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ABSTRACT

THERMAL CHARACTERIZATION AND GASIFICATION KINETICS OF
THRACE-SARAY REGION COAL

YILDIRIM , Bet;, |
M.S., Department of Petroleum and Natural Gas Engineering
Supervisor: Prof. DMu st af a Ver kan K2k

August 205, 125pages

In this thesis being uasreceivedandwashed and driedwo different coal samples from
SarayEdirkoy fieldwere experimeted in order to determine effects of different variables
as coal type, heating rate, gas flow rate, isothermal duration, gasiigidigim and final
gasification temperature, on isothermal gasification profiles of the coal samples.

In the scope of thisstly, heating rate was changed in the range €&f®G/min as 20, 30,

40 and 568C/min whereas two different gas flow rate values as 60 ml/min and 100 ml/min
were used throughout the experiments. Isothermal period was increased from 60 minutes
to 120 minutedo determine increased waiting period effect on process at designated
temperature of the reaction. Carbon dioxide fCé&nd dry air were used as gasifying
agents whereas nitrogeniNjas was selected as the inert gas. To be in the range-of 750
95(°C, totlly five different final temperature values were tested (750, 825, 850, 900 and

95(@°C) for calculation of activation energies of the coal samples.

In the study, important parameters for thermal characterization of the samples as reaction
intervals for diferent stages of the gasification process, weight changes occurred in these

reaction intervals, peak temperatures where maxinmass losse of the specified
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intervals occur, and the ignition temperatures were determined from
thermogravimetry/differential hermogravimetry (TG/DTG) curves by TA Universal
Analysis softwarg@rogram As a result, for carbon dioxide gasification experiments, three
reaction regions were identified which were matched with moisture loss, volatile matter
release and gasification sgepOn the other hand, for some of the dry air gasification
experiments, four reaction intervals were observed which were correlated with free
moisture loss, devolatilization, combustion of light volatile matter sordepart of the

char, and gasificatiorteps respectively.

In kinetic analysis session, first order Arrhenius kinetic model was used as a result of
which activation energies (Ea) of the samples were calculated under both carbon dioxide
and dry air atmospheres as two different gasification emviemts. In both environments,
washed and driedoal sample was found to be more reactive tharreceiveccoal.
Moreover, activation energies of both samples were found to be lower under dry air

atmosphere than those determined under carbon dioxide gas.

Additionally, scanning electron microscope (SEM) and X ray diffraction analysis were
conducted in the Middle East Technical University Central Laboratory for determination
of the compositional and physical morphologies of the samples-amutgostpyrolysis

and gasification conditions. With evaluation of SEM results, sequence increment and
decrement of porosity was identified with consecutive pyrolysis and gasification reactions
especially for carbon dioxide gasification experiments. Moreover, by quedi&EM and

XRD analysis, general information was obtained about mineral matter of the samples.

Keywords: thermogravimetry, isothermal coal gasification,scanning electron

microscopekinetic analysisx ray diffraction
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¥Z

TRAKYA SARAY B¥LGESKK¥M! RLERKNEKRWMATL KARAKTERKZASYOI
VE GAZILIAAMA KKNETKJK

YILDIRIM,Bet ¢ |
Y¢é¢ksek Lisans, Petrol ve Doj al Gaz N

Tez Y°neti MusitafRr &ffr kBm. K° k

A] ustos 205, 125sayfa

Bu -al ékmada, k°m¢r akeki dnéz éé s éitznoat elr anaé |,
gazl aktérma aracé olarak tercih edilen g
Il zot er mal gazl aktérma profi ldeenra, ¢tzéevre nnadne

yékanmedk mbur of ma k-Ed iz eBEk°eygi $aardaeeyn  al énmék ol

K°mé¢r numunes.i test edil miktir

¢al ékma kapsaménda 50C€@/lsmitmaama&lze] aredaerd emras
50°C/ dak.; gaz akék heze ise 60 ml/dak ve 1
120 dakikaya- e k ar €l an f i nal gazl aktérma sécakl €
periyodunun gazl aktérma prosesine el kisi |
tercih edilirken, karbon dioksit ve Kkuru
edi lerdri ¥5095°C s écakl ék aral ejéenda ol mak ¢ Z
aktivasyon enerjilerinin hesapl anabi |l mel i
kull anelrmé 750, 82%., 850, 900 ve 950

¢tal ékmada, reaksiyon aral eékhlaage)] elmu kr,e¢ & les ik
bel I i reaksiyon b°lgelerindeki ena k § ¢ kna emmk k
sécakl ekl ar vV e reaksiyonl ar én bakl adé] é
karakterizasyonunda °nemli ol agaor @méa ainled raen
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edi |l mik olan termogravimetri/ diferansiyel ter
edi |l mi ktir. Sonu- ol ar ak, karbon dioksit 1ile
u-ucu madedegaalbet érma evrelkarkle eehlegityonl
belirl enmiktir. Dijer bir taraftan, kuru hava
serbest wnewmc k amb éhdaef i kfa yub-éu,cuek mMmgdghe(char) bi
kesmen&h ey gvi@sivexpa z | akt € romak¢ & edrPerlte rfiar k1 € reaksi

b°l gesi g%zl emlenmi ktir.

Kineti k analiz késménda, Arrhenius model kul |
di oksit hem de kuru hava ortamlareée alténda akt
iki atmosferdedey e k anmék kurutul muk Kk°m¢gr¢gn daha de¢kgéKk
sahip ol duju bul usiruirrk eche kenmru ilkavanvuvanutn&enda dy¢

enerjisine sahip olduju g°zlemlenmicktir,

Ek ol arak numunelerin orjinarr,aspé rkodu« wl |vae éqga

bil eki msel ve y¢zey morfolojileri hakkénda b
i niversitesi Mer kezi Laboratuvaréonda tar amal
kerenemé ( XRD) anal izl eri gerziekllext Peel mi kt &
karbon dioksit ile yapél mék ol an gazl akt ér ma
birbirini takip eden arték ve azaleéek trendi (
XRD analizleri il e numunel er inda genelrodggr a l madde

edi nmek m¢gmkeéen ol muktur .

Anahtar kelimeler: t her mogr avi metr i, izoaemamabnegatrtkelkt ér

mikroskobukineticanalizx ékéné kér énéméeé
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CHAPTER 1

INTRODUCTION

Energy is inevitable part of the modern life. Most of the basic needs of living as electricity,
transportation, and heating are related wi
is mainly supplied from nonrenewablee. fossil fuels and nuclear, and partially met by
renewable sources as solar, wind, water, biomass and geothermal energy. One of the
nonrenewable sources of energy is coal, whichrhasy usages worldwide. Its main

usage area is known as electricitgquction but it is also used for metallurgical processes

as steel production, or it may be use@roduction of liquid fuel gaseous fuel, chemical

product or a fertilizer

Coal is the most widespread fossil fuel around the world, and more than 76ehave

coal deposits. Based on BP Statistical Review of World Energy, worldwide proven coal
reserves have been estimated to be 891 bil
for approximately 110 year lifetime. In addition to be a kbegn resarce, since coal has

a wide distribution in each part of the world, it has lower cost when compared with its
counterparts; i.e. oil and gas. Thus, even it has many environmental drawbacks, coal
remains a crucial contributor to energy supply in many castsihose share in world

primary energy generation was stated to be 30 % whereas its about 40% in electricity
generation in 2014 (BP Statistical Review of World Energy, 2015).

Thus, especially for developing countries, coal has always been an appeatoegafou
energy. However, mainly due to greenhouse gas emissions and climate change, world

awareness about clean energy technologies has gained more importance in recent years.



Oxy-fuel combustion, carbon capture and storage (CCS) activities irfiamhlpower
plants, and coal gasification technologies can be specified as precautions taken in
accordance with the purpose of decreasing gas emis§ioat.combustion in oxjuel
environment or coal gasification instead of efiahg are preferred in order tminimize
carbon dioxide gas emission which is accepted as one of the major responsible of the

climate change.

Coal gasification cannot Ispecified as aew issue in the world. It dates back even in the
early 1800s when it was being used as town gas iopewand in United States for mainly
lighting and heating purposes. Gasification process has been exposed to many
technological advancements in recent years. Two main reasons for recent popularity of
the gasification, are specified in the literature as Ipigbe of natural gas and highway
transportation fuel and as increased awareness of environmental impacts of direct coal

combustion.

It is obvious that gasification process is one of the most effective measures taken in the
scope of clean coal consumpti@ince it is botlenvironmentdy friendly andanefficient
systemgasification technology is statedafighlypromising proces€nvironmentally,

it significantlydecreases th@mount ofdetrimental poductsof coalas N&, SO, some
particulatesmercury (Hg) and carbon dioxide (GJdo lowerlevels. Also, withintegrated
gasificationcombined cyclélGCC) systemwhich is comprised of dual source of electric
powerwith combination ofyas turbine and steam turbjedficiency of the system can be

increasedvhen compared with traditional coal combustion.

When comes to its technical side, even it has a complex chemistry, gasification process is
basically defined as a process in which carbonaceous materials like coal are exposed to
limited scale oxygemair, airsteam mixture or oxygen enriched air leading formation of
flammable gases (CO,>HCHs etc.). Coal undergoes firstly moisture loss and then

devolatilization stephat generally begins above 400

At the end of the devolatilization step, coal gwoes coal char, and coal volatiles which

consist of tars, condensable liquids, and light gases. On the other hand, gasification step

2



is generally expected to begin at about 8@after devolatilization stage. Based on the
used gasification reagent, réaa progression as well as the products of the reaction
change.

Gasification process is affected from original coal properies we | | as from
properties formed undeiiferent pyrolysis conditionsParent oal properties as carbon

amount, hydrogeamount anaxygen amount are directly related with the coal rank and

so with the char reactivity. To illustrate, lower carbon content and higher oxygen amount

of coak are classified a®werrank coas which createnore reactive coal char

In additionto parent coal properties, as mentioned before, char formation conditions as

final pyrolysis temperature and heating rateay have significant effects on char
gasification rateFor example, previous studie®stlyshow that highechar preparation
temperé&ures leadlecrease in surface area of char and so decrease in char reddtivsty.

it is important to determin ot h  or i gi nal coal optimgpgm es 6 p
conditions forboth pyrolysis and gasification reactiomghich is possibléby changing

some parameters as heating rate, final reaction temperature, gas flow rate and isothermal

duration

In pyrolysis, combustion and gasification kinetics of cotilermogravimetric ana$ys
playsa partby determining parametetbat are importani thermalcharacterization of
the sample. It measurabe masschangeof a samplewvhen it is exposed to a selected
temperature program in a defined atmosphere which is either inert or regethesed
onthe plannedeaction typeReaction intervals for any type reactionweight changes
occurred in those intervaldurnout temperaturesand peak temperaturesan be
identified by TG/DTG curvesData gathered from TG/DTG curves can be used in
reactivity evaluationand kinetic calculationof the coal sample undedifferent
experimental conditions which leads to determination of optimum conslifor any

conversion process

In this study, it was aimed to analyze gasification profiles of SEdagkoy lignite

samplesunder different conditionBy thermogravimetry{G/DTG) analysisAt the end,

3



optimum gasification conditions for bo#s receiveédnd washedlried samplesis well
as char weseatreed to bea detgridiseth this context, on the brink of being
conducted under carbon dioxide and dry air atmagsheeven isothermal gasification
experiment procedures with different subgroups wpesformed In addition to
thermogravimely experiments in order to observemorphological properties and
qualitative elemental analysi$ samplesscanning electron mioscope (SEM) and x ray
diffraction (XRD)analysis were performduay Middle East Technical University Central

Laboratory



CHAPTER 2

GASIFICATION BACKGROUND

2.1 Gasification Chemistry

Gasification is defined as a conversion technology of anlyorrcontaining material as

coal, biomass and waste into synthesis gas which is mainly composed of carbon monoxide
(CO), hydrogen (k) and some byproducts as hydrogen sulphidé&)Hcarbon dioxide

(COz) and some minerals (slag) in the case of gasificatiocoal with steam (Breault,
2010).

