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ABSTRACT

PYROLYSIS AND COMBIO®N BEHAVIOUR OFRI®US
FUELS IN OXYGENRICHED AIR AND,@OMOSPHERE

. NT O6FO6PZ bdzNJ { Syt
M. Sc., Department a€hemical Engineering

SupervisorProf. Dr. Nevin Selcuk

February2011, 122 pages

Oxyfuel combustion technology, which is based on burning coal in a mixture of
oxygen and recycled flue gas (RFG), is suggested as one of new promising

technologies for capturing G&om power plants.

In this thesis study, the pyrolysis and combustion béhav of various fuels
including imported coal, petroleum coke, two different types of indigenous lignites,
olive residue andtheir blends with different proportionsin air and oxyfuel
conditions were investigated by using nmothermal thermogravimetric method

(TGA) coupled with Fourktransform infrared (FTIR) spectrometer.

Pyrolysis tests were carried out in nitrogen and carbon diogid@ronments, which
are the main diluting gases of air and dugl environment, respectivelyRyrolysis
results reval that weight loss profiles are similar up to high temperature zone in
both pyrolysis environments, indicating that £Rehaves as an inert gas in this

temperature range. However, further weight loss takes place in @@osphere



after 700C due to C@char gasification reactiowhichis observed in pyrolysis of all

fuel samples

Combustion experiments were carried out in four different atmospheres; air,
oxygenenriched air environment (3% O, ¢ 70 % N,), oxyfuel environment (2%

O, ¢ 79 % CQ) and oygenenriched oxyfuel environment (3060, ¢ 70 % CQ).
Combustion experimentshow that replacing nitrogen in the gas mixture by the
same concentration of G@oes not affect the combustion process significantly but
leads to slight delaylower weight Ies rate and higher burnout temperaturd)
combustion.Overall comparison ofveight loss profileshowsthat higher oxygen
content in the combustion environment is the dominant factor affecting the
combustion rather than the diluting ga8s Q concentraton increases profiles shift
through lower temperature zone, peak and burnout temperatures decrease, weight
loss rate increases and complete combustion is achieved at lower temperatures and

shorter times.

Pyrolysis and combustion behaviour of three differefuel blends were also
investigated. Results reveal synergistic interactions in cotidougests of all blends

in all combustion environments.

During pyrolysis and combustion tests gaseous products CO, KO, CH, SQ and
COSwere identifiedin flue gas and analyzed by using FTIR. Results indicate that
higher CO and COS formation take place during pyrdigsis due to gasification
reactionin CQ atmosphere at high temperature zon&aseous species evolution
trends in combustion tests are founspedfic for each fuel.However, evolution

trends slightly shifto lower temperatures in oxygeanriched conditions.

Keywords: Oxyfuel combustion, oxygeenriched combustion, CCrapture, TGA

FTIRcoal blends, lignitbiomass blends
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CHAPTER 1

INTRODUCTION

1.1 General

Today,energy requirement of the worlénd demand for electric powetontinues

to increase due tgopulation growth developmensin economy and technologyn
electric power production, coal provides the largest shdue to its abundant and
widely distributed reservesWith 826 billion tomes of proved coal reserves, coal
combustion is expected to dominate the energy production for at least the next few
decades [1]. Coal combustion dominates the electricity generation sector
worldwide with its 41 %share in fuel sourcelR]. Higher prices and lower reserves
of oil and natural gas make cefled generation economically more attraee

especially for coal rich countries.

Significant rise in energy demand leads to increase in anthropogenieri€sions.
Since prandustrial era CQ level in the atmosphere has increased from 280 ppmv
to 383 ppmv [3]. Figure1.1 compares wrld CQ emissions by sector in 2008.
Generation of electricity and la¢ was the largest CGproduced sector, whichwas

responsible for 41%of the world C@emissions in 20081].
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Figurel.1l: World C@emissions by sector in 2008]

Growing concern about greenhouse gas emissions and their potential impact on
climate change necessitates reduction of ,G&nissions from cal fired power
plants which accounts for 168% of world CQ emissions[2, 4] CQ emission
reduction regulations are driven by international initiatives such as the International
Panel on Climate Chand&PCCland KyotoProtocol, whichwas also signed by
Turkey in February 2009.

Various solutions can be applied to re@u€Q emissionsfrom existing coal fired
power plants such asmprovingenergy efficiencymaking use of renewable fuels
such as biomasswitching to lower carbon fuglblend and burn different kinds of
solid fuels However, a significant reduction inOg2emissions can be achieved by
capturing C® generated from coal utilizationfrom stack gasesand storing
(sequestering) if5]. Varioustechnologiesand new pathwaysre being developed
for CQ capture andstoragefrom coal fired plantsThe most attractive technologies
for carbon capture and storag€Cpcan beclassifiedn three main categories that

are post-combustion, precombustionand oxy-fuel combustion5-8].



Conentional technologies for removing @@om the stack gas in the existing coal
fired power plants are expensive since ;A© diluted (typically about 1446 by
volume on a dry basis). The cost of gas separation can be reduced by increasing the
concentrationof CQ in the flue gas. This can be achieved by increasing the oxygen
concentration in the feed stream by using eyl combustion technology which is
based on burning coal in a mixture of oxygen and recycled flue gas (RFG) leading to
CQ concentrations p to 98%in the exhaust gaf®]. Many other teehno-economic
assessment studies reported that efyel combustioncould be demonstrated as

cost effective method of C{@apturein CCSechnologies

Many laboratoryand pilot scale studies were carried out within the last two
decades about this technolggThese investigations reveal that it is possible to burn
coalin G/CQG, atmosphere Oxyfuel combustion technology is a near zero emission
technologywhich can be adapted to both new and existing coal fired power plants.
Therefore, oxy-fuel combustion isconsidered as a favourable option garbon
capture and storage technologies to redu€€) emissions from codired power

plants butmore research istill required tofully understand this technology.

1.2 Aim and Scope of the Thesis

Oxyfuel combustionhas been studied extensively for pulverized coal combustion,
but to date has received relatively less attention for fluidized bed combu$E&C)
systems Benefits of fluidized bed combustion (FBC) technology such as the ability
to burn wide variety ofdels efficiently and to control pollutant emissions without
flue gas treatment systems have led to a steady increase in its commercial use over
the past decadesAdvantage of oxjyuel firing in FBC technology is that significant
reduction in the amount ofecycled flue gas can be achieved through the external

solid heat exchangers for combustion temperature confi®].



Before firing tests in FBC combustors, combustion characterigifcghe various

fuels need to be determined under ofyel conditions by using neisothermal
thermo-gravimetric analysis (TGA) technique. TGA is an inexpensive and simple
method that has been widely used in studying the pyrolysis and combustion
behavioursof fuels and evaluating the relative burning properties of fuel samples
[11-17]. In spite of significant ongoing research in this area, there is limited number
of studies on oxyuel combustion properties of indig@us lignites,biomass,

petroleum coke and their blends with various proportions.

Therefore, the objective of this study has been to investigate pyrolysis and
combustion behaviour of various fuels in air ) and oxyfuel (Q/CQ)
conditions by using GA technique combined with Fourier Transform Infrared (FTIR)
spectroscopy to analyze the gaseous species evolved. In an atteniplfitbthis

aim, pyrolysis and combustiorcharacteristics offive different types of fuels
including imported coal, petrolen coke, two differentypes of indigenous lignites,
olive residue ashiomassand theirvariousblendshave been studied and reporteth

this thesis



CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1 General

In the first part of this section, carbon capéuand storage technologigacluding
pre-, post and oxyfuel combustion and their main processeme briefly
summarized. Irthe following part,oxy-fuel combustion which is the focus of this
study, is explained in detailThis section is concluded witthe specific oxy-fuel

studies that were carried out by using thermogravimetric analysis technique.

2.2 Pathways to Capture GO

In the past two decades, thereas beena growingconcern aboutincrease in CO
emission and its potential impact on climate @nge As coafired power plants
accounts for about 186 0of CQ emissionsyesearchers have focused amproving
clean and efficient technologies CQ reduction in the recent yearsThere are
several options to reduce G@missions, such as increasingyaw plant efficiency
or usingfuels with lower fossil carbon contenHowever, these options will not
achieve the required reductions in gémissions. The capturef CQ from coat
fired systems that is, Carbon Capture and Storage (CCS) technologiag

contribute significantlyfor solution ofthis problem.The identified technologies for

5



carbon capture areclassified as post, pree and oxyfuel combustion. Main

operations concerned with these technologe® described ifrigure 2.1

Postcombustionindudes the separatiorof CQ from the flue gas by chemical
absorption with chemical solvents and solid minerals such as monoethanolamine
(MEA) or a sterically hindered amine {KSChemically active agents that are used
to scrub C@are regenerated by heatg to release CO Considerablesnergy is
required to regenerate thesesolvents, whichleads to 10-14 % points drop in
efficiency of power plargt Low concentration of COn the flue gas (~1%9 results

in increase ircapture equipment sizes and high @apcosts[18, 19]

Precombustioncomprises Integrated Gasification Combined Cycle (IGCC) power
plants with carbon capture and storage units. Coal sfigd under high pressure in

order to obtain syngas contdimg CO, CQand H. CO is converted into GDy
water-gas shift reaction. GOs separated from the gas and remainingisiused for
combustion in a gas turbine. IGCC is considered as a promising technology because
of its economics and plant efficiency chateristics; however, it requires high
capital costs in plant constructions. Moreover, it is not possible to retrofit existing

power plants for IGGCCS proce$$8, 20]

Oxyfuel combustiorprocess is basednoincreasing the concentratioof CQ in the
flue gas. Conventional technologies for removing, @@m the stack gas in the
existing coal fired power plants are expensive sincgi€@iluted (typically about 14
% by volume on a dry basis). The cost of gaparation can be reduced by
increasing the concentration of G0Gn the flue gas. This can be achieved by
increasing the oxygen concentration in the feed stream by usingfuety
combustion technology which is based on burning coal in a mixture of oxgmen
recycled flue gas (RFG) leading te €dhcentrations up to 986in the exhaust gas.
Many other techneeconomic assessment studies reported that -xgl

combustion should be the most cost and energy efficient technology in CCS.
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However, main tadvantage of this technology is the requirement of air separation
unit (ASU) for pure £16, 9, 18, 2123].

There are no fulkcale plants using CCS technologies in operation, however, there is
a significant onging research in this area. There are many lesgale and pilot

scale CCS projects worldwide currently. These projects are listed in Appdadix A

Recent techneeconomic studies have compared the prepost and oxyfuel
combustion technologies in termg efficiency, the contributions to increased costs,
and the cost of electricity (COE) with a,@&Xx or penalty. These studies reveal that
efficiency penalties vary from P60 to 10 % CQ compressions and solvent
regeneration in post combustion or pure oxyyg production in pre and oxyfuel
combustion systems are the main contributors to efficiency losses. Current
knowledge on economical comparisons of these three capture technologies shows

that there is nosignificant difference in co$18, 20, 22]

As one of three main GQapture approaches, oxyel combustion has received a
lot of attention in the recent years as it has potential to produce significantly high
CQ concentration in the flue gas, which provides ieasequestration of C{from

flue gases incoalfired power plants. Therefore, oxyel combustion, which is
considered to be a promising and cost effective option for reduction of CO

emissions, is the focus of this study.

