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NEPIAHWYH AIMAQOMATIKHSY EPTAZIAY:

H avBpwtrdétnTa £x€1 OG0l o€ KOUPIKO onueio. H avBpwtTivn KatavaAwaon egivai
Twpa 23% peyaAuTtepn amd Tnv IKAvOTNTA TNG GUONG va avatmapaxdei  va
ATTOPPOPNCEI TO «OIKOAOYIKO iXvoc» uag. Ta emmimeda diogeidiou Tou dvBpaka givail
MEYaAUTEpa atrd otroladATTOTE OTIYUA Ta TeAeuTaia 650.000 xpdvia n Beppokpaacia
EMQPAVEIOG TNG YNG €ival BeppoTEPN KATA TN OIAPKEIA APKETWY TTPONYOUUEVWY
OEKAETIWV ATT'O, TI KATA TN OIGPKEIQ OTTOIACONTIOTE CUYKPICIUNG TTEPIODOOU €W KAl
TouAdxioTov 400 xpdévia. H aAAlayry Tou KAIJATOG TTOU ETTIPEPEI N TTAYKOOUIA
augnong Tng Bepuokpaciag Adyw TOu @aIvOuEvou Tou Begpuokntriou eival éva
yeyovog. ETriong yeyovog gival 1o 0TI n €TTOXA TNG TTPOCAVATOAICHEVNG OTO PTNVO
TTETPENAIO OIKOVOWIOG £xEl TTEPACEI QVETTIOTPETITETTTEL. O TTAAVATNG dOKIPAETAI OTTO
TNV paydaia avénon Tng ¢NATNONG TTETPEAQiou, TN MEIWMPEVN TTPOCPOPA Kal TIG
UWNAEG TINEG. AuTH n UTTAPEN XAOUATOG WETALU TNG TTPOCPOPAS Kal TNG ¢ATNONG
O¢ev gival éva PeAAOVTIKO oevdplo, aAAd cupBaivel Adn kai augdveral amd 1o 2005.
To xdopa ival akopa oXeTIKA PIKPO, aAAG Ba disupuvetal £TOG PE TO £T0G Kal Ba
TTPOKAAECEl  TTEPETAIpW  avOodoUuG Twv  TIHWV  Kal  Tmlava  TTpoBAAuaTa
avepodiaouou.

Ta Tmpoava@epBévia TePIBAAAOVTIKG TTpoBARPaTa Kal N €AAEIYn TTETpEAiou
OnUIoUpyoUV TNV ETTITAKTIKI avAyKn, va ATTEAEUBEPWOEI N TTAYKOOWIA OIKOVOia
ammo TNV €6ApTnon TNG Ao To TETPEAQIO KAl va KIVNBEl TTPOG KABAPESG HOPPEG
evépyelag. O avbpakag XpNOoIUOTTIOIEITAl NON EUPEWG OTNV EVEPYEIOKH TTApAywyn
Kal €ival To a@BovoTepo OTEPED KAUOIUO OTOV KOOMO. Z€ 1000UVANN TTOOOTNTA
TTETPEAAiOU, UTTAPXEI TTEPITTOU BUO QOPEG TTEPICOOTEPOG AVAKTACIUOG AVOPAKOG
amm' 6, T TETPEAAIO KAl QUOIKG aéplo padi. ZUVETTWG, O dvBpakag eival kal Ba
OUVEXIOEI va gival Evag ONUAVTIKOG eVEPYEIOKOG TTOPOG. Me 41% Tng TTaykdouIag
TTapPAywynS NAEKTPIKAG EVEPYEIOG VO TTPOEPXETAI ATTO TNV XPAON Tou AvBpaka wg
KQUOIJO, gival oa®Eg OTI eV PTTOPET va UTTAPEEI aTTOAUTN EVEPYEIOKN aveEapTnaia
ammo Ta oTEPEd Kauolpa. Katd ouveTTela, n TEPIBAANOVTIKA IO QIAIKN XPron Twv
OPUKTWYV KAUCIJWY KOl OUYKeKpINéEva Tou AvBpaka, eival n TTPOKANon Tou
MEANOVTOG.

2Uhewva pe T AlakuBepvutik ETpoTy yia tnv AANayr) KAipatog (Intergovern-
mental Panel on Climate Change — IPCC) kai to AigBvég lMpakTopeio Evépyeiag
(International Energy Agency — IEA), ol TexvoAoyieg O€0PEUONG KAl OTTONAKPUVONG
avBpaka (Carbon Capture and Sequestration — CCS) éxouv 1n duvatétnra
MEIWONG TWV OUVOMIKWYV EKTTOUTTWV agpiwv Tou Beppokntriou atrd 20 £€wg 30%
MéEXPl To 2050. H Aéoueuon kai Atroudkpuvon AvBpaka (CCS) cival évag gupug
OpPOG TTOU KAAUTITEI DIAPOPEG TEXVOAOYIEG TTOU PTTOPOUV VA XPNOIYoTToinBouyv yia
va OUAGBouv 1O O10&€EidIO TOU AvBpaka aTTd ONMPEIAKEG TTNYEG, OTTWG Ol
EYKATAOTAOEIG TTAPAYWYNG EVEPYEING KAl AAAEG BIOPNXAVIKEG EYKATAOTACEIG, VA TO
OUMUTTIEOOUV, KAl VO TO HETAQPEPOUV KUPIWG HECW CWANVWOEWV O KATAAANAEG
Béoeig OTToU Ba eyxUBEl O yEWAOYIKOUG OXNUATIOPNOUG O€ PEYAAO PABOG KAATW
atrd TNV EMQAVEIQ YIa TNV €T adPIOTW ATTOPNOVWON TOU atrd TNV aTNoceaipa.
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TpeIg KUPIEG TTPOCEYYIOEIG UTTOPOUV VO XPNOIPoTToINBouV yia Tnv OE0PEUCN TOU
CO, amd TG eykaTaoTAoEIg TTapaywyng evépyelag: H déoueuon pera Tnv Kauon
(Post — Combustion Capture), n otroia avagépetal o1o dlaxwpliopo Tou CO, atrod
Ta Kauoaépia piag diadikaciag kavong. O TnyéC KAuoidwy PITopoulv va givai
OTTOI000NATTOTE UdPOYOVAVOPOKAG, OTTWG TO KAPPBOUVO, TO QUOIKO aféplo, | TO
meTpéAaio. H déopeuon Tpo NG kauong (Pre — Combustion Capture) tToU
TepIAaUBAvel TNV TTApaywyr agpiou ouvBeong (Povoéeidio dvBpaka Kal udpoyovo
— CO,H3), akoAouBouuevn atmd avridpaon perarpotic Tou CO oe CO,. To CO,
Ermeita dlaxwpideTal atrd 10 UdPOYOVO, TO OTTOI0 PTTOPEI va XpnolyoTroinBei ocav
Kauoipgo o€ oTpOPIA0 A yia aAAn xprion. T€Aog, n déopeuon Ye Kauon TTAoUCIa O€
oxuyovo (Oxy — Fuel Combustion) n otria kai TrepIAUBAvel TNV Kauon Tou
Kauoipwyv oe mePIBAAAOV TTAOUCIO 0€ 0uyovo, WOoTE va augnBei uTTEPBOAIKG N
ouykévipwaon Tou CO; Twv Kauoagpiwv (ouvnBwg >80%) kal va dIEUKOAUVOE! £T01
0 OIaXWPICHOG TOU.

H déopguon avBpaka TTpo TNG KAUONG OUVOEETAI OUVNBWG PE TNV OAOKANPpWUEVN
TEXVOAOYIO NAEKTPOTTAPAYWYNS CUVOUAOUEVOU KUKAOU WE agpioTtroinon (Integrated
Gasification Combined Cycle - IGCC). O1 mepioooTePEG PEAETEG £XOUV KATAAREEL,
OTI €ival aTTOO0TIKOTEPO OIKOVOUIKA VO XPNOIKoTToINBouv TeEXVoAoyieg déoueuoNng
avlpaka TTpo TNG Kauong o€ ouvdlaopd pe Texvoloyia IGCC emeidy 1o CO;
MTTOPEl va deopueuBel oe uYPNAOTEPES TTIECEIC OE OXEON ME TIG AANEG TEXVOAOYIEG
déopueuong.

Ta ouotiuata IGCC ouvdudalouv pia povada agploTroinong AavBpaka HPE PIa e
Movada oupTrapaywyng evépyelag. To TpwTto oTadio eivalr n  dladikaoia
agplotroinong  Avlpaka OTwG avagépetal avwTépw. To delTeEpPO  OTAdIO
TTepIAapBAvel TRV Kauon Tou KaBapou agpiou o€ évav CUUPBATIKO agpIooTPORIAO
TTapAyovTag NAEKTPIKN evépyela. To Bepud KAuoaEpio XPNOIUOTIOIEITAI OE €vav
arpgoTrapaywyo avaktnong Bepuotnrag (HRSG), dnuioupydviag tov atud TTOU
EKTOVWVETAI O€ €vav ATUHOOTPORIAO TTAPAYOVTAG TTEPETAIPW EVEPYEIQ.

Movo pepik@ amd 1a TTAgovekTAPATa TnG TeEXVOAoyiag IGCC eivar o uywnAog
BeppIkOG Babudg amddoong (HExP! 50%), Ta XapuNAGTEPA TTOCOOTA EKTTOUTIWY, O
MIKPOG OYKOG TwV OTEPEWV aTTOBANTWYV Kal eueNIgia oTo €idOg TNG KAUOIUNG UANG.
AOYyWw Twv TTOPATTAVW TTAEOVEKTNUATWY, TO €VvOIAQEPOV OTOV TOMEA TNG
AEPIOTTOINONG QUEAVETAlI OCUVEXWG KOl €XEl ONUIOUPYNOEl ETTIONG TNV avaykn
TTpooéyylong o€ €miTedO APIOUNTIKAG TTPOCOUOoiwoNG. Ta O@EAN pIag TETOIOG
TTPOCEYYIONG UTTOPOUV VA PETAPPOOTOUV WG XAMNAOTEPO APXIKO KOOTOG Ot €va
mOavoe  eyxeipnua OTOV  XWPO TNG QEPIOTTOINCNG KOl MIaG  PEYAAUTEPNG
ATTOQOTIKOTNTAG KATA TNV CUVEXEID, AOYW AgIToupyiag o€ BEATIOTEG CUVONKEG.

