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Abstract

Carbon capture and storag€CPis expected to play an important role in mitigating the
effects of climate change. The focus of this work is to determine how the change of
combustion envirament in an oxyfuel CCS plantfects the combustion behaviour abal,
biomass and a torrefied biomass. Tindustrially relevanfuels selected weranalysed to
determine their fundamental composition antbmbusted inair and a range of oxfuel
environments (530% Q/C(G) using a thermogravimetric analyser (TGAThe key
temperatures and kinetic parameters of both the devolatilisation and char combustion
stages were investigated to determine how the shift to an-fxgl combustion environment

effects overall combustion behaviour.

The change in devolatilisation behawur were determined through the derivation of
apparent first order kinetics and no noticeable difference betweembustion inair and

21% Q/CO, atmospheres were observed. The increase in oxygen concentration in the oxy
fuel environments resulted in linear increases in kinetic parameters which were then used
to developfuel specific empirical equations that relate the devolatilisation rate to the
oxygen concentrationThe devolatilisation of the biomass fuel&ere shown to be more

sensitive to thechange ircombustion atmosphere than the coals.

Chars were produced using ballistic heating rates in a TGA (1000*Kanéhit was found

that the coalsexhibited similar mass loss behaviour inad CQ@environmentsduring char
production The biomass and torrefied biomass samples showed enhanced devolatilisation
in CQ atmosphereswhich leads to differences in the char combustion behaviour between
the coal and biomass fuel3he char combustion behaviour was determined through the
determination of apparent i order kinetics from which fuel specific # order kinetic
models were derived to describe char combustamturatelyover the full range of oxjuel
combustion atmospheres. The kinetic parameters determined highlighted the similarity
between the Nand CQproducedcoalchars and the difference between the biomass chars.

The coal chars were found to be more sensitive to the change in combustimsghere.

The work in this thesigives a good understanding of the differences between conventional
air and oxyfuel combustion atmospheres using industrially relevant fuels. Several useful
kinetic models have been derivdéar both the devolatilisatiorand char combustion stages
that lend themselves to coputational fluid dynamiceind process optimisatiowhile the

fundamental characterisation lends itself to life cycle analysis of CCS systems.
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Abbreviations and mmenclature
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ActiveSurface Area

Air Separation Unit

Bio-energy Carbon Capture and Storage
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Standard error in moisture
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Outline of thesis

Chapter 1starts witha brief introduction to UK climate change poliagd a discussion
focusing on both UK and global emissions by sector. The Paris agreement, that is the
agreement betweerll95 parties to reduce emissions, and the potential gap between the
agreed emissions deictions and the levels needed for an average temperature risé®f 2
are discussed. Two energy technologies #meir potential for emissions reduction are
introduced; the first bioenergy and its role in the UK, the secowdsbon capture and
storage with coal and/or biomass combustion for energy pudiun. As carbonapture and
storage is a new technologgn overview of the technology optiorassociated with each
stage of the CCS procéasgiven along witla more in defh assessment of a pulverised exy

fuel plant. A review of the CCS plants currently in operation and plants that are planned for
deployment in the 20208 also givenThischapter finishes with a summary of several UK
governmental departments calls for & and suggestions to what the UK government

should do to implement the key emissions reduction technology of CCS.
Chapter 2outlines the aims and objectives of the thesis.

Chapter 3s a literature review givingneintroduction to coal, biomasgorrefied biomassA
description of the general combustion process of solid fuels is giveditiatences between
coal and biomass during the multiple stages of combustionhéghlighted The factors
effecting each stage of solid fuel combustion, drying, deiulation and char combustion
and the difference between air and ofyel combustion is introduced. An introduction to
reactivity of the fuels and the methods and description of reactivity during devolatilisation
and char combustiorstagesare given.The fite of nitrogen present in the fuel and the
different mechanisms in the formation of N@nd the difference between air and chyel

combustion isalsointroduced.

Chapter 4provides a description of the methodology used in the experiments and analysis
of results seen in this world description of the fuelg¢he reasoning for their selection and
the fuel IDs is providedn addition a description of the char production methodologies is
given.At the end of the chapter an overview of which experiments werdormed on each

of the fuelsand thdr chars deriveds provided.

Chapter Socuses on the fundamental characteristics of the fuels and their chars. Proximate
and ultimate analysis were performed on both the fuels and their chars and the change in
char daracteristics (yieldcomposition, surface area, morphology) as a result of char

production atmosphere and methodology discussekhe effect of char production
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atmosphere and production method on the nitrogen partitioning and its potential effect on
NO, emissionsare discussedThe oxygen demand in the TGA and the particle heating rates
in the TGA in CGand N atmospheres and ifNz in DTRare estimated Finally the milling
trials of the TSP sample are presented to try and determine the degree of torrefalctibn
the raw spruce experiencedhe particle heating rates of a coal and biomass particle are

estimated in both the TGA and DTR.

Chapter 6focuses o the overall combustion and pyrolysis behaviour of the raw fuels in air
and oxyfuel environments using a thermogravimetric analySdre mass transfer rates of
oxygen in a selection of the ofyel combustion atmospheres are compared to the oxygen
consunption rates are compared to ensure chemical contfbhe apparent first order
devolatilisation kinetics are determined in the full range of combustion and pyrolysis
atmospheres.In addition fuel specific modeare developed to describe fuel devolatilsati

reaction ratesas a function of oxygen concentratiéor use in CFD models

Chapter 7focuses on the combustion behaviour of chars produced at ballistic heating rates
using a TGA and combusted in air and the full range offuelyenvironments. Several
reactivity models are used to describe char reactivity; firstly &ronder reactivity model is
used to determine the apparent reactivity and kinetic parameters of all chars. Secondly an
n" order model is developed to describe the combustion of all charsoxyfuel
environments only. Finally the intrinsic reactivity of the coal chaneduced in M and
combusted in air and chars produced in@0d combusted in the full range of chyel

environments is determined.

Chapter 8investigates the difference in char combustion behaviour as a result of char
production technique. The chars of a biomass fuel and a single coal are produced using a
thermogravimetric analyser, at ballistic heating rates (1@Min') and a drop tube rezor

at high heating rates (£a.0° °C min') in a nitrogen atmosphere. The chars are analysed
based on the combustion behaviour in air, apparent kinetics and in the case of the coal chars

their intrinsic reactivity.
Chapter 9addresses the research quests identified in chapter 2.

Chapter 1outlines the potential future research that is required to further understand the

combustion of solid fuels in oxuel environments.
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1 Introduction

a | dzY Hlyencé gh the climate system is clear and growing, with impacts observed across
Fff O2yGAySyida FyR 20SlIyad alye 2F (GKS 206aS]I
2OSNJ RSOIFIRS@). (2 YAttSYyyAl ¢

1.1 Climate change policy

It is widely accepted throughout the scientific community that the climate is changing as the
result of anthropogenic emissiorf®). This acceptance has spread to political leaders with
195 partiesadopting the firstever universal, legally binding global climate deal in Paris at
the COP21 climate conference. The Paris agreement aims to keep the global averaged
temperature increase below’Z by the end of the century compared to pnelustrial levels,

and if possibled no more than a 1% rise through the reduction in global emissig¢8s
Although the Paris agreement has natdn ratified by all of the 1D parties it came into

force on the 4 November 2016 as countries responsible for 55% of emissions had already
ratified the agreement(4). The participating partiesubmitted an Intended Nationally
Determined Contribubns (INDC) which outlined how each signatory is planning to meet the
emission reduction targets. At this point in time the UK is still part of the EU and as a result
must follow the INDC as outlined by the European Union which aims for at least a 40%

reduction in greenhouse gas emissions by 2030 relative to levels seen in 1990.

1.1.1 UK climate change policy

¢CKS !'YQ&a YIFAY RNAODGSNI F2NJ SYaAaaizya NBRdzOG A 2
reduce emissions by at least 34% by 2020 and 80% by 2050 rétathvese levels seen in
Mppn® LY RRAGAZ2Y (2 GKS 'Y dGFrNBSGaz (GKS 9!
sourced from renewable technologies by 20@&). The UK climate change act already
exceeds the emissions reduction targets agreed upon in Paris and as a re€lontingittee

on climate change (CCC),iadependent statutory bodysuggested that no furthezmission

reduction commitments are require@). To meet theargetsoutlined in the Climate Change

actthe UKGovernment implemented the Carbon Plan which sets 5 yearly carbon budgets

to progressively reduce emissionp to 2050. The first five carbon budgets are now set in

law corering UK emissions from 2002032 where a 57% reduction is expected by 2030

(significantly higher than the 40% agreed on in Paris). The emissions levels for the first two

1



carbon budgets (2008012 and 2012017) and the future targets of the next threerban
budgets can be seen Figurel.1 andTablel.1.

for IAS emissions

900 4500 _
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Figurel.1l: UK carbon budgets and projected emissions ((Asternational aviation and
shipping)(7)

Tablel.1: Carbon budget levels covering 202832

Budget Carbon budget level (Mt G&) % Reduction below 1990
15t (20082012) 3018 23

2" (20132017) 2782 29

319 (20182022) 2544 35 by 2020

4™ (20232027) 1950 50 by 2025

5t (20282032) 1725 57 by 2030

The UK was able to medid first of thecarbon budgets with emissions of carbon totalling
2,982 Mt CQy, a reduction of 23.6% relative to the 1990 lev@@sand significant progress
is being made towards meeting the second and third carbon bud@et§he main driver in
meeting the first three carbon budgetsas beerthe reduction of emissions in the power
sector(10). Progress towards the fourth and fifth carbon budget (post 2032) is expected to
slow under existing UK policy witld%excess expecteith the fourth carbon budget period
(9), and ony half of the required emissiomeductiors expectedduring the fifth carbon
budget period(11). In response to the realisation of the shortfall in meeting emissions
targets the Committee on Climate Change (CCC) set out a number of recommendations to
Parliament through the carbon budget progress repgsgsued at he end of each year. The
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recommendations are split over several sectors; (i) power, (ii) buildings, (iii) industry, (iv)
domestic transport, (v) agriculture, land use, lamgk change and forestry, (vi) waste and
(vii) fluorinated gases. In general the Q€mmended that policy changes are required
now if the emissions targets throughout the 202sto be met due to the long lead times
required for the development and implementation efmissiongeduction technologies. As

the work in this thesis is ret@ad to electricity production the recommendations suggested

by the CCC in the power sector and the response from government are outlined below:

Recommendation 1A strategic approach to carbon capture and storage deployment in the

UK (new policy required).

Recommendation 2A new approach to bring forward the cheapest low carbon generation
(e.g. auctions for generation from onshore wind, solar and sustainable biomass) (new policy

required).

Recommendation 3Support for offshore wind costs are driven dowased on funding and
cost goals announced in the 2016 budget (stronger implementation of existing policy

required).

Recommendation 4Plans for flexibility options (e.g. storage, interconnection, demand
response) including rapid development of market rutegnsure that revenues available to
these options reflect their full value to the electricity system (stronger implementation of

existing policy required).

Recommendation 5Contingency plans for delay or cancellation of planned projects, for

example newnuclear power plants (new policy required).
(10

The UKgovernment provided a response to the above concerns of the CCC, the first point
made in the response paper is that the current government is working towards its own
emission reduction plamxpected in 201,7focusing on decarbonisation throughout the
2020swhilst delivering secure and affordable electriciyso known as the energy trilemma
(12). The delivery of low carbon, secure and affordable electricity will be driven in the UK
by the Electricity Market Reform (EMR) polidyich isoutlined in the Energy Act 20133).

The Act cotains two new market mechanismiste first, Contracts for Differece (CfDs) aims

to introduce low carbon technologies into the energy sertbe secondCapacity Markets

to ensure security of supply.



The CfD replaces the existing Renewable Obligation scheme (RO), in which a generator is
issued Renewable Obligation Gicates (ROCs) for each MWh of electricity generated. A
generator under the RO scheme must meet a-pgeeed level of ROCs and if it does not
then additional ROCs must be purchased at the current price of £44.77 per ROC. If a
generator meets or exceeddd level of ROCs required, then the money acquired from
suppliers buying ROCs, due to a shortfall in their own renewable generation, is redistributed
to the generators who met the pragreed targets. The RO scheme is closed from 2017 to
new applicants andsupport for renewable generation will be covered by thewly
implementedCfD. The CfD provides support by guaranteeing a |fsicike price)that a
generator gets for electricity produced (MWh) which is dependent on the method of
generation. The wholesalprice of electricity if below the strike price is subsidised to the
strike price level, if the cost of wholesale electricity exceeds the strike price the generator
pays back the excess above the strike price. Biomass support under CfDs is set at £125/MWh
when combined with CHP and £105/MWh for biomass conversion, compared to
£92.50/MWh agreed for the new nuclear reactor at Hinkley Point C and £155/MWh for
offshore wind generation. Currently 41 projects are listed on the CfD register, the majority
of whichare on and offshore wind with a total of 31 projects with the remainder either solar,

waste or biomass with and without CKIE).

The aim of the second market mechanism, the Capacity Market, is to provide a secure energy
supply to the UK. The increase in the use of intermittent renewabbdhnologies and
inflexible nuclear generation make management of supply and demand difficult. In addition
the closure of several oil and coal generating plants due to the introduction of the Large
Combustion Plant Directive (LCPD) (EU legislation cov&xy NOx and Particulate
emissions replaced by the Industrial Emissions Directive) rexjuine availability of
additional capacity in times of high demand and low generation from renewables (low wind).
Suppliers are paid, through capacity auctions, basedoperating costs, to maintain
generating plant so it is available when needed at times of stress. If the generator does not
make the plant available and therefore do not meet the contractual agreements they face
financial penalties. Currently 46.35 GWoapacity have been contract€d62% of current
capacity)under the capacity market with a forecasted cost of ~£835 million. The capacity
comprises of existing (42 GW) and refurbished (0.85 GW) plants as well as new build (2 GW)
and existing interconnects (2 GW) with combined cycle gas turbines (CCGT) providing
~47% of capacity. Coal and biomass plant have been awarded ~4.7 GW of capacity as of

2015. The lifespan for the contract is dependent on generation type with new builds



receiving contracts for up 15 years and existing plant awarded 1 yealling contracts
(15).

The UK Governments principal tool to ensure security of electricity supply is the Capacity
Market and in the response to the CCC the government suggested that an early auction
should be heldn 201718. TheGovernmentlsostated that more capacity should be bought

earlier and that stricter penalties should be applied to those kdmy A Sa GKIF i R2y Q
their agreed capacitiedn addition the government response outlined its continued saupp

of nuclear energy and on and offshore wind as well as the move towards smart energy
systems to ensure reductions in emissio@arbon capture and storad€CS)the focus of

the work in this thesigs also mentioned in the response to the CCC andsizudsed in

sectionl.6.2

1.2 Emission sources current and future trends

In order to meet the<2°C temperature rise target agreed on in the Paris Agreement,
concentrations of C£; must not exceed 450 ppm in the atmosphere and if théQ target
is to be met then concentrations must not exceed 430 ppm by Z1p0n 2015 the global
average concentration of G@xceeded 400 ppm for the first tim&hich continued in to
2016 (16). In ader to meet these targetspeak emissions must be reached as soon as

possible in order to reduce long term climate change preferably by the202@s(17).

1.2.1 Global emissions trends

The global greenhouse gas emissions trends«Ciy sector caibe inFigurel.2. The global
emissions have continued to rise in all sectors with energy production (electricity and heat)
the main source of emissions, accounting fo6%3of total emissions in 2010. An iease

in energy demand is expected over the coming decades (30% increase bfl 204e to
population growth and the electrification of the building and transport sectors (to reduce
emissions by use of renewable electricity in those sectdrs)18) making a reduction in the
carbon intensity of the energy sector of great importance. fibed for the decarbonisation

of the energy sector has been widely acknowledged andinkernational Energy Agency
(IEA) stated that at least two thirds of the emissioduetionsset out in theParisagreement

comes from the transformation of the energy sec(h8).
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Figurel.2: GHG global historical emissions trends) (AFOLU;, Agriculture, Forestry and
Other Land Use)

1.2.1.1 Global future emissions as a result of the Paris agreement

Figurel.3 highlights the potential emissions gap between the targets required to limit the
average global temperature rise t6@ and the predicted emissions as a result of Plagis
Agreement The predicted emissions are derived frofdDCs submitted by 187 of the 195
parties (including the major polluters USA, China and the EU). The unconditional and
conditional agreements are country specific but essentially the best caseracénadhe
conditional agreement case which would result in a temperature rise 682°€C by 2100
(19)if further actions are not takenA number of the parties included in the Paris agreement
have current legislation that exceeds the targets set out I3yrttNDCs submitted to UNFCCC
(UK, Russia and Indonesia etc.) but the total emissaoastill expected to exceed the’@
temperature increase limig19). If the trend seen ifrigurel.3 becomes reality then there
may well be a greater need to remove emissiaosfthe atmosphere post 203@specially

if the 1.8C temperature increase limit is a serious propdt8). One potenial method for

this is bieenergy carbon capture and storage (BECCS), the partial focus of this study.
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Figurel.3: Global greenhouse gas emissions under different scenarios and the gap
between the emissios gap in 203@19)

1.2.2 UK emissions and energy trends

In contrast to the global emissions, theavall UK emissions have continued to reduce since

1990 Figurel.l), the breakdown of emissions by sector can be seéiigarel.4. Emissions

from the energy sectofelectricity generatiorand other energy productiorgre consistently

the highest contributor accounting for ~&5% of all UK emissions. Although the percentage

is stable the actual emissions from the energy sector reduced by 41% from 278 MiGO

1990 t0164 MtCQeqin 2014(20), sigrificantly higher than the 23% reduction target outlined

in the first carbon budgetEmissions from power stations accounted for 75% of the

emissions from the energy sector which equates to ~25% of the UKs total greenhouse gas

emissionsn 2014(21).
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Figurel.4: Sources of UK greenhouse gas emissions (adapted {2

The decline in emissiorilom the energy sectohas be driven by the change in the fuel mix
used forthe generation of electricity, with decline in coal usevhich has been replaced by
gas, the growth of renewable technology atftk increase in planefficiencies(20). The
historical fuel mivand the shift away from coahn be seen ifigurel.5. The decline of coal

is set to continue over the coming decade due to closures of existing @ieaen by the
LCPDand n addition the speech in 2015 by the then Secretary of State for Energy and
Climate Changédmber Rudd initiating a consultation on the closure of all unabated coal
plants in the UK by 20222).
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Figurel.5: Fuels used for UK electricigyeneration (MtQ) (20)
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Figurel.6: Electricity generation in the UK by fuel tyg23)

The latest energy trends available for the Bi§(rel.6) shows the continued decline in coal

use for electricity generatiorcaused by the closure of Ferrybridge C and Longannet and the
conversion from coal to biomass of @0 MW unit at DRAX power statio(23). The
generation fran coal reached a record low in Q2 of 2016 producing just 4.6 BVl of

71% from the same quarter in 2015. The reduction in coal and a small reduction in renewable
generation due to lower wind speeds and low rainfall (hydro generatisejulted in the

increase in use of gas which accounted for ~45% of the tatatradity generated in Q2 of
2016(23).
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Figurel.7: Renewable electricity generation in the UE3).
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The electricity generated by renewable sources in the UK can be séeguirel.7 which
accountedfor ~25% of total generation i®2 of2016 the majority of which comes from
bioenergy {40% of all electricity generated from renewable sources). The term bioenergy
covers ladfill gas, sewage sludge, energy from waste, animal biomass, anaerobic digestion
and finally plant biomass (large scale power generation). The majority of the remaining
renewable generation came from solar PV (19.2%), offshore wind (16.6%) and onshore wind
(19.9%). On and offshore wind generation decreased relative to Q2 in 2015 by 9 and 18%
respectively despite an increase in capacity by 1.4 and 8.5% respe¢&8ehighlighting

the need for a reliable, low carbon, renewable technology.

1.2.2.1 UK progress towards 2020 target

A report by the House of Commons Energy and Climate Change Committee (ECCC) suggested
that the UKs target of 15% of its energy needs from renewable ssisaamlikely to be met

(24). The govamment proposed that to meet the renewable targ&0% of electricity, 12%

of heat and 10% of transport would need to be from renewable sourge020 At the end

of 2015, 22.31% of electricity, 5.64% of heat and 4.23% of transport fuel was from renewable
sourcesequating to 8.31% of the UKs energy needs. The success in the elestitiy is
expected to continuereaching ~35% by 202@5% Q2 2016put is not expected to meet

the shortfall in the transport and heat sectotkerefore, it is possiblehat the overall target

of 15% renewable enerdyy 2020may be misse@4). The report suggests that the reason

for the failure to meet the 2020 target is the inconsistent approach taken by government
and that the creation of the new Department of Business, Energy and Industrial Strategy
(BEISis an opportunity for greater cooperation and consistency. The report also suggested
that regardless of Brexit, the government must reassess and set replacement targets for
both the EU legislate@020 targets and the longer term decarbonisation targeid ¢t in

the 2008 climate change a¢R4).
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1.3 Biomass as a renewable energy source for the

generation of electricity

The increase in generation from biomass has been driven by the need to replace unabated
coal combustion with a reliableenewable sustainabletechnology. Biomass although a
renewable fuel still has carbon emissions associated with cultivation, fuel processing,
transport, any direct(and indirect)land use changes and theduction in conversion
efficiency of the plant. In order for biomass te bsed in power generation in the UK and to
qualify forgovernment supporstrict sustainability criteriamust be met (updated in March
2016)for generators withk M a plant, includingfeedstocls sourcedfrom boththe UKand
overseaq?25). The sustainaility criteria for biomass use in theKpower sector is split in

two: the first section is related to land dm which the biomass is sourced, which is
dependent on the biomass type (woody, ramody) the second is related towerall GHG

emissiong26).

Woody biomassg,e.that typically used in the production of white wood pellétise biomass

type used in this workand combustedn large plantg27), hasland criteriathat require a
minimum of 70% of all wood fuels meets the ithitfon of legal and sustainabl@8). The

term legal means that the woody biomass must have been legally harvested and is covered
by the EU timber regulation (EUTRY). Thisincludes comfjance in the country of origin

with regards toharvesting rights and payments for those rights, environmental and forest
management including biodiversity conservation aildtrade and customs requirements.
The sustainability criteriare focused on forest management and the balance between
economic, environmental and social interests taking into account not just the health of the
ecosystem and biodiversity but also the adénce to local labour, welfare and health and
safety lawg30). In the UK sustainability of UK sourced woody biomass is enforced through
the UK Foestry Standard31). In order to ensure compliance and ensure an industry wide
code of practice, a strategy for sourcing wood pellets has been agreed by the major
European electricity generators (E.ON, DRAX, RWE, GDF, SUEZ, Denfall \aid
Eggboroughj32).

The second section of the sustainability criteria is related to emissions levels of biomass
plants. Enission savings must be determined by performing Life Cycle Assessments (LCAS)
which take into account the cultivation, processing and transport and distabutf the

solid bioenergy system under considerat({@®). In order to determine compliance with the

required sustainability a generator must commission an independent annual sustainability
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audit report(33). In order to meet the emissions targets laid out in the biomass sustainability
report the generator must meet emissions targefivenin Table1.2. The leels of GHG
emissionsare reduced over itme and encompassn annuallyaveraged target and a
maximum threshold. Data from OFGEM indicates that the targets laid disthlel.2 have

been easily met by electricity generators using wood pellets with emissions ranging from
14.79- 54.44 gCQ{/MJ in 2014¢ 2015 dependenon the type of fuel used and the origin

of the wood pellet(34).

Tablel.2: GHG targets and ceiling values fsustainablesolid biomasgROC compliance)

Relevant target Relevant ceiling
Definition Threshold for which the Maximum threshold for
average GHG emissions ol which biomass can be
all of the relevant biomass issued ROCs
used in an obdjation year
should be met
Post 2013 dedicated 66.7 gCQ¢MJ electricity  79.2 gC@4MJ electricity
biomass stations before
April 2020
All solid biomass stations 55.6 gC@¢MJ electricity 75 gCQ¢/MJ electricity
15t April 2020 to 31 March
2025
All solid biomass stations 50 gC@/MJ electricity 72.2 gCQ¢MJ electricity
post 2025
Note: GHG emissions coefficient€oal ~113 g CGeYMJ and Natural Gas ~67 g £§MJ

(26)

The method of determining the associated GHG emissions of bioenergy systems is outlined
in the OFGEM sustainability report and includes emissions factors for many different land
use changg cultivation, processing and transpaand distribution methodsas well as
conversion efficienciedHowever the determination of GHG emissions associated with each
of the above steps in a bioenergy system is extremely con{®and the use of emissions
factors over measured emissions (due to the difficulty in determiningwedd emissions)

may not accurately reflect real world emissions. Direct and indirect-lesedchanges are
particularly difficult to determine and can have a significant effect on the total GHG
emissions of a systerf836). The use of carbonapture and storage in bioenergy systems
allows for the capture of emitted GGt the stack Which isnot accounted in the RO
emissions registesince it is assumed to be utilised in plant photosynthewisichwould
reduce overall emissiongurther (towards negative emissions) and wouldlp to offset

some of the uncertainty in GHG emissions determination.
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1.4 Carbon capture and storage

Carbon capture and storage (CC@ps been identified as another potentiaimissions
reduction technology.CCS ighe process of capturing G@missions from large scale
emitters such as electricity generation, oil, cement, chemical or sfeduction
transporting itvia pipelines or shipand storing it to prevent emissions to atmosphere. The
captured C@may bestored in geological formationsised in enhanced oil recove(fOR)

or utilisedwhich isknown as carbon capture and utilisati@V). The C@may be utilised in

the chemical industry to produce polymers, fuels (kerosene, diesel etc.) syngas or
intermediates such as formic acid and may also be utilised in the food indusiryse in

accelerating food growth, carbonation of drinas).

In relation to the 2C target, thanajority of climate change models incorporate some form

of CCg17) and the use of negative emissions technologies such as bioenergy CCS (BECCS
(19) for the reduction of emissions in the energy sector. Without CCS the cost of meeting
the 450 ppm, 2C limit could be 1.5 to 4 times higher globdlly) and the CCC suggested

that in the UK the cogtf meeting the 2050 targetsould almostdouble(7). As reducing the

cost associated with emissioreduction is part of the energy trilemma (emissions reduction

at low cost while maintaining a secure supply) then the use of CCS in the world wide energy

sector is of great importance.

1.4.1 CCS technology
As mentioned above CCS comprises of three steps, @pitansport and storage, with
many different individual technology optiomwailablein each step. The main technologies

for each of the threestepsare outlined in the following sections
1.4.1.1 CCg Capture

CCS is most suited to large scale @@ducers as apture and transport from small or
mobile sources is both expensive and difficatid theremoval of C@directly from the
atmosphere isdiscussed in sectiod.5. Asa result this section focuses on large scale

emitters.
There are three options for capturing €@m solid fuel processes:

1 Precombustion capture
1 Postcombustion capture

1 Oxyfuel combustion
13



Pre-combustion capture

The precombustion capture procesavolves the processing of the fuel to convert the fuel
bound carbon to C®and its removal before the final product is utilised. The main-pre
combustion option available for solid fuels is gasification where the fuel is partially oxidised
in mixture ofair or oxygen and steam at elevated temperatures and pressiies product

of the gasification process ahegh value chemicals or a syngas comprising mainly, €@,
CQand HO and traces of NCOS, k5, HCN, Nf¥olatile species andd{39). The gasification

step is followed by the water gas shift reaction to produce a hydrogen and carbon dioxide
enriched syngagt0). The C@is then sepaated, usually by physical or chemiadsorption
(discussed in sectioh.4.1.9 resultingin a hydrogen rich fuel which can then be used in

boilers, gas turbines, engines and fuel c(8).
Postcombustion capture

Post combustion capture is the capture of Citbm flue gases generated from the
combustion of fossil fuels or biomass in air. The preferred method efé&abval in post
combustion capture is the use of a chemicalosmt (39, 41) rather than physical sorption
due to the rdatively low concentration of Gan the nitrogen rich flue gas (116% volume).
The low concentration of G@nd low pressure of a typical flue gas stream results in large
volumes of gaseshat requirethe removal of Cg) the increase in the associatashergy

penalty andhe increase ifboth capital and operating cos(d1, 42).
Oxy-fuel combustion

Oxyfuel combustion is the capture of @Post combustion from the flue gases, as in the
previous case, howeverhé¢ use ofpure oxygenrather than air in the combustion
atmosphee results in a CQich flue gas (8@8% C¢g) (39). The use of a pure oxygen stream
instead of aiiin the combustion chambeaesults inchanges in the operating baviour of a
boiler. Elevatedlame temperaturesflamestabilityissuesand a decrease in gas volume in
the system(due to the loss of Nin the flue gas streamdesuling in poor heat transfer
properties (especially in boilers that are retrofitted withnaoxyfuel CCS systentan be
expected In order to manage these isst@ percentage of the GQ@ich flue gas is recycled
back into the systemmand combustion takes place in /00, atmosphere The main
disadvantagef anoxy-fuel systemis the need fopure oxygen and the energy intensive air
separation units required which may result in an energy penalty of ~7086(42, 43). A
substantial reduction in Ngemissions is an advantage of the dxgl process due to the

removal of N in the combustion atmospheréand therefore thermal NO(42)). Oxyfuel

14



combustion of coal and biomass is the focus of this work and a more detailed explanation of

the oxyfuel plant layout can be seen in tisection1.4.1.3

In addition to the oxyfuel combustion outlined aboyeoxygen can be provided to the
combustion system by the use of oxygen carriers such as metal oradlesr than by an
oxygen gas streajra process known as chemical looping combustion (CLC). The reactor
system is typically comprised of two interconnected fluidised beds, one containing air and
the second the fuel. The fuel is introduced into the fuel reactor where it reacts with a metal
oxide producing a gas stream containing.@®d BO whichis then condensed resulting in

a CQrich flue gas. The reduced metal oxide is then transferred to the air containing reactor
where it is oxidised before being recycled back into the fuel reaétercond flue gas stream

is generated in theair reactor comprising of mainly Nand some unused OThe heat
generated by theCLGsystem is the same as in normal combustion where the oxygen is in
direct contact with the fue{44). The benefit of a CLC system is that an air separation unit is
not required, reducing the efficiency penalty486 in CLC compared to 10% in-tusl
systemq43). Additionally, as the flue gas streams are kept separate throughout the process
an almost pure C{xtream is generated (after condensation of the moisture) removing the
need for extra Cé&separation equipment reducing ttessociateegnergy penalty andverall
costof the plant(39).

In addition to the three above capture options there are opportunities to capturgfoo
industrial processes such as natural gas sweetening, cement and steel production and
fermentation for food and drinks. The techniques that may be used to captusdrQ®

these processe@s outlined inl.4.1.2 are common to the three methods outlined above
(39).

Each of the above teclofogies have advantages and disadvantages associated with
economics of both the building and opem@ti energy requirements of the systems and
technological challenges that are specific to eaelw fuel conversion processlhe

advantages and dislaantageof the above capturedchnologiesare outlined inTablel.3
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Tablel.3: Advantages and disadvantages of the different &&@pture technologies

Capture Process

Advantages

Disadvantages

Precombustion | T High C@concentrations increase sorption efficiency 1 Heat transfer problems and decay issues associated with a hydrogel
1 Mature technology gas
1 Opportunity to retrofit to existing plant42) 1 High parasitic energy requirement for sorbent regeneration
1 Energy penalty reduction compared to post 9 High capital and operating cog#2)
combustion due to increased pressure systems 1 Associated energy penalty
1 Continued increase in efficiency of turbines improv|  IGCC not widely used in the power industt$)
overall efficiency of IGCC plani5)
Postcombustion|  Easily retofitted to existing plant 1 Low CQ@concentration in the nitrogen rich flue gas affects the capt
1 Mature technology42) efficiency(42)
1 Associated energy penalty
9 Size of additional capture plant required
9 Potential reduction in turbine efficiency and turn down capability dug
steam extraction for solvent regeneratig¢45)
Oxyfuel 1 High C@concentration in the flue gas stam 1 High efficiency and energy penalties
combustion increasing absorption efficiency 1 High cost of cryogenic air separation
1 Air separation technologies needed to produce 1 Potential corrosion issudg?2)
oxygen are mature 1 Retrofitting and integrating whole system in existing plant is diffi¢ts)
1 Gas volumes decreased requiring smaller boiler ar
other equipment(42)
Chemical 1 CQis the main combustion product 1 Immature technology with limited large scale experief¢®
looping { Air separation units not require@2)
combustion
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1.4.1.2 CQ separation technologies

There are several different methods to remove the.@@m the flue gas streams of the
capture technologiesutlined in the previous sections. The separation techniques relevant

to the capture technologies are outlined in the following sections.

