input Variables” Tab of Model 1 MoDS Working Window 

 

 

Figure G.12 Blank “Output Variables” Tab of Model 1 MoDS Working Window 
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Figure G.13 Selection of “Biomass_ALL.xml” in MoDS “Choose a file from list” Window 

 

The xml import data window is opened as shown in Figure G.14. The xml data branches are shown in 

the “XML file previewer” box. The output variables are “n” and are located in “result” folders. The “n” 

is selected in order from each “result” folder and transferred to the “User-chosen xpaths to be submitted” 

box by pressing the “Copy selected nodes to list” button on the bottom left. 

 

Figure G.14 MoDS xml Data Import Window 
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Once all variables are set up, “Simulation_1” is created as shown in Figure G.15. “Case1” is assigned 

as the calculated case in the “Select Cases” tab, as shown in Figure G.16.  

 

Figure G.15 “Experimental Data” Tab of Simulation 1 MoDS Working Window 

 

 

Figure G.16 “Select Cases” Tab of Simulation 1 MoDS Working Window 
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All variables are ticked in the “Select Variables” tab, as shown in Figure G.17. Figures G.18 and G.19 

show how the input and output variable range values are configured in the “Configure Parameters” tab. 

Since the concentration of an element might be significantly larger or smaller than that of any other 

element, it is not efficient to use the actual concentration values. The concentration values are set as 

fractional numbers that range from 0 to 1. Temperature is set within the range of combustion 

temperature, i.e. 25°C to 2000 °C. Intra-particle pressure can deviate slightly from atmospheric pressure 

and to accommodate this,  a short range of pressure values is allowed, i.e. 0.01atm to 2 atm. The lowest 

value is chosen to be 0.01 atm to avoid vacuum conditions in the FactSage calculation, selected by 

“Sobol_Alg_1”. 

 

Figure G.17 “Select Variables” Tab of Simulation 1 MoDS Working Window 
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Figure G.18 “Configure Parameters” Tab of Simulation 1 MoDS Working Window 

 

 

Figure G.19 “Configure Responses” Tab of Simulation 1 MoDS Working Window 
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FactSage chemical equilibrium calculation inputs are automatically selected based on the Sobol 

sequence shown in Figure G.20. The number of Sobol points is “n_points” and this is set at 3,000 times 

the FactSage run. 

 

Figure G.20 “Setup Algorithms” Tab of Simulation 1 MoDS Working Window 

 

The local machine is configured in the “MPI Settings” tab, shown in Figure G.21. “Simulation_1” is 

run in the “Run Simulations” tab, as shown in Figure G.22. 
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Figure G.21 “MPI Settings” Tab of Simulation 1 MoDS Working Window 

 

 

Figure G.22 “Run Simulations” Tab of Simulation 1 MoDS Working Window 

 

“Simulation_2” is created using the same method as “Simulation 1”. It aims to generate a 

multidimensional function that covers element concentrations, temperature, and pressure based on the 
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“Sobol_Alg_1” function. The “Sobol_Alg_1” function is read by the “Read_previous_Alg_1” in Setup 

Algorithms tab, as shown in Figure G.23. 

 

Figure G.23 “Read_previous_Alg_1” in “Setup Algorithms” Tab of Simulation 2 MoDS Working 

Window 

 

“HDMR_Alg_1” is based on the High-dimensional Model Representation (HDMR) algorithm and is 

used as a function to read “Read_previous_Alg_1” data. The “HDMR_Alg_1” setup is shown in Figure 

G.24. 
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Figure G.24 “HDMR_Alg_1” in “Setup Algorithms” Tab of Simulation 2 MoDS Working Window 

 

Appendix H: Matlab-ChemApp Integration Code 

#include "cacint.h" 

#include "mex.h" 

#include "matrix.h" 

#include "string.h" 

 

using namespace std; 

 

void assign_result_values(mxArray **result1) 

{ 

 

 LI nphases, resultCounter, noerr; 

 DB amount, chempot, fugoract; 

 char name[TQSTRLEN]; 

 char pname[TQSTRLEN]; 

 

 resultCounter = 0; 

 

 /* Get the number of phases */ 

 tqnop(&nphases, &noerr); 

 

 /* Get the number of expected result*/ 

 for (LI i = 1; i <= nphases; i++) { 

 

  LI npconTemp; 

  tqnopc(i, &npconTemp, &noerr); 

 

  for (LI j = 1; j <= npconTemp; j++) { 

   resultCounter++; 

  } 

 } 
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 *result1 = mxCreateDoubleMatrix((mwSize)resultCounter, 1, mxREAL); 

 mxDouble *result1Ptr = mxGetDoubles(*result1); 

 

 /* Assign result to plhs */ 

 for (LI i = 1; i <= nphases; i++) { 

 

  LI npconTemp; 

 

  tqnopc(i, &npconTemp, &noerr); 

 

  for (LI j = 1; j <= npconTemp; j++) { 

 

   tqgetr("a", i, j, &amount, &noerr); 

   //tqgetr("MU", i, j, &chempot, &noerr); 

   //tqgetr("AC", i, j, &fugoract, &noerr); 

 

   *result1Ptr = amount; 

   result1Ptr++; 

  } 

 } 

 

} 

 

void chemapp(mxDouble Temp, mxDouble Pres, 

 mxDouble C, mxDouble H, mxDouble O, mxDouble N, mxDouble Na, mxDouble Mg, mxDouble Al, mxDouble 

Si, mxDouble P, mxDouble S, mxDouble Cl, mxDouble K, mxDouble Ca, mxDouble Ti, mxDouble V, mxDouble Cr, 

mxDouble Mn, mxDouble Fe, mxDouble Co, mxDouble Ni, mxDouble Cu, mxDouble Zn, mxDouble As, mxDouble Se, 

mxDouble Mo, mxDouble Cd, mxDouble Sb, mxDouble Ba, mxDouble Hg, mxDouble Pb, mxDouble Ar) 

{ 

 

 // Identify variable 

 LI noerr; 

 LI i_GAS; 

 LI i_GAS_PC_C; 

 LI i_GAS_PC_H; 

 LI i_GAS_PC_O; 

 LI i_GAS_PC_N; 

 LI i_GAS_PC_Na; 

 LI i_GAS_PC_Mg; 

 LI i_GAS_PC_Al; 

 LI i_GAS_PC_Si; 

 LI i_GAS_PC_P; 

 LI i_GAS_PC_S; 

 LI i_GAS_PC_Cl; 

 LI i_GAS_PC_K; 

 LI i_GAS_PC_Ca; 

 LI i_GAS_PC_Ti; 

 LI i_GAS_PC_V; 

 LI i_GAS_PC_Cr; 

 LI i_GAS_PC_Mn; 

 LI i_GAS_PC_Fe; 

 LI i_GAS_PC_Co; 

 LI i_GAS_PC_Ni; 

 LI i_GAS_PC_Cu; 

 LI i_GAS_PC_Zn; 

 LI i_GAS_PC_As; 

 LI i_GAS_PC_Se; 

 LI i_GAS_PC_Mo; 

 LI i_GAS_PC_Cd; 

 LI i_GAS_PC_Sb; 

 LI i_GAS_PC_Ba; 

 LI i_GAS_PC_Hg; 

 LI i_GAS_PC_Pb; 

 LI i_GAS_PC_Ar; 

 DB TP[2]; 

 DB vals[2]; 
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 // Initialise ChemApp 

 tqini(&noerr); 

 

 // Open data file for reading 

 tqopnt("all_elements_with_Ar.cst", 10, &noerr); 

 

 // Read data file 

 tqrcst(&noerr); 

 

 // Close data file 

 tqclos(10, &noerr); 

 

 // Set temperature and pressure unit 

 tqcsu("T ", "C ", &noerr); 

 tqcsu("P ", "atm ", &noerr); 

 

 TP[0] = 100.0; // Input stream temperature unit in degree Celcius 

 TP[1] = 1.0; // Input stream pressure unit in atmosphere 

 

 tqsttp("Stream 1", TP, &noerr); // Stream profile 

 tqsttp("Stream 2", TP, &noerr); // Stream profile 

 tqsttp("Stream 3", TP, &noerr); // Stream profile 

 tqsttp("Stream 4", TP, &noerr); // Stream profile 

 tqsttp("Stream 5", TP, &noerr); // Stream profile 

 tqsttp("Stream 6", TP, &noerr); // Stream profile 

 tqsttp("Stream 7", TP, &noerr); // Stream profile 

 tqsttp("Stream 8", TP, &noerr); // Stream profile 

 tqsttp("Stream 9", TP, &noerr); // Stream profile 

 tqsttp("Stream 10", TP, &noerr); // Stream profile 

 tqsttp("Stream 11", TP, &noerr); // Stream profile 

 tqsttp("Stream 12", TP, &noerr); // Stream profile 

 tqsttp("Stream 13", TP, &noerr); // Stream profile 

 tqsttp("Stream 14", TP, &noerr); // Stream profile 

 tqsttp("Stream 15", TP, &noerr); // Stream profile 

 tqsttp("Stream 16", TP, &noerr); // Stream profile 

 tqsttp("Stream 17", TP, &noerr); // Stream profile 

 tqsttp("Stream 18", TP, &noerr); // Stream profile 

 tqsttp("Stream 19", TP, &noerr); // Stream profile 

 tqsttp("Stream 20", TP, &noerr); // Stream profile 

 tqsttp("Stream 21", TP, &noerr); // Stream profile 

 tqsttp("Stream 22", TP, &noerr); // Stream profile 

 tqsttp("Stream 23", TP, &noerr); // Stream profile 

 tqsttp("Stream 24", TP, &noerr); // Stream profile 

 tqsttp("Stream 25", TP, &noerr); // Stream profile 

 tqsttp("Stream 26", TP, &noerr); // Stream profile 

 tqsttp("Stream 27", TP, &noerr); // Stream profile 

 tqsttp("Stream 28", TP, &noerr); // Stream profile 

 tqsttp("Stream 29", TP, &noerr); // Stream profile 

 tqsttp("Stream 30", TP, &noerr); // Stream profile 

 tqsttp("Stream 31", TP, &noerr); // Stream profile 

  

 // Define the content of Stream 1 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 1 

 tqinpc("C ", i_GAS, &i_GAS_PC_C, &noerr); // Phase constituent of phase of Stream 1 

 tqstca("Stream 1 ", i_GAS, i_GAS_PC_C, C, &noerr); // Amount of phase constituent of phase of Stream 1 

 

 // Define the content of Stream 2 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 2 

 tqinpc("H ", i_GAS, &i_GAS_PC_H, &noerr); // Phase constituent of phase of Stream 2 

 tqstca("Stream 2 ", i_GAS, i_GAS_PC_H, H, &noerr); // Amount of phase constituent of phase of Stream 2 

 

 // Define the content of Stream 3 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 3 

 tqinpc("O ", i_GAS, &i_GAS_PC_O, &noerr); // Phase constituent of phase of Stream 3 

 tqstca("Stream 3 ", i_GAS, i_GAS_PC_O, O, &noerr); // Amount of phase constituent of phase of Stream 3 

 

 // Define the content of Stream 4 
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 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 4 

 tqinpc("N ", i_GAS, &i_GAS_PC_N, &noerr); // Phase constituent of phase of Stream 4 

 tqstca("Stream 4 ", i_GAS, i_GAS_PC_N, N, &noerr); // Amount of phase constituent of phase of Stream 4 

 

 // Define the content of Stream 5 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 5 

 tqinpc("Na ", i_GAS, &i_GAS_PC_Na, &noerr); // Phase constituent of phase of Stream 5 

 tqstca("Stream 5 ", i_GAS, i_GAS_PC_Na, Na, &noerr); // Amount of phase constituent of phase of Stream 5 

 

 // Define the content of Stream 6 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 6 

 tqinpc("Mg ", i_GAS, &i_GAS_PC_Mg, &noerr); // Phase constituent of phase of Stream 6 

 tqstca("Stream 6 ", i_GAS, i_GAS_PC_Mg, Mg, &noerr); // Amount of phase constituent of phase of Stream 6 