2.3 Oxyfuel Combustion Technolgy

Oxyfuel combustion technology has bedinstly evaluated by Abraham dil. to
produce C@ gas for Enhanced Oil Recovery (EOR) in the early eigidés
However, after miebB0s, this technology received renewaddrest due to growing

concernabout greenhouse gas emissions.



Oxyfuel combustion technologinvolves the combustion of coal in the mixture of
oxygen and recycled flue gas (RFG), instead of air, in order to increase concentration
of CQin the flue gas foeasy separation. G@oncentration in the flue gas can be
increased from 146 up to % % by volume, with this technology. RFG is used to
make up the volume of missing,Ncontrol the flame temperature and heat flux
profiles[6, 25]

Figure2.2 demonstrates major process steps of a efiad oxyfuel power plant.
Oxygenis separated from air by using air separatiantfASU). Pure ggen stream

is then mixed withrecyclel stream of flue gagom the boilerand oal isburned in
this resulting gas streamAfter combustion in the boiler, the releasetlié gas is
transferred to cleaning egipment Main cleaning equipments includélter,
condenser and flue gas desulphuripati(FGD) units foremoval of fly ash, ater
vapourand sulphuy respectively The cleaned flue gas is partially recycled to boiler

and rest of the stream containingleanCQ gas is sent to storage units.

BOILER

Fuel FILTER CONDENSER  FGD
Processing B %
Flant
>

OXYGEN

COAL

A L —

FLY ASH WATER  SULPHUR

co,
Recovery

EOR, ECBM OR
GEOLOGICAL
STORAGE

RECYCLED FLUE GAS

Figure2.2: Possible configuration of a cefded oxyfuel power plant



Many laboratory and pilot scale studie® oxyfuel combustion technologyhave
been reported by different researchers and organizations in the open literatpre
to date. These stdies have ben summarized by Toftegaard el. recently,
including the informationon experimental conditions and aim of each research

group[18].

These studies reveal that,xgfuel combustion diffes from air combustion in
combustion characteristics such agrbing stability, char burnout, gas temperature
profiles and heat transfer due to differences in gas radiatind thermaphysical
properties between COand N, which arethe main diluting gases in oxyel and

air combustion respectively. Substituting@ with an equal volume Nleads to
larger specific heat capacity in combustion environment that results in lower flame
temperaturesand delayed combustion in oxyel conditionscompared withthose

in air conditions Devolatiliation, ignition and burnoutake place at lower rates in
oxy-fuel conditions[6, 23, 2629]. Previous studies on oxyel combustion mainly
revealed that similar temperature profiles with air case are achieved at higher
oxygen concentrationbetween 25 and 42 votodepending on fuel and boiler type

[9, 23, 30]

Oxyfuel combustion also differffom airfiring casein gaseous emissions such as
CO, N@ SQ and SQ. It has been reported in the literata that increase in GO
concentration in the combustion environment leads to increase in CO emissions in
the near flame zone which may cause the risk of CO corr¢s®n31] Numerous
studies on NQ@emissiongn oxy-fuel combustion reveal that it is possible to achieve
almost 7080 %reduction in NQemissions compared to combustion in air through
near elimination of thermal and prompt NQormation as levels of molecular
nitrogen is significantly lower in oxuel conditions [22, 24, 28, 32] However,
increase in oxygen concentration results in higher, M@els as temperature of
combustion environment increase$n order to avoid this effect, various options
such as;oxygen staging or increasing oxygen purity is suggested in the open

literature [28]. Studies on sulphur oxides shows that release of sulphur from coal is
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not affected significantly withthe replacement of nitrogernby carbon dioxide.
However, sulphur induced corrosion risk appears even at low temperatures (below
the acid dew point) in oxfuel operation systems including flue gas recirculation
without prior SQ removal as the amount of S@ the boiler can reach high values.
Moreover, SQ formation is promoted iroxygen enriched conditiorend high water

contentsin the flue gasf it is recycled before condensfg, 18, 23]

2.4 Oxyfuel Combustion gdies by Thermogravimetric Analysis

In the study of Li eal. [25], thermogravimetric technique werased to investigate
pyrolysis anccombustionbehaviourof a pulverized Chinese bituminoasal inoxy-

fuel conditions. Eect of pyrolysis environment, oxygen level, particle size and
heating rate on pyrolysis and combustion processes arelease of gaseous
compounds in those conditions wenmeported. Pyrolysis tests were carried out
under N and 21%N, ¢ 79 % CQ mixture while combustion tests were performed

in air and QCO, mixtures with oxygen concentrations of 21, 30, 40, and8®-or
these tests,approximately 10 mg of pulverized coal samples were heated from
room temperature to 1008C with a heating rate of 3&C/min and gas flow rate of

80 ml/min. In order to clarify the effects of heating rate and particle size additional
combustion testsvere carried ouiat heating rates ofl0, 20, 36C/minand particle
sizes < 48, 48 74, 74 ¢ ¢on m.>Gaseous species evolved in pyrolysis and
combustion tests were analysed by using FTIR spectromietex/CO, mixtures,
additional gasification stage was observed in pyrolysis profiles of pulverized coal
samples at high temperature zon&nder oxygen concentrations corresponding to
that of air, combustionwasdelayed andn elevated oxygen levels, DTG curshit

to lower temperatures. Decrease in particle size led to increase in burning rate and
decrease in burnout while heating rate had no significaffect on combustion

process.
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Liu etal. [33] reported a comparative study on combustion behaviour of two
different coal chars in &N, and Q/CG; by using thermal analysis methadSoal
chars which were prepared by usingigh volatle bituminous coal and anthracite
were burned in the mixtures of N, and Q/CQ, with oxygen levels of 3, 6, 10, 21,
30% Combustion testshowed thatreplacing N with the same amount of GQlid

not result in significant differences in combustion betwar of char samples as
combustion temperature of the sample is controlled by electrical heating in TGA
technique. Therefore it was concluded that sample temperature is not affected by
combustion environmentFour dfferent methods were used inleterminaion of
activation energies ofhe char samplesActivation energy values were found to be

in agreement with those in literature for both bituminous and anthracite chars.
Kinetic analysis of the char samplesvealed that in oxygerg carbon dioxide
mixtures combustion rate of the char samples wedmind to vary approximately

linearly with theoxygen concentration.

Four dfferent types of Australian coals were analyzed by using drop tube furnace
(DTFXo measure coal burnouand thermogravimetric analyzeTGA to determine

the reactivity of codthar samplesin the study of Ranthamand his ceworkers.In

DTF pyrolysis tests apparent volatile yields of all the four coals were found higher in
CQ environment compared to those in,NTGA pyrolysis testseveakd similar
behaviourup to 1030K in both N and CQ environments. After 103&, significant
increase in mass loss rate was observed. This significant increase and higher
apparent volatile yields in G@tmosphere wereaattributed to CQ-char gasification
reaction.DTF combustion tests were carried out igfN and Q/CQ, mixtures with
oxygen concentrationsn the range3 to 21 % and 5 to 30% respectively.In
combustion tests, coal burnout was observed to increase in elevated oxygen levels
for all four cods. For coals C and D, coal burnouts were observed to be simdar in
and oxy-fuel conditionsat the same oxygen leveis contrast to coals A and Bor

coals A and B higher burnouts were obtained in-fugl conditionscompared to

that in air conditiors. Coal chars were prepared at 1673K in nitrogen environment

by using DTF and combusted in TGA for reactivity analysis. TGA combustion tests

12



were performed in @N, and Q/CG, mixtures with oxygen concentrations of 2, 5,
10, 21 and 504 Almost identical ombustion behaviows were displayed in &N,

and Q/CQO, mixturesat oxygen concentrations of and above. However, in %
O.,/CQ, conditions, effect of gasification was significant. At elevated oxygen levels,

higher maximum reactivity and lower burnouttgeratures were obtaineR9].

Duan etal. [34] investigated pyrolysisf coalsin CQ atmosphere tohave better
understandng of combustion characteristicand gasevolution mechanismsn oxy

fuel conditionsby using TGATIR combined system. Formation of,,S&hd NQ
related species such as$ COS, SCHCN and NHwvere reported.About 10 mg
bituminous coal samples having particle size less than 200 ¢ SNX dza SR
pyrolysis tests. Samples heated from room temperature to different end
temperatures; 700, 800, 900 and 10@with different heating rates; 10, 30, 50 and
70°C.TGA tests showed that replacing With CQ in pyrolysis environment had no
significant effecton initiation of volatile matter release and rate of weight loss up to
480°C. In N atmosphere calcite decomposition was observed after 760
however, in C® environment, calcite decomposition was preventedlt higher
heating rates, volale yields decreased, howeveat higher end temperatures
volatile yields increased to due the effect obal gasification.In FTIR analysis,
reactions between k& and C@ed to COS formation in G@tmosphere Conversion

of fuekN to HCN was favoured Iggasification of char in G@onditions.

In another study of Duan eal. [35] effect of oxyfuel conditions on sulphur
formation behaviour of a bituminougoal and its char displayeth pyrolysis and
combustion experimentswas reported. Samples were heated from room
temperature to1173K with a heating rate of 3R/min. Pyrolysis tests revealed that
COS formation wasdentified in CQ rather than N environment. Higher S@
formation was observed when oxygen concentratiom®re identical in the
combustion environment (2% O,/79 %N, and 21%0,/79 % CQ). It was reported

that elevated oxygen levels enhance organic sulphur decomposition rate and

conversion of b5 to S@ which resulted in faster S@rmation n oxygerenriched
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environments. Xay photoelectron spectroscopyXP$ test results demonstrated
that sulphur retention ability increased with the increase in oxygen levels in

combustion environment.

In the report of Alstom Power Ing36] about engineering feasibility and economics
of CQ on an existing coal fired planTGA tests were performed to obtain reactivity
parameters of Conesville and Riturgh coals. Abou#-6 mg of samples were
placed over a pan almost a monolayer in order to mitigate the effects of oxygen
mass transfer control phenomena during combustitmeach conditiorbO cc/min

of analysisgages were mixed with 50 cc/min balance bas, which was used to
protect balance from over heatingcombustion tests were carried out ifree
different environments base case (air), constant mass casel constant volume
case.Constant mass and volume cases rdfemreplacement of Nwith an eqal
mass and volume of G@as, respectively.Slight differences in TGA combustion
efficiency profiles wereeported as experimental error for this type of testing. Peak
temperatures obtained from DTG profiles of the coals were found to be in the range
of 472 ¢ 479C for all test conditions. This narrow range was considécete
indicative of similar reactivity characteristics of these two coals in air or any of the

O,/CO, mixture.

Oxyfuel characteristics and combustion kinetics of high ash Indian coete
studied in TGA by Saravanan and hismookers[37]. Pyrolysis tests were carried
out in N, and CQ environments while combustion tests were performed in air and
O,/CO, mixtures having oxygen concentrations of 20, 30 and¥d@oal samples
were heated from room temperature to 1000 with a heatingate of 10C/min and
gas flow rate was kept at 40 ml/min for each tests. GB@& gasification was
observed above 80C in pyrolysis testsCombustion tests showed thavo of the
coals displayed similar behaviour 30% O, ¢ 70 % CQ mixture with those inair
conditions while in the case dhe other coal weight loss profiles obtained in air
environmentlaid betweenweight loss profiles 620 %0, ¢ 80 % CQ and 30%0; ¢

70 % CQ mixtures. Therefore, it was concluded that to achieve similar temperature
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profiles with air case, £0CO, proportion need to be considered according foel
type. In kinetic analysis Arrheniumodel was usedand calculated activation

energies were found within the range from 19 to 33 kJ/mol.