Post combustion solvent scrubbing

Absorption involves theeparation of the C@containing flue gas using a liquid absorbent
such as monoethanolamine (MEA), diethanolamines (DE#Jtassium carbonaté?2). The

flue gasemitted from the conversion process first cooled and introduced in an absorber
(at 4060°C) where the Oz in the flue gas is bound to the solvent. The flue gas is washed to
remove any solvent droplets before leaving the absorber with a low do@centration
which is dependent on the on the height of the absorber. The solvent containixig @@n

sent to a stripper or regeneration vessel operating at 4D0PC and near atmospheric
pressures allowing desorption of the £@he recovered solvent is then recycled for use in
the absorber columr{46) and CQ stream sent for further processing his method is the
most mature for C@separation(42) and absorption using MEA is the preferred option for
post combustion separatioifd7). There are several issues related to this type of CO
separationincludingsolvent degradation, MEA can be degradedibyh oxygen present in

the flue stream (from excess air in the combustiochambe) and other flue gas
contaminants. Amine based solvents can also have detrimental effects on health and the
environment if not controlled correctl{47, 48) which would be of greater concern if post

combustion capture is deployed at large sq@6).
Adsorption

Adsorption uses a solid sorbent suchaatvated carbon, zeolites, calcium oxides and lithium
zirconate to separate G@rom the flue gas stream. The adsorbed.€én be recovered by
either reducing the pressure (Pressure swing adsorption) or by increasing the temperature
(temperature swing adsption). Recovery of GOy this methods >8%6compared to >90%

if separation is performed by absorptiasing a solven42). A drawback of thadsorption
method is that the adsorbents are not selective enough to only capturea@® gases
smaller than C@such as B can penetrate the pores filling the adsorbeamid decreasing

efficiency(49).
Membranesepaiation

Membranes, a composite polymeran be used to allow only @@rough producing a CO

rich gasstream. The membrane technology has been successfully used in the separation of
17



CQ from natural gas and Qrom air. This technology cgiires further development before

being deployed at large scale for GB89.
Cryogenic distillation separation

The separation of GOrom the flue gas stream usake same technology as the oxygen
production step in oxjuel combustion. The flue gas stream is coolethedween-100 to-
135°C and then the solidified G@ separated from other light gases and compressed. The

main problem associated with this is theggh energy penalt{49).
Calcium loopingseparation

Calcium looping technology (Cal) is similar to CLC systems except that instead of providing
oxygen for combustion, G@ removed from the flue gas (pesbmbustion) by reaction with
calcium oxide. The GQ@resent in the flue gas reacts with CaO in the first reactor (the
carbonator) to produce CaG@®hich is then fed into a second reactor (the calciner) at higher
temperatures to regenerate the Ca@nd produce a high purity GBtream The main

drawback of this method is the degradation of the sorb@@a0O)43).

Other methods of C{separation such as electrical desorption, hydrhased separation

and redox technologies are available but are not discussed in this work.

1.4.1.3 Pulverised fuel combustion plant layout using ofyel technology

This section outlines the fundamental processes and equipment affiuekylant would
require and gives a more idepth description of the process during electricity production.
A simplified typical oxyuel pulverised fuel plant with possible flue gas recycle systems can

be seen irFigure 1.8.
Air separation unit

The first stage of the pulverised okyel combustion plant is the production of oxygen in the
ASU (the main separation step of the process). The oxygen is separated from the air by
cryogenic distillation which can produce oxygen with a purity of >@% The energy
penalty, a #10% reduction in plant efficiency (the majority of the energy penalty associated
with the overall CCS proces§9, 43, 51) and the cost of air separation is the main criticism

of oxy-fuel combustion(52).

18



Pre-heater

Boiler —
3 2 1
: » Particulate T » Sulphur : »| Condenser p» Compressor
. Control Control co,
fffffffffffffffff > i
5 4 i
Fuel 5 i i
\ Y v L N,
4 4 —
Mill L P ASU
D i L — 5 L
D c B ! LA

0, U Air

Figure 1.8: Simplified pulverised oxjuel plant layout with possible flue gas recycle options (adapted fr(Bg3))
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In addition the continued availability of oxygen for plant operation9986 availability) and

the ability of the ASU to respond to demand changas would be expected if CCS is
deployed to mitigate intermittent renewables) are also of concern. Xu et al reported that
the ramp rate of a pulverised coal plant is up to 6% tmihere the ASU units are only able

to achieve 3% mihand in addition theefficiencies of the ASU units are poor below 80%
load (54). The introduction of additional oxygen storage capacity could help to mitigate this
problem and additionally make use of renewable technologies at times of low demand
making the oxygen production stage an energy storage techndhkiigys2, 54, 55). A 500
MW, coal plant would require 90000,000 tonnes of oxygen a day requirin@ 2SU units
(52), if additional storage of £1s required then this may be more difficult in a refiitiing

scenario.

The energy penalty associated with the ASU (one of the main disadvantatpesoxyfuel

plant) is decreasing as the technology improves. First studies suggested the energy penalty
would be ~220 kW h t/eproduced(39) but improvementsn the ASU process have reduced

the energy penalty to 140 kW h té@nd with further improvements in heat integration the
energy penalty is expected to be reduced to 120 kW h bYp2020(51, 55). The utilisation

of the large amounts of almost pure nitrogen (31,000 t/day) and the increase in efficiency

of the ASU help to decrease the cost implications and patristic load of theiekglant(51).
Flue gas recycle

The flue gas containing mainly £@nd other gas species, NO5Q, N;, Ar and HO
(combustion products, impurities in the ASU process and due to air leakage) is recycled into
the oxygen stream to moderate flame temperatures and to provide heat transfer properties
similar to those seen iair combustion. As can be seerHigure 1.8, tworecycle streams are
necessary, the primary recycle used to transport and dry the fuel from the mills to the boiler,
and the secondary stream used to provide the remainder of the required combustion

atmosphere.

The primary recycle stream accounts for ~20% of the total combustion atmosf&ig¢end
should be taken after the condentian of the flue gas [1and is known as dry recycle flue
gas. 1 taken before the condenser [2he high leved of moisture may inhibit the drying of

the fuel and also cause agglomeration problems. If the primary is taken before the flue gas
desulphurisaibn [3] process (wet recycle flue gas) then the,#9els and the potential for

low and high temperature corsion is increased. As the primary recycle is taken after the

condensation step the temperature is typically less thaPC3@nd the stream needs to be
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reheated to 2585C°C in order to dry the fuels in the mill, increasing the energy penalty of
the overallprocess(56). The oxygen separated in the ASU may then be added to the primary
recycle stream eithebefore or after the preheater [A,C] However it has been suggested
that the G should not be added to the primary recycle (especially in the case of high rank
coals)to prevent explosions in the mills that may arise from mismatches in recycle and
oxygen flows when the plant responds to demdBd, 57, 58). Work by Trabadela et 39)
looked at the ignitiorbehaviour of biomass in a 20L sphere and reported that at 21% O
levels in the primary recycle the milling safety is improved when compared to air
combustion. Thisalthough it does not take into account the possibility of mismatched in the

system suggets that the addition of oxygen into the primary recycle may be possible.

If the oxygen cannot be added to the primary recycle then it must be added to the secondary
recycle and is supplied to the boiler to combust the pulverised fuel. Again several options
are available to where the secondary recycle is taken and the problems outlined earlier (SOx
and HO content etc.) are applicable here. The addition of the oxygen into the secondary
recycle stream can again be added befar after the preheater [B, Djor may even be
introduced into the furnace dimly via the oveffire ports [E](58). The addibn of the
oxygen into the secondary recycle stream after the-peater would result in a higher
energy penalty due to the lower gas temperatures but may increase safety. The key concern
in the addition of the oxygen into the recycle stream results ireli-mixed, homogeneous
combustion gas to maintain burner stability and to prevent safety hazards due to the

injection of large volumes of pure oxygen into the systéd).
Boiler

The use of oxygeand the recycled flue gas have a significant impact on the combustion and
heat transfer properties of a pulverised fuel boiler. Burner stability, fuel combustion
behaviour, heat transfer, pollutant formation, slagging and fouling and ash behaatieur
potential issueg51, 60, 61). The use of CQather thanN, in the combustion atmosphere
results in the reduction of flame temperatures at the same oxygen conditions as air due to
the higher heat capacity of G@esulting in lower flame propagation speeds and flame
stability. The higher heat capacity of @ayalso result in a delayed ignition relative to air
(61). Chen et al. reported thatigher oxygen concentrations (Z5% Q) result in higher
flame temperatures, broader flammability limits and laminar burning velocities providing
more stability in the flame. In addition the ability to inject oxygen at different points in the
boiler (primary, secondary and direct injection) allow for and should be selected for

optimisation of burner stability60). The effect of the change of combustion atmosphere on
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the devolatilisatbn and char combustion stages are discussedhapters 6 ad 7 and this is

a key area of the work in this thesis.

Heat transfer differences are particularly important in retrofitting applications and is
effected by two main property changes, gas radiatpreperties and the gas thermal
capacity. The majority of heat in the boiler system is transferred from the flame through
thermal radiation, and the high proportions of &€&hd HO result in high gas emissivity such
that similar transfer properties in a aboxyfuel plant can be achieved with,@vels at 30%.

The thermal capacities of g&nd HO are higher than that of Nvhich results in the heat
transfer in the convective section of the boiler. However the reduction in gas volumes
passing through thediler and increased radiative heat transfer in the supeater result

in a cooler gas temperature and reduced convective heat transfer in the econofiser
62). The problem of heat transfer could be eradicated in new-fory systems by

optimisation in loiler design.

Oxyfuel combustion produces the same major pollutants as found in conventional air
combustion, N@Q SQ, CO, trace metals including mercury and particulate matter and the
fundamental mechanisms for formation appear to change little in-foley combustion
environments(63). NQ emissions are investigated section5.3.4 Theconcentration of SO

and trace metals are expected to incredsethe boilerdue to the concentration in the
recycled flue streams. Although the concentration of the species in the boiler is increased,

the emissions t@atmosphere of these species is expected to be similar tGajr

The increas@ sulphur concentration in the combustion gas can affect both the slagging and
fouling behaviour and ash composition. A greater retention of sulphur in the fly ash
decreases melting behaviour and potentially impairs fly ash utilisation in concrete
production (51). The effects on the above properties as a result of changerimbastion

atmosphere are plant specific and more understanding will be gained through operation of

large scale plant.
Particulate removal

Electrostatic precipitatoréESPare the most common form of particulate removal in large
scale pulverised fuel combustion plants and the main changes to the operation of the ESP in
oxy-fuel combustion are related to the particulate sizes and flue gas compositiorfuéixy
combustion hashe potential to change the size distribution of particulate size with a greater

proportion of smaller particulates when lower flame and particle temperatures are seen.

22



The flue gas composition could result in a change in ion production rate in the ESfRaand

result in a change in collection efficien@&g).
Desulphurisationunit (FGD)

There are some uncertainties in the operation of the FGD plant irfustycombustion
systems. A series of reactions occur in a wet FGD, firstlg 8i9solved in the aqueous phase
producing hydrogen sulphite and at the same time limestorntisisolved releasing GO'he
hydrogen sulphite is oxidised to sulphate using air and finally gypsum is produced by reaction
of the sulphate with calcium. The high concentration ot @@he flue gas stream may limit

the CQ release from the limestone. Rinermore a pure oxygen stream (rather than air)
would be required to oxidise the hydrogen sulphite to prevent dilution of theric®stream

with No. In addition, the high concentration of moisture in the flue gas stream could lead to
the increase in eqlibrium temperature of the gypsum/limestone suspension and influence
the kinetics of the desulphurisation due to the decrease in solubility of &3ues
surrounding gypsum purity and its utilisation may have a negative effect on the economics

of the oxyfuel plant(51).
CQ processing

The CQprocessingstep is the final stage in the capture processl is performed using a
compression and purification unit (CPU). At this stage the flue gas is mainkgsGe
moisture and the majority of impurities have been reved in the previous step3here are

mary different types and configurations of CRB6) but in general areomprised of mult

stage compression units with intstage coolers used to separate out any inert gases
present in the flue streanf60). The remaining CQich stream is compresdenhich carries

a significant energy penalty of ~7.5% and the reduction of this penalty is harder to achieve
than that in the ASU(bB5, 56). When combined with the energy penalties associated with the
ASU the total energy penalty is ansiderable disadvantage of okyel systems. However
optimisation of plant performance through heat integration, correct selection of oxygen
concentrations and recycle scenarios can considerably reduce the associated energy penalty
(55, 58).
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1.4.2 CQ transport

Transport of C@is the second stage of tleC$rocess and alrady occurs primarily in the

food, oil and gas industry. In these industri€€) is transported by pipeline, ship and by
road. However the amount of G@hat would require transportation from power plants is
significantly greater than the existing transportation infrastructure capacity. Pipelines are
widely considered to be the mbseliable form of transportation for large amounts of £0
especially for the amounts that would be required if CCS was as widely deployed as climate
models suggestiowever the initial demand for the pipeline infrastructure will be low due

to the low numker and locationsof CCS plantis operation In order to mitigate the cost,

the developnent of CCS hubs and networtket links point sources to a larger network of
pipelinesis expecte® ¢ KS 9! RS@St21LISR (GKS 9dzNB LA LIS LINRB2SOi
large emitters tdboth onshore and offshorsuitable storage site4). The Europipe project
incorporatal the political and public perception of CCS and in particular how this effects the
selection of long term GQtorage sites (onshore and offshore geological formations). If the
perception of CCS is negative and offshore storage sites are preféreed ngworks
transporting large volumes of G{ihking Europe to the North Sea are requirtdboth cases
regardless of public perception, the North Sea storage capacity plays an important role in
the EU emissions reduction plamsder the scenarios laid out the Europipe project. This
would suggest that the UK is in prime position to take advantage of the storage capacity

available to us.

In order to transport the Cfbver the long distances required to reach the storage shes t
CQwill be transported undehigh pressure supercritical conditions at temperatures above
31°C and pressures above 74bdrhepurity ofthe CQ is also important and is required to
be >90% to reduce the possibility of unwanted acid formatidong the pipelineHigh levels

of moisture cause formation of Carbonic acigCk and sulphurous acid43Q that cause
corrosion to carbon steel pipes. The maximum water concentration is related to the
solubility of CQin water and levels of S@nd its solubility in wate(65). These required
operating conditions exceed those of the existggsg pipeline infrastructuréé4). Pipeline
leaks arealsoof concern due to the high purity and high pressure of the. @Othe UK the
HSE are considering if £&hould be considered as a dangerous fluid in pipeline safety
regulations due to the risk of asphyxiation if a large onshore pipe were to ruf@@yeThe
development of a safe, large scale @@nsportation network is essential if Ci8So reach

its full potential.
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1.4.3 CQ storage
The final stage and the most important is the long term storage or in some cases the
industrial use of the captured GOThere areseveral options for long term storage:

geological storagestorage in the ocegrand mineral carbonatio39).
Geological storage

Suitable geological storage esitincludedepleted oil and gas reservoirs, potentially in coal
formations and in deep underground porous rock formatidrsese geological storage sites
are situated bothonshore and offshorand require the C&to be stored atdepths below
800-1000m where C&remains in a supercritical state (liquid ljldensity 500 kg m (40))
allowingfor sufficient use of the underground storagelume (39). Once injected the GO

may be retained through physical or chemical mechanisms:

1 Physical trapping stratigraphic and structural where the €® trapped below low
permeability capping rocks such a sedimentary basins aatigsaphic trapgrock
layers) Care must be taken to not over pressurise the well causing fractures and the
loss of the integrity of the sit€89).

1 Physical traping ¢ hydrodynamic trapping can occur in saline formations that are
not closed. When CQs injectedinto a saline formationwater is displaced which
migrates upwards due to its density. When the saline formation water reaches the
top of the formation i is trapped in stratigraphic or structural formations capping
the storage wel(39)

1 Geochemical trappingthe CQ undergoes a sequence of interactions with tioek
and water that increase storage capacity. The, @acts with water, a process
known as solubility trapping, producing a weak acid that then reacts with the metals
to form carbonate minerals. The benefit of this process is that the 8O
permanently sored howeverthe process magake several thousand years in some
instanceq39). A research project called Carb&ixed at reducing the time required
for this process to occur by injecting water containing dissolvedn@a ultramafic
and basaltic rock formation. The injection of water with,@€>ulted in solubility
storage within 5 minutes significantly shortiian the injection of supercritical GO
However this requires large amounts of water 5000 t of water to sequester 175 t of
CQ(67). The increased reactivity and the composition (up to 25% by weight calcium,
magnesium and iron) of the basaltic rocks resulted in the reaction of the dissolved

CQ and metals present in the rock t@rim carbonatesthistook only two years
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rather thanthe thousandsof years taken when supercritical €0 injected directly

into the storage sit€68).

The C@may also be used to extract &idbm depleted oil wellsa process known as enhanced

oil recovery (EOR) mature technology69). The mature technologies used in the oil and
gas industry (drilling, capping and monitoringhde themselves to long term GO
sequestration in geological storage sites making this a favoured techn¢®yy The
depleted North Sea oil and gas reservaigginprovide an opportunity for the UK to become
world leaders in Cfgeological storage solutions. The UK storage is especially important
when public opinion prevents onshore storage due to health and safety and environmental
concerng(70). Themainissue with geological storage is the potential for the failure of the
storage system and the release of large antswif CQinto the ocean in the case of offshore
storage sites (the preferred option) and the potential damage to marine atmospheres and
in onshore sites the contamination of fresh water aquif@d¥). Work in this area is being
widely undertaken to identify the most suitable storage sites and how these can be managed

and monitoed over their potentially long lifetime@§1-74).
Ocean Storage

The ocean currently plays an important part the sequestration of COfrom the
atmospherevia physical, chemical and biological processes during the carbon cyeles CO
soluble and reacts with the oceans to form bicarbonate and carbonate ions known as
dissolved inorganic carbons. The carbon is nsotable in colder waters and as colder water
sinks the dissolved carbon is transported to the depths of the o€egnThe Cecaptured

from industrial processes could be directly injected into the depths of the ocean by ships or
pipelines wiere it would remain isolated fra the atmosphere for centuries. Injections of
CQ at the rates required (Gt GQer year) would impact on the immediate injection points
with the reduction in oxygen supply arkygenmobility, damage to marine life such as
limited growth and reproduction and increased mortality over time. Higheelk of CQ
injection over long periods of time would eventually spread the damaging effects over the
entire ocean making this type of storaget a viableoption for CQ storage at the volumes

that may be required39).
Mineral Carbonation

Mineral carbonation is the same process that occurs in geological storage but where large
volumes of C@are brought into contact with metal oxide bearing materials with the afm
fixing the C@as carbonates. Silicate rocks, serpentine and olivine minerals are suitable for
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mineral carbonation as well as industrial residues such as fly ash or slag from the steel
industry. The resulting carbonates require disposal and it has beggested that filling and
reclaiming depleted mines is one option but there is potential for leakage to atmosphere,
water and soil contamination. In addition the large amounts of carbonate that may be
formed could resulin land clearing for both theourcing ofraw material and the long term

storage(39).

1.5 Bioenergy carbon capture and storagBECCS)

Bioenergy CCS is the use of CCS technologies in conjunctiohiawtass to potenally
provide negative emissions (removal of &Om the atmospherefan important technology

if emissions targets are to be mét7, 76). The €Sprocess can be fitted to a range of
biomass conversion technologies (combustion for electricity, gasification, chemical
production etc.) using pre, post or ckyel combustioncapture technologieslescribed
earlier. The basic concept of a BECCS system is that tisr€@oved from the atmosphere

by the growth of biomassand is released captured and stored when the biomass is
converted using CCS technolptiyus removing emigens from atmosphere. The amount

of negative emissions possible are dependent on many factors including the type and
sustainability of the biomass used, as mentioned in secti@ the biomass conversion

technology and the CCS conversion technology.

The International Energy Agency Greenhouse Gas research and development programme
(IEAGHG) produced a report outlining the overall potential of six BECCS systems for
emissions removal. The report considered the biomass supply and CCS chains alongside and
a techneeconomic assessmeritablel.4 highlights the potential level of negae emissions

for each technology based on the technical potential and the realisable potential. Technical
L2 G Sy G A | f the getBrifial apByiig durdent a@r future technical constraints, which

for BECCS is constrained by only resource availabili@, storage capacity, and future
G§SOKYAOFf LISNF2 NI RealSablg Foteritial SefineédSéd Ky 2 t 2@ Ky A O
feasible, determined by possible deployment rate and expected demand, hence increases

in time with deploymentrate (where deploymentate is dependent on the possibility of
applying BECCS to existing energy conversion technologies and retirement rate of
technologies it replaces)The realisable potential is hence a limitation applied to the
technical rate by including capital stock taover, final energy demand and deployment

NI U(7D)E
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Tablel.4: Greenhouse gas performance of BEBZ¥¢hnologies- technical potential and
realisable potential(77)

BECCS Technology Technical Potential Realisable potential

Gtyrt Gtyr?
2030 2050 2030 2050
PC CCS Céiring -4.3 9.9 -2.3 -3.2
CFR; CCS dedicated 5.7 -10.4 -0.7 -1.3
IGCQ, CCS cfiring -4.3 -9.9 -1.1 -1.8
BIGCE CCS dedicater  -5.7 -10.4 -0.3 -0.8

Note: Cdfiring levels are 30% in 2030 and 50% in 2050

The technical potential for each of the BECCS routes for electricity generation is significant

in both 2030 and 2050 and if reached could help to fill the gap between the required
SYAaaArzya NBRdAzOGAZ2Y YR (KS L FgureQld). The A R 2 dzi
realisable potential however indicates that-fidng in pulverised fuel plants has the largest

potential for emissions reduction which would be increased in dedicated biomass pulverised

fuel combustion systems. The continued growth in knowledge in dedichiomass

combustion since the IEAGHG report in 2011 due to stations like DRAX lasitisoits

dedicated BECCS systems.

The potential negative emissions of BECCS systems is sh&iguiial.9 taken fromthe
latest IPCC reporfl7) and the emissions compared to coal and gas used for electricity
generation and coal to liquid processes. The use of bioenergy alone is shomeduce

emissions but when combined with CCS the potential negative emissions are clear.
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Figurel.9: Comparison of emissions from electricity generation and alternative transport
fuel technologies with ad without CC$%17)

As outlined in the previous sections, the wide range of biomass conversion technologies and
applicable capture and storage options make it difficult to determine the exact emissions
reduction potential for a pulveriseoxy-fuel plant, the focus of thigsvork. HoweverGladysz

et al (78) investigated the emissions from a pulverised -fxgl plant using coal, efiring

with biomass(30%)and dedicatedbiomass.Although it is difficult to determine the exact
boundary conditionsand therefore which emissions have been taken in to accpthd

author does give a comparative study of coal and biomass combustion comparedftebxy

with CCS®missions. It camagainbe seen irFigurel.10 that the use of biomass alone in a
standard combustion process lowers emissions compared to coal but when CCS is added
then the reduction in emissions is significantly higher. The work also suggested-firvaigo

at levels of 30% biomass (the same levels as the IEAGHG proposed in 2030) are enough to
generate negative emissions. However as would be expected the scenario with the largest

potential for emissions reduction in an ekyel environment is dedicated biomasgstems.
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Figurel.10: CQ emissions of net electricity production taken fro(%8) (OFQG; oxy-fuel
combustion)

However the author would again like to point out that the exact boundary systems are
unknown and that this work displays thgotential benefit of BECCS relative to coal CCS

under the same boundary conditions rather than the exact expected emissions.

1.5.1 Competing carbon removal technologies

Alternativenegative emissions and carbon dioxide removal technologies (CDR) are available
including afforestation, reforestation, biochar, direct air capture and a number of
geoengineering options such as ocean fertilisation. The benefit of these systems is that CO
emissions from nosstationary sources or sourceghere it is noteconomicallyviable to

install CCS can be remov@t®). Direct capture from air is an expensive technology due to
the large gas volumesontaining low levels of G@nd geoengineering options could have

serious environmental risk80).

Afforestation, reforestation and avoided deforestation have the potential to significantly
reduce atmospheric G@oncentrations. A reduction in deforestation could remove-2.b

Gt CQyr? but this would require 0% reduction in the rate of deforestatig¢®1). However

the author noted that this scenario would be expensive ahdtta 10% reduction in
deforestation that could remove 0:8.6 Gt C@yr! is possible under current financial
mechanisms. The use of afforestation and reforestation could potentially remove ~4Gt CO

yr! from the atmospherg82) slightly less than suggested for the potential of BECCS.

Although reforestation and BECCS seem like fundamentally opposite options (plant trees

rather than cut them down) BECCS requiressianable supply of biomass that could well
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be provided by managed reforestation particularly in the case of pellet production for

combustion in pulverised fuel plan(83).

1.6 CCS in operation today and what the future holds

1.6.1 CCS in operation today

According to the Global CCS institute #hare currently 15 large scale projects in operation
and 22 pilot and demonstration plants looking at all aspects of the CCS chain. A large scale
projectisdefinedaé G € S| &l vy n mannualy foliazoalyb&ad p@wWer plar,

or, at least 400000 tonnes of C&annually for other emissiongntensive industrial facilities
(including natural gasd I & SR LJ2 ¢ S N84 IMBARItzO id the opérating plants

six more are expected to become operational in 2017 making 21 operational planta with
capture capacity of 40 Mt yr Of the 15 plants currently in operation only 1 is for power
generation(Boundary Dam project in Canada)d uses post combustion capture with the
CQ used for enhanced oil recovery to captusge to 1Mt yr! of CQ. Theboundary dam
power generation project in Canada commenced operation in October 204 CQ
injection beginning in April 2015. In July 2016 the operators announced that over 1Mt of CO
had been captured since operations began in 2014. The majority eéthaining operating
projects are in the gas industnyith eight in natural gas processing all with m@mbustion
capture, two plants producing fertilizers, two plants producing hydrogen and one plant
producing iron andteel,all with industrial separdbn (where CQis removed in the actual
processrather than an additional removal stageOf the six plants expected to be
operational at the end of 2017 two are for power generation, one withg@nbustion and

one with postcombustion capturgboth in Anerica. In addition the first BECCS plant (the
lllinois Carbon Capture and Storage Project) also in America and is due to come into
operation in 2017 producing ethanol from corn using industrial separation technologies and

onshore geological storage to cape 1Mt CQyr? (84).

In addition to the 21 plants that are expected to be operational by the end of 2017 there are
27 others at various stages of planning with 11 in the power generation sector. China and
America combined have plans to install 20 o th7 projects, 7 of which are for power
generation (84) suggesting that the pact made in 2014 between the two counttges
collaborate in the development of C@&Sheing taken seriously. China is also at the initial

stages of developing the only planneoxy-fuel power generation facility (Shanxi
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International Energy Group CCUS Project) capable of capturing 2 Myr€@ith an
expected operational date in the 202(84).

1.6.2 Future of CCS

As mentioned earlier CCS is a fundamental set of technologies afevio meet climate
change targets and BECCS is set to become more and more important throughout the
coming decades. The use of CCS in the UK is also seen as a crucial technology despite the
withdrawal of a £1 billion UK government fundpbgramme(85) in 2015 just days before

the COP21 meeting in Paris. As a result of the cancellation of the fourfyeded
programme the two projects under consideration, Shell and SSE CCS project in Peterhead
(Gas CCS) and the Capture Power project at DA, CCS)ere immediately concluded

(37). Since the initial announcement by DECC to withdraw the funding there has been
considerable concern raised by a number of Government departments and bodies calling for
more support to be giverotthe CCS industry. The ECCC called for stronger support for the
industry as a whole and suggested that CCS capture plants, transportation and storage
should receive separate support under a new funding mechanism alongside contracts for
difference. The reprt also highlighted how CCS is integral in meeting emissions reduction
in areas other than electricity generation and the possible wider implicattontack of CCS
deployment may have ithose sectorq10). A parliamentary advisory group went further

I YR & dz3 3 S £GSdrlivaiyfcomipany shald be established thatld be initially
government owned but could then be subsequently privatisg@6). This is particularly
telling suggesting that a state owned company should be introduced under a conservative

government at a time of austerity. In addition the report stated that:

QCS is essential

CCS works and can be deployed quickly at scale

CCS in the power sector is an essential enabling technology

CCS is the most cost effective method for the consumer to reduce emissions
Heavy costs will be inherited by future consumers with any delay in CCS deployment

There is no reason to delay the development of the UK offshore storage facilities

= =4 4 4 a4 - -

An industrial capture contract providing financial incentives for the capture ef CO

paidfor by government is neede@6)

The government issued a response to the ECCC 2016 report on the future of CCS in the UK

and reported that:
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1 A detailed reflection of the lessons learned during the four year CCS funding
competition should be undertaken

9 Discussions beteen the UK and the European commission and the European
banking system to keep future financing options which were developed under the
UK CCS funding competition open should be immediately facilitated (NERI&00
g2NI RQa I NBSald DunaRdngrergydedorshation Yrejec® 2 NJ f
87)

1 The UK government should engage with the National Infrastructure Commission to
explore options for C&transport and storage development and to decide if the
infrastructure should be of priority

1 Clarification on the potentidbng term role of CCS and if this is needed in the 2020s,
2030s or if CCS is needed at alll

1 If new gas fired power statiorsge expected to be retrofitted with CCS and how this

is to be achieved

Clarification of the funding mechanisms for CCS

Study of newthe potential and existing storage sites in the North Sea

Details of the requirements for the deployment of industrial CCS in the UK

=A =A =4 =4

Potential development of a National Carbon Storage Authority in th€8JK

The Energy Technologies Institute (ETI), a ppbl@te patnership between industry and
the UK government also highlighted the potential reduction in costs of CCS use for emissions

reduction and that funding should be given for demonstration pl4883.

An additional report by the ETI solely focused on BECCS was also published&9201&

report suggested that:

1 BECCS is a credible, schdadnd efficient technology that is critical for the UK to
meet emission targets

9 There are no show stopping technical barriers to BECCS

1 BECCS has the potential to deliver negative emissions

I The UK is particularly well placed to exploit the benefits of @QE&Sto storage
availability, bioenergy expertise and the academic and industrial knowledge base in
both bioenergy and CCS

1 The UK is able to produce the majority of the required biomass with moderate
imports needed to meet 2050 targets

 DeriskingBECCSshiB 06S |y Ay (S3Niuk CCSlsttegy2 ¥ G K

w
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1 Deployment of BECCS is achievable by 2030
1 Significant support is needed over the next®years to demonstrate a commercial

deployment of BECCS technology and €€@age supply chaif89)

As of yet the new UK government and the newly formed department of business, energy
and industrial strategy have not yet clearly identified their technological routes to emissions
reduction, however a new energy policy framework is expected from the current
governmentsometime in 201712). The government also stated in a 2016 response to the
CCC progress on meeting carbon budgets, that CCS cost must be reduced if it is to play a part
in the long term decarbonisation of thedKs economy but did also emphasise that this is
before the findings in the report bthe ECCC aridord Oxburgt{86) were fully evaluated.

The report also stated that the future approach to CCS in the UK will be set out in due course
(12).

In contrast to the uncertainty in the UK the USA and China (the largest emission sources)
agreed to expand joint research and development of advanced carbon capture systems as

well as other low carbon technologi€30).

The IEA reported that CCS continues to be essential but is routinely overlooked in many main
stream policy discussions as other low carbon technologies are preferred due to the rapid
cost reducions and focus on energy efficiency. They stated that industrial CCS is one of the
only options available for emissions reduction in that sector and that in the electricity sector
CCS provides a solution to emissions reduction whilst using fossil fuelsr¢ase energy

security(76).
The reportedconcluded that:

1 Long term commitment and stability in policy frameworks are critical

1 Early opportunities for CCS deployment are available and must be cultivated

1 Investment in storage must be a priority and the most significant impediment to
large scale ddpyment of CCS is the geological storage

1 Availability of CCS in the future is dependent on investment today and an expanded
pipeline project allowing for integration in the future is required

T Community engagement is essential

1 BECCS should be deployed asnsas possible to understand if negative emissions
can be achieved allowing for the modification of climate change models and future

emissions scenarid36).
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1.7 Conclusions

Theconsensu®f scientists and the governments of the world regarding climate change is
now clear through theagreement made irParis However if we are to meet the global
averagel temperature targets decided upon in Paris then significant levels of renewable
technologies must be deployed to reduce anthropogenic emissions. One of the most
important technologies isCS, whiclmas the potential to reduce emissions from the power
sector andthe potential abilityto achieve negative emissions if utilised alongside biomass.
Although the technologies are widely utilised in climate change models there are only a
limited number of CCS sit@s operationtoday but more aresetto come online over the
coming decadeThe importance of CCS in the UK meeting its own emissions targets has also

been highlighted by a number of UK government departments.

The many different technologgptions andtechnology combinationsassociated with a
complete CCS systenffer a wide breadth of research opportunitiebhe work in this thesis
is part of a wider research group that is focussing onrfagycombustion. The project, called
BIOCAP UK comprises of botiidustrial parthers and academic institutions and aims to
better understand the operational behaviour of an €kl plant alongside the potential
emissions reductionghrough LCAand a techneeconomic analysis. The operational
behaviour of theoxy-fuel plant is determined through laboratory scale work (the focus of
this thesis), pilot scale experimeng the PACT facility in Sheffiekshd CFD modelling

(incorporating the kinetic models derived in this work).
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2 Aims and objectives of thesis

As canbe seen from the previous chapter, carbon, capture and storage is a complex
technology with many potential research areas. This work focuses efuekgombustion

and in particular how the change in combustion atmosphieoen conventionalair to an
O,/CQO environmenteffects the combustion behaviour of a solid fuel. In order to investigate
this, the combustion behaviour dfix industrially relevant fuel¢wo North Americarwhite

wood biomass pellets, a torrefied biomass pellet and three awate investjatedin air and
oxy-fuel atmospheres ranging from30%0,/CC;. The two main stages of combustion were
analysed, the first the devolatilisation behaviour and the second char combustion, the rate

limiting step of theoverall combustion process.

In order b determine thecombustionbehaviour of fuels irmir andoxy-fuel environments

the following questions were asked:

1. How does the leange in combustion atmosphereffect the overall combustion

behaviour of the fuels?

2. How B the devolatilisation processffacted by the change in combustion
atmosphere and does this differ between biomass and coal samples?

3. What dfect does the devolatilisation atmosphere have on the resulting char
properties?

4. How is the char combustion procesdfected by the change in combitisn
atmosphere and does this differ between biomass and coal samples?