Crushed and dried cosimplesre fed into the gasifier to let gasification reaction between
coal particles with steam and either air or oxygen. Gasification reaction is expected to
occur at high pressure (up to MPa) and at higher temperatures, generally between
80C°C and 190€C. Gasifying mediunhighly affects the product of the reaction. If limited

air without steam is used, then the produced gas is stated to béhadting gas which

can be used asfael gasafter purification. On the other hand, limited oxygen rather than
limited air causes mediwmeat content gas which can be used as synthetic gas. Based on
requirements of different synthetic gases for producing liquid fuels, SNG, ammonia or
methanol, furthe hydrogen (H) can be produced by shift reaction between carbon
monoxide (CO) and steam {8) (Sha, 2005).

Differently from combustion process, coal gasification is the incomplete combustion of

coal with limited amount of oxygen. It mainly aims to convestrash part of coal into

gas whose heat value is desired to be as much as possible with the original feedstock. Coal
5



gasification process is said to be mainly composeatebydration pyrolysis combustion
andgasificationstages. If carbon dioxide captuand storage is aimed in the gasification
process, wategas shift and methanation reactions are also included in addition to
mentioned steps. Complex chemistry of coal gasification reactions with their enthalpies

are given in the following table (Tab®el).

Table 2-1: Chemicalreactionsoccurringthroughout coal gasification process

(Higman& van der Burgt, 2008, Phillips, 2Q0% National Energy Technology

Laboratory website
Process Chemical Reaction Heat of
Reaction
(pH) (kJ
Gasification with oxygen | C+1/2Q CO -111.4
Combustion with oxygen | C+Qy———* CO, -393.4
Gasification with carbon C+CO—* 2CO 170.7
dioxide
Gasification with steam C+H,O————* CO+ 130.5
H>
Gasification with hydrogen | C+2H,—————* CHs -74.7
Water-gas shift reaction CO+H,O—* -40.2
H+CO,
Methanation CO+3h———* -210
CH4+H20

When coal is exposed to heat, it firstly undergoes moisture loss process which is mainly
turning of liquid water into its gaseous phase and which is nameehgsiration As a
second step pyrolysis occurs when coal begins to decompose its compsicekesand
volatiles Chemical bonds rupture between atoms that leads release of the volatile matter
is generally stated to begin after 32@nd continues up to 98D. Both moistue loss and
pyrolysis processes are endothermic; i.e. heat is adsorbed from surrounding during both
reactions. Depending on mainly the coal type, pyrolysis process yield of a coal sample
differs.



If the gas (in the case of oxygen or air is used as a reaya) entry and coal feed entry

are closely spaced in the gasifier, released volatile matter may be exposed to the
exothermic combustion reaction as a result of which heat is released. Combustion and
partial combustion of volatile matter is composed afbon monoxide (CO), carbon
dioxide (CQ), water (HO), hydrogen (K), hydrogen sulphide #$) and sulphur dioxide

(SOy).

In addition to the combustion of these gaseous species, reaction of char (C) with
oxygen/air is also expected as a result of which@amonoxide and carbon dioxide gases
are the main products of char/oxygen exothermic reaction. This reaction is mainly the
combustion reaction of coal char which is followed by endothermic gasification reaction
of the char in the gasifier. These gasifica reactions are actualized by eitseramH-0)

or carbon dioxidgCOy) gases.

As a result of gasification process, heating value o$yingass desired to be high which

is possible by increasing the endothermic gas forming reactions as much atepossi
Exothermic combustion reactions create the required heat to drive endothermic
gasification reactions. Typical feeds of coal gasifier are coal, oxygen/air and water. Water
can be in the form of coal moisture, coal slurry water or steam. Oxygen andfeeate
amounts should be enough for complete and effective gasification. If oxygen ratio is used
higher, for example in £H>0 feed, combustion of coal occurs rather than gasification as

a result of which lower heating value gases are produced (Belél4l).

Selection of oxygen omir as an oxidative gas also affects the gasification process
substantially. If air is used, heat value of the syngas is expected to be betw&0150
Btu/ft®> whereas it is stated to be as 3@D Btu/ff in the case of oxgen.Moreover, as
gasifying agent rather than steaoarbon dioxide gas can also be preferred for coal
gasification process; however, it is stated in the literature that coal gasification rate is
slower than that is under steam. In carbon dioxide gasificgiyrolysis stage is followed

by gasification by different oxygen/carbon dioxide mixtures at high temperature.



It is also cited that carrying out the pyrolysis and gasification reactions with the same gas
(COy) is an appealing technique since it press the fresh char for one reaction (Higman
& van der Burgt, 2008).

Also as cited in the study ofakal and his friendseven arbon dioxide is not used
industrially as much as steam in the gasification prodeissthe preferred agent used at
laboraobry level and the carb®&O; reaction is of great importance. The slower reaction
rate at temperatures around 1000 K allows a better control of the gasification process and

the analysis of the different variables, which may be modi{ftzkal et.al, 2007)

2.2 Gasifier Types

Mainly three types of gasification systems are discussed in the literature which are
entrained flow gasifieras the mostly usednesof the available gasification plants,

fluidized bed gasifiegsandmoving bedfixed bed)gasifiers.

2.2.1Entrained Flow Gasifier

Entrained flow gasifier systems work under high temperature {1800°C) and high
pressure (zB MPa with average 2.5 MPa) with smaller size sample as pulverized coal (<
1mm). Oxidant gas requirement is higher in entraifiedl gasifiers when compared with

other types. As an advantage, entrained flow gasifier is stated to be able to gasify all type
of coals regardless of rank, caking characteristics or amount of lfieesven et.al, 2010,
Higman and van der Burgt, 2008R&illips, 2006).
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Figure 2-1: Diagram for entraineflow gasifier(Phillips, 2006).

As can be seen from the diagram;auorent flow of coal and gas is provided in the
entrained flow gasifier. Because tbis orientation of the gasifier, reaction between coal
and oxygen/air occurs rapidly which, in turn, leads to lower residencgdgnends or

tens of secondsHigher temperatures, generally above slagging temperature, are required
for sufficiently high carbon conversiosince the residence time is shfirtieuwen et.al,

2010, Higman and van der Burgt, 2008&illips, 2006).

2.2.2Fluidized Bed Gasifier

On the other hand, fluidized bed gasifiers work under lower temperatures which are
generally lower tan ash fusion temperature of the used fuel {BORXPC) with solid
crushed samples that have usually larger size5@u) than those used in entrained flow
gasifiers.Requirements of oxidant and steam gases are moderate when comiared
entrained flow gsifier. Also, temperature distribution throughout the bed is uniform and
moderate. Achievement of the extensive recycling of the larger pattiategre captured

by the cyclone generally being set below gasifiestated as an advantage a$ thysten
(Lieuwen et.al, 2010, Higman and van der Burgt, 2008n#llips, 2006).
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Figure 2-2: Diagram for fluidizedbed gasifie(Phillips, 2006)

2.2.3Moving Bed (Fixed Bed) Gasifier

Finally, moving bed gaséir s6 abi |l ity t o haadncdkingcoaret h f i ne
stated to be lower than thpotentialof ertrained flow gasifier system€oal size, as
another issue, is stated to be in betwe&0 Tm in moving bed gasifiers and the average
pressure is ated to be 3 MPa whereas it can be up to 10.M®acan be seen from the
diagram of moving bed gasifier (Figu2e3), countercurrent flow of coal feed and oxitla

and steam gases are provided as a result of whedheat of reaction from the gasification
reactions serves to pteat the coal before it enters the gasification reaction Zdnes

the temperature of the syngas exiting the gasifier is significantly lower than the
temperature needed for complete conversion of the lmaieover, residence tieg when
compared with previously mentioned types of gasifiers, is much highieh can be up

to on the order of hourghus, oxidant requirememtf a moving bed gasifieis lower
(Higman and van der Burgt, 2008Rhillips, 20086.
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Figure 2-3: Diagram for moving bed (fixed bed) gasifi@&@hillips, 2006).

2.3 Gasification in the World

There is a diversarea of utilizatiorof the gasification productecently Throughout all,

chemical production isaidto bethe most common application of gasificatieshnology

worldwide Production of liquid fuels takes the second place in common applications of

the gasification productslthough there is also a large amount of planned production of
gaseous fuel©Onthe otherhandmout 25% of the worl dds ammo
wor |l dos nsaatedta bhgardducedisy gasificationprocess Even if, usage of
gasification products fahe purpose gbower generation has declined recentlmited

States, spefically in North America, there armanyintegrated gasification combined

cycle (IGCC) projects proceeding in other parts of the world.

High price of natural gas and LNG, coupled with LNG import restrictions in some
countries in Asia (primarily China, Inai Mongolia, and South Koreapave been
directingthose coutries to utilize their domestic coal and petroleum codserveso

produce the chemicals, fertilizers, fuels, and power needed for their economies

All across the worldAsia is stated to bexperiencing the strongest growth in ceald
petroleum coke gasificatioespecially developing countries @kina, India and most of
11



the Southeast Asia favor the cgalksification technologgiue to high prices of natural gas

as well adavinghigh amounbf low-rank domestic coal reservesich can be evaluated

via gasification process in an effective manner from technical, environmental and
economical point of viewd-or more numerical data about the issue, it can be said that
recentgasification technolgies are able to meet market needs throughout the world.
Based on the Gasification Technologies Council databadeinvolving 618 gasifiers,

234 of the 747 gasificatiofacilities are stated as the comroially operating projects in
2013 Most of thefeedstocks of these gasifiers are comprised of the most abundant fossil
fuel in the world, i.e. coalFigure2-4 shows theumulative gasificatio capacity growth

in the world(Kerestey 2014).
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Figure 2-4: Cumulative gasification capacity of world and its projected growth
(Kerester, 2014)
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2.4 Gasification in Turkey
2.4.1Turkey Lignite Fields and Their Susceptibility to Gasification Process
2.4.1.1General

Most of the coal reserves of Turkey dogmed by significant amount ddw-ranklignite
formatons By having share 1.6% of the worl d
and their production is accepted as the
position. Lignite fields areat limited and reserves sprealll over the country. Lignite
deposits are encountered in almost every region of Turkey.-Efbistan by holding the
biggest lignite reserve amount of Turkey with 40% share, Mugla, Soma, Tuncbilek,

