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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.! 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.? 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.°
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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.* 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"
!, 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.° 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.°
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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.” 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.®

However, a recent study reported a 2.7% increase in global carbon emission in 2018 from its 2015
value.’ 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.'” 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."" 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.!> 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.'® Besides, wood bottom ash may be used as a cement additive due to its substantial calcium

content.'

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.'> 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.'®

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.'’
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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.’® 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™!, which
suggests that land expansion might not be necessary.!” 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.?

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 KCI within ash deposit
induces corrosion at probe surfaces. When a significant quantity of sulphur present in the ash deposit
interacts with the condensed KCI, corrosion is accelerated due to chlorine that is liberated as a
sulphation product and attacks the probe surface.?! 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.?

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.* Globally, the waste wood reserve is approximately
30 million m* y'.* 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.”> 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™!.2

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 ef al.?” 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.?®2%3% 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.?!

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.?>** 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:

e 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.

e 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.

e 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.

e 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.

e 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.

e 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.

o 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.

e 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.

e 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.

o 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.

o 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.** 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.?%-337-38:39.40 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 Municipal solid waste, demolition wood, refuse-derived fuel, sewage sludge,

Biomass Wastes (semi-biomass) 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.*! 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.** 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.% An example of a thermogravimetric measurement

that has defined the solid fuel constituent mass fraction is given in Figure 2.1.4
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Figure 2.1 Result of Thermogravimetric Analysis of Pine Bark under N flowing at 200 ml min™ at a
Heating Rate of 15 K min™

Thermogravimetric measurement primarily consists of three major stages: drying, volatilisation, and
combustion if oxygen (O,() 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 Oz)-
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:*
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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.*

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.*” 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. #4950

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 O, and converted into COx) and H»O(). 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 COxg) and H2O(). The Oy heterogeneously reacts
with formed char to produce COy). The char is also gasified with the COx) and H2O(,) released due to
pyrolysis. Unlike gasification with COx) and H2O(y), 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 Oy, to ensure complete conversion in solid-fuel
combustion. The availability of Oy is represented by the air-fuel ratio, Ryr. R4 is defined as the ratio

of air mass to fuel mass. Under stoichiometric conditions, Ryp ., 18 defined such that Ryp .. kg

of air is required to burn 1kg of solid fuel. The air-fuel equivalence ratio, 4, is calculated as shown in

Equation 2.1.

A=—FRar (E2.1)
RAF stoich

Aisideally 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 1 is

actually less than one due to constraints of mixing and mass transfer.’!->>

In practice, A is always set at
more than one to compensate for mixing and mass-transfer constraints and to minimise PAH and VOC

emissions.>?

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.’* According to Krevelen® and Elliot®, 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

Combustion Method

Variables Fixed Bed Fluidised Bed Suspension Firing

(Grate-firing) (Entrained-flow)

Particle Size

Approximate Top <5.08 cm <80 mm %7 180 um
Size
Average Size 6.351in 1.016 mm 45 pm
System/Bed 815.6 °C 815.6 -982.2 °C >1,204.4 °C
Temperature

(1,088.7 K) (1,088.7 - 1,2553 K) (1,477.6 K)
Particle Heating Rate ~0.6 °C s™! ~555-5,555°C s’ ~555 — 555,555 °C 5!

Reaction Time

Volatiles ~100 s 10-50s <0.1s
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Char ~1,000 s 100 —-500 s <ls

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 O,y 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: Oy diffusion towards the char surface; O attachment to the char active site;
O, reaction with carbon at the char active site; and COy, release from the char surface.® However,
some researchers believe that further COg) oxidation at the active sites on char surfaces may occur and
directly release CO,) from the surface. The effect of diffusion and reaction on char combustion rates

is illustrated in Figure 2.2.

Combustion Rate (kg 5'1)

(Char Temperature)'1 (K"}

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
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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, Oy 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 MW, to
50 MW.. 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 Avedare Power
Station in Hvidovre, Denmark. AVV?2 is a vibrating grate boiler combusting straw at an average mass
flow rate of 6.55 kg s! with a thermal capacity of 105 MW..** A schematic diagram of AVV?2 is shown

in Figure 2.3.%

Straw
rotary

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.°! 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.®
Another advantage of the low temperature is that bed material such as limestone can be retained at its
optimum condition to capture sulphur dioxide (SOx) that is released during combustion of sulphur-

containing biomass.*

Fluidised-bed boilers are generally categorised as circulating fluidised-bed boilers or bubbling
fluidised-bed boilers, as shown in Figure 2.4.° Bubbling fluidised-bed boilers employ a suspended bed
design due to the low gas flow rate, e.g. Ims™ to 3ms™. 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™!
to 6ms™'. 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.
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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 Malarenergi in Visteras, 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 %
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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.®® 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.®’

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.®® In general, the

designs of entrained-flow boilers is shown in Figure 2.6.%
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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
AMV?2 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™' with thermal capacity of 250 MW,

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.”!
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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.”>”® Significant chlorine content in the biomass
promotes rapid alkali-metal volatilisation by forming volatile potassium chloride (KCl)) and sodium
chloride (NaCl). At relatively low temperatures on heat transfer surfaces, KCl) and NaCl are
condensed and react with deposited silicon dioxide (SiO) to form alkali metal silicates. Once the
deposit is thick enough, it affects the power-plant efficiency.’* Biomass with low sulphur content
severely corrodes heat exchanger pipes due to the reaction of iron with KCly on the surfaces of the
pipes.” Biomass with a high sulphur content releases sulphur trioxide (SOs()), which reacts with KCl,
and therefore prevents corrosion through the formation of a barrier layer of potassium sulphate

(K2SO4)). The chlorine subsequently leaves the deposit as gaseous hydrochloric acid (HCly)).
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Fouling is driven by the presence of ash particulates, the pathway to the formation of which is illustrated
in Figure 2.8.7° 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.”’
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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 K2SOa) 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) has been commonly discovered in gas released from

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

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.” 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.®*8! 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 heterogencously 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. SiOxs) and iron oxide (Fe2Os).% 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.®?

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,
Si0,() 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.?*

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.® 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 2.10.36

Running Slag

Bulk Deposit
Initial Deposit
Boiler Wall

...

B

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.®’

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.® 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.3¢

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, Rpoyx/a0x» calculated in Equation 2.1.%

Rpox/aox = —22% (E2.1)

Mmaox

mpo, and myo, are the total masses of basic oxides and acidic oxides in kg, respectively. BOx is the
summation of Fe>Os), CaOgs), MgOs), K2Oys), and Na,Ogs). AOx is the summation of SiOx), TiOxs), and
Al Oj3). Equation 2.1 is often simplified by neglecting K»O) and NaxOy) in BOx and TiOa) in AOx
due to their negligible quantities. Another common index is sulphur index, R, calculated in Equation

2.2.

ms

Rs = Rpox/aox mfuez——mnzo(l) 100 (E2.2)

mg is the mass of sulphur in kg. my,¢; is the mass of solid fuel in kg. my, ¢ ,, is the mass of moisture

ow
in kg. The severity of slagging is low when R is smaller than 0.6, medium when Rg is larger than 0.6
and smaller than 2, high when Rg is larger than 2 and smaller than 2.6, and very high when Ry 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.

_ 4(T;p-273)+(Ty—273)
- 5

AFI

+273 (E2.3)

AF]I is the ash fusibility index in K. T;p is the IDT in K. Ty is the hemisphere temperature in K. The
severity of slagging is low when AF] 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.%°
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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).”!

N A A
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Figure 2.11 Ash Fusion Measurement

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

mNaZO(S) +mK20(S) 100

Fy = Rpox/a0x —— (E2.4)

MNa,0 is the mass of Na,Og) in kg. my, o © is the mass of K>Oy) in kg. Fy; is considered low when

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

than 1.6 and smaller than 40, and very high when Fy is larger than 40.%

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 CaOy), primarily relative to
K20y, €.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. Ca>SiOqs).”? Rg 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.”

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.%*

Mpyg+mg
FU =—2 =

- 2mgs+me;

(E2.5)

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

chlorine ratios, Rg/¢;, as functions of sulphur and chlorine compositions in the solid fuel, calculated in

Equation 2.6.

Rs/c1 = ms (E2.6)

mci

mg is the mass of sulphur in kg. m; is the mass of chlorine in kg. The severity of corrosion is low when
Rs ¢y is larger than 2 and high when smaller than 2.”>°° When Ry, 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,) and prevent the condensation of chlorides on the surface of the heat exchanger pipes, as

illustrated in Figure 2.12.°7 Above 4, the severity of corrosion is considered negligible.”®
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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, Rg/¢; 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 Rg,¢; 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.”

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.'®

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.'°! After publication of these

gradings, Whitaker'%? 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 Typical Markets Typical Sources of Materials within Wood Typical Non-wood
Wood Raw Materials for Waste Grade Content Prior to
Grade Recycling Processing
Grade A: Manufacture of Distribution, retailing, | Solid softwood and Nails and metal fixings,
Clean products such as packaging, secondary | hardwood packaging waste, | minor amounts of paint,
Recycled animal bedding, manufacture, e.g. scrap pallets, packing minor amounts of surface
Wood horticultural joinery or pallets waste, scrap pallets, coatings
mulches and the packing cases, cable drums,
panel board sector off-cuts from joinery or
manufacturing
Grade B: Industrial wood As Grade A, plus May contain up to 60% Nails and metal fixings,
Industrial processing construction and Grade A material as above, | some paints, plastics,
Feedstock operations, such as demolition operations, | plus building and glass, grit. Coatings,
Grade the manufacture of and transfer stations demolition materials and binders, glues. Limits on
panel products, domestic furniture made treated or coated
including chipboard from solid wood materials as defined by
and MDF. WID
Grade C: Biomass fuel foruse | As above, plus As above plus fencing Nails and metal fixings,
Fuel Grade | in the generation of municipal collections, | products, flat-packed paints, coatings, glues,
electricity and/or recycling centres, furniture and DIY materials. | paper, plastics, rubber,
heat in WID- transfer stations, and High content of chipboard, coated, and treated
compliant civic amenity MDF, plywood, OSB and timber
installations recycling sites fibreboard
Grade D: Requires disposal at | All of the above, plus | Fencing, transmission poles, | Copper-chrome-arsenate
Hazardous | special facilities fencing track work | railway sleepers, cooling | preservatives, treatments,
Waste and transmission pole | towers creosote

contractors

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.!® 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 1)

Grade

Contaminants

Construction

Solid wood

560
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Particle/panel boards | 270 Mostly B: particle board B: Formaldehyde and
(17%), MDF (14%), OSB other resins, nails, and
(6%), plywood (5%) paint
Other flooring 60 A or B, depending on A: Nails and paint
treatment
Other 110 AorB
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: | A: Nails and paint; B:
composite wood; small Formaldehyde and other
chance of C resins; C: Methyl
bromide in treated pallets
Industrial Joinery and furniture | 153 A: Solid wood
waste
Joinery and furniture | 240 Mostly B: particle board B: Formaldehyde and
waste (56%), MDF (23%), other resins, nails, and
plywood (21%) paints
Local Total 560
Authority
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.!®* 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.'®
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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.!%
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;!'%” however, more
recent evidence has exhibited conflicting findings.!%'% 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 ug m* in atmosphere for eight hours in working days (OSHA)

0.05 mg m™ 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™ of organic mercury in atmosphere for eight hours in working days
(OSHA)

0.05 mg m™ of metallic mercury in atmosphere for eight hours in working
days (OSHA)

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

Lead 15 ppb in drinking water (EPA)
0.15 pg m in atmosphere (EPA)
0.075 mg m™ of tetraethyl lead or tetramethyl lead in atmosphere (OSHA)

0.5 mg m> 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 pg m in atmosphere for eight hours in working days (OSHA)
0.5 mg m™ of organic arsenic in atmosphere (OSHA)

0.5 mg m~ 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 I'! in drinking water (FDA)
0.0005 to 1 mg m™ in atmosphere for eight hours in working days (OSHA)

0.5 mg m™ of chromium(II) in atmosphere (OSHA)
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1 mg m> of insoluble salt in atmosphere (OSHA)

0.5 mg m~ 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 ug m in atmosphere (WHO)

0.02 mg I'' in drinking water (WHO)

0.007 mg m- of nickel carbonyl in atmosphere (OSHA)
1 mg m™ of metallic nickel in atmosphere (OSHA)

0.5 mg m~ 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 pg m™ of ZnCl aerosol in atmosphere (OSHA)
5 ug m> of ZnO aerosol in atmosphere (OSHA)

6 mg I'!' in drinking water (EPA)

Copper 0.1 mg m™ of copper fume in atmosphere (OSHA)
1 mg m™ of copper dust in atmosphere (OSHA)

0.5 mg m? 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 Street'!? then predicted coal-particle combustion
behaviour and kinetic parameters through development of a lumped single-particle combustion model.
Similarly, Timothy et al.''! 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. Agarwal!'? 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.'!*!14

Intra-particle calculations were later developed and incorporated into solid fuel combustion models to
improve calculation accuracy. Lu ef al.'"® developed a single-particle combustion model to study the
effect of particle sphericity on intra-particle temperature and concentration profiles. Yang et al.''®
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, !!7:118:119.120.121,122

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 ef al.'? 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.!**!* 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.'

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.'?” 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.!?® An entrained-flow boiler also often generates very high temperatures,'? which maximises
reaction rates, leading to nearly 100% of solid fuel burnout.!** 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.'*! 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.'*? 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,'3*!34135.136.137.138 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 Chételier’s principle,

the equilibrium law principle, and the reaction rate principle.'*

According to Le Chatelier’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.

I (4
Keq(peq,Teq) ~ [a]e[B]P (E5.1)
[A], [B], and [C] are concentrations of A, B, and € in mol m?. K, is the equilibrium constant

eq (Peq:Teq)
of Equation 5.1 at equilibrium temperature, T, and equilibrium pressure, p,,. The addition of A means

[cr

—— eq , or the forward reaction rate must increase over the
[A]2[B] (PeqTeq)

in a mathematical sense that

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, AG, in J mol™! is calculated by use of Equation 5.2.14°

AGY;

n Xn;
AG = 2151 Xn; <RTeq +Inpeq +1n <Enf—>> (E5.2)

i=1*ni
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ny is the number of possible formed compounds at T,; and pg. AGY; is the standard Gibbs free energy
of compound i in J mol"'. To obtain equilibrium composition, x,, is introduced to Equation 5.2 with

values that result in minimum AG.

Chemical equilibrium was initially used to estimate the fate of AFEs and TEs during coal combustion.
Sandelin and Backman®! 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 work® 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.*? 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 Nordin'*! conducted AFE and TE fate and occurrence modelling on biomass combustion

with Chemsage. Lind et al.'*

used HSC Chemistry software to model TE volatilisation in a circulating
fluidised-bed boiler that combusted forest residue. Boman et al.'* studied particulate matter formation
from residential biomass combustion with Factsage. A sequential study was conducted by Boman et
al."** 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.?® modelled the occurrence and fate of AFEs during co-firing of coal
and biomass, to estimate chlorine and potassium releases. Miller ef al.'*® 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.!*!** AFE and TE partition was

33,151,152

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

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

coal has been conducted.!33134155.156

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

the fate and occurrence estimation of other elements, !37:158:159.160,161,162,163

, 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 O,e on AFE and TE partition.”*'** Chemical
equilibrium was also used to estimate the occurrence and fate of AFEs and TEs in the gasification

168

process. 03166167 Ma et ql. ' 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.!'**!7*!7! Chemical equilibrium was also specifically used to

study the problem of agglomeration in fluidised-bed boilers.!7!73

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.!”* 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
Moisture 6.69 5.8 6.7 6.7
Proximate Volatile Matter 78.1 73.9 58.59 75.01
Analysis
(% a.r. mass) Fixed Carbon 14.51 17.1 17.91 13.53
Ash 0.7 32 16.79 4.76
C 48.44 51.9 37.63 44
H 6.34 6 4.66 5.4
Ultimate 0 37.69 417 33.35 38.43
Analysis
(% a.r. mass) 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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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
AFEs
(a.r. mass ppm Si 415.28 6257.57 76164.95 14703.12
in fuel)
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
As 0.3 34 N/A N/A
Cd 0.1 0.2 N/A N/A
Cr 2.2 10.8 N/A N/A
Cu 2.6 194 N/A N/A
TEs
(a.r. mass ppm Pb 0.7 12.6 N/A N/A
in fuel)
Ni 0.7 2.8 N/A N/A
v 0.6 1.3 N/A N/A
Zn 10.2 439 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.'” 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 CI,
COs*, NOs, OH, etc.!” 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.>*

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.'”” 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.!” 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.'®® 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 Ca*" is added. Anion antagonism also affects the absorption of ion pairs.
For instance, potassium sulphate (K»SO.) has a stronger tendency to be absorbed than potassium

chloride (KCI), 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 COy) 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. '8!
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.'®?

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).!%

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. CaSQOys). The residual solid contained excluded minerals,
e.g. insoluble silicates. Any alkali metals bound to excluded minerals do not promote fouling.'®* 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. SiO,) 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.'®’
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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, 86187

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.' 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,!8-190:191
Ericksen et al.' 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.'”® 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.'**

Although coatings and paints are applied to wood surfaces without impregnation, Bulcke ef al.'*® 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 20" century when lead-based paints and coatings were used. A
historical record!®® 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 pg g™'.

Yang et al.'®’ 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.'*?

. 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.'%8
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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.'” The heavy metals are later neutralised, sequestered from protoplast

cytoplasmic compartments, and returned to cell walls and apoplast.>®

Plant cell walls have numerous polysaccharides that offer metal binding sites, e.g. -COOH, —OH , and
~SH groups.”®’ Most heavy metals are bound to pectins in cell walls that exhibit some
methylesterification.?”> Growth of callose’” 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.?®* Kopittke et al.**® 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.

-‘ '-.

. | Signal grass -1 mm

'“ Rhodes grass — 15 mm

D —

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.?%
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.?’” The use of fertiliser may also contribute to the accumulation of ash in
herbaceous biomass.?®® 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.?"

Table 3.2 CFA Results of Rice Husk

Dissolved Element Concentration (mg (kg of dry fuel)")
Salt Type
Si Al Fe Ca Mg P Na K S Cl
Water- 494 4 0 73 100 309 25 2160 | 212 733
soluble Salts
Organically-
associated
Ton- 3058 5 0 624 244 63 27 787 0 0
exchangable
Metal Ions
Included 2114 7 53 47 11 13 16 4 0 0
Minerals
Excluded ¢ )qy 113 35 0 0 78 0 108 408 0
Minerals

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.?!® Calcium dominates the composition of woody biomass and is concentrated the

most in bark.?!!

A CFA result, listed in Table 3.2, by Skrifvars ef al.*'! 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 SiOx) separated from potassium.?'? 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 SiOx). Potassium, often as the second major AFE in rice husk,

exists primarily as moisture-soluble salts.*!?

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.?' Switchgrass also has low silicon and chlorine intake rates due to its efficient water

consumption during photosynthesis.?'

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.'®* Most of the calcium is
linked to oxalates for forming crystalline calcium oxalate.?!® 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.>!’
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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.?'® Carbon monoxide, hydrogen and steam in the volatile matter reacts

exothermically with Oag that diffuses within the particle. The diffusing Oyg 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:

o 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.

e 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.

e The particle’s geometric dimension is only considered as one dimension (sphere), two
dimensions (cylinder), or three dimensions (slab).

o 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.

e 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.?'® 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 ef al.
(2015)*".

e Qas 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.?2%?!
However, the spherical shape is not an applicable assumption to particles of diameters larger than 200-
300um.??? A sieving analysis on milled biomass has shown that biomass particles occur in non-spherical
shapes of various aspect ratios.?”* 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.?** 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.**

@ Axial Direction Axial Direction
5
2 T
o
CD >
\ Centreline
_|
Side \ S
w
\ 2
Cylindric Section Radial Direction ©

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.

T, _ap @ (an) 02T,

at  r ar\or tap 0z2 (E4.1)
ac, _Derr, o (oc, 9%¢c, 1mp 0 app) Np @ ( app)

at  r or ( or ) + Deff d0z2 + T pp O (TCp or + Up 0z ZCp 0z (E4.2)
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T, and C,, are the intra-particle temperature and gas concentration in K and mol m>. @, is the intra-
particle thermal diffusivity in m?s™! and D, £y is the effective mass diffusivity of intra-particle gas in
m?s”!. Both @, and Doy fp determine particle heat conduction and mass diffusion driving force. p,, is the
intra-particle gas pressure in Pa. 17,, is particle permeability in m? and ,, is the viscosity of intra-particle
gas in Pa s. n,, indicates a particle’s capability of transmitting gas due to gas pressure difference. " 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 T,, and C,,. 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.

T, 9’T, | 0Ty aZTp)

ac 9 ( or? + ror + 0z? (E4.3)
aCy 9%c, | aCy ach) np (0Dp (cp aCy app) pp (acp app)

5= Derp, (52 + ot 52 G Gt e T )t e T (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.

NW NE

Base
L

SwW SE

Side

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.

0%x,  Xp, Au+Xp,  Alip+Xp (Li41—4-1)
- 1
or AU+ 18U (Bl +AL)

(E4.5)

aXp . XpH_lAllZ+Xpl_1All+12+Xpl(ll+12_ll—lz)
al Al 1AL (Al +AL)

(E4.6)

X is the term for T, C, and p. [ is the term for r and z. The distances from an evaluated node to its

forward neighbour and its backward neighbour are denoted as Al;, ; and Al;, 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.

2o, (T, T) + 9,0 (T — T (E4.7)

T, is the temperature of the gas surrounding the particle, in K. k. is the convective heat mass transfer
coefficient in W m! K!. €p, is the particle emissivity. o is the Stefan-Boltzmann constant in W m? 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.

ac C.
%ot p, (ﬂ _ Coo) (E4.8)

Spl

Co is the surrounding gas concentration in mol m™. h,,, is the convective mass transfer coefficient in m

st &p, is the particle porosity. &p, 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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aCp,
DeffPIW = (E410)

ke 11y, is the intra-particle effective thermal conductivity in W m? K. D, 11y, is the intra-particle gas

diffusivity coefficient in m* s,

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.

a;Tfl 2 <ke’;p Al (T = T, ) + k:;’;p otly (Tn* =1, *) + (Ty,_, - Tpl)) (E4.11)
% = i(z k:,l;p AL (T = Tp)) + 2 k:;’;p ol (Tt =T, *) + (T, - sz)) (E4.12)
a;lcfl = ﬁ(Dhj’j;p A (Coo = Cp) +(Cpp_, = cpl)) (E4.13)
% = A%(z DZ’;p Ay (Coo = Cp, ) + (G, - Cpl)) (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.

"’;sz _ (:fo__lffi) (E4.15)
% _ % (E4.16)
ol
9, _ Pia™n, (E4.18)

al Ly =0

@y, is calculated via Equation 3.19.