EkTeveic emoTnuovikéG £peuvag €xouv AABel xwpa OToV TOPED TNG apIBUNTIKAG
MOVTEAOTTOINONG TNG QEPIOTTOINONG TOU AvOpaKa KOl HPE TIOAU  ETTITUXN
ammoteAéopata. Evroutoig  @aivetar va  uttdpxel  pia EAAEIPn  OTOIXEIWV
TTPOCOMPOIWONG YIa TTIECEIS AgPIOTTOINONG TNG TAENG Twv 50 bar. To TTpdypauua
HotVeGas - HHV T1ou moAutexveio tou Movaxou (TUM) oToxevel oTnv
TTPAYMATOTTOINON TNG ATTAPAITATNG £PEUVAG OTOV TOUEA TNG AEPIOTTOINONG KAl TWV
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GAAWV PETOBANTWY ATTO TIG OTIOIEG QTTOTEAEITAI Mia €yKATAOTAON TTAPAYWYNAG
evépyelag texvoloyiag IGCC.

O okot1rog auTtAg TNG JITTAWMATIKAG €ival va CUPBAAEl OTO avwTEPW €PYO UE TNV
avaTTuén  evog  apiBuntikou  POvTEAOU  TNG  agploTroinong  Aavbpaka o€
TTapacupopevn por (entrained flow gasification) oe ocuvBrikeg uwnAig TTieong Kai
Bepuokpaciag pe TN Xprion tou gutropikol CFD trpoypduuatog ANSYS CFX. MNa
TNV Onuioupyia Tou MOVTEAOU, Eyive €peuva o€ OAN TNV OXETIKA ME TO BEua
BiBAIoypagia. To povréAo TTou avatrTuxOnke eivar o€ B€éon va TTPORAEWEl TN
oUOTOON TOU AEPIOU TTOU TTAPAYETAl ATTO TNV AEPIOTTOINON TOU AvOpaKa, KAl AAAEG
ONUAvTIKEG METARBANTES OTTWG N BepuoKpaaia Kal n TaxutnTa.

Ta ammoteAéopaTa TToU €6AXONOAV ava@EPovTal O OUVOAKEG TTiEONG atTo 5 PEXPI
50 bar kal BeppoKpacieg 0TO ToiXwHa Tou agploTroinTA TNG Ta¢ng Twv 1600 ° C. O
pUBUIcEIC TOU PHOVTEAOU UTTOPOUV va TPOTTOTTOINBOUV €UKOAQ Kal va TTPoBAEWouv
ETTITUXWG TN OCUMPTTEPIPOPA TNG O1adIKOCIAg AEPIOTTOINONG OE TIOIKIAEG APXIKEG
OUVONAKEG, TO OTTOI0 KABIOTA TO YOVTEAO €UEANIKTO Kal KATAAANAO yia va €EeTAOE!
OIOQOPETIKOUG OUVOUAOMOUG apXIKwyv ouvlnkwv yia Tn BeATioTOoTroiNON €VvOG
TTPAYMATIKOU AEPIOTTOINTH.

2UYKEKPIYEVA : Ol TTPOCOUOIWOEIS AEPIOTTOINONG £yIvav o€ TECEIG 5, 25 kKal 50 bar
Kl ETTIKOUPIKA, e Adyoug palag oguyovou/kauaipgou A = 0.8, 0.9 kai 1.0 . Mepika
ato Ta cupTTEpdouaTa TTou e€nxOnoav eival Ta akdAouba:

e H augnon Ttng Tieong odnyei o€ peiwon TNG oUCTAONG O UBPOYOVO Kal
MovoEeidio Tou avBpaka Tou TTapayouEVoU agpiou, TTap’ oA auTd n peiwon
auTr Ogv €ival oNUAVTIKH.

e Ooco augaveral n mieon au&davetal kal n pala Tou pebaviou, Tou diogeidiou
TOU avBpaKa KAl TOU ATUOU TTOU TTAPAYETAl.

e H tTapoxn ofuyovou eival pia TTOAU onuavTikg peTaBAnTh NG dladikaaoiag
NG aegplomoinong. [lMAedvaopa ofuyovou ouvteAei oTnv augnon Tng
ouykévipwong Ha kai Tou CO oTo TTapayouevo agplo.

O1 emdboeIg TOU HOVTEAOU KPIvVOVTal YEVIKA IKAVOTTOINTIKEG. QOTO0O0, N OoUyKpIon
TWV ATTOTEAEOUATWY TWV TTPOCOMOIWOEWY HE TTEIpapaTikG dedopéva Ba Atav
aTrapaiTATN €TTEION, TO HOVTEAO ECETAOTNKE YIO UYNAEG TTIECEIG AEPIOTTOINONG OTTOU
N BiBAIoypagia gival Twxr Kal OV UTTAPXEl KavEVA ETTAPKES OTOIXEIO OXETIKA PE TA
XNUIKOUG puBuoug avTidpaong Kal TN XNUEIa TNG aEPIOTTOINONG YEVIKOTEPA .

H mepaimtépw avamrtuén Tou PovtéAOU €ival QUOIKA aTmmapaitnTn €av 10 TTPOTUTTO
OTOXEUEl yIO Vva XpnoigotroinBei wg pEoo agloAdynong kKal BeEATIOTOTTOINONG
uTTdpxovTa agpoTroinT aAA& o€ XauNASTEPO ETTITTEDO XPrONG, UTTOPEI VA TTAPEXEI
ME IKAVOTTOINTIKY) OKPIBEIO TTANPOPOPIES YIa TNV AEITOUPYIa EVOG AEPIOTTOINTH).
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Abstract

This Diploma Thesis has as a goal to create a numerical model that will simulate
the coal gasification process that will take place in the gasifier that will be built in
the TUM for the HotVeGas Project. The model that was created simulates with the
use of the Ansys CFX program, the gasification and pyrolysis of coal particles in-
side an entrained flow gasifier in conditions of high temperature (up to 1800° C)
and pressure (up to 50 bar). The results of a model like that can be used to predict
the products of the gasification process so that we can determine the benefits of
using this technology in applications that will be in the first line of energy produc-
tion from coal, in the next decade, such as the Integrated Gasification Combined
Cycle.

Key Words: numerical simulation, coal gasification, pyrolysis, entrained flow ga-
sifier, IGCC, CFX
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1 Introduction

Humanity has reached the point of no return. Human consumption is now 23%
larger than nature's capacity to regenerate or to absorb our "ecological footprint."
Environmental trends make it clear that either human society changes or eventual-
ly nature will change society. It is increasingly passé and ignorant to think that hu-
manity has to choose between economic growth and environmental protection.
Carbon dioxide levels are now greater than at any time in the last 650,000 years;
the surface temperature of Earth has been warmer over the past several decades
than during any comparable period in at least 400 years; six of the last eight years
were the hottest on record. Climate change due to global warming is a fact.

What is also a fact is that the times of cheap oil driven economy are forever over.
The planet is currently experiencing a time of severe growth of oil demand, declin-
ing supply, expensive exploration, higher prices, and huge regional and geopoliti-
cal tensions. To describe the situation in an one long nutshell line: more people on
earth, more prosperity on earth, less energy on earth, less resources on earth,
higher prices everywhere, negative economic growth in the whole Western World,
lower economic growth in the Emerging World and higher economic growth in the
Energy Surplus Nations plus Africa.

This gap between supply and demand is not a future scenario, but is actually hap-
pening and growing since 2005. The gap is still relatively small, but, as one can
see in Figure.1, it will become more wide year after year and will cause the logical
attached price rises and supply interruptions.
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Figure 1.Present and Future Global Oil Demand and Supply 2!

The above mentioned environmental problems and oil shortage create the impera-
tive need for the world economy to break loose from the oil dependence and move



towards clean energy production. Coal is already widely used in energy genera-
tion and is the most abundant fossil fuel in the world. On an oil-equivalent basis,
there is approximately twice as much recoverable coal in the world as oil and natu-
ral gas combined [IEA, 1999]; consequently, coal has been and will continue to be
a major energy resource. With 41% of the world electricity generation being pro-
duced using coal as a fuel (2006 — Figure.2), it is clear that there cannot be total
energy independence from fossil fuels. Thus, the environmentally friendlier use of
fossil fuels and coal in particular is the challenge of the future.
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Figure 2. Total World Primary Energy Supply
and Electricity Generation by Fuel - 2006 ¢

According to both the Intergovernmental Panel on Climate Change and the Inter-
national Energy Agency, Carbon Capture and Sequestration (CCS) alone has
the potential of reducing total greenhouse gas emissions by 20-30% by 2050. In
other words, this technology could bring about a large part of the cuts needed to
avoid irreversible climate change. CCS is a broad term that encompasses a num-
ber of technologies that can be used to capture CO, from point sources, such as
power plants and other industrial facilities; compress it; transport it mainly by pipe-
line to suitable locations; and injects it into deep subsurface geological formations
for indefinite isolation from the atmosphere.

Three main approaches can be used to capture CO, from Power Plants: Post —
Combustion Capture, Pre — Combustion Capture and Oxy — Fuel Combustion.
Post — combustion capture refers to the separation of CO, from the flue gas of a
combustion process. Fuel sources can be any hydrocarbon, such as coal, natural
gas, or oil. For coal plants, post-combustion capture is typically associated with
subcritical pulverized coal (PC), supercritical pulverized coal (SCPC), ultra-
supercritical pulverized coal (USCPC), and circulating fluidized bed (CFB) plants.
Pre-combustion capture involves the generation of syngas (carbon monoxide
plus hydrogen (CO+Hy)), followed by the shift reactions to convert the CO to COs,.



CO; is then separated from hydrogen, and the hydrogen can be burned in a tur-
bine or used as fuel in a heater. Oxy-fuel combustion involves the combustion of
fuel in an oxygen-rich environment to dramatically increase the CO, concentration
of the resulting flue gases. The increased CO, concentration (typically >80%) of
the flue gas stream facilitates CO, separation. Oxyfiring produces lower emissions
of nitrogen oxides (NOy) compared to air-blown combustion. After combustion, the
flue gas can be captured and compressed, although some cleaning to remove
contaminants may be necessary before compression.