5. Are there any differences in the combustion behaviours of coal, biomass and

torrefied biomass and are there any lessons that can be learnt by industry?

6. Can chars produced using a Ti@plicate chars produced using a drop tube reactor

and is this a reliable method for the investigation of char-fugf combustion?

37



38



3 Literature review

3.1 Introduction

This chapter is a literature review relevant to the topics researched in the thedigjives

an introduction to coal, biomass and torrefied biomass andrtbemposition. The focus
then shifts to theidecomposition pathways durirgpth pyrolysis and combustian air and
oxy-fuel environments. The devolatilisation and char combustion behaviour is described and
the identification of kinetic combustion regimes associated with the aloowebustionsteps
analysed. Thehapter finishes with a discussion on the fotioa of nitrogen pollutants and

this is effected by the change to ekyel environments.

3.2 What is coal?

Qoal is a solid fossil fuel utiliséy humankind for thousands of years as a source of energy
(91). The pressures of climate change are resulting in the overall deélceal use but it is

set to be utilised as an energy source for the foreseeable futpaeticularly in developing
nations(18, 92).

/21t A& F2dzyR Ay &SIl Ya Afgim defoSitedviegethtignidat O NHza
underwent chemical and physical changes due to a process called coalification. The
coalification process starts with the decaying of the deposited vegetation fotlolye
burying due to sedimentation, compaction and finally transformation of the plant remains
to organic rock. Thaleposited coal differs throughout the world due to thiocalised
conditions at the seams at the time of coalification, the different orgaracerial deposited

(coal type), the degree of coalification, that is thetent of the chemical and physical
processes (coal rank) and the range and amount of impurities present in the vegetation (coal
grade)(93). Coalitself is composed of both organic constituents, mainly carbon, hydrogen
and oxygen with small amountsf mitrogen and sulphur, and ash forming inorganic
constituentstypically silicon, aluminium, iron, magnesium, potassium, sodium, titanium,
calcium and phosphorug94). The organic fractions of the coal consist of macerals,
microscopic components of co@5) which can be linked to the type of plant material
originally deposited(96). The macerals can be classified into three main categories,
vitrinites, liptinites and intetinites. Vitrinite is formed from the woody tissukerived from

lignin and celluloseb@rk and root¥of the original biomass and tend to contain more oxygen

than other macerals. Liptinites derive from plant resins, spores and algal remains and
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contain higher levels of hydrogen than other macerals. tées derive from the same
source as vitrinites but have undergone thermal or biological oxidation (such as foes}t fi

resulting in a high inherent carbon contg@i3, 97).

3.2.1 The coalification process ancbal classification system
Coalification the geochemical process that transfodepositedplant materialinto coal can

be described by the following steps:
PeatA LigniteA Subbituminous coa) Bituminous coal Anthracite

Thisoverall coalificatiorprocess can be split intthree stages, the peat forming process
which is the microbiological degradation of thellulose present in the plant material, the
conversion of the lignin into humic substances and the condensation of these substances to
form larger coal molecule@3). The type of vegetation decaying and the decomposition
environment are important factors in determining the nature and quality of the coal seams.
The chemical and biological composition of the plant material differed over geological
periods and the depth, temperature, acidity and movement of water differed between
deposit sites all affecting the coal composition. The geochemical phase is the result of
increased temperatures and high pressure over millions of yegperienced, due to the
burying of the vegetatiorand is the most important factor in the coalification process. The
greater the extent of the coalification process the less moisture, vogatligdrogen and
oxygen are present in the coal while the carbon content is increased relative to the original
vegetation deposited(93). The chemical processes that occur during each stage of

coalification are outlined ifale 3.1.

Table 3.1: The coalification proces®8)

Materials Partial Process Main ChemicaReaction

Vegetation Peatification Bacterial and fungal life cycles

Peat Lignification Air oxidation, followed by decarboxylation ar
dehydration

Lignite Bituminization Decarboxylation and hydrogen disproportionir

Bituminous Coa Preanthracitization Condensation to small aromatic ring systems

Semianthracite Anthracitization Condensation of small aromatic ring systems
larger ones; dehydrogenation

Anthracite Graphitization Complete carbonification
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The extent of the coalification process and the conditions at the deposition sites result in
coals with different measurable properties which are used to rank and classify coal types.
The classifications of coals can be seeffiable3.2 (91) with anthracite coals undergoing

coalification to the greatest extent

Table3.2: Classification of coals

Coal Rank Volatile Hydrogen Carbon Oxygen Heating A A E

Matter (Wt%)  (Wt%)  (Wi%) Value £ E
(%) (MJ/kg)

Anthracite

Meta 1.8 2.0 94.4 2.0 34.4 46.0 50.8

Anthracite 5.2 2.9 91.0 2.3 35.0 33.6 424

Semi 9.9 3.9 91.0 2.8 35.7 234 31.3

Bituminous

Lowc Vol 19.1 4.7 89.9 2.6 36.3 19.2 375

Med-Vol 26.9 5.2 88.4 4.2 35.9 16,9 25.1

HighVol A 38.8 55 83.0 7.3 34.7 15.0 13.8

HighVol B 43.6 5.6 80.7 10.8 33.3 144 8.1

HighVol C 44.6 4.4 7.7 13.5 31.9 142 6.2

Subbituminous

Sub A 44.7 53 76.0 16.4 30.7 143 5.0

Sub B 42.7 5.2 76.1 16.6 304 147 5.0

Sub C 44.2 5.1 73.9 19.2 29.1 146 4.2

Lignite

Lignite A 46.7 4.9 71.2 21.9 28.3 145 3.6

Note: Values determined on a dry ash free basis

3.2.2 Chemical composition of coal

The structure of coal is complg99) and a general structure of a bituminous coal as
described by De Abreu et £100) can be seen ifrigure3.1. The coals presented as a
polymeric matrix of cyclic aroatic carbon rings (benzene and polycyclic aromatic
hydrocarbon} linked with other aromatic structures by bridges consisting of aliphatic
groups, oxygen functional groups and oxygen or sulphur a{@0@. Nitrogen may also be
present in forms such as amines but as the coatumes the nitrogen forms into more
condensed structures (pyridines and pyrroles). Sulphur is present as sulphide, disulphide or

mercaptan in both aliphatic and aromatic structu@g1).
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Figure3.1: Chemical composition of bituminous ca@lo0)

3.3 What is hiomass?

The term biomass can include a wide range of material that is directly weatl¢ derived
from photosynthesis reactions such as wood fuel, wood derived fuel, fuel crops, agricultural
by-products or waste and animal fproducts (102). In this work onlywoody biomass is

investigated.

3.3.1 The structure of biomass

Wood is a complicated structure and comprised of three major organic compounds cellulose
(40-50%), hemicellulose (380%), lignin(16-33%) and minor substances such as pectin,
protein, extractives, starch and inorganics (ash) making up the remajhd®y. An example

of the structure of lignocellulosic biomass can be sedFfigare3.2.

3.3.1.1 Cellulose

Cellulose, a fibrous material, providsgength to the biomass cell walls. Cellulose is a long
chain, linear polymer molecules that contain 5600,000 glucose monomers, and has high

molecular weight (10 or more). The individual cellulose molecules organise to form
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cellobiose units consistingf two glucose anhydrite units. The decomposition of cellulose

occurs at temperatures in the range of 2360°C(104).

Plant cell wall HO %\ HO 20\27\
OH
H Ho ‘¥ OH HO OH

Figure3.2: Plant cell wall and lignocellulosic biomass compositid5)

3.3.1.2 Hemicellulose

Hemicellulose molecules are less structured than cellulose and consist of oFipQGdiIgar
monomers resulting in a lower molecular weighiD4) and the exact composition varies
widely among different woody speci€$06). Hemicellulose molecules are a mixture of
polysaccharides derived from glucogalactose, mannose, xylose, arabinose and glucuronic
acids. Decomposition of hemicellulose occurs at temperatures betweeR2@0C and

produces more light volatiles and less tars and chars than a cellulose malE@dle
3.3.1.3 Lignin

Lignin is a complex polymer that penetrates the spaces between cellulose and hemicellulose
adding strength to the wallL05). Lignin has no exact structure and is mainly derived from
three aromatc alcohols, goumaryl, coniferyl and sinapy106) which are connected in
weakly linked branched structured07). These units produce high molecular weight

materials rich in carbo(iL08).
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3.3.1.4 Inorganics

The inorganics found in biomass influence the combustion process and the composition of
the ashes remaining. The main inorganic components can be split into two categories, the
first ash forming components are Si, Ca, Mg, K, Na, P, S, Cl, Al, Fe andddcoailty the
heavy metals Cu, Zn, Co, Mo, As, Ni, Cr, Pb, Cd,(MQ%igrhese elements act as nutrients

during the plants growth and are present in the ash after combugfidg).

3.3.2 Introduction to white wood pellets

The main drawbacks of utilising biomass over coal and gas is the low energy,degh
moisture content and high heterogeneity. These can be lessened with the production of
pellets with consistent quality, low moisture, higher energy density and homogenous size
and shape. Pellets can be produced from many materials and used in diffenent
processesin this workthe focus is on pellets produced for energy production dra made

from wood, but pellets may also be made fropeat, herbaceous biomass or waste. This
type of pellet can be split into three categories dependent on the type of biomass used to
produce the pellet. White pellets are produced from wood without bark, brown pellets are
produced from materials including ¢hbark and black pellets are produced from steam
exploded or torrefied wood111). The white wod pellet is widely usedhithe energysector

and can again be split into thremtegories dependent on the measurable properties of the
pellet, such as the elemental comptish and the inorganic elements. The white wood pellet
classification schemean be seen ifable12.3 in the AppendixThe biomass sample used

in this work is a North American white wood pellet, made from Pine.

3.4 What is torrefied biomass?

Torrefactionis apre-treatment process where biomass is heated in the absence of oxygen
at temperatures between 2030C°C to produce a material with improved chemical and
physical propertiegelative to the original biomass materialhe mild pyrolysis process
reduces themoisture content and drives off oxygen rich volatiles that have a low calorific
value. The loss of volatiles is associated with the decomposition of the hemicellulose
component which binds the cellulose structures in the cell wall. The result is a maigyene
dense fuel that is easier to mill, transport and store that and has the potential to further
decrease carbon emissions relative to the raw biomass safipt®. Although torrefied

LIStfSda IINBE y20 | a ARSte& [ @rAatloftS I a
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improvement in properties such as milling behaviour and higher energy density, may make

this type of fuel more favarable in the futurg113).

3.5 Combustion of solid fuels

Solid fuels have been utilised for energy production through combustion in pulverised fuel
power plants for decades. The fundamental combustion process of solid fuels whether coal,
biomass or torrefied biomass is the saifid4, 115 and can be describely the process

outlined inFigure3.3 and dscussed in the following sections.

y—b 2. vohtile combustion
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Figure3.3: Overall combustion process of cqdll6)

3.5.1 Heating am drying

In a combustion system the pulverised fuel (pf) particle enters a boiler at relatively low
temperatures andare rapidly heated whereby the surfacemperature increasesand
inherent mdsture within the particles poroustructure evaporateg117). High moisture
content can delay particle heatipgvhich in turn can increase the overall combustion time
by a factor of 3 to §118). This can be problem in biomass fuelshere moisture conteng

can beup to 50 wt%(119) compared to bituminous coatbat containsl-12 wt%(120). The
evaporation of the misture involves simultaneous heat and mass tranpfecessesvhich

can be seen ifrigure3.4.
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Figure3.4: Schematic of the particle heating and drying proc€s44)

Heat is driven from the furnace environment to the particle surface by radiaand
convection and then transferred to the centre of the particle by conduction through the
particle. In order to remove all of the moisture present, the core of the particle must reach
temperatures of 1280C. When the particle is heated sufficientlgtimoisture is converted to

the vapour phase and is¢m able to move through the porous structut@ the surface of

the particle through the boundary layer and into the furnace environmg#0). The loss in
moisture results in an overall reduction in the size of the particle and the internal pores may
shrink In high temperature environments the vaporised moisture may become trapped

within the particles increasing internal pressure causing the patrticle to fra¢ide®.

The drying stage is a heat transfenited process and is influenced by the furnace
temperature, particle size, porosity and the initial moisture content of the fuel and can be

described by the following equatiqi 14):
N E! — Eg31

Where q is the flow of heat, ks the thermal conductivity of the fuel..#s the surface area,
Ti is the temperature at the particle surface; i§ the temperature at the centre of the

particle and xis the radius of the particle.

3.5.2 Devolatilisation
The second step in the combustion process, outline&igure3.3, is the devolatilisation
step. This refers to the thermochemical conversion under external heating that results in a

change in the chemical composition and physical characikesist a fuel particl¢l18). As
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the particle is heated(temperatures above 20C)the fuel starts to decompose arjht
volatile gases are released. These volatiles are driven out of the fuel particle and prevent
oxygen, present in the combustion environment, from penetrating the particle and oxidising
the carbon, hydrogen, and sulphpresent in the particleAs thethermal energy is able to
penetrate the particle but the oxygen is not, the particle is heated in a pyrolysis environment
(121). The escaping volatiles burn much more rapidly than the char, the remaining fraction
after devolatilisation, and therefore play amportant role in flame ignition, flamstability,
flammability limits(122) and the formation of pollutants such as NQO7). The volatiles
when combusted can account for up to 36% of the total heat output of coal and 0% f
biomass(123) and the devolatilisation process determines the properties of the remaining
charsuch ashar yield, porosity and composition, all important factors in dverallchar

combustion propertieg107).

The devolatilisation process can be divided into three physical processes, (i) pyrolysis or the
decomposition chemistry, (ii) the transport of the volatiles through ploeous networkand
(i) the secondary reactions that change the chehproducts and/or cause decomposition

of the volatile products on the particle walls or po(@22).

Thefirst physical proces@yrolysisis similar in both coal and biomagsn overview of the
pyrolysis process can be seenFigure3.5 andis described here. Pyrolysis involves a two
stage mechanism; the first is the breaking of bridges between aromatic structures in coals
and the breaking of long polymeric chains in biomassducing tars and chars. The second
stage is the formation of neoondensable volatile matter via the decomposition of
functional groupsTypicalolatiles produced from coal and biomass pyrolysis can be seen in
Table 3.3 and the species produced and yields are fuel and devolatilisation condition

dependent.

Table3.3: Typical volatile species formed during pyrolysiscofl and biomas$124)

Coal Biomass
Tar Formaldehyde
HO Acetaldehyde
CQ Formic Acid
(6{0) Acetic Acid
CH Methanol
NH; Phenol
HCN Acetone
COoSs Levoglucosan
SQ -

NOTE: Biomass typically contain the species found in coal in addition to those listed above.
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The tars produced as a result of the breaking of long chains are composed of high molecular
weight molecules such as aromatic and phenolic hydrocarbons and aliphatic hydrocarbons
which are liquids at room temperature. The tars are very reactive and mayualsergo
secondary reactions such as cracking and repolymerisation within the structure of the
particle (125). The tars and nowwondensable volatile species are mobile throughout the
porous network and secondary reactions can occur between the, evolved species
themselves, with thective sites present in the particle or with the combustion atmosphere

surrounding the particle.

The proces stats at the particle surface whethe outsice of the particle reaches the
pyrolysis temperaturé>200°C).The volatiles are driven off at the surface and a layer of char
(a carbon rich solid with minor fractions of oxygen and hydrd84&)) is formed. This process

is repeated as the inner layers of the particleaiedhe required pyrolysis temperatu(i21).
Hence a particle undergoing devolatilisation hasarzone which has undergone pyrolysis,
an active zone where pyrolysis is occurring within the particle and an unreacted internal
zone(120, 126).

DIRECTION OF REACTIONS

Pyrolysis Reaction

=

Fuel
Particle
Surface

Fuel
Particle

Center @
—_—

N

REACTION ZONES

1) Unreacted Fuel Particle
2) Active Pyrolysis Zone
3) Char Zone

Figure3.5: Solid particle pyrolysis proce§$14)

The devolatilisation behaviour of solid fuels is affected by the temperature of the
combustion environment, the heating rate of the patrticle, particle size, moisture content
and fuel type(122, 123, 125). The peak temperature, the time a particle is held at the peak
temperature, and the heating rate are important factors in the devolatilisasitage. As the
temperature, residence time and heating rates are increased, the yield of volatiles is also
increased117, 118, 121, 127, 128) and as a result char yield decreased. Increasimtigha

size generally results largerchar yields but the extent of the particle size on volatile yield

is fuel dependen(122, 129, 130). The composition of the fuel plays an important role in
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devolatilisation and the differences between coal and biomass ldélisation behaviour

are outlinedin the following sections
3.5.2.1 Devolatilisation of coal

The hypothetical structure of a coal macromolecule (part Bigfire3.6) andthe changes to

it during pyrolysis can be seen kigure3.6. During pyrolysis of coal the weakest bridges
break first, that is the aliphatic and functional groupspgucing molecular fragments
(depolymerisation) separate from the macromolecule (part Bigtire3.6). These fragments

are known as metaplast or liquid coal compore@nd have fluid propertiefl22). The
fluidity normally occurs in coals containing carbon contents e®3at% (bituminous) but

is also dependent on oxygen and hydrogen concentration and the heating rate of the coal at
which devolatilisation occurs. At high heating rates plasticitycieased until heating rates
become too high for coals to plasticise and instead crosslinking, the recombination of

metaplast within the particle structure increasing stability, is the preferred r¢L22).

PRIMARY PYRQLYSIS
STAGE 11

SECONDARY PYROLYSIS
STAGE 111

H-G-H

Figure3.6: Hypothetical coal molecule during the stages of pyrolyi81)
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The metaplast fragments will either be released as tar or crosslink back into the
macromolecular structure and stabilise the evolving chaatrix (132). In order for the
metaplast to be released as tar, the fragments must be small enough to vaporise und
typical pyrolysis conditionfl33). The tar can consist of hundreds of thousands of organic
species with average molecular whts of 350(132) and with a chemical structure that

resembles the chemical structure of the parent cdal2).

Alongside the production, vaporisation, tar formation and crosslinking of the metaplast the
functional groups decompose to release £Q@liphatic gases, Gtnd HO. These light
gases/vapours may be ignited causing flaming combustion, or aid in crosslinkingy &H
substitution reaction with a larger molecule, £6y condensation after a radical is forthe
when a carboxyl is removed and®iby the condensation of two OH groups to produce an
ether link. Thedegreeof crosslinking is important to determine the release of taolatiles

and the properties of the char such as porosity and overall (iE®®). Thedegree of
crosslinking can be affected by the coal rank, the level of oxidation within the vicinity of the
particle and theparticle heating rate. Asthe rank of the coal increases (degree of
coalification) the temperature at which crosslinkimgactions occuis increase134, 135).

Work by Deshpande et &134) found that crosslinking occurs in lignites at 650K and in
bituminous coals at 800K and attributed thasthe lower carboxyl functional groups found

in higher rank coals. The effect of the increased heating rate in an inert atmosphere was also
studied in this work and found that crosslinking was decreased in a coal sample when heated
at 20,000C mint compared to the same coal heated at& mint (134). This trend was also

seen in work performed by Solomon et@35). The devolatilisation of coal in air was found

to increase the degree of crosslinking at low temperatures and was attributed to the
formation of oxygen containing functional groups that participate in foemation of

crosslinks within the coal macromolec(fle35).

During the secondary stage of devolatilisation (paRigure3.6) the char and tar formed
during the primary stage decompose. This results in the formation of light gase€ CGHq

as well as light nitrogen species, and ultimately soot, being released as the remaining
aliphatic side chains are broken and ring condensation occurs in the solid matrix. Secondary
pyrolysis occurs at temperatures above 1150K and is strongly temperahderank
dependent (136). The char, the remainder of the macromolecule, and its combustion

properties are discussed section3.5.3
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3.5.2.2 Devolatilisation of biomass

The decomposition pathway of biomass differs from coal due to the composition of the fuel.
As mentioned in sectior3.3.1 biomass contains cellulose, hemicellulose and lignin and
contains higher levels of volatiles resulting in much smaller char yields tuse seen in
coals(123 137). Typicallythe temperature at which pyrolysis starts in biomass is about 160
250°C compared to 35 for bituminous coal. The amount and nature of the pyrolysis
products isagaindependent on heating rates and final temperatures, and the conditions

seen in pulverise fuel combustion favour gaseous volatiles rather than tar formatl@3).

The devolatilisation and pyrolysis mechaniszha biomasgan be seen fFigure3.7. A wide
range of gaseaaiproducts are released during the devolatilisatstaigeand are dependent

on which part of the biomass is undergoimgrolysis.
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Figure3.7: Devolatilisation pathway of ligmo-cellulosic biomas$§126)

The hemicellulose and then the cellulose and lignin start to decompose with long polymeric

chains crackintp produce vapours whickeavethe particle via the pores fomed during the

drying stage. The volatiles are comprised of these vaporised chains which ignite when
reacted with oxygen producing flaming combustion. During this stage a wide range of gases

are produced dependent on the temperature and part of the plamdergoing
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devolatilisation.Hemicellulge is the first to decompose (@26(°C) forming acetic acid,
formaldehyde, carbon monoxide, hydrogen, furfural and furdhe first stage in the
decomposition of cellulose is the production of active cellulose whiththen produce
charcoal by dehydration or levoglucosan depending on the temperature. The levoglucosan
will then decompose further to form hydroxgketaldehyde, acetol, furfural, CO and a range

of other compounds. The final fraction of the plant th&arss to decompose is the lignin
which produces aromatic compounds and the largest fraction of the char. The aromatics are
produced as the straight chain links of the lignin decompose with phecabon dioxide,
hydrocarbons, formic acid, acetic acidsthmanol and higher fatty aciddsobeingproduced

(126). Lignin also plays an important role in the pellet production process. In woods
containing around 10% moisture the lignin begins to soften at €2 30ading to a higher

abrasive resistance pellet decreasing the amount of fines prod(ickEd).

The exact quantity of the cellulose, hemicellulose and lignin content differs between
biomass types and so effect both the physicadl @hemical processes during combustion
(123).

3.5.2.3 Ignition and combustion of volatilein both coals and biomass fuels

The ignition and combustion of the volatiles released during pyrolysis of the fuel particle
results in the flaming combustion stageen inFigure3.3. The ignition of a particle can occur
due to two scenarios depending grarticle composition, size and temperatures. The first
scenario is homogeneous ignition which is thaitign of the volatiles released during
pyrolysis of the raw fuel when oxidised by the furnace atmospligasgas combustion)

The second heterogeneous ignition relates to the direct attack of the oxidiser on the char
matrix (gassolid combustion) Heter@eneous ignition is associated with higher rank low

volatile containing coal@38) homogeneous with high volatile content coal and biomass

The homogeneous ignition begins with the ignition bé tvolatiles and oxygen mixture,
present from either the combustion atmosphere or derived from the fuddse to the
particle surface. Once ignited a gas flame surrounds the particle and prevents the external
oxidiser from reaching and attacking the surface of the particle and causing heterogeneous
ignition of the char(138). The low carbon content, low heating value and high moisture
content of biomass fuels relative to coals makes biomass more difficult to ignite and can
cause problems with flame stability in pf fired systems. However once ignited the burning
rate of biomas fuels is significantly higher than coals due to the higher volatile content, the

rapid release of the volatiles and the remaining high porosity particle increasing surface area
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and availability of active sites for oxygen to penetrét23). In practice the devolatilisatig
ignition and combustion of the volatiles does not occur in isolation and a small fraction of
char oxidation (heterogeneous reaction) occurs alongéld3), the mechanisms of which

areoutlined in the next section.

3.5.3 Char combustion

The heterogeneous char oxidation reict is the final step of solid fuel combustidfigure

3.3). The char oxidation step can be several orders of magnitude slower than the
devolatilisation step and igt@n the rate determining step in the overall combustion process
(91). The same combustion mechanisms and main chemical reactions outlined below can be

used to describe the combustiori both coal and biomass chars.
The char combustion mechanisms can be described by tlesviag five stepg122):

1- Diffusion of reactant gases £{0CQ, HO) through a boundary layer surroundiniget

particle to the solid surface of the particle and into the pore structure.
2- Adsorption of reactants on the solid

3- Chemical reaction with the particle surface

4- Desorption of the surface reaction products

5- Diffusion of the gaseous reaction prodsiénto the bulk gas phase

The overall chacombustion reactions are describedR38.1 ¢ R 33 (122):

1-#BO -/ A ¢ —#/1 — p#l R3.1
2-# EAG/ P #1] #1/ R3.2
3-#EAQ I A(  #I R3.3

Reaction R.2 is known as th8oudouard reaction and is favoured at higher temperatures
(>700C)(139.

The reaction pathwawpf the charis not solely dependent on the chemical composition to
the same extent as in the devolatilisation step. Instead the physical structure of the char,
surface area, particle size, pore structure and inorganic confash)and active site
concentrationplay a significant rolg122). Active site theory proposes that reactions occur

at favoured sites on the suréa of the char which are attributed to i) carbon edges or defects
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throughout the carbon structuréthe higher the degree of coalification the fewer carbon
defects (140)), ii) inorganic impurities (ash content) and iii) heteroatomg. @éydrogen,

oxygen, nitrogen and sulphit41).

At each of the active sites the following may occur i) reactant adsorption onto the particle
surface (chemisorption), ii) migration of intermediates, and iii) desorption of the gaseous
products resulting in a free carbon site41-143). Both the adsorption of oxygen to the char
surface and desorption of the gaseopsoducts can occur to a single site or dual site
mechanisms. The single site mechanism requires one available carbon site which can lead to

the simultaneous production of gaseous species. e.g

I #A#I R34

#/1 #A#I #] R35

C(O) denotes a carbon site filled with atomic oxygen ami#btes a free carbon site.

The dual site mechanism requires two free active sites to produce an intermediate which

may migrate to a new site to form a more stable surface intermediate C(O) or vice versa.

/ CH A ¢ #le R3.6

#d P #/ R3.7

/| Q6ho RSy2GSa | Y20AtS axadS FyR /06h0o Yy AYY20Af S
The surface intermediates may then undergo desorption by the single site mechanism or the

dual site mechanism:

#1 A#I # R3.8

e # | A#H N # R3.9

The active site theory assumes the following:

1 ¢ Localised adsorption via collisions with active sites

2 ¢ One adsorbed molecule or atom per sitee to strong valence bond

3 ¢ A constant surface mechanism (chemisorption/migration/desorption)

4 ¢ The surface coverageless than a complete monolayer

The reaction®R 3.1- R 3.9ccur due to both the chemical stefactive site theory)and the

diffusion of volatiles out and reactant gases in throughowt plorous structure of the char.
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During the combustion of chathe reactant, usually oxygen, diffuses from the combustion
atmosphere through the boundary layer to the surfaskethe char and penetias the
porous particle. The oxygen reacts with the carbon on the surface and at the pore walls
producing CO, which can react in the gas phase in the area surrounding the particle to form
CQ. As the char is depleted the pore structure evolves affectirgdtierall surface area,
active site concentrations and gas diffus{ofi both the evolution of the remaining volatiles

and penetration of the reactant gases present in the combustion atmospheétkin the

pore structurewhich further inhibits the combusin procesg91).

The rate limiting step in the oxidation of the char can be controlled by the rate of chemical
reaction (the adsorption of the reactant, the surface reaction or the desorption of the
products) or by the gaseous diffusion (bulk or pore diffusion) of reactarttee combustion
products (CO, Cg) (136). A three zone theoryHigure3.8) of char oxidation based on
reaction rates has been developed to identify which of the above limiting steps (chemical or

physical) control theate char combustior{91, 136, 142).

B Mass Transfer
r '
b | te, S, TC!\/\\
L/ N N
Reaction
Rate e
4 Regime Regime
I

Particle Temperature

Figure3.8: Three zone char oxidation rate controlling regini&44)

In regime | the combustion rate is fully controlled by the chemical reaction (kinetically
controlled). Under hese conditions the diffusion rates are much faster than the chemical
reaction rates ensuring kinetic contr@27). In regime | the reactant concentrationglC
throughout the particle is equal to th@ncentration in théoulk gas phas@ithe combustion
atmosphere (91, 107, 136) which can be determined by the Thiele modulus and the
effectiveness factor. The Thiele modulus is defined as the ratio of overall reaction rate to
internal diffusion rate, and the effectiveness factor is defined as the ratio of the actual
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reaction rate tothat which would occur if all the surface throughout the internal pores were
exposed to oxygen at the same condition as that existing at the external surface of the char
particle(145). The Thiele modulus 0 | YR GKS STFFSOUGAGSySaa FIOG2N o

3 — _ 888 8 Eq3.2

8
° 8 8

Eq3.3

Where, ¢ is the surface mean diameter (m),the BET surface area {kg'0 %the particle
apparent density (kg i), kthe intrinsic reactivity coefficient (kg fkPa"s?), Gthe oxygen
concentration at the particle surface (kg3 m the true reaction order, £xhe effective

pore diffusion coefficient (ms?) and R the observed reaction rate (kg fs?) (145). In
regime 1 the Thiele modulus should be small and the effectiveness factor should ideally be
unity (127). This regime occurs at low temperatures, below 873K in coal ¢hédsand with

char particles small enough so that the diffusion rate is much faster than thenicake

reaction rate(127) .

Regime Il is characterised by control due to both chemical reaction and pore diffusion
causing the particle to burn at both the surface and internally in the porous structure.
Reactants can partially penetratiee particle but uniform oxygen levels within the particle
cannot be reached due to diffusion limitatio(®&l, 107, 136). In regime Il the Thiele modulus

is greater than unity and the effectiveness factor less than y&Ry). This regime occurs at
temperatures between 873073K in coal cha(d44).

In Regime Il the reaction only occurs at the surface of the char particle, as the reactant ga
cannot penetrate the particle and the rate is controlled by diffusion through the boundary
layer (91, 107, 136). This regime occurs at temperatures above 1073K in coal ¢héds

Regime | is the focus of char reactivity study which can be found in section 7.

3.6 Combustion in oxyfuel environments

As outlined in the introduction, oxfuel combustion occurs in an@Q, atmosphere rather
than an air atmosphere. The switchdaoxy-fuel combustionenvironmenteffects both the
operation of the boiler, e.dlame temperatures, flame ignition and stability, changes to heat
transfer properties and reduction of SOx and.¥@issiong122) as well as the combustion
behaviour of the fuelln this work the effect of the combustion environment on the fuel
combustion behaviour is investigate@ihe trermo-physical properties of G@nd N are
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outlined in Table 3.4 and their influence on devolatilisation and char combustion are

explainedin the following sections.

Table3.4: Properties of gases at 1123 and atmospheric pressur€sl)

Property [\ CQ Ratio CQ/N»
5SyaAidedx °~ o613kY 0244 0.383 1.6
Molecularweight (kg/kmol) 28 44 1.6
Thermal conductivity, k (W/mK) 0.082 0.097 1.2
Specific heat capacity, Cp (kJ/kmo 34.18 57.83 1.7
Specific heat capacity, Cp (kJ/kg K 1.22 131 1.1
| SIG &aAy 1K) ~ @/ LI 0.298 0.502 1.7
Dynamic viscosity, 1 (kg/s) 4.88e05 5.02e05 1.0
Kinematic viscosity, v (ifs) 2.00e04 1.31e04 0.7
Mass diffusivity of @in X (n#/s) 1.7e04 1.3e04 0.8

The increased density of €@sults in lower gas velocities in the boiler which increases the
particle residence timed he heat capacity of GG higher than bland as a result the flame
temperatures are reduced at the same oxygen levels. If the adiabatic flame temperatures
seen in air combustion are to be achieved then the oxygen levels in atu@Xyoiler need

to be increased. The combination of the increased density and the increased heat capacity
0/ LId" 0 NB&adzZ G& Ay || NBRdAzOGAZ2Y A yaffdactkcar O2 Y o d
burnout (122). The reduction in the diffusivity of oxygen in Q@lative to N limits the
reaction rate of the solid fuels which in turn reduces the heat release and particle
temperature. This in addition to the decrease in gas temperatures due to the higher heat
capacity of Cewill further reduce the combustion rate at the same oxygen concentrations
(51). Existing boilers have been carefully designed to operate effigidrased on the
radiative and convective heat transfer properties seen in air combustion. The radiative heat
transfer, the main contributor to heat transfer from a flanfgl), is controlled by flame
temperatures and the radiative properties of gas. The &@ HO that would be present in

an operational boiler as part of tie 5 O& Of S aUGNBI Y KI S KArIKSNI S
leading to the increased radiative heat transfer compared to conventional air fired
combustion(61, 62, 146, 147). The increase in radiative heat transfer in the flame zone
(furnace) results in a lower temperature gases entering the convective sections
(superheater, economiser and primary air heater) éoivg the heat transfer in these
sections(61). In addition to the gas temperature the convective heat is a function of the
Reynolds number (velocity, viscosity), the Prandtl number and the thermal conductivity of

the flue gas. The changes in gas volumes in addition to the above make determining the
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changes to radiative and convective transfer difficult to determine and CfD modelling is

required to understand the full impa¢$1).

3.6.1 Devolatilisation and ignition in oxyfuel environments

The devolatilisation process in oiyel follows the same principals as in ahat is, heating

up of the particle, pyrolysis and the camsption of the evolved volatile species. The
replacement of Nwith CQ in a boilerleads to lower flame temperatures due to the higher
heat capacity of C{as shown irTable3.4. In order to increase flame temperatures similar

to those seen in air combustion and to improve flame stability in pulverised fuel boilers an
increase in @ concentration (>21%) is require®l, 148). If the flame temperature is
reduced relative to that seen in air combustion then the heating up of the particl8.(&q

as it enters a flame and resulting devolatilisation will differ and the extent of this is an
important factor in the combustion effiency of a pf boilefThe lack of any commercial scale
oxy-fuel plant, and as a result lack of operating experience at that scale, means that the
knowledge surrounding oxfuel combustion is derived from pilot and laboratory scale

experiments.