 

 // Define the content of Stream 7 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 7 

 tqinpc("Al ", i_GAS, &i_GAS_PC_Al, &noerr); // Phase constituent of phase of Stream 7 

 tqstca("Stream 7 ", i_GAS, i_GAS_PC_Al, Al, &noerr); // Amount of phase constituent of phase of Stream 7 

 

 // Define the content of Stream 8 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 8 

 tqinpc("Si ", i_GAS, &i_GAS_PC_Si, &noerr); // Phase constituent of phase of Stream 8 

 tqstca("Stream 8 ", i_GAS, i_GAS_PC_Si, Si, &noerr); // Amount of phase constituent of phase of Stream 8 

 

 // Define the content of Stream 9 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 9 

 tqinpc("P ", i_GAS, &i_GAS_PC_P, &noerr); // Phase constituent of phase of Stream 9 

 tqstca("Stream 9 ", i_GAS, i_GAS_PC_P, P, &noerr); // Amount of phase constituent of phase of Stream 9 

 

 // Define the content of Stream 10 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 10 

 tqinpc("S ", i_GAS, &i_GAS_PC_S, &noerr); // Phase constituent of phase of Stream 10 

 tqstca("Stream 10 ", i_GAS, i_GAS_PC_S, S, &noerr); // Amount of phase constituent of phase of Stream 10 

 

 // Define the content of Stream 11 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 11 

 tqinpc("Cl ", i_GAS, &i_GAS_PC_Cl, &noerr); // Phase constituent of phase of Stream 11 

 tqstca("Stream 11 ", i_GAS, i_GAS_PC_Cl, Cl, &noerr); // Amount of phase constituent of phase of Stream 11 

 

 // Define the content of Stream 12 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 12 

 tqinpc("K ", i_GAS, &i_GAS_PC_K, &noerr); // Phase constituent of phase of Stream 12 

 tqstca("Stream 12 ", i_GAS, i_GAS_PC_K, K, &noerr); // Amount of phase constituent of phase of Stream 12 

 

 // Define the content of Stream 13 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 13 

 tqinpc("Ca ", i_GAS, &i_GAS_PC_Ca, &noerr); // Phase constituent of phase of Stream 13 

 tqstca("Stream 13 ", i_GAS, i_GAS_PC_Ca, Ca, &noerr); // Amount of phase constituent of phase of Stream 13 

 

 // Define the content of Stream 14 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 14 

 tqinpc("Ti ", i_GAS, &i_GAS_PC_Ti, &noerr); // Phase constituent of phase of Stream 14 

 tqstca("Stream 14 ", i_GAS, i_GAS_PC_Ti, Ti, &noerr); // Amount of phase constituent of phase of Stream 14 

 

 // Define the content of Stream 15 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 15 

 tqinpc("V ", i_GAS, &i_GAS_PC_V, &noerr); // Phase constituent of phase of Stream 15 

 tqstca("Stream 15 ", i_GAS, i_GAS_PC_V, V, &noerr); // Amount of phase constituent of phase of Stream 15 

 

 // Define the content of Stream 16 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 16 

 tqinpc("Cr ", i_GAS, &i_GAS_PC_Cr, &noerr); // Phase constituent of phase of Stream 16 

 tqstca("Stream 16 ", i_GAS, i_GAS_PC_Cr, Cr, &noerr); // Amount of phase constituent of phase of Stream 16 

 

 // Define the content of Stream 17 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 17 

 tqinpc("Mn ", i_GAS, &i_GAS_PC_Mn, &noerr); // Phase constituent of phase of Stream 17 
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 tqstca("Stream 17 ", i_GAS, i_GAS_PC_Mn, Mn, &noerr); // Amount of phase constituent of phase of Stream 17 

 

 // Define the content of Stream 18 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 18 

 tqinpc("Fe ", i_GAS, &i_GAS_PC_Fe, &noerr); // Phase constituent of phase of Stream 18 

 tqstca("Stream 18 ", i_GAS, i_GAS_PC_Fe, Fe, &noerr); // Amount of phase constituent of phase of Stream 18 

 

 // Define the content of Stream 19 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 19 

 tqinpc("Co ", i_GAS, &i_GAS_PC_Co, &noerr); // Phase constituent of phase of Stream 19 

 tqstca("Stream 19 ", i_GAS, i_GAS_PC_Co, Co, &noerr); // Amount of phase constituent of phase of Stream 19 

 

 // Define the content of Stream 20 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 20 

 tqinpc("Ni ", i_GAS, &i_GAS_PC_Ni, &noerr); // Phase constituent of phase of Stream 20 

 tqstca("Stream 20 ", i_GAS, i_GAS_PC_Ni, Ni, &noerr); // Amount of phase constituent of phase of Stream 20 

 

 // Define the content of Stream 21 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 1 

 tqinpc("Cu ", i_GAS, &i_GAS_PC_Cu, &noerr); // Phase constituent of phase of Stream 21 

 tqstca("Stream 21 ", i_GAS, i_GAS_PC_Cu, Cu, &noerr); // Amount of phase constituent of phase of Stream 21 

 

 // Define the content of Stream 22 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 22 

 tqinpc("Zn ", i_GAS, &i_GAS_PC_Zn, &noerr); // Phase constituent of phase of Stream 22 

 tqstca("Stream 22 ", i_GAS, i_GAS_PC_Zn, Zn, &noerr); // Amount of phase constituent of phase of Stream 22 

 

 // Define the content of Stream 23 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 23 

 tqinpc("As ", i_GAS, &i_GAS_PC_As, &noerr); // Phase constituent of phase of Stream 23 

 tqstca("Stream 23 ", i_GAS, i_GAS_PC_As, As, &noerr); // Amount of phase constituent of phase of Stream 23 

 

 // Define the content of Stream 24 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 24 

 tqinpc("Se ", i_GAS, &i_GAS_PC_Se, &noerr); // Phase constituent of phase of Stream 24 

 tqstca("Stream 24 ", i_GAS, i_GAS_PC_Se, Se, &noerr); // Amount of phase constituent of phase of Stream 24 

 

 // Define the content of Stream 25 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 25 

 tqinpc("Mo ", i_GAS, &i_GAS_PC_Mo, &noerr); // Phase constituent of phase of Stream 25 

 tqstca("Stream 25 ", i_GAS, i_GAS_PC_Mo, Mo, &noerr); // Amount of phase constituent of phase of Stream 25 

 

 // Define the content of Stream 26 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 26 

 tqinpc("Cd ", i_GAS, &i_GAS_PC_Cd, &noerr); // Phase constituent of phase of Stream 26 

 tqstca("Stream 26 ", i_GAS, i_GAS_PC_Cd, Cd, &noerr); // Amount of phase constituent of phase of Stream 26 

 

 // Define the content of Stream 27 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 27 

 tqinpc("Sb ", i_GAS, &i_GAS_PC_Sb, &noerr); // Phase constituent of phase of Stream 27 

 tqstca("Stream 27 ", i_GAS, i_GAS_PC_Sb, Sb, &noerr); // Amount of phase constituent of phase of Stream 27 

 

 // Define the content of Stream 28 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 28 

 tqinpc("Ba ", i_GAS, &i_GAS_PC_Ba, &noerr); // Phase constituent of phase of Stream 28 

 tqstca("Stream 28 ", i_GAS, i_GAS_PC_Ba, Ba, &noerr); // Amount of phase constituent of phase of Stream 28 

 

 // Define the content of Stream 29 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 29 

 tqinpc("Hg ", i_GAS, &i_GAS_PC_Hg, &noerr); // Phase constituent of phase of Stream 29 

 tqstca("Stream 29 ", i_GAS, i_GAS_PC_Hg, Hg, &noerr); // Amount of phase constituent of phase of Stream 29 

 

 // Define the content of Stream 30 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 30 

 tqinpc("Pb ", i_GAS, &i_GAS_PC_Pb, &noerr); // Phase constituent of phase of Stream 30 

 tqstca("Stream 30 ", i_GAS, i_GAS_PC_Pb, Pb, &noerr); // Amount of phase constituent of phase of Stream 30 
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 // Define the content of Stream 31 

 tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 31 

 tqinpc("Ar ", i_GAS, &i_GAS_PC_Ar, &noerr); // Phase constituent of phase of Stream 31 

 tqstca("Stream 31 ", i_GAS, i_GAS_PC_Ar, Ar, &noerr); // Amount of phase constituent of phase of Stream 31 

 

 // Define output stream temperature and target pressure 

 tqstec("P ", 0, Pres, &noerr); // Output stream pressure unit in atmosphere 

 tqstec("T ", 0, Temp, &noerr); // Output stream temperature unit in degree Celcius 

 

 // Conduct the equilibrium calculation 

 tqce(" ", 0, 0, vals, &noerr); 

} 

 

/* The gateway function. */ 

void mexFunction(int nlhs, mxArray* plhs[], 

 int nrhs, const mxArray* prhs[]) 

{ 

 /* Check for proper number of arguments */ 

 if (nrhs != 2) { 

  mexErrMsgIdAndTxt("MATLAB:mexcpp:nargin", 

   "MEXCPP requires 2 input arguments."); 

 } 

 

 if (nlhs != 1) { 

  mexErrMsgIdAndTxt("MATLAB:mexcpp:nargout", 

   "MEXCPP requires 1 output argument."); 

 } 

 

 // validate input number 

 size_t mrows_1, ncols_1, mrows_2, ncols_2; 

 

 mrows_1 = mxGetM(prhs[0]); 

 ncols_1 = mxGetN(prhs[0]); 

 

 mrows_2 = mxGetM(prhs[1]); 

 ncols_2 = mxGetN(prhs[1]); 

 

 if (!(mrows_1 == 1 && mrows_2 == 1)) { 

  mexErrMsgIdAndTxt("MATLAB:mexcpp:nargin", 

   "MEXCPP arguments require one dimentional array."); 

 } 

 

 if (!(ncols_1 == 2)) { 

  mexErrMsgIdAndTxt("MATLAB:mexcpp:nargin", 

   "MEXCPP first input argument require 2 cols array."); 

 } 

 

 if (!(ncols_2 == 31)) { 

  mexErrMsgIdAndTxt("MATLAB:mexcpp:nargin", 

   "MEXCPP second input argument require 31 cols array."); 

 } 

 

 // validate input data type 

 if (!mxIsDouble(prhs[0]) || !mxIsDouble(prhs[1])) { 

  mexErrMsgIdAndTxt("MATLAB:mexcpp:nargin", 

   "MEXCPP first input argument should be in double."); 

 } 

 

 mxDouble *param1, *param2; 

 param1 = mxGetDoubles(prhs[0]); 

 param2 = mxGetDoubles(prhs[1]); 

 

 // parse input value 

 mxDouble Temp = param1[0]; 

 mxDouble Pres = param1[1]; 

 mxDouble C = param2[0]; 

 mxDouble H = param2[1]; 
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 mxDouble O = param2[2]; 

 mxDouble N = param2[3]; 

 mxDouble Na = param2[4]; 

 mxDouble Mg = param2[5]; 

 mxDouble Al = param2[6]; 

 mxDouble Si = param2[7]; 

 mxDouble P = param2[8]; 

 mxDouble S = param2[9]; 

 mxDouble Cl = param2[10]; 

 mxDouble K = param2[11]; 

 mxDouble Ca = param2[12]; 

 mxDouble Ti = param2[13]; 

 mxDouble V = param2[14]; 

 mxDouble Cr = param2[15]; 

 mxDouble Mn = param2[16]; 

 mxDouble Fe = param2[17]; 

 mxDouble Co = param2[18]; 

 mxDouble Ni = param2[19]; 

 mxDouble Cu = param2[20]; 

 mxDouble Zn = param2[21]; 

 mxDouble As = param2[22]; 

 mxDouble Se = param2[23]; 

 mxDouble Mo = param2[24]; 

 mxDouble Cd = param2[25]; 

 mxDouble Sb = param2[26]; 

 mxDouble Ba = param2[27]; 

 mxDouble Hg = param2[28]; 

 mxDouble Pb = param2[29]; 

 mxDouble Ar = param2[30]; 

   

 // result length 

 int phase1Length; 

 int phase2Length; 

 

 chemapp(Temp, Pres, C, H, O, N, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, 

Cd, Sb, Ba, Hg, Pb, Ar); 

 assign_result_values(&plhs[0]); 

 

} 

 

Appendix I: PACT Facility Entrained-flow Burner 

Elemental Mass Balance 

Appendix I.1 Possible ICP Mismeasurements 

This calculation reveals the PACT facility ICP mismeasurements of some elements via mass balance 

calculations. The mass balance of nickel in white wood combustion with air is chosen for this appendix. 