Seyitomer, Beypazari an8ivas basins constitutes the most important known lignite

reserves (Balat, 2008Figure 25 shows the different geological age i gni t e basi

distribution all over the country.
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Figure 2-5: Lignite basirs of Turkey (Ediger et.1a2014)
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As cited in the study of Ediger and his workmates, lignite basins of Thdsan area of
110,000 kmwhose ages were stated to be 2% Eocene, 6% Oligocene, 41% Miocene, and
51% PlioceneCentral Anatolia was stated to leathe widest distribution of reserves
where lignite fields occupy 558.9 Krarea.On the other handignite fields cover an area

of 345.3 knt in Aegean,219.8 knt in Thrace Basin, and84.9 kntin East Anatolia

regions of Turkey. Ages of thedignite seans in these basins astated to benostly
Paleogene (Eocene and Oligocene) and Neogene (Miocene and Pliocene) age. Some small
seams et in Jurassic strata in the Gurhase, Bursa, and Adana regions and in

Cretaceous strata in the Bursa and Artvin reglion

Maximumdepths and ranges of thicknesses of lignite seams in Turkey vary significantly
among different basins: 605 m and G.8%.90 m in Eocene basins, 332 m and 0230

m in Oligocene basins, 828amd 0.1057.00 m in Miocene basins, and 426 m arid

87.00 m in Pliocene basins, respectiv@diger et al., 2014)

When coming to qualityl u r k eowed sgnite reserves are stated to be 13.4 billion tons
most of whichhave low heating valyevhich, in turn, leads them to Ineostly preferred

in themal power plant$or electricity generationCalorific value of the Turkish lignites
change between 1068D00 kcal/kgmost of (68 %) which has low calorific value (<2000
kcal/kg) (Ministry of Energy and Natural Resources, 2018ather thanhaving low
heating value,Turkish lignite is also defined as high ash, high moisture, high volatile
matter and high sulphur content fossil fuebllowing Figure 26 alsoshows the heating

value distribution of Turkish lignites
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Figure 2-6: Piechart showing heating value distributiohTurkish lignites (Balat,
2008)

2.4.1.2Thrace Region Coal

Thrace Region iaccepted asne of the significant basins in terms of its high potential in
hydrocarbon resources. ANability of a variety of mineral deposits directed researchers

to conduct several geological studies in the region.

In the Thrace Basin, exploration studies for coal basins have been conduGeddrgl
Directorate of Mineral Research and ExploratiMTA). Based on General Directorate

of Energy conducted study in 2011 o6Updat e
Thrace Region was specifiéo be above one billion ton as 1.137.660.000 tons whereas

Saray field total coal reserve amount was specifically mentioned as 136.7 million tons.

Lignite formations in the north part of the basin generally occur in Istranca edging strip
skirts. These fiels are known as Saray (Edirkoy, Kucuk Yoncal and Saf aal an) ,
(Vi ze, Peénar hi sar )i), OnathedtheE lband; coal fofmBtienmiare h a n |

referred as Kesan, Malkara, Uzurmka and Meric fields in the southern part of the basin.
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Lignite outcrops in the southern and northern parte@basin whereas it deepens in the

central part gradually such that lignite can be found exceeding 600 meter depth in 10,000

meter sedimentary stac

Lignite occurrences statedto be in Danismen Formation whose age was finally updated

king.

to Lower Miccene (Senguler, 2012)Generalized stratigraphic section for tertiary

sequence of Thrace region is shown by Figuve 2

s § O TRRRL FOR HYDROCARBON
TRATIGRAPHTORY) UNIT g E|  UTHOLOGY | bo e nmENT RESERVOIR | CAP
E
PLIOCENE 52l KIRCASALIH FLUVIAL
2|5 —Agnere T3] sammnor 5
w 2 GAMRAKDERE | L W ONSHORE
= 2 imazu__| £ | cOncoren & LACUSTRINE
> E———
3 :zGAzuAneoEas g CUKURGESME 55| FLUMIAL
o - <
= HiISARLIDAG VOLCANISM
233 [ammuTBuRNU M g
w o . ¢ e DELTA PLAIN
= o DANISMEN g
L Q
o 400.
o g OSMANCIK | DELTA FRONT
o = TL —————————
= > sl
w MEZARDERE | |((E PRODELTA
©  lwa| > §_|' & = =
= PROXIMAL -
w CEYLAN DISTAL
< TURBIDITE
= o SOGUCAK SHALLA-DEEP ZEA
w w KOYUNBABA | sHALLow seal
1) * & <
> E @ PROXIMAL
o =] & < DISTAL
= Sranasununu | = "szf!&'_‘e
w ~ Crovusimaniesl IE RIVER
< |z <
) E = =
paccozoic - I ? TpaceMENT oA
MESOZOIC %
feeee| @ Oil production
ics G Q Natural gas production
E @ -m [ R I l .I < Porosity
o L E K Permeabilit
Claystone  Limestone Mari Tuffte Volcanics Coal y

Figure 2-7: Generakedstratigraphicsection fortertiary sequence of Thrace region

As in the

case

(Siyako, 2006)

of

mo s t

of t he

Tur ki

s h

classified as low rank coal being composed of high ash, high volatile and matter high

16

i gnit



moisture. Thus, gasification process can be mentioned as an ati@ation of Thrace

Region coal reserves for environmentally friendly and effective energy produtaiole.

2-2 shows reserve amounts, heating values, densities, intended usages and average
moisture and sulphuralues of Thrace region ligniteBor this sudy, Saray region coal

properties have greater importance.

Table 2-2: Thrace region lignite inventory (Data taken fr@iR 21 Thrace region

energy reporR012)
Reserve |_I|_ow§r bensity | intended Average Chemical
Region Place | (million eating ensity | Intende Values (%)
t Value (ton/m3) Use
on) (kcallkg) moisture | ash | sulphur
Demirhan; 103 | 2100 15 40 |11.65/ 1.63
Geckinli
Meric- 1.8 2500 15 38 20 2
Kucukdogancg
Meric- Edirne 1 2005 . Heating | 32.6 |30.45| -
Karayusuflu
Uzunkopruy 13.6 3500 1.1 19.2 [23.29| 0.71
Harmanli
Enez 15 2600 15 29 25 | 3.98
Cavuskoy
Vize- Kerkll 342 | 2300 14 | Heaing| a5 | 5| 15
Topcukoy Industry
saray 736 | 2000 a1 | 22| 18
Kucukyoncali Heati
Saray 1.39 eating
Safaalan 50.1 1677 Thermal 42.2 21 14
- Power
SarayEdirkoy 14.3 1716 Plant 42 24 2.4
Malkara
Ahmetpasa | Tekirdag 6.9 2200 1.3 22.1 37.4 1.6
Malkara
Evrenbey
Karamurat 14.4 2359 1.3 Heating 33.3 27.3 1.41
Malkara
Haskoylbrice 8.5 2277 1.3 28.3 31.1 1.6
Cerkezkoy 495 2075 1.4 - 33 25 2
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2.4.2 Gasification Activities in Turkey

First coal gasification pilot plant of Turkey has been opened in Kutahya Tuncbilek region.
Turkish Coal Enterprise (TKI) has begun research and development studies for
gasification in the yaaof 2008. Scientific and Technological Research Council of Turkey
(TUBITAK) Marmara Research Center (MAM) also began to give supfaorthe
activation ofthis plantbeginning from2011 and plant was initiated in 201Aim of

producing synthetic gan that plantwas stated to be as methanol production.

Nextgasificationproject was concerninganisaSoma region ligniteg/hich was planned
to be founded in 2013Froduced syngas from Soma lignites was stated to be producing

liquid fuel from coal/biomass mixres.

Thrace region coal gasificatigorocesscan be specified as a part of an OPTIMASH

project which aims to gasify high ash Turkish and Indian lignites.

A Within the scope of research project financed by the Scientific and Tekhnica
Research Council of Tkey (TUBITAK), gasification technologies special to high
moisture,high ash TekirdgSaraybasin lignitesvereexaminedandaccordingly

the nost suitable tdmology will bedetermined .

A Main aim of the study is to support power generation and cogeneration by coal

gasificaion which can be an alternative source for increasing energy demand.

A At the end,gained data will be used in the basin plamich will be designed
nearest to 10MWth capacity.
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CHAPTER 3

LITERATURE REVIEW

Thermal characterization studies applied to coal samples mainly aim to search relationship
between coal type and thermal properties of coal, to study different steps mistmm

and gasification processes.

Back to date 198@Ratcliffe and Pamnalyzeddifferent coal samples in their studiés.
the research conducted, it was observed that reaction consists of two separate reactions.
Faster reaction in the first region wesntrolled by back volatility speed whereas the

second step limited rate of the reactaomd controlled by coal surface characteristics.

Seragaldin and Parl984 found linear relationship between activation energy and
reaction heat in thermogravimetry expnents that they have conducted. Alkaline metals
effect on coal dissociatiohas been investigated under three different atmospheses (N
CO,, and air)In this study, catalyzartilization effects on@al conversion and CHCO,

and CO gases evolutiorere correlated with changes occurred in activation energies.

Pitkaneret al.[1999 analyzedtoal, peat, and chodamplesvith TG-FTIR spectrometry.
By taking spectrum and thermal analysis curves into account, most of the gas emissions
were found to be Oz and water, in addition to theralease of a trace oarbonmonoxide,

methane, ethanenethanol, ethanol, formic acid, acetic acid, formaldehyele deduced

19



Cakalet al. [2007] analyzed pyrolysis and &€@asification behavior of four different
lignite samples by thermogravimetry metheithin the 750-1000°C temperature range.

In this study, it was found that, for each lignite sample maximum pyrolysiswato
related with final carbonization temperatultewas observed thatjasification reactivit

of lignite samples gathered from four different regiaamder same experimental
conditiors were different and reactivity ordeof sampleswere related with the
temperatureActivation energies of studied coal samples were found by Arrhenius plots

and thg were found to be in 29124.8 kJmolerange.

Tomaszewichet.al[2013 determined gasification reactivity of char samplegt were
obtained from different rank coal samples. Kinetic studies werduoded under 900, 950,
and 1000C by isothermal thermaogvimetry method. Activation energies of char samples
were observed tbechangng in the range of 180240 kJ/mol.

Micco et al. R007 studiedkinetics offixed bed reactochar gasificatiorunder CQ
atmosphere by gashromatography Analyses of two different char samples were
conducted under 850 and 9%5Q pyrolysis temperatures the study, activation energy

values of both char samples were found to be d¢twsach other.

Wu et.al p00g analyzedCO; gasification of char sample isothermathermaravimetry
methodunder950-1400°C temperature rangén this study, effect of pyrolysis heating

rate on char reactivity was analyzed. With decreasing gasification temperature, increase
in char reactivity was observelt. was also concluded up that, cheaiig controlled
gasification reactions undiew tempeature range (95Q15CC) turned into gas diffusion

controlled processunder higler temperature range (113@00C).

Hou et.al 017 studied norisothermal pyrolysis and gasificatidsehaviorof lignite

samples under NCO, atmospher&y thermogravimetry (TGFouriertransform infrared
spectroscopy (FTIR)and x ray diffraction (XRD) methodologiedn this study,
thermogravimetry analyses showed thatther N-CO, atmosphereffectedpyrolysis

behavor of lignite sample nopgasification reactionvasinfluenced byCO, atmosphere
under 676C.
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It was found up that, gasification reactivity of coal sample decreased with ietreas

pyrolysis temperature (86000CC).

Sawettaporn et.aPD09 performedCO; gasification analyses of lignite and coal samples
under900-110CC temperature rang®esearchesults were evaluated the context of
reactivity constant, reeion ratio and activation energiResults showed &h reactivity

constanincreased with gasifation temperature.