HaykirtAcma etal. [38] studied reactivity and burnout characteristics of biomass
lignite blends in air and pure oxygen conditions by using TGA and DSC methods.
Two different biomass species, sunflower seed shell and hazelnut shell and Soma
Denis lignitewere selected for combustion testBuel samplesavingparticle size
fSaa OGKIFYy wHpn>YX ¢ a KSI G XRvithifahBaing 22 Y G S
of 40°C/min at a flow rate of 100 ml/min. Biomakgnite blends were prepared

with 5, 10 and 20wt.% biomassin the blend.It was reported thatin pure oxygen
maximum weight loss rates shift to lower temperature zone and burnout time
shortens.In cofiring tests,presence of biomass led to expected conversion degrees
at lower temperatures and better burnout levels. Moreover, excess heat arising
from combustion oflignite in pure oxygen could be controlled by-faing lignite

with biomass.
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CHAPTER

EXPERIMENTAL

3.1 General

In the first part of his chaptermaterials used in pyrolysis and combustion tests and
their characteristics including proximate, ultiteaand ash analyses areported.
This was followed by description of the experimental-gptand the method in

detail.

Experiments have been carried out in Middle East Technical University Central
Laboratory within the scope of research project 109M4idariced by The Scientific
and Technical Resgailk / 2dzy OAf 2F ¢dzNJ S&@ O0¢C«. T¢! YO O

3.2 Materials

Five different types of fus including imported coal, petke, two different types of
indigenous lignites and olive residugere selectedfor pyrolysis and combustion

tests.

Representive samples of fuels weselbjected to proximate, ultimate and ash
analysis.Proximate analysis was carried out witECO TGAO1. Ultimate analysis
as performed by usinpECO CHNBO H @ / | f 2 NA UO wérkrhedzBrad 2 ¥ {0 K
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by usingAG500 bomb calorimeterAnalyses were pesfmed according toASTM
standards. The Jeol J9M00 scanning electron microscopel 9 a0 O2 y U3 dzNB R
Noran energy dispersive spectromet@DS)vas utilised for determinationof ash
composition. Proximateyltimate and ash analyses together with calirizalues of

thefuelsk NB 0 NA Sbeé TaweS I NAT SR Ay
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Table3.1: Fuel Analyses

Proximate Analysis Imgc;gad Pegzlf:m Lignite | Lignite Il R(z!;/deue
(As receivedbasis,Yoby wt.)

Moisture 8.15 0.54 16.35 48.77 6.07
Ash 11.21 3.77 28.78 17.56 4.24
Volatile Matter 18.1 13.51 29.79 22.93 75.69
Fixed Carbon 62.54 82.18 25.08 10.74 14.00
Ultimate Analysis

(As received basi%oby wt.)

C 72.87 86.13 37.31 20.40 47.17
H 3.77 3.26 3.30 1.89 5.99
O 2.15 0.00 10.01 9.66 34.78
N 1.63 1.99 0.91 0.70 1.62
Scombustible 0.22 4.34 3.33 1.02 0.13
Ash 11.21 3.74 28.78 17.56 4.24
Moisture 8.15 0.54 16.35 48.77 6.07
Srotal 0.3 4.71 3.49 2.33 0.13
LHV(MJ/kg) 27.04 33.17 9.89 6.34 16.85
Ash Analysig%by wt.)

SiQ 54.08 9.60 43.13 24.01 31.19
ALG; 28.65 2.19 18.20 10.58 5.29
FeOs; 5.16 1.62 15.78 5.15 5.17
CaO 291 30.57 7.63 25.00 17.52
MgO 0.83 1.19 0.48 4.26 2.51
Na,O 0.00 0.00 2.00 0.69 5.21
KO 2.33 0.77 0.63 0.86 27.95
SQ 5.08 46.73 11.08 28.68 2.64
TiGQ 0.96 0.00 1.07 0.78 2.52
NiO 0.00 1.05 0.00 0.00 0.00
V>0 0.00 6.28 0.00 0.00 0.00
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The mported coal is classified as medium volatile bituminous coal accgrtints
percentage of fixed carbon, calculated on a dry,-fisk basis as stated in the
literature [39]. It isa high rankcoalthat hashigh calorificvalue,low volatile matter
and oxygencontent. Imported coal ash is dominated by oxides of silicmd

aluminium.

Petcokeis a carbonaceous solid residual-fmpduct of the oil refining coking
processAs crude oil is refined, lighter fractions or products, such as gasoline and jet
fuel, are driven off leaving a residual oil of relatively little value. In refineries with
cokers, this residual oil is processed further to yield additional amounts of light
products, along withpetcoke Petcoke has higltalorific value andixed carbon
content, therefore, it is used to make heat recoveny energy production. It has
lower ash and higher sulphur contens compared tothe other fuels. Absenceof
inherent oxygen and lowolatile matter content resulin difficult ignition Owing to

the increasing demand for heavy oil processing the productionpeitoke is
increasing. High availabity, high calorific value andow prices make petcoke
attractive asan alternative fuel in energy productiof40-42]. Petcoke ash is
dominated by CaO and Moreover,NiO and YOs are detected in petcoke ash

but not in the ashes obther fuels.

[ATYyAGS Aa y2i 2yteée GKS g2NIXI RQa Yz2aid | 0«
major indigenous sources of energy in Turkey with an estimated quantity of 12.4

billion tons of reserveqd43]. Therdore, in this study two different kinds of
indigenous lignites representing the majority of the reserves are selected for
pyrolysis and combustion experimentggnite lis a typical indigenous lignite from

Can town of Canakkale province in Turkey. As dam seen from
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Table3.1, it is characterized by its low calorific value, high ash content and high
total sulphur content.Lignite 1l is another indigenous lignite from Konya province
that is characterized by itsdih moisture content, low calorific value and higher CaO

content inits ash.

Biomass is a renewable energy resouasét can be considered as a carbon neutral
fuel [44]. Olive residue is selected fpyrolysis and combustioexperiments in this
study, which isa speific type of biomass from olive oil production procdsss the
remaining part of olive after milling and extraction of the olive Ag.Turkey is one

of the main olive producers with 774,000 ha of olive groves hd&4,248 tons of
annual production significant amount of olive residue is producédb]. Olive
residue contains significant amount of oxygen and volatile matter. It has low

moisture and ash content.

3.3 Experimental Seup

In the present workthermogravimetry (TGA) / differentishermogravimetry DTG)

were used to determine pyrolysis and combustion characteristics of fuel santples.

is a rapid, inexpensive and simple method that has been widely used in studying the
pyrolyss and combustiorbehaviour of various fuels and evaluating the relative
burning properties of fuel sampld43, 15, 46, 47]For determination of evolved
gases during pyrolysis and combustion experimehGA syste was coupled with
Fourier transform infraredKTIR spectrometer, which has margpplicationsin the

open literature[25, 35, 4852].

Figure 3.1 shows a schematic diagrawf the experimental setup consisting of
Perkin Elmer Pyris STA 6000 thergravimetric analyzer, Spectrum 1 FTIR
spectrometer and a mass flow controller (MFC) for each gaseous sp&Gésand

FTIR were connected by a heated line with a temperature ofQ70 order to
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prevent the condensation of gases. FTIR spectra were collected with 4 cm

resolution, in the range of 400000 cm1 IR absorption band.

Evolved Sample
.Gil—ol—T_ -2
4%1_ L |
v
/ SIS
| Furnace ‘ l Sample Pan ‘ IMFC MFC MFC
—
MFC CONTROL
~7\ STATION
Purge
(Balance) ]
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SPECTROMETER | - I

|

Figure3.1: Schematic diagram of the experimentatige

3.4 Experimental Method

About 12 mg of coal sample with particle size leshth00>Y g+ & KSt R AYAi
room temperature for 1 min and then heated with a heating rate of@nin from

room temperature up to 958 during each experiment. In pyrolysis tests, samples

were held at 958C for an additional 60 mins. The required combustion
environments were formed by mixing two gases in the desired ratio by using two
different mass flow controllers in order to regulate the flow rates of the gases. The

total gas flow was set to 7él/min for pyrolysis and 45 ml/min for combustion

experiments.

Pyrolysis tests were carried out under nitrogen and carbon dioaid@ospheres,

which are the diluting gases of air and efyel environments, respectively. Four
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combustion tests were performed in air environment to investigate the effect of
combustion @vironment on burningprocess The base case was considered as
combustion in air environment. In oxygamriched air case the sample is burned in
30 %O, ¢ 70 %N, atmosphere. In oxyuel combustion tests, the volume of;N
used in the base case was regda with an equal volume of GQn the last case,
combustion of fuel sample was investigated in oxygeenriched oxyfuel

environment, that is, in 300, ¢ 70 %CQ atmosphere.

TGA and DTG profiles obtained during pyrolysis and combustion experimergs we
used to determine some characteristic parameters such as initial decomposition
temperature (Tn), peak temperature (s, ignition temperature (§) and burnout
temperature (T). T, represents the initiation of weight loss and is defined as the
temperature at which the rate of weight loss reache&dmin after initial moisture

loss peak in DTG profild2]. Tnax iS the point at which maximum reaction rate
occurs. Different fro initial decomposition temperature, ignition temperaturg i
defined as the temperature at which coal starts burning. It is taken as the
temperature at which the weight loss curves in the oxidation and pyrolysis
experiments divergg25, 46, 53] The last characteristic temperature considered is
burnout temperature, whichrepresents the temperature where sample oxidation is
completed. It is taken as the point immediately before reaction ceases when the

rate of weght loss is 24min [13].

Theoretical DTG curves of the blend samples were plotted in order to investigate
the interactions between coal and biomass sdespand influence of blending on
characteristic temperatures. The curves were calculated by applying the additive
rule using the profiles of individual components according to their ratio in the blend
[54-56].

A lirear relation between spectral absorbance at a given wavenumber and
O2y OSYuUNYGA2Y 2F 3L aSz2dza O2YLRySyida Aa
points of absorbance at a certain wavenumber are plotted against temperature in

order to obtain a formation pfile for each evolved gas observed in the spectra
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during experiments. The IR wavenumbers of,GC0, KO, CH, SQ and COS are
2360, 2112, 1540, 3016, 1340 and 2042 crespectively. Formation profiles of NO
related species such as NO and,N#De not eported due to overlap of their
absorption bands with the characteristic absorption bands of water in the range of

3900:3500 and 190€1350 cni.
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CHAPTER

RESULTS AND DISCUSSION

4.1 General

This study is based on investigation of pyrolysis and combudtaraviour of
variousfuelsin air and oxyfuel conditions.The effect of diluting gas and oxygen
concentration on pyolysis and combustion chara&eisticsare studied by using TGA
FTIR combined systenin this chapter,TGAFTIRest resultsare analyzedy using
weight loss and derivative weight loss profiles (TGA/DTG) profitesracteristic
parameters are calculated by the method defined in Chapter 3 and presdated
each fuel and their blendVioreover, gas formation profiles of the evolved gases

identified in FTIR spectia the fuel sampleare also given.