White wood enters the burner at mass flow rate, 𝑓𝑤𝑤 of 0.011 kg s-1. Based on the ultimate analysis 

result of white wood in Table 3.1, the molar flow rates of C, H, and O are obtained via Equation I.1. 

𝐹𝑖𝑤𝑤 = 𝑥𝑖𝑈𝐴𝑤𝑤
𝑓𝑤𝑤

1000

𝑀𝑊𝑖
; 𝑖 = 1 𝑓𝑜𝑟 𝐶, 2 𝑓𝑜𝑟 𝐻, 3 𝑓𝑜𝑟 𝑂 (EI.1) 
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𝐹𝑖𝑤𝑤 is the molar flow rate of element 𝑖 in mol s-1. 𝑥𝑖𝑈𝐴𝑤𝑤
 is the mass fraction of element 𝑖 in white 

wood, according to the ultimate analysis result. 𝑀𝑊𝑖 is the molecular weight of element 𝑖 in g mol-1. 

The values of 𝐹𝐶𝑤𝑤, 𝐹𝐻𝑤𝑤, and 𝐹𝑂𝑤𝑤 are 0.446, 0.701, and 0.26 mol s-1. 𝐹𝑖𝑤𝑤 is used to calculate the 

molar number a, b, and c of the chemical form of white wood, which is CaHbOc. The calculation of a, 

b, and c are shown in Equation I.2, I.3, and I.4. 

𝑎 =
𝐹𝐶𝑤𝑤
𝐹𝑂𝑤𝑤

 (EI.2) 

𝑏 =
𝐹𝐻𝑤𝑤
𝐹𝑂𝑤𝑤

 (EI.3) 

𝑐 = 1 (EI.4) 

According to Equation I.1, I.2, and I.3, the chemical form of white wood is C1.714H2.691O. The molecular 

weight of white wood, 𝑀𝑊𝑤𝑤, is calculated in Equation I.5. 

𝑀𝑊𝑤𝑤 = 𝑎𝑀𝑊𝐶 + 𝑏𝑀𝑊𝐻 + 𝑐𝑀𝑊𝑂 (EI.5) 

𝑀𝑊𝑤𝑤 is 39.255 g mol-1 according to Equation I.4. The molar flow rate of white wood is calculated in 

Equation I.6. 

𝐹𝑤𝑤 = (𝑥𝐶𝑈𝐴𝑤𝑤
+ 𝑥𝐻𝑈𝐴𝑤𝑤

+ 𝑥𝑂𝑈𝐴𝑤𝑤
)𝑓𝑤𝑤

1000

𝑀𝑊𝑤𝑤
 (EI.6) 

According to Equation I.5, 𝐹𝑤𝑤 is 0.26 mol s-1. Air enters the burner at molar flow rate, 𝐹𝑎𝑖𝑟, of 2.791 

mol s-1. The molar flow rate of O2(g) and N2(g) entering the burner is 0.586 mol s-1 and 2.205 mol s-1 with 

the O2(g)-N2(g) ratio of 0.21:0.79 in air. The combustion of white wood with air is in accordance with 

Reaction I.1. 

𝑥1(𝑅𝐼.1)𝐶1.714𝐻2.691𝑂(𝑠) + 𝑥2(𝑅𝐼.1)𝑂2(𝑔) → 𝑥3(𝑅𝐼.1)𝐶𝑂2(𝑔) + 𝑥4(𝑅𝐼.1)𝐻2𝑂(𝑔) (RI.1) 

The coefficients of Reaction I.1 are defined in Equation I.7, I.8, I.9, and I.10. 

𝑥1(𝑅𝐼.1) = 1 (EI.7) 

𝑥2(𝑅𝐼.1) = 𝑎 +
𝑏

4
−
𝑐

2
 (EI.8) 

𝑥3(𝑅𝐼.1) = 𝑎 (EI.9) 

𝑥4(𝑅𝐼.1) =
𝑏

2
 (EI.10) 
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According to Equation I.8, I.9, and I.10, the values of 𝑥2(𝑅𝐼.1), 𝑥3(𝑅𝐼.1), and 𝑥4(𝑅𝐼.1) are 1.886, 1.714, 

and 1.346. At complete combustion conversion, the outlet molar mass rate of each compound,  

𝐹𝑖𝑜𝑢𝑡, is calculated stoichiometrically in Table I.1. 

Table I.1 Stoichiometry of Reaction I.1 in Air-combustion 

 C1.714H2.691O(s) O2(g) → CO2(g) H2O(g) 

𝑥𝑖(𝑅𝐼.1) 1 1.886  1.714 1.314 

𝐹𝑖𝑖𝑛 0.26 0.586  0 0 

Reaction 0.26 0.491  0.446 0.35 

𝑭𝒊𝒐𝒖𝒕 0 0.095  0.446 0.35 

The total molar flow rate of the dry flue gas leaving the burner, 𝐹𝑑𝑟𝑦,𝑜𝑢𝑡, is 2.746 mol and calculated in 

Equation I.11. 

𝐹𝑑𝑟𝑦,𝑜𝑢𝑡 = 𝐹𝑂2(𝑔)𝑜𝑢𝑡
+ 𝐹𝐶𝑂2(𝑔)𝑜𝑢𝑡

+ 𝐹𝑁2(𝑔) 𝑖𝑛
= 0.095 + 0.446 + 2.205 = 2.746 (EI.11) 

The volumetric flow rate of the dry flue gas is calculated in Equation I.12. 

𝑉𝑑𝑟𝑦,𝑜𝑢𝑡 =
𝐹𝑑𝑟𝑦,𝑜𝑢𝑡𝑅𝑇𝑜𝑢𝑡

𝑝𝑜𝑢𝑡
 (EI.12) 

At 1 atm and ICP temperature of 6,000 K to which 𝑇𝑜𝑢𝑡 is equal, 𝑉𝑑𝑟𝑦,𝑜𝑢𝑡 is 1.352 m3 s-1. The mass flow 

rate of nickel entering the burner, 𝑓𝑁𝑖𝑖𝑛, is 7.739e-9 kg s-1 and calculated in Equation I.13. 

𝑓𝑁𝑖𝑖𝑛 =
𝑥𝑖𝑤𝑤𝑓𝑤𝑤

106
 (EI.13) 

𝑥𝑖𝑤𝑤 is the mass fraction of nickel in white wood at 0.7 mg kg-1. According to the ICP measurement at 

PACT facility, the flue gas leaving the burner in a dry condition contained nickel with concentration, 

𝑐𝑁𝑖𝑑𝑟𝑦,𝑜𝑢𝑡𝐼𝐶𝑃
, of 0.017 mg m-3. The mass flow rate of nickel leaving the burner, 𝑓𝑁𝑖𝑜𝑢𝑡𝐼𝐶𝑃

, in kg s-1 is 

calculated in Equation I.14. 

𝑓𝑁𝑖𝑜𝑢𝑡𝐼𝐶𝑃
=

𝑐𝑁𝑖𝑑𝑟𝑦,𝑜𝑢𝑡𝐼𝐶𝑃
𝑉𝑑𝑟𝑦,𝑜𝑢𝑡

106
 (EI.14) 

According to Equation I.14, the value of 𝑓𝑁𝑖𝑜𝑢𝑡𝐼𝐶𝑃
 is 2.299e-8 kg s-1. The mass balance of nickel would 

be correct if Equation I.15 was satisfied. 

𝑓𝑁𝑖𝑜𝑢𝑡𝐼𝐶𝑃
≤ 𝑓𝑁𝑖𝑖𝑛 (EI.15) 
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However, this calculation exhibits that Equation I.15 is not satisfied and the ICP measurement of nickel 

should be revised. 

 

Appendix I.2 Mass Balance of White Wood in Oxy27-combustion 

This calculation reveals the PACT facility ICP mismeasurements of some elements via mass balance 

calculations. The mass balance of nickel in white wood combustion with air is chosen for this appendix. 

White wood enters the burner at mass flow rate, 𝑓𝑤𝑤 of 0.011 kg s-1. Based on the ultimate analysis 

result of white wood in Table 3.1, the molar flow rates of C, 𝐹𝐶𝑤𝑤, H, 𝐹𝐻𝑤𝑤, and O, 𝐹𝑂𝑤𝑤 are obtained 

via Equation I.1. The values of 𝐹𝐶𝑤𝑤, 𝐹𝐻𝑤𝑤, and 𝐹𝑂𝑤𝑤 are 0.446, 0.701, and 0.26 mol s-1. 𝐹𝐶𝑤𝑤, 𝐹𝐻𝑤𝑤, 

and 𝐹𝑂𝑤𝑤 is used to calculate the molar number a, b, and c of the chemical form of white wood, which 

is CaHbOc. The calculation of a, b, and c are shown in Equation I.2, I.3, and I.4. According to Equation 

I.1, I.2, and I.3, the chemical form of white wood is C1.714H2.691O. The molecular weight of white wood, 

𝑀𝑊𝑤𝑤, is calculated in Equation I.5. 𝑀𝑊𝑤𝑤 is 39.255 g mol-1 according to Equation I.4. The molar 

flow rate of white wood is calculated in Equation I.6. According to Equation I.5, 𝐹𝑤𝑤 is 0.26 mol s-1. A 

mixture of O2(g) and CO2(g) enters the burner at molar flow rate, 𝐹𝑎𝑖𝑟, of 1.913 mol s-1. The molar flow 

rate of O2(g) and CO2(g) entering the burner is 0.517 mol s-1 and 1.397 mol s-1 with the O2(g)-CO2(g) ratio 

of 0.27:0.73.  

The combustion of white wood with the O2(g) is in accordance with Reaction I.1. The coefficients of 

Reaction I.1 are defined in Equation I.7, I.8, I.9, and I.10. According to Equation I.8, I.9, and I.10, the 

values of 𝑥2(𝑅𝐼.1), 𝑥3(𝑅𝐼.1), and 𝑥4(𝑅𝐼.1) are 1.886, 1.714, and 1.346. At complete combustion 

conversion, the outlet molar mass rate of each compound,  

𝐹𝑖𝑜𝑢𝑡, is calculated stoichiometrically in Table I.2. 

Table I.2 Stoichiometry of Reaction I.1 in Oxy27-combustion 

 C1.714H2.691O(s) O2(g) → CO2(g) H2O(g) 

𝑥𝑖(𝑅𝐼.1) 1 1.886  1.714 1.314 

𝐹𝑖𝑖𝑛 0.26 0.517  1.397 0 

Reaction 0.26 0.491  0.446 0.35 

𝑭𝒊𝒐𝒖𝒕 0 0.025  1.843 0.35 

The total molar flow rate of the dry flue gas leaving the burner, 𝐹𝑑𝑟𝑦,𝑜𝑢𝑡, is 1.868 mol and calculated 

via Equation I.16. 
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𝐹𝑑𝑟𝑦,𝑜𝑢𝑡 = 𝐹𝑂2(𝑔)𝑜𝑢𝑡
+ 𝐹𝐶𝑂2(𝑔)𝑜𝑢𝑡

= 0.025 + 1.843 = 1.868 (EI.16) 

The dry molar fraction of O2(g) leaving the burner, 𝑥𝑂2(𝑔)𝑑𝑟𝑦,𝑜𝑢𝑡
, is 0.0136 as calculated via Equation 

I.17.  