78



_ Kerry
PpCpyp

@ (E4.19)

Each a, component, ie. pp, Cp and keffp, and Deffp are functions of intra-particle gas

concentrations, solid densities, and intra-particle temperatures. p,, is the intra-particle density in kg m"

3, Cp, is the intra-particle heat capacity in J kg™ K. The calculation of ¢p v is explained in Appendix

B.1. The individual heat capacities of solids, liquid, and gases are listed in Appendix A.1. k¢ fp 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,

k and the intra-particle gases, k in W m'! K, respectively. The calculations of

Consolidy’ Congasp’

k » and k are explained in Appendix B.2 and B.3. The calculation of the intra-particle

Consolid Congasp
radiative thermal conductivities, k;,q4 > is explained in Appendix B.4. The individual thermal
conductivities of solids and gases are listed in Appendix A.2. D, £y is a function of the intra-particle

Fick diffusivities, Dg; gas,’ and the intra-particle Knudsen diffusivities, Dy, gas,, and calculated with

the parallel pore model in Equation 4.20.

1 &
Deffgasp =—— (E4.20)

DFigasp DK"gasp

Desr is the intra-particle gas effective diffusivity in m? s'. Dy, is the intra-particle gas
gasp gasp
Knudsen diffusivity in m? s, DFigasp is the Fick diffusivity of gas i in m* s™. T, is the tortuosity

estimated via Equation 4.21. The calculation of particle porosity, &, is explained in Appendix B.8.
Tp =— (E4.21)
The calculations of Dg; and Dk, are explained in Appendix B.6 and B.7, respectively.

gasy gasy

The convective heat and mass transfer coefficients are calculated via Equations 4.22 and 4.23.

Nugas, Kcon a
he = ———°2 (E4.22)
14
Shgas, DFi as
h,, = b T9asy (E4.23)

dp

h. and h,, are the convective heat and mass transfer coefficients at particle surfaces in W m?2 K™!' and

ms™. Nugqs, is the boundary gas dimensionless Nusselt number calculated. Shgas, is the boundary gas

dimensionless Sherwood number. The calculations of Nugqs, and Shyqs, are explained in Appendix B.12
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and B.13, respectively. k is the boundary gas conductive thermal conductivity in W m? K.,

congas,

The explanation of the calculation of k is in Appendix B.3. Dg; gas, is the boundary gas Fick

congas,
diffusivity coefficient in m s™'. d,, is the particle diameter in m. The explanation of the calculation of

Dpigasb is in Appendix B.6.

Intra-particle moisture evaporation is shown as Reaction 4.1.

deZO(l)p

The calculations of the rate of Reaction 4.1, " and the rate of temperature change due to
4

dt

Reaction 4.1, Ciii:(m.l)’ 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.

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 Mann?*® analysed oak wood
primary cracking using a tubular pyrolysis reactor. Font e al.**’ studied pyrolysis kinetics of almond

shells in a fluidised-bed reactor. Wagenaar et al.>*® predicted pyrolysis kinetic parameters of pinewood
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using a rotating cone reactor. Blasi*?’ conducted pyrolysis experiments on beech wood powder using

1.3 proposed a tar pyrolysis model to estimate reaction

thermogravimetric analysis. Liden et a
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.?*!

The kinetic equations for Reactions 4.2, 4.3, 4.4, 4.5, and 4.6 are utilised to obtain %( ;
R4.2
d d d d . . .
LPear , SPchar , “Pgas , and Zfchar via Equation C.3, C.4, C.5, C.6, and C.7 in
dt (R4.3) dt (R4.4)" dt (R4.5) dt  (R4.6)
ar, ar, dr, ar,

Appendix C. The respective rates of temperature changes, e.g. E(m 2’ E(m 3 E(m " E(m 5

d %(th &’ are calculated via Equation C.8, C.9, C.10, C.11, and C.12.

Gas 1 and gas 2 mainly comprise CHag), COg), H2O(g), COx(e) and Hy(g), with minor amounts of longer-
chain hydrocarbons, e.g. C:He(e), CoHa(e).*>*** Mass fractions of these compounds in gas 1 and gas 2

234 attempted to analyse transient behaviours during biomass

have been investigated previously. Kung
pyrolysis. However, the analysis only achieved measurements of overall gas concentrations. Nunn et
al.?*® 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 Hyg)-rich
biomass. Bowersox**® conducted gas analysis during pyrolysis of populous hybrids. Blasi**” measured
gas compositions during pyrolysis of a wood particle with a thickness of around 0.5cm to 1 cm.

Thunmann et al.?®

measured gas compositions during pyrolysis of hardwood and softwood using a
developed pyrolysis model. Ranzi et al.?*° later measured gas compositions and kinetic parameters
during pyrolysis of the same biomass. For tar pyrolysis, Morf et al.>** 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 ) CO) CO2(g) Hag) H20)
Wood?* 0.03 0.16 0.27 0.02 0.52
Hardwood?3’ 0.21 0.41 0.19 0.01 0.19
Populous 0.08 0.31 0.19 0.01 0.19
Hybrid?3¢
Hardwood!"® 0.12 0.36 0.19 0.1 0.23
Wood?7 0.03 0.27 0.39 0.05 0.26
Softwood?3* 0.01 0.25 0.43 0.04 0.27
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Hardwood?*® 0.01 0.2 0.51 0.04 0.23

Tar?¥* 0.2 0.5 0.3 0 0

Tar?4 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.

n +n +n =n E4.24
CHaggy €04y 02() ym Cym ( )
4n +2n +2n =n E4.25
CH4(g)vm Hz({l)vm Hzo(g)ym va ( )
o €0, 20y Noym (E4.26)
cH, , Neo s Neo, , My, ,and ny, , are the molar masses of CHa(g), CO(g), CO2(g), Ha(e),
@ym @ym @ym @Dym @ym

and H,O(,) in volatile matter in mol. Nepms> Mipms and n, om AT€ 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. COx) and Ha(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.

nCH‘*<E>vm + 004y, = Mepm (E4.27)
Ancy, 1oy, = Mivm (E4.28)
M0y ¥ 204, = 0w (E4.29)

At the same time as pyrolysis gases diffuse from the particle centre to the particle surface, they
homogeneously react with the O, 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.

CHy gy +1.502g) = COq) + 2H;0(y) (R4.7)

82



CO(g) +0.50; ) = €Oz (R4.8)

Hz gy +0-5025) = H20(g) (R4.9)

d[c”4(g)]p

The calculations of the kinetic equations for Reactions 4.7, 4.8, and 4.9 to obtain T (Rar)

d[cog)], q [tz )],

, an are explained in Appendix C.3. The respective rates of temperature
at  (R4.8) dt  (R4.9) p bp p P

d d d ) .
changes, e.g. Ty , Ty , and Ty , are calculated via Equation C.19, C.20, and C.21.
dt (r4.7)" dt (R4.8) dt (R4.9)

The heterogeneous reactions of char with Oy, COa(), and H>Og) are shown by Reactions 3.10, 3.11,
and 3.12.

Char + 0.502(9) - CO(y) (R4.10)
Char+C02(g) - 200y (R4.11)
Char + HyOgy = CO(gy + Hz(g) (R4.12)
The calculations of the kinetic equations for Reactions 4.10, 4.11, and 4.12 to obtain %(m.m)’
%(m.n)’ %(m.u) are explained in Appendix C.4. The respective rates of temperature

ary ary

changes, e.g. ] , , an , are calculated via Equation C.26, C.27, and C.28.
at (R4.11) dt (R4.12) dt (R4.12)

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.!''

PH;0 ;)
6=1+(1-86 —
( Hzo(l)) pHZO(l)O
_ Pwood _ Pchar
+ (HHZO(Z) 91;) (Pwoodo 1) + (91; 96) (pcharo 1) (E430)

PH,0 Oy Pwoodg> a1d Pcnar are the initial densities of moisture, wood and char in the particle in kg

m™. 0 is the particle shrinkage factor defined as the ratio of particle volume to initial particle volume.

On,0 o is the moisture shrinkage constant. 6, is the volatile matter shrinkage constant. 6, is the char

shrinkage constant. 6 ranges from 0 to 1. 8y, 0,, and 6, are assumed at 0.9, 0.75, and 0. 6, is 0

O(l),

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 6y, 0,, and 8, might be compatible only with a very specific type of wood.

0(1),

Pchar

In addition, are undefined since pcpqr is 0. Equation 4.30 also does not feature the intra-particle

Pcharg
ash densities as determinant parameters. Therefore, Equation 4.31 is used to calculate 8 with an
assumption that the fractional change of particle volumes is equal to the fractional change of particle

mass.

=1+ C9 (Pwood"’Ptar‘l'Pchar _ 1) (E431)

Pwoodg

Cp 1s the shrinkage constant obtained via Equation 4.31, when 6 equalto 6, ., .,  —o.

Equation 4.31 cannot be used directly in the single-particle combustion model since Equation 4.31 is

based on particle volume shrinkage, considering 6 as 63p v calculated via Equation 4.32.

PwoodytPtarptPchary 1)

03p, = 1+ Cosp ( (E4.32)

Pwoodg

03p » is the three-dimensional shrinkage factor. Cg ) is the three-dimensional shrinkage constant. 63p v
is converted into the one-dimensional shrinkage factor 6;p » in Equation 4.33, since the particle

shrinkage evaluation is based on length shrinkage or length reduction between neighbouring nodes.

ngp = 3’93DP (E433)

The formula to calculate the one-dimensional shrinkage constant, Cy, ,,, is shown as Equation 4.34.

c _ 61p,—1
61D PwoodptPtarp*Pchary 1
Pwoodg

(E4.34)

61p » is defined as the ratio of current lengths between two nodes to their initial lengths. Figure 4.4

shows a visual explanation of 8; "
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Figure 4.4 Illustration of Nodes of Shrinking Particles

Ary is the initial distance between nodes m and m-1. The distances between nodes m and nodes m-1

becomes shorter by Ary — Ar as organic constituents in nodes m are pyrolysed and gasified. Ary and Ar

are calculated by Equation 4.35 with 6, -

Ar = eleeprro (E435)

Pyrolysis gas released from the particles, reacts with Ox) in the particle boundary layer according to

Reactions 4.7, 4.8, and 4.9. The reaction of pyrolysis gas with Oy 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.

a

i, = Nu;Sb (E4.36)
dp

lblm = h (E437)

lp; . is the heat-transfer boundary layer thickness in m. [;;,, is the mass-transfer boundary layer

thickness in m. In the research described in this thesis, l,;,, 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.

Vpt = Vo

(E4.38)

Here, vy, 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.
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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.

% = ap er—:lbzl + (f—z - Vbl) Z:: (E4.39)
% = p, gas,, Z::’zl G Ee (E4.40)
% = app ZZZ_:? — Unt Z%Z; (E4.41)
% = YFigasy, f;i_zlbzz —Un % (E4.42)
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Ty, is the boundary-layer temperature in K. C;,; is the boundary-layer gas concentration in mol m=. a;,
is the boundary-layer gas thermal diffusivity in m? s'. 7;,; and z,,; are the distances between boundary-

layer nodes to the particle surface in m. v;,; is the boundary-layer gas velocity in m s™. Dg; gasy, is the

conductive mass diffusivity coefficient of the boundary-layer in m? s\,

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.

aT, T —2T i +T a T -T
blr _ Ay bir+2~ 2Tpir Thir+s 4 ( blr v, ) bir+1~Thir (E4.43)
at Arpiy Thir Arpiy
Cpir _ 1y Coir+2=2Chir+Chirs | (DFigaszr —» )Cbzr+1—Cbzr (E4.44)
ot Figasy, Arp? Thir Arpiy '
9Ty Tpu2—2TputThli+1 Thu+1—Thu
= +v E4.45
o bl e TV ( )
9Cpu _ py Chui+2=2Chu+Chii+a +v Chu+1=Cohu (E4.46)
ot Figasy, Azpy? bU™ Az '

Ty and Ty, are boundary layer temperatures in radial and axial directions, in K. Cp;,- and Cy;; are
boundary layer temperatures in radial and axial directions in mol m=. @,;,- and @y,;; are boundary layer
thermal diffusivities in radial and axial directions in m? s. Ary,;,- and Az, are distances between two

neighbouring nodes in radial and axial directions.

4.2 Case Study

The work of Mason et al.'" 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. O, was supplied at 3 m s 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.""” Single-Particle Combustion Model

Parameter Value
Particle Radius Nodes 5
Particle Length Nodes 5

Combustion Time Range 0.1
Relative Tolerance le-9
Absolute Tolerance le-6

The single-particle combustion model based on the work of Mason et al.’’” 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 5 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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| Thermal_Conductivity_Function.m |

| Heat_Capacity_Function.m I

| Mass_Diffusivity_Function.m |

| Viscosity_Function.m |

| Emissivity_Function.m |

| Permeability_Function.m |

| Mass_Reduction_Function.m |

| Shrinkage_Factor_Function.m |

-—- '| Combustion

Function.m

Input ——{ Mason_et_al_2005.m |

Output

Figure 4.7 Modelling Route of Single-Particle Combustion Model

Table 4.3 Initial Values of Mason et al.’s''” Single-Particle Combustion Model)

Parameter Value
Particle Temperature (K) 298
Particle Wood Density (kg m-) 606.45
Particle Tar Density (kg m) 0
Particle Char Density (kg m™) 0
Particle H2Oq) Density (kg m~) 39
Particle Gas CHa(g) Concentration (mol m™) 0
Particle Gas CO(g) Concentration (mol m~) 0
Particle Gas COx(g) Concentration (mol m™) 0
Particle Gas Ha(g) Concentration (mol m™) 0
Particle Gas H20(g) Concentration (mol m™) 0
Particle Gas Oz Concentration (mol m™) 4.29
Particle Gas Na(g) Concentration (mol m™) 16.15
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Table 4.4 Property Functions of Single-Particle Combustion Model

Property

File

Input

Particle Thermal Conductivity

Particle Heat Capacity

Particle Mass Diffusivity

Particle Viscosity

Thermal Conductivity Function.m

Heat_Capacity Function.m

Mass_Diffusivity Function.m

Viscosity Function.m
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Particle Temperature
Wood Density
Tar Density
Char Density
Ash Density
Particle Gas CHs(g) Concentration
Particle Gas CO (g Concentration
Particle Gas COz(g) Concentration
Particle Gas Ha(g) Concentration
Particle Gas H20O(g) Concentration
Particle Gas Oz(g) Concentration

Particle Gas Na(g) Concentration

Particle Temperature
Wood Density
Tar Density
Char Density
Ash Density
Particle Gas CHas(g) Concentration
Particle Gas CO (g Concentration
Particle Gas CO2(g) Concentration
Particle Gas Ha(g) Concentration
Particle Gas H2O(g) Concentration
Particle Gas O Concentration

Particle Gas Na(g) Concentration

Particle Temperature
Particle Gas CHs(g) Concentration
Particle Gas CO (g Concentration
Particle Gas COx(g) Concentration

Particle Gas Hag) Concentration
Particle Gas H20(g) Concentration
Particle Gas Oz(g) Concentration

Particle Gas N2(g) Concentration

Particle Temperature
Particle Gas CHa(g) Concentration
Particle Gas CO gy Concentration
Particle Gas COz(g) Concentration

Particle Gas Ha(g) Concentration



Particle Gas H2O() Concentration
Particle Gas Oz(g) Concentration

Particle Gas Nz(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 (Z‘) (particle edge) receives convective heat from
the north and east directions. On the other hand, node (T) (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 (7;1),

node (737), node (T), and node ( nrfl).

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.!'” 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.
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Figure 4.8 Comparison between Particle Surface Temperatures Obtained in This Work and in the
Work of Mason et al.""’

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 (77'11) (particle edge), (T) (particle middle cylindrical surface), and (711) (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.
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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'’

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.?*! Consequently, the particle surface does not have adequate carbon

monoxide and hydrogen to react exothermically with Ox) 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.
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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. 17

Within 2.5 s to 2.7 s, the particle surface is almost completely combusted due to heterogeneous
oxidation by Oa). CO,) released due to pyrolysis and char oxidation within deep layers of the particle
flows towards the particle surface and reacts with Oxq). At the surface, COy is at its maximum
concentration, as shown in Figure 4.11. A considerable amount of CO( at the particle surface with
significant concentration of Ox 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 Ox) from the
particle surface towards the particle centre. When a significant amount of Oy, 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 Ox(g) Concentration Profile at Particle Edge, Particle Centre,
Particle Middle Cylindrical Surface, and Particle Base Centre, based on Mason et al. H7
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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. 17
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Figure 4.13 Modelled Intra-particle Temperature Contours at 2.763 s, based on Mason et al.""”

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.
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Figure 4.14 Modelled Intra-particle Temperature Contours at 6 s, based on Mason et al.'’”
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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 ef al.''® and Lewtak and Marek®*. 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 ef al.''®, 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 Marek*? 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.

Gas Out

Biomass
Particle

Data Logger

| |
-
S
Mass Balance /

Thermocouple

IE] ****** Heating Elements Preheater

Temperature Controller

CCD Camera

*: View ports are in three orthogonal directions N2 A

Figure 4.15 Combustion Setup of Lu et al.'”
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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 ef al.'’® 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, O») requires a longer time to diffuse towards
the particle centre in the single-particle combustion model than in the work of Mason et al.''”. When a
significant amount of char in the particle centre is in contact with a large quantity of diffused Oxy),
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 COy. Reaction of COywith Oy 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.'”

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.

Mrcpr (TT ary — Teq dry) = Mp gy rCrp (Teq wy—T? dry) (E4.47)

mr is the mass of the thermocouple B pierced in the particle in kg. ¢p,. is the heat capacity of the
thermocouple B in J kg'' K. ¢p,. is assumed constant at 149.8 J kg K™' for the thermocouple type B
consisting of 82% of platinum and 18% of rhodium. Tr dry is the thermocouple temperature during
drying in K. Tr dry 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, in m? is calculated via Equation 4.48.

VPaff7

1 L
Vposs = Zn(o.ZdP)2 7" (E4.48)

Lp and dp are 0.095 m. The mass of the thermally affected particle body, mp aff is calculated via

Equation 4.49.
mpaff = VPafpr (E449)

Tp dry is the temperatures of the thermally affected particle body in K, particularly around the particle
centre, during drying. Tp dry is supposed to be at 298 K. Due to the thermocouple interference, the

temperatures of the thermally affected particle body rises to T, ary’ Teq dry 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.

mreprTTary
T _ _MPafrCPp
e - mrc
ddry 1+#
Paff°Pp

Pdry

(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.

Mrcpr (Teqaox — TTC_ox) =My pCre (TC Cox — Teqaox) (E4.51)
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Meqer is the mass of the thermally affected char body in kg. cp . is the char heat capacities in J kg™ K-
LTy Cox is the thermocouple temperature during drying in K. Tr Cox is also 1,250 K. T, Cox 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.
mrePrTTC 0x
Ccox
_ _MCaffCPc '
€cox 14 "TCPT (E4.52)
MCaffCPC

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.?**. 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.
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Figure 4.20 Comparison between Fractional Residual Particle Mass Obtained in This Work and in
the Work of Mehrabian et al.”*’

The tests of particle temperatures obtained in this work by comparison with the work of Lewtak and

Marek?# 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.''®. 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 ef al.’”’. 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 Oy 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 H» with Oy in the

boundary layer.
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Figure. 4.21 Comparison between Particle Centre Temperature Obtained in This Work and in the
Work of Lewtak and Marek®”
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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 ef al.''’, Lu et al.'’®, and Lewtak and Marek**?>. The comparisons

highlight the following:

e The single-particle combustion model is capable of modelling previous experimental works.

e Particle size affects particle combustion efficiency due to resistance to intra-particle heat and
mass transfer as size increases.

e 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.

e 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 CO, 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.!7° A flow diagram for this unit is shown in Figure 5.2.

ICP sample
location

ports for total/radiative heat flux, in-
furnace gas sampling, suction
pyrometry and 2D/3D laser imaging

furnace and
burner
cyclone

heat exchangers

candle filter eithaistfan

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, Oz, and COx), 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, Oy flows from the outlet of the secondary pre-heater as supplementary O 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 5.3.2%
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 O 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.
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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% 02/73% CO,), which are listed in Table 5.1. Both gas
compositions were modelled to evaluate the influence of bulk O, 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™) 2.789 1.913
COxg (0) COxg (1.396)
Oz(g) (0.586) O2(g) (0.517)
N (2.203) Nay (0)
Inlet Gas Temperature (K) 480 480
COxe (0) COxy (73)
Inlet Gas Composition (% Volume) Oz (21) O2g) (27)
N (79) N (0)

111



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 Bemtgen®*® 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. Savoilanen®*¢

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.'* 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.>*’

To produce a model, a common assumption is made that the solid fuel particle is of a regular geometrical
shape.®*® However, pulverised biomass particles’ size and shapes has been proven to be irregular, as
explained in Chapter 4.>*° Biomass particles are often assumed to be cylindrical since biomass
commonly exhibits a natural, elongated form.”° 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.>! 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 L3 4 (Dmsz000 3
4nAR2_3n(—2 ) (E5.1)

L is particle length in m. Dyg5000 1S particle diameter in m as given in Figure 5.5. Ay is particle aspect
ratio. To obtain Ag, 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.

Ap = 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=1 (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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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

e 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.

e 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.

Boiler Discretised Boiler Thin Slice

Figure 5.10 Discretisation of the PACT Facility Entrained-flow Burner
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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 Ah. 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, v, Y’ 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 v, ®) 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.

Zo s B s i=1f d,2 for tar, et (E5.4)
m = ——|m ;1 =1 for wood, 2 for tar, etc. .
P(ab) Z?:Jﬁil Zs=1 pi?’(a,b,m,n) P(a-1,b)
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.

v = Pan (E5.5)
P(a,b) M aerp) P(a-1,b)

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.

C.
- _Pomsn) _ -
Fi, Bmgn) hm(b)Ap(b,ms,n) (ep(b'ms'n) Cl(a—1)> (E5.6)
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Here, F; n ) is the molar release or penetration rate in mol s! of gas i from a single particle at nodes
,Mg,N

mg and n in particle size cluster b. C; P ) is surface pore gas concentration in mol m™ of the single
bmgn

particle at nodes mg and n in particle size cluster b, with &, bmon) & porosity at the respective node.
) S»

For the particle base surface, Equation 5.7 is used.

C.
' = Pomny _ -~
Fip(b.m.ns) B hm(b)Ap(bxmrns) <£P(b mns) Cl(a_ﬂ) (ES.7)
. . . ) me . ]
Ap bmon) 1S the radial surface area of the node with coordinates ( n ) Ap o)’ 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 (Tls)

A, (bmom) is mathematically described in Equation 5.8. At the particle edge and middle cylindrical

section, Equations 5.9 and 5.10 apply.

Ap ey = T (1 (Aznt1 sy + Bngy) (E5.8)
Ap(b’ms'ns) = T[dp(b)AZns_l(b) (E5.9)
A byt = "0 ) R%2(0) (E5.10)
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For the particle base, the axial surface area of the node with coordinates (:ln), Ay (bmny’ has a geometry
S LSS

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.
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Figure 5.13 Particle Base Surface Area of Node (;n)

Ap B is calculated via Equation 5.11. Equations 5.12 and 5.13 are used to calculate the base surface
T8 Its

area of nodes (TT’:SS) and (;S)

_ ATm+1(b) 2 _ ATm(b) 2
Ap sy = 2 <n (Fngey + —=2) =7 (Tinoa gy + —2) (E5.11)
A =2(ind, %- ( +M"'S“’))2 E5.12
Pomgng ~ “\a"Pw) T rms_l(b) 2 (E5.12)
— 2
Ap hang = 2TAT2(p) (E5.13)

The total rate of gas released from or penetrating to a single particle, Fip by is the sum of the gas release

molar rate at each surface node, as expressed in Equation 5.14.