Work carriedout by Molina et a(148) investigated ignition and devolatilisation properties

by entaining bituminous coal into gas mixtures with eitheg dF CQ with oxygen
concentrations of 21 and 30%. The work was carried out using a laminar optical entrained
flow reactor at constant temperature. They identified the different phenomena that occur
during particle combustion and the difference between the combustion environments.
Molina et al described the first stagee. the heating up process of a nanactive particle

to determine how the effect of the combustion environment according t@HEq

R A4 4 E4 4 Eq34

Where T, T, and T are the particle, wall and gas temperatureszG, r,F YR 8 | NB
LI NIAOES KSIFG OFLIOAGET RSy aaA i the Sepher dza
Boltzmann constant and h is the coefficient for convective heat transfer. In the above
equation the only properties that are functions of gas properties ajeadd h. The
temperature of the gasglwas kept constant in all environments so thely possible effect

on the heating rate as a function of atmosphere is the heat transfer properties &

N.. The heat transfer coefficient h was calculated from the assumption thatNihgselt
number is equal to two. Thiuggestshat the Reynolds number is expected to be I@49)

and thatthe particle is small enough to move at the same speed as the entrained gas
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atmosphere This assumption is equipment and operation condition specific and care should

be taken when determining the true value of Nu.

® E$ Eq35

2KSNBE 5 Aa GKS LI NIAOES RAFYSGSNIIFIYR < (KS
effects the initial particle heating is the thermal conductivity andhesratio of the thermal
conductivity of NNCQ; is close to one at theemperatures used in their workThe result is

that the difference in the heating rates of an inert particle is negligible betweeamil CQ
atmospheres. Toftegaard noted that this is only true in the case of equal gas phase
temperatures § and noted that this is not necessarily true in the case of boigis In

relation to work carried out in this thesis the same phenomena as outlined by Molina is
expected as the fuels are heataising a temperature programmed thermogravimetric
analyser at the same heating rate in all environments. Thajwolild be identical in both

cases.

The ignition behaviour was also determined by Molina e{1a18) and it was found that a
minor delay in ignition behaviour was seen when coal was combusted ifueky
environments (at the @ame oxygen levels). The delay was attributed to the increase in heat
aAy 1l o btdsddatmdspheréstabsorbing more of the heat that is chemically released
than is absorbed in air combustiollthough a slight delay in ignition was seen no
measurabledifference in the duration of the volatile combustion after ignition was seen.
The authors increased the levels of oxygen present in both theard CQ based
atmospheres and found that ignition was accelerated due to an increase in the localised
mixture reactivity.lt was also found that when the particle of coal was combusted in 30% O
in CQ (at which point the flame temperatures are similar to air) that the ignition time and

devolatilisation time were similar to those seen when the particle was corsbust air

(148).

Murphy et al(150) used the same reactor as above to investigate the effect of increased O
levels in Mand proposed that the increased devolatilisation rate with increasin @e
result of [1]the closer proximity of the volatilesaimeto the coal particle, and [2} higher
temperature volatile flame. The volatile flame temperature increased from 2190K at6% O
to 2860K at 36% 150).

Riaza et a(151) investigated the ignitiorbehaviour of coal and biomass blends in air and

O,/CQG environmentswith oxygen levels of 285% in an entrained flow reactor. Again it
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was found that the ignition temperature was increased wherid\replaced by CQ@t the
same Qconcentrations. This waattributed to the higher specific heat of @@ausing a
decrease in the gas temperature and therefore a reduction in the particle temperature.
When the oxygen concentration was increased up to 35% the ignition temperature
decreased in both the coal andathiomass blends. This was attributed to the increase in
the mass flux of €Xo the surface of the particle, the rate of devolatilisation and the oxidation

rate of volatileq151).

Work has been performed by several research groups to determine the char combustion
behaviour and the effect of char production atmosphere on volatile release. Rathnam et al
(152) produced chars from coals using a drop tube reactorJiaid CQatmospheres and

as a result investigatetthe devolatilisation behaviour through the change to char properties.
When the chars were produced in a £&hvironment,enhanced devolatilisation in GO
atmospheresvas seercompared to M. This was also seen in work by Irfan €i.&B), who

used a TGA to determine devolatilisatibahaviour of coal and a biomass sample. In both
cases the effect of GQvas attributed to the char gasification reaction (R 3.2) occurring
alongside devolatilisation at increased temperatu(@52, 153). Rathnam et a{152) also
measured the surface area of the chars producediald CQ@atmospheres and found that,

due to the char gasification reaction in £8mospheres(R 3.2) the surface area had
increased by as much as 40%. As mentionetiegdhe availability of active sites is of great

importance in the char combustion stage.

The reviewof devolatilisation in oxyuel environmentshas shown that the change in
combustionatmospherewill affect the ignition time but is not expected to affe¢he
devolatilisation rate after ignitionThe heat transfer to the particle is affected by the gas
temperatures thatwould bereduced ina CQ atmosphere in a pf boileait the same oxygen
levels relative to air. Increased oxygen levels will increase flame temperatures,
devolatilisation rates, diffusion rates o @&d consumption of the volatileglue to localised
mixture reactivity Enhanced devolatilisation is also sée CQatmospheres due to the char
gasification reaction, and its effects on char combustion in-fagy environments is

reviewedin the next section

3.6.2 Char combustion in oxjyuel environments
Char combustion is the rate limiting step in the overall costlon process. The change in

combustion environment and its effect on this step must be understood in order to develop
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efficient combustion system3he reaction steps associated with the combustion of chars is

outlined in sectior8.5.3

There are several ways in which the change in combustion atmosphere can influence the
combustion of cha(122, 154):

1 The lower diffusivity of @in CQ (Table3.4) reduces the availability of -Gt the
particle surface reducing the char burning rate

1 The C®@in the bulk gas stream could reduce the particle peak temperature due to
the higher heat capacity of GQeducing the burning rate

9 The adsorption of C{n to the particle surface could inhibit the adsorption of O
through competition for available activsites, reducing the burning rate

9 Direct gasification of the char by €©@ould contribute to the overall process

increasing the combustion rate

The majority of the experimental work on char combustion is reported in terms of char
reactivity (127, 150, 152, 155-161) and the approach tohis is outlined in the next section

3.7 Reaction rates and chemical kinetics

All chemical reactions take place at a definite rate and are dependent on the conditions of
the system, such as temperature, radiation effects, concentration of reactants, and the
presence of a catalyst or inhibit¢t07). A change in the above conditions would result in a
change in reaction rates which will effect process performance. In this workfinet ef the
reactants, fuel, @and CQ and the temperatures of the reactions are investigated to

determine chemical kinetics and model the devolatilisation and char combustion processes.

In the combustion process an understanding of the chemical kinatfchboth the
devolatilisation stage and char combustion stage (the rate limiting step) are important in the
design and modelling of the complete boiler systana process performancd he reactivity

and the determination of the kinetic parameters, such he fctivation energy and pre
exponential factor, can be used to compare the behaviour of a range of fuels and the

different conditions of a system, in this case the change in combustion enviror(@&2)t

3.7.1 Devolatilisation reaction rates
The reaction rate is dependent on the energy and frequency of icoliidetween reacting
molecules andhe temperature at which the reaction is taking placehe reaction rate

constantcan be summarised by the Arrhenius equation giveBd3.6:
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E 'A 7 Eqg36

k - the reaction rate constant (§
A - the pre-exponential factor (3)
E. - activation energy (kdol?)

R- gas constant (8314 kdol™.KY)
T- temperature (K)

In the Arrhenius equation k is the rate constant, A is the frequency factor and is related to
the number of collisions in the reaction is specific to each reactioth is temperature
dependent. Eisthe activation energy and is the minimum energy needed for the reaction
to occur. R is the gas constant and T is the temperature at which the reaction is occurring
(163).

The reaction schemes associated with the multiple reactions seen in coal and biomass
combustion make extracting kinetic data diffic(li64). As a result the mass loss of a sample

as it undergoes heatingperformed using thermogravimetric analysisan be used to
represent these reactiongloballyand allow for thedetermination ofapparent first order
kinetic parameters. Thigopularmethod (165) of extractirg kinetic data is known as the one
step global model(166) or the reaction rate constant method164) and is utilised

throughout thiswork.

At any given temperature, if thmassloss with time is assumed to be the result of one or
more first order reactions, dependent on the concentration of only onetaat, then the

rate constant k as a function of temperature can be described by the following relationship
(164):

E — 8 Eq3.7

Where m is the initial mass of the samplek nis the terminal mass and dm/dt is the
derivative mass loss taken from experimental data. The experimental data can be used to
obtain the rate constant k and can be used to identify the kinetic parameters A and E

through the following equation
= - Eq3.8

These kinetic parameters and rate constants can then be used to compareafigise

change in experimental conditions. In this work the difference between coals, biomass and
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a torrefied biomas in terms of devolatilisation in nitrogen, carbon dioxided increased

oxygen environments is investigated.

3.7.2 Char reaction rates

As mentioned earlier the char combustion stage is the rate limiting step for the overall
combustion of solid fuels. The hetageneous reactions and mechanisms that occur are
outlined insection3.5.3 The heterogeneous conversi@amd char reactivityre determined

by both the chemical composition and thhysical characteristics(rface areatc.) (167).

It is difficult to measure each of thghysical and chemicaharacteristics as they vary as the
char undegoes conversionj.e. the development of the porous network changes as
combustion proceeds. $Aa resulta global kinetic model incorporating all of the reactions
based on mass loss is usually employed to determine the overall rate of the char combustion
procesg(127).

The description of the char reaction rate can be based on different defsitdependent
on the Regime in whictihe combustion is takinglace (Sed-igure3.8). The simplest form
of the reaction rate can be taken directly fno experimentalconversiondata underlow

temperature,isothermal conditions and is known as the apparent (a#l). Several kinetic
models have been developed to ergs the conversion of char based fundamental

assumptions regarding structural parameters which are outlined béla® 168, 169).

The simplest kinetic model is the volumetric model which assumes the reaction surface area
decreases linearly as conversion proceeds resulting in a homogenous reaction throughout

the particle(170) and the overall kinetically controlled reaction rate can be described by:
Ag ) -
RO P

Eq3.9

RuppC The apparent reaction rate constant'js
x ¢ Conversion

dx/dt ¢ Rate ofconversion

The shrinking core modé€L71) assumes that a char is composed of an assembly of uniform
particles and that the reactits take place on the surface of these particles. The space

between the spherical particles represents the porous network of the char. As conversion
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proceeds the initial structurés maintained but the individual particles shrink. The overall

kinetically catrolled reaction rate is described as:
— 2 8p @7 H3.10

The random pore model(172) assumes the char comprises of overlapping cylindrical
surfaces reducing the overall surface area available for the reaction to proceed relative to
the assumptions made in the shrinking core model. The available surface area changes as
the reaction proceed due to pore growth and the destruction and coalescence of the
porous network (represented by the cylindrical surfaces) which is more representative than

the assumption made in the volumetric model.
— Ep Gp wiip @7 Eq3.11

2KSNBE A NBfFdSa G2 GKS LR2NB adGNHzOGdzZNE 2F GKS

The apparent rate constar{fRypp) canagainbe related to the Ainenius equation (Eq 3)6

and apparent kinetic parameters derived using &8 However this does not take into
account the influences of mass transport limitations and the nature of the char porosity
(169). In the case of heterogeneous reactions the-prponential factor, A, condenses the
influences of reactant pressures and availability of reactants at the active sites into one term

when the apparent reactivity is determined.

The reaction ate of char is determined by the number of active sites, that is the
concentration of carbon edges and defects, mineral matter and trace elements, and the
availability of reactants at these active sitd<l2). The reaction of char occurs at the char
surface, and by measuring the char surface area the reaction rates can be determined per
unit area (intrinsic reactivity) giving a greater understandinigath charstructure as aesult

of the devolatilisation conditions and the char combustion processes.

The intrinsic reactivity can be determined from the char surface area and the apparent

reaction rate as follow§l69):
2 — Eq3.12

R ¢ The intrinsic reaction rate constant (g%s?)
Rupp ¢ The apparent reaction rate s

S¢ Surface area (Ag?)
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Under Regime | conditions, that is that the reactant gas concentration is uniform throughout
the particle and the reaction rate is chemically controlled, @rorder rate equation can be
applied to incorporate the effect of {partial pressure on the reaction rate. This method
does not take into account the mass transfer limitations associated with Regime (L4211
169). The " order rate equation can be seen in Bq.1,the temperature is modelled by an
Arrhenius approach and the influence of the partial pressure of the reactant (in this gase O

isincorporated by an fiorderterm:
2 | Agpb-8& 13 Eq3.13

R ¢ Intrinsic reactivity derived fromdg and S (g ms?)

A ¢ Preexponential factoiin relation to partial pressurés® Pa")
E. ¢ Activaion energy (kJ md)

R- Gas constant (8314 kdol*.K?)

T- Temperature (K)

Po2 ¢ Partial pressure of oxygen (Pa)

n ¢Reaction order

S¢ Char sirface area (rhg?)

The i order term relates to the reaction order with respect to oxygen and is expected to
fall between 0 and 1 and roughly between 0.5 anda7). The true reaction order and true

kinetic parameters can be extracted from the experimental data.

Several more complicated models have been developed to express the adsorption and

desorption processes seen in Regimes |l arfti48, 168, 169).

Work by Chen et a60) performed a review of experiemtal studies investigating the
combustion rates of coal chars to determine which of the reactions and mechanisms (section
3.5.3 are at play at a variety of experimental temperatures (with reference to the three
zone theory mentioed in sectior8.5.3 and oxygen condition&s reviewed by Chen et al.
Figure3.9 shows three regions were the experimental data web¢ained: Region A at low
temperatures and oypgen concentrations from-000%;Region B high temperatures @n

high oxygen concentration®egion C high temperatures and low oxygen concentrations. In
Region A the char oxidation reaction3R, is the dominant redmon. In this temperature
range (typical TGA experimental temperatures) the rate is kinetically controlled and falls into

regime laccording tahe three zone theory60).
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Figure3.9: Char oxidation and gasification experiments in ekyel conditions(60)

In Region B the char oxidation is again deemed dominahntthoel char consumption is
defined as regime Il or Il as char combustion is dominated by internal or external diffusion.
The temperatures at which the experiments were performed in this region are typically seen
in drop tube reactors and entrained flowaetors. The slower diffusion rates of i@ CQis
shown to slow char combustion atgivenoxygen concentratiorf60). In Region Qlefined

as low @and high temperatures, the char gjéication reaction, B.2, is dominant. The work

in this thesis investigates the combustion behaviour of high temperature, high heating rate
chars combusted at temperatures associated with Region | of the three step miadtide
experiments fall into Rege | the intrinsic reactivity model described above is deemed

sufficient for the modelling of the char reaction kit

3.8 NOformation in solid fuel combustion

Emissions of N@rom combustion processes continue to be an environmental con@etg)

and are regulated under thmndustrial Emissions DirectiveThe N@emissions from large
combustion plant are primarily nitric oxide (NO) with smaller amounts of nitrogen dioxide
(NQ) which is harmful to human heali{173). The NO is converted to Ni@ the atmosphee
through the reaction with @to form ozone (@) a secondary pollutar(tt19). Nitrous oxide
(N:O) can also be formed from the reaction of NO with a ¢h48) but the formation of NO

is significant in fluidised bed combustion and is negligibteast combustion systen{&73).
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There are three main routes for the formation of N®O + N during combustion:

1 Thermal N@formed by the reaction of oxygen and nitrogen in the air at elevated
temperatures of about 1800KL19).

1 Prompt NQ formed from the reactn of partial combustion products with
atmospheric Mat temperatures cooler than those for thermal N@74) and

1 Fuel NQfrom the oxidation of the nitrogen chemically bound within the f((£19)

at temperatures as low as 973K in coal castipn (174)

In solid fuel combustion systems the fuel N® the major source of NO with a small
contribution from thermal N (173). When 100% biomass is combusted the flame
temperatures are lower than in coal combustion so the contribution from thern@/ thl

the total NQ s lower than that seen in coal combustiiri9, 175).

The fuel bound nitrogen, the main source of }@issions, is released in the volatile or char
combustion stage and the split is dependent on the fuel structure, the temperature and
particle residence time. The partitioning of the nitrogen species is important as the N
released in the volatile stages is tarled more easily using staged burnd€is’6) or low

NO; burners, where upto 90% of the fuel nitrogen is converted ta Nnder fuel rich
conditions. The N present in the remianing char burned under lean conditions in the

secondary burner stage is largely converted to (T®).

The nitrogen compounds releasddring the devolatilisatiostage are primarily released as

NHs and HCN which undergoes the following reaction during combustion:
HCN + 5/4A NO + CO + 1/28 R3.10

HCN + 3/29+ NOA N.O + Ce+ 1/2H0 R3.11

HCN + 3/49A 1/2N, + CQ+ 1/2H0 R3.12
NHs + 5/40 A NO + 3/2HO R3.13
NHs + 3/4Q A 1/2Np + 3/2HO0 R3.14 (121)

In the dar combustion stage the nitrogen is mainly oxidised to NO a@dvwhich are then
partially reduced to W The NO is reduced through reactions with carbon in the char, CO and
NHs. The NO is again reduced through reaction with char and CO but may alsdbeed
through the effects of temperature. The reduction pathways of the NO arileased in

the char comlstion stage are outlined belo(®21):
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NO + Nkl+ 1/4G A N2+ 3/2H0 R3.15

NO + 2/3NHA 5/6N; + HO R3.16
NO + C(Chaf 1/2N,+ CO R3.17
N.OA Nz + 1/2G R3.18
N;O + C(Cha#, N, + CO R3.19
N.O + CQA N+ CQ R3.20

In general the NO and-N emissions are increased as the nitrogen in the fuel is increased
and the higher the volatile content of the fuel the higher the NO emissions and lower the
N2O emissions. This is due to the highersKeased in the devolatilisation process which
results in NO formation rather than HCN which produces both NO a@d Biomass is a
lower rank fuel than coal with a higher volatile content that would tend to produce higher
levels of NHlleading toformation ofNO rather than BD (121).

Di Nola et al(177) investigated the partitioning of nitrogen in terms of NHICN and HCNO
during pyrolysis in a nitrogen atmosphere of a bituminoaal and biomass samples using

a TGA. They found that a higher percentage of fuel bound nitrogen is converted into volatiles
for biomass than for coal during pyrolysis and that idHhe main Noroduct released in the

evolved volatile species.

Tsubouchet al(178) investigated the nitrogen release from two low rank coals using a drop
tube reactor (16-10° °C mint) and compared it to previous work that utilised a fixed bed
reactor (400C min'). They reported that when the coals were pyrolysed using the, DTR
more of the coal bound nitrogen was retained in the char and that the remainder was
released as taN, HCN and NHDuring the slower pyrolysis the main N emission was found
to be N. The effect of the residence time-{0 s) of the fuel within the DTR at 1300was

also investigated and it was found that as the residence time increased#wed\NH yield
increased and the char bound N was decreased. This may be the result of the enhanced
devolatilsation that would be expected with an increase in residence time at these
temperatures as discussed earlier. The increase indgdld also be an indicatorf ahe
enhanced devolatilisation as this was found to be the main component of the volatile yield

in the work performed by Di Nola et @l77).

Tsubuchi also investigated the effect of temperature on nitrogen release during pyrolysis of

coals. A fixed bed reactor heated at 230min' to 10001350°C was used to investigate the
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pyrolysis behaviouof ten coals. It was shown that as the reactor temperature was increased
Nz increased significantly and that HCN andsMNHso increased but not significantly. The
amount of char N was significantly decreased and nitrogen in the tar also decreased but not
to the same extent. The increase ip) NCN and NHwith temperature originates from the
volatile N, tar N and char (179). This suggests that as the pyrolysis temperature increased

an increase in volatile N is seen due to the enhanced devolatilisation.

3.8.1 NOemissions in oxyfuel combustion
Oxyfuel comhustion has the potential to reduce N@missions to about 1/3 of those seen

in conventional air combustiofb0) as the result of several mechanisms outlined below:

9 Decrease in thermal NQdue to the low concentration of Nfrom air in the
combusbor

1 The reduction in recycled NO

1 The interaction between the recycled Né&nd fuel bound nitrogen

(180).
Okazaki et al investigatl NQemissions in a combustion environment containing 218600
CQ at 1450K. At these conditions ~80% of the flue gas is recycled back into the combustor
to give the high levels of G@nd it was found that 50% of the recycled NO is reduced:to N
and that the recycling of the NO in the flue gas was the dominant mechanism for the

reduction of NQunder these condition§180).

Buhre et al(50) suggested that the emission of NQppm) may be higher than in air
combustion due to the recycling of the flue gas, the lower gas volumes seen-fuabxy
combustion and the decrease in efficiency due to the required oxygen ptioduplant and

CQ compression units required.

Shaddix and Molina et gl181) investigated NQformation during combustion of pulverised
coals and their chars in,Naind CQ based environments with 124 and 36% oxygen
concentration using a down fired emined flow reactor. They noted that when the coal was
fed into the reactor the N@emissions increased with increasing oxygen and that at oxygen
concentrations of 24 and 36% the NOrmed in CQ@environments is decreased. As the
oxygen concentration waiscreased the degree of fuel N conversion also increased. In a
Pittsburgh coal sample the degree of conversion increased frorfi520 when the ©
concentration was increased from -B5% in M When a C@based atmosphere was used

at the same oxygen conceations the fuel N conversion was ~10% lower a O
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concentrations greater than 12%. The decrease in fuel N conversion in a second coal also
showed the same trends in terms of change frogtd\NCQ and change in &concentrations.

A char was made from thetRburgh coal and combusted under the same conditions as
above to determine the split between volatile Nénd char NQ It was found that at high

O: concentration that the volatile generated N@® a lager fraction of the total NQ This

was associated ith the effect of the increased £aoncentration on the volatile combustion
temperatures. The change to €fased environments was shown to have a small influence

on char N conversion at the highesl&vels and a negligible influence at 12%Ebr thetwo

coals it was found that the Gdiluent has a much larger effect on the fuel N conversion

during devolatilisation at increased Goncentrations.

Farrow et al(182) investigated the pyrolysis behaviour of biomass ip ahd CQ
atmospheres using a DTR300, 1100 and 130T and a residence time of HD0 ms. In

both pyrolysis atmospheres the fuel N released into the volatile phase increased with
temperature as a result of the increase in volatile yield. The char N yields were determined
and it was foundhat when a fuel was pyrolysed in €@e higher volatile yields result in
higher proportions of nitrogen being transformed into the gaseous volatile phase. They
stated that as the reduction in char N is observed that the fd@nation during combustion

of biomass in oxyuel may also be reduced.

3.9 Conclusions

Coal and biomass, although different fuétsterms of their chemical composition, undergo
the same physical processes during combustion, that is drying, devolatilisation and finally
char combustionThe switch to an oxfuel combustion atmosphere is not expected to effect
the initial drying stage as this is a heat transfer process. The changembustion
environment has been shown to effect the devolatilisation behaviour, with delays in ignition
times and an increase in the ignition temperatumsich is attributed to the decrease in
local particle temperature due to the highleat capacity and increase in thermal sink of
the CQ based atmosphere. The change to dugl combustion can affect thehar
combustion stage in several ways. The addition of high levels efirC@e oxyfuel
environment can enhance thBoudouardreaction increasing the rate of combustidhis is
particularly important under Regime | conditions (kinetic control). The aftechar
combustion may be reduced due a number of mechanisms: the first , the lower diffusivity of

O; in CQ reducing the availability of £at the particle surface which is important under
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Regime Il and Il (diffusion control); secondly, @@he bulk gas phase could again reduce
particle temperature as seen in the devolatilisation stage; and finally the competition
between the @and CQfor the active sites present throughout the chars porous network.
Oxyfuel combustion atmospheres havalso been shown to potentially improve NO
emissions through the reduction of thermal N@nd enhanced N release during
devolatilisation. The work in this thesis investigates the combustion behaviour in air and oxy
fuel environments through combustion exgiments and the use of devolatilisation and char

combustion kinetic models.
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4 Experimental methodology

4.1 Introduction

This chapter describes the experimental methodologies and the instrumentation utilised to
understand the fundamental combustion behaviour of fuels in air and-fosly
environments. The chapter starts with a description and justification for the fuels selected
and allocates fuel and char IDs used throughout this work. The chapter then intothee
methodology for the fundamental fuel characterisation before explaining the experimental
procedures foroverall fuel combustion, char production ands combustion andthe
derivation of the devolatilisation and char combustidanetic parametersand their use in
predicting the mass loss behavio&inally an experimental overview is given for each of the

fuels.

4.2 Fuel selection and identification

The fuels seeiable4.1 were selected after lengthy discussions with the entire-BEP UK
research team. It was decided that the fuels had to be commercially available and that
enoughmaterial could be sourced for the pilot scale project at the PACT facilitidd
tonnes required for pilot scale testdyour of the fuels used can be seerfigure4.1 and
Figure4.2 and the suppliers of the fuel, the fuel ID and the char ID defined by production

method and atmosphere can be seenTiable4.1 and Table4.2.

Figure4.1: Biomass samples used in this work, North American white wood pellet (left)
and torrefied spruce (right)

Figure4.2: Coal samples used this work, El Cerrejon (leffpittsburgh #8 (right)183)
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Table4.1: Fuels selected, reasoning, description and source

Fuel Form Fuel ID Description Provided to
Leeds by

El Cerrejon (1) Pre- ELC The El Cerrejon sample wa: J. Szuhanski
coal Milled providedby J Szuhanski anc

was originally intended for

use at the PACT facilities.
El Cerrejon (2) Pre PEL Supplied to PACT by an J. Szuhanski
coal Milled industrial partner to be usec

in the 250kW trials.
Pittsburgh #8 Lumps PIT  Areference coal, sinceitis Shippedto L.
coal fuel that has been Darvell directly

extensively characterised  from the colliery
North American  Pellet WWP Originally sourced directly B. Dooley
White Wood from an industrial partner.
Pellet (1) Note that it was a small

sample enough for analysis

only
North American  Pellet PWWP Supplied to PACT by an J.Szuhanski
White Wood industrial partner to be usec
Pellet (2) in the 250kW tests
Torrefied Spruce Pellet TSP  Supplied by E.ON as part o R. IrongE.ON)
pellet the project brief to

investigate a torrefied
biomass. Note that the
torrefaction conditions are
unknown

Table4.2: Char identification and ID to be used throughout the thesis

Fuel Char production Char production Char ID
method environment
El Cerrejon (1) coal TGA \\ PELN,
CQ PELCQ
DTR N2 PELDTR
El Cerrejon (2) coal TGA \\ ELQ\,
CQ ELCCQ
Pittsburgh #&oal TGA \\ PITN
CQ PIT C®
North AmericanVhite TGA (3 WWP N
Wood Pellet (1) CQ WWP CQ@
North AmericanVhite TGA No PWWP N
Wood Pellet (2) CcQ PWWP C©O
DTR N2 PWWP DTR
Torrefied Spruce pellet TGA No TSP N
CQ TSP CO
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4.3 Fundamentalfuel characterisation

The fundamental characterisation of the fuels allows for comparisdrotif the fuels and
their chars interms of their chemical propertie€Chars were produced in anldnd CQ
atmosphere using a thermogravimetric analyser (TGAjadlistic heating rates and inoN
using a drop tube reactor (DTRhis analysis helps to provide some understanding of the

fundamental chemical processes occurring in each of the experiments.

4.3.1 Sample preparation
In order to characterise the fuels the sples first needed to be prepared. The biomass and
torrefied biomass samples were supplied in pellet form, the PEL and ELC coals in powder

form and the PIT in lump form.
4.3.1.1 Retsh SM300 atting mill

The Retsch cutting mifFigure 4.3) was used to break up the biomass and torrefied pellets
and reduce the patrticle size to <56 mm. The samp¥ereloaded via the top of the cutter

and fed by gravity to a rotor with three stainless steel blades spinning at 1300Tipen.
reduced biomass particles fall through a 5mm mesh sieve into the collection pot and the size

is further reduced in a ball mill.

Figure 4.3: Retsch SM300 Cutting Mill
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4.3.1.2 RetschPM100 kall mill

¢tKS GKNBS O2rfa FyR alLlad OdzidAy3a YAff oA2Yl

Retsch PM100 ball mifFigure4.4). The samples were added to a 250 mL stainless steel

grinding jar with 15 x 20mm stainless steel balls and locked securely into the mill housing.

The mill was then programmed to spin at 400 rfan3 minutes then stopped for 5 minutes

and then the process repeated. This allowed the mill to run continuously without the
samples oveheating.The ball mill was able to provide sample at the required size for the
DTR work, proximate and ultimate aysis. Fuels for use in the TGA were reduced further

using the cryomill.

Figure4.4: Retsch PM100 Ball Mill

4.3.1.3 SPEX770 Freezer mill

The cryomil(Figure4.5) was used to provide particles <90um for uis¢he TGA. In order to
acquire a homogenous and representatsample,3- 4g ofball milledsamplewere placed
into the cryomill. Ooe milled thesamples were passed througt®@umsieve and any parts

too large were ramilled in the cryomill.
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Figure4.5: SPEX 6770 freezer mill

4.3.1.4 Retsch AS 200 vibratory sieve shaker

The sieve shake(Eigure4.6) were utilised in order to separate the samples to the required
size fractions. The size fractions required are as follows, the TGA work <90 um, the drop tube
reactor coals 78.80 um and biorass 212355 pm and the proximate and ultimate analysis

<1 mm.

E]utm:h

Figure4.6: Retsch AS200 vibratory sieve shaker

77



4.3.2 Proximate analysis

4.3.2.1 Standard proximate analysis of raw fuels

The proximate analysis gives anderstanding of the fuel composition in terms of the
moisture, volatile, fixed carbon and ash content and can be used to help determine the coal
type as defined ifTable3.2. All fuels were analysed in duplicate for their moisture, volatiles
and ash contents according to the following European Standards, the raw biomass samples
including the torrefied sample were analysed accordingB&® EN 14773:2009 (moisture)

(184), BS EN 15148:2009 (volatil¢s85) and BS EN 14775:2009 (a$h$6). The coal
samples were analysed according-8S ISO 11722:2013 (moistu(e37), BS 1SO 562:2010
(volatiles)(188) and BS I1SO 1171:2010 (a&l89). The determination of content based on

the dry and dry ash free yields and the fixed carbom,am as analysed bas{ad) were
determined using the results of the above experiments Bqdt.14.3. The average moisture

and ash content was used to calculate the dry dny ash free basis.

6hs. # 6 #i 88— Eq4.1(190
6he # 6he#i 88— Eq4.2 (190)
&# p M6 ! - Eq4.3(19))

Proximate analysis @ve performed on each sample in duplteaand nh order to determine
the absoluteerror between the results of the moisture, volatile and ash contstandard

error tests were performed using the following equations:
3% - Eq4.4

E ¢ Absoluteerror in themoisture,volatiles, fixed carbon and ash
s¢ Standard deviation (Eq 4.5)

n ¢ Number of samfes

o Eq4.5

.¢ Measured values

K- Mean

78



The absolute error in the fixed carbon was then determined usingkiseluteerrors of the
moisture, volatiles and ash analysis (ad basis) as calculated above and the following

equation:
& # - 6 ! Eq4.6

Me ¢ Absoluteerror in the moisture
Ve ¢ Absoluteerror in the volatiles
Ae ¢ Absoluteerror in the ash

FG ¢ Absoluteerror in the fixed carbon

4.3.2.2 Proximate analysis using the TGA of raw fuel and chars

The low char yields found in this work, particularly those from the biomass samples, make
proximate analysis of the chars by tbenventional British standard methods difficult. As a
result it was decided that the proximate analysis of the fuels would be repeated using a TGA
for direct comparison with the char proximate analysiso performed using the TGIIs
recognised that @latile matter measured via TGA may differ to that measured by the British

standard method, and so the results are only applied in a comparative way.

In order to perform the TGA proximate analysis chars were first produced using the method
outlined in Sedbn 4.6. The samples (raw fuel and chars) were heated in the TGA in a
nitrogen atmosphere at € min to 105°C and held there for 5 minutes, then heated to
90C°C at 206C min* and held for 15 minutes before being cooled t6®@0At this point the
nitrogen atmosphere was replaced by air and samples heated t8C5t0 the raw biomass

and their chars and 828 for the coal and their chars at0min and held for 10 minutes.

The moisture, volatile, fixed carbon and ash content were determined ff@mass loss

plot produced as can beseen inFigure4.7.

As the moisture, volatiles, fixed carbon and ash were determined directly Figore4.7
the absolute errors between two TGA proximate analysis experimgatssamplewere

determined using Eq 4.4 and Eq 4.5 and the variation imteasurements.
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Figure4.7: Proximate analysis of PWWP, example of data extracted from TGA curves

4.3.2.3 Determination of relative volatile and fixed carbon yield

In order to determine the effect of the char production environment aechnique (N vs
CQ and TGA vs DTR) the volatile and fixed carbon contents of the raw fuels and chars were
analysed. The volatile and fixed carbon contents of the chars are reported in terms of

percent relative to the content in the raw fuel as determineging the following equation:
9 —@9 O— Eq4.7

Yx¢  Component x relative to content in the raw fueb) (wt%)
Y C Component x in the fuel (db) (wt%)

YenarG  The char yield determinetib) (wt%)

Y. - Component x yield in the char (db) (wt%)

NOTE: The volatile and fixed carbon content of the fuels and chars used in the above
equation were determined using the TGA method.