Pyrolysis as the preliminary process of coal combustion plays a crucial role in
determining flame stability, ignition, and product distributiofs7]. The possible
impacts of different gases onymlysis process necessitate the investigation of
devolatilization behaviour of fuel in bothldnd CQ environments.Devolatilization

of fuels may differentiate in volatile composition, volatile yield and possiblecCO
char reaction at high temperaturange.Therefore pyrolysis tests were carried out
under both nitrogen and carbon dioxidggmospheres, whiclare the diluting gases

of air and oxyfuel environments, respectively.

24



Oxyfuel combustion was found to differ from air combustion heat transfe,
combustion characteristics and emissiodse to te presence of COn high
concentrations in oxjuel combustion conditionsTherefore, in order to investigate
effects of combustion environment,ombustion ests were carried out under air
(base case)xygenenriched conditions (3020, ¢ 70 % N,), oxyfuel conditions
(21 %O, ¢ 79 % CQ), oxygerenriched oxyfuel conditions (30% 0, ¢ 70 % CQ)

for all fuel samples

4.2 Imported Coal

As mentioned previouslymported coalis a high rankmedium \olatile bituminous
coal with high calorific value and low volatile matter content. Pyrolysis and

combustion characteristics ahported coal are explained in the next two sections.

4.2.1 Pyrolysis of Imported Coal

Pyrolysis behaviour of imported caalN; and CQ environmentsis shown with TGA

and DTG curves Figure4.1.
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Figure4.1: TGA and DTG profiles of imported coal during pyrolysis amtiCQ

atmospheres

As can be seenrdm figures, similar behavious are observedin pyrolysis of
imported coalsamplesunder N, and CQ atmosphere up to around 79°C, which
indicates that C®behaves as an inert atmosphere until a certain temperature.
After moisture release in théirst 200°C temperature zone, pyrolysis continues with
the releaseof volatile matter content in the range of 2Q050°C. In 25@490°C
temperature interval, it is known that primary pyrolysis takes plad¢ech includes
the release of larger fraction of volatiles, mly light species and gases; £Gght
aliphatic gases, Glnd HO. Tar and hydrocdrons evolve between 490 and 640°
During seondary pyrolysis additional gas formation such ag, @D and kfrom
ring condensation is mainly observgtl7, 57] The major difference in pyrolysis of
imported coal samples these two different atmospheres is observed aft&7C
with the separation of TGA profiles. In ZYB0°C temperature rangeadditional
peak is displayed iDTGprofile of imported coalobtained in C@atmosphereas
shown in Figure 4.1. Sharp peak observed in DTG profile of pyrolysis in, CO
environment can be attributed to ch@€Q gasification reaction as also confirmed
by higher totalweight loss in COatmosphere as shown iconfirmed by other
studies[25, 29, 33, 34]

Table4.1: Pyrolysis Characteristics of Imported Coal

Pyrolysis in N Pyrolyss in CQ

Tin °C) 465.2 463.9
Trmax-1 (°C) 517.0 528.4
Tmax-2 (°C) - 933.7
(dm/dt) max-1 (%/min) 2.0 2.0
(dm/dt) max-2 (%9'min) - 1.2
Weight loss up tq %) 21.1 23.2
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Formation profiles of evolved gases including,,COO, KO, CH, SQ and COS
during pyrolysis in Nand CQenvironments are shown iRigue 4.2. CQ formation
displays an increasing trenth the temperature range of 2005(°C, with a
maximum absorbance value at around 75 This rage corresponds to the
devolatilization temperature interval as represented in DTG curve of imported coal.
Formation of C@in N, environment is found to be the major contributor to the
evolved gases with its highest absorbance intensity. CO formatiohsisreed to
initiate at around 300°C and continue to evolve up to 700°C. CO formation is
observed to complete at 85C in nitrogen atmosphere, whik distinctive increase

is observed in formation profile of CO due to ata® gasification reactionn CQ
atmosphere Water vapour shows an increasing trend especially after 700°C. It is
considered to be due teffect of side gasification reactioa Methane formation
takes place between 406 600°C with slightly higher absorbance intensity in, CO
environment. In the case of sulphur containing gases, @4@d COSormation is
identified in the FTIR spectra. Certain amount o, 80formed in two steps at
around 606C and 908C.In CQ atmosphere, theabsorbance intensity of S@as is
higher than the one in Natmosphere; however, similar trends are observed in both
atmospheresAs reported in the literatureCOS is formed by reaction of pyrite or
sulphur formed during pyrite decomposition with @84, 35, 58] Therefore,CC5
formation is observed to increase significantly with the initiation of gasification
reaction in C® environment. Higher CO concentration in pyrolysis environment

leads to the formation of COS in £4&dmosphere, in contrast to Natmosphere.
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4.2.2 Combustion of Imported Coal

Figure4.3 shows combustion behaviour of importedalan air, oxygerenriched air
(30 %O, ¢ 70 % Np), oxyfuel environment (21% 0O, ¢ 79 % CQ), and oxygen
enriched oxyfuel environment (30%0, ¢ 70 %CQ).
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Figure4.3: TGA and DTG profiles ofported coal in different combustion

atmospheres

TGA curves ifrigure 4.3 shows that the effect of oxygen concentration is more
significant than that of the diluting gas {Mr CQ) on the combustion profiles.
While combustion in O)/N, and Q/CO, mixtures with identical oxygen
concentrations results in only slight differences in combustion characteristics,
elevated oxygen levels in combustion environment shift the weight loss curves to

lower temperature zone.

Overall comparison oDTG curves reveal two main weight loss steps in all
combustion environmentslhe firststep correspondso moisture release within the
temperature range of 20, and the secondone accounts fomweight loss due to

devolatilization of volatile matter andusning of char in the temperature range of
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300-850°C. After 208C, increase to positive values is observed in the rate of weight
loss inDTGcurves which is related to the weight gain during heating the
temperature range o200-400°C[13, 59] This is considered to be due to oxygen
adsorption in the coastructure, whichresults in formation of oxygenated complex
before combustion. In air firing case, as can be seen from the figure, devolatilization
and char buring is not sharply separated, however, the shoulder around®@agan

be attributed to volatile release.

Comparison between the DTG curves of imported coal in air andfuexy
environments reveals that replacing nitrogen with Q@sults in lower reactiwt

and delayed combustion due to lower slope of weight loss rate and higher peak and
burnout temperatures. Delayed combustion in Cénvironment is a physically
expectedphenomenonthat takes place due to higher specific heat o, &ading to
lower partice temperature [6, 22, 25] The shoulder in DTG profile in £0O
environment after 808C is also worth noting. This can be attributed to,Ckar

reaction as also confirmed by findings in the literat(88].

Combustion of imported coal in oxygen enriched air environment displays
significantly different behaviour than that in air environment despite the similarity
in the shape of DTG profileFable4.2 shows thatinitial decomposition, peak and
burnout temperatures are lower in the oxygen enriched air environment. These
lower temperatures are indicative of earlier loss of volatile matter, easier ignition
andfasterapproach to complete combustion, respectively. Thisse abnfirmed by
higher reactivity of imported coal in oxygen enriched atmosphere due to higher
maximumweightloss rate, (dm/dt).y and lower temperature corresponding to the
main peak, fax It can, therefore, be concluded that imported coal burns hoted

faster inoxygenenrichedenvironment compared to air environment.
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Table4.2: Combustion Characteristics of Imported Coal

21%0,-79% 30%0,-70% 21%0,-719% 30%0,-70%

N2 Nz CQ CQ

Tin (°C) 387.4 376.7 387.0 371.4
Trmax1 (°C) 618.3 594.9 629.2 591.1
T (°C) 848.4 745.0 885.1 752.0
(dm/dt) max.

i) 133 16.1 118 15.0
T,y (°C) 446.6 422.0 393.0 420.3
Weightloss up - gq 4 89.2 93.3 90.3

to 950°C (%)

The DTG profiles of imported coalorygen enriched air and oxygen enriched, CO
environments reveal close resemblance and slightly lomaximum weight loss
rate in the CQ environment. Overall comparison of DTG profiles shows that higher
oxygen content in the combustion environment is thest effective parameter
irrespective of the dilute gas. At higher, @oncentrations peak and burnout
temperatures are lowerweight loss rate is higher and complete combustion is
achieved at lower temperatures and shorter tifb, 29, 33, 35, 38, 60 oxygen
enriched oxyfuel conditions, CQ gasification shoulder disappears as complete

combustion is achieved before 8.

Figure 4.4 displays formation profiles of gases/olved in different combustion
environments.Gaseous species evolved during combustion tests were found to be
CQ, CO, KO, CH, SQ and COS. Gvolution is observedo initiate at around
300°C and continug up to the end of combustiomn air and oxygesmnriched air
conditions Higher oxygen concentration in combustion environment results in shift
in CQ formation profile to lower temperature zone as elevated oxygen levels lead
to faster burning and earlier release of £@he major contributor to the elved

gases is found to be GQith its higher absorbance intensityCO formation is
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identified between 3000C°C and similar trends are displayed in all combustion
conditions. In oxyfuel environment, CO formation is completedat higher
temperaturescompaed to air conditionsdue to effect of gasification reaction. In
the first 200C temperature zone, 4@ formation isdetected due to moisture
release in all casedn the secondpart, further HO release is observeth all
conditionsdue to coal oxidatiomeactions However, HO formation is found to be
slightly higher in oxjuel conditions. Similar trends are displayed irCH gas
evolution profiles 400; 700°C in all casesSQ gas formation is observed during
entire combustion period. COS gas evolvethintemperature range 0800-900°C
under all combustion conditions. COS formation is completed in higher

temperatures in oxjfuel casesimilar toCO formation
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4.3 Petcoke

Petcokeis aby-productof oil refining procesfetcokeis typicallya carbonrich fuel

that contains low volatile matter and high sulphur content with very low ash.