𝑥𝑂2(𝑔)𝑑𝑟𝑦,𝑜𝑢𝑡
=

𝐹𝑂2(𝑔)𝑜𝑢𝑡
𝐹𝑑𝑟𝑦,𝑜𝑢𝑡

=
0.025

1.868
= 0.0136 (EI.17) 

 

Appendix J: AFE and TE Fate and Occurrence Profiles of 

White Wood and Recycled Wood 

This appendix compiles the discussion of the fate and occurrence profiles of the AFEs and TEs other 

than potassium, calcium, silicon, copper, and chromium in the combustion of white wood and recycled 

wood in PACT facility entrained-flow boiler. 

Sodium 

The modelled sodium fate profile is shown in Figure J.1 for the Air/Oxy27 comparison. In Figure J.1, 

almost all sodium remains intact in the particle during the heat loan stage. All the sodium in the particle 

is volatilised once peak temperature is achieved. Sodium is known as a very volatile element and its 

volatility is strongly influenced by temperature.368 Due to this characteristic, sodium is converted 

completely into gas during both air-combustion and oxy27-combustion of white wood (the Air/Oxy27 

comparison). The temperature effect on sodium volatility can be seen as there is earlier volatilisation 

during oxy27-combustion since the peak temperature in this case is located at a higher boiler height 

than in the case of air combustion. 

The modelled profiles of sodium occurrence during air and oxy27 combustion of white wood are shown 

in Figures J.3 and J.4. Both figures exhibit similar sodium occurrence behaviours. During the heat loan 

stage, it is difficult to observe sodium compounds. In fact, the quantities of sodium are negligible as 

very little sodium is released from the particles during the heat loan stage. Significant amounts of 

NaOH(g) are formed shortly before peak temperature is reached, due to reaction of the evaporated 

moisture with Na(g) released from the particles. Takata et al.369 suggest that high temperature favours 

NaOH(g) production from the reaction of Na(g) and H2O(g), as expressed in Reaction J.1. 

𝑁𝑎(𝑔) +𝐻2𝑂(𝑔) → 𝑁𝑎𝑂𝐻(𝑔) + 0.5𝐻2(𝑔) (RJ.1) 
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During the heat removal stage, the occurrence of sodium is shifted from NaOH(g) to Na(g). Na(g) is 

gradually diminished by the end of the heat removal stage. NaOH(g) is reformed during the heat loss 

stage. 

The modelled sodium fate profile is shown in Figure J.2 for the white/recycled wood comparison 

(combustion in air of white wood compared with recycled wood). This figure indicates that according 

to the model, gas is converted to solid aerosols during the heat loss stage due to the reaction of gaseous 

sodium with silicon and aluminium to form sodium aluminium silicate (NaAlSi3O8(s2)). This result is 

shown in Figure J.5. However, white wood combusted in air does not produce NaAlSi3O8(s2). It is found 

that sodium is completely volatilised in both cases. This difference in occurrence prediction indicates 

that the high sodium content of recycled wood might be sufficient to form NaAlSi3O8(s2). NaAlSi3O8(s2) 

is possibly formed via Reaction J.2, in which sodium and aluminium undergo a series of reactions with 

SiO2(g).370 

𝑁𝑎𝐴𝑙𝑆𝑖2𝑂6(𝑠) + 𝑆𝑖𝑂2(𝑠) → 𝑁𝑎𝐴𝑙𝑆𝑖3𝑂8(𝑠2) (RJ.2) 

An observation of power-plant fly ash produced during solid-fuel combustion with significant 

concentrations of sodium revealed that NaAlSi3O8(s2) was one of the major constituents.371 This finding 

is in agreement with the predicted sodium behaviour during air-combustion of recycled wood. 

In all cases, a small proportion of NaCl(g) exists during the heat loss stage as a residual compound. 

Based on slag characterisation research, Öhman et al.372 suggest that sodium may form NaCl(g) as a 

result of reaction with chlorine once sodium is released from the particle. NaCl(g) subsequently reacts 

with silicon and O2(g) to form silicate-associated aerosols. 

 

Figure J.1 (Left) Modelled Sodium Fate Profiles in Air-combustion and Oxy27 Combustion of White 

Wood; Figure J.2 (Right) Modelled Sodium Fate Profiles in Air-combustion of White Wood and 

Recycled Wood; P: Particle, G: Gas, LA: Liquid Aerosol, SA: Solid Aerosol, TB: Bulk Temperature, 

Air: Air-combustion, Oxy27: Oxy27-combustion, WW: White Wood, RW: Recycled Wood 

https://www.sciencedirect.com/science/article/pii/S096195340400100X#!
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Figure J.3 Modelled Sodium Bulk Occurrences in Air-combustion of White Wood  

 

 

Figure J.4 Modelled Sodium Bulk Occurrences in Oxy27-combustion of White Wood  
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Figure J.5 Modelled Sodium Bulk Occurrences in Air-combustion of Recycled Wood  

 

Magnesium 

Modelled magnesium fate profiles are shown in Figures J.6 for the Air/Oxy27 comparison and J.7 for 

the white/recycled wood comparison. During the air or oxy27 combustion of white wood (the 

Air/Oxy27 comparison), magnesium is initially released as gas. When the temperature drops during the 

heat removal stage, gaseous magnesium compound is transformed into solid magnesium aerosol 

compound. In the white/recycled wood comparison, magnesium released from recycled wood is mostly 

as solid aerosols whilst the rest remains in the particles. Direct solid aerosol formation might be 

promoted by a high quantity of magnesium being released from recycled wood. In addition, rapid solid 

magnesium oxide is formed in the presence of O2(g). 

The modelled occurrence of bulk magnesium in both air-combustion and oxy27-combustion of white 

wood is mainly as Mg(OH)2(g), as shown in Figure J.8 and Figure J.9. Magnesium is released primarily 

as Mg(OH)2(g), while a small portion of MgOH(g) is produced, probably due to magnesium exposure to 

steam.373 At lower temperatures during the heat loss stage, Mg(OH)2(g) might be decomposed into 

MgO(g) and H2O(g), as expressed in Reaction J.3.374 

𝑀𝑔(𝑂𝐻)2(𝑔) → 𝑀𝑔𝑂(𝑠) + 𝐻2𝑂(𝑔) (RJ.3) 

The occurrence profile of bulk magnesium  during air-combustion of recycled wood that is predicted 

by the model is shown in Figure J.10. This indicates that Mg(OH)2(g) formation is suppressed by 
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formation of Ca-Mg silicates, e.g. Ca
2
MgSi

2
O

7(s) and CaMgSi
2
O

6(s)
. Ca

2
MgSi

2
O

7(s)
 is converted to 

CaMgSi
2
O

6(s)
 at lower temperatures. CaMgSi

2
O

6(s)
 is quite stable and is usually formed in a Ca-Mg-rich 

environment.375 In addition, an experimental observation has discovered various magnesium silicate 

compounds, e.g. Ca3Mg(SiO4)2(s), formed in aerosols that were captured in a power-plant turbine unit.376 

Moreover, magnesium also forms other complex silicate aerosol variants without and with other 

elements, e.g. Al and Ti.377,378 This behaviour suggests that magnesium reaction with calcium, 

aluminium, and silicon depends on whether the quantity of released magnesium is sufficient to form 

complex silicate minerals. 

Modelled occurrence of magnesium in bottom ash during air-combustion of white wood predicts the 

formation of Ca3MgAl4O10(s), Ca3MgSi2O8(s), and a very small portion of MgO(s), as shown in Figure 

J.11. In contrast, MgO(s) was reported in a previous work to be a major compound found in bottom 

ash.379 The absence of MgO(s) in the model result might be due to kinetic limitations. Further evaluation 

is required to investigate the influence of other parameters, e.g. other element concentrations, on 

formation of MgO(s). 

However, MgO(s) and Ca3MgAl4O10(s) are not predicted to be formed in the bottom ash during air-

combustion of recycled wood, as shown in Figure J.12. The absence of MgO(s) is probably due to the 

presence of a significant quantity of retained calcium and silica, which react with magnesium in the 

particles. Ca3MgSi2O8(s) formation is consistent in both air-combustion of white wood and air-

combustion of recycled wood, and has been proven in previous work.287 Calcium affects the propensity 

for sodium and potassium release. A higher Ca:C ratio demonstrates an impact on the reduced partition 

of NaAlSi3O8(s) and KalSi2O6(s) and, as expected, an increased partition of Ca3MgAl4O10(s).380 However, 

combustion of recycled wood, which contains more calcium than white wood, does not generate 

Ca3MgAl4O10(s) partition in bottom ash. According to chemical equilibrium theory, calcium and 

aluminium in recycled wood has a stronger partition towards Ca2Al2SiO7(s) than Ca3MgAl4O10(s). The 

higher silicon content of recycled wood probably attracts aluminium to react with kaolinite. Kaolinite 

has previously been considered to have a strong influence only on potassium and sodium partition. 

However, recent observation has shown that calcium partition is also affected by kaolinite addition.381 
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Figure J.6 (Left) Modelled Magnesium Fate Profiles in Air-combustion and Oxy27-combustion of 

White Wood; Figure J.7 (Right) Modelled Magnesium Fate Profiles in Air-combustion of White Wood 

and Recycled Wood; P: Particle, G: Gas, LA: Liquid Aerosol, SA: Solid Aerosol, TB: Bulk Temperature, 

Air: Air-combustion, Oxy27: Oxy27-combustion, WW: White Wood, RW: Recycled Wood 

 

 

Figure J.8 Modelled Magnesium Bulk Occurrences in Air-combustion of White Wood  
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Figure J.9 Modelled Magnesium Bulk Occurrences in Oxy27-combustion of White Wood  

 

 

Figure J.10 Modelled Magnesium Bulk Occurrences in Air-combustion of Recycled Wood  
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Figure J.11 Modelled Magnesium Occurrence in Bottom Ash at 298 K Obtained from Air-combustion 

of White Wood 

 

 

Figure J.12 Modelled Magnesium Occurrence in Bottom Ash at 298 K Obtained from Air-combustion 

of Recycled Wood 
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Aluminium 

Figure J.13 shows the modelled fate profile of aluminium in the Air/Oxy27 comparison, which 

considers the air- and oxy27-combustion of white wood. The model predicts that aluminium is released 

from the particles in solid and gas forms. Gaseous aluminium is formed initially, but gradually 

disappears as temperature decreases during the heat removal stage. Eventually, all released aluminium 

takes the form of solid aerosols.  

The modelled fate profile of bulk aluminium during air-combustion of recycled wood, shown in Figure 

J.14, exhibits a similar trend to that during air-combustion of white wood. However, during air-

combustion of recycled wood, more aluminium remains in the particles, probably due to the higher 

aluminium content of recycled wood compared with white wood. In addition, oxy27-combustion of 

white wood leads to retention of aluminium in the particles. This is probably due to formation of 

complex silicates as the aluminium is exposed to more concentrated O2(g) in oxy27-combustion. 

Modelled occurrence profiles of bulk aluminium in air-combustion of white wood are shown in Figure 

J.15. Formation and later disappearance of gaseous aluminium compounds might indicate that 

aluminium is originally released as a gas in the presence of significant amounts of O2(g) and H2O(g). 

Farber and Srivastava382 discovered that only gaseous aluminium compounds are produced from 

aluminium reaction with fluorine in a H2(g)/O2(g) environment. In Figures J.15 and J.16, OAlOH(g) is 

predicted to form initially and later to diminish. Farber et al.383 observed aluminium occurrence in a 

flame using mass spectrometry and discovered that OAlOH(g) was produced as one of the major 

aluminium compounds. OAlOH(g) is possibly formed according to Reaction J.4. 