Saha et.ald013 conducted isothermal gasification analysis of lignite samples under three
different finaltemperatures of 900, 950, 10Q0via inert (Ar) and gasification reagent
(COz) gasesln this study, heating rate and isotherrdatation were remained constant
and dfects of char formation temperature (pyrolysis final temperatugasification
temperature and char surface area alteration on coal reactivity wermided. It was
observed that,increasing pyrolysis temperatureeaieased coal reactivity whereas
increasing gasiéiation temperature enhanced surface area, which incresesetvity of
thecoal.

In the study oflayaraman et.aPP13 pyrolysis, combustion and gasification behaviors

of Turkish and Indian coal samplegmanalyzedby TG-MS method. At the end of the
isothermal gasification experiments conducted under water vapor, dry air and oxygen
gases optimumfinal temperature for high ash alosamples were found to be 960

Moreover, it was concluded up that gasifion reactivity of high ash coal samples were

mainly related with used gas concentrations and reaction temperatieet of coal
particle size on coal fount tobe nsimmmum lureler highe ac t |

temperature range.

In the othestudy d Jayaraman anddBalp [2015],gasification behaviors of two different
size high ash Turkish coal sampiesreanalyzedoy thermogravimetric analysidim of

the study was stated e determination of pyrolysis heating rat®al particle size, final
gasfication temperatureand reactant gas type on char gasification reactivMtreover
three different kinetic models specifically as volumetric model (VM), grain model (GM),

and random pore model (RPMJere used in the study for determination of kinetic
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parameters as a result of which activation energy valbda$ {ere found to be close
enough to each other calculated by different modEgisstly, high rate(100 K/min, 500
K/min and 800 K/min)pyrolysis of coal the samples were performed under an, inert
specifically under argon (Artmosphere. Theprepared char samplegere cooled to

room temperature after which temperature was increased by 40 K/min up dbathe
gasificationtemperature range 88I5(0°C by argon gasirstly whichwasthenturned into
reactivegas;i.e. either steam or carbon dioxide, at the specgasificationtempeature

At the end of the study, it was concluded up that, higher heating rate used for pyrolysis
reactionand smaller coal size led more reactive char samples for gdisificeactiorby
increasing surface areMoreover,increased gasification temperatweas found to be
more advantageous for the gasification reactivity of both size samples which was
determined based on decreased time for 50% conversion of the char.

VecaandAdrover 2014 determined effects of particle size and gasification temperature
on gasification kineticof two different coal sampleby thermogravimetry analysis.
Isothermal gasification experimemsich wereperformedfor four different gasificatn
tempeatures in the range of 8aA00°C were carried ouin two steps as pyrolysis and
gasification. When results were evaluated, it was found d¢baversion factors of
subbituminous coal were found to be leginder highgasification temperature (1Q€C)
whereadower patrticle size coal samples (0.1235 mm) were found to be more reactive.
For both of the samples, activation energy values calculated by three different kinetic

models were found to be close each other.

Chen et.al [2007] studied pysslis and gasification behavior of four different coal
samples by pressurized thermogravimeispthermal gasification experiments were
conducted as two gradual steps as pyrolpsiaseunder argon atmosphe(ér) and
isothermabasificationstageundercarbon dioxide (CQ) atmosphere. In this studyfects

of pyrolysis pressure and coal rank on both pyrolysis and gasification reactivity of four
different ranked coal samples were tried to be determitedas observed that coal
sampledaving higher volale matter, i.e. samplex lower rank (brown and bituminoys)

had higher pyrolysiand gasificatiomeactivityvalues
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It was also concluded up thayrolysis and gasification reactivity of coal samplesre

inversely proportional witlthe pyrolysis presure.

Wang efal [201] performed isothermal and nasothermal coal gasification experiments
under CQ atmosphere. Isothermal gasification experimenitsoal chawere conducted
under three different gasification temperature values determined bysatbarmal
experiments (900, 950, and 10Q0. In this study, effects ajas flow rateheating rate
and gasification temperature on char gasification reactivity were seatehgdlow rate
was changed between-80 ml/min, and an optimum value (60 ml/mwkich wasgreater
than or equal to 40 ml/min waselected in order to eliminate reageats limitation
problems.On the other hand,agification reactivity of coal sample was found to be
proportional with gasification temperature whereas it whtainedto be inversely

proportional withthe heating rate.

Irfan [2017 searchedor coal pyrolysis and gasificatidmehaviorby thermogravimetric
analysisunder differentconditions In addition to gas composition effect, effect of
pyrolysis conditions afinal temperature isothermal duratiomnd heating rate on coal
gasificationreactivity wereanalyzedn this study.It was concludedip that, pyrolysis of

coal was faster under carbon dioxide gc@mosphere when compared with that under
(N2) most probably due tdifferent bulk gas properties. On the other hémaer pyrolysis
temperature values (4@DCC) were found to be more advantageous for coal reactivity
whereas any effect on gasification mechanism could be detected for isothermal duration
introduced at fial pyrolysis temperature which was changed betwe80 @éninutes.
Increased heating rate was stated to be effective only in reaching designated final
temperature faster and it did not affect the overall reaction mechanism matkediy.

also noted that,ncreased oxygen concentration in L0 mixture affected reaction
mechanisnpositively such that burnout temperatures shifted to lower values.

Another esearch of Irfan et.al [201lXouchedupon previous studies that analyzed
di fferent parankfimal tempestireh@asng @te ant particle size effects
on coal gasificationand combustionreactivity under carbondioxide or oxyfuel
environment
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Evenit wasemphasized in the study thadal hal a complex structure andwasreally
difficult to make exact conclusiorisr coal gasification mechanisrmgeneral inferences
weremadebased orprevious analysésesults supporting each othérwas concluded
up thatlower rankandsmaller size coahad higher gasification reactivitn the other
hard while hgher gasification temperature (up to ash fusion temperatas)found to
be moreadvantageous fagasification processt was found that increasing heating rate
only shortens time to reach final temperature butas a little effect on combush

mechanism.

Zu and Li [2008] studied coal particle size and mineral mafteoaleffects on pyrolysis
andchar reactivityof two different coal sampledignite and bituminous coal), that were
milled and sieved to three different size fractidmg usng x ray diffraction (XRD) and
thermogravimetriqd TGA) methods At the end of the study, it was concluded up that
increase in particle size affected char reactivity in a negative way whereas

demineralizatiordecreasethe effect of particle size on chagactivity.

In the study of Mandapati et.&2(Q13 , four coadassiafmpdaeetsioonCO eact i
were comparedy thermogravimetric analyzeFirstly, coal samples were undergone

pyrolysis reaction under nitrogen atmospherallow coal samples to losleeir moisture

and volatile mattecontent. @oledand milledchar samples were heated witiert gas

(nitrogen up to degynated temperature of 8AM5CFC andthen reactiveaCO, gascame

into playfor gasification processit the end of the studypWwestranked lignite sample

throughout four different coapecimensvas found to be the most reactosge Moreover,

catalytic effect of inherent ash minerals of coal samples dismissedy taking the

calculatedactivation energy values into account.

InMaser Thesi s st udgn theforinkSad indigenaus lighit2, bibmaks,
petroleum coke and these thrieeld s b With vatieus proportionspyrolysis and
combustion profiles were analyzed under four different atmospheres (dry air, oxygen
enrichal air,oxy-fuel environment and oxygen enriched dxgl environmentpy TGA-

FTIR methodology.
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In the studyijt was found up that at lower temperature valoepyrolysis reactions, CO
behaved as an inert gas and any difference could be detedtetiveenN, and CQ
pyrolysis behaviors ofused samples.On the other hand for oxfpuel combustion
mechanisms of sampleswhas concluded up that increasing oxygen concentration in the
atmosphere ledombustionreaction temperatures (peak, burnout) to shiftelovalues,

and cause reaction to complete faster with higher amount ofntatsd lossMoreover
replacing Nin air with COzresulted in slight delay in peak and buut temperatures in

combustion reactions.

In the study of Silbermann et.al [201&0;, gasification kinetics ohine coal samples

from both surface mines and unmineable coal seamsamatgzedoy TGA experiments.

In this experimental study, three different gasification procedure was used in which one
of the experiment was conductealy underthereactive gas (C¢ whereas the other two

were conducted sequentially by switching the gas from {Neyto reactive on¢CO,) at

the desired temperature. It was found up that, using same gas throughout the pyrolysis and
gasification steps as e case of first experiment type, was more effective in terms of
gasification reactivity. Moreover, three different gasification terafpgees (800, 850,
900°C) were used and being consisted with the previous studies, it was concluded up that
higher gasiftation temperature led coal samples to have higher reactidethe other

hand, from the point of coal propertijeal samples having higher ash contents were
found to be more reactive most probably due tcaitenineral contentespecially those
formed from alkali metals. Conversion degressis reactivity plots were mostly found

to follow logarithmic function Activation energies were calculated basedAorhenius

plots fordifferent kinetic modelas volumetric model (VM), integrated core mod€NI),
shrinking core model (SCM), normal distribution model (NDM) and random pore model
(RPM)as a result of which the best match was achieved by the integrated core and normal
distribution modelg117-233 kI/mole)

Tancrediet.al [1996] conducted a study isothermal kinetianalyss of eucalyptus wood
c h ar 3 gasificallon reactions. Experiments were conducted by thermogravimetric

analyzer (TGA) anatarbonizetbhiomass sampgewith different final temperaturg¢400,
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600, and 80%C.) under N environmentj.e. biomasschars,were undergone gasification
reactions for different finagjasificationtemperaturesAt the end of the experiments, it
was found that char sample formed under lower pyrolysis temperature had higher CO
gasification reactivityMoreover it was concluded up thatcreasing char conversion led

to increase of reactivity, which was tied to increase in pore volume of char with
conversion. Calculatecbnversionand reactivity valuetor isothermal CQ@experiments

were then used iformation d Arrhenius plotsCalculated activation energies were in the
range of230-260 kJ/mol.

Struis et.al [2002] investigated coal chatO, gasification reactivityunder different
conditionsby isothermal thermogravimetric analysiocess was conductedder wo
separateteps apre-pyrolysis andoostpyrolysis andyasification.Particle size, gas flow

rate, initial charcoal amounand gasification temperatuseere the variables changed
throughout gasificationstep in order to observe mass transport or poriusion
limitations At the end, it was concluded up that reactions were chemically controlled and
neither mass transport nor pore diffusion limitations were faoegtage reactivity values

were calculated for five different gasification temgtares (700750, 800, 850, 90Q)

which were then used in Arrhenius plot constructAmhenius plots (In (R vs 1/T(K))

were linear and activation energy was calculated as 212 kJ/mole which was also consisted

with previous studies.

In the study of Zuo et.al (15], isothermal carbon dioxide gasification reactivities of coal
char (CC), biomass char (BGnd their blend®f different ratios (1:1, 1:3, 3:1) were
determined under three different findémperatures (900, 950 and 180p by
thermogravimetric analyzer Moreover, three different kinetic models as volumetric
model (VM), grain model (GM), and random pore model (RPM) were used for the
calculation of kinetic parameters. At the esfdhe studyit was concluded up thathen

the percent of biomass char ieased in the blend, gasification reactivity of the sample
increasedas aresult of twomain reasondirst of which was specified athe increased
surface area of coal char (CC) with increased amount of bionfesgas the seconehs

explained as the intrénc chemical property of coal char; i.e. more uniform and crystalline
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structure of the coal char than that of biomass char. For kinetic models, random pore model
(RPM) was found to be the most reliable method than volumetric model (VM) and grain
model (GM)for coal and biomass char samples as in the case of previous studies in the
literature. Moreover, the minimum activation energy value was found to be belonged to
the blend consisting of the highest ratio of bam®to coal char ratio (BC/CC).