Pre-combustion capture is often associated with Integrated Gasification Com-
bined Cycle (IGCC) technology. Most studies, suggest it is more cost-effective to
use pre-combustion technologies with IGCC because the CO; can be captured at
higher pressures compared to post combustion [IPCC 2005].

Integrated gasification combined-cycle (IGCC) systems combine a coal gasifica-
tion unit with a gas fired combined cycle power generation unit. The first stage is
the coal gasification process as mentioned above. The second stage includes
the combustion of the clean gas in a conventional gas turbine producing electrical
energy. The hot exhaust gas is used in a Heat Recovery Steam Generator
(HRSG), producing steam which is expanded in a steam turbine producing elec-
trical energy. In typical combined-cycle plants, about 65% of the electrical energy
is produced by the gas turbine and 35% by the steam turbine.

Only some of the advantages of IGCC are the high thermal efficiency (up to 50%),
lower rates of carbon dioxide emissions, small volume of solid wastes and feed
stock flexibility.
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Because of the advantages of the IGCC power generation, the interest in the area
of gasification process and gasification techniques is constantly increasing and it
has also created the need of an approach in terms of numerical simulation. The
benefits of such an approach can be translated as lower initial costs in the dep-
loyment of a possible gasification project and greater efficiency when operating
due to operation in optimized conditions.

There has been a lot of scientific research in the area of numerical modeling of
coal gasification and with many successful results. However there seems to be a
lack of simulation data for gasification pressure conditions as high as 50 bar. The
HotVeGas - HHV Project that has been launched at the Technical University of
Munich (TUM) is aiming to explore gasification at such high pressures and high
temperatures. The purpose of this diploma thesis is to contribute to the above
project by modeling the gasification of coal with the use of the commercial CFD
program ANSYS CFX. The results obtained refer to various pressure conditions
from atmospheric to up to 50 bar and are analyzed from the standpoint of hydro-
gen production. The settings of the model can be easily adjusted and successfully
predict the behavior of the gasification process in various input conditions which
makes the model flexible and suitable for examining various combinations of initial
conditions for the optimization of an actual gasifier. The model presented in this
diploma thesis has proved to operate successfully but further accuracy improve-
ment can be achieved in the future by comparing simulation results with experi-
mental data.



2 Theoretic Background and Information

2.1 Coal

2.1.1 The Origin of Coal

Coal is a naturally occurring hydrocarbon that consists of the fossilized remains of
buried plant debris that have undergone progressive physical and chemical altera-
tion, called coalification, in the course of geological time. Coalification is the
process of metamorphosis that takes place under conditions of raised temperature
and pressure and results in the transformation of the original peat swamp through
the progressive stages of brown coal (lignite), Subbituminous coals, bituminous
coals, to anthracites and meta-anthracites. The level that a coal has reached in
this coalification series is termed its “rank”.

Coal consists principally of carbon, hydrogen, oxygen and small amounts of sulfur
and nitrogen and is mainly in the form of polycondenced aromatic rings. Carbon
atoms included in these rings account for 70-80% of the total carbon present in the
coal, for example, bituminous coals. The aromatic nature of coal increases with
rank. Coal is usually found in conjunction with mineral matter, and it is this content
together with rank that determines its commercial suitability as a fuel 1",

Basic Coal Analysis

These analyses do not yield any information on coal structure but do provide im-
portant information on coal behavior and are used in the marketing of coals. Three
analyses are used in classifying coal, two of which are chemical analyses and one
is a calorific determination. The chemical analyses include proximate and ultimate
analysis. The proximate analysis gives the relative amounts of moisture, volatile
matter, ash and indirectly, the fixed carbon contents of the coal. The ultimate anal-
ysis gives the amounts of carbon, hydrogen, nitrogen, sulfur and oxygen compris-
ing the coal. The third important analysis, the calorific value, also known as heat-
ing value, is a measure of the amount of energy that a given quantity of coal will
produce when burned.

Because moisture and mineral matter (or ash) are extraneous to the coal sub-
stance, analytical data can be expressed on several different bases to reflect the
composition of as-received, air dried, or fully saturated coal or the composition of
dry, ash-free (daf), or dry, mineral-matter-free (dmmf) coal.
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Figure 4. Proximate/Ultimate and other commonly used analysis bases 31

The most commonly used bases in the various classification schemes can be de-
scribed as follows:

As-received — Data are expressed as percentages of the coal with the mois-
ture. This category is also sometimes referred to as as-fired and is commonly
used by the combustion engineer to monitor operations and for performing cal-
culations as it is the whole coal that is being utilized.

Dry basis (db) — Data are expressed as percentages of the coal after the mois-
ture has been removed.

Dry, ash-free (daf) — Data are expressed as percentages of the coal with the
moisture and ash removed.

Dry, mineral-matter-free (dmmf) — The coal is assumed to be free of both mois-
ture and mineral matter, and the data are a measure of only the organic portion
of the coal.

Moist, ash-free (maf) — The coal is assumed to be free of ash but still contains
moisture.

Moist, mineral-matter-free (mmmf) - The coal is assumed to be free of mineral
matter but still contains moisture.



Rank of Coal

The degree of coal maturation is known as the rank of coal and is an indication of
the extent of metamorphism the coal has undergone. Rank is also a measure of
carbon content as the percentage of fixed carbon increases with extent of meta-
morphism. Lignite and Subbituminous coals are referred to as being low in rank,
while bituminous coals and anthracites are classified as high-rank coals. Note that
the heating value increases with increasing rank but begins to decrease with semi-
anthracitic and higher rank coals. This decrease in heating value is due to the sig-
nificant decrease in volatile matter and it is also depicted in Figure.5 .

Class Group Fixed Volatile Calorific
Carbon Matter Value (KJ/Kg
(Yodmmf) | (% mmmf) mmmf)
I. Anthracitic 1.Meta-anthracite =98 <2
2.Anthracite 92-98 2-8
3.Semianthracite 86-92 8-14
Il. Bituminous | 1.Low volatile
bituminous coal 78-86 14 - 22
2.Medium volatile
bituminous coal 69-78 22 - 31
3.High volatile A
bituminous coal <69 > 31 232564
4 .High volatile B
bituminous coal 30238-32564
5.High volatile C
bituminous coal 26749-30238
Il. Sub - 1.Subbituminous
bituminous | A Coal 24423-26749
2.Subbituminous
B Coal 22097-24423
3.Subbituminous
C Coal 19306-22097
IV. Lignitic 1.Lignite A 14654-19306
2.Lignite B < 14654

Table 1. Coal Classification (ASTM) [
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Figure 5. Comparison of heating values (mmmf)
and proximate analyses of coal of different ranks. !

Lignite is geologically very young (upward of around 40,000 years). It is brown
and can be soft and fibrous, containing discernible plant material. It also contains
large amounts of moisture (typically around 70%) and hence, it has low energy
content (around 8 to 10 MJ/kg). As the coal develops it loses its fibrous character
and darkens in color.

Black coal ranges from Cretaceous age (65 to 105 million years ago) to mid-
Permian age (up to 260 million years ago). They are all black; some are sooty and
still quite high in moisture (sub-bituminous coal). A common name for this coal in
many parts of the world is "black lignite.” Coals that get more deeply buried by
other rocks lose more moisture and start to lose their oxygen and hydrogen; they
are harder and shinier (e.g., bituminous coal). Typical energy contents are around
24 to 28 MJ/kg. These coals generally have less than 3% moisture, but some
power stations burn coal at up to 30% ash.

Anthracite is a hard, black, shiny form of coal that contains virtually no moisture
and very low volatile content. Because of this, it burns with little or no smoke and
is sold as a "smokeless fuel.” In general, coals only approach anthracite composi-
tion where bituminous coal seams have been compressed further by local crustal
movements. Anthracites can have energy contents up to about 32 MJ/kg, depend-
ing on the ash content.

It is important to note that coal rank has little to do with quality. As a coal matures
its ash content actually increases as a proportion because of the loss of moisture



and volatiles. Lower rank coals may have lower energy contents, but they tend to
be more reactive (i.e., they burn faster) because of their porosity and resultant
higher surface area. ©!

2.1.2 The use of Coal

Coal has been used for massive energy production since the beginning of the in-
dustrialized society. Easy to get, large resources, a cheap and easy way to pro-
duce energy for the modern way of life. Although the use of oil and its products
replaced many applications of coal, and made the world economy depending by it,
the coal, with larger resources than oil (Table 2) never ceased to have an impor-
tant place in the energy production field.

Fossil Resource Reserves Resources Additional TOTAL
Occurrences
Conventional Oil 1100 1063 2163
Unconventional Oil 1340 2460 13370 17170
Conventional Natural Gas 1030 2050 3080
Unconventional Natural Gas 1410 1890 2840 6140
Hydrates 137500 137500
Coal 7350 17570 20860 45780
TOTAL 12230 25030 174570 211833

Table 2. Remaining World Fossil Fuel Reserves
(Billions of Barrels Equivalent — 2000) 4

Coal is used as a solid fuel to produce electricity and heat through combustion.
World coal consumption is about 6.2 billion tons annually. China produced 2.38
billion tons in 2006 and India produced about 447.3 million tons in 2006. 68.7% of
China's electricity comes from coal. The USA consumes about 1.053 billion tons of
coal each year, using 90% of it for generation of electricity *®l. The world in total
produced 6.19 billion tons of coal in 2006.

When coal is used for electricity generation, it is usually pulverized and then
burned in a furnace with a boiler. The furnace heat converts boiler water to steam,
which is then used to spin turbines which turn generators and create electricity.
The thermodynamic efficiency of this process has been improved over time.
"Standard" steam turbines have topped out with some of the most advanced
reaching about 35% thermodynamic efficiency for the entire process, which means
65% of the coal energy is waste heat released into the surrounding environment.
Old coal power plants are significantly less efficient and produce higher levels of
waste heat. About 40% of the world's electricity comes from coal °°.
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2.2 Coal and Environment

2.2.1 Global warming

The detailed causes of the recent warming remain an active field of research, but
the scientific consensus is that the increase in atmospheric greenhouse gases due
to human activity caused most of the warming observed since the start of the in-
dustrial era, and the observed warming cannot be satisfactorily explained by natu-
ral causes alone. This attribution is clearest for the most recent 50 years, for which
the most detailed data are available.