The absolute error associated with the relative yield was deieed from the errors
associated with 1Y Y. determined from the proximate analysis done in duplicate agd: Y
determined from the variation in char yield as described in sedlin3.2 The absolute
errors were converted to % relative errors to allow for the determination of dbsolute

error in the relative volatile or fixed carbon yield.

P2% —&nm Eq4.8
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%RE % Relative error in the, YY. or Yehar
E¢ Absolute error in ¥ Y or Yehar

X¢ Average measurement of, Y or Yenar

% &  Eq49

E - Absolute error in the determination of relative component x yield

%Y. char- % Relative error in they,YY: or Yenar @s determined by Eq 4.8

Y« ¢ Component x yield relative to content in the raw fuel (db) (wt%)

An example calculation of the relativelatile yield and the associated errors can be found

in the Appendix sectioh2.1.1

4.3.3 Ultimate analysis

The ultimate analysis was performed using a CE Instrunfidassi EA 1112 Series elemental
analyserFigure4.8, for the coal, biomass and char samples following the methodology laid
out in the European Standard BS EN 1694&20%2). A second instrument, Analytik Jena
Multi 5000 elemental analyseFigure4.9, capable of measuring nitrogen at levels between
0.01 and 0.5 wt%, was used to determine the low levels of nitragpicallyfound in the

biomass, orrefied fuels and their chars.
4.3.3.1 CE Instrument$lash EA 1112 Series elemental analyser

Calibration standards and-#mg of each sample (in duplicate) were added to small tin
capsules that were then weighed and folded to remove any air. The calibration standards
selected for the raw fuel ere: atropine, methionine, cyshe, sulphanilamide and BBOT (2,

5 Bis¢ (5¢Tert-ButyFBenzoxazeR-yl)-thiopene). The char samples contain a higher wt% of
carbon and lower nitrogen and so it was decided to use a polystyrene (92% C) and soil (0.21%

N) in addition to BBOdnd oatmeal.

The standards were placed into the auto sampler followed by the samples with a quality
control of either oatmeal or BBOT after no more than every ten samples to validate the
unknown results. The folded tin capss containing the samples fahto a combustion
reactor at 900C to produce elemental gases£B0, N and S@which are then transferred
to a reduction tube at 65 via a helium carrier gas which reduces N\ and oxidises

CO to C@ These gases then enter a gas chromatogyaglumn where they are separated
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before being detected by a thermal conductivity detector (TCD). The TCD is among the most
commonly used measuring devices for monitoring substances separated in a column. The
detector measures a change in the thermal coctikity of the helium carrier gas caused by

the presence of the eluted GGHO, N or SQ (193).

Figure4.8: CE Instrument Flash EA 112 Series elemental analyser

The results of the CHNS analysis are on an as received basis, these were converted to a dry

and dry ash free basis using the following equations:

#h B #h B 0— Eq4.10(194)
( ( — O Eq4.11 (194
#h 18 #thms g—— Eq4.12 (190)

Mad - Moisture as analysed

Aad - Ash asanalysed

The oxygen content was determined by difference using the following equation:

/ p TtTI# ( . 3 ! Eqg4.13
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The absolute error in the C,H,N,S analysis on an as received basis was determined using Eq

4.4and Eq 4.5. The absolute error in the C,H,N, S were then used with the average moisture

and ash contents determined using the British standard proximate asafgsthod to
determine the error in the ultimate analysis on a dry and dry ash free basis. The British
standard moisture and ash content were used as the size fraction of the fuels used in the
ultimate analysis were the same as that used in the Britishdat@hproximate analysis
(<Imm). The standard error on a daf basis can be expressed in terms of the absolute errors

associated with the elemental, moisture and ash content as follows:

#h(h B #(h B @——Eq4.14
C,H,N,&¢ Absolute error on a daf basis
C,H,N,& ¢ Absolute error on a as analysed basis
Me ¢ Absolute error of the moisture content determined by British standard method
Ae ¢ Absolute error of the ash content determined by Britishngtard method.

In order to determine the absolute error on a daf basis, the percent relative error of the

C,H,N,S, the moisture and ash was determined using Eq 4.8 and then applied to Eq 4.9.

The absolute error in the oxygen was determined from the abs@uiers of the C,H,N,S on

a dry basis:

/ ! ! ! ! Eg4.15

Ae cung Absolute errors in C,H,N,S on a daf basis

The carbon and nitrogen content of the chars relative to the raw fuel were determined to
give a better understanding of the devolatilisation process and to understand the effect on
char preparation environment on nitrogen partitioning. The relative yield the associated
errors were determined using the same methodology as the volatile and fixed carbon yield

outlined in sectiort.3.2.3using Eq 4-4.9.
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4.3.3.2 Analytik Jena Multi 5000 elemental analyser

The Analytik Jena Multi 5000 elemental analyser was used to detect low nitrogen contents
of the biomass, torrefied biomass and their chars. The unit utilises chemoluminesence (CLD)
to detect the elemental N in edn sample. The samples were weighed (2.5 mg) added to

sample boats and placed on the auto sampler.

'|
Hl

Figure4.9: Analytik Jena Multi 5000 elemental analyser

The boat containing the sample is fed into thenface at 1050C and pyrolysed in an argon
atmosphere before being combusted in oxygen atmosphere producing the elemental gas

which is then fed to the CLD. The principle of the CLD is outlined below:
I A.l .Ihl 8 # (/ R41
AT R4.2
. I'A. Il EO R4.3

The nitrogen bound in the fuel is released as oxides during pyrolysis and combustion. The
NG produced during combustion is led through a converter and reduced to NO through
exposure to @produced within the reactor. During this reaction @ an excited state is
generated temporarily and emits visible light on return to ground state. Theeuiright is

proportional to the N@ thus giving a measure of the concentratii®5).

Theinstrument is calibrated to 0.5 wt%trogenand a quality control of olive stone (0.2%
N) was used after at most every 6 standards. The resulting N determinations were then used
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in the calculation of the CHNS data above for the biomass, torrefied biomass and their chars.
The coals and theahars are outside of the detection limits of the Analytik and CE Flash was

deemed acceptable for the higher N detections.

4.3.4 Determination of HHV

The higher heating values of the biomass, torrefied and their chars were determined using
the Friedl correlation(196, 197) and coals and their chars determined using the Milne
correlation (198). The compositiorof the samples determined from the proximate and

ultimate analysis is used predict the HHV as follows:
Friedl correlation
( (6 odY cog#Hconu@HB( pop.g e TEYLLE
C,H,N wt% on a dry basis
HH\ry (kJ/kQ)

Milne correlation

((6 T PHTCC(TPG/ TG. TLoPeBIpL o IEGAT
C, H, N, O and S and ash are the mass fractions on a dry basis.

The error in the HHV calculation was determined byahsoluteerror as seen in Eq 4.4 and
4.5,

4.3.5 Grindability test of the torrefied spruce

The milling behaviour of fuels and the resulting particle size distribution is important for
combustion stability and efficiency, emissions control such as &t@ for nminimising the
amount of unburnt carbon in asfi97). In general biomass cannot be milled in bituminous
coal mills due to the fibrous nature of biomgd99). The torrefaction process reduces the

fibrous nature of the biomass fuel potentially improving the milling behavip@r).

The Hardgrove graability Index (HGI) is the most common glability test for coal§200),

however this method is not siaible for the lower density biomass which would be too
voluminous to use in the Hardgrove giability equipment. A modified HGI has been
developed by Bridgeman et é197) that requires a fixed volume of sample rather than a

fixed mass seen in the original HGI. The degreercéfaction of the TSP sample is unknown
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to the author and the modified HGI was performed to better understand the possible

torrefaction conditions.

The modified Hardgrove index test was performed in order to determine the dpilitya
behaviour of thetorrefied spruce. The TSP fuel was delivered in pellet form and ~ 1 kg was
milled in the Retsch SM300 Cutting Mill outlined in secédhl1.1 The milled sample vga

then sieved using00um ¢ 1.18 mmwhich is the size fraction required for the modified HGI

test.
4.3.5.1 Modified HGI methodology

1 50 cn? of the milled TSPFE00um ¢ 1.18 mm)sample is measured out and weighed

9 The 50 crisample is then placed into a 250 ml eajty stainless steel milling cup
with 15 x 20 mm stainless steel balls and ground for 2 min at 165 rpm using the
Retsch PM100 ball mill described in secto8.1.2

1 The milled sample was then removed and separated using a 75 um sieve and size
fractions weighed. If a loss of sample greater than 0.5 g was seen the test was
aborted and repeated.

1 The mass of the sample (g) passing through the 75 um sieyés(nalclated using

the following equation:
a i i Eq4.18

Where my = mass of the 50 chof sample, mm= mass of the sample collected on the

75 um sieve
1 The process is repeated three times and the average resken

The modified HGI method that was developed by Bridgeman et al used the exact mill that
the above experiments were performed in and the calibration of the mill using known HGI

coals presented i(iL97) were used to determine the HGI equivalent for the TSP fuel.

Using thecalibration curve(Figure4.10) the HGI equivalent was determined using the

following formula:

(') —"—— Eq419

In addition to the determination of the Hgthe patrticle size distribution of the milled fuels
was determined by sieving the fuels using sieves with mesh sizes of 600, 355, 212, 150, 75
and 53 pm(197).
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Figure4.10: Calibration curve from four standard reference coals of HGI 32, 49, 66 and 92
for a Retsch PM100 ball m{L97)

4.3.6 Surface area analysis
Surface area measurements were performed in order to determine the intrinsic reactivity of

the chars produced inMNand CQatmospheres ad using the DTR inN
4.3.6.1 Physisorption isotherms

The determination of surface area by physical adsorption or physisorption is a widely used
technique. In general adsorption occurs whenever an adsorbate accumulates at an interface
through weak intermoleculaforces resulting from van der Waals interactiq@91). This
phenomenonis used to determine the surface area of a sample through theicglship
between the quantity of adsorbate adsorbed (in this case nitrogen) and the pressure at
which the adsorbate was introduced to the sample at constant temperature. The sample is
usually cryogenically cooled to ensure a constant temperature and therlaa® (in this

case nitrogen) introduced at a range of increasing pressures. At low pressure the adsorbate
begins to adsorb on to the isolated sites of the surface and as the pressure is increased the
number of adsorbed molecules increase to form a moyetan the sample surface. As the
pressure is increased further the adsorbate will start to form a multilayer until the pressure
is high enough to cause complete coverage of the sample and fill all of the pores. The

adsorptive gas pressure is then redu@a@porating thecondensed gas from the system.
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Specific amount adsorbed n

Relative pressure p/p,

Figure4.11: Classification of physisorption isotherm types

The result of the above measurements is a physisorption isothErguie4.11) from which
the surface area can be derived using the BrundtmmettTeller (BET) method and the
density function theory method (DFE01). The majority of physisorption isotherms fall into

the six categories as shownkigure4.11.

Type | are seen in microporous (pores of internal width less than 2nm) solids having relatively

small external surfaces.g.activated carbons.

Type Il are seen in ngorous or macroporous (pores of internal width greater than 50nm).

The isotherm represdn unrestricted monolayemultilayer adsorption.

Type Il are not common isotherms. In this case adsorbdsarbate interactions play an

important role.

Type IV contain a characteristic hysteresis loop associated with condensation taking place in
mesopoes (pore of internal width between20 nm). The initial part of this type of isotherm
is attributed to monolayemultilayer adsorption. The presence of a hysteresis loop is an

indication of capillary condensation

Type V isotherms are uncommon and arkated to Type Il isotherms in that the adsorbent

adsorbate interaction is weak and that they exhibit hysteresis as seen in type IV

Type VI represent multilayer adsorption on a uniform fpmmous surface. The step height
represents the monolayer capacityrfeach adsorbed layer. An isotherm of this type could
be obtained with graphitized carbqg01, 202).
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4.3.6.2 Determination of surface area using BET

The BET equation used to determine the surface area from the physisorption isotherm can
be seen below201).

w— — Eq4.20

P ¢ Partial vapour pressure of the adsorbate gas

Po ¢ Saturation pressure of the adsorbatesga

n.¢ The amount adsorbed at the relative pressure/p
Nm- Monolayer capacity of the adsorbent

Cc¢ A constant that is dependent on the isotherm shape

If (L/(n(Px/P-1) is plotted against (P4P a linear relationship is given allowing for the
determination of @, at relative pressures below 0.3. The surface area can then be

determined from the monolayer capacity,aetermined above.
0 ¢ wboww Eqg42l
AgerC Surface area (Agh)

L ¢ Avogadro constant

am ¢ Molecular cross sectional area of a nitrogen molecule = 0.16anAVK

4.3.6.3 Surface area methodology

A Quantachrome Nova 2200 Edure4.12) was utilised to degas and measure the surface
area of chars. The chars produced using the TGA and DTR as described iml<eoitoa
weighed and added to a 9mm sample tube and placed into the vacuum degas station. The
samples were degassed under vacuum for 1 hour &30 remove any moisture then the
temperature raised to 30 and held for a mimium of 6 hours. The samples were then
removed and weighed to ensure that absorbed moisture and gas is removed. The sample
tube was then placed into the measuremt side of the NOVA where fidlotherms were
generated. Measurements were determined at liquiirogen temperatures (77°K) using
nitrogen as the adsorbate at relative pressures between 0.05 and 1.uBa¢esareas were
determined fron the adsorption plot generated at relative pressures between 0.05 and 0.3.
The resulting surface areas were thesed to determine the intrinsic reactivity of trehars

as described in sectich7.2.3
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Degas Station Analysis Station

Figure4.12: QuantachromeNOVA 2200E

4.3.7 Scanning electron microscopy

Scanning electron microscopy (SEM) provides an in depth image of a particle surface aiding
in the characterisation of the raw fuels and chars. In SEM imaging a beam of electrons are
emitted from an electron gun (chbde) which is focused on the sample. The electrons beam

is accelerated through a high voltage (in this case 5 or }ah¥pass through a system of
electromagnetic lenses to produce a thin beam of electrons. The beam then reaches the
surface of the sampland either secondary electrons (SE) or backscattered electrons (BSE)
are released dependent on the analysis type selected. When SE is selected the beam hits the
sample the electrons are absorbed and its own electrons are released which are then
detectedby a detector which uses the information to produce an image. In BSE mode the
electrons focused onto the surfa@ee reflected back frm the sample surface and then

detected allowing for the generation of the image.

SEM imaging of the raw fuels and chaesevtaken using the Hitachi Table top TM3030 Plus
scanning electron microscope showrFigure4.13. The chars produced using the TGA and

DTR as described in sectighSwere placed onto an adhesive pad which was placed onto a
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small sample holder. The holder was then placed onto the sample holder stand and installed
in the SEMOnce installed the system was placed under vacuum and images taken at a range
at 5 kV anabver arange of magnifications. In most high vacuum SEM systems the sample is
usually coated in a thin layer of metal to prevent accumulation of electrons on ttiacgur

generating charge up. The Hitachi uses a low vacuum functionality to reduce the amount of

charge up meaning that the itthmetal layer is not required.

TM3030Plus

Figure4.13: Hitachi Table top TM3030 Plus SEM

4.4 Combustionand pyrolysisbehaviour of the raw fuels

determined by thermogravimetric analysis (TGA)

4.4.1 Introduction

This section outlines the methodology for the determination of combustion behaviour of the
raw fuels in air andhe full range of oxyfuel environments(5-30% Q/C(Qy). It includes a
description of the equipment, the combustion atmospheres selected and how they were

achieved, the heating profiles and how the resulting data is analysed.

4.4.2 Thermogravimetric analysis
The combugbn and pyrolysis characteristics were determined using a TA Q5000
thermogravimetric analyser as seen kigure4.14. The TGA comprises of a hang down

balance locatednside a furnace, built in mass flow controllers that are able to control the
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flow rate of air and nitrogen to the furnace and an as@mpler. The TGA is fully
programmable and is capable of ballistic heating rates of up to ADEIN, which was

utilised in the production of char.

External Mass flow controller Combustion gas inlet to furnace

Figure4.14 TA Q5000 TGA used for the combustion of raw fuel and chars

Platinum crucibles used for sample containment were cleaned using a Bunsen bmrner
remove any residues aritlentareddza A y 3 G KS A y & GoslitirxtiSnfudc@oas. | dzi 2 YI G A O
During the combustion runs ~5mg of sample cryomilled to <90 um was placed on to the pans
and pans loaded on to the auto sampl&he sample size used (<90 pum) wasd in order

to reduce the effects of heat transfer through the particle and to ensure that combustion
was controlled kineticallf203). In both the air and the oxfuel combustion tests the same
programme was used, firstly the furnace temperature was seP@(id order to make sure

that the TGA did not start to heat up)ith a N purge gaswith aflow rate 100 ml mirt for

five minutes to purge the furnace. At the same time a flow gENed to the balance housing
situated above the furnace to protect thmlance from any contamination from the furnace
atmosphere. This flow of No the balance housing is constant throughout the heating
profile. Once the furnace was purged, the gas to the furnace was switched to air at a flow
rate of 50 ml mirt and held at0°C for 5 minutes to allow the balance to equilibrate. The
furnace was then heated at 30 mint to 109°C and held for 10 minutes to dry the sample
before being heated to 90C at the same heating rate and held for 10 minutes. Pyrolysis

tests wereperformed using the same conditions described above grd CQatmospheres
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(CQ provided by external mass flow controller). Gasification experiments of the chars
produced in C®were performed using the same methodology as above in 100% CO

atmospheresat temperatures up to 100C.
4.4.2.1 Combustion in oxyfuel environments using the TGA

In order to determine the effect of the combustion environment the fuels were combusted
in air and a range of SiI£LG, atmospheres ranging from-30%Q in CQ by volume. The TA
Q5000 has internal mass flow controllers for the delivery of air.dothe furnace but are

not able to deliver the oxjuel gases. However, the gas inlet to the furnace is accessible on
the front of the unit and MKS Mass Flow Controllers and a MK&rhehreadout module
were utilised to provide the desired atmosphere to the furnace via the furnace gas inlet as

seen inFigure4.14.

Two gas cylinders, the first c@ining 99.99% research grade £2@d the second containing
30%Q/70%CQ volume basis were connected to the mass flow controllers. The 0%
CQcylinder was selectedather than a 100% £Tylinderas the combustion atmosphere of
real world CCS plants not expected to exceed this, and as a matter of health and safety
within our laboratory. The mass flow controllers allowed the individual gases to be
controlled before being mixed in the inlet pipe before entering the furnace. The flow rates

of the gags and @sired combustion atmospheres is shoimrTable4.3.

Table4.3 Flow rates of gases used to provide the efiel combustion atmosphere

Combustion atmosphere Flow Rate (ml mir) Total flow rate
% Q in CQ volume basis| 30%Q /70% CQ | 99.99% C® ml min?

0 0 50 50

5 8.3 41.7 50

10 16.7 33.3 50

21 35.0 15.0 50

25 41.7 8.3 50

30 50.0 0.0 50

Example; Determination of desired flow rate if the required evel is 21%
Flow rate of @CQ, mix = 35 ml min

Flow rate of C@in Q/CO, mix = 0.7 x 35 = 24.5 ml miin

Flow rate of 99.9% G@ 15 ml mirt

Total flow rate of CO= 15 + 24.5 = 39.5 ml min
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Total flow = 50 ml mihof which the @= 10.5 ml mirt= 21% by volume

The procedure followed that of the air combustion experiments except for the change to

external mass flow controllers.

4.4.2.2 Analysis of the thermogravimetric data for the comparison of cbuostion

behaviour

The TGA produces a mass loss curve plotted against time and a derivative mass loss curve
(Wt% sb). The peaks seen in the derivative mass loss curve can be associated with the
devolatilisation and char combustion stages easily in the b&snsamples, while the
devolatilisation stage of coal combustion is harder to detect due to the low volatile content.

In order to compare the fuels key temperatures and mass loss rates identified:

a- Temperature at which the rate of mass loss achieved 0.06 $/(1 wt% min')

b- Temperatureat which themaximum rate of devolatilisatiois seen

c- Temperatureat whichthe maximum rate of char combustida seen

d- Temperatureat which the maximum rate of weight loss (in the case of one
unresolved peakis seen

e- Burn out temperature, the temperature at whighe rate of mass loss is equal to
0.016 Wt% $ (117, 204)

f- The temperature at which maximum mass gain is seen as a result of oxygen
chemisorption in the coal samples

g- The mass gain in the coal saespdue to chemisorption

a and b were resolved for the biomass and torrefied biomass samples, but not for the coal,

hence ds reported in the latter case.

44221 Determination of active surface area using thermogravimetric analysis

In the thermogravimetric anadjs of the three coals a mass gain is seen at temperatures
above 108C due to the chemisorption of oxygen onto the fuel surfadee active surface

area (ASA) of the raw coals was estimated from the-isothermal TGA combustion
experiments performed in miand oxyfuel environments outlinedn the previous section
According to active site theory reactions only occur at active or favoured sites as described
in section 3.5.3 in relation to chars. The same mechanisms are at play during low
temperature oxygen chemisorption of raw coals as those described for oxygear
chemisorption (205, 206). In eachof the TGAexperimens the wi% mass gain was

determined, from at the point that the drying stage had stopped to the maximum mass seen.
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The wt% was then used to determine the mass of oxygen chemisorbed by normalising the

initial mass to 100g and ASA determined using the follgweiquation.
ASA —— Tpnt  Eq4.22

ASA; Active surface area (hg?)

Mo ¢ the mass gain taken from the combustion TGA experiments (g)
Mwo ¢ molecular weight of oxygen (16 g rmidl

lc! @2 3| oMM @.02214 x dmol )

Ao ¢ Area of a single oxygen atom (0.83%m

100¢ normalised mass (g)

(209

4.5 Char production techniques

4.5.1 Introduction

The chas wereproduced via two methodghe first, at ballistic heating ratesn the TGA

the second, chars derived from the PEL and PVIWR using the drop tube reactor (DTR)
This section outlines the two different methods of char production and the determination

of the char yield.

4.5.2 Char production using TGA

The TGA was used to produce chars in bothrld CQatmospheres fronall ofthe raw fuels
heated at ballistic heating ratgd00°C min') to produce devolatilisation characteristics
more similar to those seen in a DTR®7) compared to slow heating rate char production.
The platinum pans were first cleaned and tared, in the gas atmosphere that the char was to
be produced in(N. or CQ) , and then 15mg of sampleq0un) added. The required
atmospheres were sygied directly by the TGA mass flow controllers in chars made in N
and by the external mass flow controllers in chars made ya@aspheresas described in
section4.4.2.1 The initial section of the heating profile was the same as in the combustion
case as the furnace is purged to ensure the required atmosphere. The furnace was held at
20°C for 5 minutes with the flow rate of gas set to 50 ml fito allowthe system to
stabilise. Once stable, the furnace is heated to P06 3C in one minute then returned to

room temperature without the aid of any cooling systems. The mass loss curves and
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temperature profile were then reviewed to determine that the corréemperatures were
reached and the char remaining on the sample pan removed and placed into a glass vile and

stored in a desiccator.

The char yield is easily available from the mass loss plot and recorded from the point at
which the sample returned to mm temperature. The mean value of the char yields was
determined fom the repeated TGA runs. In order to produce enough char for proximate
and ultimate analysis, the kinetic determination and surface area measurements several
char production runs using tHEGA were performed amaveragechar yields determined. In

the case of the coal samples the char yield was significantly higher than the biomass samples
requiring less TGA char production runs to produce enough char for further analysis. In the
determination of the char yield the number of repeats for the coals was 10, the TSP sample
required 30 repeats and the biomass samples 50 repéatexample of the mass loss plots

produced from char production using the TGA can be seen in the appendix (Set8pn

4.5.3 Char production using Drop Tube Reactor (DTR)

The DTR provides a way to closely resemble what happens to a particle in a pulverised fuel
boiler in terms of tempratures and heating rate@07). Chars were produced from the
PWWHP ad PEL fuels and compared to the TGA ballistic chars of the same fuels, in terms of

char reactivity.
45.3.1 Drop tube reactor

The drop tube reacto(DTR)s shown inFigure4.15and comprise®f a vertically mounted
furnace,PID controllers, cooled sample inlet and char collection pots, a heat exchanger, a
pump and an @analyser as showhigure4.17. TheDTRconsists of an alumina tube of 1400

mm in length and an internal diameter of 65 mm inside an electrically heated vertical
furnace. The furnace comprises of three independently controlled heating zones that
produce an isothermal reaction zone of 455 nrig(re4.16). The average temperature of

the heated reaction zone was measured at seven points using a K type thermocouple and

resulted in an average temperature of 1062°C(208).

The DTR was heated to 12@0at 16C mintand held at that temperature for the remainder
of the experiment, at the same time the cooling system was turned on to prevent the inlet
and catchpots reaching elevated temperatures. Once Hi0°C the O analyser was

calibrated using 99.9% nitrogen and a 5%nitrogen mix.
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Figure4.15: Drop tube reactor

After calibration the nitrogen flow into the system was set to 16Lhtm provide the
required particle residence time of ~0.5 s in the isothermal reaction fassuming the
particle travels along the centreline of the furndead oxygen concentration of 1%. The O
concentration was set to 1% to help prevent the fuelsk#tig to the sample inlet or the
chars sticking to the inside of the reactor and making it almost impossible to capture the
chars(208). The milled samples PEL &0 pum) and PWWP (24355 pm) (sizes chosen to
minimise char burnout) were loaded maally into the top of the DTR where they fall into
the reaction zone. The char produced dalirectly into the catckpots andthe volatiles
released alongwith the nitrogen atmosphergare drawn via the heat exchanger and pump

to the oxygen analyser anfieén to the laboratory extraction system.

The oxygen content within the reactor is constantly monitored to ensure the correct O
levels inside the reactor. The chars were then collected and used to detepromenate
and ultimate analysi¢for comparisorno the raw fuelsand the determination of the char

yield), surface areas and for char combustion tests.
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Figure4.16: Schematic of the drop tube react@208)

Figure4.17: Mitchell G analyser
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4.5.3.2 Char yield determination

The vyield of the char produced in the TGA was taken directly from the mass loss profile
produced and assumed to be dry. In order to produce enough char for the proximate,
ultimate, surface area and kinetic analysis many TGA runs were needed. The average char
yield was determined from these runs and the absolute error (with a 95% confidence level)

using the following equations:

%

Eq4.23

s¢ standard deviation (Eq 4.5)

n ¢ number of samples

The char yield was determined on a dry basis using the following equation:
#EANGMRT #EAGAIg— Eq4.24

ad¢ as determined by TGA
M ¢ moisture content in the raw fuel as determined by TGA method

The error in the char yield on a dry basis was determined using the percent relative errors
(Eq 4.8 and 4.9) associated with the char yield at a 95% confidence levilearelative

error associated with the char as follows:

I AOT R O OREEON @ MIOAIA OE-62—° Eq4.25

E ¢ Percent relative error in the char yield as measured by the TGA

E ¢ Percent relative error in the moisture as measured by the TGA

The char yield from the DTR is difficult to determine directly by weighing the feedstock and
chars produced, due to losses in the system e.g. the char particles sticking to the inside of
the reacor and catch pot system. In order to determine the theoretical char yield the weight

loss has been calculated indirectly using the ash tracer mei2@9).
HEMGBGAIPAnmna7 pmmp —)x100 E4.26
P1 = Ash wt% in the fuel dry basis

P> = Ash wt% in the char dry basis

This can be considered a % conversion.
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The absolute error of the char yield using the DTR was determined from the relative errors

of the ash component in the raw fueljRand DTR cha(#,) as measured in sectiagh3.2.2

4.6 Char Combustion

The chars produced in the TGA and DTR were combusted using the TGA in the same gas
atmospheres as laid out imable4.3. The chars produced in €Qsing the TGA were
combusted in @CQ, atmospheres ranging from-80% Q and the chars produced inz;N

using the TGA and the chars prepared using the DTR were ctadbnsir. All of the chars

were combusted nofisothermally in order to determine kinetic parameterBable 4.4

outlines the heating rates used in the ngsothermalcombustion runs.

4.6.1 Norrisothermal combustion

Norrisothermal combustiorexperiments wereperformed in order to reduce theotal
number ofexperiments required to analyse the char combustion behaviour in the full range
of GJ/CQO, atmospheres.If the isothermal method was used it is estimated that ~60
experiments would be required to determine the kinetic behavioueaxth othe chars over

the full range of combustion atmospheres. The -fux® combustion environment was as
supplied to the TGA usingehmass flow controllers and bottled gases as outlined in section
4.4.2.1

4.6.1.1 Non-isothermal coal char combustion

The coals produced relatively high char yield (~57 wefparedto the biomass (6wt% in

CQ) so the methodology for char combustion differs. In the coal samples ~10 mg of raw fuel
was added to the TGA pans and loaded into the TGA. The desired char production
atmospheres were selected {dr CQ) and thefuels heated to 100G at 1008C min' to
produce the char. The TGA was then cooled tC3@ the char production atmosphefish

or CQ) at which point the combustion atmospher@ir or 530% Q/CQ,) selected and
sample heated to 90 at 16C min'.

4.6.1.2 Non-isothermal combustion of biomass, torrefied biomass and drop tube

reactor chars

The char yield of the biomass and TSP samples were much smaller than the coal chars and

too small to carry out char production and direct char combustion as seen in the Agsads

100



result multiple char production runs were performed using the TGA as descriesl 2and

chars collected and stored in a desiccator to minimise uptakeai$ture. The chars (~5mg)
were then added to the TGA pans and combusted using the TGA, in the combustion
atmospheres desdred inTable4.3 and at the heating rateisted inTable4.4. The DTR
chars were also collected and stored in the desiccator before being combusted in air in the
TGA. The TSP and PEL DTR chars were combtsgtedsame heating profilas the same
chars produced using the TGRable4.4). In the case of the biomass samples it was found
that at high oxygen concentrations 28%60Q) that the chars were very reactive and
unreliable mass loss data was recorded. In order to produce reliable data and extract reliable

kinetics the heating rate in both air and efgel environments was reduced t6G mint.

Table4.4: Char combustion methods, and heating rates used during char combustion

Char production Norrisothermal Heating Rate
atmosphere Combustion (°C mint)
N2 \% 10
PEL CQ \% 10
DTR \Y 10
\ \Y 10
ELC CcQ \Y 10
N2 \% 10
PIT CQ \Y 10
N2 V 5
PWWP CcQ \Y 5
DTR \Y 5
N2 \% 5
WWP
CcQ \Y 5
N2 \% 10
TSP CQ \Y 10

NOTE: Chars prepared in£&@vironments combusted in 5, 10, 21, 25 and 3¥inCQ

The mass loss profiles generated during the-smthermal combustiorexperiments were
then analysed to determine the maximum rate of weight loss and the temperature at which

it occurred and to derive kinetic data as explained in the following sections.
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4.7 Determination of kinetic parameters

Kinetic parameters were determaa for both the devolatilisation and char combustion
stages in order to determine the effect of combustion environment on each stage to allow

for the comparison of the fuels.

4.7.1 Determination of the devolatilisatiorkineticsand associated parameters from
non-isothermal combustion of the fuels (TGA)

The fuels were combusted neésothermally as outlined in sectioh.4.2 and mass loss

profiles used to extract thdevolatilisationkinetic parameters assuming a simple first order

single step Arrhenius reaction. The reaction rate constant method is described in the

literature review in section 2.7.1.

The mass loss profile was assumed to be the result of one or finstrerder reactions and

the rate constant was determined from the mass loss profile using the following formula:
E — 8— Eq4.27

Where,

k ¢ the apparent, first ordereaction rate constant (§
m ¢ the initial mass (wt%)

my - the terminal mass (wt%)

dm/dt ¢ rate of mass loss (wt%?s

The calculated value of k is reliant on the chosen terminal mass and can deviate greatly as a
result of the chosen value of yn(164). In order to determine the reactivity during
devolatilisation the terminal mass was taken at the end of the devolatilisation stage as
suggested by the DTG profiles. In the case of the foedd where one unresolved peak is

seen the determination of gis more difficult and the volatile content determined by

proximate analysis used to help identify the correct value pf m

The reaction rate constanisere then used to determine the kinetmarameters A and.E

using the Arrhenius equation:
E 188 T Eqg4.28
A - the pre-exponential factor (3)
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E. - activation energy (kJ mé)
R-gas constant (8.314 kJ rmdt?)

T-temperature (K)

Thekinetic parameters £and A were then determined by performing a logarithm of each
side of the Arrhenius equation and plotting In(k) vs 1/T. A least squares regression line of the

form y = mx + ¢ can be fitted to the plot and coefficients extracted.
E.=-8.314. m (kJ m3d) Eq4.29
A=¢é (s!) Eqg4.30

In order to determine that thecorrectkinetic parameters were determined the mass loss

profiles were predictedising the calculated values of B and k.

E —8 —8 Eq4.31(210)

Ep & — Eq4.32 (162)

Where,
X ¢ is the fractional conversion =-{//W,)
m ¢ is the sample weight

my ¢ is the original sample weight

At initial conditionsx = 0 and t = 0 and after the integrationiéfo @w — Eq

4.32yields:
EO I Eq4.33(162

The mass loss profilaken from the experimental data were plotted against the predicted
mass loss determined usirtlgq 4.31¢ Eq 4.33in the temperature region at which the
devolatilisation stage is seen and ®rrelation determined to ensure the correct kinetic
parameters wee chosen. The higtt Borrelation coefficient values indicate that the reaction

model fits the experimental data.
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4.7.2 Determination of the char kinetics and associated parameters from non
isothermal combustion (TGA)

The chars produced using the TGA and DTR outlind@bie4.4 were combusted non

isothermally and the apparent kinetics obtaineding an rit order model,an ri" order

reaction model developed and the intrinsic reactivitidghe coals determined.