4.3.1 Pyrolysis ofPetcoke

TGA ad DTG curves gletcokeunder nitrogen and carbon dioxide environmeare
shown inFigure4.5. Pyrolysis characteristics determined from these profiles are

summarized iMable4.3.
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Figure4.5: TGA and DTG profilesp#tcokeduring pyrolysis in Nand CQ

atmospheres

As can be seen fromiGA curve irFigure4.5 and Table4.3 total weight loss of
petcokeunder CQ atmosphere is significantly higher than that in &imosphere.
DTG curve of the petcoke samplesshow that moisture releaseiakes placewith

relatively lower weight loss rate due its lower moisture contentin the first 206C
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temperature zone After moisturerelease,two main weight loss steps appear in
DTG profiles of the fuel samples. First weight loss step wi2M0-700°C
temperature range is attributed to release of volatileatter content Higher heat
capacity of C® gas leads to delay in weight loss profijlekigher initial
decomposition and peak temperatures undé atmosphere. Second weight loss
step is represented with additional peaks after 700°C in both atmosphéres,
atmosphere, second peak adtributed to calcite decomposition in Natmosphere.
This point can also be confirméy high CaO contenh petcokeash {Table3.1) and
related studiesn the literature[34, 48, 54] However, the sharp peak observed in

CQ environment is considered to be due to cHa@ gasification reaction

Table4.3: Pyrolysis Characteristics®étcoke

Pyrolysis in N Pyrolysis in CQ

Tin (°C) 514.9 570.9
Tmax-1 (°C) 582.3 638.7
Tmax.2(°C) 742.9 944.2
(dm/dt) max-1 (%'min) 1.4 1.3
(dm/dt) max-2 ( %/min) 1.5 1.6
Weight loss up td®5FC( %) 14.4 17.0

Formation profiles of the gases released during pyrolgsisetcokeis represented

in Figure4.6. CQ formation takes place in three steps in the temperature range of
200¢ 95C°C. First two steps are considered to be due to release of volatilities while
last step represnts the CQrelease as a result of calcite decomposition reactions.
CO formation profile reveals that significant anmb of CO is evolvedue to charg

CQ gasification after 80CC. In CQ atmosphere vater vapour formation is

significantly highethan tha in N, atmospherein high temperature zonbecause of
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gasification reactions. Methane formation is observed in the temperature range of
500 ¢ 90C°C in both pyrolysis conditions. In pyrolysis of high sulphur content
petcoke samples, SOformation is identified after 500C andrelatively higher
absorbance intensity is observed in &mosphere.COSvolutionappears at high

temperature zone related to CO formation.
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4.3.2 Combustion ofPetcoke

TGA and DTG profiles evaluated in combustion tesfsetifokeare represented in
Figure4d.7.
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Figured.7: TGA and DTG profilesp#tcokein different combustion atmospheres

Different combustion behaviour®f petcoke are observed in all combustion
conditions. Effects of oxygen concentration and diluting gas dhd CQ) on
combustion are cleayl displayed inTGA curvesf Figure4.7. Weight loss profiles
reveal that elevated oxygen level¢ead to shift in combustion curves to lower
temperatures.Moreover, C@ as a diluting gas ithe combustion environrant,
causes delay in combustion argsults in combustion gbetcokesamples at slightly

higher temperatures

Overall comparison of DTG curved-igure4.7 reveals thatweight loss takes place
at one main stepMoisture release is not observed in the first 2GQ0temperature

zone due to absence of moisture petcoke samples in contrast to other fuels.
However, &er 100°C, weight gains observed to initiate that isaused by oxygen

adsorption before combustion rpcedure until 356C as also observed in
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combustion ofimported coal. After weight gain, nitial decomposition starts at
around 400Cand weight loss reaches to its maximum value at around®Ga0air

and oxyfuel environmentsAfter 800C, distinctive sbuldersare observed in DTG
profiles in both conditions, whichis attributed to thermal decomposition of
carbonaes. In oxyfuel case, the calculated characteristic temperatures suchpas T
Tmax@and Ty are found almost the same with air cases reportedin Table 4.4.
Replacing nitrogen with carbon dioxide in combustion environment results in

delayed combustion; lower weight loss rate, higher peak andrnbut

temperatures.
Table4.4: Combustion Characteristics Bétcoke
21%0,-79% 30%0,-70% 21%0,-79% 30%0,-70%
N, N, CcQ ofe)
Tin (°C) 400.1 381.6 398.7 379.5
Tmax.(°C) 589.0 562.2 587.6 572.6
Ty (°C) 867.0 735.6 923.7 761.8
(dm/dt) max.
omin) 14.0 16.8 12.4 15.5
Tig(°C) 469.5 439.7 465.4 434.7
Weightloss up g4 g 95.9 96.7 97.9

to 950°C (%)

In oxygerenriched conditions,main peak is observed in a narrower temperature
interval between 35@ 750°C.In oxygerenrichedconditions,calcite decompositin
is not observedas complete combustion is achieved befotbe temperature
interval of thermal decomposition reactionall characteristic temperatures such as

Tmax Tin, Tgand T are lower and weight loss rate is higher in elevated oxygen levels.
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Highest relevant temperatures are observed in combustiopeticokecompared to
other fuels. These findings arn@ agreement with the studies reported ithe
literature about petcokestudies[41, 42, 53, 61] Petcoke hs the highest initial
decomposition temperatureand is the hardest fuel to ignite and reach to total

burnout with its highest ignition and burnout temperatures, respectively.

Formation profiles of the gases evolved in combustion testspetcoke are
demanstrated inFigure4.8. CQ formation is observed to initiate at around 3D
and end with the completion of combustion. The formation profile of, @O
oxygenenriched air atmosphere shifts to lower temperaturenealue to the effect

of elevated oxygen level3he major contributor to the evolved gases is found to be
CQ with its higher absorbance intensityCO formation takes place in the
temperature range of 30@ 80C°C and similatrends are observed in formatio
profiles when oxygen concentrations are identical in combustion environment.
Water vapour is evolved betweeB00-900°C with similar formation trends in all
combustion cases. Methane gas identified mainly between 50F50°C.
Combustion of high sulphuioatent petcokesamples reveal that S@as is evolved

in two steps at around 60C and 908C in air and oxfuel cases whil&Q release
takes place in onstep at around 508 in oxygerenriched conditions. COS

formationis detected betweer850¢ 80(°C inall combustion cases.
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Figure4.8: Formation profiles of evolved gases during combustion tespetifoke
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4.4 Lignite |

Lignite | is characterized by its low calorific value, high ash content anddiajh

sulphur content.

4.4.1 Pyrolysis of Lignite |

TGA and DTG profiles of pyrolysis tests of lignite | are shokigtine4.9.
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Figure4.9: TGA and DTG profile§lignite lin N, and CQatmospheres

As can be seen from figures, pyrolysis behaviour of lignite samples andNCQ
atmosphere is observed to be very similar up to aro@@6°C, whichindicates that
CQ behaves as an inert atmosphere until a certéémperature. After moisture
release in the first 20 temperature zone, pyrolysis continues with the release of
volatile matter content in the range of 206(°C. In C@ atmosphere, the
maximum weightloss rate is found to be slightly lower with high@responding

temperature (Tay than theones in nitrogenatmosphere, whichcould be due to
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the effect of higher heat capacity of @@he major difference in pyrolysis of lignite
| samples in these two different atmospheresdbserved after 72%C with the
separation of TGA profiles. In 7980°C temperature rangeadditional peaks are
displayed in both DTG profiles. In nitrogatmosphere, a small peak appearing
after 700C is attributed to partial burning of combustiblmatter at high
temperatures by usig inherent oxygen (almost 1%in lignitel) in lignitesample.
This is also confirmed with the FTIR resuwitisich show a significant increase inCO
formation after 700C. On the other hand, the sharp peak observe®¥G profile
of pyrolysis in C£Qenvironment can be attributed to cha€Q gasificationreaction
as also confirmed by higher total weight loss in, @@nosphere as shown ifhable
4.5.

Table4.5: Pyrolyss Characteristics of Lignite |

Pyrolysis in N Pyrolysis in C®

Tin (°C) 230.8 216.7
Tmax1 (°C) 482.9 481.0
Tmax-2 (°C) 859.8 924.0
Ty (°C) - -
(AdM/dt) max.1 ( %min) 3.6 3.16
(AdM/dt) max.2 ( %min) 1.9 4.8
Tig (°C) - -
Weight loss up to 958 (%) 41.0 50.3

Formation profiles of evolved gases including,,CCO, KO, CH, SQ and COS
during pyrolysis in Nand CQ environments are showim Figure4.10. In nitrogen
environment, C@release starts after 15C and cotinues up to 550C. Additional

peak appears in G@nd CO formation curves due to burning of combustible matter
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in N; environment after 7568C as explained in previous section. In the case of
pyrolysis in C@environment, significant amount of CO is evolfesin char¢ CQ
gasification reaction. Formation of CO in@dvironment is found to be the major
contributor to the evolved gases with its highest absorbance intensity at high
temperature zone. Evolution of CO continues with a distinctive increase GIEC

in CQ environment. On the other hand, in,nvironment, negligible amount of CO

is formed due to partial burning of combustible matter. In both environment§) H
isidentified in the first 208C due to moisture releasandin the temperature range

of 400600°Cas a consequence of coal oxidation reactioklethane release starts

at 300°C and continuesp to the end of the pyrolysis tests with a maximum release
around 500C, in both environments. Similar trends are observed in evolution of
CH duringdevolatilization. In pyrolysis of high sulphur content lignite, & COS
release are noted. Similar $formation profiles are obtained in both environments
in the temperature range of 25@Q 625°C, with two main peaks. Similar trends
indicate that S@formation does not depend on the pyrolysis environment. COS
formation is observed to increase significantly with the initiation of gasification
reaction in C® environment. Higher CO concentration in pyrolysis environment

leads to the formation of COS i©Catmosphere, in contrast to Natmosphere.
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Figure4.10: Formation profiles of evolved gases during pyrolysis tests of lignite |
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4.4.2 Combustion of Lignite |

Figure4.11 compares TGA and DTG profi@dignite | under different combustion

environments.
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Figure4.11: TGA and DTG profileslmnite lin different combustion atmospheres

Comparison of TGA curven Figure 4.11 indicates that the effect of oxygen
concentration is moresignificant than that of the diluting gas {Mr CQ) on the
combustion profiles. Whileombustion in @N, and Q/CQ, mixtures with identtal
oxygen concentrations results inonly slight differences in combustion
characteristics of lignite, elevated oxygen levelsambustion environmenkeads to
shift in weight loss curves to lower temperatgeFirst step ofthe weight loss
accounts for he moisture release in the first 280 temperature range and the
corresponding weight loss due to moisture release is found approximatedy b0

all casesThe second step represents the weight loss due to devolatilization and
char burning. Totalveight loss of samples is found to be almost the same in all

combustion cases.
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First peak within 20 and the second peak within the temperature range -225
600°C represent moisture release and devolatilization and char burning,
respectively in the DTG profiles fothe lignite | samplesIn air firing case,
devolatilization and char burning steps are not discretely separated; however, the
shoulder around 37 can be attributed to volatile release. In dxgl case the
DTG profileof the lignite sample differs frorthe airfiring case with a small peak
indicating the volatilematter release and a shoulder in 3B3C°C temperature
interval indicating char burningvhich takes place within the same temperature
interval in both cases. In oxygemrichedconditions (30%0, ¢ 70 %N, and 30 %

O, ¢ 70 % CQ) the DTG profiles are similar withistinct volatile release peaks and

characteristic temperatures as shownTable4.6.