F =Y F + X, E5.14
oy = 2t Fip gy Em Fip (E319
F; is in mol s"'. Equations 5.15 and 5.16 express the gas rate of release from, F; , and
P(b) prel(b)

penetration to, F; , a particle.
ppen(b)
F. ,F_ >
P P
Doty @ j2 @ < (E5.15)
re 7
(b) ’ lp(b) -
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Fip oy Fingyy =

Fippen(b) - 0, Fip(b) > 0 (E5.16)
The number of particles in a size cluster is determined by use of Equation 5.17.

"V(b)F%f
Np iy = m (E5.17)
Ny, ®) is the number of particles with size of cluster b in s™!. F; s and pgr are as-received mass flow rate
and density of solid fuel in kg s and kg m™. dpo(b) and lp0(b) are the diameter and length in m of a

particle of size cluster b. Ny, ®) is used to calculate size-cluster released and penetrating gas molar rates,

F; and F; , as expressed in Equations 5.18 and 5.19.

Prel(p) ppen(b)

- N fh(a—l) Fi”rel(b) dh (E5.18)
lprel (b) - p(b) h((l) vp(b) )
h Fipp

F, =N @ PO gp E5.19

”’pen(b) P(p) fh(a) vp(b) ( )
F; and F; are in mol s,

Prel(p) ppen(b)

According to Figure 5.11, the bulk gas temperature, concentration, and velocity require four stages of

calculation:

e Stagel
Gas released from, and penetrating into, the particle alters bulk gas concentration.

e Stage?2
Due to exothermic oxidation, the bulk gas temperature increases. Increased bulk gas
temperature decreases bulk gas concentration and increases bulk gas velocity.

e Stage3
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.

e 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 Oa). 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.

b AR 1
Zb£1<Fip _Fi
_ T\ Preley  Preny) 0 P
btemp1 ApAh + Cib(a—l) (5.20)
C; bremp1 is the temporary bulk gas i concentration at stage 1 in mol m. Total temporary bulk gas

concentration at stage 1, C , in mol m? is the sum of C; as expressed in Equation 5.21.
g btemp1 tbtemp1 P q

— \'7
Chrempr = Zi=1Cip gy (E5.21)

The temporary bulk gas temperature at stage 1, Ty, emp1? in K is calculated using a rearranged ideal gas

equation shown in Equation 5.22.

Cibg-1)

Totempt = gy Toa-s (E5.22)

The bulk gas velocity at height index a — 1 is unchanged and used as temporary bulk gas velocity at

stage 1, vy, emp1> A3 expressed in Equation 5.23.

Ubtemp1 = Vb(a-1) (E5.23)

C; bremp1’ Ty, emp1? and vy, emp1 ATC used as initial parameters for homogeneous gas reactions of the

a[cHag)] beemps A CLIO) -

dat (R4.7) dat (R4.8)’ and

bulk gas. The rates of the combustible gas oxidation, e.g.

a[Hy )|
b . aTp
templ , and the rates of the respective temperature changes, e.g. ——mP>

dt (R4.9) at  (ra7)

dTbtempl and dTbtempl

&t (Rasy it (rasy are calculated via the kinetic equations in Appendix C.3.

The duration of bulk gas oxidation within a thin slice, tjomo,, is calculated via Equation 5.24.

Ah

(E5.24)

t =
fomop Ybtemp1
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C.
'btemplf

and Ty, emp1f Ar€ 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.

Ty temp2 — Ty templf

. _ Pb Cibtemplf
l - 7 .
btemp2 RTbtemplf Xi=1 Clbtemplf

_ Tp tempif

Vb temp2 btemp1

Th(a-1)

Bulk Gas Wall

Boiler Centreline

(E5.25)

(E5.26)

(E5.27)

Environment

‘e

Boiler Centreline &

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, h is the convective heat transfer coefficient

of the bulk gas in W m? K™ k,, is the thermal conductivity of the burner wall in W m™ K. k., is the

convective heat transfer coefficient of the external environment in W m2 K!. T, is the bulk gas
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temperature in K. In this case, T}, is equal to T}, emp2- T, is the temperature of the external environment

in K. h, is denoted as h, brempz and is calculated through use of Equation 4.31.

h _ Nubtempzkconbtempz
Chbtempz dp

(E5.28)

dy, is burner diameter in m. k.., bremp2 is the temporary conductive thermal conductivity at stage 2 of

the bulk gas and calculated via the equations in Appendix B.3. Nu,, emp2 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, k,,, of this alloy in W m™! K-! at the respective thin slice

is denoted with k,,, emp2 and calculated via Equation 5.29.
_ _107® 6210710 13x107¢ _4
kWtempZ T Torompz * Thremps + T (9.2%10 )Tbtempz + 0.3052 (E5.29)

At the external environment, air is assumed to be the only gas present, with temperature, T,, of 298 K
and very low velocity. h, is assumed to be 10.45 W m™ K''. The temporary overall burner heat loss

coefficient at stage 2, U, is determined through use of Equation 5.30.

temp2’

1

temp2 — log(dbe"t>
1 \ dp \ 1
2mdpAhhcp gy, T 2mAkw oy, | 2mdpAhhe

dp,, is the external diameter of the burner in m. The bulk gas temporary temperature at stage 3,

U, (E5.30)

Ty, emp3® in K is the temporary temperature at stage 3 due to heat loss. Ty, emp3 is expressed in Equation

5.31.

UWtempZ (Tb temp2 _Te)

Totemps = Totempz ~ : (E5.31)

dp
CPbtempz Pb tempzvbtempzn(T)

The temporary individual gas compound concentration and velocity at stage 3 of the bulk gas, C;, remp3

and vy, emp3» Ar€ calculated through use of Equations 5.32 and 5.33.

Ci
Pb btemp2 (E5.32)

tbtemp3 RTbtemps z:i7:1 Cibtempz
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Ubtomps = 1o I (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, P,,,,,, is calculated via Equation

5.34.

Tign CpP;
Proan = E} i7:1xni fT g 101:)0 dr (E4.34)
s (saw)

Piogn is in W. F is the inlet gas molar flow rate in mol s Xn; is the inlet gas compound i molar
fraction. Ty, is ignition temperature in K or the temperature at which the heat loan stops. Ty is inlet gas

temperature in K. ¢p; is the heat capacity of gas compound i as listed in Appendix A.1.

At stage 4, Pj,qn 18 equally divided into the number of thin slices during the heat loan, as presented in

Equation 5.35.

P
Pioany, = —22 (E4.35)

a[gn—l

Pioan,y, 18 heat loaned to a thin slice in W. a;4y, is the height index of the ignition temperature. The

addition of Pjqp,, increases temperature to bulk gas temporary temperature at stage 4, Tp, empa:

Ty, empa is obtained by solving Equation 5.36.
P =v A, Y7 C; [Totemps _ZPL_g (E5.36)
loanpp btemp3'b &i=1 'btemp3 Tbtemp3 (1000) :
MWl'

The rate of heat removed from a thin slice, Premove ., 18 calculated via Equation 5.37.

P
PremoveAh = oan (E5.37)

Aremove f~Aremove;

Aremoveo aNd Aremove pare indices of height at which heat removal starts and ends. T}, emp4 is obtained

by solving Equation 5.38.

— 7 Tbiem Py
PremoveAh = vbtemp3Ab Zi:l Cibtemp3 Tb;mpzf de (E5.38)
Tpe mpa 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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Ci
Py btemps (E5.39)

i = 7 ]
btempa RTbempa Li=1 Cibtemps

Thiem

p4
v = v E5.40
btemp4 Thremps btemp3 ( )

Ty, empa’ C; brempa’ and vy, empa ATC set as the values at height index a as expressed in Equations 5.41,

5.42, and 5.43.

To (@) = Torempa (E5.41)
Ciniay = Cibrompa (E5.42)
Vb(a) = Vbrempa (E5.43)

The calculation of the particle falling velocity at height index a, v, (@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 H; in the bulk gas aids fast exothermic reaction with Oy). 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 Aeat loss stage since there is no other competing thermal activity.
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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 O, 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 O, was present
in this section of the burner, whilst the modelled profile shows otherwise. The absence of O might be
due to bulk gas recirculation, which draws Ox) to flow near the burner wall. As was the case with the
temperature probes, the concentration probes are installed to measure the O, molar percentage at the

burner centreline. Consequently, the concentration probes were incapable of detecting O elsewhere.
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Figure 5.16 Validation of Dry Molar Percentage Profile of the Modelled Bulk O»y) 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.
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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
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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 Oz 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 O is lower than the molar percentage of O,y observed during
experiment at almost every axial position in the burner. A lower modelled O, molar percentage is
associated with a reduced quantity of Oy in the inlet gas of oxy27-combustion. Nevertheless, the
modelled profile predicts that the molar percentage of O, becomes zero when complete conversion is
obtained, whilst a stoichiometric calculation expects 1% of Oy to remain. The model prediction of 0%

Oxe) 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
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Figure 5.22 Validation of Modelled Dry Molar Percentage Profile of Bulk Oz 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 O, molar percentage profile, no

O was detected within 0.5 m of the burner upper section. In contrast, the modelled O molar
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percentage profile predicted the presence of Oy in that location. This indicated that Oy might have
flowed towards the burner wall at 0.5 m from the top of the burner due to recirculation. The undetected
O during combustion could be due to the absence of Oy 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
O gas molar percentage was lower than the bulk O, 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 O, 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, €.g. CHa), CO(g), COx(e), Hae), H2O(g), O2(e), and Ny, 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.
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P(1,b,ms,ny) P(1,b,mzn;)’

[TE] [TE]

mq * my,ng * n, (E62)

P(1,bming) P1,bmymy)’

[AFE], and [AFE], are concentrations of AFEs and TEs in a particle. m;, m,, ny, and n, 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 K>O. m g, is mass of ash in kg and set as the basis.

Mpiomass 1S Mass of biomass in kg and calculated via Equation 6.3.

1
Mpiomass = X hmash (E6.3)
as

Xm 4, 18 @sh mass percentage. my, o is mass of KO and calculated via Equation 6.4.
Mg,0 = xszoaShmash (E6.4)

X, 0 e is mass percentage of K,O in ash. my is mass of pure potassium in kg and calculated by use

of Equation 6.5.

m
My = Ny g ﬁMWK (E6.5)
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MWy, o and MWy are the molecular weights of K2O and potassium in g mol™. ng K,0 is the elemental

number of potassium in K>O. ppny is the concentration of potassium in ppm and calculated by use of

Equation 6.6.
ppng = —mb’”:l 108 (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.>>* 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.

Por, ~Por
_ P@-rbmm P @bmn

. — D = ; E6.7
pmorgp (a-1bmn) pmorgp (@bmn) p"gp(a_lrb,mrn) Lnorgp (a-1bmn) ( )
The densities of the generated AFEs, pyrg , and TEs, prg , in kg m
conv(a—1,b,m,n) pcon"(a—l,b,m,n)
from pyrolysed inorganic constituents are calculated via Equations 6.8 and 6.9.
PAFE = | Pinorg — Pinorg 10 CALE 12 (E6.8)
Pconv(g—1,6,mn) P(a—1,b,mn) P(abmn) ) LaFE=1 MAFE+XTE=1MTE
mrE

—{ . — D E6.9
pTEpconv (a—1,b,m,n) <pmorgp (a—1,b,m,n) pmorgp (a,b,m,n)) 2114%521 mAFE+271~i~=1 mrg ( )
Equations 6.8 and 6.9 are based on Reaction 6.1.
inorganic = Nagy + K(5) + Cag) + Mgy + Sigy+... +Vie) + 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. CaC,Os4 is assumed as the initial calcium occurrence. According to the
calculation, neglecting the heat of decomposition of CaC,O4s) 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.>*>?** 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, 6pm n).
However, this assumption is in disagreement with the investigation results of Biermann and Ondov?*.
These investigation results suggest that the shrinkage factor, 6, ), 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 = h,), 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), Oy 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.
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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 Ah 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. PNag, , etc. is
p(a

combined with psrg P conv (@t ) generated from pyrolysis in the above
a—1,bmn

and
pTEpCOTW (a—1,b,mn)

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. D, fp is calculated via Equation
(bm,n)

4.20. pgas is calculated via Appendix B.5. 1, (bmn is calculated by use of Equation B.9.

p (b,mn) )

The second step is the chemical equilibrium calculation on intra-particle concentration at T, (@bm.n)

and py, (@bmm) The results of the intra-particle chemical equilibrium calculation produces the density

of AFCs and TCs at height a, psrc P(an and prc Pabmny AFGC and TGC release rates from,
a,pmn a,bmn

)

Farce » and Fr¢c v , and penetration rates to, F4pgc v and Fr¢c » , the particle side
rel(p) rel(p) pen pen p)

surface are calculated through use of Equations 5.15 and 5.16. The AFGC and TGC release rates from,

Firce and Frgc , and penetration rates to, Fypgc and Frgc , a particle of a
Prel(p) Prel(p) Prelp ppen(b)

particular size cluster are calculated by use of Equations 5.18 and 5.19.
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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.

e Stage 1l
Gas that is released from and penetrating to particles changes the bulk gas concentration.
e Stage?2
The concentration of gases and aerosols in the bulk gas change due to chemical equilibrium

calculations. T} @ is used as temperature for the bulk gas chemical equilibrium calculation.

e Stage3
Altered concentrations of gases and aerosols generated from the chemical equilibrium

calculation in stage 2 is readjusted at T}, (@)

Concentrations of AFGCs and TGCs at stage 1 are calculated through use of Equations 6.10 and 6.11.

b AR
Zb£1(FAFGCprel ~Farcep )fo - —dh
C = @ S OVALC R, (E6.10)
AFGChtemp1 ApAh AFGCh (q_1) ’
b
i B AR 1
Zb=1<FAFGCprel(b) FT6¢p .0y, , )fo " dh
Croc = ® D+ Crec (E6.11)
btemp1 ApAh b(a-1)

Carce bremp1 and Crgc bremp1 A€ the temporary concentrations at stage 1 of ash-forming gases and

trace gas compounds in mol m. The temporary concentrations at stage 1 of ash-forming liquid, trace

liquid, ash-forming solids, and trace solids are considered equal to Cyppc, (a-1)’ Cricy, (a-1)’

CAFSCb(a_l)’ and CTSCb(a_l) as expressed in Equations 6.12, 6.13, 6.14, and 6.15.

CAFLCbtempl = CAFLCb(a_l) (E6.12)
CTchtemp1 = CTch(a_l) (E6.13)
CAFSCbtempl = CAFSCb(a_l) (E6.14)
CTSCbtempl = CTSCb(a_l) (E6.15)

CAFGCbtempl’ CTGCbtempl’ CAFLCbtempl’ CTLCbtempl, CAFSCbtempl’ and CTSCbtempl are ConVerted nto

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. C4rgc), remp2’ Crecy, remp2’ Carrcy, temp2’

Cric bremp2’ Carsc bremp2’ and Crgc bremp2’ The temporary concentrations at stage 2 of bulk AFE and

TE compounds are adjusted at T}, @ 10 bulk AFE and TE compound temporary concentrations at stage

3,e.g. CAFCbtemp3 and Cchtemp3’ in Equations 6.16 and 6.17.

Carcc
_ Dbp btemp2
CAFaC s = T APy (E6.16)
@ X arc=1CAFChomps
Crec
c _ _D» btemp2 (E6.17)
TGCbtemp3 RTb(a) ZTCf c .
TC=1"TChtemp2
C and C are assigned as the bulk AFE and TE compound concentrations at height a
AFCh temp3 TChtemp3

as mathematically expressed in Equation 6.18 and 6.19.

Carc b(a) = Carc btemp3 (E6.18)

CTCb @ = CTCb temp3 (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.

e 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.

e 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(), as a function of time exhibits a severely inconsistent
trend as shown in Figure 6.3. The molar mass occurrence of AsO, 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(), PbO(), and Cdg),
in biomass combustion are shown in Figure 6.4. At lower temperature, the deviation is extremely high
for both AsO() and PbOy. It decreases as temperature rises towards a peak. On the other hand, the Cdy)

molar mass deviation tends to be only slightly influenced by temperature variation.
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Figure 6.4 Deviations in Chemical Equilibrium Results for AsO), PbOyy,), and Cd )

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.
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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 Ah. 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, v, oy’ of a particle of size cluster b, to convert the time-based calculation to the height-based
calculation.
Dafferent particle sizes enter at a-] height element ., Bulk-phase concentration at a-I height element
i Hz(n,wHzo[u—u:Oztn,U-Nz(,,,n

© 1:_ Interchange of heat iand mass

R ¢ ) S

% - - - PP - : Homogeneous gas phase reactions

Z S C.) J—

'_1;; Ah Reactions of particles in thin slice i Heat exchange with the environment

E i 3) Tenv

% i Return of heat loan

E | @) = Hioun

s .

New sizes for particle at o height element E Bulk-phase concentration at @ height element
() :
Ha () H20(a): 02y N2 )
(1 (2) (3) (b-1) (b)

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.

_ 4 .
an(b) _ (hC(b)(T(a—l) Tp(b))+ep(b)a(T(a_1) Tp(b) )>Ap(b)
an

(E7.1)

P )™ ) Pp
T, ®) 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 T, ®) 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. k., , is the coefficient of convective heat transfer

€(b)

of a particle of size cluster b in W m? K™ and calculated by use of Equation 4.73. €, ®) is the emissivity

of a particle of size cluster b. m,, ®) is the mass of a particle of size cluster b in kg. Cpp is the heat
(®)

capacity of a particle of size cluster b in J kg'! K™! and calculated via Appendix B.1. A is the surface

P(b)
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area of a particle of size cluster b in m*. v,, ®) is the falling velocity of a particle of size cluster b in m

s and calculated via Appendix D. €, ®) is calculated via Appendix B.10.

deZO(l)p

The loss rate of moisture mass of a particle of size cluster b, , and the rate of

dt (R4.1) py

ary

temperature change due to Reaction 4.1,
dt (R4.1) (1

, 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 — x;Gas + x,Char (R7.1)

x4 is the ratio of volatile matter mass to dry ash-free wood mass. x, is the ratio of fixed carbon to dry

dm
gas
E and

ash-free wood mass. Gas and char formation rates of a particle of size cluster b, ar (re.D)
6.1
()

am . arT, .
charp , and the respective rates of temperature change, —= , are calculated via
dt (R6.1) (py at (R6.1) ()

Appendix C.2.

The calculations of the decomposition rates of heterogeneous char of a particle of size cluster b, e.g.

dmcharp dmcharp dmcharp

and

ar (Ra10) (b), ar (Ra11) (b), o (R4"12)(b), are explained in Appendix C.5 as functions

of the effectiveness factors, e.g. M(R4.10) > N(R411) () and 7(r4.12) vy defined as the ratios of the actual

reaction rates to the intrinsic reaction rates. However, the research performed for this thesis assumes

that 1(r4.10) ) NRE1D) )0 and 7 (g4.12) (v € 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 1(R4.10) 3y TN(RE11) () and 7(r4.12) ®) 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 m® 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, X is calculated by use of Equation 7.2 based on

ultimate analysis results.

Nyym MW,
X » =
Miym Zis:l Ny MW

(E7.2)

The release molar mass rate profile of gas compounds in mol s are calculated via Equation 7.3 for
drying, 7.4 for pyrolysis, 7.5 for char oxidation, 7.6 for gasification with COx), and 7.7 for gasification
HzO(g).

deZO(l)p

dt (R41) py

i =x3— g~ L =1for CHy 2 for COg,etc (E7.3)
P(b) (R4.1) (10001) @

dm
gasy

xmivm dt (Rﬁ-l)(b) i
;L
7

i = Xy MW,
P(®) (R6.1) (1000)

=1for CHy, 2 for CO,),etc (E7.4)
@ (9

dmcharp
dt (R4.10) 5y
A
1000

i = ;i=1for CHy 2 for CO(y), etc (E7.5)
P (p) (R4.10) @) 9

dmcharp
dt (R411)

Xe ——mw~
© (o)

i = ;i=1for CHy 2 for CO(y), etc (E7.6)
P (p) (Ra.11) @) 9

dmcharp
dt (R4.12)

X7 ——mw~
T G

i = ;i=1for CHy 2 for CO(y), etc (E7.7)
P (p) (R4.12) @) 9

The values of x; of the calculated gas compounds are listed in Table 7.1.

Table 7.1 Combustion Gas Heat Capacity Parameters

Gas
Xi
CHa(g) COg COxg Hag H2Og) Oy Nagg)
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
X 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, F; Py’ is

summed as shown in Equations 7.8.

F, =F + F; + F +F + F; (E7.8)

P ) ‘P (v) (R4.1) ‘P (b) (R7.1) lp(b)(R4.10) P (b) (R4.11) P (b) (R4.12)
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, F; and F; , from and to a particle of size cluster b in mol
Prel(p) ppen(b)

s’ are expressed in Equations 5.15 and 5.16. The total molar rates of release and penetration within a

thin slice in mol s 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 Ah.
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.
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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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m -m,
°r9p (a—1,b) °T9p (a,b)

m —

inorgp(a ») - (E7.9)

Minor - inor,
g P(a—1,b) Morg,, (@-1b) gp(a—l,b)

minorgp( b and minorgp( » are inorganic constituent masses at height index a — 1 and a of the
a-1, a,

)

particle of size cluster b. Morg., and morgp(a » are organic constituent masses at height index

(a—1,b)

a — 1 and a of a particle of size cluster b. The generated masses of AFEs and TEs, mygg v
conv(g—1,b)

and mrg , are calculated via Equations 7.10 and 7.11.
pconv(a—l,b,m,n)

MAFE
m =[(m; -m; E7.10
AFED conv (g—1,b) < Lnorgp(a_l'b) morgp(a,b)> Y AFE=1 MAFE+ YT E=1 MTE ( )

mrg
m =|{m -m; E7.11
TEpconv (a—1,b,m,n) < morgy (a—1,b) margp(a,b)> 2,14(1)75=1 mAFE+Z’}‘2E‘:1 mrg ( )

In the particle phase, mypg » and m are added to the pure elements of
conv(q—1,b)

TEpCOTlU(a_]_,b,m'n)
AFSCs and TSCs at height index a — 1, e.g. K(s), Ca), 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
AFGCq_1y and TGC(,_qy 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.

256,257

However, ChemApp has been used for some studies, such as to predict ash-fusion behaviour, and

in a combustion process, ChemApp has been used to predict inorganic element speciation.?>%?>
ChemApp has also been used to investigate the influence of HCl(g), SOx(), and H>O(g) concentrations on
AFE and TE fate and occurrence during combustion.?*2%! Furthermore, the fate and occurrence of
individual elements has also been investigated using ChemApp in gasification.?62263264 One study was
conducted on alkali metal speciation under the influence of varying gas pressures and solid fuel

compositions.2®’

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.dIl” and “ca_vc e x64.1ib”, 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 O 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 Ox) gas was undetected within 0.5 m of the burner’s uppermost section.
0O, may have been concentrated near the burner wall and reacted with gasification products to establish
the peak temperature. Under these conditions, there is no O at the burner centreline and hence it is
undetected by the O, 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
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For oxy27-combustion, the modelled bulk gas temperature and bulk O, 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 Oy 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
Oa(g). Nevertheless, stoichiometric calculation shows that the final O 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.
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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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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
Ox) 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.?