4.7.2.1 Determination ofan ni"order apparent char kinetic modefrom non-isothermal

experiments

The rate of char oxidation can also be modelled as a single step type Arrheaai®on

described by the following equation:
2 —— ! Agp 7 Eq4.34

Where,

Rupp G the reaction rate constant (3

Aqpp - the pre-exponential factor (3)

Eapp - activation energy (kJ mo)

R- gas constant (8.314 kJ rmd{?)

T- temperature (K)

M- is the reaction ordewith respect to char conversion.

X cthe canversion of the char defined as:

@ —— Eg435

Where
Mo ¢ the initial mas of the sample
M ¢ is the mass of the sample at time t (wt%)

Mt ¢ is the mass of the ash fraction present in the char (wt%)

In order to determine comparable reaction rategygRwvas determined for char conversions

of 0.05¢ 0.85. This allowed the global comparison of the char reaction rates without any
influence of the phenomena seen at the start and end of mass(&isH. Firstly Ry,was
determined over the full range of mass loss and a plot ofbgWR 1/T over the range of x =
0.05 to x =0.85 wre plotted. In order to produce a global reamti rate the line of Ln &g, vs

1/T must be straight and the reaction order teffris used in order to provide thiargest

value of Rover the full range of oxygen concentrations of dugl environments for each
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fuel. The™ term gives an understanding dhe change porosity and surface area
developments as the char undergoes combustiom #1 as seen in the volumetric model
outlined in(212) this indicates thathe surface area decrease linearly with char conversion.
The kinetic parameters 4 and Ea,, were then determined from the straight line as

described in sectiod.7.1

The values of §,and Eay,were then used to determine the reaction rate constaag,Rnd

from this, the cowersion determined using Eq 4.34 order to determine the quality of fit
between the predicted conversion and the experimental conegershe deviation between

the experimental and predicted curves was obtained using the following expression over the

conversion range of (¢) =0¢ 1:

$%6p 8 b pTid Eq4.36

3 B ;5 9 9 Eq4.37

Where,

exp - €Xperimental

pre - predicted

N - number of data points

Y ¢ (1-x) or (dx/dt)(213)

4.7.2.2 Determination of reaction order and development of a‘'horder global char

combustion model

The ' order reaction model is used to provide a simple model that predicts the reactivity
of a fuel in all of the oxjuel combustion environmentwith a single value of A and Hée
n™™ order model incorporates a term taking into account the partial pressure of oxygen and

the reaction order with respect to oxygen concentration as outlined below.
2 —— 0 A@D T 0 Eq438

Ly GKA& OF&asS | yS$s {284Nvnich iszorpdratgs baihSthe jprs (i NB R dz

exponential factor A and the partiptessure and reaction order n.
2 —— | &oD7 Eq4.39
Where,R, ¢ (s?) and! Q(s?)
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In this model a single value of the activation energy and theepponential factor is
required and the ativation energy was taken as the average of,fdetermined from the

apparentcharkinetics. The determination of the pexponential factor is outlined later in
this section! & F aAAy 3t S @I ftdzS A& dzASR F2N) GKS | OUA@Dl
recalculated at each oxygen concentration by minimising the value of BE\d€termined
dZaAy3 9l ndocd ¢KS @lFftdzSa 2F ' Q 6SNBE RSGSN¥YAYSR |

the reaction order with respect to oxygen determined using the following equation:
Eq4.40

Where,

I /@ determined at 5% ©

I j@determined at 30% ©

(214

The reaction order n was determined over the full range of oxygen environments to
determine an average value. The value of the-gxponentialfactor could then be
RSGSNX¥AYSR FNRY (K &, afedich gxiygbriRcanSenttatfon anQavérager  t

taken for use in the model using:
0 — Eq4.41

Where,

A ¢ pre-exponential constant (s Pat)

Once all of the parameters in Eq 4.38 were known, the reactivityad® determined, the
conversion predicted and the deviation from the experimental data determined using Eq

4.36 and Eq 4.37.

4.7.2.3 Determination of the intrinsic reactivity of coal chars from nesothermal

experiments

The intrinsic reactivity was determined using tHeander reaction model and knowledge of

the coal char surface areas reported in section 5.5 using the following equation:

T
2 — Eq4.42

Where,

R ¢ the intrinsic reactivity (kg. rh s?)
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R ¢ is the either the Ry in the case if chars produced in nitrogen and combusted in air or
R, when the chars are produced in €@nd combusted in oxfuel environments.

s¢ the surface area (fkg?') as determined by BET method outlined in sectidh6

The intrinsic reactivity was determinedenthe conversion range of 0.@3.85. In the case
of the N chars where only one oxygen concentration was used for the combustion

experiments the apparent reactivity was used to determine the intrinsic reactivity.
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4.8 Overview of experiments performed on eaduel

The experimental procedure outlined throughout this chapter were performed on a variety of the parent fuels and theilbbaggperimental matrix can be

seen inTable4.5 and Table4.6.

Table4.5: Overview of which experiments performed on the coals and their chars

PEL ELC PIT
Experiment Fuel PELN PEL CO PEL DTH Fuel ELCMN ELC CO Fuel PITN PITC®Q
Proximate Analysis British Standard V - - - Vv - - V - -
TGA \Y \Y, \Y, \Y \Y, \Y, \Y, \Y, Vv Y,
Ultimate Analysis \% V V \% \% \% \% \% \% \%
Low Nitrogen Analysis - - - - - - - - - -
Grindability Test - - - - - - - - - -
SEM \Y \Y, \Y, Vv - - - - - -
Surface Area V V V \Y \% \% \Y, Vv \% \%
Pyrolysis [\ V V - \Y \% \% - \% \% -
CQ Vv - Y, - Vv - \Y, Vv - Vv
Overall Combustion Air Vv V - \Y \% \% - \% \% -
Behaviour Oxyfuel (5-30% QICQOy) Vv - \Y - \Y - Vv Vv - \Y
Devolatilisation kinetics Vv - - - \% - - \% - -
Char production DTR \Y, - - - - - - - - -
TGA N Vv - - - Vv - - Vv - -
TGA CO® Vv - - - Vv - - Y, - -
Char combustion behavioy Air - V - \% - \% - - \ -
Oxyfuel (5-30% Q/CQy) - - \Y - - - \Y - \Y
Charkinetics Apparentm™ order - \' \' \Y, - V \% - \% \%
n™ order - - \Y \% - - \Y - - Vv
Intrinsic - \% \% Vv - \% \% - \% \%




Table4.6: Overview of which experiments performed on the biomass fuels and their chars

PWWP WWP TSP
Experiment Fuel PWWP N PWWP C® PWWP DTR Fuel WWP N WWP CQ| Fuel TSP KN TSP C9O
Proximate Analysis British Standard | V - - - \% - - \% - -
TGA Vv Vv Vv Vv Vv Vv Vv Y, Vv Vv
Ultimate Analysis Vv Vv Vv Vv Vv Vv Y, Vv Vv Vv
Low Nitrogen Analysis Vv Vv Vv Vv Vv Vv Y, Vv Vv Vv
Grindability Test - - - - - - - \% - -
SEM Vv Vv Vv Vv - - - - - -
Surface Area - - - - - - - - - -
Pyrolysis N2 \Y, Vv - Vv Vv Vv - Vv Vv -
CQ Vv - Vv - Vv - Vv Vv - Vv
Overall Combustion Air \'% \% - \% \% \% - \% \% -
Behaviour Oxyfuel (5-30% \Y - \Y, - Vv - Vv \Y, - Vv
O)/COy)
Devolatilisation kinetics V - - - \% - - \% - -
Char production DTR V - - - - - - - - -
TGA N \Y, - - - \Y, - - Vv - -
TGA CO® \Y, - - - \Y, - - Vv - -
Char combustion behavioy Air - Vv - \Y - \% - - \% -
Oxyfuel (5-30% - - V - - - \% - \%
OJ/COy)
Char kinetics Apparentm® - Vv V \Y - \% \% - \% \%
order
n" order - - \Y \% - - \Y - - ]
Intrinsic - - - - - - - - - -
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5 Fundamental characterisation of the fuels and their
chars

5.1 Introduction

This chapter provides the proximate amdtimate analysis of the fuels and their chars
produced using ballistic heating rate TGA imhtd CQatmospheres and the chars produced
using the DTR in aBtmosphere. The effect of the char mhaction methodand atmosphere

on char yield, compositigithe nitrogen partitioningand physical properties such as surface
areaare discussedThe rate of oxygen consumed in the TGA is compared to the oxygen
requirements for complete combustion of the fuels using the ultimate analysis data to
ensure that suffient oxygen is present in the TGA during combustion experimditis.
heating rates of the fuel particles in the TGA and BTRsadeterminedto help understand

the char production proces3.he results ofhe modified HGI index is included to estimate

the degree of torrefaction experienced by the TSP sample. Finally the SEM images taken of
the PEL and PWWP chars in all preparation atmospheres and by the two methods are shown

and the differences discussed.

5.2 Raw fuel characterisation

The proximate, ultimatemalysisand determination of the HHV weperformed as outlined

in sectiond.3and the analysis can be foundTable5.1 and Tableb.3.

5.2.1 Raw fuel proximate analysis

The coal samples contain slar levels of volatiles and fixed carbon while the PIT sample
contains less moisture and higher ash content. The three coals can be classifieding to
Table3.2, the PElisclassed as High Vol A bituminous coal with ELC and PIT classified as High

Vol C bituminous coal.

Tableb.1: Proximate analysis of the raw fuels using the British Standard methodology

Fuel M@ad) + Vol (%dafl = FC(%daf) = Ash(%db) =

PEL 5.07 0.07 39.05 0.02 60.95 0.02 4.35 0.05
ELC 6.95 0.03 41.13 0.46 58.78 0.46 3.13 0.04
PIT 1.80 0.03 40.26 0.21 59.74 0.21 7.09 0.06

PWWP  6.69 0.02 84.25 0.40 15.75 0.40 0.70 0.01
WWP 7.81 0.04 84.54 0.03 15.46 0.03 0.91 0.07
TSP 5.09 0.01 76.23 0.21 23.77 0.21 0.44 0.16

ad- As determined basis, didry basis, daf dry ash free basis

+ - Absolute error (Sectiod.3.2.])

Note : The fuel identifications can be foumdTable4.2.
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The biomass and TSP samples contain twice the amount of volatiles present in the coals and
have lower fixed carbon and ash content. Twe white wood pellets are very similar with

all values within ~1wt% of each other. The torrefaction conditions of the TSP are not known
by the author or by the supplier, but the level of volatiles and fixed carbon are in between
the biomass and coal sanes. This would be the expected outcome of the process as the

amount of volatiles present in a fuel is reduced dutimgtorrefaction procesg208).

The fuels were used to produce chars inadd CQ atmospheregTGA)and at different
heating rate TGA and DTRProximate analysis of the chargen performed using a TGA

as the total mass yield is not large enough for the standard proximate analysis. The
difference in the method of determination of the proximate analysis may lead to errors in
the canparison of raw fuels to their chars in terms proximate and ultimate analysis. In order
to perform a direct comparison between the fuels and charsxijpnate analysis of the fuels

were performed using the TGA (See sectbB.2.9 and can be seen ifableb.2.

Table5.2: Proximate analysis of the raw fuels using thermogravimetric analysis

Fuel M (%ad) =+ Vol (%daf) + FC(%dal) = Ash(%db) +

PEL 1.83 0.08 41.35 0.45 58.65 0.45 3.83 0.08
ELC 0.81 0.04 43.61 0.06 56.39 0.06 1.58 0.41
PIT 0.65 0.02 44.70 0.46 55.30 0.46 8.45 0.22

PWWP 1.61 0.03 89.17 0.27 10.83 0.27 0.83 0.03
WWP 1.93 0.05 89.25 0.02 10.75 0.01 1.56 0.24
TSP 1.20 0.03 80.73 0.32 19.26 0.32 0.61 0.01

ad- As determined basis, didry basis, daf dry ash free basis
* - Absolute error (Sectiod.3.2.])
Note : The fuel identifications can be foundTiable4.2.

The difference between the determination of proxbte analysis by British Standard and
thermogravimetric method can be seenTrable5.1 and Table5.2. The fuels used in TGA
proximate analysis were milled to <90um as this is the size used to produce chars, while the
British Standard proximate analysis requires a sample size of less than 1mmoiBhee
content of all of the fuels is lower in the TGA proximate analysis due to the loss of additional
moisture in the milling process. The volatile content is higher in all fuels when determined
by TGA due to the slower heating rates and thereforegased residence time. In the
standard proximate analysis the fuel is added to a furnace at®@dd held for 7 minutes
while in the TGA method the fuel is heated from 450 900C increasing the residence
time to ~1hr. The increase in volatile conteptults in a decrease in fixed carbdme ash

contentis similar to thadetermined using the British standard meth¢thble5.1).
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5.2.2 Raw fuel ultimate analysis

The ultimate analysis provides a chemical composition analysis of the fuels and can be seen
in Table5.3 and the determination of the HHV fable5.4. The PEL has the highest carbon
content and thus HHV, with the remaining coal samples ELC and PIT having similar levels of
carbon and HHV values. Tt@mnaining three biomass samples have levels of carbon at just

over 50 wt% and similar HHV values, however both significantly lower than the coals.

Table5.3: Ultimate analysis (daf) of raw fuels

C + H + N + S + Ow)
PEL 83.43 1.12 545 0.05 1.70 - 0.70 0.01 882 1.12
ELC 78.04 023 495 014 238 0.12 0.72 0.02 1392 0.30
PIT 7566 036 551 014 278 0.07 296 0.02 13.08 0.39
PWWP 5227 0.21 6.04 0.07 0.239 - ND - 41.46 0.22
WWP 51.45 0.79 2.19 0.02 0.149% 0.01 0.01 - 46.21 041
TSP 53.74 056 5.20 0.16 0.169 - 0.07 - 40.83 0.59

@Determined by low nitrogen analyser

® Determined by difference

daf- dry ash free basis, NDhot detected

+ Absolute error (Sectio$.3.3.7)

Note : The fuel identifications can be foundTiable4.2.

The coals contain higher levels of nitrogen and sulphur relative to the biomass samples,
while biomass contains higher oxygen content. The PIT coal has a much higher sulphur
content than the PEL and ELC coals while very little if any etastdd in the biomas

samples.

Table5.4: HHV of the raw fuels

HHV(MJ/kg) (db]  +

PEL 32.87@ 0.59
ELC 30.22@ 0.13
PIT 29.19@ 0.04
PWWP 20.72® 0..12
WWP 18.84® 0.11
TSP 21.01® 0.32

db ¢ Dry basis
@ Determined using the Milne equation
® Determined using the Friedl equation

The HHV values determined for the fuel§ able5.4 are within the expected range. The PIT
coal is a weltesearched fuel and the HHV determined is in good agreement with that
measured by bomb calorimetry by Mas¢a15) and that reported in the ECN Phyllis2
databasg216).
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5.3 Char characterisation

TheTGA and DTéhar yieldscharproximate andcharultimate analysis are outlined in the

followingsections and the effect of the environment and char production method discussed.

5.3.1 Char yeld

The theoretical char yield, actual yields of the chars produced @ CQdetermined by

TGA, and vyields of chars produced using the DTRan ld dry basisan be seen irFigure

5.1 and numerical values ihable5.5 The levels of uncertainty in the char yields takes into
account tle variation in mesture content in the raw fuelas determined by TGA, and the
variation in char yields as measured in each atmosphere and production method. The larger
error bars seen in the coals is due to the low moisture content and associated €fo0rs.

more detailed explanation of the propagation of errors please see se4tmf.2

Thecoal char yieldare similar to the theoretical yieldfixed carbon 4ash)when chars are
produced using the TGAgardless of thehar productioratmosphere The char yields inAN

and CQatmospheresare almost identical with the PEL having theglest differencel wt%
increase in the PEL e€har, whilst the ELC and Plhars have a difference gfist ~0.03

wt%. This suggests that at the heating rates and temperatures used in this work the char

production atmosphere has little effect on the char yields of coals.

The biomass and TSP samples yielded much less char theoelrsamples due to the higher
volatile content in the parent fuell@ble5.1) and the higher organically bound oxygen levels

in the biomass sample3 #ble5.3). This provides readily available oxygen that oxidises the
volatiles released enhancing the amount of decomposition seen in the PWWP, WWP and
TSP sampled02). When the biomass and torrefied biomass chars are produced in,an N
atmosphere the char gld is slightly higher that the theoretical yield but the chars produced

in the CQenvironment have a significantly loweharyield. The PWWP and WWP yields in
CQ are ~ 50% and the TSP is ~#%hose seen in Natmosphere This phenomena is not
seenin the coal samples and is thought to be due to the increased reactivity of the biomass
fuels.The enhanced devolatilisation seen in the biomass and TSPdukis to the Cexhar

reaction:

HEAGH P #1 #/
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Comparison of the theoretical yield to the ael yield verifies the reaction ofidoonwith
CQas the theoretical yield is the mass of ash and fixed carbon in the raw fuel as determined

by TGA proximate analysis.

Chars produced using the DTR results in a lower yield than seen in TG3érihdththe PEL

and PWWP fuels. This is believed to be the result of the 1% oxygen levels present in the DTR
(to prevent the char from sticking) and the increased reactivity of both fuels at the
temperatures and heating rates used in the OIBG, 217) (1273 K atl000 K mir in the

TGA and.373K atl0* ¢ 10° K mintin the DTR).

PEL
ELC
PIT

PWWP

Wwp

DTR ®mTheo mN2 mCO2

TSP

Wt%

Figure5.1: Char yields (dry basis) for chars produced using the TGAr{l CQ), in the
DTR and theoretical yield$C + Ash in raw fuel as determined by TGA proximate
analysis)

Work by Molina et al(148) suggested that when a nereactive particle is heated in Nr

CQ at the same heating rate and final temperature the only effect of the change in
environment is the thermal conductivity of the atrsyghere. In the case of.Mdnd CQthe

ratio of thermal conductivity is ~1.1 at the temperatures seen in the TGA. In this case the
particle is reactive but the devolatilisation behaviour of the coals (in terms of char remaining

after pyrolysis) is very sitar in both N and CQatmospheres.

The majority of the work in literature investigating pyrolysis behaviouelation to oxyfuel
has been performed on coalRathnam et a(218) investigated the pyrolysis behaviour of

four coals in Nand CQusing a TGA. They noted that when heated at & $ieating rate
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(25K min') the mass loss rate of the coals in both the.@@l N atmosphere are similar up
to 1030 K at which point the rate of mass loss in the @@osphere starts to increase
compared to M. The additional mass loss seen in the @@osphere was attributed to the

charg¢ CQ gasification reaction.

Li et a219) alsoinvestigated pyrolysis behavioaf a bituminous coalsing a TGA at heating
rates of 30 K mifhiin Nb and in 21%M79%CQ. The char yield in the 100% Btmosphere
was found to be slighthhigher (3 wt%) than in the MCQ, atmosphere. The enhanced
devolatilisation in the C{based atmophere was attributed to the char CQ reaction at

elevated temperatures.

Zhou et al(220) used a TGA to investigate the pyrolysis behaviour of four coals in 190%
and CQ@atmospheres (1273 K 20 K mjnEnhanced devolatilisation was seen in all coals in
the CQ atmosphere but the degree of increased mass loss was found to be coal rank

dependent.

Althoughthe work carried out by Rathnanhjand Zhou use& TGA andimilar maximum
temperatures (100%C) the heating rate is much slower than the ballistic heating rates used
in this work (2530K min' compared to 1000K mif). The increase in heating ratand
therefore decreased residence time at elevated temperatuineghe work in this thesiss
believed to be the reason for the similarity in char yields of the coals in bptm#l CQ
atmospheres Further evidence of this is seen kigure6.14 and Figure6.15, where the
pyrolysis behaviour of the fuels in.Bnd CQat slow heating rates (10 iin? to 1173 K)

can be seen. At the slower heating rates the ah@Q reaction isevidentand char yields in

CQ atmospheres are similar to the levels of ash determinet@iahle5.1.

Drop tube reactors have widely been used to investigate devolatilisation behaviour of fuels
at higher heating rates and temperatures than thosers@eanalysis by TGBorrego and
Alvarez (156) used a DTR to investigate char characteristics of coals;iand CQ
atmospheres with oxygen levels 0f20%. The temperature of the DTR was 1573 K and
heating rate not specified, but as this is a DTR it is expected to b£01& min'. They
reported that enhanced devolatilisation was seen jaNd CQenvironments comared to

the expected volatile yield as determined by proximate analysis (theoretical yield). Although
Borrego reports in terms of devolatilisation the char yield can be inferred from the
experimental results. Borrego also found that the chars produced imall higher volatile
yields than those produced in gé@nd suggested that G participating in the crosslinking

reactions at the char surface, reducing the plasticity and preventing the suziee of
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aromatic structures. Again the char yields can ferred from the volatile yieldand in
contrast to the work done by Rathnam et al., Li et al. and Zhou et al. the char yield insthe CO

environment is higher than that in thexldtmosphere.

Brix et al.(221) investigated the devolatilisation behaviour of coals ia &hd CQ
atmospheres in an entrained flow reac at 1673 KThe heating rates of the entrained flow
reactor are reported as similar to those seen in a DTR and in this case it was found that no
noticeable differencen char yieldcould be found between Nand CQatmospheres. They

also attributed thedifferences seen in char yields when using a TGA at slow heating rates
can be attributed to the particle temperature histories and long residence times which can

induce the C@qgasification reaction in reactive coals.

Less work has been done to investighiemass devolatilisation behaviour i Bnd CQ
atmospheres. Farrou222) used a DTR to investigate the devolatilisation behaviour of a
sawdust at 1173 I 1573 K and found that for a biomass samitie char yield in a GO
environment is significantly lower than the; Nroduced char The author varied both the
temperature and residence time in the DTR and found that as either one was increased the
difference between char yields decreased. This wagbated to the decrease in char yield

at both increased temperatures and residence time and hence the lower significance of char

¢ CQ gasification reactions.

It can be seen from the discussion that the expected difference in char yieldaimdNCQ
environments is both fuel antemperature historydependent. At slower heating rates the
CQ produced chars are expected to be significaflyer in quantitythanthe N, chars. At
higher heating rates and maximum temperatures the effect of the ¢h@Q gasification
reaction isunclear. Char yields from coals may be higher, lower or similar, although the
difference between the two atmospheres is smaller than that seen in low heating rate work.
The difference in char yield trends has been attributed todbal type and in particular the
propensity for crosslinking reactions resulting in higher char yields imtG@spheresThe
increased reactivity of biomasdue to the higher volatile content and more reactive char

results in a lower char yield in g@mospheres relative to Natmospheres.
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5.3.2 Char proximate analysis
The proximate analysis of the chars was performed using the TGA due to the low char yield
from both the DTR and TGA char production methods and the ultimate analysis were

performed using thesame method as the raw fuels.

The chars produced using the TGA irahd CQatmospheres are very similar for the three
coal samples with the volatiles, fixed carbon and ash (dry basis) within 1 wt% between the
two environments.This would be expecteddm the char yields determined in the previous
section.

Tableb.5: Proximate analysis (db) of chars produced using the TGA @ CQand
chars produced using the DTR in&hd char yield (db)

Vol + FC + Ash + Yield +
PEL N 410 0.02 87.83 0.44 8.07 042 5850 247
CQ 509 034 86.44 072 847 039 5992 255
DTR 822 019 8287 087 891 0.68 43.03 0.03
ELC N 429 033 9128 047 443 0.14 57.13 2.20
CQ 485 039 9112 106 4.03 0.67 57.10 2.25
PIT N 291 0.02 8223 021 1486 0.22 59.68 1.57
CQ 3.83 0.02 81.73 0.36 1444 0.37 59.71 1.60
PWWP N 775 0.02 8345 010 880 0.08 1251 0.29
CQ 12.07 038 7392 058 1401 020 6.89 0.23
DTR 3184 048 5598 0.27 1218 0.21 6.80 0.01
WWP N 800 0.16 8381 005 819 0.11 1254 0.48
CQ 1514 05 67.11 0.02 1775 033 6.03 0.32
TSP N 5.53 05 9127 069 320 0.01 21.05 0.69
CQ 701 103 88.84 089 414 034 16.16 0.43
db - dry basis
* - Absolute error (Sectiod.3.2.29
Note : The fuel identifications can be foundTiable4.2.

The change in char production atmosphere has a greater effect on the biomass and TSP fuels
as would be expected from the char yields. The volatile content of the biomass and TSP chars
produced in C@is higherand fixed carbon content lowetompared to their analogue
produced in M The difference in properties between the two atmospheres is greatest in the
raw biomass fuels (PWWP and WWP) with an increase in volatile contert oft%h and
decrease in fixed carbon 116 wit%.The TSP sample falls in between the coal and biomass
samples in terms of changes to volatile and fixed carbon content resulting from the change

in char preparation environment.

These figures are slightly deiving whertaken in isolation;n order to fully understand the

effect of the reaction atmosphereand the production method (TGA vs DT®)
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devolatilisation during char production it is important to also consider the char yiksithg
the char yields and botthe vohtile contents of the fuels and their chaies mass balance
can be performed to determinthe percentage of the volatile content present in the fuel
remainngin the chars figure5.2). For an example calculation of the relative volatile yield
and the propagation of absolute errors please see seetiBr2.3in the methodology section

andsection12.1in the appendix

=
(=]
1

Wt%
NoWwoBs ;e N W

N2 CO2 DTR| N2 CO2| N2 CO2| N2 CO2 DTR| N2 CO2| N2 CO2

PEL ELC PIT PWWP Wwp TSP

Figureb.2: Wt% of volatiles remaining ithe char (db) relative to the volatile content
(db) of the raw fuel

The relative volatile yield can be seerFigure5.2. It can be seen that a greater amount of

the volatiles present in the coals are retained when compared to the biomass and TSP fuels.
The coal chars show enhanced devolatilisation in the chars producegdnvifonments

with ~1.5 wt% increase in theolatiles retained. The decrease volatile release in GO
atmosphereshas been associated with the crosslinking of &@he char surface preventing
devolatilisation(135, 156, 223). The change in atmosphere has the reverse effect on the
biomass samples with enhanced devolatilisation seen in the ¢@@rs, although the
difference is only-0.3 wt%.The volatile yields in the TSP sample are almost identical with
the volatile yield in the char produced in &ahly 0.07 wt% higheiThe chars produced in

the DTR retain a higher percentage of the original volatiles compar#wetdt TGA chars

due to the lower residence time seen in the DTR

In all of thefuelsa smallpercentage of the original volatile content is still present in all of

the chars meaning that complete devolatilisation is not seen during the char production
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process.In order for the char yield to be less than the theoretical there must be a loss in

fixed carbon during the char production process.
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Figureb.3: Wt% of fixed carbon (db) remaining in the char relatito the fixed carbon
content (db) of raw fuel

The fixed carbon content in the char as a percentage of the fixed carbon present in the raw
fuels can be seen IRigureb.3. In all casepart of the fixed carbon present in the raw fuel is
consumed dung the char production proces$he coal samples retain the majority of the
fixed carbon in their chars with negligible difference betwedre tchar production
environments, again highlighting the similaritieés char production inthe N and CQ

atmospheres

The biomass and TSP chars produced in thea@@sphere retain less of the fixed carbon
present in the fuel than in the Natmosphere, gidence of the chag CQ gasification

reaction.The biomass chars produced in C&ain 5060% less of the fixed carbon present
in the fuels in the biomass arB%lessin the TSP samplé@he loss of fixed carbon results

in the lower char yields seen ftte biomass and TSP chars.

The change in char production technique (ballistic heating in the TGA vs DTR) also produced
chars with different characteristics. In both the PEL DTR and PWWP DTR chars, the fixed
carbon content decreased while the volatile cent increased compared to chars produced

in Np using the TGA. It is difficult to determine the exact reasoning for the difference in DTR
chars as several parameters were changed during the experiments. Firstly the particle sizes

used in the DTR are largéne coals were 7880 um and the biomass samples 2355 um,
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compared t0<90 pmusedin the TGA.Work by Mani et a(130) using a TGA to perform
pyrolysisof in N andfound that the volatile content and fixed carbon content of a biomass
char is increased with théncrease inparticle size of the raw fuelThe authorsalso
investigated the effect of heating rates and found that when heating rates were increased
(5 K mint ¢ 20 K mint) the char yield also increased. This was attributed to more effective
heat transfer to the centre of the particle, and as a result insegbdevolatilisation, at lower

heating rates.

Yan et al217) investigated the effect of increasing temperatur@sl73 K¢ 1573 K)and
heating rategslow 10' ¢ 10'K mint and fast 16¢ 10* K mint) on the devolatisation of coal
using a DTRIt was reportedhat in, contrast to the work by Mani et as heating rates and
temperatures are increased the conversion of carbon to light gases is incranddtence

char yield decreases.

With respect to the DTR chars and TGA chars seen in this therlncrease in volatile
content remaining in the DTR chars relative to the TGéhrs is thought to be due to the
increased particle sizand deceased residence time in the DTRhe decrease in fixed
carbon seenin the DTRis linked to the higher hedtg ratesand increased maximum

temperatures which is expected to result in carbon to light gas conve(szs).

5.3.3 Char ultimate analysis

The ultimate analysis of the chars producea be seen iffable5.6 andTableb.7. The chars
produced from the coals inNhave a slightly higher carbon content (wt% basis) than those
produced in C@ whilst in the biomass samples the trend is reversed, with the chars
produced in N having a lower carbon content than those produced in.d@e TSP sample

has carbon contents on a wt% basis that is almost identical in both char production
atmospheresHydrogen content in all chars is low with no real difference between the tw
char productionatmospheresNo sulphur was detected in the biomass and TSP chars but
small traces were detected in the coal chars but again no trends could be determined
between char production atmospheres. The oxygen contents of the biomass chars is
significantly higher than the coal chars. The oxygen concentration of the coal chars produced
in N is lower than that of the C{Qchar, which is reversed in the biomass chars with CO
produced chars containing the amount of oxygen. The increased oxygeantafitthe
biomass chars is one reason for their increased reactivity compared to coal chars which is

discussed in section
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The chars produced using the DTR hsigaificantly lower carbon contents due to the larger
higher degree of carbon burnout and the increase in #meount of volatiles presentas
shown inTableb5.5 and suggested byhe higher levels of hydrogen and oxyg@ssociated
with volatiles)present in the chars.

Table5.6: Ultimate analysis of ches (DAF) produced using the TGA inadd CQand
chars produced using the DTR ia N

Daf Basis (wWt% C + H + N + S + (0] +

PEL N> 95.49 0.65 0.62 0.03 1.80 0.09 0.09 0.01 201 0.49
CQ 9245 0.65 0.73 0.12 1.69 0.04 041 0.03 4.73 0.53

DTR 87.32 1.45 0.93 0.03 1.59 0.03 ND - 10.16 1.40
ELC N 91.66 0.24 0.51 0.06 1.26 0.46 0.07 0.07 6.50 0.50
CQ 91.16 1.60 0.58 0.02 1.33 0.40 ND - 6.94 1.53
PIT N. 9681 0.66 049 001 1.18 0.28 1.78 0.08 0.69 0.68
CQ 9202 1.03 056 0.01 1.75 0.02 2.22 0.03 345 0.96
PWWP N, 84.53 0.77 0.63 0.02 0.13% - ND - 1471 0.77
CQ 88.75 0.65 0.66 0.03 0.17d - ND - 10.43 0.62
DTR 77.11 1.36 1.75 0.19 0.21® - ND - 2069 1.36
WWP N, 87.87 0.93 0.41 0.07 0.139 - ND - 12.22 0.93
CQ 95.52 0.48 0.51 0.01 0.17d - ND - 3.81 0.30
TSP N. 93.40 0.56 0.48 0.01 0.089 - ND - 6.04 0.56
CQ 93.22 0.36 0.43 0.01 0.099 - ND - 6.25 0.29

@Determined by low nitrogen analyser

® Determined by difference

daf- dry ash free basjdND- not determined

NOTEThe fuel char identifications can be foundTiable4.2.

Table5.7: HHVof the chars produced in the TGA and DTR

HHV (MJ/kg) (db) +

PEL N 30.149 0.26
co 28.929 0.04

DTR 27.049 0.64

ELC N 29.569 0.03
co 29.24 0.93

PIT N 26.259 0.21
co 25.40 0.39

PWWP  N: 24 819 0.30
co 24,54 0.23

DTR 23.38Y) 0.18

WWP N 25510 0.48
Co 24710 0.11

TSP N 29.78Y 0.27
Co 29.20 0.15

@ Determined using the Milne equation
® Determined using the Friedl equation
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It is again useful to determine the relative carbon contents of the chars in relation to the
carbon content present in the raw futking into account the char yieldsigure5.4). The
coals show a small reduction in carbon in chars produced iatb@@spheresThe biomass
samples show a larger reduction in carbon content in those chars made init@@evels in
those chars roughly half that found in chars produced infod the WWP and PWWP
samples. The TSP &Bar retains ~2/3 of the carbon that is retained in the char produced

in No. This is further evidence of the &¢har gasification reaction described in sect®s.3
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Figureb.4: Wt% of carbon (db) remaining in the char relative to the carbon content (db)
of raw fuel

5.3.4 Nitrogen partitioning

The relative nitrogen content was alsletermined using the char yield3able5.5) and
nitrogen content of the char€lrable5.6) shown inFigure5.5. The error bars associated with
the coal char nitrogen content are large relative to the biomass samples due to the different
equipment used in the analysis. The biomass raw fuel and chergait analysis was
performed using an Analytik Jena Multi 5000 with a much lower detection level, however

the coals contain nitrogen levels beyond the calibration limits of this analysis.