𝐴𝑙𝑂(𝑔) +𝐻2𝑂(𝑔) → 𝑂𝐴𝑙𝑂𝐻(𝑔) +𝐻(𝑔) (RJ.4) 

The disappearance of OAlOH(g) simultaneously with formation of Ca2Al2SiO7(s) might corroborate the 

theory that calcium dictates the fates of aluminium, magnesium, and silica. Ca2Al2SiO7(s) is replaced by 

MgAl2O4(s) at around 0.3 m to 0.4 m from the top of the boiler. Within this height range, MgO(s) is 

formed, as shown in Figure J.8. MgAl2O4(s) exists along with MgO(s) and forms a stable solid solution 

at temperatures above 1773 K.384 CaAl2O4(s) formation at more than 0.4 m below the boiler top is due 

to MgAl2O4(s) decomposition at lower temperatures. Other research has observed that CaAl2O4(s) 

formation and nucleation take place at around 1573 K.385 

In the modelled occurrence profiles of bulk aluminium in air-combustion of recycled wood, shown in 

Figure J.17, CaAlSi2O8(s2) is the main aluminium compound formed. Since the silicon content of 

recycled wood is higher than that of white wood, excess amounts of silicon and aluminium in the 

particles might react with Ca2Al2SiO7(s) aerosols as in Reaction J.5.386 

𝐶𝑎2𝐴𝑙2𝑆𝑖𝑂7(𝑠) + 3𝑆𝑖𝑂2(𝑠) + 𝐴𝑙2𝑂3(𝑠) → 2𝐶𝑎𝐴𝑙2𝑆𝑖2𝑂8(𝑠) (RJ.5) 
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Further, during the heat loss stage, KalSi2O6(s2) is formed along with NaAlSi3O8(s2) whilst CaAl2Si2O8(s) 

disappears. KalSi2O6(s2) formation is probably based on Reactions J.1 and 7.4. 

Modelled bulk aluminium occurrence in bottom ash is shown in Figures J.18 and J.19. The modelled 

occurrence in air-combustion of white wood, shown in Figure J.18, predicts Ca3MgAl4O10(s) as the major 

aluminium compound. In oxy27-combustion of white wood, shown in Figure J.19, CaAl2O4(s) and 

Ca2Al2SiO7(s) are the primary products with relatively equal proportions. The high concentration of O2(g) 

may lead Ca3MgAl4O10(s) to decompose to CaAl2O4(s) further reacting with silicon to form Ca2Al2SiO7(s). 

In air-combustion of recycled wood, Ca2Al2SiO7(s) is the only aluminium compound formed. As shown 

in Figure J.14, a significant proportion of aluminium is left in the particles during air-combustion of 

recycled wood. Selectivity towards Ca2Al2SiO7(s) formation might be enhanced when a considerable 

quantity of aluminium remains in the particles. 

 

Figure J.13 (Left) Modelled Aluminium Fate Profiles in Air-combustion and Oxy27-combustion of 

White Wood; Figure J.14 (Right) Aluminium Fate Profiles in Air-combustion of White Wood and 

Recycled Wood; P: Particle, G: Gas, LA: Liquid Aerosol, SA: Solid Aerosol, TB: Bulk Temperature, 

Air: Air-combustion, Oxy27: Oxy27-combustion, WW: White Wood, RW: Recycled Wood 
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Figure J.15 Modelled Aluminium Bulk Occurrences in Air-combustion of White Wood  

 

 

Figure J.16 Modelled Aluminium Bulk Occurrences in Oxy27-combustion of White Wood  
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Figure J.17 Modelled Aluminium Bulk Occurrences in Air-combustion of Recycled Wood  

 

 

Figure J.18 Modelled Aluminium Occurrence in Bottom Ash at 298 K Obtained from Air-combustion 

of White Wood 

 



308 
 

 

Figure J.19 Modelled Aluminium Occurrence in Bottom Ash at 298 K Obtained from Oxy27-

combustion of White Wood 

 

Iron 

Modelled fate profiles of iron for the Air/Oxy27 comparison and the white/recycled wood comparison 

are shown in Figure J.20 and Figure J.21. In Figure J.20, iron is modelled to be released as gas in both 

air-combustion and oxy27-combustion of white wood. During the heat loss stage, solid aerosols are 

formed during air-combustion but not during oxy27-combustion of white wood. In oxy27-combustion 

of white wood, a reduction of the quantity of O2(g) does not promote formation of stable solid aerosols. 

In air-combustion of recycled wood, as shown in Figure J.21, a significant quantity of released iron 

might promote formation of liquid aerosols that are later transformed into solid aerosols. 

Unlike aluminium, iron shows no chemical interaction with calcium for either air-combustion of white 

wood or of recycled wood. The major formed products in air-combustion of white wood are Fe(OH)2(g) 

and lesser amounts of Fe(g) and FeO(g), which diminish gradually as shown in Figure J.22. Fe(OH)2(g) is 

formed via Reaction J.6.387 

𝐹𝑒(𝑔) + 2𝐻2𝑂(𝑔) → 𝐹𝑒(𝑂𝐻)2(𝑔) +𝐻2(𝑔) (RJ.6) 

Fe(OH)2(g) might also be formed due to FeO(g) interaction with steam, although there is no clear evidence 

that FeO(g) reacts directly with steam or is reduced first to Fe(g) which then reacts with steam. 
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According to modelled occurrence of bulk iron in air-combustion of white wood, shown in Figure J.24, 

Fe3O4(l) is formed. A significant quantity of bulk iron at relatively low temperature during the heat loss 

stage promotes conversion of Fe(OH)2(g) to Fe3O4(l). This reaction is known as the Schikorr reaction and 

is shown as Reaction J.7. 

𝐹𝑒(𝑂𝐻)2(𝑔) → 𝐹𝑒3𝑂4(𝑙) + 2𝐻2𝑂(𝑔) +𝐻2(𝑔) (RJ.7) 

The Schikorr reaction generally occurs in anaerobic conditions.388 Although O2(g) is present during the 

heat loss stage, its concentration, at 3% to 4% of the volume fraction, is considered low enough for the 

Schikorr reaction to occur. In addition to SiO2(l), Fe3O4(l) is a liquid aerosol that is considered to trigger 

ash deposition. 

When the bulk temperature is as low as 1869 K, Fe3O4(l) is solidified into Fe3O4(s) as expressed in 

Reaction J.8.389 

𝐹𝑒3𝑂4(𝑙) → 𝐹𝑒3𝑂4(𝑠) (RJ.8) 

In the bottom ash, Fe3O4(s) is the sole remaining iron compound, and is only present after air-combustion 

of white wood. Fe3O4(s) formation in the bottom ash might be dictated by the initial iron concentration. 

Energy Dispersive X-ray Spectroscopy analysis performed in previous research has shown that a high 

iron content in solid fuel produces a significant amount of Fe3O4(s) in bottom ash.390 The formation of 

Fe3O4(s) in particles starts with the formation of Fe(s) by reaction with moisture and gasifying H2O(g). 

During the heat loan stage, FeOOH(s) might be formed at low temperature. Fe3O4(s) is rapidly formed 

during the simultaneous pyrolysis and gasification stage due to high temperatures and an increased 

pyrolysis rate. Since most O2(g) has already been utilised for homogeneous and heterogeneous reactions, 

not enough O2(g) remains to promote the oxidation process to produce Fe2O3(s).391 
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Figure J.20 (Left) Modelled Iron Fate Profile in Air-combustion and Oxy27-combustion of White 

Wood; Figure J.21 (Right) Modelled Iron Fate Profiles in Air-combustion of White Wood and Recycled 

Wood; P: Particle, G: Gas, LA: Liquid Aerosol, SA: Solid Aerosol, TB: Bulk Temperature, Air: Air-

combustion, Oxy27: Oxy27-combustion, WW: White Wood, RW: Recycled Wood 

 

 

Figure J.22 Modelled Iron Bulk Occurrences in Air-combustion of White Wood  
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Figure J.23 Modelled Iron Bulk Occurrences in Oxy27-combustion of White Wood 

 

 

Figure J.24 Modelled Iron Bulk Occurrences in Oxy27-combustion of Recycled Wood 
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Arsenic 

The fate behaviour of arsenic in modelled fate profiles are shown in Figure J.25 for the Air/Oxy27 

comparison and in Figure J.26 for the white/recycled wood comparison. They corroborate the theory 

that arsenic shows high volatility in a high heating-rate combustion environment.392 In both figures, 

arsenic is predicted to be released entirely as gaseous compounds once peak temperature is achieved, 

regardless of bulk O2(g) concentration or the original concentration of arsenic in the wood. 

AsO(g) is the only formed arsenic compound in all modelled cases, as shown in Figures J.27, J.28, and 

J.29. AsO(g) is considered stable at high temperature.393 However, there has not been thorough 

observation of AsO(g) presence in high-temperature flames. Most works on arsenic occurrence have 

been conducted at temperatures below 1373 K, whilst the maximum temperature observed in an 

entrained-flow boiler is more than 2000 K with a heating rate as high as 500 K s-1.394 At low 

temperatures, the most stable form of arsenic is As4O6(g).395 

As4O6(s) forms Ca-As compounds during interaction with calcium solid aerosols, according to Reaction 

J.9. 

2𝐶𝑎𝑂(𝑠) + 0.5𝐴𝑠4𝑂6(𝑔) +𝑂2(𝑔) → 𝐶𝑎2𝐴𝑠2𝑂7(𝑠) (RJ.9) 

Due to high temperatures in the fate and occurrence model, all arsenic is volatilised and remains 

gaseous.396 

 

Figure J.25 (Left) Modelled Arsenic Fate Profiles in Air-combustion and Oxy27-combustion of White 

Wood; Figure J.26 (Right) Modelled Arsenic Fate Profiles in Air-combustion of White Wood and 

Recycled Wood; P: Particle, G: Gas, LA: Liquid Aerosol, SA: Solid Aerosol, TB: Bulk Temperature, 

Air: Air-combustion, Oxy27: Oxy27-combustion, WW: White Wood, RW: Recycled Wood 
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Figure J.27 Modelled Arsenic Bulk Occurrences in Air-combustion of White Wood 

 

 

Figure J.28 Modelled Arsenic Bulk Occurrences in Oxy27-combustion of White Wood 
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Figure J.29 Modelled Arsenic Bulk Occurrences in Air-combustion of Recycled Wood 

 

Cadmium 

Cadmium is known to exhibit strong volatility during solid fuel combustion, as shown in Figure J.30 

for the Air/Oxy27 comparison and in Figure J.31 for the white/recycled wood comparison. Both 

diagrams and  Figures J.32, J.33, and J.34 show that cadmium is entirely released as gaseous Cd(g).397. 

Cd(g) is very stable even at low combustion temperatures. A study has been conducted to observe CdO(g) 

decomposition within the temperature range 1000K to 1379 K. Within this temperature range, CdO(g) 

is decomposed according to Reaction J.10.398 

𝐶𝑑𝑂(𝑠) → 𝐶𝑑(𝑔) + 0.5𝑂2(𝑔) (RJ.10) 

CdO(g) might be found in ash produced during combustion at operationally low temperatures, e.g. in 

filter ash.399 
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Figure J.30 (Left) Modelled Cadmium Fate Profiles in Air-combustion and Oxy27-combustion of White 

Wood; Figure J.31 (Right) Modelled Cadmium Fate Profiles in Air-combustion of White Wood and 

Recycled Wood; P: Particle, G: Gas, LA: Liquid Aerosol, SA: Solid Aerosol, TB: Bulk Temperature, 

Air: Air-combustion, Oxy27: Oxy27-combustion, WW: White Wood, RW: Recycled Wood 

 

 

Figure J.32 Modelled Cadmium Bulk Occurrences in Air-combustion of White Wood  
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Figure J.33 Modelled Cadmium Bulk Occurrences in Oxy27-combustion of White Wood 

 

 

Figure J.34 Modelled Cadmium Bulk Occurrences in Air-combustion of Recycled Wood 
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Lead 

The strong tendency of lead to volatilise has been validated in experiments that observed major lead 

speciation in fly ash rather than in bottom ash.400 As shown in Figure J.35 for the Air/Oxy27 comparison 

and in Figure J.36 for the white/recycled wood comparison, lead is volatilised completely in all cases 

according to the model developed in this research. 