The greenhouse effect was theorized by Joseph Fourier in 1824 and was first in-
vestigated quantitatively by Svante Arrhenius in 1896. It is the process by which
absorption and emission of infrared radiation by atmospheric gases warm a pla-
net's lower atmosphere and surface.

2.2.2 Greenhouse Gases

Existence of the greenhouse effect as such is not disputed. Naturally occurring
greenhouse gases have a mean warming effect of about 33 °C, without which
Earth would be uninhabitable. On Earth, the major greenhouse gases are water
vapor, which causes about 36 — 70 percent of the greenhouse effect (not including
clouds); carbon dioxide (CO;), which causes 9 — 26 percent; methane (CH,),
which causes 4 — 9 percent; and ozone, which causes 3 — 7 percent. The issue is
how the strength of the greenhouse effect changes when human activity increases
the atmospheric concentrations of some greenhouse gases.
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Figure 5. World Carbon Dioxide Emissions from Energy Consumption !

Human activity since the industrial revolution has increased the concentration of
various greenhouse gases, leading to increased radiative forcing from CO,, me-
thane, tropospheric ozone, CFC’s and nitrous oxide. Molecule for molecule, me-
thane is a more effective greenhouse gas than carbon dioxide, but its concentra-
tion is much smaller so that its total radiative forcing is only about a fourth of that
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from carbon dioxide. Some other naturally occurring gases contribute small frac-
tions of the greenhouse effect; one of these, nitrous oxide (N2O), is increasing in
concentration owing to human activity such as agriculture. The atmospheric con-
centrations of CO, and CH,4 have increased by 31% and 149% respectively since
the beginning of the industrial revolution in the mid-1700s. These levels are consi-
derably higher than at any time during the last 650,000 years, the period for which
reliable data has been extracted from ice cores. From less direct geological evi-
dence it is believed that CO; values this high were last attained 20 million years
ago. Fossil fuel burning has produced approximately three-quarters of the increase
in CO, from human activity over the past 20 years. Most of the rest is due to land-
use change, in particular deforestation.

The present atmospheric concentration of CO, is about 385 parts per million (ppm)
by volume. Future CO; levels are expected to rise due to ongoing burning of fossil
fuels and land-use change. The rate of rise will depend on uncertain economic,
sociological, technological, and natural developments, but may be ultimately Ii-
mited by the availability of fossil fuels. The Intergovernmental Panel on Climate
Change (IPCC) Special Report on Emissions Scenarios gives a wide range of fu-
ture CO, scenarios, ranging from 541 to 970 ppm by the year 2100. Fossil fuel
reserves are sufficient to reach this level and continue emissions past 2100, if
coal, tar sands or methane clathrates are extensively used.

Inasmuch as the greenhouse effect is due to human activity, it is a forcing effect
that is separate from forcing due to climate variability.

2.2.3 Clean Coal Technologies

Clean coal is an umbrella term used in the promotion of the use of coal as an
energy source by emphasizing methods being developed to reduce its environ-
mental impact. These efforts include chemically washing minerals and impurities
from the coal, gasification, treating the flue gases with steam to remove sulfur dio-
xide, and carbon capture and storage (CCS) technologies to capture the carbon
dioxide from the flue gas. These methods and the technology used are described
as clean coal technology. Major politicians and the coal industry use the term
"clean coal" to describe technologies designed to enhance both the efficiency and
the environmental acceptability of coal extraction, preparation and use, with no
specific quantitative limits on any emissions, particularly carbon dioxide.

It has been estimated that commercial-scale clean-coal power stations (coal-
burning power stations with Carbon Capture and Sequestration - CCS) cannot be
commercially viable and widely adopted before 2020 or 2025. This time frame is of
concern to environmentalists, because, according to the Stern report (released on
October 30, 2006 by economist Lord Stern of Brentford for the British government
and discusses the effect of climate change and global warming on the world econ-
omy) there is an urgent need to mitigate greenhouse gas emissions and climate
change. That is why research on the field of CCS must be immediate, thorough
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and efficient so that the solutions proposed on the matter of lower greenhouse gas
emission can be successful and with long-term viability.

2.3 Carbon Capture and Sequestration (CCS)

Carbon capture and sequestration (CCS) is an approach to mitigating global
warming based on capturing carbon dioxide (CO,) from large point sources such
as fossil fuel power plants and storing it instead of releasing it into the atmosphere.
Although CO; has been injected into geological formations for various purposes,
the long term storage of CO; is a relatively untried concept.

The capture and sequestration of carbon dioxide are critical enabling technologies
to significantly reduce CO, emissions while still allowing fossil fuels to meet the
energy demands of today. The merit of CCS systems is the reduction of CO,
emissions by up to 90%, depending on plant type. Carbon capture and sequestra-
tion begins with the separation and capture of CO, from power plant flue gas and
other stationary CO, sources. At present, this process is costly and energy inten-
sive, accounting for the majority of the cost of sequestration. CCS applied to a
modern conventional power plant could reduce CO, emissions to the atmosphere
by approximately 80-90% compared to a plant without CCS. Capturing and com-
pressing CO; requires much energy and would increase the fuel needs of a coal-
fired plant with CCS by 25% - 40%. These and other system costs are estimated
to increase the cost of energy from a new power plant with CCS by 21-91%.
These estimates apply to purpose-built plants near a storage location: applying the
technology to preexisting plants or plants far from a storage location will be more
expensive. On Table 3 the results of techno-economic studies made on applying
CCS technology to IGCC are presented.

IGCC Case Study Thermal Efficiency (%) | Efficiency Increase of
o -
COzCapture | \vinout ccs | with ces | oSS (%) Cfr?f:i‘t’; '(E,,Le)c
90% 38.1 32.9 13.6 45
85% (Shell Gasifica- 43.1 345 20 32.2-33.6
tion Technology) %%
85% (GE Gasifica- 38 31.3 17.1 23.9-244
tion Technology) %*!
80% 4 41 34.4 16 ~ 30
85% (Puertollano 43.9 33.5 23.7 ~ 39
based data)®!

Table 3. Efficiency Loss and Increase of COE due to CCS

Storage of the CO; is envisaged either in deep geological formations, in deep
ocean masses, or in the form of mineral carbonates. In the case of deep ocean
storage, there is a risk of greatly increasing the problem of ocean acidification, a
problem that also stems from the excess of carbon dioxide already in the atmos-
phere and oceans. Geological formations are currently considered the most prom-
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ising sequestration sites, and these are estimated to have a storage capacity of at
least 2000 Gt CO;, (currently, 30 Gt per year of CO; is emitted due to human activi-
ties). A general problem is that long term predictions about submarine or under-
ground storage tightness are very difficult and uncertain. The CO, could leak from
the storage and finally appear in the atmosphere. IPCC estimates that the eco-
nomic potential of CCS could be between 10% and 55% of the total carbon mitiga-
tion effort until year 2100.

The construction of the first pilot-scale CCS power plant started on May 29, 2006,
by the Swedish company Vattenfall. The plant is located near the existing lignite
fired 1600 MW power plant in Schwarze Pumpe, Germany. The pilot plant has
been in operation from the middle of 2008. The initial testing program will run for
three years. The plant is scheduled to operate for at least 10 years in the hope of
answering questions about technological feasibility and economic efficiency. ©°!

e Carbon Capture methods from Power Plants

Three main approaches are used to capture CO, from power plants:

- Post-combustion capture,
- Oxy-fuel combustion and
- Pre-combustion capture.

2.3.1 Post — combustion capture

Post-combustion capture requires the addition of a capture system (to separate
the CO, from the other flue gas components and concentrate the CO,) and a
compression system (to compress the CO, and prepare it for transport). Leading
post-combustion capture technologies also require significant cleaning of the flue
gas before the capture device. In particular, sulfur levels have to be low (less than
10 parts per million (ppm) and possibly lower) to reduce corrosion and fouling of
the system. Figure 6 shows a sample block diagram for post-combustion capture
from a power plant. As shown in Figure 6, after leaving the boiler, flue gas is
cleaned with a scrubber that removes sulfur dioxide (SO;) and a device that re-
moves particulate matter (PM). The diagram shows the use of limestone slurry for
this purpose, suggesting use of wet flue gas desulphurization (FGD). While wet
FGD would not be a required component, it might be needed to reduce the sulfur
content to the required level. Also, note that the flue gas cleanup area would in-
clude a device for PM collection. The flue gas then enters an absorption column
(represented by the CO, capture box) that contains the amine solution. As the flue
gas contacts the amine in the absorption column, the CO; is absorbed into the
amine solution. The flue gas then exits the stack, and the amine solution is sent to
a stripping column, where the CO; is removed from the amine solution through an
increase in the solution temperature. The amine is recycled and sent to the ab-
sorption tower, while the CO,, is cooled, dried, and compressed to a supercritical
fluid. Besides the use of an amine solution (chemical absorption into solution), the
options for post-combustion capture include physical adsorption with a solvent (io-
nic liquids) or a sorbent (metal organic frameworks), membrane separation from
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the gas (membrane/amine hybrids or enzymatic CO, processes), and cryogenic
separation by distillation or freezing [NETL 2007]. Chemical absorption into a solu-
tion is currently the preferred approach for separating CO, from flue gases at low
concentrations, such as those associated with power plants. There is considerable
experience using amines, such as MEA, for the separation of CO, during natural
gas processing and in the development of food-grade CO,. While expensive, it is
currently considered a commercial post-combustion capture process [MIT 2007].
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Figure 6. Post-combustion capture from a pulverized coal-fired power plant *%

2.3.2 Oxy — fuel Combustion

Oxy-fuel combustion involves the combustion of fossil fuels in an oxygen-rich envi-
ronment (nearly pure oxygen mixed with recycled exhaust gas), instead of air.
Combustion under these conditions reduces the formation of nitrogen oxides, so
that the gas leaving the combustion zone is primarily CO, and is easier to sepa-
rate and remove. As shown in Figure 7 an air separation unit supplies oxygen to
the boiler where it mixes with the recycled exhaust gas. After combustion, the gas
stream can be cleaned of PM, nitrogen oxides, and sulfur. After condensing out
the water, the flue gas has a CO; concentration that is high enough to allow direct
compression. However, the compressed flue gas may have to be further cleaned
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Figure 7.0xy-fuel combustion with capture **
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of co-constituents to reach the same purity as the compressed CO, resulting from
post-combustion capture [MIT 2007]. As of 2008, oxy-fuel power plants are in the
early stages of development with pilot-scale construction currently underway in
North America and an operating power plant running on a test basis in Schwarze
Pumpe, Germany.