Table4.6: CombustionCharacteristics of Lignite |

21%0,-79% 30%0,-70% 21%0,-79% 30%0,-70%

[\ N, CQ ofe}

Tin (°C) 224.0 226.1 225.8 202.8
Tmax-1 (°C) - 314.5 347.1 317.2
Tmax-2(°C) 426.2 - - ;

To (°C) 546.8 530.0 550.0 535.6
(dm/dt) max-1 - 20.5 12.3 19.0
(%min)

(dm/dt) max-2 11.0 ; - -
(%min)

Tig (°C) 297.1 265.3 308.8 264.1
Weight loss up 59.2 59.3 59.6 61.2

to 950°C (%)

Thesimilarity in DTG profiles obtained at the same oxygen concentration levels but

with different diluting gas environments is an expected result. In TGA technique
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combustion temperature ofthe sample is controlled by electrical heating and
sample temperature is not affected bgombustion environment. Therefore,
different heat capacities of diluting gases inndaustion environment has no
significant effect on combustion in contrast to practical tests as etsdirmed in
other studies [29, 33, 36] Slightly higher burnout temperature in the €O
environment is indicative foslightly delayed combustiorEffect of higher oxygen
concentration on the combustion process is investigated withtdsts under 30%

O, ¢ 70 %N, and 30 %0, ¢ 70 % CQ environments. Similar trends in thearly
stage of the process (up to 2%D) inboth environments reveal that initiation of the
combustion process is not affected by oxygen concentration ledeilvever, at
higher temperaturesmore significant differences are displayed in DTG curves. In
oxygenenriched conditionsyeight loss stepscluding volatile matter release and
char burning are separately displayaed the DTG profile. In oxygemriched
conditions,a sharper peak that is observed in 26(FC temperature interval with

a weight loss of 244 is attributed to volatile matter reasesince weight loss value
IS in accordance with the one determined in pyrolysis conditi@tsarper peak is
observed to continue with a distinctive shoulder up to %00as representedh
Figure4.11. In somestudies,it was demonstrated that the force of the fusion layer
around solidparticles is rduced by the presence of oxyg@0, 62] This situation
also results in fasterelease of volatiles depending on the natwésolid particles
and experimental conditiongdigh volatile matter content of lignite and the ease
with which it is released, result in thisrmation of a sharper preliminary peak
previowsly observed in low rank coal44]. Theshoulder following the peak is
considered to account for weight loss due to burning of chahénsample. Increase
in the ox/gen concentration causes a shift of the burning profile to tbeer
temperature zone. Effect of oxygen concentration on characteristic temperatures is
very clear. Characteristic temperatures including, Tmnax and T are found to be
lower in oxygerenriched conditions. Moreover, at higher Q concentrations

complete combustion is achieved lower temperatures and shorter times.
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Figure4.12 displays formation profiles of gases evolved in different combustion
environments. The major contributor to theevolved gases is found to be £@ith

its higher absorbance intensigs also observed in combustion of other fuelie
formation profile of CQ in oxygerenriched air atmosphere shifts to lower
temperature zone as levated oxygen levels lead to faster burning and earlier
release of C® CO formation profiles displagimilar trends in identical oxygen
concentration levels while increase in oxygen level resuiltslower peak
temperature. H,O formation profiles show thamoisture is released first in all
combustion environments with further release in the temperature range of°200
to 55(°C.Methane evolution mainly takes place in the temperature rangs®-
55(0°C. In oxygemnriched conditions, maximum release is oh&sr around350°C,
which corresponds to the peak in DTG profile of volatile matter. In the case of
sulphur containing gases, S@nd COS appear in the FTIR spectra. Trend of SO
evolution in FTIRpectra are found to be in accordance with the DTG curves. SO
release starts around 268G and displays different formation profiles depending on
the combustion environmentMaximum release takes place at about 800n air

and oxyfiring cases and 35C inoxygenenriched firing conditions. COS formation
is obsered in all combustion tests in theemperature range of 20850°C with

sharper peaks in oxygesnriched conditions.
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Figure4.12: Formation profiles of evolved gases duroggnbustiontests of lignite |
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4.5 Lignite Il

Lignite 1l is mainly characterized by its high moisture content, low calorific value and

high CaO content in its ash.

4.5.1 Pyrolysis of Lignite I

TGA and DTG profiles of pyrolysis tests under aremd CQ atmospheres are
shown inFigure4.13. The pyrolysis characteristics of lignite Il determined from

these profiles are summarized Trable4.7.
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Figure4.13: TGA and DTG profiles of lignite Il inaNd CQatmospheres

Pyrolysis results of lignite Il samples show that weight loss profiles are almost the
same up to a temperature of 720 in N and CQ@environments, indicating that GO
behaves as an inert gas this temperature range aalso observed in pyrolysis of
other fuels. After moisture release in the first 200 temperature zone, pyrolysis

continues with the release of volatile matter content in the range of-260°C. In
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700-:95(°C temperature range, atitional peaks are displayed in pyrolysis profilas.
small peak appears after 78D which is attributed to calcite decomposition ia N
atmosphere. The sharp peak observed in, EQvironment is considered to be due

to charCQ gasification reaction.

Table4.7: Pyrolysis Characteristics of Lignite Il

Pyrolysis in N Pyrolysis in C®

Tin (°C) 241.6 232.6
Tmax.1 (°C) 400.0 398.3
Tmax- 2 (°C) 757.0 878.6
(dm/dt) max.1 ( %/min) 4.1 4.0
(dM/dt) max. 2 ( %/ min) 3.1 7.0
Weight loss up to 958C (%) 50.2 70.2

Formation profiles of the evolved gases during pyrolysis tests are represented in
Figure4.14. CO formation initiates at around 280 and takes place duringeh
entire devolatilization process with two main peaks at #D0and 808C in N
environment. The peak displayed at 8G0demonstrates the release of £due to
calcite decomposition reactionsSignificant increase is observénl CO and COS
formation after 700°C in C@ environment because of cha&Q gasification
reactions. Sharp peaks in the first 200temperaturezone in HO formation profiles
represent water vapour release from high moisture content lignite Il. Similar trends
are displayed in methane ewdlon which takes place betweeB00-80F°Cin both
environments.SQ formation is observed to reach its maximum value at €D@and

takes place during the entire devolatilization process.
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4.5.2 Combustion of Lignite Il

Figure4.15 compares TGA and DTG profiles of lignite Il in different combustion

atmospheresCombustion charactestics of lignite Il is represented Trable4.8.
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Figure4.15: TGA and DTG profiles of lignite Il in different combustion atmospheres

Comparison of TGA curvesveals that similar behaviours are observed in weight
loss profiles in identical oxygen comteation conditions. In oxygeanriched
conditions TGA profiles shift to slightly lower temperatures as higher oxygen levels
leads to easier and faster burningfdet of oxygen concentration on combustion is
more clearly displayed in DTG curvesFigure 4.15. Four different peaks are
representedin the DTG profileof lignite 1| samples First peaks within 20C
represern moisture release whereas other peaks within the temperature range 225
600°C show devolatilization and char burning steps respectively, for all dd&gs.
volatile matter content of lignite and the ease wilts releaseresult in the
formation of two disinctive peakdn DTG profilegiepresenting devolatilization and

char buningsteps, which is widelgbserved in low rank coals.
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The last peak is considered to account for calcite decomposition. Replagiog N
CQ in combustion environmentauses slightlelay,lower maximum rate of weight
loss in char combustion zonand higher burnout temperaturgTable 4.8) in
combustion of lignitell. As @ concentration increases, profiles shift to lower
temperatures, peak and burnout tempedtraes decrease, weight loss rate increases

and complete combustion is achieved at lower temperatures and shorter times.

Table4.8: Combustion Characteristics of Lignite Il

21%0,-79% 30%0,-70% 21%0»-719% 30%0,-70%

N2 Nz CQ CQ
Tin (°C) 217.3 218.2 219.8 223.7
Tmax-1(°C) 330.9 306.2 315.3 294.8
Tmax-2 (°C) 495.5 374.6 488.0 424.0
Tmax-3(°C) 639.6 621.5 644.0 623.6
Ty (°C) 668.9 652.7 671.0 664.0
(d m/dt) max.-1
Omin) 9.8 25.5 13.4 28.7
Omin) 8.6 11.5 7.7 9.4
O4min) 4.2 22.9 3.5 23.0
T (°C) 284.5 256.6 262.7 263.3
Weight loss up 67.9 68.5 69.8 69.2

to 950°C (%)

Figure4.16 compares evolution trendsf the gasesdentified in combustion tests
of lignite II. Three main steps are displayed in J@rmation profiles in @N»
mixtures, whichcorrespondto CQ release due to volatile matter release, char

burning and calcite decomposition. Different CO lation profiles are observed in
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all combustion cases. CO evolution takes place betva##r600°C and600-800°C
in two stagesMethane gas is identified in the temperature range of 3WI’C and
similar trends are obtainedn its formation profiles when xygen concentrations
identical in combustiorenvironment Two peaks are represented in S@ofiles in
all conditions. Howeveradditional peaks are observed at around 6&Din oxygen
enrcihed conditions. Certain amount of COS is evolved bewteer6G0T in all

combustion conditions.
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Figure4.16: Formation profiles of evolved gases during combustion tests of lignite Il
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4.6 Olive Residue

Olive residue ishe remaining part of olive after milling and eattion of the olive
oil, whichis a specific type of biomass from olive oil production process. It contains

significant amount of oxygen and volatile matter, low moisture and ash content.

4.6.1 Pyrolysis of Olive Residue

TGA and DTG curves obtained in pysislyests of olive residue ashown inFigure

4.17.
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Figured4.17: TGA and DTG profiles of olive residuejamtl CQatmospheres

As can also be seen froRigure4.17 and Table4.9, pyrolysis of olive residue starts
at around 180C and continues with a shoulder at around 250representing
decomposition of hemicellulose and agleat around 358C accounting for the
decomposition of cellulose. Above 40 the weightoss continues at a slower rate,
which corresponds to the slow degradation of lignin. Lignite, on the other hand,

starts devolatilization at a slightly higher tempare (220C) and weight loss
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continues with a peak around 58D. Two main weight loss stee displayedn
DTG profiles in nitrogen atmosphere while an additional weight loss apgears
after 700C in C@environment. First weight loss step within-280°C temperature
range demonstratesmoisture release and the second weight loss step within-200
600°Cis due tovolatile matter release in both atmospheres. Additional peak after
700°C seen in DTG curemder CQ atmosphere is considered to be due to GO

char gasification reaction.

Table4.9: Pyrolysis Characteristics of Olive Residue

Pyrolysis in N Pyrolysis in C®

Tin (°C) 183.1 175.6
Tmax-1(°C) 355.5 354.9
Tmax.2(°C) - 934.4
(dM/dt) max.1( %4min) 28.4 28.3
(dM/dt) max.2 ( %6min) - 7.5
Total weight loss up to 95 (%) 75.0 87.0

Formation profiles of the evolved gases during pyrolysis tests of olive residue are
reported in Figure4.18 . CQ formation initiates at around 20 and continues up

to 600°C. CO formatioprimarily identified at 400C; however, significant increase

is observed in high temperature zone due to gasification reaction in CO
environment. Water vapour is evolved between mainly around 400C in the
temperature range of 2080(°C after moisture release. Two main peaks are
displayed in the formation profile of methane at around 300and 608C. S@
formation reaches to its maximum value at 4Q0and similar evolution trends are
observed in both pyrolysis environments. COS formation takes place in a relation
with CO formation and is observed to increase after°8h C@environment due

to the effect of gasification.
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Figure4.18: Formation profiles of evolved gases during pyrolysis testdived

residue
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4.6.2 Combustion of Olive Residue

Figure 4.19 compares TGA and DTG profiles of olive residue under different

combustion environments.
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Figure4.19: TGA and DTG profilesalive residuan different combustion

atmospheres

In the case of oliveesidue,thermal and oxidative degradation takes place in two
stages in all combustion envirormts. In the first stage the main weight loss occurs
within the temperature range 1886(°C. This region corresponds to
devolatilization of hemicellulose and cellulose components and their subsequent
ignition. The second stage weight loss is associated etiar combustion within the
temperature range 36®00°C. These findings are in agreement with those in the

open literature[11, 6365]