Modelled occurrence profiles for bulk lead are shown in Figures J.37, J.38, and J.39. PbO(g) and a small 

proportion of Pb(g) are the major compounds formed in all cases. Friswell and Jenkins401 discovered 

experimentally that Pb(g) was stable in a flame environment under fuel-rich conditions. On the other 

hand, the existence of PbO(g) has been detected in a fuel-lean environment. 

 

 

Figure J.35 (Left) Modelled Lead Fate Profiles in Air-combustion and Oxy27-combustion of White 

Wood; Figure J.36 (Right) Modelled Lead Fate Profiles in Air-combustion of White Wood and 

Recycled Wood; P: Particle, G: Gas, LA: Liquid Aerosol, SA: Solid Aerosol, TB: Bulk Temperature, 

Air: Air-combustion, Oxy27: Oxy27-combustion, WW: White Wood, RW: Recycled Wood 
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Figure J.37 Modelled Lead Bulk Occurrences in Air-combustion of White Wood 

 

 

Figure J.38 Modelled Lead Bulk Occurrences in Oxy27-combustion of White Wood 
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Figure J.39 Modelled Lead Bulk Occurrences in Air-combustion of Recycled Wood 

 

Nickel 

Nickel is considered a semivolatile element during solid-fuel combustion.402 It has been reported to be 

distributed in both bottom ash and fly ash, often in similar proportions.403 However, according to the 

model developed in this research, nickel is entirely volatilised from the particles during the processes 

considered in the Air/Oxy27 comparison and the white/recycled wood comparison, as shown in Figures 

J.40 and J.41. This complete volatilisation is probably due to relatively low nickel content of the 

particles. 

Modelled occurrence profiles of bulk nickel are shown in Figures J.42, J.43, and J.44. All figures exhibit 

relatively similar nickel occurrence. Nickel is likely to be released as Ni(g). Above 673 K, Ni(g) reacts 

with O2(g) to form NiO(g) as shown by Reaction J.11.404 

2𝑁𝑖(𝑔) +𝑂2(𝑔) ↔ 2𝑁𝑖𝑂(𝑔) (RJ.11) 

NiO(g) is very stable at low temperature.405 Johnston and Marshall406 discovered that NiO(g) could be 

decomposed into Ni(g) at temperatures above 1,566 K. Since temperature during the heat loss stage is 

far higher than 1700 K, NiO(g) decomposition into Ni(g) is favoured. During the heat loss stage, H2O(g) 

has higher partial pressure than O2(g). Ni(g) may have a greater tendency to react with H2O(g), as expressed 

in Reaction J.12.407 

𝑁𝑖(𝑔) + 2𝐻2𝑂(𝑔) ↔ 𝑁𝑖(𝑂𝐻)2(𝑔) +𝐻2(𝑔) (RJ.12) 
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Figure J.40 (Left) Modelled Nickel Fate Profiles in Air-combustion and Oxy27-combustion of White 

Wood; Figure J.41 (Right) Modelled Nickel Fate Profiles in Air-combustion of White Wood and 

Recycled Wood; P: Particle, G: Gas, LA: Liquid Aerosol, SA: Solid Aerosol, TB: Bulk Temperature, 

Air: Air-combustion, Oxy27: Oxy27-combustion, WW: White Wood, RW: Recycled Wood 

 

 

Figure J.42 Modelled Nickel Bulk Occurrences in Air-combustion of White Wood 
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Figure J.43 Modelled Nickel Bulk Occurrences in Oxy27-combustion of White Wood 

 

 

Figure J.44 Modelled Nickel Bulk Occurrences in Air-combustion of Recycled Wood 
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Vanadium 

According to Figure J.45 for the Air/Oxy27 comparison and Figure J.46 for the white/recycled wood 

comparison, vanadium is completely volatilised as gas in all cases. Gaseous vanadium is converted to 

solid aerosols when the temperature is at around 1750 K. Vanadium is proven to be relatively non-

volatile and is often found in large fly ash.408 This might be an indication of vanadium aerosol nucleation 

and coagulation. 

The modelled profiles of vanadium production shown in Figures J.47, J.48, and J.49 indicate that 

vanadium is released as VO2(g). VO2(g) is chemically stable at temperatures above 1640 K.409 At lower 

temperature, VO2(g) may react with O2(g) to form V2O5(g) according to Reaction J.13. 

2𝑉𝑂2(𝑔) + 0.5𝑂2(𝑔) ↔ 𝑉2𝑂5(𝑔) (RJ.13) 

However, V2O5(g) may react with calcium compounds at temperatures below 1640 K to form stable 

vanadates, e.g. (CaO)3(V2O5)2(s) and (CaO)2(V2O5)2(s).410 

 

Figure J.45 (Left) Modelled Vanadium Fate Profiles in Air-combustion and Oxy27-combustion of 

White Wood; Figure J.46 (Right) Modelled Vanadium Fate Profiles in Air-combustion of White Wood 

and Recycled Wood; P: Particle, G: Gas, LA: Liquid Aerosol, SA: Solid Aerosol, TB: Bulk Temperature, 

Air: Air-combustion, Oxy27: Oxy27-combustion, WW: White Wood, RW: Recycled Wood 
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Figure J.47 Modelled Vanadium Bulk Occurrences in Air-combustion of White Wood 

 

 

Figure J.48 Modelled Vanadium Bulk Occurrences in Oxy27-combustion of White Wood 
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Figure J.49 Modelled Vanadium Bulk Occurrences in Air-combustion of Recycled Wood 

 

Zinc 

Zinc is very volatile in a combustion environment with a reducing atmosphere.411 As shown in Figure 

J.50 for the Air/Oxy27 comparison and in Figure J.51 for the white/recycled wood comparison, zinc is 

entirely volatilised in all cases. The presence of zinc in all cases is mainly as Zn(g), as shown in Figures 

J.52, J.53, and J.54. At high temperatures above 1700 K during the heat removal and heat loss stages, 

Zn(g) is a very stable compound. An observation of Zn(g) stability at high temperature has been conducted 

by other researchers, who introduced ZnO(g) into a combustion environment at a temperature of 2,248 

K. At high temperature, ZnO(g) is decomposed into Zn(g) and O2(g) according to Reaction J.14.412 

𝑍𝑛𝑂(𝑔) ↔ 𝑍𝑛(𝑔) + 0.5𝑂2(𝑔) (RJ.14) 
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Figure J.50 (Left) Modelled Zinc Fate Profile in Air-combustion and Oxy27-combustion of White 

Wood; Figure J.51 (Right) Modelled Zinc Fate Profile in Air-combustion of White Wood and Recycled 

Wood; P: Particle, G: Gas, LA: Liquid Aerosol, SA: Solid Aerosol, TB: Bulk Temperature, Air: Air-

combustion, Oxy27: Oxy27-combustion, WW: White Wood, RW: Recycled Wood 

 

 

Figure J.52 Modelled Zinc Bulk Occurrences in Air-combustion of White Wood 
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Figure J.53 Modelled Zinc Bulk Occurrences in Oxy27-combustion of White Wood 

 

 

Figure J.54 Modelled Zinc Bulk Occurrences in Air-combustion of Recycled Wood 
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Mercury 

Modelled fate profiles for bulk mercury are shown in Figure J.55 for the Air/Oxy27  and in Figure J.56 

for the white/recycled wood comparison. They exhibit that no mercury remains in the particles. Mercury 

is volatilised mainly as gas due to high vapour pressure.413 Mercury is released as Hg(g) in all cases, as 

shown in Figures J.57, J.58, and J.59. Hg(g) is normally oxidised at temperatures below 500 K, according 

to Reaction 6.35. 

𝐻𝑔(𝑔) + 0.5𝑂2(𝑔) ↔ 𝐻𝑔𝑂(𝑔) (RJ.15) 

However, at temperatures above 500 K, backward reaction of Reaction J.15 dominates. In an extremely 

hot environment, Hg(g) is the major compound formed.414 

 

Figure J.55 (Left) Modelled Zinc Fate Profile in Air-combustion and Oxy27-combustion of White 

Wood; Figure J.56 (Right) Modelled Zinc Fate Profiles in Air-combustion of White Wood and Recycled 

Wood; P: Particle, G: Gas, LA: Liquid Aerosol, SA: Solid Aerosol, TB: Bulk Temperature, Air: Air-

combustion, Oxy27: Oxy27-combustion, WW: White Wood, RW: Recycled Wood 
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Figure J.57 Modelled Mercury Bulk Occurrences in Air-combustion of White Wood 

 

 

Figure J.58 Modelled Mercury Bulk Occurrences in Oxy27-combustion of White Wood 
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Figure J.59 Modelled Mercury Bulk Occurrences in Air-combustion of Recycled Wood 

 

Appendix K: AFE and TE Fate and Occurrence Profiles 

of Rice Husk 

This appendix compiles the discussion of the fate and occurrence profiles of the AFEs and TEs other 

than potassium, calcium, and silicon in the combustion of rice husk wood in PACT facility entrained-

flow boiler. 

 

Sodium 

The modelled fate profile of sodium is shown in Figure K.1. At peak temperature, all the sodium is 

released from the particles as gas. During the heat loss stage, the phase of bulk sodium changes from 

gas to solid aerosols at a significant proportion. This phase change contradicts the previously reported 

volatile behaviour of sodium shown in Figure J.1, due to the large amount of sodium present in rice 

husk. This considerable amount is likely to promote chemical association of sodium with the other 

AFEs to form solid aerosols at relatively high temperatures. Figure K.1 also shows that more 

concentrated O2(g) in the oxy27-combustion might intensify formation of solid aerosols. 
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Modelled occurrence profiles of bulk sodium are shown in Figure K.2 for air-combustion and in Figure 

K.3 for oxy27-combustion. In air-combustion, most of the sodium is initially volatilised as NaOH(g). 

This is in agreement with the sodium behaviour reported earlier and shown in Figure J.3. However, 

NaOH(g) is converted into Na5P3O10(s2) during the heat loss stage. Na5P3O10(s2) formation might be via 

Reaction K.1. 

3𝐻3𝑃𝑂4(𝑔) + 5𝑁𝑎𝑂𝐻(𝑔) → 𝑁𝑎5𝑃3𝑂10(𝑠2) + 5𝐻2𝑂(𝑔) (RK.1) 

Phosphorus is likely to be released as H3PO4(g), which reacts with NaOH(g). Suwarnakar et al.415 

conducted research on Na5P3O10(s2) production based on Reaction K.1. Although the production 

experiment was performed in liquid phase at temperatures below 873 K, Reaction K.1 may occur at 

temperatures above 1,500 K in gaseous and aerosol phases. Other than Na5P3O10(s2), a small proportion 

of Na12Mg4P10O35(s) was formed and this was later transformed into Na3MgP3O10(s). Na3MgP3O10(s) is 

possibly produced from Na5P3O10(s) reaction with magnesium compounds.416 On the other hand, 

Na5P3O10(s2) is the only bulk sodium occurrence in oxy27-combustion during the heat loss stage, as 

shown in Figure K.3. The higher O2(g) concentration in oxy27-combustion might increase selectivity 

towards Na5P3O10(s2) formation. Both Figures K.2 and K.3 show that there is a significant affinity 

between sodium and phosphorus when they are present at relatively large concentrations. However, 

despite sharing similar alkaline characteristics, potassium does not exhibit strong association with 

phosphorus.417 
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Figure K.1 Modelled Sodium Fate Profiles in Air-combustion and Oxy27-combustion of Rice Husk ( 

― P (Air): Particle in Air-combustion; ― G (Air): Gas in Air-combustion; ― LA (Air): Liquid Aerosol 

in Air-combustion; ― SA (Air): Solid Aerosol in Air-combustion; --- P (Oxy27): Particle in Oxy27-

combustion; --- G (Oxy27): Gas in Oxy27-combustion; --- LA (Oxy27): Liquid Aerosol in Oxy27-

combustion; --- SA (Oxy27): Solid Aerosol in Oxy27-combustion; ― TB (Air): Bulk Temperature in Air-

combustion; --- TB (Oxy27): Bulk Temperature in Oxy27-combustion 

 

 

Figure K.2 Modelled Sodium Bulk Occurrences in Air-combustion of Rice Husk 
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Figure K.3 Modelled Sodium Bulk Occurrences in Oxy27-combustion of Rice Husk 

 

Magnesium 

The modelled fate profile of magnesium is shown in Figure K.4. A small partition of magnesium is 

volatilised from the particles in air-combustion. On the other hand, magnesium completely remains in 

the particles in oxy27-combustion. In air-combustion, magnesium is released as Mg(OH)2(g) at peak 

temperature, as shown in Figure K.5. Magnesium occurrence changes several times during the heat 

removal stage, probably due to reactions with phosphorus and silicon. When the heat loss stage begins, 

Na12Mg4P10O35(s) is formed as the major magnesium compound. The quantity of Na12Mg4P10O35(s) later 

diminishes as Na3MgP3O10(s) emerges. Unfortunately, the transformation of Na12Mg4P10O35(s) into 

Na3MgP3O10(s) has yet to be proven. However, Ust’yantsev et al.418 have confirmed magnesium’s 

affinity to phosphorus by forming Na3MgP3O10(s) at high temperature through dissolution of MgO(s) into 

NaPO3(aq). 