In the studyof Huo et.al [2014], C@gasification kinetics of six different samples on the

brink of three coal, two biomass and one petroleum cek&ee analyzed by TGA.
Moreover,n order to characterize the crystalline structure of char samples, XRD analyses
were conducted in the study.In the first stepwhich was specifically stated as
devolatilizationprocesssamples were heated by 25 K/min up to 1123 K and they were

kept for 30 minutes at this temperature. Thenfdlbowing gasification experiments, <46

Om an@50 Om sized char samples werThensel ect
via 25 K/min heating rategshar samples were heated up to four different gasification
temperatures as 1123 K, 1173 K, 1223 K, and 1274AhKerpurge gasitrogen gas (&

which was then turned inta reactive gascarbon dioxide gas (G at the target
temperatureThroughout the experimentsyé different gas flow rate valg€20, 40, 60,

80,100 ml/min) were used.At the end of the study, it was concluded up that, relativel

| ower sized char parti cMoesvergthigherteDpejaturese r e n
(>1273 K), gasification rates were found to be decreased due to pore diffusionasfects

in the case of large particle sizé=or gas flow rate effects, it was sthtéhat forthe

elimination oftheexternal diffusion effect of reactant gélew ratevalues ligher than 60

ml/min were used and no significant effects of those values (>60 ml/min) on gasification
reactivity of char samplesvere observedMoreover by XRDanalysis, crystalline
structures of the samples could be determined as a result of which, coal and petroleum
coke char samples were found@having more uniform crystalline structures leading

them to be less reactive than biomass chars.

In the study oDong et.al [2015], pyrolysis conditions; specifically the temperature and
pyrolysis time effects on Zhundong coal char properties were tried to be unddygtood

different analyses aX-ray diffraction (XRD), Fourier transform infrared spectroscopy
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(FTIR), and scanning electron microscope (SEM). In addition to them surface area and
pore structure of char samples were determined mainly by carbon dioxidg (CO
adsorption isothermén the study, Zhundong coal samples were firstly crushed and sieved
as 0.18 mnand 0.355 mm which were then pyrolyzed in an electric heated horizontal tube
furnace. Changing from 200 to 9@ different pyrolysis temperatures and different
isothermal durations (few seconds to 60 minutes) were used to determine effects of these
paraméers on char structurét the end of the study, it was concluded up that, increased
temperature and time of pyrolysis process tesgulted in more developed pore structures

as well as increased surface area of char sanitagover, FTIR results suppodé¢he
evolution of HO, CO, CH/C,H. gases during pyrolysis stage. As a conclusion, it was
stated that structural propertie char samplesvere strongly dependent on pyrolysis

temperature and time.

Rathnam et.al [2009] studied four different Australiano a | sampl es o combus
reactivities under oxjyuel (G/CO;) and typical air (@N2) conditions. Oxygen gas
percentages in both environments had been changed betw2&¥ Zand 530%
respectively. Firstly, coal samples were undergone devolatilization stagy@p tube
furnace (DTF) under either nitrogen JNor carbon dioxide (C& gases at 1673 K
temperature. Therformed coal chars were combusted by thermogravimetric analyzer
(TGA) under oxyfuel and air atmospheresittv changd amounts of oxygen at the
temperature valukeing or less thah473 K. Whenresults of thdDTF experimergwere
analyzed, it was seen thatlatile yield measured in GQnvironment was higher than
that measured in Nvhich was statetb be due to the gasification reaction betwelesar
CO,above 1030 K determined by TGA analysis.
structural properties, SEM analyses wpegformed. It was observed that, char samples
formed under C@gasshowedreacted surfacesnd alsathey had greater surface areas
thanothersobtainedunder nitrogerfinert) gasenvironmentll of which were attached to
the reason that the chearbon dioxide gasification reactio®n the other hand, when
combustion experimentioneby TGA were analyzed, it was concluded up thateased
amount of Qin both environments had resulted in lower baut temperatures and higher
peak reactivity of char samples.
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Moreover, tke volatile yield trends of foudifferent coal samples were found to be directly
proportiondwith burnouts (reactity) of the samplesThus, it was concluded as that not

only the environment but also the coal properties eftibe reactivity of the coal sample.

Dutta et.al [1977] worked on two raw coal samples and four char sadgigsd from
these coalsvhosegasificationreactivities undecarbon dioxide©Oy) environment were
tried to be determinedzor each thermogravimetry experimemal and chasamples
wereexperimented betwedhetemperature range of 84H93C. Reactions werdivided

into two stages wich were mainly specified as pyrolysis and e@&» reaction; i.e.
gasification. Pyrolysis stage was stated t@drmpleted beforeeaching the temperature
value815°C. It wasaddedhat increased pyrolysis temperature led higher total conversion
being orginated from pyrolysis stage. Its kinetic model was defined by Arrhenius type of
equation as a result of which activation energy of this stage was calcamt2db
Kcal/mole In the following gasification reactions, where char samples were said to be
compsed of mainly carbon (C) and askaction rate was stated to bemparatively
slowerthanrate of the pyrolysis stageln these experiments, it was aimed to determine
effects ofthesample size, particle size, and gas §Cf@w rateon char gasificationGas

flow rates were used in the range of2ID ml/min and it was found up that, no rate
change occurred above 70 ml/min flow rate value and 150 ml/min was selected as the flow
rate for all experiments. For particle size, it was come up with-#%&t60 mesh sized
particles led negligible interparticle diffusion up to 18D0n the kinetic analysis section

of gasification part, differently from kinet&nalysisof pyrolysispart newparametet a 6
representing the change in available pore surface drdesmarticles during reaction was
defined intherate equation in order to account for the qataversion curveas a result

of which activation energy for the gasification process was found as 56 Kcal/Rule.
pore structure properties of the sampEM analyseqwith 6000 magnificationyvere
performedior macro porestructureobservatiorand BET N adsorptiormethodwasused

for micro porepatternidentification of the samplesvhich yielded to compare changes

occurredn pore structures of samplesmed at different conversion degrees.

29



Bassano et.al [2009] studiggbthermalcarbon dioxide gasification of two different coal
samples under three different final temperaturé300, 1000, 110) by
thermogravimetric analysis (TGARrocess was dividedio two stages as pyrolysising
conducted unddhe inert environmentitrogen (N), andthengasificationundercarbon
dioxide (CO,) gas.Goals of the study arestated to bascheckingthe validity of the if’

order kinetic Arrhenius type modetletemination of effect of temperature on reaction
rate and comparison of | ow ranARttheendofhi gh r ank
the studyArrhenius type kinetic model was found to be fitted well with the experimental
data and based on the kinetitccdations, Arrhenius kinetic constants (E&A) were found.
Moreover,reactivity index (RBs) values were calculated and T vssRharts of both
samples were formed for threéferent temperature values. As a reshit,takingboth
activation energy (Ea)al reactivity index (Rs) valuesinto accountiow rank Sulcis coal

that was richer in volatile matter was found to be more reactive than high rank South

African coal.
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CHAPTER 4

STATEMENT OF THE PROBLEM

This study aims to obserigthermal gasi€ationprofiles of Sarayedirkoycoal samples.
Effects of different parameters as final reaction temperature, heating rate, gas flow rate,
gas medium typand isothermal duration on coal gasification mechanism were tried to be
determined in order to findhe optimum conditions fosuch a global and current

gasification proces

For gasification reactions, two different Sa#agirkoy coal on the brink o&s received
andwashed and driecbalsamples were analyzed by TGA experiments. Reaction regions
were icentified from TG/DTG curves by analysis of regions whaess losssoccured

and peak temperaturesmeebserved on DTG curves. Depending on different gasification
atmospherg(CO,, No/CO,, No/Dry Air), heating rateg20°C/min, 30¢C/min, 40C/min,
50°C/min), gas flow rate (60 ml/min, 100ml/min), gasification temperatsr@50C,
825°C, 850C, 900C, 950C) and isothermal duratieri60 min, 120 min), totally seven
different experiment procedwg@ith their subgroups were executed as part of this study.
For isothermal gasification experiments, Arrhenius plots were drawn in the scope of
kinetic analysis in order to determiaetivation energiesf coal samples und@entified
optimum conditionsIn addition to all, scanning electron microscope (SEyXx ray
diffraction (XRD) analyss of coal samples were conducted in Middle East Technical
University Central Laboratory in order to observe morphological changes occurred during
experiments and to execute qualitative elemeantalyses of different samplésriginal,
postpyrolysis and postjasification)
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CHAPTER 5

EXPERIMENTAL EQUIPMENT AND PROCEDURE

Isothermal oal gasification experiments in the scope of the study were conducté&ifoy T

Q500 equipmentechnical properties of which are given in the followssgtion.

5.1 Thermogravimetric Analyzer (TGA)

5.1.1Technical Properties

ThermogravimetriAnalyzer (TGA) monitors weight change and rate of weight change
of sample as a function of temperature or timder a controlled atmosphefédis method
can beused todetectsample compositiorphase changes as decomposition, oxidation

gasificationandbehavior of the sample undauchdifferent processes.e. its stability

TGA equipment is composed of six different units which can be listreoireece balance,

sample platformcabinet heat exchangesindmass flow controller

Furnace (standard)controls sample atmosphere as well as its temperaturaace

assembly can be seen from Figurg.5

Balanceprovides weighing sample precisely.

Sample platfornperfams loading and unloading the sample to and from the balance.
Cabinethouses all system electronics and mechanics.

Heat exchangespreads heat from the furnace.
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Mass flow controllersnanagepurge gas to the both balance and furnace.

Thermeouple

" Tube

Samgple Furnace

L e Fan /
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Furnace (N3 )
» Housing .
TOPVIEW

gii — '\\ Samplepan
-1 \ \ should be

| \D centared
s e~ within fumace

o’y Fumace Base

Figure 5-1: TGA furnace assemblag&hermogravimetric Analyzer, 2006)

5.1.2Experimental Procedure

All combustion and gasification experiments in this study were executed with respect to
TA Instruments ManualGeneral experimeal stepsfor TGA instrumentcan be
summarizedsselection of pan type and materitring of empty parplacing sample in
platinum pan, loading the pan entering the experimental procedure through TA
instrument softwarestarting the experimentand firally unloading and cleaning pan at

the end of the experiment

In this study, 10mg of samples were used in all TGA experiments which were being
heated under 20, 30, 40 and %Q/min within the temperature range of-250 ° C.
Nitrogen,carbon dioxide andry airgasesvere used as inert ambn-reactivepyrolysis
and gasificatioragentsinert gas (N) was used for the balance chamagmell as fothe

furnace chamber for pyrolysis reactiombereas dry air or carbon dioxigeas used for
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the furnace chandsfor gasification reaction$sas flowrates were useais40 ml/min for

balance whereas they wexghin the range 060-100 mI/min for sampléurnace

For t h

e purpose

of

observin

g di

fferent

gasification processjariables as heating rate, final gasification temperature, isothermal

gasificationduration gasification agerdnd gas flow ratevere changed and experiments

were divided into seven different analyses with their subgrfigises5.175.5).