Table4.10 displays combustion chacteristics of olive residue. As can be seen from
the table initial temperature of olive residue is not affected by combustion
environment and is around 18C in all combustion environments. Moreover,

similar to initial decomposition temperature, mapeak of volatile matter release
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appears at around 3fC in all combustion environments. Rate of weitfigs, on

the other hand, is observed to vary with combustion environment. Increase in
oxygenconcentration results in higher maximum weight loss rates ireespe of

the combustion environmentwhile presence of CQas diluting gas in combustion
environment leads to decrease in peak height doeits higher heat capacity.
Elevated oxygen level leads to a shift in char combustion peak to tewgrerature
zonewith increase in its weight loss rate. However, higher char combustion peak
and burnout temperatures in oxjyuel conditions are indicative of delayed

combustion due to thexistenceof CQ in the combustion environment

Table4.10: Combustion Characteristics of Olive Residue

21%0,-79% 30%0-70% 21%0,-79% 30%0,-70%

N> N, CQO CQO
Tin (°C) 183.9 186.9 174.6 179.8
Tmax-1(°C) 308.9 304.3 309.7 311.2
Tax2 (°C) 405.3 390.9 435.8 413.2
T (°C) 567.7 526.6 579.9 544.3
(dm/dt) max1 48.4 58.9 43.7 53.2
(% min)
(dm/dt) max.2 14.4 20.5 10.6 15.9
(% min)
T,y °C) 258.8 258.5 229.5 264.1
Weight loss up 95.6 95.8 96.9 95.7

to 950 (%)

FTIR analysis results of the combustion tests are showhgure4.20. Two main
steps are displayed in the formation profiles of Gfas, representing the volatile
matter and char combustion steps, respectivélyD and kD formation take place in

the temperature range of 26800°C. Similar trends are observed in the formation
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of these gases in all combustion environmerethane evolution profile displays
two stages; one around300°C andthe other 45(°C, under all combustion

conditions. SQ and COS formation take place duimntire combustion process
with a maximum release at around 3@Wand their formation profile display similar

trends in all cases.
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Figure4.20: Formation profiles of evolved gases during combustists ofolive

residue
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4.7 Imported Coal; Petroleum Coke; Lignite | Blend (Blend 1)

Blend | was prepared by mixing high rank imported coal, low rank lignite | and

petcoke in the proportion of 60:30:10.

4.7.1 Pyrolysis of Blend |

Pyrolysis profiles of the bhel samples in Nand CQ conditions are shown ifigure
4.21. The pyrolysis characteristics of the blend and its parent fuels are summarized
in Table4.11.

Or e Pyrolys!sin N2
100 I Pyrolysis in N2 —=—— Pyrolysis in CO2
F ——+—— Pyrolysis in CO2 {
o0f £ |
L £
L = -1 i
= 8or g | %\5
ey F ] L
5 T £ | A f
2 70r 2 -2r f 3
: =t Z
[ ] B
60 € [ }
[ -3
50_—..‘|.‘.|‘.‘|.“|“ 7\\\1...|...|..‘|“‘|
200 400 600 800 200 400 600 800 1000
Temperature (°C) Temperature (oC)

Figure4.21: TGA and DTG profiles of Blend | srahld CQatmospheres

Two main weight loss steps are displayed in weight loss prodieislend Iin
nitrogen atmosphere whildurther weight loss step appearafter 700C in C@
environment. Moisture is releasedwithin 25-200°C temperature range in both
conditions. cond weight loss stepepresents devolatilizatiowithin 200-600°C.
Similar trends are obtained in both pyrolysis tests, however, inad@osphere, the
weight loss rate is found to be lower than the one in&imosphere which is due to

the effect of higher heat capacity of g¢(Table4.11). Additional peak after 70
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seen in DTG curve under £@imosphere is consided to be due to CO¢ char

gasification reaction

Table4.11: Pyrolysis characteristics of blend | and its parent fuels

T Tow  (AM/AD) o Weight loss up to

950°C
Ea Pyrolysisin M 465.2 5170 2.0 21.1
S O
QO
£ Pyrolysis in C® 463.9 528.4 2.0 23.2
% Pyrolysisin N  514.9 582.3 1.4 14.4
O
@ |PyrolysisinCo 5709 6387 13 17.0
E Pyrolysisin N 230.8 482.9 3.6 41.0
5
= | Pyrolysisin C® 216.7 481.0 3.16 50.3
S .
oy | Pyrolysisin N  389.6 5125 3.1 27.1
2
2 | PyrolysisinC® 3923 512.1 2.4 30.0
o
§ Pyrolysisin N 405.4 500.1 2.1 26.5
©
3
o | Pyrolysisin C® 409.2 532.2 2.0 30.3

Pyrolysis behaviours of blend | and its parergl$uunder Nand CQ environments
and the theoretical pyrolysis behaviour of the blend calculated by using additive

rule are compared ifrigure4.22.
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Figure4.22: Pyrolysis profiles of blend | and its parent fuels sl CQ

environments

As can be seen ifigure4.22 lignite | devolatilizes at lower temperatures with
higher weight loss rate due to its high volatile thea content compared to
imported coal andpetcoke. Overall comparison of DTG curves reveals that
experimental curve of blend | reveals close resemblance with lignite | as lignite
dominates pyrolysis behaviour of the blend with its significantly higheatel
matter content Pyrolysis behaviour of blendshowsthat peak height decreases
and the peak position shifts to higher temperatures with the additionngborted
coal and petcoke. Theoretical blend | curve displaysome deviations from
experimental kehaviour. Each devolatilization stepf imported coal, petcoke and
lignite appears in theoretical curve of blend with lower weight loss rate in both
pyrolysis conditions. This is considered to be due to interactisyisergybetween

parent fuels during prolysis procespl9, 54, 66]

The evolution profiles of the gaseous species including CO, KO, CH, SQ and

COS, from the pyrolysis of blend | in nitrogen and carbon dioxide are shown in

Figure4.23. In the formation profile of C£) three peaks are displayed at around
400, 550 and 75 during pyrolysis inNitmosphere. The first peak representsCO

release due to devolatilization of lignite component while second pray account
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for volatile matter release ofmported coal and petcoke togetheithe &st peak
shows C@ release as a consequence of calcite decompositain petcoke
component at high temperature zone. In both environmentgOHbidentified in the
first 200°C due to moisture release. Metha formation takes place between 400
800°C. Certain amount of SOs also formed as eesult of the high sulphur content
of lignite and petcokein the blend at around 35 and 508Cwith similar trends in
both pyrolysisconditions After 700C, distinctive increase sbserved inCO and

COSormation profilesin CQ atmosphere due to C{, char gasification reaction.
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Figure4.23: Formation profiles of evolved gasduringpyrolysistests of blend |
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4.7.2 Combustion of Blend |

Combustiom profiles of the imported cogbetcokelignite | blend in different
combustion environments are given kigure4.24. Combustion characteristics of

the fuel sanples are summarizeah Table4.12.
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Figure4.24: TGA and DTG profilesldénd lin different combustion atmospheres

In air and oxyfuel cases, after moisture release in thisf 200°C temperature zone,
three weight loss steps are displayed in weight loss curves. The first two steps
account for combustion of highly reactive lignite component in the temperature
range of 3045(°C. In this interval, volatile matter and char commtion steps of
lignite | are discretely separate@ihe main peak betweea50-700°Cis attributed to
combustion ofimported coal and petcokén both conditions.In this temperature
interval, rate of weight loss is lower, peak and burnout temperatures ayben in
oxy-fuel conditions asigher heat capacitfCQ leads to delay ircombustion The
effect of oxygen concentration is found to be more significant than that of the
diluting gas (M or CQ) on the combustion profilesAt elevated oxygen levels,

weight loss ratesncreasesand characteristic temperatures including, Thaxand &
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decrease In oxygerenriched conditions,additional peaks appear in the main
combustion peak of imported coal and lignite between 4WI’C. These additional
peaks demonstras burning of volatiésin imported coal and petcoke as volatile
matter and char burning steps are separated due to the effect of oxygen

concentration.
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Table4.12: Combustion characteristicg blend | and its parent fuels

Tin Tmax (dm/dt) max Tg Ty Total weight loss up to 950°C

s | 21%0;-79%N; 387.41618.3 - - 13.3 - - 446.6| 848.4 89.1
% f_g 30%0, - 70%N; 376.7 | 5949 - - 16.1 - - 422.0| 745.0 89.2
g I 21%0,-79%CQ | 387.0|629.2 - - 11.8 - - 393.0| 885.1 93.3

30%0,-70%CQ | 371.4]591.1 - - 15.0 - - 420.3| 752.0 90.3
o | 21%0;-79%N, 400.1|589.0 - - 14.0 - - 469.5| 867.0 96.8
§ 30%0, - 70%N; 381.6 | 562.2 - - 16.8 - - 439.7| 735.6 95.9
£ |21%0,-79%CQ | 3987 [587.6 - - 12.4 - - 465.4| 923.7 96.7

30%0,-70%CQ | 379.5]|572.6 - - 15.5 - - 434.7| 761.8 97.9
— 121%0;-79%N, 224.0 - 4262 - - 11.0 - 297.1| 546.7 59.2
% 30%0, - 70%N, 226.1 13145 - - 20.5 - - 265.3| 530.0 59.3
2 121%0,-79%CQ | 225.8 347.1 - - 12.3 - - 308.8| 550.0 59.6

30%0,-70%CQ | 202.8|317.2 - - 19.0 - - 264.1| 535.6 61.2
g 21%0, - 79%N; 329.6 | 368.8 424.1 573.7| 7.8 54 11.4] 363.4| 780.2 81.5
':'; 30%0, - 70%N; 306.9 | 328.3 403.9 551.2| 18.0 45 12.4| 324.3| 7156 80.8
& |21%0,-79%CQ | 308.1|343.1 410.0 609.9] 11.5 4.0 10.0| 338.7|795.23 82.3
- 30%0,-70%CQ | 315.31343.2 411.0 583.5| 11.8 56 11.8] 346.3| 725.9 82.9
8 21%0, - 79%N, 332.8 - 637.8 - - 10.8 - 360.7| 852.8 80.9
|E 30%0; - 70%N, 2957 |1 314.7 595.7 - 55 11.5 - 298.1| 740.7 81.1
g 21%0,-79%CQ | 316.4 - 630.4 - - 8.3 - 334.7| 887.4 83.2
@ 30%0,-70%CQ | 300.5]316.4 5915 - 49 107 - 308.4| 754.5 82.3




Combustion profiles of imported coal, petcoke and lignite | and their bletil itgi
theoretical behaviour under different combustion environments are shown in

Figure4.25.
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Figure4.25: Combustion profiles of blend | and its parentl&im different

combustion environments

Theoretical and experimental combustion profiles of the blend mainly display
different trends, which may be due to synergistic interactions between parent fuels
in all combustion environments. In theoretical DTGvesr of the blend samples,
lignite combustion is notistinguisheddue to its lower proportion in the blend.

However, as lignite burns separatefyom imported coal and petcoke, its
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combustion peak is clearly demonstrated in DTG curves in contrdlketexpected
behaviour. The positive effect of blending is observed at high temperatures. In this
temperature zone, the main combustion peaks of imported coal and petcoke have
higherweight loss rate and lower corresponding peak temperatures than those in
theoretical conditions. All these resultsire the indicative ofnteraction behaviour

of the component coals during combustion in all cases.