Magnesium occur in the bottom ash in air-combustion solely as CaMgSi2O6(s). Silicon is likely to 

suppress the departure of magnesium from the particles by reacting with magnesium and calcium to 

form a silicate compound. 
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Figure K.4 Modelled Magnesium Fate Profiles in Air-combustion and Oxy27-combustion of Rice Husk 

( ― P (Air): Particle in Air-combustion; ― G (Air): Gas in Air-combustion; ― LA (Air): Liquid 

Aerosol in Air-combustion; ― SA (Air): Solid Aerosol in Air-combustion; --- P (Oxy27): Particle in 

Oxy27-combustion; --- G (Oxy27): Gas in Oxy27-combustion; --- LA (Oxy27): Liquid Aerosol in 

Oxy27-combustion; --- SA (Oxy27): Solid Aerosol in Oxy27-combustion; ― TB (Air): Bulk Temperature 

in Air-combustion; --- TB (Oxy27): Bulk Temperature in Oxy27-combustion 

 

 

Figure K.5 Modelled Magnesium Bulk Occurrences in Air-combustion of Rice Husk 
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Aluminium 

According to the modelled aluminium fate profile shown in Figure K.6, almost none of the aluminium 

is released from the particles. As shown in Figures K.7 and K.8, KalSi3O8(s2), CaAl2Si2O8(s2), and 

Ca3Al2Si3O12(s) are the primary aluminium compounds formed in the bottom ash in both air-combustion 

and oxy27-combustion. KalSi3O8(s2) and CaAl2Si2O8(s2) are formed via Reactions 8.4 and J.5, 

respectively. At temperatures below 392 K, Ca3Al2Si3O12(s) is chemically stable. However, 

Ca3Al2Si3O12(s) might react with SiO2(s) to form CaAl2Si2O8(s2) at temperatures above 392 K, according 

to Reaction K.2.419 

2𝐴𝑙2𝑂3 ∙ 𝑆𝑖𝑂2(𝑠) + 𝐶𝑎3𝐴𝑙2𝑆𝑖3𝑂12(𝑠) + 𝑆𝑖𝑂2(𝑠) → 3𝐶𝑎𝐴𝑙2𝑆𝑖2𝑂8(𝑠2) (RK.2) 

KalSi3O8(s2) partition dominates over the other compounds predicted to be in bottom ash of oxy27-

combustion. This is due to higher potassium retention in oxy27-combustion.   

 

Figure K.6 Modelled Aluminium Fate Profiles in Air-combustion and Oxy27-combustion of Rice Husk 

( ― P (Air): Particle in Air-combustion; ― G (Air): Gas in Air-combustion; ― LA (Air): Liquid 

Aerosol in Air-combustion; ― SA (Air): Solid Aerosol in Air-combustion; --- P (Oxy27): Particle in 

Oxy27-combustion; --- G (Oxy27): Gas in Oxy27-combustion; --- LA (Oxy27): Liquid Aerosol in 

Oxy27-combustion; --- SA (Oxy27): Solid Aerosol in Oxy27-combustion; ― TB (Air): Bulk Temperature 

in Air-combustion; --- TB (Oxy27): Bulk Temperature in Oxy27-combustion 
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Figure K.7 Modelled Aluminium Occurrence in Bottom Ash at 298 K Obtained from Air-combustion 

of Rice Husk 

 

 

Figure K.8 Modelled Aluminium Occurrence in Bottom Ash at 298 K Obtained from Oxy27-

combustion of Rice Husk 
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Iron 

The modelled fate profile of iron is shown in Figure K.9. Iron is released as gas at peak temperature in 

both air-combustion and oxy27-combustion. Gaseous iron is converted to solid aerosols during the heat 

removal stage shortly before forming liquid aerosols during the heat loss stage. A considerable 

proportion of iron remains in the particles in oxy27-combustion, whilst all the iron is released from the 

particles in air-combustion. The remaining iron might form oxides, probably as a result of more intense 

particle oxidation promoted by the presence of higher quantities of O2(g) in oxy27-combustion. 

Modelled bulk iron occurrence profiles in air-combustion and oxy27-combustion are shown in Figures 

K.10 and K.11, respectively. Both profiles show similar iron occurrences. Iron is released from the 

particles as Fe(OH)2(g), which is formed via Reaction J.6. Fe(OH)2(g) is transformed into FeO4P(l) during 

the heat loss stage. Shiratsuchi et al.420 studied iron and phosphorus affinity and found that Fe reacted 

with P2O5 to form FeO4P. Wilhelmy and Matijevic421 suggested the formation of FeO4P(l) by the 

mechanism shown in Reactions K.3, K.4, K.5, K.6, and K.7. 

𝐹𝑒3+(𝑔) +𝐻2𝑂(𝑔) ↔ 𝐹𝑒𝑂𝐻2+(𝑔) +𝐻
+
(𝑔) (RK.3) 

𝐹𝑒𝑂𝐻2+(𝑔) +𝐻2𝑂(𝑔) ↔ 𝐹𝑒(𝑂𝐻)2
+
(𝑔) +𝐻

+
(𝑔) (RK.4) 

𝐹𝑒3+(𝑔) +𝐻3𝑃𝑂4(𝑔) ↔ 𝐹𝑒𝐻2𝑃𝑂4
2+
(𝑔) +𝐻

+
(𝑔) (RK.5) 

𝐹𝑒𝐻2𝑃𝑂4
2+

(𝑔) +𝐻3𝑃𝑂4(𝑔) ↔ 𝐹𝑒(𝐻2𝑃𝑂4)
2+

(𝑔) +𝐻
+
(𝑔) (RK.6) 

𝐹𝑒(𝑂𝐻)2
+
(𝑔) + 𝐹𝑒(𝐻2𝑃𝑂4)

2+
(𝑔) ↔ 𝐹𝑒𝑂4𝑃(𝑙) +𝐻2𝑂(𝑔) + 2𝐻

+
(𝑔) (RK.7) 

Fe3+
(g) in Reaction K.3 might be sourced from FeCl3(g), which could be instantaneously formed via 

Reaction K.8.422 

𝐹𝑒(𝑔) + 3𝐶𝑙2(𝑔) ↔ 2𝐹𝑒𝐶𝑙3(𝑔) (RK.8) 

In the bottom ash, iron remains as Ca3Fe2Si3O12(s) and CaFeSi2O6(s), as shown in Figure K.12 and K.13. 

CaFeSi2O6(s) and Ca3Fe2Si3O12(s) are possibly formed via mineral reactions, as expressed in Reactions 

K.9 and K.10.423 

6𝑆𝑖𝑂2(𝑠) + 3𝐶𝑎𝐶𝑂3(𝑠) + 𝐹𝑒3𝑂4(𝑠) ↔ 3𝐶𝑎𝐹𝑒𝑆𝑖2𝑂6(𝑠) + 3𝐶𝑂2(𝑔) + 0.5𝑂2(𝑔) (RK.9) 

3𝑆𝑖𝑂2(𝑠) + 3𝐶𝑎𝐶𝑂3(𝑠) + 𝐹𝑒2𝑂3(𝑠) ↔ 3𝐶𝑎3𝐹𝑒2𝑆𝑖3𝑂12(𝑠) + 3𝐶𝑂2(𝑔) (RK.10) 
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However, CaFeSi2O6(s) and Ca3Fe2Si3O12(s) are unlikely to form in practice due to kinetic limitations, 

since Reactions K.9 and K.10 occur at extremely high pressure, e.g. 2000 bar. Jing et al.424 discovered 

Ca3Fe2Si3O12(s) in coal ash produced from pressurised combustion. 

 

Figure K.9 Modelled Iron Fate Profiles in Air-combustion and Oxy27-combustion of Rice Husk ( ― P 

(Air): Particle in Air-combustion; ― G (Air): Gas in Air-combustion; ― LA (Air): Liquid Aerosol in 

Air-combustion; ― SA (Air): Solid Aerosol in Air-combustion; --- P (Oxy27): Particle in Oxy27-

combustion; --- G (Oxy27): Gas in Oxy27-combustion; --- LA (Oxy27): Liquid Aerosol in Oxy27-

combustion; --- SA (Oxy27): Solid Aerosol in Oxy27-combustion; ― TB (Air): Bulk Temperature in Air-

combustion; --- TB (Oxy27): Bulk Temperature in Oxy27-combustion 
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Figure K.10 Modelled Iron Bulk Occurrences in Air-combustion of Rice Husk 

 

 

Figure K.11 Modelled Iron Bulk Occurrences in Oxy27-combustion of Rice Husk 
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Figure K.12 Modelled Iron Occurrence in Bottom Ash at 298 K Obtained from Air-combustion of 

Rice Husk 

 

 

Figure K.13 Modelled Iron Occurrence in Bottom Ash at 298 K Obtained from Oxy27-combustion of 

Rice Husk 
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Appendix L: AFE and TE Fate and Occurrence Profiles of 

Switchgrass 

This appendix compiles the discussion of the fate and occurrence profiles of the AFEs and TEs other 

than potassium, calcium, and silicon in the combustion of rice husk wood in PACT facility entrained-

flow boiler. 

 

Sodium 

The modelled fate profile for sodium in switchgrass is shown in Figure L.1. Sodium is completely 

volatilised from the particles. In contrast to the modelled fate profile of sodium in rice husk, shown in 

Figure K.1, sodium remains as gas during the heat loss stage during combustion of switchgrass. The 

absence of solid aerosols of sodium compounds is probably due to the lower quantity of sodium in 

switchgrass than in rice husk. Also, the released phosphorus might react with other elements, preventing 

alkali-metal phosphate formation. 

In both modelled occurrence profiles for bulk sodium shown in Figures L.2 and L.3, sodium is released 

as NaOH(g) and Na(g) at the peak temperature. NaOH(g) partition increases whilst Na(g) partition decreases 

according to Reaction 6.2. NaCl(g) partition is at relatively high quantity due to higher chlorine quantity 

in herbaceous biomass than in woody biomass.425 
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Figure L.1 Modelled Sodium Fate Profiles in Air-combustion and Oxy27-combustion of Switchgrass ( 

― P (Air): Particle in Air-combustion; ― G (Air): Gas in Air-combustion; ― LA (Air): Liquid Aerosol 

in Air-combustion; ― SA (Air): Solid Aerosol in Air-combustion; --- P (Oxy27): Particle in Oxy27-

combustion; --- G (Oxy27): Gas in Oxy27-combustion; --- LA (Oxy27): Liquid Aerosol in Oxy27-

combustion; --- SA (Oxy27): Solid Aerosol in Oxy27-combustion; ― TB (Air): Bulk Temperature in Air-

combustion; --- TB (Oxy27): Bulk Temperature in Oxy27-combustion 

 

 

Figure L.2 Modelled Sodium Bulk Occurrences in Air-combustion of Switchgrass 
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Figure L.3 Modelled Sodium Bulk Occurrences in Oxy27-combustion of Switchgrass 

 

Magnesium 

Modelled magnesium fate profiles are shown in Figure L.4. More magnesium remains in the bottom 

ash in oxy27-combustion than in air-combustion. Higher magnesium retention in oxy27-combustion is 

due to formation of complex silicates, e.g. pyroxene. Since a considerable amount of magnesium is 

released in both combustion cases, solid aerosol formation is favoured. In oxy27-combustion, liquid 

compound is present during the heat loss stage due to magnesium association with phosphorus, which 

is released in larger quantity in oxy27-combustion than in air-combustion. 