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 KOHj,) is formed when the
bulk gas temperature is about to reach its peak. Potassium is released from biomass mainly as KOHg)

and KClg).2” The bulk occurrence of potassium is essentially dictated by Reaction 7.2.26%

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 H>Og is present, the forward reaction rate dominates
the backward reaction rate. This domination of the forward reaction means that KOHyg is the major

potassium compound formed.

Furthermore, a fraction of sulphur might be volatilised as SOxg). SO reacts with KCl), and

additionally with NaClyg), as expressed in Reactions 7.3 and 7.4.

2KCligy + S0y + Oagy © K3S04 g + Cla (R7.3)
2NaCligy + S0y + 0y © NazS04 g + Cla ) (R7.4)

However, K2SOs) and NaxSOyg) 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) and NaCl, deposition on the superheater

probe, is required to enable formation of the sulphates.?®®

The modelled potassium occurrences during air-combustion of recycled wood are shown in Figure 7.11.
During the heat loss stage, formation of KAISi;Os(s2). KAIS12O0s(s2) and NaAlSizOs(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.”’’ Within the refractory material, KAlSi,Os(s2) is commonly found along
with other similar compounds, e.g. KAISiOuss), NaAlSizOss2), etc.?’’! The formation is possibly via

Reaction 7.5.272

Aly03 ) + 4Si0y ) + 2KCligy + H,0g) & 2KALSi, O ;) + 2HCl (g (R7.5)
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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
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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.?” Most of the released calcium forms solid aerosols. Calcium has a strong
tendency to associate with silicate and, to some extent, magnesium.?’* 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)x) is formed, as shown in both
figures. CaCOs(g) is likely to form at fast rates at low temperature according to Reactions 7.6, 7.7, 7.8,

and 7.9.27

Ca(OH)y ) = Ca** 4+ (OH)~ @ (R7.6)
COy 4y + Ha0(g) = CO, - Hy0(g) (R7.7)
COy* Hy0(g) + 2(0H)™ () = 6032‘(9) +2H,0(4 (R7.8)
Ca** gy +C03*" ;) = CaCO5 (R7.9)

However, these reactions are less likely at high temperature, when calcium occurrence might be shifted
from CaCOsg) to Ca(OH)xe).2’® The major bulk calcium compound formed during air-combustion or
oxy27-combustion of white wood is CazSiOs3). CarSi0ss3) is likely to form due to calcium reaction
with SiOg) aerosols. Calcium might be released as Cagy and nucleate during reaction with SiOy) at

temperatures from 1623K to 1873 K, as in Reaction 7.10.%”’

2Cag) + SiO(gy +3C04 ) = CaSiOsy, +3C0(y) (R7.10)

At the lower temperature range of 1143 to 1751 K, a different mechanism might promote formation of

Ca,Si04s) by Reaction 7.11.27

8Ca0(s) + 45103 ) = 3CaySi04 ) + Si0y ) +2Ca0 ) (R7.11)

A significant amount of calcium remains in particulate form, mostly as CaSiOss), 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-Si0O; phase diagram, a bulk CaO:SiO; ratio of 1 favours CaSiOj;) formation,
whilst a dominant amount of CaO over SiO, promotes Ca;SiO4) formation. CaSiOj3) might originate

from the reaction of CaCQOj(g) with SiOx,) as expressed in Reaction 7.12.27

CaC0s,y + Si0; ;) — CaSiOsyy + COy ) (R7.12)

162



CaSiOs() might be formed via Ca(OH),) reaction with SiO»). However, this reaction is unlikely to
occur since only a trace proportion of Ca(OH)y) is available. CaSiOjs) could also be formed via

Ca,Si04(s3) decomposition, as in Reaction 7.13.2%

CaySi04 g5 + SiOy ) = 2CaSiOy (R7.13)

CaMgSi,O¢(s) is also formed at a relatively significant proportion. It is unclear which reaction might
lead to CaMgSi,Oe(s) formation. However, evidence shows that CaMgSi>Og(s) has been found in fly ash

created during fir wood combustion.?®!

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.?®® Ca,SiOu) is the major form of calcium compound found in
bottom ash after air-combustion or oxy27-combustion of white wood.?®*> During air-combustion of
white wood, a small proportion of Ca;SiOy) is also formed that displays different crystal structures.
The Ca,Si04s») 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

Ca,SiO4s) partition rises with increasing combustion temperature until around 1700 K.2%

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 CaSiOs(s) and CaxSiOss).®3 Due to magnesium and
aluminium interference, Ca,SiO4() formation might be inhibited and CasMgSi»Og) and CaxAl,Si07

formation is favoured.?8%2%7
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Figure 7.14 Modelled Calcium Bulk Occurrences in Air-combustion of White Wood
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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. CaxSiOss3y 1s 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,
CaSiOss) 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 SiO»g. 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 SiOxa. McNallan ef al.?®® have described SiO») formation
due to SiOy) supersaturation. Silicon is likely to be released as SiOyy), which is then oxidised as

expressed in Reaction 7.14.

Si0(g) + 0.50; ) = Si0y (R7.14)
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Reaction 7.14 is a rapid reaction. When SiOx) reaches saturation, SiOx) nucleates to form SiOx) as in

Reaction 7.15.

$i03 ) = Si0y (R7.15)

On the other hand, heterogeneous nucleation via reaction with CO) might occur, as expressed in

Reaction 7.16.

SlO(g) + COZ(Q) - 5102(1) + CO(g) (R716)

Si0,() may also react heterogeneously with CaCOs) to form CaSiOss3) as expressed in Reaction 6.14.
At around 2000 K, no SiO, is predicted and CaSiTiOs(, is the only liquid compound foreseen by the

model. TiO,s) may be released as aerosols, which react with CaSiOj3s;3) to form CaSiTiOs().?%

CaSiOy) 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, CaSiOss) 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.
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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, Tp: 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
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Figure 7.23 Modelled Silicon Bulk Occurrences in Oxy27-combustion of White Wood
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Figure 7.26 Modelled Silicon Occurrence in Bottom Ash at 298 K Obtained from Oxy27-combustion
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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.?*°

Figures 7.30 and 7.31 show copper occurrence during air-combustion and oxy27-combustion of white
wood. Copper is mainly released as Cu). As the temperature decreases during the seat loss stage, Cug)
is gradually converted to CuCl,) due to reaction with chlorine released as Cly), according to Reaction

7.17.2

ZCU(g) + ClZ(g) - ZCuCl(g) (R717)

Reaction 7.17 runs faster at lower temperatures, e.g. 1173 K. The initial gradual conversion rate of Cu,
to CuCl, 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, 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.
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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, Tp: 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
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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.'®

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 CrOOHjy, 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 CrOx), which is converted to CrOOH(g) in a reducing atmosphere.?*
CrOOHg) and CrO) decompose to Cr,Oss) aerosols at temperatures above 1000 K.** According to
experimental observation, CrOs(g), CrO2(OH)z(), and CrO2(OH) ) are the products of Cr203() oxidation

in the presence of H,O() as expressed in Reactions 7.18, 7.19, and 7.20.294295:29

0.5Cr; 03y, +0.750, ) © Cr0s (R7.18)
0.5Cr; 03y, + Hy0(g) + 0.750 ;) < Cr0,(0H), (R7.19)
0.5Cry03,) + 0.5H0() + 050 > Cr02(0H) ) (R7.20)
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As shown in Figures 7.35, 7.36, and 7.37, selectivity towards CrO»(OH)yg) is favoured at high
temperature. This finding is in agreement with a previous thermodynamic calculation result.?’ Opila et

al.*® later confirmed this finding experimentally.
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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, €.g. COx), H2O(y), 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.
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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.'”

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.?”” 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.
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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 O in 0oxy27-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 1.1, 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.

179



100

70 r

60 r

40 -

30 -

[ ] Remaining in the Burner |
I L caving the Burner

Na Mg Al Ca Fe V' Zn

Figure 7.41 Element Partition Based on On-line ICP Measurement in Air-combustion of White Wood
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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. CaMgSi»Oss),
CaSiOs(s2), CarSi04s3), CaAlr04), MgAl,O4s), due to reaction with silicon at low temperatures during
the heat loss stage. Similarly, iron is very stable in forming Fe3;Oss) within the same stage. These
compounds are formed via simultaneous reaction and nucleation. For instance, in Reaction 7.10,
Ca,S104 is initially formed. As Ca;SiO4) becomes more concentrated, it starts to nucleate to form
Ca,Si104) and the reaction is no longer homogeneous. Due to eutectic behaviour, SiOx) in Reaction
7.11 might condense on the surface of Ca,SiOs3) aerosols. This might establish a solid-state reaction

as expressed in Reaction 7.21.

CaySiOy ) + SiOy ) — 2CaSiOs (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. CaC2Os) and anorthite (CaAl;Si2Ogs)) 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 (CaQO)3(V20s)2) according
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to Figures J.42 and J.43. (Ca0)3(V20s)as) 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 (Ca0)3(V20s)x)
starts at a higher position in the burner in air-combustion than in oxy27-combustion. This might enable
longer interaction between (Ca0)3(V20s)xs) 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 Oy concentration during
oxy27-combustion than in air-combustion might promote K,CrO4) formation via Reaction 7.22 at
lower temperatures. There is evidence from previous published studies that K,CrO4 is deposited in

bottom ash.3%

Cry035) + 4KClig) + 1.50, ) + 2H,0(g) = 2K;Cr0, ) + 4HClg) (R7.22)

However, Reaction 7.22 is unlikely to occur in the work performed for this thesis since chromium
occurrence is mostly as CrO>(OH)y) at lower temperatures. Another reaction between CrO»(OH)y(,

and KCl) might occur to form K,CrO4).

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 Oy, concentration, Fe;O4s may be oxidised at

localised low temperature as expressed in Reaction 7.23.3%!

2Fe304,) + 0.50, ) — 3Fe; 03, (R7.23)

Simultaneously, ZnO, is formed via backward reaction of Reaction J.14 due to the low temperature.

ZnO(g subsequently reacts with Fe,Oss) to form ZnFe,O4s) according to Reaction 7.24.3

Fe203(s) +Zn0g) - ZnFeZO4(S) (R7.24)

ZnFe;Ou 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 SiO»1, CaSiTiOsq, and
Fe304qy, 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.
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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 K,O-CaO-SiO; ternary diagram. In other
types of biomass with significant amounts of potassium, ash is deposited via KClgy 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 O 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 Ca0-Si0;-K;0 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 20" century to estimate the mineral phases
established at certain independent fractions of three compounds at various temperatures and pressures.
Morey et al.>* developed a ternary phase diagram of CaO-Si0,-K>O to determine the liquidus isotherm
line. Later, ternary phase diagrams of Ca0O-SiO,-FeO, CaO-SiO,-Al:0s, and Si0,-Al,03-FeO were
established respectively by Bowen and Schairer’®, Rankin and Wright>*, and Snow and McCaughey*®.

307

Schairer’”’ later developed a quaternary phase diagram of CaO-Si0,-Al,03-FeO based on these former

works.

Ternary phase diagrams were used extensively in a wide range of work on solid-fuel combustion.
Ohman and Nordin®® studied agglomeration during biomass combustion in a fluidised-bed boiler using
the ternary phase diagram of CaO-Si0,-K>0. Ohman and Nordin®*” later studied fluidised-bed boiler
agglomeration with kaolin addition as an improvement using the same ternary phase diagram.
Lindstrom et al'° used a ternary phase diagram of Ca:MgSi,O7,-CaSiO3-KalSi>O¢ to evaluate the
influence of kaolin and limestone addition on slag formation. Niu et al.’’’ further suggested that the
ternary phase diagram of K>O-SiO;-Al>O; should be used to take account of kaolin addition. Jandacka
et al*'? confirmed by use of the ternary phase diagram of CaO-SiO,-K>O that the melting temperature
of ash increases by 300 K with kaolin addition.

The Ca0-Si0,-K>0 ternary phase diagram was chosen for use in this thesis since CaO, SiO,, and K,O
are known to be the major compounds found in biomass ash. FactSage was used to generate the CaO-
Si02-K>0 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 K,O, denoted with a blue
line. At higher temperatures from 800K to 1800 K, the liquid phase is seen to be split between the SiO»-
rich region and the K,O-rich region, possibly as SiOxqy and K»SiO4). 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 K,O at 2400 K to 2500 K denoted with red lines is the

maximum allowable calcium molar fraction to produce liquid slag, e.g. Ca>SiO4) or CaSiOjs(). As the

187



point of the maximum allowable calcium molar fraction is dragged down along the red lines, CaO molar

fraction decreases faster than the increase of SiO, and K,O molar fractions.

Nevertheless, the molar fractions of SiO», K,O, 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.
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Figure 8.1 Liquidus Isotherm Lines within CaO-SiO:-K,0 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 O»,) 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 E, (Jmol™) AHpy 208 (T kgh)
Rice Husk (R7.1) 1.3¢9 97.1e3 4.2e5
Switchgrass (R7.1) 2.84¢9 108.7¢3 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
Ox(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 O, molar percentage is higher by 3% in oxy27-combustion
than in air-combustion at complete burnout. This higher concentration of residual bulk O 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 Oy, 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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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 KOHy,). During the heat loss stage, KOHy, is converted into K»SisOoq). Anicic et al.*" discovered
that K,Si409(1) was formed via SiO reaction with KoCOj3() by agglomeration in a fluidised-bed boiler,

as expressed in Reaction 8.1.
4Sl02(s) +KZCO3(S) d K25i409(1) + COz(g) (Rgl)

At temperatures above 1,073 K, Reaction 8.1 occurs at a fast rate. However, no presence of K,COj) is
shown in Figure 8.5. Rather, a reduced KOHj) partition with increased K»Si4Oo() partition and constant

KClg partition might indicate that Reaction 8.2 occurs, even though there is no clear evidence.

4Si0; 5, + 2KOH ) = K,Si400 ) + H20g) (R8.2)

Ma et al.*'* suggested that K,O(s) might react first with SiO») as expressed in Reaction 8.3. However,

Reaction 8.3 is unlikely to occur since K>Oy is very unstable and is violently reactive with HOg).
4Si02(s) + K;0( » K25i409(l) (R8.3)

In oxy27-combustion, the partition of K>SisOgqy is considered insignificant. Reduced partition of
K5Si409y 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 K»Si40y() indicates that a substantial amount of silicon in the bulk might boost fireside
fouling in commercial boilers and Rg/¢; is no longer the sole parameter to define fouling severity.
Although SiOx) melts at around 1,986 K, SiOy association with potassium forms K»Si4O9() at as low
as 1,040 K.*'* It is essential to keep the flue gas temperature below 1,040 K in the vicinity of convective
pass in biomass combustion to prevent K»SisOoqy formation; e.g. the potential of straw combustion in
both Masnede 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

191



potassium, chlorine, silicon, and calcium.>'® 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
KClg. However, the formation of K,SisOor might suggest another alternative explanation, that

K>Si409qy and KClg, are sintered to some degree as the intermediate layer.>!’

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, KAISi3Ogs) is the major potassium compound formed, with a

minor proportion of K»Si>Oss). KalSi3Os(s) is probably formed via Reaction 8.4.313
K804, + Aly03 - Si0y ) + SiOy o) — 2KAISiz0g ) + 505, (R8.4)

K>SOy is one of the most common compounds found in biomass bottom ash.’’ K,Si,Os) is also

common in the bottom ash of biomass that contains excessive silicon content.??°
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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;, — Tp (Air): Bulk Temperature
in Air-combustion; -—- Tp (Oxy27): Bulk Temperature in Oxy27-combustion

192



T T T T T T 2500
1
2000
5 08 3
] o
© =
% 1500
206 2
2 5
] —
5 1000 @
E 04 o
=
8 z
02f 500
0 0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Distance from Boiler Top (m)

Figure 8.5 Modelled Potassium Bulk Occurrences in Air-combustion of Rice Husk

T T T T T T 2500
1 M
a 1 2000
§ o8 . 3
E= Ty o
© I em s i o i ot A e =
e 1 1500 &
@06tk @
© (=8
= KOHq, £
:
1 1000
£ 04l % S
3 x
o / KCly, @
02f 1 500
K,Si,00q)
0 ; : ‘ 0
0.1 0.2 0.3 0.4 05 06 07

Distance from Boiler Top (m)

Figure 8.6 Modelled Potassium Bulk Occurrences in Oxy27-combustion of Rice Husk

193



KCl+SandSiCa C. Outer layer
rich particles = B
KCl and Si.Ca B. Intermediate
rich particles layer
i A.Inner layer
Flakes of KCI
-~ Fe,O,and K, S
K,SO,
U — Fe,O,and K, S
1300 um

Tube side

Figure 8.7 SEM Images of Fouling Deposit Layers in Ensted Boiler

Mass Partition

KZSiZOS(s) !‘(AISi?’O8

(s2)
Compound
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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 §.10.
Since the calcium content of the biomass is significantly lower than that of silicon, selectivity towards
formation of Ca(OH)y) is not favoured. Rather, calcium reacts with silicon in the particles and is
retained in the bottom ash mostly as CaSiOs¢) with a small proportion of CaMgSizOss) in both air-
combustion and oxy27-combustion, as shown in Figure 8.11 and 8.12. CaSiO;, 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-
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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 SiOxq) at peak temperature. As bulk temperature decreases during the heat removal
stage, SiOy) is solidified into SiOxe). At the beginning of the heat loss stage, SiOxse) is converted into
Si0a(s4) and K»Si409(p). K2S1409(p) is formed possibly via Reaction 8.2 at a temperature of around 1,600
K whilst the proportion of SiOs4) decreases.

According to the silicon occurrence profile shown in Figure 8.14, SiO,») and K»Si4Oqqy 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 SiO,qy and between 1,500 K and 1,600 K during the /eat loss stage
for K»Si409qy. 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. SiO»qy and K»Si4O9;) are respectively represented by yellow lines and green

lines.

Si021) might not contribute to slagging-induced ash deposition in commercial boilers. Slagging is
initiated with inertial impaction and thermophoresis of solid aerosols, e.g. SiOxs), CaxSiOys), at
relatively lower temperatures at water walls than at boiler centreline. Rather, SiO,1) could promote
agglomeration of the other AFEs into coarse aerosols and increase the proportion of bottom ash over
fly ash.*?! When the bulk deposit layer is formed with average temperatures closer to bulk gas
temperatures, SiO»q) 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 1 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. CaxSiOus), CaAlSirOsis), CazAlSiOss), and Ca(Mg,Al)(Si,Al)2O¢s).** In
sulphur-rich solid fuel combustion, CaSOs) 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 CaSOs) as the

shell covering calcium silicates as the core.*!

Silicon occurs in the bottom ash as SiOys) and as a small partition of SiOx4) in both air-combustion and
oxy27-combustion. These results are shown in Figures 8.17 and 8.18. SiOx) is a common compound
found in biomass. The mass percentage of SiOxs in bottom ash potentially exceeds 10%.°* The
estimated location of the CaO-Si0,-K,O 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 8.14 Modelled Silicon Bulk Occurrences in Air-combustion of Rice Husk
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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
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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-K20 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 Oy 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

30 T T T T T

Air
h - - Oxy27
25A

o]
o
-

Molar Percentage
—
[8)]
T

0 0.5 1 1.5 2 25 3 3.5
Distance from Boiler Top (m)

Figure 8.21 Modelled Dry Molar Percentage Profile of Bulk O»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 O retains more silicon in the particles than the
lower amount of bulk Oy 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

SiOx), thereby allocating potassium to form volatile KOHg).

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 /eat
loss stage, less KAISi,Og(s2) is formed in oxy27-combustion due to the release of less silicon to the bulk

to react with KOHg).

K>Si,05¢) and KAISi3Og2) are the major compounds found in switchgrass bottom ash in air-
combustion, as shown in Figure 8.25. KAISizOg») is present in less proportion than K>Si»Os) 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, KAISi3Os(s2) formation is less favoured.
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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; — T (Air): Bulk Temperature
in Air-combustion; --- T (Oxy27): Bulk Temperature in Oxy27-combustion
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Figure 8.23 Modelled Potassium Bulk Occurrences in Air-combustion of Switchgrass
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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 Oy,
concentration promotes faster O, 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 CaSiOj3(2). CaSiOs(2) is formed at high

temperature via Reaction 8.5.3*
$i0,) + CaC0s ) © CaSiOy g, + COy ) (R8.5)

At the beginning of the Aeat loss stage, CaSiOj3s2) disappears, and Caz(POs)xs2) 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 POx). Due to moisture content in the bulk gas, PO reacts

with moisture to form H3POu as expressed in Reaction 8.6.
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PO, gy + Hz0(g) = H3PO5 ) + HPO3 (R8.6)

H3POs(g) is decomposed into H3POs) and PHj() at temperatures above 473 K, according to Reaction
8.7.3%

4H3PO; ;) — 3H3PO, o + PHs ) (R8.7)

Furthermore, PHs) is oxidised as shown in Equation 8.8.

PHy ) + O4 gy = +H3PO4 (R8.8)

Pan et al. have suggested a series of reactions that create a formation mechanism for Cas(PO4)a(e).*
According to this mechanism, H3POs) is further decomposed via a reversible reaction shown in

Reaction 8.9.

H3PO3 ) = HyP, + H,04) (R8.9)

07 @

The CaSiOs(2) might be converted to CaCOs). CaCOs) might further react with HaP2O7() at high

temperature as shown in Reactions 8.10 and 8.11.

2CaC0;,, + HyP,0; ) © CyP, +2H,0(g) + 2C04 (R8.12)

079

10€aC03 ) + 3HyPy07 5y < Cazo(P0,)6(0H)z g + 5Hy0(g) + 10C0, (R8.13)

Subsequent proposed reactions are shown in Reactions 8.14 and 8.15.