2.3.3 Pre — Combustion Capture

Pre-combustion capture involves the removal of CO, after the coal is gasified into
syngas, but before combustion in an IGCC unit. As shown in Figure 8, the first
step involves gasifying the coal. Then, a water-gas shift reactor is used to convert
carbon monoxide in the syngas and steam to CO, and hydrogen. This increases
the concentration of CO,, improving CO, capture efficiency and increasing the
amount of carbon (in the form of CO,) that can be removed using this process.
The CO2 is removed using either a chemical or a physical solvent, such as Selex-
ol™ and is compressed. The hydrogen is combusted in a turbine to generate
electricity [MIT 2007]. While both IGCC and pre-combustion CO, capture technol-
ogies are considered available, only four gigawatts of IGCC power plants have
been built worldwide as of the end of 2007 [IPCC 2005]. None of the existing
IGCC plants have the technologies needed to capture the CO..
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Figure 8. Pre-combustion capture on an IGCC power plant !

2.4 Gasification and Pyrolysis

2.4.1 The History of Gasification

The production of combustible gas from coal and carbon-containing materials is
already an old technology. So-called dry distillation or pyrolysis (heating of feeds-
tock in absence of oxygen, resulting in thermal decomposition of the fuel into vola-
tile gases and solid carbon) was first practiced on a commercial scale in 1812 by a
gas company in London.

The first commercial gasifier of the up-draft type for continuous air-blown gasifica-
tion of solid fuels was installed in 1839, yielding what is currently known as “pro-
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ducer gas”. Gasifiers were then developed for different fuels and industrial power
and heating applications up to the 1920s, when oil fueled systems gradually took
over systems fueled by producer gas. In anticipation of unreliable petroleum sup-
plies, compact gasifier systems like the more advanced down-draft type, for auto-
motive applications were developed in Europe between 1920 and 1940 but they
were largely decommissioned after a while, when inexpensive liquid fuels became
widely available.

The energy crisis of the 1970s brought renewed interest in gasification. The tech-
nology was perceived as a relatively cheap indigenous alternative for small-scale
industrial and utility power generation in developing countries that suffered from
high petroleum prices prevailing on the world market and that had sufficient sus-
tainable biomass resources. In the beginning of the 1980s, at least 10 (mainly Eu-
ropean) manufacturers offered small-scale wood and charcoal-fueled power plants
(of up to approximately 250 kW), and at least four developing countries (Philip-
pines, Brazil, Indonesia and India) started gasifier implementation programs based
on locally developed technologies. Dozens, perhaps hundreds, of biomass gasifi-
cation systems were installed through donor-financed projects and local entrepre-
neurs in a large number of developing countries.

In Western countries, coal gasification systems attracted interest during the 1980s
as an alternative to using natural gas and oil in (dedicated) heat applications.
Technological development mainly applied to fluidized-bed gasification systems for
coal in the range of 10 to 100MW. Currently, development of gasification systems
is directed to production of electricity and heat in advanced gas-turbine-based co-
generation units.

Gasification looks simple in principle and many types of gasifiers have been de-
veloped. The production of gaseous fuel from a solid fuel — with attractive proper-
ties such as easy handling and combustion that produce little excess air and low
levels of contaminants (and possibly can be used in internal combustion engines) -
makes gasification very appealing !,

2.4.2 Gasification and Pyrolysis processes

Gasification is a process that converts carbonaceous materials, such as coal,
petroleum, or biomass, into a combustible gas by reacting the raw material at high
temperatures with a controlled amount of oxygen and/or steam. The resulting gas
mixture consists of carbon monoxide, hydrogen and some methane and carbon
dioxide and it is called synthesis gas or syngas and is itself a fuel. Gasification is a
very efficient method for extracting energy from many different types of organic
materials, and also has applications as a clean waste disposal technique. Gasifi-
cation uses heat and pressure (and possibly steam) to convert any raw material
(feedstock) that contains carbon, into synthesis gas. Sometimes pure oxygen is
used, in a process called “oxygen-gasification”, or air can be used in “air-
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gasification” and then the product gas also contains nitrogen. Steam can be added
to the oxidant stream to increase the amount of hydrogen in the gas produced;
alternatively, water can be added as a liquid when the coal is injected in the form
of coal-water slurry. Carbon monoxide and hydrogen are colorless, odorless, high-
ly flammable gases that can be used to produce electricity, chemicals, pure hydro-
gen, and liquid transportation fuels. Gasification systems are also being used in-
creasingly to turn feedstocks, such as coal into useful chemical products.

Gasification can also be applicable to materials that are not otherwise useful fuels,
such as biomass or organic waste. In addition, the high-temperature combustion
refines out corrosive ash elements such as chloride and potassium, allowing clean
gas production from otherwise problematic fuels.

Gasifying fossil fuels is currently widely used on industrial scales to generate elec-
tricity. However, almost any type of organic material can be used as the raw ma-
terial for gasification, such as wood, biomass, or even plastic waste. Thus, gasifi-
cation may be an important technology for renewable energy. Finally, gasification
is also used industrially in the production of ammonia and synthetic liquid fuels, but
also to produce electricity from fossil fuels such as coal, using Integrated Gasifica-
tion Combined Cycle (IGCC). IGCC is also a more efficient method of CO, capture
as compared to conventional technologies. There is also the possibility of produc-
ing methane and hydrogen for fuel cells.
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Figure 9. Gasification and Pyrolysis **!

The pyrolysis (or devolatilization) process occurs as the particles of a carbona-
ceous material heat up. Pyrolysis is the chemical decomposition of organic mate-
rials by heating in the absence of oxygen or any other reagents, except possibly
steam. Due to the high temperature and the small amounts of oxygen, volatiles are
released and char is produced, resulting in up to 70% weight loss for coal. The
process is dependent on the properties of the carbonaceous material and deter-
mines the structure and composition of the char, which will then undergo gasifica-
tion reactions.
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2.4.3 Gasification reactions

Gasification relies on chemical processes at elevated temperatures >700°C, which
distinguishes it from biological processes such as anaerobic digestion that pro-
duce biogas. The coal gasification reactions occur when coal is heated with oxy-
gen and usually some steam in a gasification reaction chamber. A typical bitumin-
ous coal has 77-90% carbon and contains 10-30% volatile matter, and it is conve-
nient to discuss coal gasification mainly in terms of the reaction of carbon with a
suitable gas. The main reactions which take place in a gasification system are:
Pyrolysis of coal and its break-up into char and volatile matter.

Coal - char + volatiles ..................... Endothermic reaction............... (R2.1)

Heterogeneous reactions of the char (carbon) produced with gasifying agent,
steam or volatile matter.

Oxidation of char

C+7%022CO oo, AH%gg =-123 KJ/ mol............ (R2.2)
C+022C00 i AH%gg = -406 KJ/ mol............ (R2.3)
Boudouard reaction

C+CO222C0 i AH9s = + 159.7 KJ / mol......... (R2.4)

Char — steam reaction

C+HO>CO+Hpoiiiiiiins AH®g5 =-118.9 KJ/ mol......... (R2.5)
Hydrogenation
C+2H2 D> CHyuvnvvvee AH%gg =-88.4 KJ/ mol............ (R2.6)

Gasification of the char or carbon with carbon dioxide (Boudouard reaction) is
usually the prime process together with the partial oxidation steps. The Boudouard
reaction is endothermic and, for a given carbon in the absence of catalyst, takes
place several orders of magnitude slower than the C — O, reaction at the same
temperature. The reaction proceeds very slowly at temperatures below 1000K,
and is inhibited by its product, CO. If there is a significant amount of steam
present, then reaction with carbon takes place. This reaction has high activation
energy and the rate is proportional to the steam partial pressure.
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Gas Phase reactions among the gases already produced inside the gasifier.

Oxidation reactions

H2 + 02 > Hzo .............................. AHozgs =-242KJ/ mol............ (R27)
CO+vY%022C00 i AHC9s =-283 KJ/ mol............ (R28)
CHs+%0,>CO+2Hs..ccccinienna. AH%gg =-35.7KJ/ mol............ (R2.9)

Water — gas shift reaction
CO+H,O€«<>COx+Houvovvnvnnnenen AH%gs =-40.9 KJ/ mol............ (R2.10)
Steam reforming reaction

CHs + HO €> CO+3Ho.uunninnee, AH®9g = + 206 KJ / mol............ (R2.11)

Although all of the above reactions were presented as if they take place each one
in a discrete phase from another, actually, they all occur simultaneously.

There is a balance between the extent of combustion and gasification processes
that is controlled by the products required and therefore the chosen stoichiometry
and the reaction temperature and pressure. By a change in conditions the prod-
ucts can include more CO and Hz, and this is achieved when power generation is
the objective. High temperatures and pressures favor CO and H, production while
low temperatures favor a higher methane content.

There are endothermic reactions, i.e., require heat in order to proceed. Therefore,
the heat required for these desired reactions is supplied by the complete or partial
combustion of a small proportion of the coal in oxygen or air.

Two gas-phase reactions are important for the final gas composition. The water-
gas shift reaction has influence on the CO/H; ratio, which can be important if the
gas is for use in synthesis. The shift reaction increases the amount of hydrogen in
the gases. Because of the hydrogen in the gas phase, hydrogenation of carbon
also occurs, so that the gasifier gases also contain some methane. Methane is
also produced from the reverse steam reforming reaction (reaction of carbon mo-
noxide and hydrogen). The methanation reaction increases the calorific value of
the gas, but is very slow except at high pressure and in catalytic-bed reactions.
The shift and methanation reactions are particularly important for substitute natural
gas (SNG) production.
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2.4.4 The advantages of gasification

Gasification is the cleanest coal-based power system available today. There are
five main advantages or benefits of gasification technology.