Table 5-1: Experimental procedure of Analss1-2-3 and their subgroups

Sample| Gas Flow Heating Final
Temperat| Isothermal
Amount| Rate Rate
Analyzel Group| Gas ure
. . Duration
0, 0,
(mg) [(MI/min.) [ (°Cmin) (°O (min))
1 750
1 20 60
2 850
3 950
10 60
1 |CQ 20
950 60
2
2 30
3 50
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Table 51: Experimental procedure of Analyse2-B and their subgroups (Continued)

: Final
Sample| Gas Flow Heating
Amount|  Rate Rate Temperat| Isothermal
Analyze| Group | Gas ure
. : Duration
0, 0,
(mg) [(Ml/min.) | (°Cmin) °O (min.)
1 20
CQ 10 60 950 120
3
2 30
3 50
Table 5-2: Experimental procedure of Analyde
Sample| Gas Flow| Heatin Final
P g Temper| Isothermal
Amount| Rate Rate
Analyze| Group| Gas ature
. . Duration
0, 0,
(mg) |(MI/min.) [ (°CQmin) (°C) (min))
120
(Pyrolysis
N2)
60
1 Ne 10 60 20 950 (Gasification
-CQ)
4
co 60 (Pyrolysis
N>)
2
120
(Gasification
-CQ)
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Table 5-3: Experimental procedure of Analyze 5

Sample Gas Flow| Heating Final Isothermal
Analyze| Group| Gas| Amount Rate Rate | Temperature
. : Duration
0, 0,
(mg) [ (Ml/min.) | (°Cmin) °O (min.)
120
(Pyrolysis
N2)
N2 60
1 10 00 40 950 (Gasification
CcQ -CQ)
5
60
N2 750 (Pyrolysis
825 N2)
2 CQ 850
900 120
950 (Gasificatiorn
-CQ)
Table 5-4: Experimental procedure of Analyze 6
Sample| Gas Flow| Heating Final
Temperatu| Isothermal
Amount Rate Rate
Analyze| Group| Gas re
. . Duration
0, 0,
(mg) [ (Ml/min.) | (°Cmin) (°C) (min.)
120
(PyrolysisN\y)
1 N 10 100 40 950 60
? (Gasificatior
CQ)
6
60 (Pyrolysis
C
Q No)
2
120
(Gasificatior
CQ)
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Table 5-5: Experimental proadure of Analyze 7

Sample | Gas Flow| Heating Final Isothermal
Amount Rate Rate | Temperature
Analyze| Group | Gas Duration
1 0, 1 0,
(mg) | (Ml/min.) | (°Cmin) (°C) (min.)
60 (Pyrolysis
1 7
N, 50 No)
10 60 40
120
2 825 (Gasification
Dry Air)
Dry
7 3 Air 850
4 900
5 950

5.1.2.1 TGA Calibration

In order to obtain accurate results, weight and temperature calibrations of TGA Q500
equipment were repeatedgularlythroughout the experimentandit was specificdly

performedwhen reactive gas was changed

5.1.2.1.1 Temperature Calibration

TGA equipment temperature calibration is achieved by Curie point method.
Ferromagnetic nickel as Curie standard sample is loaded and a magnet is placed under
furnace as a redudbf which increase in sample weight is recorded due to magnetic force.
With the increase of heat, at the Curie potich is specified a854°C., ferromagnetic

sample losses its ferromagnetic property and its weight begins to decrease. Temperature
atthe deflection point is recorded as observed temperature and temperature calibration is
adopted based on this actual and observed temperature difféférerenogravimetric
Analyzer, 2006)Example of €mperature calibratioresultis presentedn AppendixB

(Figure B1).
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5.1.2.1.2 Weight Calibration

Weight calibration proceduie the instrumentalibrates both the 200 mg and 1 g weight
rangesln this study, weight calibration procedure was adopted by using 100 mg and 1 g
standard weighsamples After taring the empty pan, standard weights are placed in turn
and during weighing each, it is waited until weight deviations are eliminated. All steps are
saved in the instrument interna{[yhermogravimetric Analyzer, 2006)

5.2 Saray Edirkoy Coal Properties

5.2.1 Compositional Analyses

Smoot and Smith [1985] indicated that understandability of any coal conversion process
requires physical data as thermal conductivity, specific heat, density and swelling index.
Moreover, it was added parent acdahemicalproperties as coal composition, which can

be determinedby proximate analysis or ultimate analysis, should also be known in

modelling ofanycoal conversion process.

In this study, wo coal samples from Sarddirkoy were used in albf theanalysis. One
of them wasasreceived(original) sample while the other one wasashed and dried
sample Proximate and dimate analysis of both samplase given in the followingable
5-6. Moreover tiemicaland mechanical properties & receivedoal ashareshownby
Table 57 and Table B.
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Table 5-6 : Proximate and ultimate analysis of coal samples

Sample Moisture Volatile Fixed Ash Content Heating
Cont. Matter (%) Carbon (9%0) Valué
(%0) (%0) (Calg)
As received 42.01 23.30 13.39 21.31 2524
coal
Washed and 24,95 35.54 26.48 13.03 4152
dried coal

“HHV- upperheating value

Sample C (%) H (%) N (%) S (%) O (%)
As received 42.90 3.38 0.96 4.15 27.30
coal
Washed and 58.03 4.16 1.18 4.56 19.04
dried coal
“by difference

Table 5-7: Chemical Analyss ofas receied coal ash

NaO % 0,4
MgO% 4,1
AbOs % 16,8
SiQ% 49,3
P.Gs % 0,1
K0 % 1,8
CaO% 4,2
TiIQ % 0,7
MnO % <0,1
FeOs; % 112
SQ % 59
As(ppm) 76
Ba(ppm) 370
Cr(ppm) 185
Cu(ppm) 59
Mo(ppm) 18
Pb(ppm) 49
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Table 57: Chemical Analysis of as received coal &lbntinued)

Rb(ppm) 171
Sr(ppm) 614
Th(ppm) 41
U(ppm) 39
Y(ppm) 37
Zn(ppm) 213
V(ppm) 259

Table 5-8: Mechanical properties @fs receiveadoal ash

Ash Fusion (Reducing Environment:CO+CO
First Deform.90 1184
Ash Softening®Q) 1211

Ash Fusion°Q 1237
Ash Yield°Q 1289
Ash Fusion(Oxidizingnvironment)
First Deform.9Q 1202
Ash Softening®Q 1208
Ash Fusion°Q) 1269
Ash Yield°Q 1298
Swelling Index 0
HGI* 39 (Medium Hard

5.2.2 Sieve Analysis

Coal size is also an important factor that can highly effect coal reactivity. préli®us

coal combustion experimerttsat aimed to determine particle size effect on coal reactivity

as first part of theroject,it was concluded up that lower particle size had higher reactivity
because of higher surface area which is also compatiitietiae gasification studies
taking part in the literature. Since particle size was not used as variable in this study, using
similar sizedistributiors of both coal samples had a significant plafoe more realistic

evaluation of the results.

As receivedandwashed and driecbal samples had heterogeneous size distributions even

pulverized percentages of both samples were tried to be tested, size determination was
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inevitable section of ik studyand it was performed in Middle East Technical Univgrsit
Mining Engineering Department.

As a result of the sieve analysip dize ofasreceivedcoal sample was found 2599.088
micron or2.6 nm (Figure 52) whereas size of th@ashed and dried sampias found to
be a little bit higher which was found 3549.8® micron or3.55 nm (Figure 53).

Table 5-9: Size (sieve) analysis @fs receivedoal

Weight Weight Cum. %
Particle Size (micron (9) (%) Passing
-4000+3350 2.40 6.42 4000 100.00
-3350+2360 6.70 17.91 3350 93.58
-2360+1700 5.88 15.72 2360 75.67
-1700+1180 4.44 11.87 1700 59.96
-1180+850 3.10 8.29 1180 48.09
-850+600 2.36 6.31 850 39.80
-600+425 2.34 6.26 600 33.49
-425+300 1.86 4.97 425 27.24
-300+212 1.72 4.60 300 22.27
-212+150 1.55 4.14 212 17.67
-150+106 1.26 3.37 150 13.53
-106 3.80 10.16 106 10.16
100,00 /
£ 80,00
2
a 60,00
S
g 40,00
© 20,00
0,00 . . . .
1 10 100 1000 10000
Particle Size

Figure 5-2: As receiveccoal size distribution chart
d80 (micron): 2599.08

d50 (micron): 1263.74
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Table 5-10: Size (sieve) analysis afashed and driecoal

Weight Weight Cum. %
Particle Size (micron (9) (%) Passing
-4000+3350 8.37 28.88 4000 100.00
-3350+2360 4.23 14.60 3350 71.12
-2360+1700 4.16 14.35 2360 56.52
-1700+1180 4.55 15.70 1700 42.17
-1180+850 2.64 9.11 1180 26.47
-850+600 1.33 4.59 850 17.36
-600+425 0.99 3.42 600 12.77
-425 2.71 9.35 425 9.35
100,00
90,00
80,00
2 70,00 }
§ 60,00
. 7
£ 50,00
E 40,00 /
© 30,00
20,00
10,00
0,00
1 10 100 1000 10000
Particle Size

Figure 5-3: Washed and dried coal splasize distribution chart
d80 (micron): 3549.89
d50 (micron): 2060.14
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CHAPTER 6

KINETIC ANALYSIS

For kinetic analysis of isothermal gasification experiments, Arrhenius mathode of

the model fittingkinetic methodswas usedvhich assumes th#ttetotal mass loss of the
sample is dependent only on reaction rate constaight of the sample remaining and
the temperature with reaction order of unity (Kok, 201G¢neral kinetic modak given

as;
dw/ dt= k*w" where k=A&E4RT) (6.1)
When first order kinetics is assumg@d-1); then equation becomes;
(L/w)*(dw/dt) = Ae(E¥RD) (6.2)

Char reactivity is definetdased on initial char massdvand instantaneousass lossate
(dw/dt) as;

k= (1Avo) * (dw/dt) (6.3)
By combining equation (6.2) and equation (6.3), following equality is obtained;
k =A exp (Ea. RT) (6.4)

Wherek is defined ashe coakeactivity, A is Arrhenius constant (pexponential factor),

R is universal gas constant and Ehisactivation energ
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By TA Universal 200@oftware, all saved data could be analyzed as an excel report which
enabled calculation of reactivity values at desired temperature intervals. Throughout all

reactivity values, maximum value was pickgmasthe maximum reactivity R max).

In addition to calculation of activation energies based on Rmax values, reactivity index

values were also calculated. Reactivity index of a coal is defined as Rs (ahain)
Rs= 0.5/45 (6.5)

Where §5is defined as time required for 50% conversion of coal sample at isothermal

conditions.