The formation profiles of evolved gases during combustion of the bl
different atmospheres are shown iRigure4.26. The formation profile of CQn
oxygenenriched air atmosphere shifts to lower temperature zone as elevated
oxygen levels lead to faster burning and earlier release of Clvo steps are
observed in formatia profiles of C@gasdue to burning of lignite and imported
coakpetcoke, consecutivelyCO formation takes place between 3800°C with a
shoulder at around 37%. HO formation profiles show that moisture is released
first in all combustion environmentsith further release in the temperature range
of 200-800°C. Clj SQ and COSjases evolve between 25(60°C andreveal two
stages in their evolution profileddainly smilar formation trends are observed for

gases irall combustion cases.
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Figure4.26: Formation profiles of evolved gases durgambustiontests of blend |
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4.8 Petroleum Coke; Lignite Il Blend (Blend 1)

Blend Il was prepared by mixing lignite Il with low calorific value, high ash and
moisture contents with high calorific value, low ash and moisture conpettoke
in the proportion of 70:30. Their pyrolysis and combustion characteristics in air and

oxy-fuel conditions arelescribedn the following sections.

4.8.1 Pyrolysis of Blend Il

TGA and DTG profiles of pyrolysis tests are showrigure4.27. The pyrolysis

characteristics of the blend and its parent fuels are summariz8aioie4.13.
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Figure4.27: TGA and DTG profiles of blend Il 5aNd CQatmospheres

Three main weight loss steps appear in weight loss profiles in both pyrolysis
atmospheres. In DTG profiles Bfgure4.27, peaks appearing in the first 2D
temperature zone are attributed to moisture release while second main peak
accounts for volatile matter release up to 680 Identical DTG trends up to 660

indicates that C®behaves as an inert mtosphere before high temperature zone.
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However, at high temperature zone, weight loss profiles start to differ and
additional weight loss steps ardisplayed Additional peak after 70C in N,
atmosphereis considered to be due to calcite decompositiortha# parent fuels in
the blend while inCQ atmosphere C&¢ char gasification reactioleads to further

weight loss

Table4.13: Pyrolysis characteristics of blend Il and its parent fuels

T Tom  (AM/d) max Weight loss up to

950°C

E Pyrolysis in N 241.6 400.0 4.1 50.2
c

2 | PyrolysisinC®  232.6 3983 4.0 70.2
% Pyrolysis in N 514.9 582.3 1.4 14.4
(@]

Q PyrolysisinC® 570.9 638.7 1.3 17.0
Q.- . .

oy | Pyrolysis inN, 270.6 393.8 3.0 40.3
=

2 | PyrolysisinC@  246.6 378.1 3.1 59.6
o

g Pyrolysis in N 276.0 393.0 3.2 39.6
=

% Pyrolysisin C®  248.4 399.6 3.1 56.6

Pyrolysis behaviours of blend Il and its parent fuels ungand CQ environments
are compared inFigure 4.28. The theoretical pyrolysis behaviour of the blend

calculated by using additive rule is also displayed in the figure.
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Figure4.28: Pyrolsis profiles of blend Il and its parent fuels imadd CQ

environments

As can be seen frorfRigure4.28, lignite Il devolatilizes at lower temperatusavith
higher weight loss ratedue to its significantly high volatile matteromtent
compared to petcoke. Overall comparison of DTG curves clearly indicate that
pyrolysis behaviour of the blend Il #dminated by lignite las can also be observed
with the similarity in their DTG profiles. Pyrolysis behaviour of blestidis that
peak height decreaseand the peak position shifts teighertemperatures with the

addition of petcoke.

Identical pyrolysis characteristi¢$able4.13) and overlap between the DTG curve
of the blend itself (expemental) and the DTG curve found by additive rule
(theoretical) of the two compnents of the blendFigure4.28) shows thatthere is
no interaction (synergypetween lignitell and petcoke during pyrolysisin both

conditions

Theevolution profiles of the gaseous species including, @D, KO, CH, SQ and

COS, from the pyrolysis of blend Il in nitrogen and carbon dioxide are shown in
Figure4.29. In the formation profile of CQtwo peaksat around 406C and 758C

are displayed between 260G and 808C which corresponds to the devolatilization

temperature interval as represented in DTG curve of blend. These two peaks
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account for C@ release due to devolatilization and calcite decomposition,
respectively. Formation of GAn N, environment is found to be the major
contributor to the evolved gases with its highest absorbance intensity. In both
environments, KO isidentified in the first 200C due to moisture release. ¢hahd

SQ formation take place during the entire devolatilization process. Certain amount
of SQis also formed as a consequence of the high sulphur content of petcoke in the
blend at around 358 and 558C. CO and COS display different trends in CO
atmosphere due to CO¢ cha gasification reaction. After 76Q, a distinctive
increase is observed in the formation profile of CO with the initiation of the
gasification reaction. Moreover, higher CO concentration leads to formation of COS
which is formed by reaction of pyrite orulphur formed during pyrite

decomposition with CO
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Figure4.29: Formation profiles of evolved gases durpygolysistests of blend II
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4.8.2 Combustion of Blend Il

Combusion profiles of the lignite ipetcoke blend in different combustion

environments are given iRigure4.30.
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Figure4.30: TGA and DTG profilestdénd llin different combustion atmospheres

In airand oxyfuel cases, after moisture release in the first 280 temperature zone,

rate of weight loss curves continue with a shoulder at around®G3as also
displayed m Table 4.14. The main peak between 4@b0°C, is attibuted to
combustion of petcoke and lignite chars in both conditions. A small peak appears
after 650C in air case due to decomposition of calcikdowever,this small peaks

not observed in oxyuel conditions as calcite decompositias prevented by CO
Similar trend in burning profiles with air and eftgng conditions is observed with
lessweight loss rate and higher burnout temperature in efael conditions, which

are indicative of theslightdelay in combustion. The effect of oxygen concentration
is found to be more significant than that of the diluting gas @ CQ) on the

combustion profiles.At elevated oxygen levels, more significant differences are
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displayed in the DTG profiles of blend sampldggher oxygen concentration in
combustion envionment leads to significant increase imeight loss ratesand
decrease incharacteristic temperatures includingg,TTmax and . Moreover, in
oxygenenriched conditions, burning of lignite Il and petcoke are discretely
separated as displayed with twdifferent steps in the main combustion peai

DTG profiles
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Table4.14: Combustion characteristics of blend Il and its parent fuels

Total weight loss

Tin Tona (dMV/dit) max Te T Up 10 950°C
_ | 21%0,-79%N, | 217.3|330.9 4955 639.6] 98 86 4.2|2845|668.9 67.9
2 [30%0,-70%N, | 218.2|306.2 374.6 6215| 255 115 22.9| 256.6| 652.7 68.5
5 [21%0,-79%CQ | 219.8 [315.3 488.0 644.0| 13.4 7.7 3.5 |262.7|671.0 69.8
30%0,-70%CQ | 223.7|294.8 424.0 623.6] 28.7 9.4 23.0| 263.3| 664.0 69.2
o | 21%0;-79%N; 400.1|589.0 - - | 140 - - | 469.5] 867.0 96.8
S [30%0;-70%N, | 3816|5622 - - | 168 - - | 4397|7356 95.9
B 121%0,-79%CQ | 398.7|587.6 - - | 124 - - | 4654|9237 96.7
30%0,-70%CQ | 3795|5726 - - | 155 - - | 4347|7618 97.9
g [21%0,-79%N, | 257.3[332.6 581.4 726.6| 6.3 10.6 1.0 | 312.1| 663.7 755
W [30%0;-70%N, | 257.6|317.5 450.5 525.3| 125 14.6 13.1| 303.4| 652.7 76.8
& |21%0,-79%CQ | 246.1(334.0 5754 - | 58 96 - |311.9| 694 79.3
© 130%0,-70%CQ | 248.8|310.9 4486 551.4| 13.3 13.4 115|304.7|650.3 77.0
S [21%0,-79%N, | 261.0(332.0 540.0 635 | 6.6 8.3 6.6 |302.2|866.0 76.3
F |30%0,-70%N, | 256.7 [306.7 485.7 620.3| 17.4 82 20.1| 283.7| 734.7 76.8
£ |21%0,-79%CQ | 247.7|314.7 5447 641.7| 91 76 58| 3005|9237 778
D [30%0,-70%CQ | 252.7[294.7 506.7 623.7| 19.8 7.4 20.1| 281.3 759.7 778




Combustion profiles of lignite I, petcoke and their blend with its theoretical

behaviour under diffegnt combustion environments are shownhigure4.31.
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Figure4.31: Combustion profiles of blend Il and its parent fuels in different

combustion environments

As can be seen frofigure4.31, combustion profile of the blend lies between those

of parent fuels in all combustion environments. Theoretical and experimental
combustion profiles of the blend mainly displd§ferent trends, whch may be due

to synergistic interactions betweerignite and petcoke in all combustion
environments Some deviations from expected behaviour are observed DTG curves

and characteristic temperatures. Theoretical DTG curves of the blend samples
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contain eachweight loss step observed in individual DTG curves of lignite and
petcoke However, comparison of experimental and theoretical curves reveals that
in experimental DTG curves, some peaks are observed to disappeaall
combustion conditions, weight logate of main peakn the temperature range of
250-650°C is always higher thathe expected behaviour which may indicate the
positive effect of the blendingAll these results point ouhat there is an interaction

between component coals during combustionall cases.

The formation profiles of evolved gases during combustion of the blend in different
atmospheres are shown ifkigure4.32. The formation profile of CQOn oxygen
enriched air atmosphere shifts to lowé&mperature zone as elevated oxygen levels
lead to faster burning and earlier release of,0C0 formation takes place between
300-700°C with a shoulder at aroun875°C. H,O formation profiles show that
moisture is released first in all combustion enwinoents with further release in the
temperature range of300-700°C. CH, SQ and COS reveal two stages in their
evolution profiles.Similar trends are observed for all gases in identical oxygen

conditions.
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Figure4.32: Formation profiles of evolved gases durgambustiontests of blend II

4.9 Lignite I- Olive Residue Blend (Blend I11)

In this section, pyrolysis and combustion behaviour of indigenous lignite, olive

residue and their 50/50 weboblend inair and oxyfuel conditions is described.
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4.9.1 Pyrolysis oBlend Ill

Pyrolysis tests are carried out undep &hd CQ atmosphere which are the main
diluting gases of air and oxXyel environments. TGA and DTG curves of ligolites
residue blend are shwn in Figure4.33. The pyrolysis characteristio$ the blend

and its parent fuel$or comparisorare summarized iffable4.15.

Figure4.33: TGA and DTG profiles of blend 11l jraNd CQatmospheres

Two main weight loss steps appearvieight lossprofiles in nitrogen atmosphere
while an additional weight loss step is observed after ‘@ C@environment
First waght loss step within 2200°C temperature range accounts for moisture
release and the second weight loss step within -B00°C corresponds to volatile
matter release in both atmospheres. Identical DTG trends up tG@@e obtained
in both atmospheres ipyrolysis tests. This indicates that {lé@haves as an inert
atmosphere before high temperature zoi@4]. Additional peak after 70C seen
in DTG curve under G@tmosphere is considered to be éuto CQ ¢ char

gasification reaction

87












































































