Feedstock flexibility:

Gasification can produce syngas not only from coals having a wide range of heat
values but also from low-value carbon feedstock’s such as petroleum coke (“pet
coke”), high-sulfur fuel oil, municipal wastes, and biomass. This flexibility increas-
es the economic value of these resources and lowers costs by providing industry
with a broader range of feedstock options.

Product flexibility:

The syngas produced by gasification can be converted into many valuable prod-
ucts, ranging from electricity and steam to liquid fuels, basic chemicals, and hy-
drogen. Integration of multiple products gasification into industrial applications in-
creases opportunities for added revenues since plant operations can focus on the
most lucrative products, provides economies of scale associated with production
of multiple commodities and increases opportunities for added revenues.

Near-zero emissions:

Gasification systems can meet the strictest environmental regulations pertaining to
emissions of sulfur dioxide (SO,), particulate matter, and toxic compounds other
than coal contaminates such as mercury, arsenic, selenium, cadmium, etc.. Fur-
ther, gasification provides an effective means of capturing and storing or seques-
tering carbon dioxide (CO,), a greenhouse gas. The carbon dioxide produced dur-
ing gasification is present at much higher concentrations and at higher pressures
than in streams produced from conventional combustion, making them easier to
capture. The vision is to convert synthesis gas into pure hydrogen using the water
- gas shift reaction and use the hydrogen as an ultra-clean fuel with an exhaust
gas of nothing but water.

High efficiency:

Gasification can be integrated with other technologies for advanced power genera-
tion, particularly combustion turbines and eventually solid oxide fuel cells. The re-
sulting systems are highly efficient, squeezing more value from each pound of
feedstock. Systems using advances in gasification and related components can
achieve efficiencies of up to 60 percent, compared with an efficiency limit of 40
percent for conventional plants.

2.4.5 Syngas

The Synthesis Gas (or Syngas) is the product of the gasification process. It con-
sists of Hydrogen and Carbon Monoxide but it can contain also other gases such
us Carbon Dioxide, Methane and water.
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The composition of the synthesis gas is not specified and depends on a great
amount of factors. The type of coal gasified, the gasification temperature and
pressure, the oxidation mean of the process can make the concentration values of
gases that syngas consists of, vary.

Minor constituents in the feedstock are converted to such products as hydrogen
sulfide, ammonia, and ash/slag (mineral residues from coal).

It is one of the advantages of gasification that using the syngas is potentially more
efficient than direct combustion of the original fuel because it can be combusted at
higher temperatures or even in fuel cells, so that the thermodynamic upper limit to
the efficiency defined by Carnot's rule is higher. Syngas may be burned directly in
internal combustion engines, used to produce methanol and hydrogen, or con-
verted via other chemical processes into synthetic fuel.

Syngas can be used for heat production or for mechanical / electrical power gen-
eration in technologies such as the Integrated Gasification Combined Cycle
(IGCC). Like any other gaseous fuel, it enables a good control over power levels
when compared to solid fuels, paving the way for more efficient and cleaner opera-
tion.

Syngas has a heating value of about 4 - 15 MJ/m?, which is three to eight times
lower than that of natural gas. %!

2.5 The Integrated Gasification Combined Cycle (IGCC)

The IGCC technology is relatively new in connection with power generation. It
uses a combined cycle format with a gas turbine driven by the combusted syngas,
while the exhaust gases are heat exchanged with water/steam to generate super-
heated steam to drive a steam turbine. Using IGCC, more of the power comes
from the gas turbine. Typically 60-70% of the power comes from the gas turbine
with IGCC, compared with about 20% using Pressurized Fluidized Bed Combus-
tion (PFBC).

Coal gasification takes place in the presence of a controlled 'shortage' of
air/oxygen, thus maintaining reducing conditions. The process is carried out in an
enclosed pressurized reactor, and the product is the synthesis gas. The product
gas is cleaned and then burned with either oxygen or air, generating combustion
products at high temperature and pressure. The sulphur present mainly forms H,S
but there is also a little COS. The H,S can be more readily removed than SO,. Al-
though no NOy is formed during gasification, some is formed when the fuel gas or
syngas is subsequently burned. IGCC plants can be configured to facilitate CO,
capture (CCS Technology). The syngas is 'shifted' using steam to convert CO to
COg,, which is then separated for possible long-term sequestration. The emissions
of particulates, NOx and SO, from IGCC units is expected to meet, and possibly to
better, all current standards. On most units, sulphur is produced in elemental form
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as a by-product. Residues may include both ash and slag, depending on the gasi-
fication system used.

2.5.1 Types of Gasifiers

The gasifier is the main system component of the gasification process. It is a ro-
bust pressure vessel where air (or oxygen), steam, and a suitable fuel are brought
together and heated, stimulating controlled thermal and chemical reactions that
convert the feedstock to syngas.

The feedstock is prepared and fed to a gasifier in either a dry form or as slurry
(mixed with water). In the gasifier, the feedstock reacts with steam and air or oxy-
gen (Oy) at high temperature and pressure in a reducing (oxygen-starved) atmos-
phere. These conditions produce the syngas.

The high temperature in the gasifier converts the inorganic materials left behind by
gasification and fuses them into a glassy material, generally referred to as slag.
The slag has the consistency of coarse sand. It is chemically inert and may have a
variety of uses in the construction and building industries.

Depending on its type, a gasifier may operate at temperatures up to 1800°C, and
pressures up to 70 atmospheres. When the feedstock particles enter the gasifier
and move through its zones they undergo three thermal and chemical processes —
the first two in very rapid succession and the third more slowly: Pyrolysis, Oxida-
tion (controlled burning) and Gasification/Reduction. This type of reaction is endo-
thermic, and slag is left as a waste product. The net result of all of the chemical
reactions inside a gasifier is that gasification is exothermic.

Three types of gasifier are currently available for commercial use:

e Fixed-bed gasifiers (counter-current and co-current)
¢ Fluidized-bed gasifiers and
e Entrained-flow gasifiers.

Fixed (Moving) Bed Fluidized Bed Entrained Flow
Dry Ash : Slagging IDGCC Slagging Gasifiers
Gasifiers | Gasifiers ABGC Slurry Feed | Dry Feed
| BHEL " Hitachi
BHEL | BGL HTW GE (Texaco) |  SCGP
Lurgi | KRW E-Gas | MHI
| Transport BBP . BBP
| Reactor i Prenflo

Table 4. Coal gasification technology suppliers [
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2.5.1.1 Fixed — bed gasifiers

Gasification processes based on fixed beds have been used since the start of the
twentieth century for producing a lean gas using air gasification. Ash removal from
fixed-grate systems was a problem, and this was solved by using rotating grates.
Generally, the fixed-bed dimensions are typically 4 - 5 m in depth and 4 m in di-
ameter.

The counter-current fixed bed ("up draft") gasifier consists of a fixed bed of
carbonaceous fuel (e.g. coal or biomass) through which the "gasification agent"
(steam, oxygen and/or air) flows in counter-current configuration. The ash is either
removed dry or as a slag. The slagging gasifiers require a higher ratio of steam
and oxygen to carbon in order to reach temperatures higher than the ash fusion
temperature. The nature of the gasifier means that the fuel must have high me-
chanical strength and must be non-caking so that it will form a permeable bed,
although recent developments have reduced these restrictions to some extent.
The throughput for this type of gasifier is relatively low. Thermal efficiency is high
as the gas exit temperatures are relatively low. However, this means that tar and
methane production is significant at typical operation temperatures, so product gas
must be extensively cleaned before use or recycled to the reactor.

In the updraft gasifier, fuel is fed at the top and descends though gases rising

through the reactor. In the upper zone a drying process occurs, below which pyro-
lysis is taking place. Following this, the material passes through a reduction zone
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Figure 10. Counter-Current (left) and Co-Current fixed bed Gasifier (right)
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(gasification) and in the zone above the grate an oxidation process is carried out
(combustion). To supply air for the combustion process and steam for the gasifica-
tion process, moist hot air is supplied at the bottom of the reactor. Combustible
gas at a low temperature (because of the evaporation of moisture in the drying
zone) is discharged at the top of the reactor, and inert ash from the heat-
generating combustion process is extracted from the reactor bottom through a wa-
ter lock.

The co-current fixed bed ("down draft") gasifier is similar to the counter-current
type, but the gasification agent gas flows in co-current configuration with the fuel
(downwards, hence the name "down draft gasifier"). Heat needs to be added to
the upper part of the bed, either by combusting small amounts of the fuel or from
external heat sources. The produced gas leaves the gasifier at a high temperature,
and most of this heat is often transferred to the gasification agent added in the top
of the bed, resulting in energy efficiency on the same level with the counter-current
type. Since all tars must pass through a hot bed of char in this configuration, tar
levels are much lower than the counter-current type.

Fixed (moving) — bed Technologies

BGL: The British Gas/Lurgi (BGL) coal gasifier is a dry-fed, pressurized, fixed-bed,
slagging gasifier. The reactor vessel is water cooled and refractory lined. Each
gasifier is provided with a motor-driven coal distributor/mixer to stir and evenly dis-
tribute the incoming coal mixture. Oxygen and steam are introduced into the ga-
sifier vessel through sidewall-mounted tuyeres (lances) at the elevation where
combustion and slag formation occur. The coal mixture (coarse coal, fines, bri-
quettes, and flux), which is introduced at the top of the gasifier via a lock hopper
system, gradually descends through several process zones. Coal at the top of the
bed is dried and devolatilized. The descending coal is transformed into char, and
then passes into the gasification (reaction) zone. Below this zone, any remaining
carbon is oxidized, and the ash content of the coal is liquified, forming slag. Slag is
withdrawn from the slag pool by means of an opening in the hearth plate at the
bottom of the gasifier vessel. The slag flows downward into a quench chamber
and lock hopper in series. The pressure differential between the quench chamber
and gasifier regulates the flow of slag between the two vessels. Product gas exits
the gasifier at approximately 570°C through an opening near the top of the gasifier
vessel and passes into a water quench vessel and a boiler feed water (BFW) pre-
heater designed to lower the temperature to approximately 150°C. Entrained sol-
ids and soluble compounds mixed with the exiting liquid are sent to a gas-liquor
separation unit. Soluble hydrocarbons, such as tars, oils, and naphtha, are recov-
ered from the aqueous liquor and recycled to the top of the gasifier or reinjected at
the tuyeres.