CaC0s, + C,P, & Cag(PO4),, +2C0y (R8.14)

074)

3Ca10(P04)6(0H) g, + 2H3P04 gy < 10Ca(PO,)z ) + 6H,0() (R8.15)

Modelled bulk occurrence profiles for calcium in oxy27-combustion are shown in Figure 8.28.
CasMga(POy)ss) is the only calcium compound predicted. CazMga(POs)ss) formation is probably
promoted by higher bulk O, concentration. In addition, Sinyaev et al*?’ have experimentally

discovered CazMg4(PO4)ss) 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. Casz(PO4)ys2) 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. Cas(PO4)zs2) in the bottom ash during air-combustion is possibly produced via Reaction

8.16.3%

3Ca0() + P,05 ) & Caz(P0y)y (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.*** Phosphate was also captured in the form of aerosols
near an economiser in an entrained-flow boiler co-firing straw and coal.*** Although these findings were

1331

not based on combustion of complete biomass, Kalisz et a 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. CaCOj3() was reportedly an effective
additive to simultaneously prevent the formation of both alkali phosphates and alkali silicates. CaCOsg

may coat the existing silicates and remove them from the burner.**?
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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;, — Tp (Air): Bulk Temperature
in Air-combustion; -—- Tp (Oxy27): Bulk Temperature in Oxy27-combustion
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Figure 8.27 Modelled Calcium Bulk Occurrences in Air-combustion of Switchgrass
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Figure 8.28 Modelled Calcium Bulk Occurrences in Oxy27-combustion of Switchgrass

209



Mass Partition

Figure 8.29 Modelled Calcium Occurrence in Bottom Ash at 298 K Obtained from Air-combustion of

Mass Partition

Figure 8.30 Modelled Calcium Occurrence in Bottom Ash at 298 K Obtained from Oxy27-combustion
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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
Oy in a higher bulk O,y concentration. Initially, silicon is released as liquid acrosols 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 Ca0O-Si0,-K,O ternary diagram shown in Figure 8.32, SiOy
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-Si0,-K>0 in Figure 8.33 is used for further observation. The black box that locates
bulk MgO-Si0,-K>O 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 SiO 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, SiO is
formed. During heat loss stage, SiOaq) is solidified mostly into SiOx) due to less quantity of potassium
in bulk to form K,Si4O9) in switchgrass than in rice husk. As is found in the bottom ash, partition of

Si0; 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; — Tp (Air): Bulk Temperature in Air-
combustion,; --- Tp (Oxy27): Bulk Temperature in Oxy27-combustion

212



Cao - Si0, - K,0

Projection (A-Slag-lig), 1 atm Giactsage'"
CaOo
T(K)
I %300
2200
1950
1700
1450
1200
950
700
450
200
.
K,0 U C U U mole ;'racﬁo.': ) c ) Sio,

Figure 8.32 Bulk Composition of Switchgrass (Black Box) at Complete Combustion and Liquidus
Isotherm Lines within CaO-SiO:-K>O Ternary Phase Diagram

213



MgO - SiO, - K,O
Projection (A-Slag-lig), 1 atm GactSage'"
MgO

T(K)
T(min) = 0.00 K. T(max) = 0.00 K 2599

2200

1950

1700

1480

1200

950

700

450

200

05 0.4 03

mole fraction
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Figure 8.34 Modelled Silicon Bulk Occurrences in Air-combustion of Switchgrass
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Distance from Boiler Top (m)

2500

2000

1500

1000

500

0.7

Bulk Gas Temperature (K)

1k i
08r 1
c
o
E 06 1
o
W
w
©
= 04r 1
0.2 1
0
oo g0 o 0 08 o
s o \l\(b% 1 WS
ks I P
Compound
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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-SiO;-K,O 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-SiO,-K,O 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.

e 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
P y p
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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 Oz 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), KOHy), and K»Si4O9y as products of bulk potassium reaction
with bulk silicon. Partition of K»Si4O9(y is less than the combined partition of KClg) and KOHjy,
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. CaMgSi»Og) and MgSiOs), and, to some extent, prevents formation
of potassium liquid aerosol compounds, e.g. K>Si4O9;. 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. MgsP,Os1). An extended analysis using a ternary diagram of CaO-
P»,0s5-MgO reveals that the bulk temperature is within the MgsP,Os) liquidus temperature.

A ternary diagram has been thermodynamically proven to have certain limitations in
determining the liquidus temperature. In switchgrass combustion, SiOx) formation in bulk was
not in agreement with the ternary diagram of CaO-SiO,-K,O. Rather, SiO,1 formation is
expected according to the liquidus temperature line in the ternary diagram of CaO-Si0,-K,O.
A more appropriate liquidus temperature line is obtained when further evaluation is conducted
with the ternary diagram of MgO-Si0,-K,0, 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 Fe3O4s) and
various silicate compounds of calcium, magnesium, aluminium, and potassium. These
compounds are formed and stable due to O 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(y 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
02 concentrations and initial inorganic element concentrations in biomass on AFE and TE fate
and occurrence during combustion. High bulk O 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)** 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)*** 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.

Raw sawdust Bark fuel
(40-50% moisture) l
Ex(tla;s;ﬁtj %e;s)es Gas re-circulation
Multi-cyclones for flue ~90°C Grate fired boiler
gas particle cleaning (8 MW)
- | - - l Direct ~1000°C
dryer unit
Dried (8-10% moisture) PM sampling
sawdust for pellets point
Dust re-used production ~ 300°C
as fuel

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. K>SisOqqy, KClg,
Si0xq), CaSOs),. 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)*** 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)*** is discussed in the following passages as the

baseline for future improvements.

Unlike the developed model, the model of James ef al. (2014)%* 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 O, concentrations to the
organic matrices, melt and vaporise at a considerable amount.’* 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.>3°

The model of James et al. (2014)*** 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
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may swell and form hollow structures that might cause fragmentation.”>’ 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)*** 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)*** 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)** 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).3%
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 CHag), COg),

COxg), Ha(g), H2O(g), Oog) and Nag).

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.4.3383%
= 2400 — 2500¢ 00047 (EA.1)

CPwood

0.00000333

Cpegr = 506 + 1.16T — 0.000116T2 — =220 (EA.2)
Cpopar = 1430 + 0.355T — 222072 (EA.3)
Cpoen = —5€710T* + 37673 + 171073 — 0.0054T + 4.156T — 173.39 (EA.4)
Cp 10, = (0-0003T2 — 017687 +104.12)0.018 (EA.5)

CPwood> SPtars CPchars CPasn» aNd CPHZO(I) are the heat capacities of wood, tar, char, ash and water as

moisture in J kg K. Ash mainly consists of calcium, silicon, and potassium. Nevertheless, the heat
capacity of ash is assumed equal to the heat capacity of SiOx) to avoid needless complexity.** T is the

temperatures of the respective materials in K. The gas heat capacities are calculated via Equation A.6.
— 6 5 4 3 2
Cp; = ACPL,T + B, T” + CCPl_T + Dep T2+ Ec, T+ Fp, T+ GCPi (EA.6)

i is a gas compound, e.g. CHa), CO(g), COxg), Ha(e), H20(), O2(e), and Nag). ¢p; is the heat capacity of

gas i in J kg K''. The values of A BCPi’ Ce.,D., ., E FCPi, and GCPi for each gas i are listed in

cpp’ cpp Jepp Hepp

Table A.1.
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Table A.1 Combustion Gas Heat Capacity Parameters

{ ACF‘L‘ BCPi Cpi DCPi E Cpi FCPL' cpi
CHyey*"! le-18 -2e-14 le-10 -7e-8 -0.0014 5.0649 781.64
CO** 3e-19 -Se-15 de-11 -le-7 0.0001 0.1814 969.51
CO e -5e-19 le-14 -9e-11 4e-7 -0.001 1.4528 498.41
Hag)** 2e-18 -5e-14 4e-10 -2e-6 0.0044 -2.6327 14831
H20(g)** Te-19 -le-14 le-10 -4e-7 0.0007 0.2511 1699.6
Oy -2e-19 6e-15 -Se-11 2e-7 -0.0005 0.7238 719.64
No?** 9e-20 -2e-15 9e-12 -6¢-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

AT

X _ pHZO(l) (EA 7)
MH20() Pwood"’Ptar"‘pchar"'PHZO(l)+2?=1 Pi '

Xm 00 is the H,Oy mass fraction.

The conductive thermal conductivities of wood are calculated via Equation A.8.>*

Keomwooa = (00932 + 0.0065%pmy, o ) (1+0.00365T) (0.986 + 2.695%m,, 5., ) (EA.8)

kconyeoq 18 the conductive thermal conductivity of wood in W m™ K. The conductive thermal

conductivities of char and ash are estimated via Equations A.9 and A.10.3%

kcon gy = 0071 (EA.9)
keongsy = 14 (EA.10)
kcon cpgr @4 Kcon gy, are the conductive thermal conductivities of char and ash in W m' K kcongsn

is the conductive thermal conductivity of SiOx). The conductive thermal conductivities of gases are
calculated via Equations A.11 for CHa), A.12 for COg), A.13 for COxg), A.14 for Hy), A.15 for HxO),
A.16 for Oz(g), and A.17 for Nz(g).344’345’346
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_ —23.35+0.1698T+0.00001893T?2

Keongiyg, = e (EA.11)
kwnco(g) = —7e7°T? + 7e>T + 0.004 (EA.12)
Keongo,,, = (—24+0.0216T — 0.000003244T2) (5o (EA.13)
Keonp,, = (1434 + 1.257(T — 1200)) () (EA.14)
Keonpyo,, = 0-0001T = 0.0228 (EA.15)
kwnoz(g) =3e”°T + 0.05 (EA.16)
kwnNz(g) = —3e716T* + 2271273 — 1¢78T2 4+ 0.00007T + 0.0053 (EA.17)

Kcon CHag)’ Kcon COgy’ kCOTlCOZ(g)’ Kcon Hag)’ kconH2 0’ kcon 029’ and kCOﬂNz(g) are the conductive

thermal conductivities of CHy(g), COyg), COx(g), Hag), H2O(g), O2(e), and Ny in W m™! K1,

Appendix A.3 Viscosities of Gases

The viscosities of gases are calculated via Equation A.18.

Wi =A”l_T2 + B, T+Cy, (EA.18)
The values OfAui’ Bﬂi’ and Cﬂi are listed in Table A.2.

Table A.2 Combustion Gas Viscosity Parameters

i A#i Bﬂi Cu,-
CHa(g 0 3e-8 5e-6
COy -6e-12 4e-8 8e-6
COx(g) -9e-12 5e-8 2e-6

Ha(g) 3e-12 2e-8 Se-6
H2O(g) -4e-12 5e-8 4e-6
O2(g) -6¢-12 Se-8 9e-6
Nog) -4e-12 4e-8 8e-6

246



Appendix A.4 Molecular Collision Diameters of Gases
The molecular collision diameters, r,,, of gases are listed in Table A.3.

Table A.3 Combustion Gas Collision Diameters

iorj m (A)
CHag*¥ 3.758
COw™’ 3.690
COxe*Y 3.941
Hag*® 3.55
H20* 2.641
020" 3.467
N 3.798

Appendix A.5 Interaction Energies of Gases
The interaction energies of gases are listed in Table A.4.3%

Table A.4 Combustion Gas Interaction Energies

iorj Einty o Bty (K)
kg kg
CHag) 154
CO 110
COxzy) 190
Hag) 38
H20() 809.1
Oxe 113
Nag) 99.8

kg is the Boltzmann constant with a value of 1.38064852¢-23 m* kg s K'!.
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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 ;i (A)
Wood?¥ le-14
Char®% le-12

Ash le-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 €
Wood'?? 0.85
Char!’s 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.

Msol . Miq . Ngas )
_ Zisol:1plsolCPisol+Ziliq:1plliqCPiliq+ZigaS=1plgasCPigas

Cp = Znsol . +aniq ] +anas ] (EBl)
igor=1Piso iliq=1p’liq igas=1Pigas
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Pisor> Piyig> and p; _, are the densities of i of solids, liquids, and gases in kg m™. ¢p isor” CPigig? and cp fgas

are the heat capacities of i of solids, liquids, and gases in J kg™ K. ngo;, 1444, and ngqg 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, k., of the mixture of the solids and liquids are calculated via
Equation B.2 with a weighted-average formula.
Msol ks Miq ks
z:imlzl Pisor lsol+2' :1p’liq Uig

= liq (EB.2)

pisol+piliq

kCOTl

Pig,, and Piy, are the densities of i of solids and liquids in kg m>. ki, and ki”q the thermal
conductivities of i of solids and liquids in W m™ K. ny,; and n;, 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.
Wassiljewa®' 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.

— kconA + kconB (EB3)

Xnp Xna
1+AWassiljewaAB(an> 1+AWassiljewaAB(an>

kCOTl

kcon, and keon, are the conductive thermal conductivities of gases A and B in W m' K.

Awassil jewa 5 18 the dimensionless Wassiljewa constant for a binary mixture of gases A and B. x,, ,

352

and xp, , are the molar fractions gases A and B. However, Weber™* 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.>>

— 2 2
kcongas = kconAan + KI(ennardanan + kcoannB (EB.4)

Kkennara 1S 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.

354

Lindsay and Bromley~>* later adopted Equation B.2 to develop a more accurate formula that is shown
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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.

K
—_\yn conj
kcon - izliz’? Ars o . (EB-S)
Xn; ].:1. Lmdsay—Bromleyi]- nj
J#i

kcon; is the gas i thermal conductivity in W m™ K. x,,, and x,, ; are the molar fractions of gases i and
J. ALindsay— Bromiey, is the Lindsay-Bromley constant for a binary mixture of gases i and j, and is

calculated via Equation B.6.

N =
/
=

+
~|
SN—

3 S;
A _ 1 1 Hi MWJ 4 (1+?L)
Lindsay—Bromleyij 2 +| = MW; S:

Ky <1+?’)) (1+%) (EB.6)

i and p; are the viscosities calculated in Appendix B.4 of gases i and j in Pas. MW; and MW; are the
molecular weights of gases i and j in g mol™. The Sutherland constants, S; for gas i and S; for gas j, are

estimated via Equation B.7.

- (EB.7)

Ty is the boiling temperature of compound i at 1 atm in K. For H», 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.

eaT3dpore

kyqa = . (EB.8)

kyqq is the radiative thermal conductivities for the solid in W m™ K. d,,, is the solid pore diameter

115

of biomass, assumed constant at 3.2e-6 m.''> ¢ is the porosity of the solid. ¢ is the Stephan-Boltzmann

constant or 5.670373e-8 W m? K. € 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. Graham?®
approximated the gas mixture viscosities using a weighted-average formula that is shown in Equation

B.9.
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i= B Xl (EB.9)

p is the viscosity of the mixture of gases in Pa s. x,; is the molar fraction of gas i. y; 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 Wilke>*® later developed multi-component systems with a correlation

based on kinetic theory. Their formula is shown in Equation B.10.

=y i EB.10
K lzlxni+z;l=1 XnjAwilke;; ( ) )
Jj#i

Awitke; ; is the Wilke coefficient, which is calculated via Equation B.11. u; is the viscosity of gas j in

Pa's. MW; and MW; are the molecular weights of gases i and j in g mol™.

Wilkejj — 1 (EB.I 1)
4 Mw;\2
‘/_7< +MWJ>
Herning and Zipperer®>’ had previously developed a more straightforward formula shown in Equation
B.12.
= L Mitn MWL (EB.12)

U
211'1=1 Xniy MW

Equation B.12 is accurate for most gases, with an average deviation of 1.5%. However, Equation B.12
gives inadequate validation for H)-rich gases. Brokaw?>® later solved the validation problem of Ha(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.

X
_\m niy Hi
K= Zl:l ni yn SBrokawjABrokaw;j*ni (EB.13)
Jug == )
b JH

SBrokaw; i and Aprokaw; ; are the Brokaw constants for binary mixtures of gases i and j. Sprokaw; ; and

Arokaw; j are defined in Equations B.14 and B.15.

2
Tmgj

(EB.14)

w (EB.15)

SBrokawij = TmiTm;

0.45
1 ( MWL-_<MWL-)
MW \5 MW ; MW ;
— J )2 J J
Aprokaw; = MWy (Gd)° | 1+




Tin; and 1y, j are the molecular collision diameters of gases i and j in A. 7;,, of the combustion gases are
listed in Appendix A.4. 73, i is the collision diameter of binary molecules in a mixture of gases i and j

inA. 7y, j is calculated via Equation B.16.

1
Tmy; = E(rmi + ij) (EB.16)

MW;; is the combined molecular weight of gases i and j. MW;; is estimated via Equation B.17.

. o \4
AMW ;MW > (EB.17)

Mw;; = [ WM,
y ((MWi+MW]-)2

Appendix B.6 Fick Diffusivities for Mixtures of Gases

The Fick diffusivity of mixtures of gases, Dg;, in m? s”! is calculated in Equation B.18 as a function of

individual gas i molar fractions.?*®

1-xp;

n (1)
J=1 DFiij

Jj#i

Dp; = (EB.18)

Xp; and Xp; are the molar fractions of gases i and j. Dpil-j is the Fick diffusivity for a binary mixture of

gases i and j inm*s™. Dy, j s calculated via Equation B.19.

3 1
00018672 [ 1 1 \z
FLij = pro 20 \Mw; © Mw;

(EB.19)

Ty is the molecular collision diameters of binary mixtures of gases i and j in A and calculated in

Equation B.16. p is the gas pressure in atm. MW; and MW; are the molecular weights of gases i and j

in g mol™'. Q is the collision integral estimated visually through use of Figure B.1.
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2.5 R\

Collision Integral
o

10° 10! 102
kBT.FE.

intij

Figure B.1 Collision Integral as a Function of Temperature

On the x-axis, kp is the Boltzmann constant with a value of 1.38064852e-23 m* kg s? K™\, Ejp; ; is the

interaction energy between gas i and gas j in J. Emtij is calculated via Equation B.20.

Eintij = ’EintiEintj (EB.20)

Eine; and Emt]. are the interaction energies of gases i and j in J. Ej;,; 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.

T
Din = 4850d,6r 100 |- (EB.21)

Dgn is the particle Knudsen diffusivity in m* s™'. dy,y is the pore size in cm. MW is the molecular

weight of gas i in g mol™!. 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, ¢, are assumed to show a linear correlation with densities of the solid

mixtures, as calculated via Equation B.22.
e=1- pﬁ (1-¢) (EB.22)
0

Py is the initial solid density in kg m?. & is the initial solid porosity. &, is assumed to equal 0.4.'"

Appendix B.9 Permeabilities of Solids

The permeabilities of solid mixtures, 7, are estimated through use of a weighted-average formula as

shown in Equation B.23.3%

Z?=1 PiNi
n = EB.2
Yis, P ( 3)

p; is the density of solid i in kg m?. n; is the permeability of solid i in m?.

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.’ The
emissivities of the particles are estimated with a weighted-average formula that is shown in Equation
B.24.

_ Y1 pi€i
Pi

€ (EB.24)

p; is the density of solid i in kg m?. ¢; is the emissivity of solid i in m?.

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 = % (EB.25)

d, is the particle diameter in m. p is the gas density in kg m™. v is the gas velocity inm s™'. y 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.3%°

1 1
Nu = 2 + 0.6RezPr3 (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 =& (EB.27)

kCOTL

cp is the gas heat capacity in J kg! K! and is estimated via Equation B.1. u is the gas viscosity in Pa s
and calculated via Equation B.13. k,,, is the conductive thermal conductivity of the gas in W m™' K!

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.28.3%°

11
Sh =2+ 0.6Re2Sc3 (EB.28)

Sc is the Schmidt number and the mass-transfer equivalent of Pr. Sc is calculated via Equation B.29.
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Sc =+ (EB.29)

DFpip

Dp; is the gas Fick diffusivity in m* s™! and is calculated via Equation B.18. u is the gas viscosity in Pa

s and calculated via Equation B.13. p is the gas density in kg m>.

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 = % (EB.30)

d, is the column diameter in m. p is the gas density in kg m™. v is the gas velocity in m s™. p 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

0.065RePrc
3.66 + ——— — Re <2300

Zl
3

dc
Nu = 1+0.04(ReProe) (EB.30)

1
0.125RePr3

(0.791og(Re)—-1.64)2’

Re = 2300

Re is the gas Reynold number calculated via Equation B.30. Pr is the gas Prandtl number calculated

via Equation B.27. d,. 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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-E

dPH0 ( A(Ra1)

at (ra1) ~Awen® PH;0q) (EC.1)

T

dar _ dPH,0; AHRX'Z%K(R‘*-l)+f293(CPH20(g)_CPHZO(I))dT .
dt(ra.1) dt  (R4.1) pep '
apH,0 . . . . | |
—0 is the rate of Reaction 4.1 in kg m” s, A is the pre-exponential factor of Reaction

dt  (R4.1) g (R4.1) p P

4.1

4.1. Ey (R4.1) is the activation energy of Reaction 4.1. The values of A(g4.1) and E, (Ra.1) 2T€ 51.3¢9 57!

and 88 kJ mol™, respectively. T is the temperature of the respective material in K. py, o, is the density

ow

of water in kg m>. ar is the rate of temperature change due to Reaction 4.1 in K s”!. The heat of

at(Rr4.1)

Reaction 4.1, AHg, y9ax (Ra.1)’ is 2,440 kJ kg! and are the heat capacities of H>O() and

.C C
PH,0g) PH,0q

H,Oq), respectively. cp H20(g) and cp Hy00 AT calculated via Equation A.6 and A.5. p and cp are the

density in kg m™ and heat capacity in J kg! K'! 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.

dpgas <_EA(R4-2))
at (R4.2) =Awrazye T /Pwood (EC.3)
~Fa(raz)
dpear
dtt (Ra3) A(R4-3)e( KT >Pwooaz (EC4)
_EA(R4.4)
dpchar _ _ AlRad)
dt  (R4.4) - A(R4-4)e( KT )pwood (EC.5)
~Ea(ras)
dpgas _ __4(R4.5)
dt (Ra5) _A(R4-5)e( >ptar (EC.6)
“EA(ras)
dpchar _
dt  (Ra6) _A(R4-6)e( KT >ptar (EC.7)
ar = _ %Pgas AHR"'Z'””((IM-Z)“szT*Bs( i=1 xmmePi‘CPwood)dT (EC.8)
dt(Ra.2) dt (R4.2) oer '
ar _ _ 9ptar AHRx,298K (Rg.3)+ 208(CP tar—CPwooa) AT (EC.9)
dt(R4.3) dt (Ra.3) ocp '
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T
ar _ _ APchar AHR?’C'ZQSK(Rzl-.zl-)+ 298(CPchar_CPwood)dT

= EC.10
dt(R4.4) at  (R4.4) pcp ( )
T
d_T _ dpgas A1~1R"'2981‘((R4-.5)+f298(£?21 CPi_CPtar)dT (EC 1 1)
dt (R4.5) dt (R4.5) pcp ’
T
ar _ _ dpchar AHva298K(R4.6)+ 298(CPL‘har_CPtar)dT (EC 12)
dt (R4.6) dt  (R4.6) pcp '
d d d d d .
ZPgas | SPear | ZPchar , ZPgas , and ZPchar are the rate of Reaction 4.2, 4.3, 4.4, 4.5,
dt (r4.2) dt (R43) dt (R4.4) dt (R4.5) at  (R4.6)
. dr dr dr dr
and4.6inkgm>s!. — ,— ,— ,— ,and — are the rate of temperature changes
dt(r4.2) dt(r4.3) dt(Ra.4) dt(Ras5) dt (R4.6)

due to Reaction 4.2, 4.3, 4.4, 4.5, and 4.6. T is the temperature of the respective material in K. X

is the mass fraction of gas i in the volatile matter. cp > and cp, are the heat chapacities

CPtar> CPchar
of wood, tar, char, and gas i and calculated individually in Appendix A. p and cp are the density in kg
m™ and heat capacity in J kg K of the respective material. The values of A, E,, and AHgy 295k are

listed in Table C.1.