As a result,Arrhenius plotsof coal samplesinder carbon dixide (CO;) and dry air
mediums were formed based on both maxinmaattivities (Rmax)and reactivity index
values (Rs) by the following linearized fowhthe equation (6.4)

In (k)= In A-(E/R)L/T (6.6)

Wherek values were used as either Rmax or Rs rates under different temperatures.
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CHAPTER 7

RESULTS AND DISCUSSION

Coal samples are difficult to be interpreted because of their heterog&xibéy theyare

heated they undergo different subsequent chemical reactions as moisture loss,
devolatilization, combustiorand gasificationdepending on the used purge gas, final
reactiontemperature and other parametéfhermogravimetric analysis (TGA) is an
instrument with immense utility for analyzing numerous coal systems. Although TGA
instrumentation technology limits the heating rate, TGA is very useful in making valid
predictions of the chemical and physical
are he precision, speed, and ease that samples can be analyzed. One person can analyze
small samples on the order of grams that would demand a larger staff and much more
money to analyze in a largescale system (Li et.al, 2005). In this stsdgceivednd
washed and driecbal samplesvereused in comparisoof gasification reactivitiesinder
different experimental conditioris/ thermogravimetric analysis

7.1 Carbon dioxide (CO) Gasification Results

7.1.1Thermogravimetry Analysis Results

When experimerad resultsm the scope of this studyere analyzedt was observed that
al of the carbon dioxidegasification experimentsvere including three subsequent
reaction regions whichwere correlated with moisture loss, devolatilizaticamd
gasification stepsespectively.

47

f



Isothermal gasification regionsvere attached to third reaction regiommportant
parameters for TG/DTG curvesichasreaction interval, maximummass loss rajdotal

weight change or residue perceandpeak temperature wedetermined ¥ using TA
Universal 2000 softwangrogram

An exampldor TG/DTG curveanalysisof as receivedoal sampleinderCO; gasification
process that was analyzed by software progiamiven inthe following Figure 7-1.

Explained analysiprocedure waappliedto whole experiment results.

100 —4 10
2%.99
21.72% First wt.loss
s0\a0c (2.141mg) 3
-8
7.9¢d0 min
80 |l '\ 152.00°C
I F £
L s £
J' " 19.13% Second wtloss $
- (1.886mg) =
- o 2
& | 1| L g
~ !
z . ! 634.00°C L .
5 %7 | ‘s
] | | 801.66°C &
g ! | /+\ . I o
| i 8.170%/min 27.61% Third wt]oss ~—
I Lo ; N (2.723mg - I
| Voo / \ Lo |
;] \\ H 428.11°C / S :
! A ,/“"|“~\ Vi N —_—
40+ Y Pea S L Y
S T 1.326%/min ST N |
-0
Residue: [
3091% |
(3.048mg)
20 T T T T T -2
0 200 400 600 800 1000
Temperature (°C) Universal V4 5A TA Instruments

Figure 7-1: Analyze 1 Group-3 experimentesult evaluatiofy softwarefor as
received coasample

As shownby Figure 7-1, reaction intervalsmass losss occurred in specifiedngeof
different type of reactiongeak temperatures, maximumass losseeccurred in those
intervals,and residue percentages wererfd by coupling TG/DTG curvefeaction

intervals were determined based on slope chamgmsredn TG curve whichwere also
supported by DTG curveeaks
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First mass lossvhich was found as 212% wascorrelatedwith moisture and some part

of thevolatile matter lossSmaller peakaking placebetween the temperature interadl
114-152°C, which can be seen frofeigure7-1 as in the case of all resulisingtabulated
under Appendix C and Appendix D sections, were correlated with beginning of
devolatilization step. However, since fit&ass losss really small and there is no time lag
between theseonsecutivestagesfollowing intervalwasalso evaluatedwithin the first
region.Maximummass los$7.960%/min) in this first reaction interval occurred at%®.

C which was defined aghe peak temperaturef first reaction intervalFor the second
interval between 15834°C, lighter volatilematterof the as received coaample were
said to be volatilized and maximumass lossate(1.326%min) was seen to bdeaeased
when compared witmoisturelossrateoccurredn the first interval For the final reaction
region startig from 634C and continues up to final designated gasification temperature,
95(°C, char gasification was expected to be occueed as itcan be easily recognized
from Figure7-1, mainmass los®ccurred in that intervaResults of Analyses 1, 2 and 3

are presented by Table Ein Appendix E.

Based on the results, three reaction intervals were detected for all Analyze 1 experiments.
First stage that generally occurred between-B653°C, wascorrelated with the moisture

loss and the releasd# easilyvolatilizable part of the volatile matter whereéslowing
reactioninterval generallyoccurred in the temperature range of -888°C and processes
occurred in this stage were thoughtbeas the main devolatilization reactions. Finally,
gasification reactinswereassumed to be involved in the threhctioninterval; i.e. 640

95C°C.

When variablesd effects (coal sample and |
which were conducted under only carbon dioxide gas.(C@ere examined, it was

inferred h a t increased final gasi fication temp:
gasification reactivities by decreasing residue amounts; i.e. unreacted sample amount.
Thus, higher gasification temperature; i.e. @Which is also lower than the ash fusion
temperatureof coal samplesthat isstated to be 123C, was determined as the most

advantageous temperature for gasification process. Lower peak temperatures being
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occurred at lower final temperature values for both samples should not be evaluated in

support of low temperature gasification, since it is expected to have lower peak
temperatures for an early terminated reactiOn the other hand, maximum m#sss

values indicated that theashed and driedoal samples had lower moistamount and

masdoss rates occurred in first stage were found to be higher thanhithpgenedn the

following secondary devolatilizatiorand especially in rate determiningtertiary
gasificationstagesfor both samplesMoreover, when washed and driedal andas

receives ampl esd results were comparedmasst ween eac
losses of washed and driedal were generally almost two times more than thosss of

received sample; which, in turn, indicates that washingpal is an advantageous

pretreatnentoption for coal conversion process.

Rat her than final temperature, for evaluation
isothermal gasification duration, effects on carbon dioxide gasification, highest reaction
temperature 95C was selecteds the optimum gasification temperature for Analyze 2

and Analyze 3 experiments.

Results of Analyze 2 experiments indicated that increased heating rate caused a delay in
start of the third reaction process. Moreover, it caused increase in peak tempataase

and increase in maximurmass lossrates whereas any specific trend of residue
percentages with respect to heating rate could be found except for observation of
minimum residue percent at the lowest heating rate valu@ @20min) especially for

washed and dried coal sample.

In addition to evaluation of final gasification temperature and heating rate effects on
gasification process, isothermal duration effect was also examined by conducted Analysis
3 experiments. Isothermal waiting period was inseglafrom 60 minutes (Analyze 1&2
experiments) to 120 minutes (Analyze 3 experimdotsghat purposeéWhen results were
compared, it was concluded up that increased isothermal duration led decrease in residue
percentages most probably as a result of ratboeated time for the char sample to react

with the purge gas
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Also, delay in starting temperature of thiehctionregion was observed with increased
heating rate for both of thealsamples. On the other hand, any exact trend for heating
rateresidue percent relationship couldbe detectedas in the case of Analyze 2
experiments. Residue percentages increased deting rate increased from°2dmin.

to 30° C/min. whereas they decreased whneating rate increased from°8dmin. to 50°

C. /min. Howeve, it was again observed that the lowest residue amount occurs at th

lowest heating rate value (ZWmin.) for both coal samples

For general inferences fdhe Analysis 1 Analysis2 and Analysis3 experimentsexcept

for the higher peak temperature uak dependingn the residue percentagesaximum
masslossesand gasification ignition temperaturescan be said thavashed and dried
coal sample shows higher reactivity for gasification process when compare@swith
received coalsample. This alsoupports the thesis that cleaning coal before any
conversiorprocess ian effective optiorfirom both environmeial and technical point of
views evencoal cleaninggconomy should bevaluated before founding plaitl results

of Analyses 1, 2 and &xperinments areshown byTableE-1 in Appendix Epart

Since exact transitions between pyrolysis and gasification stages could not be identified
exactly by just using a single carbon dioxide ¢C@as gradual isothermal gasification
experiments under both nitreg (\b) and carbon dioxide (C{pgases were conducte
Analyze 4, 5, and 6 experimemtsaddition to Analyze 1, 2 and 3 experimefits remind

their procedures once motbeycan be summarized &g follows Analyze 4 expements

were conducted und@0°C/min constant heating rate up to 930 final temperature with

60 ml/min gas flow rate of both gases nitrogen and carbon dioxide for sample furnace.

In order to see the effect of heating rate on gasification reaction, Analyze 5 experiments
were condated under constant heating rate of° min up to same designated
temperature 950C. and same gas flow rate (60 ml/min) with Analyze 4 experiments was

used.
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Finally, for determination of gas flow ratffect on gasification process, Analyze 6
expeiments were carried out under°@min heating rate up to again the highest

gasification temperature 98 but with higher flow rate of 200 ml/min.

When they were analyzed by tAé Universal Analysissoftwareprogram reaction
regions were evaluated wercthree parts as heating from room temperature to designated
temperature by nitrogen ¢N an isothermal period under same atmosphere to let the
pyrolysis reaction to be completed and the second isothermal part under carbon dioxide
gas (CQ) for gasificaion reaction. Those analyses were evaluated under two groups
depending on different isothermal durations (60 or 120 minutes) for pyrolysis and
gasification reactions. Concordantly, in Group 1 experiments isothermal pyrolysis
duration was longstanding p4it20 min) when compared with gasification duration (60
min) and the comary condition(higher duration for gasification pamjas implemented

for Group 2 experiments. The following inferences were made for Analyze 4, 5, and 6

experiments results of whicretabulatedby TableE-2 in Appendix E

By evaluating esults of Analyze 4 experiments, especially for washed and doiald
sample, residue percentages were foundeddavng lower valuesunder Group 2
experiments where gasification duration was edeeito 120 minutes. On the other hand,

any significant difference could be observed between Group 1 and Group 2 experiments
of as received co@ample. Again lower peak and ignition temperatures were detected for

washed and driecbal sample when comparadth those ofas receivedoal.

When Analyze 5 experiment results were analyzed, lower residue amounts were observed
with increased duration of isothermal gasification region. For Group 2 experitnases],

on residue amounany effect of heating rate glal be observed favashed and driecbal

sample when compared with those of Analyze 4 experiments. On the other hasl, for
receivedcoal samples, observable decrease in residue percentages were observed for
Analyze 5 experimentdoreover,it was seenhat even residue amounts were found to

be lower, higher peak and ignition temperatures were detantéthigherheating rate
(40°C/min).
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Just by looking increased residue percentages, any positive impact of increased isothermal
duration for gasificatioprocess (Group 2) could be deduced for Analyze 6 experiments.

Additively, based on general trend of residue percentages and peak tempendtares,
Group 2 experimentsf Analyze 4 and Analyze 5 experiments were compared with those
of Analyze 6 resultsp0 ml/min. flow rate of purge gas was found to tee most
advantageous for gasification procedsboth as receivedand washed and driedoal
samplegTable E2).

7.1.2 Conversion Factor and Reactivity Results

There were several parametes as peak tempetare, residueamount and ignition
temperaturebeingu s e d i n comparison of di fferent
gasification processThus, just by comparing the results of TA Universal Analysis
software, it was difficult to state that one conditwas much more advantageous by
taking all parameters into accoumtone stegsince they could give contrasting results.
illustrate, when one experimental procedure was found tddeadableeffects on one of

those parametetseing used as basis of cparison, opposite results imeffectivenessf

the same experimental procedure could be observed based on other parameters.