In all samples the nitrogen present in the raw fuel is low withdbels containing ~2 wt%
and the biomass ~0.2 wtfhableb.3). The coal samples retained much more of the nitrogen
than the biomass and TSP samples in their ¢herighis the result of the decreased volatile

content present in the coals relative to the biomass sampleble5.1). The decrease in
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char bound N is the result of thecrease in fuel bound N released during the devolatilisation

stage. This agrees with earlier work performed by Di Nola étal).
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Figure5.5: Wt% of nitrogen (db) remaining in the char relative to the nitrogen content
(db) of raw fuel

The effect of the change in char production atmospheshimvn to have only a small effect

on nitrogen partitioning. The N retained in the PELchar is greater than in the PELLCO
char. The remaining coals show the reverse trend with the ELC and Pdfiat©retaining

high levels of the fuel bound M.shoud be noted that the error bars associated with the
ELC and PITzMhar Ncontentare quite large relative to the calculated values. This is the
result of the absolute error measured in the char N and low nitrogen content in the chars as
can be seen ifTable5.6. The increase in char bound N in the EL&D@ PIT C&chars is
believed to be due to the lower volatile release seen during char produétigure5.2
thought to be the result of crosnking and recombination of the char fragments to the char

surface.

The biomass and TSP chars prepared in &@ospheres have a slightllower (25%)
nitrogen retention than those produced inNl'he decrease in Nitrogen content in the.CO
chars can be related to the decrease in char yiEigure5.1) and enhanced devolatilisation
seenin CQ atmospheres The same trend is seen in work Barrow et al.(182) who
investigated the effect of pyrolysis atmosphere on nitrogen partitioning gisaveral

biomass samples and noted that the increase in volgtétd resulted in lower char.N

124



As mentioned in the literature revieysection3.8), the fuel bour nitrogen in the principal
contributor to the total NQproduced in a pulverised fuel boil&@ihe formation of fuel bound
NGO is limited through the use of oM O, burners or furnace air staging where the easily
managed N released during devolatilisation is convertedtdthtan be clearly seen from
Figure5.5 that the biomas and TSP fuels release the majority of their fuel bound N in the
devolatilisation stage of combustiofmegardless of char production atmosphemjpking
control of NQ formation easiemelative to coal The coals show a different trend with the
PEL coal taining the majority of the N in its char and the remaining coals retaining relatively

high proportions in their char when compared to the biomass chars.

Comparison of char N retention as a result of char production atmospéugggests that

more N is relesed in biomass, and TSP.Chkars during devolatilisation which is favourable

for control of NQ emissionsThe coals however show a variation in N partitioning when
comparing char production atmosphere which suggests that in some fuels the release of fuel
bound N in the devolatilisation stage maybe inhibited in -fugl environments and
therefore additional N@control measures may be required. This is of particular importance

in new build oxyfuel where flame temperatures may be higher than those seeaiin
combustion (retro fitted CCS plants suggest oxygen concentrations should be selected to
give flame temperatures similar to those seen under air combustion in the same unit)
enhancingNOformation which is not as easily reduced as N released in thelakdisation

stage.

5.4 Oxygen consumptiomn TGAexperiments

Knowledge of the composition of the fuels allows the author to compare the oxygen
requirements of the system compared to the rate at which oxygen is entering the TGA
ensuring that the combustion dhe fuel is not limited due to oxygen deficiendjhe molar

flow rates of oxygen entering the TGA were determined from the volumetric flow cdtes
the O,/CQ, gas mixtureseportedin Table4.3.

Tableb.8: Oxygen molar flow rate into the TGA at 30% oxygen concentrations

O, Concentration  30% Q& 70 %CQ O, flow rate O; flow rate
(ml min?) (ml min') (mol min?)
5 8.3 2.5 9.75x 16
10 16.7 5.0 1.95 x 1¢
21 35.0 10.5 4.01x 1¢
25 41.7 12.5 4.87 x 1¢
30 50.0 15.0 5.85x 1¢

Note: Density of ©@ 300 K (1.25 x £@ ml?) (224)
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The composition of the fuel is known and the total oxygen requirement for complete
combustion can be easily determined for each using the C, H, N, S results repdrédudiein
5.3andTable5.6 and the assumption that 5 mg of each was added to the TGA in each of the
experiments. The analysis of the PEL fuel combusted in 5%th® lowest oxygen
concentration) can be seen belowhisassumes a mass of 5 mg and that the combustion

products are C& HO, NQand SQ

Tableb.9: Total oxygen demand in PEL fuel

(daf) Wt% Mass (mg) mol mol of &,

C,HN,S required
C 83.46 3.94 3.28 x 1¢ 3.28x 10*
H 5.45 0.26 2.55 x 1¢ 6.37 x 16
N 1.70 0.08 573 x 16 573 x 16
S 0.70 0.03 1.03 x 16 1.03 x 16
Total 4.31 5.89 x 1¢ 3.98 x 1¢

The total oxygen demand to ensure complete combustion for the PEL fuel is 3.98nolL0
of G, This does not take into account the oxygen present in the fuel and so the oxygen
demand is over estimatedThe excess oxygepercentage supplied to the TGA was

determined using Eq 5.1:

Gp TUTT Eqg5.1

mol G in=9.75 x 10mol mint x 120 min = 1.17 x ¥nol (n the 5% @CQC; atmosphere)
Mol G req= 3.98 x 1@ mol

Note the duration of the combustion experiments is 120 minutes.

The excess oxygen percentage2837 %, well in excess of that required for complete
combustion. However as the combustierperiments werdemperature programmed the

total excess oxygen percentage is not reflective of the true oxygen demands at elevated
temperatures. Instead it wasedided to determine the oxygen demand at the maximum
rates of mass loss observed in the combustion experiments which are reporiedbie6.1

and Table6.3. However,the composition of the fuels are unknown at these points in the
combustion profiles and need to be estimated. In the case of the biomass and TSP fuel the
maximum rae of mass loss is seen in the devolatilisation stage (dinadid it was assumed

that the composition of the fuel is the same as the raw fuel. The coal maximum rate of mass
loss (dm/dt) is seen at higher temperatures and it was assumed that the compogiticely

carbon. It is know that these assumptions may greatly differ from the actual composition of
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the fuels at the time when the maximum rates of mass loss is observed but deemed
sufficient in order to estimate oxygen demarithe PEL fuel was again useddetermine
the oxygen demand at the maximum rate of mass loss assuming a starting mass of 5 mg (ar

basis).

The maximum rate of mass log#m/dtc) in the 5% @CQ, atmosphere is 6.54 wt% min
(Table6.6). Based on 5 mgf fuel,the rate of mass loss is 0.327 mg rhin

Assuming that this is carbon conversi@i7/2x 10° mol of Q are requied and the molar
flow rate of Q in the 5% @CQ, atmosphere is 9.75 x T0 The excess oxygen percentage
determined using Eq 5.1 i$2%, significantly higher than is required. Again this does not

take in account the oxygen present in the fuel which is available for combustion.

In the case of the biomadgelswhere the composition of the fuel at the point of maximum
rate of mass loss is assumed to be the same as the original fuel, the oxygen demand was

determined as follows.

PWWP maximum rate of mass loss (dndit 5% Q@CQris 10.62 wt% mith(Table6.9).
Based on 5 mg of fuel, the rate of mass loss is 0.531 Mg min

C content = 52.27 (Wt%) / 100 x 0.58% min™ = 0.276 mg mifh = 2.31 x 18 mol mir*
H Content 6.04 (wt%) / 100 ©.531mg min*=0.032 mg mirt = 3.18 x 16 mol mir*

N Content .23 (Wt%) / 100 ©.531mg mint= 1.22 mg mirt = 8.72 x 1 mol mirn

Notethe C, H and N data taken frohable5.3.

The total number of mols of @equired is 3.11 x 10 Using equation 5.1 the excess oxygen
concentration was determined as 213 %, again this does not take in to account the oxygen

in the fuel ands still significantly higher than is required for complete combustion.

Theexcess oxygen percentage for all of the fuels combusted in 5% and 20% €an be

seen inTableb5.10.
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Table5.10: Excess oxygen percentage in the TGA

O, concentration Excess oxygen (%)
PEL 5 258
30 1410
ELC 5 212
30 1088
PIT 5 279
30 1432
PWWP 5 213
30 675
WWP 5 217
30 1025
TSP 5 155
30 628

In all cases the oxygen fed into the TGA is in excess of that required for complete combustion
at the maximum rate of mass loss and the degree of excess oxygen increasesxagjtre
concentration in the combustion atmosphere increas&gain as the oxygen present in the
fuels is not accounted for in the determination of oxygen demand, it is expected that the
values reported ifTable5.10 are underestimated. It is suggested that the combustion of
fuels in the TGA with a total flow rate of 50 ml miis sufficient to ensure complete
combustion.The variation of the sample mass in the TGAhat sameoxygenflow rates

would have been a useful experiment to perform in order to determine if the oxygen
concentration was sufficienthrough the identification of the maximum rates of mass loss,

and is suggested for future work.

5.5 Particle heatingrates during devolatilisation

5.5.1 Determination of biot number

The particles used in the DTR and TGA experience different heating profiles due to the
different temperatures, heating rates and particle sizes useglach piece of equipmentt

is useful to detemine the difference between the gas atmosphere temperature present in
the TGA and the DTR and the particle temperatures to help understand the desafitil
process using Eq 3(248). The rate of devolatilisation is controlled by either external heat
transfer, internal heat transfer, as described in sec®db.2, or chemically controlled when

the particle size is smaR03). In order to determine if devolatilisation is heat transfer or
chemically controlled it is useful to determine the Biot number whsctine ratio of internal

to external heat transferin the case othe heating of a fuel particlef the Biot number is
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<0.1 then that is suggested that the particle is heated due to external heat transfer and that
the internal temperatureof the partcle is uniformed203). The Biot numbers described
below by Eq 5.1203).

"E —— Eg5.2

Assuming that the particle does not undergo a chemical reaction and that the heating rate
is controlled by internal thermdD 2 Y’ R dzO (i Ae2nyEanib&destribed by Eq 5.3 and.5.4

z ] A 7[ Eq5.3

a¢ particle radius (m)
¢ ¢ thermal diffusivity (M s?)
{ 1Y 7Tnwn8 DEg54

< ¢ thermal conductivity of the fuel particle (W-HK?)
" ¢ particle density (kg )
Go¢ specific heat capacity of the particle ( WAii?)

The external heating of the particle from its hotter surroundings can be described b$-Eq 5.
5.6)

z Awt Wo E EQ5.5

h ¢surface heat transfer coefficient (W-HiK?)

E .Q TIcA Eq5.6

<ext ¢ thermal conductivity of the gas (W-hK?)
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Nu ¢ Nusselt number

The Nusslt number can be estimated from theefgolds number as seen in Eq.5.7
.0 ¢ 2008 Eq5.7

Pr¢ Prandtl number (0.71)

The Reynolds numbéor a gas passing afsphere is described by Eq 5.8

2A O&s Eq58
u ¢ gas velocityfm s?)
d - diameter of the particle(m)

A¢ kinematic viscosity of the gdm? s?)

Combination of Eq 3.¢ 5.8 leads to the definition of the Biot number as
"El @90 — @ — Eg5.9

The parameters for the fuels, gas and equgmnused to determine the biatumberscan
be seeninrabke5.11.

Tablke 5.11: Parameters used in the determination of Biot numbers

Particle Properties Biomass Coal
d (TGA) (unty 90 90
d (DTR) (UMY 350 180
< (W ntt K1) (203 0.12 0.26
Cp (J kgK?h (215 1600 1088

o f) @15y 500 1080
GasProperties [\ CQ
<ext (TGA @ 1273 K) 8.19 x 1¢¢ 8.20 x 1¢¢
(W nmt K1) (225
<ext (DTR @ 1335 K) 8.66 x 16 -

(W it KY) (225)

A TAYSYL (A%6Y) (@3A% 02 3 1.70 1.05
A TAYSYLE (A0Y) @R 02 3 1.96 -

Equipment properties TGA DTR
Nu 2 2 (203

@ The particle diameter used in the determination of the Reynolds number was taken as the
maximum particle sizased in each experiment
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In the caseof the DTR the Nu is equal to tvas the particle is assumed to be falling at the
same velocity as the gas through the read®3). The Nu determined for the TGA was also
found to be close to two (2.0011) as the velocity of the gas (7.34*xn1€") and resulting
Reynolds numbers are low (7.4310°). The calculated Biot numbers for the biomass and
coal particles heated in the TGA in &hd CQ atmospheres and DTIR N> can be seen in
Table5.12.

Table5.12: Biot numbers of fuels heated using a TGA and DTR

Fuel and Atmosphere Biot TGA Biot DTR
Biomass K 041 0.43
Biomass Co 041 -
Coal N 0.19 0.20
Coal C® 0.19 -

The low velocity of the gases in ti&A(Tabk 5.11) lead to a low Reynolds numbét.3 x
10°%in the case of the biomass particle in adtmosphere)which in turn reduces the effect

of the particle &ze onthe Biot numberAs the Biot numbers are small it is decided that a
lumped model of heat transfer is acceptable in estimating the particle temperature in both
the TGA and DTR.

5.5.2 Determination of the particle temperature in the TGA and DTR

The determmation of the particle temperatures in the TGA and DTR were determined using
Eq 3.4 reported in the literature revieand repeatechere (Eq 5.10)The equation agimes

that the particle is nofreactive, which is not the case here, but gives some ingightthe

heating profile of the particle in both the TGA and DTR.

— —RAM 4 E4 4 Eq5.10

Cpc specificheat capacity ofuel (J kgt K?)

a ¢ radius of particle (um)

" ¢ density of fuelkg m?)

¥ ¢ emissivity of particle surface (0.85)

* ¢ StefanBoltzmann constant (5.67 x 2@V n1? K#)

Teart ¢ particle temperature (K)

Tw ¢ temperature of the furnace (K)

Ty ¢ gas temperature (Kfin this case assumed the same ay T

h ¢ coefficient forconvective heat transfer (W #K?), determined using Eq 5&5.7 over
the heating profile of the TGA.
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Assuming that the particle is neeactive, the Cp and mass of the fuel on the TGA pan is
constant throughout the heating profile seen in the TGA. The approximate particle

temperature ofthe biomassand coalfuelsin the TGA can be seenkigure5.6.
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Figureb5.6: Predicted biomasand coalparticle temperatureheated in the TGA at
ballistic heating rateg(1000 K mirt) in an N atmosphee

Figure5.6 estimatesthe temperature profile of a single particle of biomass and coal which
is not the case in the TGA. Many particles are placed onto a sample pan but are assumed to
be independent, weldispersedand not exchanging heand that the estimation of the

particle temperature is sufficient.

The temperature profile of a biomass or coal particle heated inza@@sphere is identical

to the Nb atmosphere as the only change is in the there@iductivity, density of gas which
leads to a difference in the kinematic viscosity. These small differences result in a small
change in the coefficient for heat transfer but no noticeable difference in the overall particle

heating rates.

In the case of th DTR, the temperature profile of the particle is unknown and instead the
time taken for the particle to reach the DTR temperature (1062 K) was deterrasiad Eq

5.10and can be seen inable5.13.
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Tableb5.13: Time for particle to reach DTR temperature

Biomass (350 um’ Coal (180 um)
Time (s) 0.021 0.009

The biomass takes longer to reach the furnace temperaturetdumth the larger particle

size used (maximum 350 pum) and the increase in specific heat capacity (1600 compared to
1088 J kg K* for the coal).The residence time of the particle in the DTR is @&sds
allowing sufficient time for the particle to reh the furnace temperature and the

devolatilisation process to occur.

It is clear that the particle heating rates are faster in the DTR than is seen in thehichA
result in an increased rate of devolatilisation in the DTR which in turn is shown tolejtac

the surface area (sectidh6) and the char combustion kinetics (secti@)n

5.6 Surface &ea

Surface area is an important physical characteristic in determining the combustion
behaviour and reactivity of a char as discussed in the literature review (se2o8.
Surface area measurements were performed on all chars produced, however the biomass
and torrefied biomass char surface areas were unreliable due to thehawyields obtained

(6-20 wt%) and the low density of the biomagsars The Quantachrome NOVA 2200E used
for the analysis requires only a small amount of sample but due to the low density of the
biomass char the sample is not fully submerged into theidi N. After many experiments
varying the degas conditions (time and temperature) and the analysis conditions (sample
size and equilibrium time) over a period of eight months, that required many ballistic TGA
runs to produce the char, it was decided thhe surface areas of the biomass chars could
not be determined by this methodt is suggested that longer length sample tubes could be
used to allow for a larger mass of biomass char to be placed into the NOVA 2200E which may
improve the measurement ofusface areasDue to time constraints it was decided to
perform a literature review to try and determine relevant surface areas of biomass chars

produced in Mand CQ@environments at comparable heating rates.

The surface areas of the coal chars produasing the TGA and DTR (BPEHB can be seen
in Table5.14. The ELC chars have the highest surface areas followed by the PEL then the PIT
chars which are significantly lower. Suuberg e{226) investigated the development of

porosity in coal chars using a Pittsburgh# 8 and BeHlaghlignite by producing chars in a
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tube furnace in a nitrogen atmosphere at 1273 K with a remiéetime of 2 hours. It was
found that the surface area of the chars differed greatly with the surface area of the Beluah
Zap lignite at just over 100hg™ and the Pittsburgh#8 surface area at practically Dgrh

They determined that the Pittsburgh# 8al softened during pyrolysis and the material was
able to reorder itselfreducing the free volumend thus reducing the surface area. Although
the residence time in the work by Suuberg et al is much longer than that utilised in this work,
Pittsburgh#8s known to be a highly softening coal at comparable heating rates and particle
sizeq(227, 228).

Table5.14: Surface area of the chars produced using the TGA and DTR

Char preparation BET (rhg?)

atmosphere
N2 14.91
PEL CQ 115.22
DTR 80.82
ELC N2 52.90
CQ 129.24
PIT N2 1.68
CQ 6.22

When the PEL, ELC and fdlsare pyrolysed in GQhe surface area is increased due to
the chargasification reaction218). The PEL DTR char also has an increased surface area
relative to the PEL¢har due to the higher devolatilisation rates, evidence of which can be

seen in the SEM analysisHigure5.7.

The measurement of coal chars produced irelvironments is well developed but there is

a large range in reported BET surface measurements. Values of char surface areas of chars
produced at a variety of temperatures and in botha¥d CQcan be seen ifiable5.15. The

surface area measurements of the PEL, ELC and PIT chars fall in the wide range of surface
area valueseported in Table5.15. The effect of the change in chargaluction atmosphere

on char surface area is also outlinedlable5.15which is in agreement with the increased
surface areas in GQroduced chars. Brix et §221) suggested that no significant difference

is seen in the surface areas of chars produced.maid CQ atmospheres and that the
differences sem in Table5.15 are the result of heating rates, coal compositions, residence
times and final temperatures. The residence times and final temperatures are especially
important factors if the C@pasification reaction contributes to the increase in surface area

(229. In the case of the PEL, ELC and PIT chars produced at ballistic heating rates the
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residence time at elevated temperatures (>70Dis one minute (due to both the heating
and cooling) significantlpnger than those experiments seenTable5.15 allowing for the

charCQ gasiftation reaction and the resulting increase in surface area.

Tableb.15: Surface area measurements of coal chars produced.iandl CQ
environments by N- BET

Coal Char Pyrolysis Pyrolysis  Residence Surface Area (Ag?)
Atmosphere Method  Temperature Time
N2 CO N2 CO
BIT Vv Vv EFR 1673 K 0.15s 270 280 (221
HvVB V Vv DTR 1573 K 0.3s 2 15 (156)
LVB \% \% 5 60
MVB V \% 170.4 187.1
MVB V Vv DTR 1673 K 0.62s 170.6 214.1 (218
HvB V V 182.8 261.4
HvB V V 211.6 276.2
MVB V \% DTR 1573 K 1s 6.4 64.8 (230
MVB V DTR 1573 K 04s 1.6 - (207
MVB V HTF 1373 K 150°C mint 17.3 -

NOTE: BI€ Bituminous, HVR High Volatile Bituminous, MVBMedium Volatile Bituminous, L\B
Low Volatile Bituminous, ERRENtrained flow reactor, DTRDrop tube reactor HTF¢ Horizontal
tube furnace

A selection of biomass char surface areas can be seBahile5.16. There is a wide variety

of reported surface areas with chars produced ihblving surfae areas of 1.¢ 296 nt g

. The method of char production also varies with some chars prepared at high heating rates
and temperatures using drop tube reactors and wire mesh reactors and some at much lower
heating rates. The lower heating rate chars also tend to have high residiemes at the
maximum temperatures which increase volatile yi€l@7, 231) and has been shown to
effect the surface area with eithesin increase or decrease which is dependent on fuel
properties and pyrolysis condition232). The surface areas of chars produced at high
heating rates in COatmospheres also seem to be dependent on fuel and pyrolysis
conditions with some surface areas increasing and some decreasing wisaeplaced with

CQ. As a result it was decided that the intrinsic reactivity of the biomass samples could not

be determined by assuming a surface area derived from literature
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Table5.16: Surface areaneasurements of biomass chars produced inaid CQ
environments by NMBET

Biomass Char Pyrolysis Pyrolysis Residence Surface Area
Atmosphere  Method Temperature Time (m?g?)
N2 CO N2 CQ
Rice Husk \Y \Y 254 208
Wood Chip \Y, Y DTR 1223 K 03s 277 331 (223
Forrest \% Vv 225 158
residue
Sawdust Vv \Y DTR 1373 K 105K 3 2 9 (182
Pinewood \Y Vv 6 12
Wheat Straw V - -
FBR 1073 K 20 Kmint  8.16 (233
Rice Husk V - 12.28 -
Wheat Straw V - Not - (233
FBR 1073 K Reported 23.17
Rice Husk \% - 19.32 -
Wheat Straw  V - TR 773 K 12°C mint 9.8 - (234
Willow \% - 57 -
Willow A \% - 26.7 -
Eucalyptus  V - DTR 1373 K 105K s 94 - (2098
Eucalyptus A V - 66 -
Sugar Cane V - Proximate 1173 K Not 410 - (145
Bagasse Oven Reported
Beech \% - 11 -
Oil Palm V - VTF 1173 K 3 K mint 7 - (23H
Shell
Pine V - TR 1223 K 20K ¢ 57 - (236
\Y, - WMR 1223 K 500K & 296 -
Japanese 623 K 1.7 -
Hardwood \Y - FBR 5 K mint
(AQB) 1123 K 2.1 - (237
Japanese 623 K 25 -
Hardwood \Y - FBR 5 K mint
(AA) 1123 K 100 -
Walnut Shell V - 280 -
Almond Tree V - Not 204 - (238
Almond Shell V - TR 873 K Reported 42 -
Olive Stone V - 53 -

Note: DTR; Drop tube reactor, FBRFixed bed reactor, TRTubular furrace, VTHVertical
tube furnace, WMR Wire mesh reactoiWVillow A and Eucalyptus-Aorrefied at 290C for
30 minutes
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5.7 Scanning electron microscopy

The morphology of char is an important characteristic when trying to understand the
combustion behaviour of chars. Several methods of char morphological analysis exist such
as oil immersion microscopy, scanning electron microscopy and manual cagtoniated

image analysis techniqué®39). Image analysis techniques have been developed by several
authors (240-243) to clarify coal char analysis and are based on common characteristics;
shape, wall thickness, fused and unfused structures, porosity and voi@Zde The
international committee for coal and organic petrology developed a char atlas with the aim
of producing a clearer methodology for char classification based on the above common
characteristts (244). The author of this work was unable to determine the above
characteristics due to time and equipment limitations and instead SEM was used to image
the external surfaces of the chars to give some understanding of the final temperature,
heatingrates and pyrolysis atmosphere effdbie devolatilisation procesShe images for

the PEL and PWWP raw fuels and chars produced using the TGanith 6@ and the DTR

in N; can be seen ifrigure5.7 andFigure5.8.

The change in morphology between the raw fuels and chars is seen easily in the SEM images.
The PEL raw fuel has agrdar form with angular and sharp edges while the chars produced
using the TGA (PEL &hd PEL GDhave irregular shapes. In genetfad char particles have
become rounded but have a corroded like surface with irregular sharp edged micro particles
attached to the surface. During the TGA production of char, the fuel sits statically on top of

a pan causing the char particles produced to agglomerate into a biscuit like material. The
PEL DTR char has a much more rounded appearance and is much more(pemosghere

type char)than the TGA chars due to the increased devolatilisation rates and particle size.
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Figure5.7: SEM imaging of PEL fuel and chars PEL raw fuel (a), RBlaid c¢), PEL GO
(d) and PEL DTR (e and f)
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Figure5.8: SEM imaging of PWWP fuels and chars PWWP raw fuel (a), PVWA{PaNd
c), PWWP Cgd) and PWWP DT and f)
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The PWWPHigure5.8) raw fuel sample is irregular and fibrous while the TGA chars are
similar to those seen in the coal with a corroded sharp edged irregular surface. The DTR
chars are more rounded and porousathnthe TGA chars with some particles having walls

blown out due to the higher volatile content, up to 85wt% in the PWWP raw fuel.

The difference in morphology of the chars is due to the different heating rates in the two
char production methodsDuring thedevolatilisation stage a fluid layer is formed on the
outside of the char particle and can reduce the porosity. The thickness of this liquid layer is
reduced as the heating rate is increased due to the faster release of volatiles and allows for
the formation of larger pores as seenhiigure5.7 andFigure5.8 (207). At high heating rates

such as those seen in the DTR the speed of the devolatiligatizess is much faster causing

the porosity seen ifFigure5.7. The difference in TGA char and DTR char was also seen in
work by Le Manquis et §07) where TGA heating rates of 1%Dmintand final temperature

of 1300C produced chars similar to the parent fuel and rounded porous chars from the DTR.

5.8 Modified HGI and patrticle size distribution of the

torrefied spruce

The modified HGI index and the particle size distribution experiments were performed on
the TSP samelto get a better understanding of the unknown torrefaction conditiofise
particle size distribution and the Hfldetermined using the methodology outlined in
section4.3.5can be seen ifkigureb.9. The particle size distributions for the calibration coals
(HGI 32, 49, 66 and 92) along with two willow sarapéken from Bridgeman et é197) are

also shown. The Willow A was torrefied at high temperatures and long residence time
(29C°C, 60 minutes) and Willow B lower temperatures at the same residence time (240, 60
minutes).Figureb.9 suggests that the torrefaction conditions may not have been very severe
when comparison is made with Willow B (low temperature and residence time) however the

author is unable to say for definite.
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Figureb.9: Particle size distribution and Hglcurves for four standard reference coals
(197) and TSP

5.9 General discussion

Proximate and ultimate analysis of the fuels highlightsdhference between the coal and
biomass fuels with the coals contain larger amounts of carbon and much less volatile
contents. Ballistic heating rate chars were produced to closer replicate the process of
devolatilisation in a pulverised fuel burner ancttlifferences in characteristic properties of

the fuels results in fuel dependent pyrolysis behaviour. The higher volatile content of the
biomass and TSP fuels results in smaller char yields than seen in the coals. The difference in
char production atmospéres also effect the fuels differently. Coal chars are less effected by
the switch to C@atmospheres with char yields, volatile contents and fixed carbon contents
similar in the two atmospheres. The largest difference in coal chars is seen in the
measurenents of the surface areas where £€hars are 2/ times larger.These trends
however are not universal to all coals as has been shown in the discussion of each section.
The biomass fuels are more effected by the switch te @ith lower char yields, simita
volatile contents and a large decrease in fixed carbon content due to the ¢l
gasification reactionThe TSP fuel falls in between the coal and biomass fuels in terms of
fuel composition and this trend is also seen in its chars and the effeeificonments have

on char properties. This would be expected as the purpmddbe torrefaction process is to

convert biomass into a more coal like fuel.
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Pyrolysis in the DTR results in lower char yields than the TGA but the chars contain higher

levels ofvolatiles but lowelamountsof fixed carbonThis is due to the higher heating rates,

higher final temperatures and lower residence times in the DTR.

The work in this chaptes used to help understandhé overall combustion behaviouhe

devolatilisation, char combustion behaviour and reactivity in a range of combustion

environments in the following chapters.

5.10 Conclusions

1

Fundamental characterisation of the fuels and their chars, produced using a TGA (N
and CQ) atmosphere and DTR {Btmosphere) vere performed to determine the
effect of pyrolysis atmosphere, heating rate, heating temperature and patrticle size
on the resulting chars characteristics.

The coalfuels have similar characteristics in terms of proximate and ultimate
analysis and are signifintly different to the biomass fuels.

Char yields in all atmospheres and char production methods are significantly lower
in the biomass samples due to the higher volatile content present.

The theoretical char yield in the coal samples is similar to thasmed char yield
when using the TGA in both Bnd CQ@atmospheres.

The theoretical char yield of the biomass chars is again similar to the theoretical
when using the TGA in,NHowever when C{s used the char yield is significantly
reduced due to theltar ¢ CQ gasification reaction.

The char yields are significantly lower than the theoretical yield when chars are
produced using the DTR due to the presence of oxygen in the reactor and the
increased reactivity of the fuels at tHegherheating rates andinal temperature
achieved in the DTR.

The different char atmospheres and production methodologies result in a change in
the char properties.

The change from No a CQchar production atmosphere in the TGA was shown to
have a similar effect on the theecoal samples. In each coal the relative fixed carbon
content in the chars is similar in both atmospheres. The relative volatile content of
the chars is higher in the coal chars produced in BGught to be the result of

enhanced crosslinking (due to ti@0 atmosphere) preventing devolatilisation.
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The char production atmosphere has a greater effect on the biomass chars with the
PWWP and WWP chars produced in the @@osphere retaining lower levels of

the volatiles and fixed carbon.

The TSP char contasimilar levels of volatiles but a decrease in the levels of fixed
carbon when produced in GO

The PEL and PWWP chars produced using the DTR retained more of the original
volatile content and less of the fixed carbon content of the original fuel than the
chars produced using the TGA in aralnosphere. The increase in volatile content

can be attributed to the increase in particle size and decrease in residence time and
the decrease in fixed carbon attributed to the presence of oxygen, the higher final
temperatures and higher heating rates seen in the DTR.

Ultimate analysis of the chars showed that the carbon content of the coal chars is
similar in Nand CQatmospheres.

The biomass and TSP char samples retain less of the carbon than the coals due to
the increased reactivity of the fuels and when chars are produced #i@Qield is
further reduced as a result of the char gasification reaction.

Ultimate analysis also provided information of the nitrogen partitioning as a result
of the change in atmospherand production method.

The PEL fuel retained the majority of the fuel bound nitrogen in its char when chars
are produced using the TGA. All remaining chars the majority of the nitrogen is
released during the devolatilisation stage.

The biomass chars @& significantly less of the fuel bound nitrogen than the coal
samples.

The change to a G@tmosphere in the TGA results in greater retention of nitrogen

in the ELC and PIT chars. The PEL, PWWP, WWP and TSP chars show a reversed trend
with less nitrogerretained in the chars when chars are produced irn.CQis is
attributed to the degree of devolatilisation seen in each of the fuels under each
condition.

The surface area of the coal chars was determined and it was found thath@@
resulted in a highesurface area as a result of the char gasification reaction.

It was also found that the PEL char produced in the DTR has a greater surface area
than the PEL Nchar produced using the TGA. This is the result of the increased
heating rates and associatel@volatilisation rate.

SEM analysis is used to indicate the effect of production atmosphere and

methodology. The use of the DTR char results in a very different char than that seen
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when using the TGA. The DTR chars are much more rounded and more porous tha
the comparable TGA char.
Comparison of the TSP fuel to coals and other torrefied biomass fuels suggests that

the torrefaction conditions of the original Spruce biomass are not very severe.
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6 Overall combustion and pyrolysis behaviour of fuels
andthe associated devolatilisation kinetics

6.1 Introduction

This chapter focuses on the overall combustion characteristics of the fuels in air ahgebxy
environmeris andthe devolatilisation behaviour durinboth combustion and pyrolysihe
chapter startswith the overall combustion behaviour of the raw fuels in the full range of
combustion environments (air and3d% @ CQ) using the TGA, and the wkification of
key temperatures and rates of mass ldssaddition the degree of low temperature oxygen
chemisorption and an estimation of the active surface area of the coals in the full range of
combustion environments is determinedrollowing the combustion behaviour is the
pyrolysis behaviour of the fuels in,nd CQ environments, also using the TGA. The
apparent first order devolatilisation kinetics are determined from the figathermal mass
loss profiles produced during the overall combustion and pyrolysis sectamelly a fuel
specific model is developed allowing for the determination of the kinptirameters (A,-E
and k) as a function of oxygen concentration present in the-fog combustion

atmosphere.

6.2 Overallcombustionbehaviour of the raw fuels in air

and oxyfuel environments

The overall combustion behaviour of the raw fuels in air andfagly environments (5
30%Q in CQ) can be seen below. All fuels were milled to less than 90 um and combusted

using the TGA at a heating rate oPCtin™ to 90C°C.