Lurgi: The Lurgi dry ash gasifier is a pressurized, dry ash, moving-bed gasifier.
Sized coal enters the top of the gasifier through a lock hopper and moves down
through the bed. Steam and oxygen enter at the bottom and react with the coal as
the gases move up the bed. Ash is removed at the bottom of the gasifier by a ro-
tating grate and lock hopper. The countercurrent operation results in a tempera-
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ture drop in the reactor. Temperatures in the combustion zone near the bottom of
the gasifier are in the range of 1100 °C, whereas gas temperatures in the drying
and devolatization zone near the top are approximately 260 to 540°C. The raw gas
is quenched with recycled water to condense tar. A water jacket cools the gasifier
vessel and generates part of the steam to the gasifier. Sufficient steam is injected
to the bottom of the gasifier to keep the temperature below the melting tempera-
ture of ash.

BHEL: The gasification media, a mixture of air and steam, is fed through a grate,
which also enables ash removal. A gas cooler is used to recover part of the sensi-
ble heat of the gas produced and superheat steam for the gasifier. Further gas
cooling as well as tar condensation are done by water quenching. Particulates are
removed with a Venturi scrubber. A pilot plant has been operated for more than
5500 hours (1100 hours as IGCC), with two types of coals having high ash con-
tents: Singareni coal with an ash content of 27 to 35% and North Karanpura coal
with an ash content of 40%. The North Karanpura coal was also tested in the Lurgi
pilot-scale plant at the Indian Institute of Chemical Engineering (IICT) under the
same gasification conditions. It resulted in a better performance of the BHEL ga-
sifier (calorific value and cold gas efficiency), due mainly to the larger scale of the
gasifier. However, the availability of the plant was affected by the poor perfor-
mance of the raw gas cooler due to tar deposition and choking. A direct contact
quench was subsequently designed to replace the gas cooler and overcome that
problem. The performance of the moving-bed gasifier was also compared to that
of a pressurized fluidized-bed gasifier later developed by BHEL at the Trichy unit
in Hyderabad in India. Moving-bed gasifiers produce tar-laden gas, which make
the recovery of the sensible heat of the raw gas difficult. They also need coals with
a certain particle size (5 to 30 mm). They produce large effluents containing tars
and phenolic acids, requiring elaborate effluent treatment. For these reasons,
BHEL decided to develop the fluidized-bed technology for the processing of Indian
coals. A 6.2 MWe IGCC plant was developed by BHEL at the Trichy unit in 1988,
as part of a research program for the development of gasification of Indian coals
for the production of electricity. The gasification process was based on a moving-
bed technology developed in-house, after experience on a Lurgi dry ash bed ga-
sifier (pilot-scale 24 ton/day) was gained at the Indian Institute of Chemical Engi-
neering at Hyderabad and at CFRI at Dhanbad. The gasifier is a 2.7 m diameter,
14 m high jacketed moving-bed gasifier with a coal throughput of 150 tpd. Crushed
coal of 5 to 40 mm size with an ash content of about 35% is the design feedstock
for the gasifier, which is operating at 1 MPa pressure.

2.5.1.2 Fluidized - bed gasifiers

A Fluidized bed is formed when a quantity of a solid particulate substance
(usually present in a holding vessel) is placed under appropriate conditions to
cause the solid/fluid mixture to behave as a fluid. This is usually achieved by the
introduction of pressurized fluid through the particulate medium. This results in the
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medium then having many properties and characteristics of normal fluids; such as
the ability to free-flow under gravity, or to be pumped using fluid type technologies.

In a fluidized bed reactor, the fuel is fluidized in oxygen and steam or air. The
reactor is operated at a constant temperature, usually below the ash fusion tem-
perature, thereby avoiding agglomeration and clinker formation and defluidizes the
bed. As coal particles are consumed or fragmented during gasification, the smaller
particles are entrained with the hot raw gas as it leaves the reactor; these char
particles are recovered and recycled to the reactor.

Fluidized-bed gasifiers may differ in ash conditions, being run either dry or agglo-
merated. The ash is removed dry or as heavy agglomerates that defluidize. In dry
ash gasifiers the temperatures are relatively low, so the fuel must be highly reac-
tive; conventional dry ash operation has traditionally operated on low-rank coals.
The agglomerated ash operation involves slightly higher temperatures, and im-
proves the ability of the process to gasify high-rank coals efficiently. Fuel through-
put is higher than for the fixed bed, but not as high as for the entrained flow gasifi-
er. The conversion efficiency can be rather low due to elutriation of carbonaceous
material. Recycle or subsequent combustion of solids can be used to increase
conversion. Fluidized-bed gasifiers are most useful for fuels that form highly corro-
sive ash that would damage the walls of slagging gasifiers.

The immediate forerunner is the original Winkler process, which is a fluidized-bed
system that uses steam and air or oxygen at atmospheric pressure.
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Fluidized — bed Technologies

HTW: The High Temperature Winkler (HTW) process was first developed by
Rheinbraun in Germany to gasify lignite for the production of a reducing gas for
iron ore. The gasifier consists of a refractory-lined pressure vessel equipped with a
water jacket. Feedstocks are pressurized in a lock hopper, which is located below
the coal storage bin and then pneumatically conveyed to a coal bin. The conveying
gas is then filtered and recirculated. Coal in the receiving bin is then dropped via a
gravity pipe into the fluidized bed, which is formed by particles of ash, semi-coke,
and coal. The gasifier is fluidized from the bottom with either air or oxygen/steam,
and the temperature of the bed is kept at around 800°C, below the fuel ash fusion
temperature. An additional gasification agent is introduced at the freeboard to de-
compose, at higher temperature (900 to 950°C), undesirable byproducts formed
during gasification. The operating pressure can vary from 1 to 3 MPa, depending
on the use of the syngas. The raw syngas produced is passed through a cyclone
to remove particulates and then cooled. Solids recovered in the cyclones are rein-
jected into the gasifier, and dry ash is removed at the bottom via a discharge
screw. The syngas cooling system has been the subject of study as to whether to
use a water-cooled or a firetube syngas cooler. The main reason was that the ex-
isting water-cooled syngas cooler was facing fouling and corrosion problems. A
conventional water scrubber system was originally used for gas cleaning but due
to blockages, fouling, corrosion, and also the high operating cost of the system,
Rheinbraun decided to develop a hot gas filtration system. A hot gas ceramic can-
dle unit formed of 450 candles was developed and operated for 15,000 hours. The
HTW technology manufactured by Rheinbraun was successfully applied for the
synthesis of chemicals (methanol) from lignite at Berrenrath, Germany, between
1986 and 1997. The plant was shut down at the end of 1997 as, at the time, the
process was no longer considered to be economically viable. Another commercial
plant has been operating in Finland since 1988, essentially with peat for the pro-
duction of ammonia. A 140 ton coal/day pressurized HTW gasification plant was
also commissioned and built at Wesseling, Germany, in 1989, to supplement re-
search and development of the HTW technology for coal use and particularly to
study its future application to an IGCC process for power generation. The plant
was designed for a maximum thermal capacity of 36 MW and was operated for 3
years either as an air-blown or an oxygen-blown gasification plant with pressures
up to 2.5 MPa. A wide range of coals was tested in the Wesseling plant, including
brown coals and a high-volatile bituminous coal (Pittsburgh No. 8). The Wesseling
plant provided the operational data required to design a potential 300 MW com-
mercial IGCC power plant (KoBra), which was finally never built. However, there is
presently a project to develop a 400 MW IGGC plant based on the HTW technolo-
gy (two units) to replace 26 existing Lurgi moving beds at Vresova in the Czech
Republic. The new HTW plant (80 ton/hour coal and pressures up to 3 MPa)
should operate on Czech lignite and will benefit from years of research and devel-
opment at the Wesseling and Berrenrath plants. In order to adapt the HTW tech-
nology to the Czech lignite and also to the pre-existing Vresova IGCC plant (coal
grinding plant, air separation unit, wastewater treatment, and steam turbine), tests
were performed by Rheinbraun in an HTW bench-scale gasification unit and com-
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pared to results obtained with other coals in the same benchscale unit and in a
demonstration plant.

IDGCC: The Integrated Drying Gasification Combined Cycle (IDGCC) technology
was specifically developed for the gasification of high-moisture, low-rank coals by
Herman Research Pty Limited in Morwell, Australia. The gasifier is a 5 MW air-
blown pressurized fluidized-bed pilot plant that is fed with coal from an integrated
drying process. The feed coal is pressurized in a lock hopper system and then fed
into the dryer, where it is mixed with the hot gas leaving the gasifier. The heat in
the gas is used to dry the coal, while the evaporation of water from the coal cools
down the gas without the need of expensive heat exchangers. The gasifier oper-
ates at 900°C under 2.5 MPa air pressure. Chars and ash are collected at the bot-
tom of the gasifier and from a ceramic filter and burnt in a separate boiler. The fi-
nal ash product is similar to that from a conventional low-rank boiler. A wide range
of low-rank coals could be processed in the IDGCC, with only small changes in the
operating conditions. Coals containing high levels of sulfur can be processed with
sorbents, such as limestone or dolomite, directly injected into the bed. This would
obviate the need for additional cooling of the gas to 40°C for sulfur removal from
the very high-moisture syngas. The extra cooling would have led to a very large
energy loss from water condensation and reduced mass energy for the gas tur-
bine. It is expected that the IDGCC could handle coals with lower moisture content
and higher ash content. As the IDGCC plant is based on a fluidized-bed gasifica-
tion technology, it is then not recommended, as in most of the fluidized bed tech-
nologies, for coals with relatively low reactivities and coals with low ash melting
points. When looking at environmental considerations and particularly at the con-
cept of CO, removal and H; production, the IDGCC, which produces a very moist
syngas, can provide the water for the shift reaction without robbing or much re-
duced robbing of the steam cycle and may have potential for future development.
It was reported that the IDGCC process is more efficient and as a consequence
more environmentally friendly (lower CO, emission) than conventional processes,
and would be just slightly less efficient than an Australian black coal IGCC
process.