Table C.1 Wood Pyrolysis Kinetic Parameters

Reaction A (s E4 (J mol) AHpy 208 (T kg
(R4.2)226 1.44e4 88.6¢3 4.2e5
(R4.3)?26 4.13¢6 11.27¢4 4.2e5
(R4.4)2%¢ 7.38e5 106.5e3 4.2e5
(R4.5)23% 4.28¢6 10.75¢4 -ded
(R4.6)%! le5 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, Pgas Pchar , are calculated via Equations C.13 and C.14.
dt (Rre.1) at  (Re.1)
_EA(R6.1)
dpgas
d_gf(Re.l) = _xlA(R6.1)e< RT )pwood (EC.13)
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(_EA(RG.I))

dpchar RT

dt (EC.14)

= —X24(re.1)€ Pwood

(R6.1)

x4 is the ratio of the initial volatile matter density to the initial dry ash-free wood density. x, 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.

T n
AHRX.298K(R6.1)+f293(zi:1 CPi+CPchar_CPwood)dT

pcp

ar
dt(Rre.1)

_ dpwoodp
dt

- (EC.15)

Ara2), EA(R4.2)’ and AHRx,zggK(Ml) can be used as A(ge.1), Ex (R6.1)° and AHRx,ZQSK(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.

i) A & e, Mo, EC.16
at  (Ra7) (Ra.7)€ [ 4’(9)] [ 2(9)] (EC.16)
“EARa8)
d[coy)] _ ( }gT ) [ ]0.25 05
a (rag @D [€O)]02g)]  [H200)] (EC.17)
d[HZ ] (R4.9)) 50.25 15
@ _
dt  (R49) _A(R4'9)e( [Hz(g)_ [Oz(g)] (EC.18)
¢Pco 2¢py.0 CPcH 15¢cpg
T @ 20(g) 4(g) 2(g)
AHRy, 298K +/. + dT
x (R4.7)" J298 <MV1V000 ) MW1000 1000 1000
co H,0
a _ et @ 2%9)/ \MWcHag) ) \MW02(g (EC.19)
dt (R4.7) dt  (R4.7) oer
cPco ¢Pco 0.5¢cpg
T 2(g) @ 2(g)
AHRx,298K(R4.8)+f298 ( 1000 ) < 1000 ) ( 1000 a
| \Mweg
ar _ dco@)] MW 05 g @/ \MWo, s EC20
dt(R4.8) dt  (R4.8) ocp
¢PH,0 Py 0.5cp g
T 2%(9) 2(g) 2(g)
AHRy, 208K +/, dar
X (R4.9) ‘298 <MW1000 000 o0
H,0 M M
a = a ) 2%/ \MWHag) | \MW02(g) (EC.21)
dt(R4-9) dt (R4.9) pcp .
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d|cH. d|H
[ 4(9)] ’d[co(g)] , dM are the rate of Reaction 4.7, 4.8, and 4.9. ar ,d—T ,
at  (R4.7) dat  (R4.8) dt  (R4.9) dt(ra.7)” dt(R4.8)

d . .
d d—:( ) are the rate of temperature changes due to Reaction 4.7, 4.8, and 4.9. T is the temperature
R4.9

of the respective material in K. ¢p . Haggy are the heat chapacities
9

,C ,C ,C ,and ¢
Pcoggy> "PCOz (g "PHy PH,04)
of CHa(g), CO(g), COxg), Ha(g), and H2Oyg), calculated individually in Appendix A. p and cp are the density

in kg m? and heat capacity in J kg! K! of the respective material. MWCH4(g), M Wco(g), MWCOZ(g),

and MW,_ _are the moleculer weights of CHag), CO(g), COx), Ha(g), H20(y), and
2(9)

MWHZ(Q), MWy,0.,

Oxg in g mol™. The values of A, E,, and AHgy 295 are listed in Table C.2.

Table C.2 Homogeneous Gas Reaction Kinetic Parameters

Reaction A E4 (J mol) AHpgy 298k (J mol ™)
(R4.7)%! 1.58¢e10 202505.6 -519261
(R4.8)3! 1.26e10 179912 -282984
(R4.9)%¢2 (3.82¢13)T"! 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.*®* 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.*** and Barrio and
Hustad?*®® for COy) gasification, Kojima et al.*%® for H,O,) gasification, and Janse et al.’¢” for Oy

combustion. These equations are used for the following reasons.

o 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.

e The gasification was conducted within a reasonable range of temperature.

o 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.*** and Barrio and Hustad®®, and C.25.

(_EA(R4.10))

dpchar 0.53 0.49
el = —_[1 e RT . .
dt (R4.10) (R4.10) poz(g) pchar

“EA(R4a1
dpchar — A(Raa1) e(%)p 0.8p %
at  (Ra.11) 08 COz(g) Fchar
_EA(R4 11)
dpchar (—) 0.38
el = —_[1 e RT .
dt (ra11) (R4.11) pcoz( o Pchar
“EA(Ra.12)
dpchar (7 0.41
_cnaer — __14 e RT .
dt (Ra12) (R4.12) PH,04 " Pchar

dpchar dpchar

T is the temperature of the entire material, e.g. the particle. , ,
dt (R4.10) At (R4.11)

are the rates of Reaction 4.10, 4.11, and 4.12. P0, > Pcoy > and PH,0(,

(EC.22)

(EC.23)

(EC.24)

(EC.25)

dpchar
dt  (R4.12)

are the pressures of Oy,

COx(g), and H2O(g) in Pa. pepq, is the density of char in kg m™. The values of 4, E4, and AHg, 59gx are

listed in Table C.3.

Table C.3 Heterogeneous Gas Reaction Kinetic Parameters

Reaction A E4 (J mol™) AHpgy 208 (Tkg™)
(R4.10)3¢7 5.3e5 1.25e5 -9.2e6
(R4.11)% 9.1e6 1.66e5 1.4¢7
(R4.11)36 3.1e6 2.15e5 1.4e7
(R4.12)%66 1.7¢3 1.79¢5 1.1e7
. dr dr dr
The temperature change rates of the heterogeneous reactions, e.g. — ,— ,and — , are
dt(R4.10) dt(R4.11) dt (R4.12)
calculated via Equations C.26, C.27, and C.27.
5
fT Pcog) CPchar ° CPOZ( )_ar
298 1000
(MM1/000 ) (MWchar) 1000
I CO(g) AlVVOz(g)
AHRX'ZQSK(R4-10)T MW char
dar — 4Pchar ( 1000 ) (EC.26)
dt (R4.10) dt  (R4.10) pcp '
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( )

2 c
fT CPCO(Q) CPchar PCOZ(g) aT
298 1000 1000
(MW ) MW char 1000
CO(g) MWCOZ(g)
AHRx,298K(R4.11) t MW char
_ char 1000
o _ap (Fos™) (EC.27)
dt(Rr4.11) dt  (R4.11) pep
( : \
f27:98 CPCO(Q) ; PHZ(Q) CPchar PHZO(g) |dT
1000
(MM1/000 ) 1000 (chhar) (MW1000 >
\ CO(g) MWHZ(g) HZO(g) /
AHRx,298K(R4.12) f (MWr:har)
d_T — dpchar 1000 (EC 28)
dt(R4.12) at  (R4.12) pep |

and ¢

PH,04, 3T the heat chapacities of CO), COx), Hag), and H,O(),
)

Cp CO(g)’ Cp Co, @ ’ CPH2 @ ’
calculated individually in Appendix A. p and cp are the density in kg m™ and heat capacity in J kg™ K-

| ) )
of the respective material. MW, MW, MW, MW, and MW, are the moleculer
P CO(g)> T C02g)> T Ha > TV Hy O2(g)

0(g)’

weights of COyg), COx(e), Ha(g), H20(g), and Oy in g mol.

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.

char _ 0.53 0.49

— = — A e m EC.29
dt  (Ra10) N(R4.10)1(R4.10) Poz(g)ps char ( )

EA(R4.11) 2

dMchar A(Ra.11) (7RT ) 0.8 =

dMchar — (Ra11) Sm 3 EC.30
dt (Ra11) N(R4.11) ~o0s Pcoz(g)ps char ( )

dmy, (_EA(R4.12)
char 0.41

— = - A e RT m EC.31
it (ra12) N(r3.12)1(R3.12) szo(g)ps char ( )

Po,,, E pcoz(g)ps, and py, o @ s are the partial pressures of Ox), COx), and H2O at the surface of

the particle. 7(r4.10)» M(ra.11)> a0d N (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.

3 1 1
_ B EC.32
77(R4.10) D (R4.10) (tanh P (Ra.10) ¢(R4.10)) ( )
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3 1 1
Meaan = 5—— ) (EC.33)

Praa1) \tanh dra11)  Pra11)
3 1 1
= — EC.34
(ra.12) P (Ra.12) (tanh D(Ra.12) ¢’(R4.12)) ( )

D (r3.10)> P(r3.11)> and P (3 12) are estimated by use of Equations C.35, C.36, and C.37.

<_EA(R4.10)>
1.53 —RT

. Mchar
Mehar®*® M RTw

L. 2 ARa10)¢ Wehar)
_ p 1000
Pra10) = 5 Pos s **'VDess (HE39
2@)ps 92(g)
(_EA(R4-.11)> )
= m
1.84(Ra11)€ Mchar3 Mvﬁg,?; RTe
p _ Loy ( 1000 ) (EC.36)
(R411) — g Pco 02VDery .
2@ ps C02(g)
(_EA(R4.12)
m
1.4—1A(R4__12)€ RT Mchar Mvﬁgzgr RTe
Ly, ( 1000 ) EC.37
Prarz) = - (EC.37)

0.2
szO(g)ps VDefszo(g)

T, is the bulk temperature in K. V is the volume of the particle. in m>. Deffo and
2(g

D
) e )
y T coyy,

D, a0 &€ the effective diffusivity coefficients of Oz, COx(), and H2O(g) and are calculated by use
2%
of Equation C.38 where i is a gas compound.

1 £
Defpy =7 (EC.38)
Dgn; Dri;

€ is the porosity of the particle. The tortuosity of the particle, 7, is estimated via Equation C.39.
1
T=- (EC.39)

Dgy; is calculated via Equation B.18 as a function of DFl-i].. DFil.j and Dy, is calculated by use of

Equation B.19 and B.21, respectively, at mean temperature of bulk and particle, T, calculated via

Equation C.40.
Tp(b)+Tb(a—1)
pr(b) =— (EC.40)

Partial pressures of Oz, , COxe), , and HxO(y), , at the particle surface in Pa
p (® poz(g)ps (®) Pcoz(g)ps (2)> PH, p

09) ps

are calculated by use of Equations C.41, C.42, and C.43.
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0 Sdmchar

Lim _ _ Tt reag eal

RTeo (Ilooz(sn00 pOZ(wps) MW charA (EC.41)
dmchar

7 = ) EC.42

RT, (pcoz(w Pco, g, MW charA (EC.42)
dmchar

. _ _ 4t (R4.12)

RTwo (szO(g)oo pHZO(g)pS> T MWeharA (EC.43)

h,, 1s estimated through the Frossling formula as shown in Equation C.44.

i1 DFil‘
h,, = (2 + 0.6ReZSC3)L— (EC.44)

c

L. is the characteristic length of the particle in m. Re and Sc are calculated via Equation B.25 and B29.

Poz(g)ps » Pco

) , and py, o as shown in Equations C.41, C.42, and C.43 are rearranged
ORI s 1)

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.

0.53
am (_EA(R4.1O)) dmc;;arp
char _ A RT (R4.10) 0.49
— =— e - m EC.45
4t (Ra10) N(R4.10)1(R4.10) Poz(g)oo KDOz(g) char ( )
0.8
d (_EA(R4.11) dmcdhtarp 2
Mchar _ A —RrRT ) (R4.11) =
— =— e - m 3 EC.46
dt (Ra11) N(rR4.11)A(R4.11) Pco, Do KDCOZ(g) char ( )
0.41
d (_EA(R4.12) dmc;ltarp
Mchar _ A —RrRT (R4.12)
— =— e - m EC.47
dt (Ra12) N(R4.12)A(R4.12) pHZO(g)OO Korzo(y char ( )

,and Kp, are calculated via Equations C.48, C.49, and C.50.
HZO( )

K
Do > Dco
2(9) 2(9)p(b) g P (b)

MWchar)
( 1000 Ahm

Doy, = ot (EC.48)

(MWchar)Ahm

1000
Kby, = (EC.49)

MW char
_( 1000 )Ahm

Ko =20 (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

ar

Equation C.51 for Reaction 4.10 , Equation C.52 for Reaction 4.11, ar

C.53 for Reaction 4.12, ar .
dt(r4.12)

c 0.5¢
AH +fT PCO(Q) CPchar POZ(Q) dT
Rx,298K (R4.10) " J298 ( 1000 ) ( 1000 ) ( 1000 )

ar __ dMcpgr MWco) \MW char MW,
= MW
dt(Rr4.10) dt  (R4.10) mep(— char)
2¢c cp
AH +fT PCog) cpchar ) dT
Rx,298K (R4.11)" J298 ( 1000 ) ( 1000 ) 1000
ar _ dMcpgr MWco) \MWchar) \MWo,
= 7]
dt(Rra.11) dt  (R4.11) mcp (%}
c Ccp c
AH + T PCO(Q)L H2(9) __ Pchar PH20(g) dar
Rx,298K (R4.12) " J298 < 1000 )' 1000 ( 1000 ) 1000
dar __ dMcpgr MWco) \Mwy,) \MWchar/ \MWy,0
o - MW,
dt(R4.12) dt  (R4.12) mep (—cher)

Appendix D: Falling Particle Velocity

> dt(R4.10) dt(r4.11)

, and Equation

(EC.51)

(EC.52)

(EC.53)

The velocity, v, in m s of a particle falling co-currently with gas flowing downward in a column is

calculated via Equation D.1.

V.

_ 2 (mp—Vppg)g +v
p 0.5pg4proj,Coyp 9

(ED.1)

my, is the particle mass in kg. V, is the particle volume in m’. p; is the gas density in kg m™. A, i is

the particle projected area in m*. v is the gas velocity in m s™. Cp » is the particle drag coefficient

calculated in Equation D.2.

24
==, Re, < 0.1
Rep

2

Co, = <2/§+ 0.5407) ,0.1 < Re, < 6000
p

0.44,Re,, > 6000
Re, is the particle Reynold number calculated via Equation D.3

LepPg(vp—vg)
Re,, = 22?702
Hg
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ch is the particle characteristic length in m. p is the gas viscosity in Pa s. Equations D.1, D.2, and

D.3 are solved simultaneously using trial-and-error to obtain v,.

Appendix E: Particle Temperature Change due to Neglect

of Element Initial Occurrence
Mass of 200-micron particle, M2 00um’ of white wood is defined in Equation E.1 with unit of kg.

— -9
M0 = 1:09 % 10 (EE.1)

Heat capacity of 200-micron particle is calculated with wood heat capacity formula in Equation E.2

with unit on J kg! K.

—0.004Tp
200um

= 2400 — 2500e (EE.2)

c
szooum

2300 K as the maximum value of TPZOOme is used. Nevertheless, since particle temperature evolves

during combustion, any temperature within the temperature profile could be used. cp P00 at TpZOOme
um

equal to 2300 K is 2399.16 J kg! K'!. 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, CaC,0O4. The concentration of CaC:04, ppnicac,o i , in the particle is 1260
200um

ppm. The mass of CaC>04, M¢qc,0 5 200um’ in the particle is calculated in Equation E.3 with unit of kg.
um

PPNcac, O4p 200ymmp200“m

mCaC204p200#m = 106 (EE.3)
mcac204p200um is 1.37e-12 kg. CaC;04 molar mass in mol is calculated in Equation E.4.
mcaczo4p200”m103 EE 4
nCaC204p200#m - MWcac,0, ( . )
Ncac,0,, is 1.07e-11 mol. The heat of CaC>04 decomposition at 298 K is 1360600 J mol™!. The
200um

heat of CaC,04 decomposition at 2300 K or at any other Tono,m is calculated in Equation E.5.

_ szooum
AHF,TPZOOWMM = BHr 298K cac,0, T daos k. CPcac,0,(T) 4T (EE.5)
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AHg 1 is in Jmol™. C,, (T) is estimated constant in Equation E.6.
’ pzooumCaCZO4 CaCy0,
CpCaC204 (T) =152.4 (EE.6)
AHg ¢ is 1665704.8 J mol!. Temperature reduction, ATy, . is calculated in Equation
’ 7’200;¢m(:a(:204 pzooump
E.7.

HFpT Ncac,0
! pZOO[J_mCaC 0 2 4p200um
= 24 (EE.7)

mPZOO#mCszooum

szooump

ATy, is 6.82 K.

200pm

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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+ 0 mol Nail Scolid-2
(1000 €, 1 atm, S1, ==0.93434)
+ 0 mol Na20Z_Sclid-Z
{1000 €, 1 atm, §2, ==0.82187)
+ 0 mol Na220 liguid
(1000 €, 1 atm, L1, a=0.&85518)
* & mol NaZ0Z_solid x
{1000 €, 1 atm, S1, ==0.53865)
+ .0 mol Na0Z_solid
(1000 C, 1 atm, 51, a=6.4373E-0Z)
+0 mol  Na_liquid
(1000 C, 1 =tm, L1, ==3.37762-06) A
‘ Ui} 4

Figure F.4 FactSage Equilib Module “Results” Window
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- 0 I selected 15 " data ™ activity
T 5 " distribution
v solid 7 All/Clear " i
r i properhies Post-Calculate
I activity oK |
I

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.

00; % unit in deg C
; % unit in atm
= unit in mol

oe

;% unit in mol
1; % unit in mol

% CREATE MACRO

row 1='VARIABLE %%Element %%Biomass';
row 2='VARIABLE %%Templ %%Presl';
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row73='VARIABLE $%C1
row 4='VARIABLE $%01
row 5='VARIABLE %%Sil';
row 6='%%Biomass Biomass';
row 7='%%Element ALL';

L
’
L
’

row 8=['%%Templ ', num2str(T)];
row 9=['%%Presl ',num2str(p)];
row 10=['%%Cl ',num2str(n C)];
row 11=['%%01 ',numZ2str(n _0)];
row 12=['%%Sil ',num2str(n_Si)];

row 13='OPEN EquiGeneral.DAT';
row_l4='SET REACTANT DEL K';
row_l5='SET REACTANT ADD C SOLID #1';
row716='SET REACTANT C MASS %%C1l';
row_l7='SET REACTANT ADD O SOLID #1';
row718='SET REACTANT O MASS %%01';
row_l9='SET REACTANT ADD Si SOLID #1';
row72O='SET REACTANT Si MASS %$%Sil';
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 %%Templ';
row_26='SET FINAL P $%Presl';

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 ('Combustd.mac', 'wt');

factsage caller=fprintf (fid, [row_1 '\n' row 2
row 6 '\n' row 7 '\n' row 8 '\n' row 9 '\n' row 10 '\n' row 11 '\n' row_ 12 '\n'

l\nl

row 3

l\nl

row 4

v\nv

row 5

'\1’1'

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

% RUN FACTSAGE
system('Run_Equilib Combust4.bat');

% EXTRACT RESULT
xdoc=xmlread ('Biomass ALL.xml');
page=xdoc.getElementsByTagName ('page') ;

l\nv

child=page.item(0) .getElementsByTagName ('result"');

Si based gas molar mass=zeros(l,8);
for i=1:1:numel (Si based gas molar mass)

row 31]);

Si based gas molar mass(l,1i)=str2double (char (child.item( (i-

1)+12) .getAttribute('n')));

end

Si based liquid molar mass=zeros (1l,2);

for i=l:1:numel(Si based liquid molar mass)

Si based liquid molar mass(1l,i)=str2double(char(child.item( (i-

1)+20) .getAttribute('n')));

end

Si based solid molar mass=zeros(l,11);

for i=1:1:numel (Si based solid molar mass)

Si based solid molar mass (l,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.

(&) Model Development Suite 0.6.4 (wmB15) [=lE] ® ]

[

Import License

W . CMCLInnovations @cmclinnovations - Jul 19
Digital Engineering workflow comprising CMCL’s SRM Engine Suite and MoDS
applied to model engine-out PM and PN; a k... twitter.com/i/web/status/1...
W CMCLInnovations @cmclinnovations - May 30

Results from CMCL’s SRM Engine Suite and MoDS software applications for
#particles ¥emissions (PN} luation, to b... twitter.com/i/web/status/1...,

New Project Open Project

S CMCLInnovations @cmclinnovations - May 2

Read the |atest edition of the CMCL Innovations newsletter here - Inkd.

infgaUnJ_4
B . CMCLInnovations @ cmclinnovations - Feb 22

Recent P roj ects New preprint from CARES (Singapore) using CMCL Innovations' SRM Engine
Suite and MoDS as part of their illustration. .. twitter.com/i/web/status/1....
Chemical_Equilibrium

CMCL Innovations = cmclinnovations - Feb 18
Chemical_Equilibrium_CHO_Si 4 EE
e o Qur CEO, Dr Amit Bhave has been invited to deliver a presentation on
Chemical_Equilibriun =Synthesis of desired nanoparticles and reduct. .. twitter.
Chemical_Equilib com/i/web/status/1...

Chemical_Equilibrium_CHO_Si _E CMCL Innevations @ cmclinnovation

Interested in learning more about Digital Engineering workflows for emission
reduction? Meet us at our booth at the... twitter.com/i/web/status/1...

. CMCLInnovations = cmclinnovations  Jan &
Measuring and Simulating particles down to 10 nm in GDI Sl engine. Our SAE
Technical Paper SAE 2019-26-0062 to be p... twitter.com/i/web/status/1...

Figure G.1 MoDS Opening Window
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| Project name

l Project location

Project folder to be created

Project description

Figure G.2 MoDS “Create new project” Window

[ Model Development Suite 0.6.4 (wm615) - Chem_Equi @_@@;

@ ¥ Chem_Equi

Madels and Simulations + Add model

Figure G.3 MoDS Blank Working Window

ECETI

Model Name | Model_1| |
i
B i B <> PN
X n
Formula Model Excel Model Executable Model kinetics Model SRM Engine Model

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 17”. 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”.

i o
£ Model Development Suite 064 (wm615) - Chem_Equi. _ I 8w ‘ =T

@ ¥ Chem_Equi e . 0 o G

Settings About Help

Models and Simulations + Add model

11 = 4 "
! Import files and save model

X Removesclectedfiles v Selectall files (3 Setfileastheexccutable W Sctimport directory

Importdirectory  C:/path/to/directory

Figure G.5 Blank “Files” Tab of Model 1 MoDS Working Window
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T vy
G _-

N . e 0 (¢ T=F
¥ Chem_Equi G

Settings About Help

Models and Simulations Add modsl e . .
* D o Model_1 B importfiles and save model

ccutable [ Setimport directory

Combust4.mac
© Run_Equilib_Combusté.bat

Import directory  C:\Users\wmé15!Documents| MoDS\Project\Chem_EquilFiles

Exscutsblepath | Run_Equilib_Combustabat (] s executable a Windows batch file? |8 SESESih TS

g | \

I

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.

> cmd.exe /c
C:\Users\wm615\Documen ts\MoDS\Project\Chem_Equi\Models\Medel 1\DryRuns‘Run_Equilib (

Je .. \..\..\Run_Equilib Combust4.bat"

C:\Users\wmB15\Documents\MoDS\ProjectiChem_EquiiModels\Model 1\DryRuns=echo off
1 file(s) copied.
1 file(s) copied.