In order to evaluate the combustion profiles, the peak temperatures and the maximum rates

of mass loss were analysed. In the case of the coal samples the low volatile content results
in a single unresolved peak. The temperatures at which the initial rate of mass loss reached
0.016 wt% 3 (1 wt% mint) (Tiw), the maximum rate of mass loss oo@d (T), the maximum

rate of mass loss (dm/dt and the burnout temperature gJ are evaluated for the coal
samples. In the case of the biomass and TSP samples, two clear peaks are seen which are
associated with the volatile and char combustion stagé® tEmperatures at which the

initial mass loss (M) and maximum rate of mass loss during devolatilisation was segn (T

the rate at this temperature (dm/d), the temperature at which maximum mass loss was

145



seen during char combustiondTthe rate atthis temperature (dm/d¢) and the burnout
temperature (E) were recorded. The burnout temperature was taken at the point at which
the rate of mass loss was 0.016 wt%§kwt% min') immediately before the end of the mass

loss to ensure comparable tempéuae measurements.

6.2.1 Overall combustion behaviour of coals in air and efuel environments
The overall combustion profiles of the coals can be seéiigiare6.1-Figure6.6 and the key

temperatures and rates of mass loss extracted from the TGA and DTG platsés.1.
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Figure6.1: Mass loss behaviour of the PEL fuel combusted in air aB0%Q in CQ

0.20 5% —10% 21% —25% 30% --- Air

0.15 -

0.10

Dtg (Wt%/s)

0.05 -

0.00 -

-0.05 [ |
100 200 300 400 500 600 700

Temperature °C

Figure6.2: DTG behaviour of the PEL fuel combusted in air as3®%Q in CQ
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Figure6.3: Mass loss behaviour of the ELC fuel combusted in air aB88%Q in CQ
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Figure6.4: DTG behaviour of the ELC fuel combusted in air al30%Q in CQ
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Figure6.5: Mass loss behaviour of the PIT fuel combusted in air af2D%Q in CQ
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Figure6.6: DTG behaviour of the PIT fuel combusted in air ar8i0B6Q in CQ
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Table6.1: Characteristic temperatures and rates of mass lofserved during
combustion of coals in air and oxyel environments

Tim Te dm/dt p Ts

(C) (°C) (Wt% ) (C)

5% 334 508 0.109 597

10% 314 483 0.127 561

PEL 21% 300 461 0.148 530
25% 293 458 0.153 527

30% 288 453 0.155 519

Air 292 450 0.151 529

5% 317 496 0.125 561

10% 301 475 0.152 537

ELC 21% 283 450 0.180 505
25% 280 448 0.187 502

30% 277 437 0.197 496

Air 282 439 0.182 507

5% 339 501 0.113 583

10% 318 475 0.129 550

PIT 21% 304 463 0.147 525
25% 298 447 0.159 512

30% 289 429 0.168 504

Air 299 461 0.153 522

In all coals an initial mass loss is seen at temperatures betweéC Hi@ 208C due to the
release of moisture, with similar trends in all fuels and in all combustion environments,
suggesting that the moisture release is not effected by the combustion environment. This
would be expected as the drying stage is a heat transfer linpitedess (described by Bdl

in the literature review)nfluenced by the surrounding gas temperature, which is identical

in all environments, and raw fuel properties such as surface area and poftisfly

In the case of the three coals after the drying stage, a mass increase is observed due to the
chemisorption of oxgen onto the particle surfacén order to determine the effect of the
combustion atmosphere on the chemisorption behaviour, the temperature at which the
maximum mass in the TGA profile is seasd] and the wt% increase were analysaod

can be seen iTable6.2. In addition the active surface area (ASA) (the active sites during

coal combustion) are estimated.

As the amount of oxygen present in the combustion atmosphere increageddyree of
oxygen chemisorbet inceased and as a result the active surface area incre@sesarea

of the fuel undergoing reaction)rlhe ASA increases linearly with the increase in oxygen in
the combustion atmosphere as can be seefigure6.7. The ASA is increased through the

availability of the oxygen at the particle surface rather than any morphological changes to
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the fuel structure. In addition the temperature at which the maximum mass in tB& plots

is seen [igure6.1 - Figure6.6) (Tchen) reduces with the increas@ O, in the combustion

atmosphere.

Table6.2: Characteristic oxygen chemisorption temperatures, wt% ga@en during coal
combustionand estimation of theactive surface area

PEL ELC PIT
(07 Tchem Wt%  ASA | Tchem Wt%  ASA | Tcrem(®C) Wit%  ASA
S (m*g?) | (°C) (mg?) (mg?)
5% [ 262 0.70 219 | 256 0.33 10.2 289 1.24 38.7
10%| 262 1.06 33.2 | 254 1.05 32.7 279 1.67 52.0
21%| 257 190 59.3 | 245 154 48.2 274 255 795
25%| 253 191 598 | 244 168 52.6 266 2.70 84.2
30%| 252 2.13 66.6 | 242 1.72 53.8 261 2.89 904
Air | 257 188 586 | 247 164 51.1 271 2.56 80.0
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Figure6.7: Active surface area of coals in the full range of combustion atmospheres (Solid
¢ combustion in air, Empty combustion in ofyel atmospheres)

The increase in ASA results in an oxygen rich surface where at sufficient temperatures

heterogeneous ignition takes place increasing the rate of devolatilisatibichcan be seen

in the TGA mts (Figure6.1- Figure6.6). It is also seen that when, I replaced by CQhe

difference in the degree of chemisorption is negligible and as a result, the estimated ASA of
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the fuels is almost identical. From this it is expected that the devolatilisatiactionrates
of the coals should be similar when combusted in air and @140, environments, which
is determined in sectio®.4.1 After the chemisorption stage, the coals start to lose mass

due to thermal and oxidativdegradation at the dremtemperatures reported irTable6.2.

Of the three coals,ie ELGuel has the lowest characteristic temperatures,(Tim and E)

(Table 6.1) and the highest maximum rates of mass loss (de)/da all combustion
environments. The decrease in the key temperatures suggests that the Epe $athe

most reactive, followed by the PEL and then the PIT sample. The reactivity of the fuels is

investigated in sectioB.4.

In order to determine the effecof the change from Nto CQ based atmospheres,
combustion experimentswere performed in 21% fCQO and results compared to
combustion in airThe TGA plotsKigure6.1 - Figure6.6) look quite similar in terms of the
change in combustion environment at the same oxygen conditions but identification of the
key temperatures and rates of mass |dsble6.1 suggest that a delay is seen in the 21%
O,/CO, atmosphere relative to aiThe initial mass loss temperature\)lis PC higher in the
ELC sample8 higher in the PEL sample af@ Higher in the PIT sample, suggesting that
the initial stages of combustion are slightly delayed in the R43ed environmentsThe
difference between the two atmospheres is small at temperatures belovW@@agter this

the difference between the two emanments is more easily identified through the peak
temperature b and the maximum rate of mass loss dm/dtThe dm/d¢ is reduced by as
much as 4% in the PIT sample2(b in the PEL and ELC) and this increased (1°C in the
PEL and ELC antC2n thePIT sample) when combusted in{@sed environment.

The combustion in the full range of okyel environments allows for the analysis of the
effect of increased oxygen on the overall combustion behaviour. When the coals are
combusted in low oxygen enemments (510%) the TGA and DTG profiles shift to higher
temperaturesrelative to combustion i21% Q/CQ.. As the oxygen levels are increased T
and T&shift to lower temperatures and dm/gis increasedTable6.1). The change in oxygen
levels within the combustion environmentere shown to have a large ffct on the

combustion profilesthe extent of whichis fuel dependent

When the PEL fuel was comdied in 5% &CQ, the Trwas 508C, this was 5% higher than
that seen when combusted in 30%/OC, (Table 6.1). The dm/de is increased when
combusted in 30% Owith a 42% increase relative to that seen in the G%experiment.

The Eis also reduced as oxygen concentration is increased, frofC58(5% @and 519C
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at 30% @ The change in key temperatures and rates ofsnass with oxygen concentration

is not linear and the greatest difference is seen between the 5% and @#mG@spheres.

At higher oxygen concentrations >21%@/CC, the difference between the identified
temperatures and rates of mass loss become smdtléas been suggested that in eiyel
environments an increase in oxygen concentrations >21% is required to match conditions in
air combustion51, 148), the same is true in relation to the combustion behavidire TGA

and DTG profile of the PEL, when combusted inaa@&rmost similar to the 25% and 30%
OJ/CQ, profiles; the maximum rate of mass loss and burnout temperature are most similar

to the 25% @which itself has characteristic temperatures similar to 846 case.

The ELC fuel showed similar trends to the PEL(Ttadle6.1), with Trand & decreasing and
dm/dtp increasing as the oxygen levels wenereased. The difference in thednd &
temperatures as the oxygen levels were increase@re also similar to the PHlel, with Tp
decreasing by 3€ from 496Cin 5%0; to 437C at 30% &) and Edecreasing from 56C

to 496°C, a difference of 68&.The maximum rate of mass loss in 30%sBows a 57%
increase compared to combustion in 5% @gain at higher oxygen concentrations, >21%
OJ/CQ, the difference between the atmospheres is small (the differenceriis T3C and

that for Tz is @C between he 21% and 30%.©ombustion atmospheres). The difference
between the 5% @and 21% @A & Y dzOK HsN& I (il SyNR 56@)¢The ELC, when
combusted in air, has a maximum rate of mass loss and burnout temperature similar to those

seen in 21% £xombustion but a peak temperature closer to the 30%c@mbustion.

The increase in oxygen concentration has the greatest effect on tHed¥ith a decrease

in Te of 72°C and & of 79C when combusted in 30% @29C) relative to 5%, (501°C).

The maimum rate of mass loss seen in the 3@%combustion environment is also
increased by 50% relative to combustion in 5%The effect of the change in oxygen levels
above 21% ©@are more pronounced in the PIT fuel then the PEL and ELC ThelRIT
sample when combusted in air is most similar to the 2% @rms of peak temperature

and burnout temperature but has a maximum mass loss rate between those seen in the 21%

and 25% @experiments.
6.2.1.1 Discussion

At the temperatures at which the maximum ratémass loss is seéify), the majority of the
volatiles component of the coals are already released, and a carbon rich char is likely to have
formed. Evidence of this can be seen from the pyrolysis of the fuligure6.14. According

to the three zone char combustion theory at the temperatures seeable 6.1 the
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combustionrate ischemically controlled (RegimeHigure3.9) andthe lower diffusivity of
O,/CO:compared to Mshould be negligiblen relation to its effect on the combustion rate

The oxygen consumption rate is compared to the mass transfer rate of oxygen to the particle
surface in sectiol.2.3 The slight delay seen in the 21% @0, atmosphere relative to air,
identified through he increase inpland decrease in dm/@tare believed to be the result of

the competition for active sites between the €@nd Q present in the combustion

atmosphereg(122).

In additionit has been suggested th#te increased thermal sin 6 ~ ®/ LJkxbag# (K S
atmosphere compared toNnay reduce the particle temperature by adsorbing more of the
chemically released heat from the particle and therefore decreasing the combustion rates
compared to ail(148, 154, 245, 246) ( @ talid CQ/N,is 1.6 kJ/ni.K at 700K (224, 247)).

In the TGA system the thermocouple is not in direct contact with the fuel surface so the
exact temperature and the effect of the atmosphere on the surface temperature of the char
are unknown. It is expected that the effect of this is more dominant in high heating rate
experiments were the residence time of the particle is small and the heat is not able to
penetrate the particle. The delays in mass loss due to the switch to a 21@60
atmosphere are believed to be driven by the competition for active sites betweerai@D

Q..

Work has been performed by several research groups using TGA to investigate the difference
between Nand CQbased combustion atmospheres at elevated oxygen eotrations Li

et al (219 investigated the combustion behaviour of a pulverised coal in air andumty
environments with oxygewoncentrations from 21% to 80%. The results shown are similar
to those seen in this work with the mass loss curves of the two combustion environments
similar at temperatures below ~4%0. At higher temperatures a delay is seen in the CO
based environmentith a reduction in dm/déand an increase inp&nd &. The authors
attribute the delay to the difference in thermphysical properties in the combustion

atmospheres but do not go any further.

Yuzbasi et al245) investigated the combustion behaviour of a high ash containing lignite
sample in Mand C@based atmospheres with oxygen concentrations of 21 and 30%. The
lignite sample used produced a singular peak when combusted in air but when combusted
in 21% @ CQ, a distinction can be made between the devolatilisation and char combustion
steps. This radted in a large decrease inWwhen combusted in @CO, atmospheres relative

to air due to the formation of an initial devolatilisation peak. However when the lignite was

combusted in 30% £n both N and CQ@based environment a slight delay was seethm
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CQ case with a % increase inpBind Band a decrease in dm/dbf ~8%. This was attributed

to the higher heat capacity of the @O

The delay has also been investigated at higher heating ratesldix et a246) investigated

the ignition and devolatilisation behaviour of single particles of high volatile bituminous
coals in 1236 volume % ©in both N and CQ using a combustion driven laminar flow
reactor. It was found that at all oxygen levels the presence@fr€ards particle ignition

and causes a small increase in volatile combustion duration. The delay in ignition of the
single particle was attributed to the higher molar specific heat of &Ghe experimental
temperatures acting as a heat sink and redgcthe temperature of the local fuel air
mixture. The experiments performed by Shaddix et al. were at higher temperatures (1700K)
than those seen during the devolatilisation stage of the coal combustion426C). At
temperatures of 32%C the ratio of tle specific heat capacity of @8- is 1 (247) but the
higher density of C224NB adzf Ga Ay | KAIKSNI O ySith2 F

a ratio of 1.57 . Ais suggests that the GOased atmospheres are able to adsorb more of
the chemical energy released during the combustion of the volatiles thus reducing the
particle temperature and reducing the combustion rate. The measure of the thermal sink
increases wh temperature and the effect may be more pronounced, depending on the
effect of residence time, at the flame temperatures seen in a pulverised fuel furnace. Once
ignited the increase in devolatilisation duration was attributed to the decrease in the fuel
vapour diffusivity in C&compared to N, that is the ability of the volatile species released

to diffuse into the local combustion atmosphere.

Work by Molina et a{148) investigating the ignition behaviour of coals also noted the delay
in ignition in C@environments and again attributed the delay to the higher specific heat
and density 6CQ. It was also noted that under the experimental conditions that the change
to CQ based combustion had negligible effect on the consumption rates of the evolved

volatile species.

Meng et al(248) investigated combustion behaviour at elevated oxygen environments (21,
30 and 40% &) in both N and C@based environments using a DTR. They found that when
the coal was combusted at the same oxygen levels that the combustion performance is
always better in the bbased environments, due to the lower diffusivity of i® CQ which

affectsthe transport of Qto the particle surface thus reducing combustion rates.

The effect of increasing the oxygen concentration in anfagyatmosphere have also been

investigated using a TGAI et al(219) investigated the effect of the increase in oxygen
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concentration from 21%80% Qin CQusing a TGA and found that as the oxygen levels are
increased the characteristic temperaturdecreaseand maimum rates of mass loss are
increasedlt was also found that as the oxygen concentration increased the increase in key
temperatures and rates of mass loss decreased, as seen in this WMoekimproved
combustion characteristics in enriched oxygen atmasph is seen in all work regardless of
heating rates and temperatures. The improved combustion performance is due to the
increase in local mixture reactivity, the increase diffusivity of the volatile speciem
enriched oxygen combustiocompared to difusion in C@(148, 151, 218, 219, 245, 246,

248 249) .

The experimental work here is performed at identical gas temperatures in all environments,
in reality if 21% @CQ, was used in a conventional pulverised fuel system a reduction in
flame temperature, a delay in flame ignition and flame stability would be impacted. In order
to produce flame temperatures, ignition times, and heat transfer similar to those seen in air
combustion an increase in oxygen levels in the combustion environment is required (25
30%)(51, 122, 148,210, 218, 246).

6.2.2 Overall combustion behaviour of biomass and torrefied biomass in air and-oxy
fuel environments
The overall combustion profilgd°C min® heating rate)of the biomass and TSBelscan
be seen irFigure6.8 - Figure6.13and the key temperatures and rates of mass loss extracted

from the TGA and DTG plotsTiable6.3.
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Figure6.8: Mass loss behaviour of the PWWP fuel combusted in air ai3d%Q in CQ
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Figure6.9: DTG behaviour of the PWWP fuel combusted in air ar@D%Q in CQ
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Figure6.10: Mass loss behaviour of the WWP fuel combusted in air ar@D%0Q in CQ
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Figure6.11: DTG behaviour of the WWP fuel combusted in air ar8i086Q in GO,
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Figure6.12: Mass loss behaviour of the TSP fuel combusted in air aB0%Q in CQ
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Figure6.13: DTG behaviour of the TSP fuel combusted irean 530%Q in CQ

Table6.3: Characteristic temperatures and rates of mass loss observed during
combustion of biomass and torrefied biomass in air and dxgl environments

Tim Tv dm/dty Tc dm/dtc Ts

(°C) (°C) (Wt% st (°C) (Wt% st (°C)

5% 228 342 0.177 481 0.048 510

10% 228 336 0.205 467 0.052 494

PWWP 21% 227 327 0.225 449 0.055 479
25% 228 326 0.245 446 0.064 476

30% 228 324 0.243 447 0.067 473

Air 228 328 0.225 450 0.062 474

5% 203 307 0.212 454 0.044 476

10% 202 300 0.239 441 0.046 461

WWP  21% 200 293 0.246 427 0.047 449
25% 202 201 0.251 423 0.050 445

30% 201 288 0.268 418 0.056 440

Air 201 293 0.244 422 0.055 443

5% 234 308 0.221 481 0.065 499

10% 234 302 0.233 460 0.084 480

TSP 21% 231 296 0.253 444 0.100 463
25% 229 295 0.256 439 0.108 457

30% 229 290 0.278 434 0.099 452

Air 232 295 0.250 437 0.104 457

There is a clear difference between the coals and the biomass and TSP fuels with the coals
having oneunresolved peak compared to the two clear peaks seen in the biomass and TSP.
This is due to the higher volatile conteratsd higher reactivitpf the raw biomass and TSP

fuels asseen inTable5.2.
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The biomass and TSP fuels combust at lower temperatures than the coals, with TGA and DTG
profiles shifting to lower temperatures as a result of the increased reactivity of the fuels as
outlined in the following sectiond’he PWWP and WWP fugtdthough bdh white wood
pellets have a significant difference in the identified key temperatures and mass loss rates.
When combusted in air, the PWWP fuel has a lower maximum rate (gjrdflimass loss
during the devolatilisation stage but a higher maximum ratenafss loss during the char
combustion stage (dm/d} (Table6.3). The proximate analysis shows that the PWWP fuel
contains slightly higher fixed carbon than the WWEI fuvhich is mirrored in the ultimate
analysis in terms of the carbon contefftable5.1 and Table5.3). The key temperatures
identified, T, Tv, Tcand Eare also higher in the PWWP sample relative to the WWP sample.
This is an indication in variability of the combustion behaviour seerhitewood pellets

that must be managed when large amounts are utilised in large scale electricity production.

The initial mass loss temperaturey)l for the TSP fuel is seen at the highest tergtere

of the biomass fuels, buhe characteristics idenidd during the devolatilisation stage are
similar to those seen in the WWP sample. During the char combustion stage the TSP fuel has
the highest maximum rates of mass loss due to the higher fixed carbon, carbdras a

result larger char yield as can beeen inTable5.5.The WWP sample has the lowest
characteristic temperatures of the three biomass fuels and is expected to be the most

reactive which is investigated in the following sections.

The initial mass loss seen in the TGA plots is due to the release of moisture, and is again
identical in all combustion environmen®s seen in the coals. The temperature at which the
initial mass los§Tiv) is seen is lower than that seen in the coals ¢&Bl@ss in air) due to the
increased reactivity, investigated in the following sections and the increased volatile content

in the biomass fuels, as described in chapter 5.

It can be clearly seen that trelhangedueto oxy-fuel combustion and the increase in oxygen
concentrationsare less prominentor the biomass and TSP fuels than séanthe coals.
Comparison of the combustion profiles, key temperatures and rates of mass loss in air and
21% Q/CO showthat the initial devolatilisation stage is similar in all fuelgh Tiw and T

within 1°C(Table6.3). The dm/dt/is identical in the PWWP and WWP and ~ 1% higher in the
CQ environment in the TSP sampl€he differences in the two atmospheres at higher
temperatures, associated with the cheombustion, is more evident with a small increase

in Tcin the WWP and TSP fuels and decrease in dinfiddtall fuels. The PWWP and WWP
char combustion rate (dm/dj is decreased by 12% and 15% respectively and the TSP by
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only 4% in the COatmosphere,similar to the levels seen in the coals. The burnout

temperature (E) is 56°C higher in the biomass fuels, slightly higher than in the coals.

Increasing th@xygen levels during oXyel combustion has less of an effect on the biomass
samples than seen ithe coals. The variation infdue to the increase in oxygen
concentrationis negligible in the two biomass fuels acldanges by only5°C between 5

30% Qin the TSP fuethis ismuch smaller than those seen in the coals ()0

The increase in oxgg has a larger effect on the key temperatures and rates of mass loss
associated with the devolatilisation step than during the initial mass loss stages. The
temperature at which the maximum rate of mass loss is segnifffthe PWWP, WWP and
TSP fuelncreases by 1:89°C when the oxygen levels are increased froi80% Q. An
increase in the rate of mass loss (dmjds also seen with the increase in oxy@&30% Q)

with the PWWP increasing by 37%, the WWP by 23% and the TSP bf<25é&n in the
coals, the greatest chnge in temperature and raseof mass loss was seen at the lower

oxygen concentrations, between the 5%1% Q environments.

The effect of the increase in the oxygen levels is most prominent during the char combustion
step where the dference in tand dm/dicin 530% Q levels is greatestThe PWWP and
WWP sample showed a difference inof 34°C and 36C respectively and the TSP sample a
difference 47C. The maximum rate of mass loss during the char combustion is also increased
whencombusted in 30% by 39% in the PWWP, 21% in WWP and 52% in the TSP) relative
to the 5% combustion atmosphereBhe effect of the increase in oxygen during the char

combustion stage was not as severe as seen in the coals.

Comparison of the key temperaes and rates of mass loss with the €xgl environment
again shows that in order to replicate air combustion the oxygen levels in afuelxy
environment must be increasedh@& PWWHuel reached the maximum rate of weight loss
at temperatures similard that seen in the 21% AL, experiment, but the maximum mass
loss rate associated with char combustion, (drgjdtloser to that seen in the 25%/00,
experiment. The WWP fuel combusted in 21%/@0; was similar to the air combustion
during the devolatisation stage and 230% Qstage during char combustion. The TSP fuel
produced maximum mass loss rates in air closer to those seen in the 30% Experiment
but at a temperature closer to the 25% i@ CQ experiment.During devolatilisation the TSP
fuel combusted in 21%ATO, was the closest to air combustion and-26% Qduring char

combustion.
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The burnout temperature of the biomass and TSP samptre lwwer than those seen in
the coal samples; PWWP reached burnout at temperatures df&d073°’C(5-30%0) and

Tg for combustion in air of 47€. The WWP reached burnout temperatures lower than the
PWWP, at 47& - 440°C, and in air at 448. Finally the TSP sample reached burnout
temperatures of 499C- 452°C and 45%C in air.

6.2.2.1 Discussion

The changen combustion atmospheres is not as severe in the biomass and TSP fuels as is
seen in the coals. The effect of the change te B&3ed environments and the increase in
oxygen levels is more prominent as combustion proceeds. At the initial mass loss
temperatures (Tv) only a small change in temperature is seen in all biomass fuels. Work by
Jones et a250) investigated the ignition behaviour of several biomass fuels and found that,
at the same heating rates used in this work, Pine (a source of white wood pellet production)
ignited at 272C. At the Ty temperatures seen it is expected that the volatile gasee yet

to be ignited and that the mass loss is caused by the release of the volatile species due to
thermal degradation, which is a heat transfer limited process. As the temperature and
heating rates are identical in all environments the patrticle istéat the same rate in all
environments so the devolatilisation step (before ignitios) expected to be similar

regardless of the combustion atmosphere.

The similariy in the devolatilisation stage, in all environmeritsbelieved to be due to the
availability of oxygen present in the biomass fudlale5.3) providing enough oxygen at
the surface of the particle for homogeneous ignition and combustion oétlmdving volatile
components. Shaddix, Molina and Me(igl8, 246, 248) attributed the delay in the initial
stages of coal combtien in CQ in part to the decrease in volatile diffusivity in £0
atmospheres. The higher levelsioherentoxygen present in the biomass fuels reduces the
amount of oxygen required from the combustion atmosphere, and so reduces the effect of
the lower dffusivity and therefore minimises the effects of the switch from air to an oxy
fuel environment(249). It was also shown in the pyrolysis experiments irtieads.3 that
when pyrolysis is performed inldnd CQenvironments that the devolatilisation behaviour

of the fuels is very similar.

The change in combustion environment has the largest effect dukia char combustion in
the biomass and TSP fuefggain, at these temperatures the three zone char combustion
theory can be applied, and at these temperatures the reaction is chemically contasllisd

shown in sectior6.2.3 The delay when combusted in 21%/@0; relative to air can again
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be attributed to the competition for active sites and the adsorption ot GOto the char
surface. The small changes in ttfear combustion behaviour can again be attributed to the
higher oxygen concentration present in the charalfle5.6) which is readily available for

reaction with the carbon.

In general all of the fuels used in this watkow the same trends, that is a slight delay is
seen when combustion is performed in 21%CD relative to air and as the oxygen levels

are increasedhe mass loss profiles move to lower temperatures with higher rates of peak
mass loss. The extent of the effects is fuel dependent but in general the change in
atmosphere has a greater effect on the coals than is seen in the biomass and TSP fuels. This
is believed to be due to the higher volatile content, higher oxygen levels and increased

reactivity of the biomass fuels.

In order to achieve combustion profiles similar to those seen when the samples are
combusted in air it was found that the higher oxydewels were required. The amount of
oxygen required varied between samples but in general the coals would require oxygen
concentrations between 21% and 25% /@0 and biomass and TSP samples 2530%
O,/CO: to produce TGA and DTG plots similar to thosensi@ air under these conditions.

This is mainly due to the slower char combustion step inaif@ospheres.

6.2.3 Determination of mass transferatesduring combustion experiments
As discussed in sectigh2.1.1and 6.2.21 the rates of combustion are assumed to be
chemically controlled and are not limited by the mass transferorygen from the

combustion atmosphere to the particle surface. The rate of mass transfer can be described

by Egp.1.

P& 8°Q 0 5 Eq6.1

ro, ¢ rate of oxygen mass transfer (mof)s

As ¢ surface area ()

kg ¢ mass transfer coefficient in gas phase (s

[O2]g ¢ 0Xygen concentration in the gas phase (mol)m

[O2]p ¢ Oxygen concentration at the particle surface (mof)m
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The mass transfer coefficientglcan be estimated from Eq 6a8th the assumption that the
Sherwood number is equal to two, due to the low Reynolds number in the(T.G2\x 16)
(251) asdetermined in sectiorb.5.1

&

Eq6.2

Sh¢ Sherwood number
Dy ¢ Diffusivity coefficient for @in CQor N; (m? s?)

d ¢ particle diameter (m)

The mass transfer tas were determined for both a singREL fueparticle and for 5 mg
mass ofPEL fuel on a TGA pan in 5 and 30@0 combustion atmospheres. The mass
transfer rates were determined at the maximum rate of mass loss seen in the PEL fuel

combustion experimets as reported irTable6.3.

The diffusivity coefficient @pof G in CQ, at the temperature of maximum rate of mass loss
(Tp), were estimated using coefficients taken fr¢@24) and are reported iTable6.4 along

with the maximum rates of mass logm/dtp) and temperatures at which they occ().

Table6.4: Maximum rate of mass loss and diffusivity coefficients ofi®@ CQ at the
temperature at which the maximum rates are seen

dm/dt, (Wt% st) Tp (°C) Dy (M? s
PEL 5% £ICOy 0.109 597 1.17 x 1¢
PEL 30% 4L 0.155 453 8.44x 16

The mass transfer coefficientg)kvere then determined for a single particle of diameter 90

pm and for a sample placed on a TGA pan. In the case of the TGA pan it is assume that the
sample forms a cylinder and the diameter is assumed to belépgh of a cylindermwith a

radius of 5 mm at mass of 5 mg (the mass used in the combustion experiments.
Determination of the volume of a cylinder with a radius of 5 mm and mass of 5 mg and
density of 1080 kg mresulted in a depth of 0.06 mm. The determination of the mass
transfer rate (r@) werethen determined assuming that the oxygen concentration at the
particle surface ([€)p) iIS99% of that in the gas phasmsuring that theminimum rateof

mass diffusion were obtainedn the case of the fuel sitting on a TGA pan, not all of the
sample is readily available for the oxygen present in the combustion atmosphere to attack

the surface. In this case it was assumed the readily available surface area was only the top
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of the cylirder (radius 5 mm)This is expected to underestimate the surface area of the fuel
on a sample pan as it does not take into account the increased surface area of a number of
particles compared to a single surfadée rates of mass transfer gialeterminedusing Eq

6.1 and the values ofjkdetermined using Eq 6.2 for a single particle and sample on a TGA
pan in 5 and 30% AL can be seen iffable6.5.

Table6.5: Mass transfer coefficients, oxygen concentration at the particle surface and in
the gas phase and rates of oxygen mass transfer to a single particle and TGA pan

PEL 5% £CO, PEL 30% 4CO;
Single Particle Sample on TG/# Single Particle Sample on TGA
(90 pm) pan (90 pm) pan
kg (m sb) 2.60 3.96 1.88 2.86
[O2]g(mol n13) 0.84 0.84 5.04 5.04
[O2]p (Mol n) 0.83 0.83 4.99 4.99
roz (mol 8) 5.45 x 16° 2.61x 16 2.40 x 16 1.12x 16

The rates obxygen consumption at the maximum rate of mass loss for 5 mg of PEL fuel
combusted in 5% £CO, assuming the mass loss is attributed to carbon conversion to CO
were determined in sectiob.4. The oxygen demand was found to be 0.327 mg'mihich

is equal to 4.54x 10" mol st. The oxygen demand of a single particle was determined
assuming that the same maximum rate of mass loss occurs as reporiebie6.4 and
found to be 3.74x 10 mol s’. The oxygen requirements for the single particle and TGA
sample pan in the 30%.@tmosphere were determined assuming the maximurte raf

mass loss reported iflable6.4 (0.155 wt% 3) and found that the oxygen demands were
5.32 x 16!t mol s*and 6.46 x 10 mol s! respectively, again assuming carbon conversion to
CQ. The oxygen consumption rates determined are4b times that of the mass transfer
rates determinedgiving evidence that the combustion process is not mass transfer
controlled and that the reaction tas reported in sectio.2are chemically controlled. The
calculated values of sare expected to be underestimates and the values @fy[@nd the

area of a sample on a TGA pan were chosen in order to represent a worst case scenario. In

reality it is expected that the mass transfer rates are much higher than those reported here
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6.3 Devolatilisation behaviour during pyrolysis inJdnd

CQ environments

Pyrolysis eperiments were performed on the fuels in &hd CQatmospheres to determine

the change in devolatilisation behaviour as a result of the pyrolysis atmosphere. The same
size fraction (<90um) and heating rates{@nin') were used am the overall combuson
experiments(section6.2), but the final temperatures increased from 90@to 1000°C to

ensure complete pyrolysis in the gléased atmospheres.

6.3.1 Pyrolysis ofcoal in N and CQatmospheres

The results of the pyrolysis inldnd CQ for the three coals can be seen kigure6.14-

Figure 6.15 and characteristic temperatures and rates of mass los3ahle 6.6. The
nomenclature used in the pyrolysis experiments is the same as seen in the biomass
combustion as the single peak identified in theadd CQatmospheres is associated with

the releases bthe volatiles and the second peak in £f@mosphere associated with the

charg CQ gasfication reaction.
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Figure6.14: TGA profiles during pyrolysis behaviour of coals in($¢lid) and C®
(dashed) atmapheres
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Figure6.15: DTG profiles during pyrolysis behaviour of coals in$olid) and C®
(dashed) atmospheres

Table6.6: Key temperatures and rates ohass loss identified during the pyrolysis of the
coals in Nand CQenvironments

Tim Tv dm/dty Tc dm/dtc Final

(°C) (°C) (Wt% st) (°C) (Wt% st) Mass

(W1t%)

PEL N 408 449 0.048 - - 55.54
CQO 413 454 0.041 1000 0.070 2.04
ELC N 405 447 0.043 - - 54.79
CQO 414 457 0.034 997 0.094 2.01

PIT N2 413 459 0.049 - - 56.11
CQO 424 462 0.038 1000 0.073 7.83

It is clear that fromFigure6.14, Figure6.15 and Table6.6 that duringthe pyrolysis of the
coals in Cethere is a delay in the devolatilisation behavigetative to N. In addition a

second peak, associated with the cliaEQ gasification reaction, is visible in all coals.

During the initial stige of devolatilisation (<20Q) the TGA and DTG profiles are similar in
both pyrolysis atmospheres indicating thatZ@haves as an inert gas during coal pyrolysis
at low temperatures. In addition no mass gain is seen in eitherXCQ environments at
low temperatures this confirmghat the mass gain seen during combustion is the result of
low temperature oxygerhemisorption (sectio®.2.1). TheTGA and DT ofilesof the ELC
and PIT coals start to separate at temperatures °G0@hile in the PEL coal the separation

is seen at ~40T. This is echoed in the temperature of alithass loss with a small delay in
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