For that reasonptbe able to do more realistic comparison of experimental conditions for

coal gasification process, twuantitdivep ar amet er s; speci fically
and Oreactivityo of both <coal sampl es un
calculated. At the end of each experiment, all saved data could be analyzed by TA
Universal Analysis software and theyeme exported to Microsoft Excel to be evaluated

as spreadsheets. Accordingly, needed parameters for calculation of conversion factor and
reactivity as W, W, Wrina, and dw/dt were exptad to MS Excel as spreadsheets.

Within this context, conversion dtor versus reactivity curves for pyrolysis and

gasification stages were form@eigure 7.27.13).

0Conversion f ac aramnetérshat ardmpdrtant ia lénetic analysiy véere p

calculated by following formulas.
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7.1.2.1 Conversion Factor

X = (Wo-Wr.) / (Wo-Wirina) (7.1)
Where;
X=  coal conversion degree
W, = coal weight (mg) for pyrolysis stage, char weight (mg) for gasification step
W:. = Instantaneous wgiht of the sample (mg)
Wiinal = Final weight of sample for either pyrolysis or gasification phases (mg)
7.1.2.2 Reactivity

R = (/M) * (dw/dt) (7-2)
Where;
R=Reactivity of coal (mg/mgnin)
dw/dt = instantaneousiass lossate (mg/min)

When conversion factor and reactivity chartsoal samples und@yrolysis stagewere
analyzedFigure7-2-Figure 74) for all three different experimental conditions (Analyze

4, 5 and 6)it was seen thas receivedoal hal higher pyrolysis reactivity thawashed

and driedcoal sample which was tied to the fact that washed and dried coal sample had
beenpurified from its moisture androm some impuritiesOn the other handyhen

conversion factereactivity relationships of coal samples under gasification stage were
analyzedwashed anddriedoal sampl eds maxi mum reactivity d
under Analyze 5 Group 2 experiment whereas any regular trend could bediébeas

receivedcoal sample (Figure-3-Figure 713).
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Results of conversion factoeactivity were coupled with TemperattRenax (Figure 7
14) and TemperatwRs charts (Figure-15) to be able to state optimum gasification

temperatures exactly for thoof the coal samples.
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Group 1

» As received coal Analyze ¢
Group 2

Washed and dried coal
Analyze 4 Group 1

« Washed and dried coal
Analyze 4 Group 2

0 0,2 0,4 0,6 0,8 1
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Figure 7-2: Comparison of pyrolysiseactivitiesof coal samplesinderAnalyze-4

experimeral conditions
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Figure 7-3: Comparison of prolysis reactivitieof coalsamplesinderAnalyze5

experimeral conditions
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Figure 7-4: Comparison of pyrolysiseactivitiesof coal samplesnderAnalyze6

experimeral conditions
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Figure 7-5: Comparisorof gasificationreactivitiesof coal samplesnderAnalyze4
experimenal conditions
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Figure 7-6. Comparisorof gasificationreactivitiesof coal samplesander Analyze5

experimeral conditions
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Figure 7-7: Comparisorof gasificationreactivitiesof coal samplesnderAnalyze-6

experimeral conditions
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Figure 7-9: Comparison ofs receivedoal samplegasificationreactiviiesfor Analyze
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Figure 7-10. Comparison ofvashed and driedoal samplegasification reactivies

under Analyze 4 and AnalyZeexperimental conditions
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Figure 7-11: Comparison ofvashed and driedoal samplegasification reactivies

under Analyzeéb and Analyze5 experimental conditions

59



0,09

~— 0,08

g 0,07

?Em 0,06 « Analyze 4 Group 1
é 0,05 « Analyze 4 Group 2
i 0,04 |f « Analyze 5 Group 1
§ 0,03 Analyze 5 Group 2
% 0,02 ’ . » Analyze 6 Group 1
X 0,01 ~ » Analyze 6 Group 2

20 o% 0o 0,8, o0, & N
0 TN T R WA S B L B L

0 0,2 0,4 0,6 0,8 1
Conversion, X

Figure 7-12: Comparison ofvashed and driedoal samplegasification reactivies

under Analyze 6&6 experimental conditions
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When temperature versus reactivity distributions of coal sampbeler Analyze 5
experimentsvere comparedased on Rmax (FigureI4) and Rs (Figure-I5), it was
concluded up thads receivedoal behaved moresactive to gasification process under

900°C temperature whereas 980was picked up as thmost advantageous temperature

forwashedanddriedoal sampl eds gasification react.i
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Figure 7-14: Temperaurevs Rmax distributions for washed and dried and as received

coal samples under five different temperatiareAnalyze 5 Group 2 experiments
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Figure 7-15: Temperature vs $distributions fowashed and driedndas receiveaoal

samples under five different temperatioeAnalyze 5 Group 2 experiments
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7.1.3Kinetic Analysis Results

Arrhenius plots ofSarayEdirkoy coal sampleswhich were formed by taking the
maximum reactivity values into consideratiare shown by the Figure7-16. For as
receivedcoal sample, activation energy value was found as 127Jdte whereas tht
for washed and driecbal sample wafound as 87.62 X¥mole. When all data points were
includedin Arrhenius plotscurves deviated &m linearity; thus, activation energghues
were calculated based ome datapointsforming linear 1/T (K)-In (Rmax)curves that
gave the maximum correlation coefficienthiosedatapointsfor as received coalere
belonged to 82%, 850C and90(°C tenperature valueand they were thBRmax valus
of 750°C, 825C and 950C for washed and driedoal sampleWhen these resulisere
tried to be correlatedith conversion factereactivitychartsjt wasseen that angrdered
trend could be foundor 95C°C for as receiveccoal sampleand maximum reactivity
distributionwasobservedt 90(°C temperature valueOn the other hand, fevashed and
dried coal sample,data pointsbelonged to 90 and 856C that causedeviation of
Arrhenius curve from linearity weralso found to be givinpgeminimum reactivitywalues
on conversion factereactivity plot When reactivity index values g@Rwere calculated
for both samples, again three data points were used in formation of Arrhenius plots which
were the pointef 750 850, 900C for as receivedoal sample whereasedpoints were
belonged to 750, 825 and ¥&0for washed and dried coaConcordantly, activation
energiesof as received coahnd washedcoal were calculated a$43.86 kJ/mole and
102.62 kJ/mole and resptevely (Figure #17).

When gasification temperature intervehs taken irconsideation it wasexpected that
reactionstook place under chemical reaction contmshich, in turn, for each of final
gasification temperatur@l/T (K))*10™4 - In (Rmax) curve wereexpected to be linear
Since, some data points disturbed lineattiyee temperature values giving the maximum
correlation coefficient were used in activation energy calculatbhsthas receive@nd

washed and driedbal samples.

62



1T (K)*10M

0

-1
g -2 y =-1,0539x + 6,1384

®-..... w Y r nZdppmn
= o e @ As received coal
g3 el L
= ® Washed and dried coc
£ .4 .. T
......... °
-5 y =-1,5280x + 8,947 " ®
wy I nZytmo
-6

Figure 7-16: Arrhenius plos of as receive@ndwashed andriedcoal samples under
Analyze 5, Group 2 experimental conditions
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Figure 7-17: Arrhenius plots ofs receivd andwashed and driedoal samples under

Analyze 5, Group 2 experimental conditidressed on Rs values
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7.1.4SEM and XRD Results

SEM analyses showing the surface morphologies of original;pyostysis and post
gasification samples were conducted inde East TechnidaUniversity Central
Laboratorywhoseresults are shombetween Figure7-18- 7-23. In additionto electron
transfer dissociationETD) images with different magnification rat¢800Q 5000,
10000) backscatter images (BE®) of some samips were also presentedWhite parts
seen on BSED images represe¢hé higher molecular weight fraction of samples,
specifically pyrite (Feg and silica (SiQ minerals whichwere expectedto be more

identicalat the end of the gasification reactions.

When resultsvereevaluated, especially pore volumevedished and driedoal original
samplewas seen high whereas fissure formation and decrease in particlevagze
observed at the end of pyrolysis proc&3s.the other hand, fgrostgasification sample,
any increase in pore volumeuwdd be observed. This resulbald be tied toa reasornhat
filling of pore spaces bginteeedcalcium carbonatmineral (CaC®) whichwasexpected
to be formed by the reaction of calcium oxide (CaO) minesla fraction o€oal ash,
with gasificationagent gas carbon dioxide (@COForas receivedoalsample, crystalline
white fraction seen on BSED images were matched with silica mineraj) (®itdse
amount inas receivedoalash waslsofound as 49.3%vhich share the hghest fraction
throughout other minerals and elemethist formash compositioiTable 57). For post
pyrolysis andoostgasification processesameresultswere inferredor as received coal

sample.
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7.1.4.1Washed and Dried CoalSample

11/18/2014 HV mag A det | spot 40 pm
3:29:34 PM | 30.00 3 00 0.3mm|ETD 4.0 METU CENTRAL LAB

Figure 7-18. SEM images of originavashed and dried codk): ETD image with 3000
magnitude, (b): ETD image with 5000 magnitude, (c): BSED image with 5000

magnitude
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METU CENTRAL LAB

Figure 7-19: SEM images of pogpyrolysiswashed and dried cosample (a): ETD
image with 3000 magnitude, (b): ETD image with 5000 magnitude

WD det

10.6 mm ETD 3.0 METU Cl AL LAB 3 0.6 mm|E 3.0 METU CENTRAL LAB

Figure 7-20: SEM images of poggasfication washed and dried cosample (a): ETD
image with 5000 magnitude, (b): ETD image with 10000 magnitude
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7.1.4.2As Received Coal

ag WD det  spot 'ij pr'n
00 x| 10.4 mm ETD 3.0 METU CENTRAL LAB

Figure 7-21: SEM images of originads received¢oal samplg(a): ETD image with
5000 magnitude, (b): BSED image with 5000 magnitude

10 ym ——— HV mag WD det |spot 10 pm
METU CENTRAL LAB A120.00 kV| 10 000 x 10.6 mm | BSED | 3.0 METU CENTRAL LAB

Figure 7-22. SEM images opostpyrolysisas received coalample (a): ETD image
with 10000 magnitude, (b): BSED image witb000 magnitude
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Figure 7-23: SEM images of poggasificationas received coalample (a): ETD image
with 10000 magnitude, (b): BSED image with 10000 magnitude

On the other handll x-ray diffraction (XRD) analysesf original, postpyrolysis and
postgasification samplesvhich were again conducted in Middle East Technical

University Central Laboratory angresentedby Figure7-24.

In order to detect the different phases available in sampks,atalyses were conducted
under40 kV and 30 mAby monochromatic Cu radiation. Scawerecarried outin the

range of 2-70° with 1°/min scan ratand 0.02step size.

XRD analyses wer@erformedby using X-ray powder diffraction software (PDXL)
program ad qualitative angkes of the minerals available in samples were performed by
correlation of the 2 thetatensity graph peaks with knowledge stored inhthgedatabase

of the software.

Amorphous structure of coal samples created noisendunch, in tun, leddifficulty in

peak identification Thus, instead of exact correlations of mineral species, general
inferences could be madeom XRD analyses When XRD analyss of original coal
samplesvere evaluatechydratedcalcium sulphat¢éCaSQ) (H20).) or calcium sulphate
(CaSQ) based on the coal typgyrite (FeS) and quartz (Sie) were detected as the main

minerals whereas oxidized forms of some elements as sodium (Na), calcium (Ca)
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