Finished running dry run successfully!

llEIEHHHEEHEIHHHEIIEIEEHiiEIiEIiIiEIEHiIIEHEliliEIEHiHEEHIiIIEIEIEil

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.

.
[ Model Development Suite 0.6.4 (wm615) - Chem_Equi

' el YR
@ ¥ Chem_Equi B &« : 0

Settings

About

Models and Simulations + Add model

- Model_1

Input Variables

| | Variablename ~ Sample value File path

e

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.

(@ choose a e from list. 1 =)

Read file as:

Biomass_ALL.X¥ML |
Combust4.mac @ csv
@ Run_Equilib_Combus. O XML

Options

Currently, the CSV file MUST have exactly 1 header row.

Delimiter character I:l

Cancel

Figure G.9 Selection of “Combustd.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”.

-
() variable input file location

File imported  C\Users\wm615\Documents\MoDS\Project\Chem_Equi\Medels| Model_1'ModelFiles\Combust4.mac

|
Specify locations in input file corresponding to new variables

Set how variables are named:
® Use automatic naming |

Simple Row Querier

-- takis

() Use corresponding column names (selection of single row only)

%Element
//initial combustion temperature in deg C

§Templ

//initial combustion pressure in atm

%Presl

//Main Elements entered as mole fraction basis of biomass//
%C1

Value

+ X

Q Col Query
2

Valid query.

(] Display non-selected rows Display non-selected columns

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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OutputVariables

Variable name

(&

Settings
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About
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Combustd.
Combusta.
Combust4.
Combustd.
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Combust4.
Combust4.
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Combustd.
Combustd.
Combustd.
Combustd.
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mac
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mac
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mac

mac
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About

File path

w index:
index:
index:
index:
index:
index:
w index:
index:
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index:
index:
index:
index:
index:
W 1ndex:

index:

) Add

Details

Col
Col
Col
Col
Col
Col
Col
Col
Col
Col
Col

name:

name:

name:

name:

name:

name:

name:

name:

name:

name:

name:
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name:

name:

name:

name:

Figure G.12 Blank “Output Variables” Tab of Model 1 MoDS Working Window
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Biomass ALL.XML Read file as: I
Combustd.mac O csv
® Run_Equilib_Combus ® XML

Options

Cancel (0]

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.

File imported  C\Users\wmé15\DocumentsiMaDS\Project,Chem_EquitModels\Model_1\ModelFiles\Biomass_ALLXML

AML file previewer Q, ¥Path query (advanced)

ﬁ' result
Iﬁ' result I
ﬁ result

[ cppar =3.972701E+001
[ Gpar =-1.304686E+005
Gparxs=0

[ Hpar =-2.812386E+004
[7] Hparxs =-1.556920E+005
[7] spar = 2.038708E +001
Sparxs =-1.222888E+002
[ w=2.762103E-002

X = 1.024752E-001
El & = 1.024752E-001 User-chosen xpaths to be submitted

E £ = 1.280046E+001 ffile/page[1]/result[75]/@n
lid=T2
Iﬁ' result
Iﬁ' result
Iﬁ' result

selected nodes to list  Clear selection

ancel OK

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. “Casel” is assigned

as the calculated case in the “Select Cases” tab, as shown in Figure G.16.

Model Development Suite 0.6.4 (wm615) - Chem_Equi

o —m
@ ¥ Chem_Equi e IH 0 o G ~TFRETEHETE —

Settings About Help

| Modets and Simulations + Add model oo . ’
it il E Model_1 | ®® Simulation_1 Bl savesimutation
L1 ] =s i

Experimental Data Select Cases Select Variables Configure Parameters

Add cases and case groups.

CaseGroupl
inputvalues ¥ Add/delete cases Selectcases [ Choosevariables ll Observed experil

Case names Varl

8.55679

Figure G.15 “Experimental Data” Tab of Simulation 1 MoDS Working Window

[ Model Development Suin:u (wmb15) - Chem_Equi i lgllﬂ‘ﬁ‘
. | i

| @ Do (3 ]

I : ? cMoL (€5

| v Chem_Equi B s : About E—

Il Models and Simulations + Add model

ogo® . .
E Model_1 | :..: Simulation_1 B savesimulation

Experimental Data Select Cases Select Variables Configure Parameters

B Model 1

Select cases to use in the calibration.

0] CaseGroupl
M case1

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.

'ﬂ Moddl Deveiopment sieoen e el i i '
@ ¥ Chem_Equi

| Models and Simulations + Add model 1
E Model_1 |

B Model 1

Settings

About

o® ’
@® Simulation_1 W savesimulation
[ ]

Experimental Data Select Cases Select Variables Cenfigure Parameters

Choose the model parameters and response variables.

B Model Inputs B Model Outputs
BV No group set BV No group set
Mvar1 Mvart
[Mvar2
[varz
[vara
[ vars
[ vars
Mvart
Mvara
Mvars
Mvar1o
Mvarny
Mvariz
Mvariz
Mvar1a
Mvar1s
Mvaris
Mvar17
Vvarie
Mvarie

Myaron

o

Figure G.17 “Select Variables” Tab of Simulation 1 MoDS Working Window
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| =
pr— |
—

: CMCL &5
¥ Chem_Equi . “Trrevator —

() Model Development Suite 0.64 (wm615) - Chem Equi

[| Modelsand Simulations + Add model u
H Save simulation
B Model
Experimental Data Select Cases Select Variables Configure Parameters
Click on the table to change the initial values, ranges or scaling for each model parameter.
Variable name Initial value Minimum value Maximum value Scaling
Varl 1600.0 999.0 1001.0 linear
Varz 1.0 8.0 2.0 linear
Var3 1.0 8.0 2.0 linear
Vard 1.0 0.0 2.0 linear
Vars 1.0 9.0 2.9 linear
Varg 1.8 8.0 2.0 linear
var? 1.8 8.0 2.9 linear
Varg 1.0 0.0 2.0 linear
Varg 1.8 0.0 2.0 linear
Varle 1.0 9.0 2.0 linear
varll 1.8 0.0 2.0 linear
variz 1.8 8.0 2.0 linear
Varl3 1.0 9.0 2.9 linear
varla 1.8 0.0 2.0 linear
Varls 1.8 0.0 2.0 linear
< Back

Figure G.18 “Configure Parameters” Tab of Simulation 1 MoDS Working Window

¥ Chem_Equi

|| Models and Simulations # Add model

Configure Responses Setup Algorithms

Click on the table to specify the errors and scaling to associate with each response.
Variable name  Errol mum Error [Variable units]
linear

Figure G.19 “Configure Responses” Tab of Simulation 1 MoDS Working Window

282



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.

[ Model Development Suite 0.6.4 (wmb15) - Chem Equi =S

A —-
@ c 0 o |
¥ Chem_Equi . TrGaToTS M

Settings About ET

Models and Simulations + Add model oe® - N
E Model_1 | ® ®® Simulation_1 B Savesimulation
— e R e B
Configure Responses Setup Algorithms MPI Settings Run Simulation hoose Next Task

Click + to add a new algorithm.

Sobol_Alg_1

Algorithm type

model_name

Specify which model o run - either t
created in a previous algorithm

objective_function

Objective function used to compare

n_points

Number of Sobol points to be genera

-
[ Next~

Next >

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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(] Model Development Suite 0.6.4 (wm615) - Chem_Equi
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@ ¥ Chem_Equi o o E\?

Settings About Help

|| Models and Simulations + Add model

Simulation_1 I savesimutation

Configure Responses Setup Algorithms MPI Settings Run Simulstion Choose Ne

Configure settings for MPI.

;5-3 MPI run configurations

Click the "Num processes” column of the table to change the MPI configuration on your local ma...

e [OR Configuration name | <Current Confisuration=

<Current Configuration=

Local machine

B  Numprocesses  Connection status

B 1 ¥ Connected

nfigurations

Figure G.21 “MPI Settings” Tab of Simulation 1 MoDS Working Window

- S
[ Model Development Suite 0.6.4 (wm615) - Chem_Equi
e il ,

@ f b
¥ Chem_Equi B

|| Models and Simulations # Add model

sg® 5 .
E Model_1 | :.': Simulation_1 I save simulation

Configure Responses Setup Algorithms MPI Settings Run Simulation Choase Next Task

Click to run the Simulation.

.-E-; Model_1 | ?Q Simulation_1

Click to run simulation!

Run Simulation: Click play o run the simulation.

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 17 in Setup
Algorithms tab, as shown in Figure G.23.

-
(] Model Development Suite 0.6.4 (wmB15) - Chem_Equi-
Kk i - :

@ ¥ Chem_Equi o [H o o G

Settings About Help

Models and Simulations + Add model ee® " .
E Model_1 | ® ®® Simulation_2 B savesimutation
= %o
Simulation_1
Configure Responses Setup Algorithms MPI Settings Run Simulation Choose Next Tash

Click + to add a new algorithm.

Read_previous_Alg 1

Algorithm type

model_name

I Specify which madel to run - either
created in a previous algarithm

objective_function

Objective function used to compare 1

n_first_run

The index of the first point to be read

Figure G.23 “Read previous Alg 1" in “Setup Algorithms” Tab of Simulation 2 MoDS Working
Window

“HDMR_Alg 17 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

Click + to add a new algorithm.

P e e

Configure Responses Setup Algorithms MPI Settings

E Save simulation

Run Simulation

HDMR_Alg_1

Algorithm type

order

Maximum polynemial order of the med

HDMRorder
Maximum degree of inter-parameter in
r_squared_tol

Controls the termination conditions duy|

9.9999%

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 **resultl)

{
LI nphases, resultCounter, noerr;
DB amount, chempot, fugoract;
char name[TQSTRLENT;
char pname[TQSTRLEN];

resultCounter = 0;

/* Get the number of phases */
tqnop(&nphases, &noerr);

/* Get the number of expected result*/
for (LIi=1;i<=nphases; i++) {

LI npconTemp;

tqnopc(i, &npconTemp, &noerr);

for (LI =1;j <= npconTemp; j++) {

resultCounter++;

}
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*result] = mxCreateDoubleMatrix((mwSize)resultCounter, 1, mxREAL);
mxDouble *result]Ptr = mxGetDoubles(*resultl);

/* Assign result to plhs */
for (LIi=1;i<=nphases; i++) {

LI npconTemp;
tqnopc(i, &npconTemp, &noerr);
for (L1j=1;j <= npconTemp; j++) {

tqgetr("a", 1, j, &amount, &noerr);
/ltqgetr("MU", i, j, &chempot, &noerr);
/ltqgetr("AC", 1, j, &fugoract, &noerr);

*result] Ptr = amount;
result] Ptr++;

}

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 CI, 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)

{

// 1dentify variable
LI noerr;

LIi GAS;

LIi GAS PC C;
LIi GAS PC H;
LIi GAS PC O;
LIi_GAS PC N;
LIi GAS PC Na;
LIi_GAS PC_Mg;
LIi_GAS PC_Al
LIi GAS PC Si;
LIi GAS PC P;
LIi GAS PC S;
LIi GAS PC CI;
LIi_GAS PC K;
LIi_GAS PC Ca;
LIi_GAS PC_Ti;
LIi_GAS PC V;
LIi GAS PC Cr;
LIi GAS PC Mn;
LIi GAS PC Fe;
LIi GAS PC Co;
LIi_GAS PC_Ni;
LIi GAS PC Cu;
LIi GAS PC Zn;
LIi GAS PC As;
LIi GAS PC Se;
LIi_ GAS_PC_Mo;
LIi_GAS_PC_Cd;
LIi_GAS_PC_Sb;
LIi GAS PC Ba;
LIi GAS PC Hg;
LIi GAS PC Pb;
LIi 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
tqrest(&noerr);

// Close data file
tqclos(10, &noerr);

/I Set temperature and pressure unit
tqesu("T ", "C ", &noerr);
tqesu("P ", "atm ", &noerr);

TP[0] = 100.0; // Input stream temperature unit in degree Celcius
TP[1] = 1.0; // Input stream pressure unit in atmosphere

tgsttp("Stream 1", TP, &noerr); // Stream profile

tgsttp("Stream 2", TP, &noerr); // Stream profile

tgsttp("Stream 3", TP, &noerr); // Stream profile

tgsttp("Stream 4", TP, &noerr); // Stream profile

tgsttp("'Stream 5", TP, &noerr); // Stream profile

tgsttp("Stream 6", TP, &noerr); // Stream profile

tgsttp("Stream 7", TP, &noerr); // Stream profile

tgsttp("'Stream 8", TP, &noerr); // Stream profile

tgsttp("Stream 9", TP, &noerr); // Stream profile

tgsttp("Stream 10", TP, &noerr); // Stream profile
tgsttp("Stream 11", TP, &noerr); // Stream profile
tgsttp("Stream 12", TP, &noerr); // Stream profile
tgsttp("Stream 13", TP, &noerr); // Stream profile
tgsttp("Stream 14", TP, &noerr); // Stream profile
tgsttp("Stream 15", TP, &noerr); // Stream profile
tgsttp("Stream 16", TP, &noerr); // Stream profile
tgsttp("Stream 17", TP, &noerr); // Stream profile
tgsttp("Stream 18", TP, &noerr); // Stream profile
tgsttp("Stream 19", TP, &noerr); // Stream profile
tgsttp("Stream 20", TP, &noerr); // Stream profile
tgsttp("Stream 21", TP, &noerr); // Stream profile
tgsttp("Stream 22", TP, &noerr); // Stream profile
tgsttp("Stream 23", TP, &noerr); // Stream profile
tgsttp("Stream 24", TP, &noerr); // Stream profile
tgsttp("Stream 25", TP, &noerr); // Stream profile
tgsttp("Stream 26", TP, &noerr); // Stream profile
tgsttp("Stream 27", TP, &noerr); // Stream profile
tgsttp("Stream 28", TP, &noerr); // Stream profile
tgsttp("Stream 29", TP, &noerr); // Stream profile
tgsttp("Stream 30", TP, &noerr); // Stream profile
tgsttp("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

tgstca("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

tgstca("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

tgstca("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
tgstca("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

tgstca("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

tgstca("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

tgstca("Stream 7 ", i_GAS, i GAS_PC_Al, Al, &noerr); // Amount of phase constituent of phase of Stream 7

/I Define the content of Stream 8

tqinp("gas ", &i_GAS, &noerr); // Phase of Stream 8

tqinpe("Si ", i_GAS, &i_GAS PC_Si, &noerr); // Phase constituent of phase of Stream 8

tgstca("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

tgstca("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

tqinpe("S ", i_GAS, &i_GAS_PC S, &noerr); // Phase constituent of phase of Stream 10

tgstca("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

tgstca("Stream 11 ",1_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

tgstca("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

tginpe("Ca ", i_GAS, &i_GAS PC Ca, &noerr); // Phase constituent of phase of Stream 13

tgstca("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

tqinpe("Ti",1_GAS, &i_GAS PC_Ti, &noerr); // Phase constituent of phase of Stream 14

tgstca("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

tqinpe("V ", i GAS, &i_GAS PC V, &noerr); / Phase constituent of phase of Stream 15

tgstca("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

tgstca("Stream 16 ", i_GAS, i_GAS_PC_Cer, 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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tgstca("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

tgstca("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 ",1i_GAS, &i_GAS PC_Co, &noerr); // Phase constituent of phase of Stream 19

tgstca("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

tgstca("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

tqinpe("Cu ", i_GAS, &i_GAS PC_Cu, &noerr); // Phase constituent of phase of Stream 21

tgstca("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

tqinpe("Zn ", i_GAS, &i_GAS_PC Zn, &noerr); // Phase constituent of phase of Stream 22

tgstca("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 ", 1i_GAS, &i_GAS PC _As, &noerr); // Phase constituent of phase of Stream 23

tgstca("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

tqinpe("Se ", i_GAS, &i_GAS PC_Se, &noerr); / Phase constituent of phase of Stream 24

tgstca("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

tqinpe("Mo ", i GAS, &i_GAS PC Mo, &noerr); // Phase constituent of phase of Stream 25

tgstca("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

tqinpe("Cd ", i_GAS, &i_GAS PC_Cd, &noerr); // Phase constituent of phase of Stream 26

tgstca("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

tqinpe("Sb ", i_GAS, &i_GAS PC_Sb, &noerr); // Phase constituent of phase of Stream 27

tgstca("Stream 27 ", i_GAS, i_GAS PC_Sb, Sb, &noerr); / Amount of phase constituent of phase of Stream 27

/I 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

tgstca("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

tgstca("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

tgstca("Stream 30 ", i_GAS, i GAS PC Pb, Pb, &noerr); / Amount of phase constituent of phase of Stream 30

290



// 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

tgstca("Stream 31 ", i_GAS, i_GAS_PC_Ar, Ar, &noerr); // Amount of phase constituent of phase of Stream 31

/I Define output stream temperature and target pressure
tgstec("P ", 0, Pres, &noerr); // Output stream pressure unit in atmosphere
tgstec("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) {
mexErrMsgldAndTxt("MATLAB:mexcpp:nargin",
"MEXCPP requires 2 input arguments.");

}

if (nlhs !=1) {
mexErrMsgldAnd Txt("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)) {
mexErrMsgldAndTxt("MATLAB:mexcpp:nargin",
"MEXCPP arguments require one dimentional array.");

}

if (I(ncols_1 ==2)) {
mexErrMsgldAndTxt("MATLAB:mexcpp:nargin",
"MEXCPP first input argument require 2 cols array.");

}

if (!(ncols_2 ==131)) {
mexErrMsgldAndTxt("MATLAB:mexcpp:nargin",
"MEXCPP second input argument require 31 cols array.");

}

// validate input data type
if (ImxIsDouble(prhs[0]) || ImxIsDouble(prhs[1])) {
mexErrMsgldAndTxt("MATLAB:mexcpp:nargin",
"MEXCPP first input argument should be in double.");

}

mxDouble *paraml, *param2;
paraml = 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 = param?2[4];
mxDouble Mg = param2[5];
mxDouble Al = param2[6];
mxDouble Si = param2[7];
mxDouble P = param2[8];
mxDouble S = param2[9];
mxDouble Cl = param?2[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 = param?2[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]

s

s

s

// 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 1.1 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, f,,,, of 0.011 kg s”'. 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.

_ 1000
ww = i UAWWfWW MW;

F; ;i=1forC,2forH,3 for O (ELLD)
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Fi,,, is the molar flow rate of element i in mol st is the mass fraction of element i in white

Xiga,
wood, according to the ultimate analysis result. MW; is the molecular weight of element i in g mol™.
The values of F¢, » Fy,,,,,» and F are 0.446, 0.701, and 0.26 mol s™. F;  is used to calculate the
molar number a, b, and ¢ of the chemical form of white wood, which is C,H,O.. The calculation of a,

b, and ¢ are shown in Equation 1.2, 1.3, and 1.4.

_ Feyw
a= Fou (EL.2)
_ FHyw
b = fhe (EL3)
c=1 (EL4)

According to Equation 1.1, 1.2, and 1.3, the chemical form of white wood is C;.714H2.6010. The molecular

weight of white wood, MW,,,,, is calculated in Equation L.5.
MW,,,, = aMW, + bMWy + cMW,, (EL5)

MW,,,, is 39.255 g mol™! according to Equation 1.4. The molar flow rate of white wood is calculated in

Equation L.6.

1000
B = (¥cyay + 1y T X0unm,) fow s (EL6)

According to Equation 1.5, F,,, is 0.26 mol s”'. Air enters the burner at molar flow rate, Fy;,., of 2.791
mol s The molar flow rate of Oy and Na,) entering the burner is 0.586 mol s and 2.205 mol s with
the Oxg)-Nog ratio of 0.21:0.79 in air. The combustion of white wood with air is in accordance with

Reaction I.1.
X1(rr.1)C1.714H2.6910(s) + x2(R1,1)02(g) - x3(R1,1)C02(g) + x4-(R1.1)H20(g) (RLT)

The coefficients of Reaction I.1 are defined in Equation 1.7, 1.8, 1.9, and 1.10.

X1(pr1) = 1 (EL7)

=aq+2-¢ ELS
xz(RLl)—a+Z—E ( )
X3(pr1) = @ (EL9)

b
Xari) T3 (EL.10)
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According to Equation 1.8, 1.9, and 1.10, the values of x, (RI1)> X3 (R1.1)° and Xa(py.1) 1€ 1.886, 1.714,

and 1.346. At complete combustion conversion, the outlet molar mass rate of each compound,

Fj s> 1s calculated stoichiometrically in Table I.1.

Table 1.1 Stoichiometry of Reaction 1.1 in Air-combustion

C1.714H2.6910¢s) O2(g) CO2(g) H20(g)
X 1 1.886 1714 1314
Fiin 0.26 0.586 0 0
Reaction 0.26 0.491 0.446 0.35
Fiput 0 0.095 0.446 0.35

The total molar flow rate of the dry flue gas leaving the burner, Fyry, oy, 1 2.746 mol and calculated in

Equation L.11.

Faryout = Foyy  +Feoyy +Fy,, =0095+ 0446 +2.205 = 2.746 (EL11)

The volumetric flow rate of the dry flue gas is calculated in Equation 1.12.

_ Fdry,outRTout
Vdry,out = Pout (EL.12)

At 1 atm and ICP temperature of 6,000 K to which Ty, is equal, Vi oy¢ is 1.352 m’ 5. The mass flow

rate of nickel entering the burner, fy;;,, is 7.739¢-9 kg s! and calculated in Equation 1.13.

Xiywfww
fuitn = 58 (EL13)
Xi, 18 the mass fraction of nickel in white wood at 0.7 mg kg!. According to the ICP measurement at

PACT facility, the flue gas leaving the burner in a dry condition contained nickel with concentration,

Nidry,out op° 0f 0.017 mg m™. The mass flow rate of nickel leaving the burner, fNioutlcp’ inkgs'is

calculated in Equation 1.14.

f . CNidry,gutICPVdry,out
Ntoutjcp 106

(EL14)

According to Equation I.14, the value of fy; ,, ticp is 2.299¢-8 kg s!. The mass balance of nickel would

be correct if Equation I.15 was satisfied.

INiout cp < Miin (EL15)
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However, this calculation exhibits that Equation I.15 is not satisfied and the [CP measurement of nickel

should be revised.

Appendix 1.2 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, f;,,, of 0.011 kg s™'. Based on the ultimate analysis
result of white wood in Table 3.1, the molar flow rates of C, Fe oy Hs Frps and O, Fo,,,, are obtained
via Equation I.1. The values of Fe s Frpws and F, ww are 0.446,0.701, and 0.26 mol s Feoows FHwws
and Fp,, , is used to calculate the molar number a, b, and ¢ of the chemical form of white wood, which
is CaHpOc. The calculation of a, b, and ¢ are shown in Equation 1.2, 1.3, and [.4. According to Equation
1.1, 1.2, and 1.3, the chemical form of white wood is Ci 714H2.6010. The molecular weight of white wood,
MW,,,,, is calculated in Equation 1.5. MW,,,, is 39.255 g mol™! according to Equation 1.4. The molar
flow rate of white wood is calculated in Equation I.6. According to Equation 1.5, F,,,, is 0.26 mol s”'. A
mixture of Oa) and COx enters the burner at molar flow rate, Fy;,-, of 1.913 mol s'. The molar flow
rate of O and COx) entering the burner is 0.517 mol s™ and 1.397 mol s with the Ox)-COx ratio
0f 0.27:0.73.