MgSiO3(s3) and CaMgSi2O6(s) are the major magnesium compounds formed in air-combustion as shown 

in Figure L.5. Surendra et al.426 have suggested a MgSiO3(s3) formation mechanism. MgO(s) is supposed 

to form as shown in Figure J.3. Due to elevated concentration of silicon in the bulk as SiO2(s6), SiO2(s6) 

reacts with MgO(g), as expressed in Reactions L.1 and L.2. 

𝑀𝑔𝑂(𝑔) + 𝑆𝑖𝑂2(𝑠) ↔ 𝑀𝑔𝑆𝑖𝑂3(𝑠) (RL.1) 

2𝑀𝑔𝑂(𝑔) + 𝑆𝑖𝑂2(𝑠) ↔ 𝑀𝑔2𝑆𝑖𝑂4(𝑠) (RL.2) 

Mg2SiO4(s) subsequently reacts with SiO2(s6) to form MgSiO3(s), as expressed in Reaction L.3. 

2𝑀𝑔𝑂(𝑔) + 𝑆𝑖𝑂2(𝑠) ↔ 𝑀𝑔2𝑆𝑖𝑂4(𝑠) (RL.3) 
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The existence of CaMgSi2O6(s) alongside MgSiO3(s3) is plausible, although a previous work discovered 

slightly different co-existing compounds, e.g. MgSi2O6(s) was found to coexist with CaMgSi2O6(s) at 

around 1,673 K and 1 atm.427 

In oxy27-combustion, phosphorus-containing magnesium compounds are formed probably because 

there is sufficient quantity of released phosphorus to establish those compounds. Mg3P2O8(l) is a 

compound of concern, since it might initiate ash deposition as shown in Figure L.6. Mg3P2O8(l) is likely 

to form via MgO(g) reaction with PO2(g) as expressed in Reaction L.4.428 

3𝑀𝑔𝑂(𝑔) + 3𝑃𝑂2(𝑔) ↔ 𝑀𝑔3𝑃2𝑂8(𝑙) + 𝑃𝑂(𝑔) (RL.4) 

PO(g) may further react with CO2(g) to reform PO2(g) as shown in Reaction L.5.429 

𝑃𝑂(𝑔) + 𝐶𝑂2(𝑔) ↔ 𝑃𝑂2(𝑔) + 𝐶𝑂(𝑔) (RL.5) 

Unlike inorganic liquid compounds observed in rice-husk combustion, Mg3P2O8(l) is not associated with 

silicon and potassium. Another ternary diagram shown in Figure L.7 is built to evaluate liquid 

compound formation based on the CaO-P2O5-MgO system. Molar composition is located in the black 

box. The liquidus isotherm temperature is at around 1,800 K. This is in agreement with the finding that 

Mg3P2O8(l) is stable at this temperature. 

Calcium occurs in the bottom ash mostly as CaMgSi2O6(s), as shown in Figure L.8 and L.9. A small 

proportion of Ca2MgSi2O7(s) exists in the bottom ash after oxy27-combustion, possibly via Reaction 

L.6.430 

𝐶𝑎𝐶𝑂3(𝑠) + 𝐶𝑎𝑀𝑔𝑆𝑖2𝑂6(𝑠) ↔ 𝐶𝑎2𝑀𝑔𝑆𝑖2𝑂7(𝑠) + 𝐶𝑂2(𝑔) (RL.6) 

Ca2MgSi2O7(s) is produced due to the presence of sufficient CaCO3(s). In oxy27-combustion, bulk O2(g) 

penetrates the particles faster than in air-combustion. More CO2(g) is produced, which reacts with CaO(s) 

as shown in Reaction L.7.431 

𝐶𝑎𝑂(𝑠) + 𝐶𝑂2(𝑔) → 𝐶𝑎𝐶𝑂3(𝑠) (RL.7) 
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Figure L.4 Modelled Magnesium Fate Profiles in Air-combustion and Oxy27-combustion of 

Switchgrass ( ― P (Air): Particle in Air-combustion; ― G (Air): Gas in Air-combustion; ― LA (Air): 

Liquid Aerosol in Air-combustion; ― SA (Air): Solid Aerosol in Air-combustion; --- P (Oxy27): Particle 

in Oxy27-combustion; --- G (Oxy27): Gas in Oxy27-combustion; --- LA (Oxy27): Liquid Aerosol in 

Oxy27-combustion; --- SA (Oxy27): Solid Aerosol in Oxy27-combustion; ― TB (Air): Bulk Temperature 

in Air-combustion; --- TB (Oxy27): Bulk Temperature in Oxy27-combustion 

 

 

Figure L.5 Modelled Magnesium Bulk Occurrences in Air-combustion of Switchgrass 
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Figure L.6 Modelled Magnesium Bulk Occurrences in Oxy27-combustion of Switchgrass 
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Figure L.7 Bulk Composition of Switchgrass (Black Box) at Complete Combustion and Liquidus 

Isotherm Lines within CaO-P2O5-MgO Ternary Phase Diagram 
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Figure L.8 Modelled Magnesium Occurrence in Bottom Ash at 298 K Obtained from Air-combustion 

of Switchgrass 

 

 

Figure L.9 Modelled Magnesium Occurrence in Bottom Ash at 298 K Obtained from Oxy27-

combustion of Switchgrass 

 

 



348 
 

Aluminium 

Modelled aluminium fate profiles are shown in Figure L.10. More aluminium is volatilised in air-

combustion than in oxy27-combustion due to formation of aluminosilicate particles promoted by the 

presence of bulk O2(g). The released aluminium is transformed into solid aerosols. No aluminium gas 

compound is present. 

Modelled occurrence profiles for bulk aluminium are shown in Figure L.11 for air-combustion and in 

Figure L.12 for oxy27-combustion. Aluminium is likely to be released as OAlOH(g) formed via Reaction 

J.4. OAlOH(g) subsequently reacts with calcium compound to form Ca2Al2SiO7(s). Further reaction of 

Ca2Al2SiO7(s) with SiO2(g) produces CaAl2Si2O8(s) during the heat removal stage, as expressed in 

Reaction J.5. CaAl2Si2O8(s2) is converted into KalSi2O6(s2) shortly before the heat loss stage. KalSi2O6(s2) 

is later formed via reaction of aluminosilicate compound with KCl(g), as expressed in Reaction 7.5. 

Modelled aluminium occurrence in the bottom ash of air-combustion and oxy27-combustion is shown 

in Figures L.13 and L.14, respectively. Aluminium occurs in bottom ash after air-combustion as 

KalSi2O6(s2) and Ca3Al2Si3O12(s). These compounds are formed possibly via aluminosilicate reaction 

with CaO(s) and K2O(s). In bottom ash after oxy27-combustion, aluminium is only present as calcium 

aluminosilicate compounds, probably due to the retention of more calcium in the particles. 

 

Figure L.10 Modelled Aluminium Fate Profiles in Air-combustion and Oxy27-combustion of 

Switchgrass ( ― P (Air): Particle in Air-combustion; ― G (Air): Gas in Air-combustion; ― LA (Air): 

Liquid Aerosol in Air-combustion; ― SA (Air): Solid Aerosol in Air-combustion; --- P (Oxy27): Particle 

in Oxy27-combustion; --- G (Oxy27): Gas in Oxy27-combustion; --- LA (Oxy27): Liquid Aerosol in 

Oxy27-combustion; --- SA (Oxy27): Solid Aerosol in Oxy27-combustion; ― TB (Air): Bulk Temperature 

in Air-combustion; --- TB (Oxy27): Bulk Temperature in Oxy27-combustion 
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Figure L.11 Modelled Aluminium Bulk Occurrences in Air-combustion of Switchgrass 

 

 

Figure L.12 Modelled Aluminium Bulk Occurrences in Oxy27-combustion of Switchgrass 
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Figure L.13 Modelled Aluminium Occurrence in Bottom Ash at 298 K Obtained from Air-combustion 

of Switchgrass 

 

 

Figure L.14 Modelled Aluminium Occurrence in Bottom Ash at 298 K Obtained from Oxy27-

combustion of Switchgrass 
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Iron 

Modelled iron fate profiles are shown in Figure L.15. More iron is volatilised in oxy27-combustion than 

in air-combustion since iron is more volatile at the high bulk temperatures that are achieved during 

oxy27-combustion. During the heat loss stage, solid aerosols are formed in both combustion scenarios 

since the bulk iron concentration is sufficient to nucleate into solid aerosols. 

Modelled bulk iron occurrence profiles are shown in Figure L.16 for air-combustion and in Figure L.17 

for oxy27-combustion. In air-combustion, Fe(OH)2(g) is formed, possibly via Reaction J.6 during the 

heat removal stage. Fe(OH)2(g) is converted into Fe3O4(s2) via Reaction J.7 at lower temperatures during 

the heat loss stage. During oxy27-combustion, Fe2O5Ti(s) is formed. In contrast to the findings during 

combustion of rice husk, no phosphorus-containing iron compound is predicted, probably due to the 

significant amount of magnesium and calcium that is released to bulk and reacts with the phosphorus. 

Titanium is released as TiO2(g) at higher quantity in oxy27-combustion than in air-combustion. Hirota 

and Bradt432 conducted experiments to form Fe2O5Ti(s) via TiO2(g) reaction with Fe2O3(g) at 1373 K, as 

expressed in Reaction L.8.  

𝐹𝑒2𝑂3(𝑔) + 𝑇𝑖𝑂2(𝑠) ↔ 𝐹𝑒2𝑂5𝑇𝑖(𝑙) (RL.8) 

Fe2O3(g) is formed via Fe(g) oxidation as shown in Reaction L.9.433 

𝐹𝑒(𝑔) + 𝑂2(𝑔) ↔ 𝐹𝑒2𝑂3(𝑔) (RL.9) 

Liquid slag might form at around 1,773 K and the liquidus temperature increases as more TiO2 is added. 

Further research has discovered that there is no sign of a solid phase at a temperature of around 1,500 

K.434  

In the switchgrass bottom ash, the majority of iron occurrence is as Fe3O4 crystals in both air-

combustion and oxy27-combustion. In oxy27-combustion, a small proportion of CaFeSi2O6(s) and 

Ca3Fe2Si3O12(s) exists, as shown in Figure L.18, probably due to significant retention of calcium in the 

particles. 
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Figure L.15 Modelled Iron Fate Profiles in Air-combustion and Oxy27-combustion of Switchgrass ( ― 

P (Air): Particle in Air-combustion; ― G (Air): Gas in Air-combustion; ― LA (Air): Liquid Aerosol in 

Air-combustion; ― SA (Air): Solid Aerosol in Air-combustion; --- P (Oxy27): Particle in Oxy27-

combustion; --- G (Oxy27): Gas in Oxy27-combustion; --- LA (Oxy27): Liquid Aerosol in Oxy27-

combustion; --- SA (Oxy27): Solid Aerosol in Oxy27-combustion; ― TB (Air): Bulk Temperature in Air-

combustion; --- TB (Oxy27): Bulk Temperature in Oxy27-combustion 

 

 

Figure L.16 Modelled Iron Bulk Occurrences in Air-combustion of Switchgrass 
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Figure L.17 Modelled Iron Bulk Occurrences in Oxy27-combustion of Switchgrass 

 

 

Figure L.18 Modelled Iron Occurrence in Bottom Ash at 298 K Obtained from Oxy27-combustion of 

Switchgrass 

 



354 
 

Appendix M: License for Used Figure and Tables 
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Table M.1 Licenses of Figures and/or Tables Used 

Item License Number License Date License Content Publisher Publisher Remarks 
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