The combustion of white wood with the Ox) is in accordance with Reaction I.1. The coefficients of
Reaction 1.1 are defined in Equation 1.7, 1.8, 1.9, and 1.10. According to Equation 1.8, 1.9, and 1.10, the

values of X2(r11)> *3(rI1) and Xa(prqy are 1.886, 1.714, and 1.346. At complete combustion

conversion, the outlet molar mass rate of each compound,

Fj ;> 1s calculated stoichiometrically in Table 1.2.

Table 1.2 Stoichiometry of Reaction 1.1 in Oxy27-combustion

C1.714H2.6910¢s) O2(g) — CO2(g) H20(g)
Xigr 1 1.886 1714 1314
F;. 0.26 0.517 1.397 0
lin
Reaction 0.26 0.491 0.446 0.35
Fi . 0 0.025 1.843 0.35

The total molar flow rate of the dry flue gas leaving the burner, Fjy oy, is 1.868 mol and calculated

via Equation [.16.
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Faryout = Foy ) +Feo,,  =0025+1843 = 1868 (EL16)

The dry molar fraction of Oy leaving the burner, X0, , 15 0.0136 as calculated via Equation
dry,out

I.17.

FOZ
@ 0.025

X = —Four — 2222 _ 90136 (EL17)
2@ dry,out Fary,out 1.868

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 Aeat 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.*®® 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 Aeat 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,) are formed shortly before peak temperature is reached, due to reaction of the evaporated
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moisture with Na released from the particles. Takata ef a suggest that high temperature favours

NaOHj,) production from the reaction of Na) and H,Oyy), as expressed in Reaction J.1.

Na(g) + HZO(g) - NaOH(g) + OSHZ(g) (RJ])
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During the heat removal stage, the occurrence of sodium is shifted from NaOH) to Na). Nag is
gradually diminished by the end of the Aeat removal stage. NaOHyg is reformed during the Aeat 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 keat loss stage due to the reaction of gaseous
sodium with silicon and aluminium to form sodium aluminium silicate (NaAlSi3Oss2)). This result is
shown in Figure J.5. However, white wood combusted in air does not produce NaAlSi3Oss2). 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 NaAlSizOgs2). NaAlSizOss2)
is possibly formed via Reaction J.2, in which sodium and aluminium undergo a series of reactions with

SiOz(g).37O

NaAlSi206(s) + SlOZ(S) 4 NaAlSi308(52) (RJZ)

An observation of power-plant fly ash produced during solid-fuel combustion with significant
concentrations of sodium revealed that NaAlSi3Oss2) was one of the major constituents.*”! This finding

is in agreement with the predicted sodium behaviour during air-combustion of recycled wood.

In all cases, a small proportion of NaCl exists during the Aeat loss stage as a residual compound.
Based on slag characterisation research, Ohman et al.’’? suggest that sodium may form NaCl, as a
result of reaction with chlorine once sodium is released from the particle. NaCl) subsequently reacts

with silicon and Ox) to form silicate-associated aerosols.
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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, Tp: Bulk Temperature,
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Figure J.3 Modelled Sodium Bulk Occurrences in Air-combustion of White Wood

T T T T T T 2500
1
2000
§osf 3
T 0
=]
s 1500 &
Lo6f 2
= :
8 2
& 1000 &
£ 04} O
g X
o @
02! | 500
NaClg,)
0 . - _ . 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Distance from Boiler Top (m)

Figure J.4 Modelled Sodium Bulk Occurrences in Oxy27-combustion of White Wood

298



T T T T T T 2500

1
I~F =
r g 70T il Tb
o e 1 2000
508} <
] o
S ( £
B 1 1500
® 06} \ g
. :
@ | -
e o | w
& ; L 1000 &
Eo04f [0
5 Vs o
8 / . x
(@] ¥, m
02f | 1 500
g 3
0 a T - . 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Distance from Boiler Top (m)

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 Oy().

The modelled occurrence of bulk magnesium in both air-combustion and oxy27-combustion of white
wood is mainly as Mg(OH)(), as shown in Figure J.8 and Figure J.9. Magnesium is released primarily
as Mg(OH)x (), while a small portion of MgOHg) is produced, probably due to magnesium exposure to
steam.’”® At lower temperatures during the heat loss stage, Mg(OH),) might be decomposed into

MgO) and H,O), as expressed in Reaction J.3.37
Mg(OH)Z(g) - MgO(S) +H20(g) (RJ3)

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)x) formation is suppressed by
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formation of Ca-Mg silicates, e.g. Ca,MgSi,0, and CaMgSi1,0,. Ca,MgSi,0, is converted to

CaMgSi1,0, ., at lower temperatures. CaMgSi,0, , is quite stable and is usually formed in a Ca-Mg-rich

6(s) 6(s)
environment.*”® In addition, an experimental observation has discovered various magnesium silicate
compounds, e.g. CasMg(SiO4)xs), formed in aerosols that were captured in a power-plant turbine unit.*’¢
Moreover, magnesium also forms other complex silicate aerosol variants without and with other
elements, e.g. Al and Ti’’’?" 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 CazMgAl14O1¢¢), CazMgSi»Oss), and a very small portion of MgQOys), as shown in Figure
J.11. In contrast, MgO was reported in a previous work to be a major compound found in bottom
ash.’” The absence of MgOs) 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 MgQO).

However, MgO) and CasMgAl4Oigi) 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 MgQO is probably due to the
presence of a significant quantity of retained calcium and silica, which react with magnesium in the
particles. CasMgSi»Og) formation is consistent in both air-combustion of white wood and air-
combustion of recycled wood, and has been proven in previous work.?®” Calcium affects the propensity
for sodium and potassium release. A higher Ca:C ratio demonstrates an impact on the reduced partition
of NaAlSi3Os) and KalSi>Og(s) and, as expected, an increased partition of CasMgAl;O1o).°* However,
combustion of recycled wood, which contains more calcium than white wood, does not generate
CasMgAl4Oio) partition in bottom ash. According to chemical equilibrium theory, calcium and
aluminium in recycled wood has a stronger partition towards Ca;Al>SiO7) than CazsMgAl4Oio). 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.>®!
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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 O in 0xy27-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 O and H2O(g).
Farber and Srivastava®®? discovered that only gaseous aluminium compounds are produced from
aluminium reaction with fluorine in a Hjg/Oz) environment. In Figures J.15 and J.16, OAIOHy, is

1383 observed aluminium occurrence in a

predicted to form initially and later to diminish. Farber et a
flame using mass spectrometry and discovered that OAIOH, was produced as one of the major

aluminium compounds. OAIOHjy, is possibly formed according to Reaction J.4.
AlO(g) + HZ O(g) - OAIOH(g) + H(g) (RJ4)

The disappearance of OAIOH,y) simultaneously with formation of Ca;Al>;SiO7) might corroborate the
theory that calcium dictates the fates of aluminium, magnesium, and silica. Ca2Al>SiO7) is replaced by
MgAlOq at around 0.3 m to 0.4 m from the top of the boiler. Within this height range, MgOy) is
formed, as shown in Figure J.8. MgAl,O4) exists along with MgOg) and forms a stable solid solution
at temperatures above 1773 K.*% CaAl,O4« formation at more than 0.4 m below the boiler top is due
to MgAl>Osi) decomposition at lower temperatures. Other research has observed that CaAl;Ou)

formation and nucleation take place at around 1573 K.3%

In the modelled occurrence profiles of bulk aluminium in air-combustion of recycled wood, shown in
Figure J.17, CaAlSi;Os(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 Ca,Al,SiO7) aerosols as in Reaction J.5.3%¢

CazAlL,SiOy ) + 3Si0;y + Al 03y = 2CaAl,SiyOg (RJ.5)
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Further, during the heat loss stage, KalSi»Os(s) is formed along with NaAlSi3Ogs2) whilst CaAl>Si>Ogs)
disappears. KalSi,Os(s) 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 CasMgAl4O10.) as the major
aluminium compound. In oxy27-combustion of white wood, shown in Figure J.19, CaAl,O4s and
Ca,Al,>Si07 are the primary products with relatively equal proportions. The high concentration of Oz
may lead CazsMgAl4O10.) to decompose to CaAl>Oss) further reacting with silicon to form Cay AL SiO7s).
In air-combustion of recycled wood, Ca,Al>SiO7 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 Ca,Al>SiO7) formation might be enhanced when a considerable

quantity of aluminium remains in the particles.
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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 &eat 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 Oz) 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)x(,)
and lesser amounts of Fe(,) and FeOyg), which diminish gradually as shown in Figure J.22. Fe(OH)y() is

formed via Reaction J.6.3%7

Fe(g) + ZHZO(g) - F@(OH)Z(g) + Hz(g) (RJ6)

Fe(OH)2() might also be formed due to FeOyg) interaction with steam, although there is no clear evidence

that FeOy,) reacts directly with steam or is reduced first to Fe) 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,
Fe;04( is formed. A significant quantity of bulk iron at relatively low temperature during the heat loss
stage promotes conversion of Fe(OH)x) to Fe3Oaq). This reaction is known as the Schikorr reaction and

1s shown as Reaction J.7.

Fe(OH)y ;) — Fe304 + 2H,0(g) + Hy ) (R1.7)

The Schikorr reaction generally occurs in anaerobic conditions.*® Although Ox 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 SiO»(), FesO4q) is a liquid aerosol that is considered to trigger

ash deposition.

When the bulk temperature is as low as 1869 K, Fe3Oy is solidified into FesOsi) as expressed in

Reaction J.8.3%°

Fe304(l) - Fe304(s) (RJ.8)

In the bottom ash, FesOs) is the sole remaining iron compound, and is only present after air-combustion
of white wood. Fe3;Os) 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 Fe304) in bottom ash.**° The formation of
Fe;04 in particles starts with the formation of Fe) by reaction with moisture and gasifying H2Oyg).
During the heat loan stage, FeOOH ;) might be formed at low temperature. Fe3Oq) is rapidly formed
during the simultaneous pyrolysis and gasification stage due to high temperatures and an increased
pyrolysis rate. Since most Ox(g) has already been utilised for homogeneous and heterogeneous reactions,

not enough Ox) remains to promote the oxidation process to produce Fe;Oss).*"!
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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
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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
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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.*> In both figures,
arsenic is predicted to be released entirely as gaseous compounds once peak temperature is achieved,

regardless of bulk O») concentration or the original concentration of arsenic in the wood.

AsQy is the only formed arsenic compound in all modelled cases, as shown in Figures J.27, J.28, and
J.29. AsOy is considered stable at high temperature.’*® However, there has not been thorough
observation of AsQ(,) 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 s1.3%* At low

temperatures, the most stable form of arsenic is AssOg(g).>*

As40¢(s) forms Ca-As compounds during interaction with calcium solid aerosols, according to Reaction

J.9.

2Ca0() + 0.545,0 ;) + 0y = CazAs; 07,y (RJ.9)

Due to high temperatures in the fate and occurrence model, all arsenic is volatilised and remains

gaseous.>”
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Figure J.25 (Left) Modelled Arsenic Fate Profiles in Air-combustion and Oxy27-combustion of White
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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 Cdg).*”".
Cdg) is very stable even at low combustion temperatures. A study has been conducted to observe CdO)
decomposition within the temperature range 1000K to 1379 K. Within this temperature range, CdOy,

is decomposed according to Reaction J.10.%%

CdOs) — Cd(gy + 050, (RJ.10)

CdO() might be found in ash produced during combustion at operationally low temperatures, e.g. in

filter ash.’*®
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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, Tg: Bulk Temperature,
Air: Air-combustion, Oxy27: Oxy27-combustion, WW: White Wood, RW: Recycled Wood
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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
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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.* 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(,) and a small
proportion of Pb, are the major compounds formed in all cases. Friswell and Jenkins*! discovered
experimentally that Pb,) 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.
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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, Tp: 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
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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.** It has been reported to be
distributed in both bottom ash and fly ash, often in similar proportions.*® 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 Nig). Above 673 K, Ni(, reacts

with Ox) to form NiO(, as shown by Reaction J.11.4%

NiO( is very stable at low temperature.*®> Johnston and Marshall*® discovered that NiO, could be
decomposed into Nig, at temperatures above 1,566 K. Since temperature during the heat loss stage is
far higher than 1700 K, NiO,) decomposition into Ni, is favoured. During the Aeat loss stage, HoO()
has higher partial pressure than Ox). Nig) may have a greater tendency to react with H,O(g), as expressed

in Reaction J.12.407

Ni(gy + 2H;0(g) © Ni(OH)z 5 + Ha (R1.12)
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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, Tg: Bulk Temperature,
Air: Air-combustion, Oxy27: Oxy27-combustion, WW: White Wood, RW: Recycled Wood
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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
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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.**® 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 VOy). VOy(g is chemically stable at temperatures above 1640 K.*®° At lower

temperature, VO may react with Oy to form V,0s) according to Reaction J.13.

2V 0,5+ 0.50, ;) © V205, (RJ.13)

However, V05, may react with calcium compounds at temperatures below 1640 K to form stable

vanadates, e.g. (Ca0)3(V20s)a) and (Ca0)2(V20s)a). 410
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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, Tp: 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
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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.*'! 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(,), 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 Zng stability at high temperature has been conducted
by other researchers, who introduced ZnOy into a combustion environment at a temperature of 2,248

K. At high temperature, ZnOy, is decomposed into Zn,) and O») according to Reaction J.14.412
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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, Ts: Bulk Temperature, Air: Air-
combustion, Oxy27: Oxy27-combustion, WW: White Wood, RW: Recycled Wood
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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
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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.*'* Mercury is released as Hgy) in all cases, as
shown in Figures J.57, J.58, and J.59. Hg(y) is normally oxidised at temperatures below 500 K, according

to Reaction 6.35.

However, at temperatures above 500 K, backward reaction of Reaction J.15 dominates. In an extremely

hot environment, Hgy) is the major compound formed.*!*
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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, Ts: 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
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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 Ox() 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 NaOHy).
This is in agreement with the sodium behaviour reported earlier and shown in Figure J.3. However,
NaOHg is converted into NasP3O1¢.2) during the Aeat loss stage. NasP3Oio2) formation might be via
Reaction K. 1.

3H3P0,,, + SNaOHg) = NasP3014 s, + 5H,0g) (RK.1)

Phosphorus is likely to be released as H3POuy), which reacts with NaOH,). Suwarnakar et al.*!®
conducted research on NasP3Oios2) 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 NasP301¢(2), a small proportion
of Na;xMgaP1003s) was formed and this was later transformed into NazMgP301¢¢). NasMgP301¢) is
possibly produced from NasP3;Oiq) reaction with magnesium compounds.*'® On the other hand,
NasP301¢¢2) is the only bulk sodium occurrence in oxy27-combustion during the heat loss stage, as
shown in Figure K.3. The higher O, concentration in oxy27-combustion might increase selectivity
towards NasP3O10s2) 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.*!’
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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)x) 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,
Nai;xMgsP1903s(s) is formed as the major magnesium compound. The quantity of Na;2MgiP1003s() later
diminishes as NasMgP3Oios) emerges. Unfortunately, the transformation of Na;2MgsP19Oss(s) into
Na;MgP;O) has yet to be proven. However, Ust’yantsev et al*'® have confirmed magnesium’s
affinity to phosphorus by forming Na;MgP3O1s) at high temperature through dissolution of MgOys) into
NaPOsg).

Magnesium occur in the bottom ash in air-combustion solely as CaMgSi,O¢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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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, KalSi3Os»), CaAl>Si»Og2), and
Ca3AlSi301) are the primary aluminium compounds formed in the bottom ash in both air-combustion
and oxy27-combustion. KalSi3;Og2) and CaAlSi,Ogs) are formed via Reactions 8.4 and J.5,
respectively. At temperatures below 392 K, CaszAlSi;Oiss is chemically stable. However,
Ca3Al>Si3012¢) might react with SiOx) to form CaAl>Si»Ogs2) at temperatures above 392 K, according

to Reaction K.2.41°

241,05 - S0 5y + CazAlySiz01y ) + SiOy gy = 3CaAl,Siy 05 ) (RK.2)

KalSi30gs) 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.
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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;, — Tp (Air): Bulk Temperature
in Air-combustion; -—- Tp (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
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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 O in 0xy27-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)x (), which is formed via Reaction J.6. Fe(OH)x ) is transformed into FeO4P(jy during

the heat loss stage. Shiratsuchi et al.**°

studied iron and phosphorus affinity and found that Fe reacted
with P,Os to form FeOsP. Wilhelmy and Matijevic*! suggested the formation of FeO4P(, by the

mechanism shown in Reactions K.3, K.4, K.5, K.6, and K.7.

Fe3* gy + H,0(4) © FeOH** gy + H* () (RK.3)
FeOH?* () + H,0(5) © Fe(OH),™ 4y + H* ) (RK.4)
Fe** gy + H3POy ) © FeH2P042+( o TH @ (RK.5)
FeHyPO,** ) + H3POy ) © Fe(HP03)**  + H (4 (RK.6)
Fe(OH)2+(g) + Fe(HyP0,)** ) > FeO4Pqy + Hy0() + 2H (4 (RK.7)

Fe’*(y) in Reaction K.3 might be sourced from FeClsg), which could be instantaneously formed via

Reaction K.8.4?

Fegy + 3Clz(g) © 2FeCl3(g) (RK.8)

In the bottom ash, iron remains as CazFe;Si3012¢) and CaFeSi20g), as shown in Figure K.12 and K.13.
CaFeSi»Og¢s) and CasFe»Si301x) are possibly formed via mineral reactions, as expressed in Reactions

K.9 and K.10.4%

6510, 5, +3CaC03, + Fe304 ) © 3CaFeSiy0q ) +3C04 4 +0.50, (RK.9)

351045, + 3CaC03 ) + Fey05 ) © 3CazFeSiz0rz ) +3C04 (RK.10)
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However, CaFeSi»Os) and CasFe»SizO1a) 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.*** discovered

Ca;3Fe;Si301) in coal ash produced from pressurised combustion.
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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
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combustion; --- Tp (Oxy27): Bulk Temperature in Oxy27-combustion
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Figure K.12 Modelled Iron Occurrence in Bottom Ash at 298 K Obtained from Air-combustion of
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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 feat 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 at the peak temperature. NaOH g partition increases whilst Na,) partition decreases
according to Reaction 6.2. NaClg partition is at relatively high quantity due to higher chlorine quantity

in herbaceous biomass than in woody biomass.*?
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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 /eat loss stage due to magnesium association with phosphorus, which

is released in larger quantity in oxy27-combustion than in air-combustion.

MgSiOj3(3) and CaMgSi>Og(s) are the major magnesium compounds formed in air-combustion as shown
in Figure L.5. Surendra et al.*?® have suggested a MgSiOss3) formation mechanism. MgQys) is supposed
to form as shown in Figure J.3. Due to elevated concentration of silicon in the bulk as SiOzss), S1O2s6)

reacts with MgOy), as expressed in Reactions L.1 and L.2.

MgO(g) + S0y, & MgSiOs (RL.1)

Mg»SiO4s) subsequently reacts with SiOxs6) to form MgSiOs), as expressed in Reaction L.3.

2MgO gy + SiOy ) & Mg,SiO, (RL.3)
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The existence of CaMgSi»Oss) alongside MgSiOss3) is plausible, although a previous work discovered
slightly different co-existing compounds, e.g. MgSi,Os(s) was found to coexist with CaMgSi>Og(s) at
around 1,673 K and 1 atm.*’

In oxy27-combustion, phosphorus-containing magnesium compounds are formed probably because
there is sufficient quantity of released phosphorus to establish those compounds. Mg3;P>Og is a
compound of concern, since it might initiate ash deposition as shown in Figure L.6. Mg3P»Ogs, is likely

to form via MgOyg) reaction with POx,) as expressed in Reaction L.4.4%%

3Mg0(g) + 3P0 < MgsP,05 + PO (RL.4)

PO, may further react with COy() to reform PO, as shown in Reaction L.5.4%

Unlike inorganic liquid compounds observed in rice-husk combustion, MgzP»Os) 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-P,0s-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

MgsP,0sq) is stable at this temperature.

Calcium occurs in the bottom ash mostly as CaMgSi>Og(s), as shown in Figure L.8 and L.9. A small
proportion of CaxMgSi,O7 exists in the bottom ash after oxy27-combustion, possibly via Reaction

L.6.4%0

CaC0s ) + CaMgSi, 04y © CazMgSiy 07y + €Oy, (RL.6)

Ca;MgSi,07) is produced due to the presence of sufficient CaCOs). In 0xy27-combustion, bulk Oz,
penetrates the particles faster than in air-combustion. More CO,() is produced, which reacts with CaOy)

as shown in Reaction L.7.%!

CaO() + €0y ) — CaCOs, (RL.7)
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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 Oy). 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 OAIOH,) formed via Reaction
J.4. OAIOH(y) subsequently reacts with calcium compound to form CaxAl,SiO7). Further reaction of
Ca,Al>Si07) with SiOyg) produces CaAl>SinOgy during the heat removal stage, as expressed in
Reaction J.5. CaAl>Si,0gs2) is converted into KalSi»Os(s2) shortly before the heat loss stage. KalSi,Oes2)

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
KalSi»O¢(s2) and CazAl»Si3012). These compounds are formed possibly via aluminosilicate reaction
with CaOg) and K»Oy). 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.
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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; — T (Air): Bulk Temperature
in Air-combustion; --- T (Oxy27): Bulk Temperature in Oxy27-combustion
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Figure L.11 Modelled Aluminium Bulk Occurrences in Air-combustion of Switchgrass
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Figure L.12 Modelled Aluminium Bulk Occurrences in Oxy27-combustion of Switchgrass
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Figure L.14 Modelled Aluminium Occurrence in Bottom Ash at 298 K Obtained from Oxy27-
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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)y) is formed, possibly via Reaction J.6 during the
heat removal stage. Fe(OH)y() is converted into Fe3O4s2) via Reaction J.7 at lower temperatures during
the heat loss stage. During oxy27-combustion, Fe>OsTi) 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 TiOx) at higher quantity in oxy27-combustion than in air-combustion. Hirota
and Bradt**? conducted experiments to form Fe;OsTis) via TiOx) reaction with Fe>O3) at 1373 K, as

expressed in Reaction L.8.

Fe, +Ti0; ) © Fe,05Ti (RL.8)

O3(g)
Fe,Os(g is formed via Fe) oxidation as shown in Reaction L.9.4%

Fecgy + 02(9) o Fe, (RL.9)

03(9)

Liquid slag might form at around 1,773 K and the liquidus temperature increases as more TiO; 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 Fe;Os crystals in both air-
combustion and oxy27-combustion. In oxy27-combustion, a small proportion of CaFeSi,Osi) and
Ca;3Fe;Si301) exists, as shown in Figure L.18, probably due to significant retention of calcium in the

particles.
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combustion; --- SA (Oxy27): Solid Aerosol in Oxy27-combustion; — Tp (Air): Bulk Temperature in Air-
combustion; --- Tp (Oxy27): Bulk Temperature in Oxy27-combustion
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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
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Figure L.18 Modelled Iron Occurrence in Bottom Ash at 298 K Obtained from Oxy27-combustion of
Switchgrass
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