KRW: Coal and limestone, crushed to below 6 mm, are transferred from feed sto-
rage to the KRW fluidized-bed gasifier via a lock hopper system. Gasification takes
place by mixing steam and air (or oxygen) with the coal at a high temperature. The
fuel and oxidant enter the bottom of the gasifier through concentric high-velocity
jets, which ensure thorough mixing of the fuel and oxidant and of the bed of char
and limestone that collects in the gasifier. After entering the gasifier, the coal im-
mediately releases its volatile matter, which burns rapidly, supplying the endo-
thermic heat of reaction for gasification. The combusted volatiles form a series of
large bubbles that rise up the center of the gasifier, causing the char and sorbent
in the bed to move down the sides of the reactor and back into the central jet. The
recycling of solids cools the jet and efficiently transfers heat to the bed material.
Steam, which enters with the oxidant and through a multiplicity of jets in the conic-
al section of the reactor, reacts with the char in the bed, converting it to fuel gas.
At the same time, the limestone sorbent, which has been calcined to CaO, reacts
with H,S released from the coal during gasification, forming CaS. As the char



29

reacts, the particles become enriched in ash. Repeated recycling of the ash-rich
particles through the hot flame of the jet melts the low-melting components of the
ash, causing the ash particles to stick together. These particles cool when they
return to the bed, and this agglomeration permits the efficient conversion of even
small particles of coal in the feed. The velocity of gases in the reactor is selected
to maintain most of the particles in the bed. The smaller particles that are carried
out of the gasifier are recaptured in a high efficiency cyclone and returned to the
conical section of the gasifier, where they again pass through the jet flame. Even-
tually, most of the smaller particles agglomerate as they become richer in ash and
gravitate to the bottom of the gasifier. Since the ash and spent sorbent particles
are substantially denser than the coal feed, they settle to the bottom of the gasifier,
where they are cooled by a counter-flowing stream of recycled gas. This both
cools and classifies the material, sending lighter particles containing char back up
into the gasifier jet. The char, ash, and spent sorbent from the bottom of the gasifi-
er flow to the fluid-bed sulfator, where both char and calcium sulfide are oxidized.
The CaS forms CaSQO, , which is chemically inert and can be disposed of in a
landfill. Most of the spent sorbent from the gasifier contains unreacted CaO. Sulfur
released from burning residual char in the sulfator is also converted to CaSQO,. Pi-
non Pine in Nevada is the only large-scale coal-based IGCC plant (100 MWe) that
is using the KRW technology, and it is also the only one that was designed with a
100% hot gas cleanup. The demonstration plant, owned by Sierra Pacific Re-
sources and sponsored by the U.S. DOE, has had numerous problems. The ga-
sifier had 18 start-ups, and all of them failed due to equipment design. Successes
in the project included operation of the combined cycle portion of the plant at 98%
availability, efficient removal by the hot gas filter of particulates from the syngas
and production of a good quality syngas for only 30 hours since the first syngas
was produced in 1998. Sierra Pacific Resources, which owns the Pinon Pine pow-
er plant, was going to be sold to WPS Power Development, but the sale has been
suspended by the state of Nevada, which placed a moratorium on the sale of
power plants in the state.

ABGC: The Air-Blown Gasification Cycle (ABGC) is a hybrid system that was de-
veloped at pilot scale (0.5 ton/hour coal capacity) by the former Coal Technology
Development Division of British Coal. The gasifier is based on a spouted bed de-
sign and is operated at pressures up to 2.5 MPa and a temperature between 900
and 1000°C. Coal fed in the gasifier produces a gas with a low calorific value of
around 3.6 MJ/m® . Sorbents such as limestone are also injected into the gasifier
to retain up to 95% of the sulfur originally present in coal. Syngas is first cleaned in
a cyclone, then cooled to around 400°C and cleaned by a ceramic filter, to be final-
ly burned and expanded through a gas turbine. Only 70 to 80% of the fuel is gasi-
fied, and partially gasified char and other solid residues (fly ash and sulphided
sorbent residues) produced in the gasifier are then transferred to an atmospheric
pressure circulating fluidized-bed combustor (CFBC) operating at a temperature of
about 1000°C. Heat generated by the combustion of the char supplies a steam
cycle used to drive a steam turbine to supplement the electricity generation. The
ABGC process is forecast to have an efficiency of about 46 to 48%. The ABGC
technology was later purchased by Mitsui Babcock Energy Limited (MBEL), which
produced in collaboration with GEC Alsthom and Scottish Power PLC a design of
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a demonstration plant while being supported by the European Commission under
the THERMIE program. A wide range of UK coals and international steam coals
were studied for use in the ABGC. A laboratory at Imperial College of Science
Technology and Medicine in London studied the impact of several coal characte-
ristics on the gasification reactivity of some international traded coals in bench-
scale reactors that could mimic the behavior of single coal particles in the ABGC.
Coal characteristics studied included coal maceral composition and coal mineral
matter composition.

BHEL: A 168 ton coal/day capacity air-blown pressurized fluidized-bed gasifier
IGCC pilot plant (6.2 MWe) was built at Hyderabad, India, following previous gasi-
fication tests in an 18 ton coal/day capacity IGCC fluidized-bed gasifier pilot plant
and in a 150 ton coal/day moving bed IGCC pilot plant. The plant consists of a re-
fractory lined reactor with a 1.4 m inside diameter in the bed, expandingto a 2 m
inside diameter at the upper section of the gasifier. Crushed coal (6 mm size or
below) is injected into the system via a lock hopper and a rotary coal feeder and
then pneumatically transported into the gasifier with a portion of the air used by the
plant. The dry granular ash produced during gasification is withdrawn from the bot-
tom of the gasifier through a water-cooled screw extractor and is discharged pe-
riodically through an ash lock system. Three refractory cyclones operating in se-
ries are used for primary gas cleaning. Fines collected in the first two cyclones can
be recycled in the gasifier but there is also the possibility to collect the cyclone
fines, without recycling, through a lock hopper. The gasifier operates at a tempera-
ture of 1000°C and pressure of 1.3 MPa to generate a coal gas with a net calorific
value of 9.8 MJ/kg. The 168 ton coal/day demonstration plant was commissioned
in 1996 and has since undergone a series of tests in standalone and in IGCC
mode, operating for a total of 1200 hours until the year 2000. The plant is de-
signed for the gasification of Indian coals with a high ash content of up to 42%.

Transport Reactor:

The Kellogg Transport Gasifier is a circulating-bed reactor concept that uses finely
pulverized coal and limestone. The gasifier is currently in development, which may
lead to a commercial design. It is expected that the small particle size of the coal
and limestone will result in a high level of sulfur capture. Additionally, the small
particle size will increase the throughput compared to a KRW gasifier, thereby po-
tentially reducing the required number of gasifier trains (or the gasifier size) and
the cost. The Transport Gasifier is conceptually envisioned as consisting of a mix-
ing zone, a riser, cyclones, a standpipe, and a non-mechanical valve. Oxidant and
steam are introduced at the bottom of the gasifier in the mixing zone. Coal and
limestone are introduced in the upper section of the mixing zone. The top section
of the gasifier discharges into the disengager or primary cyclone. The cyclone is
connected to the standpipe, which discharges the solids at the bottom through a
non-mechanical valve into the transport gasifier mixing zone at the bottom of the
riser. The gasifier system operates by circulating the entrained solids up through
the gasifier riser, through the cyclone, and down through the standpipe. The solids
reenter the gasifier mixing zone through the non-mechanical valve. The steam and
oxidant jets provide the motive force to maintain the bed in circulation and oxidize
the char as it enters the gasifier mixing zone. The hot gases react with coal/char in
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the mixing zone and riser to produce gasification products. The gas and entrained
solids leaving the primary cyclone pass through the secondary cyclone to provide
final de-entrainment of the solids from the gas. The solids separated in the sec-
ondary cyclone fall through the dipleg into the standpipe. A solids purge stream is
withdrawn from the standpipe for solids inventory maintenance. The gas leaving
the secondary cyclone passes through a gas cooler, which reduces the gas tem-
perature from about 1040°C to 600°C.

2.5.1.3 Entrained flow gasifiers

The entrained-flow gasification processes were derived for the petroleum refin-
ing and chemical industry. The products need to have the correct proportion of
CO/H2 dependent on the application. Generally, equilibrium considerations indi-
cate that as the temperature becomes higher, the amount of CO increases and the
amount of methane decreases. Thus the amount of CO2 and H2 resulting from wa-
ter-gas reaction increases as the temperature rises, and likewise from the Bou-
douard reaction. Thus, reactors operating at high temperature — with oxygen and
high pressure — produce gases suitable for synthesis or for power generation.

In entrained flow gasifiers, the fine coal particles can be fed either dry (normally
using nitrogen as transport gas) or wet (carried in water slurry). Some gasifiers
use two-stage feeding to improve the thermal efficiency and reduce both the sens-
ible heat in the raw gas and the oxidant requirements. Depending upon the me-
thod of coal feeding, dry or wet slurry, the entrained-flow gasifiers can accept al-
most any type of coal. This is also due to the high operating temperatures and be-
cause the coal particles are well separated from one another. The high tempera-
tures and pressures (typically, such gasifiers work at pressures up to 35 bar and at
the highest temperature of all the other gasifier types) mean that a higher through-
put can be achieved, however thermal efficiency is somewhat lower as the gas
must be cooled before it can be cleaned with existing technology. The high tem-
peratures also mean that tar and methane are not present in the product gas;
however the oxygen requirement is higher than for the other types of gasifiers.

All entrained flow gasifiers remove the major part of the ash as a slag as the oper-
ating temperature is well above the ash fusion temperature. A smaller fraction of
the ash is produced either as a very fine dry fly ash or as a black colored fly ash
slurry. Some fuels, in particular certain types of biomasses, can form slag that is
corrosive for ceramic inner walls that serve to protect the gasifier outer wall. How-
ever some entrained bed type of gasifiers do not possess a ceramic inner wall but
have an inner water or steam cooled wall covered with partially solidified slag.
These types of gasifiers do not suffer from corrosive slags. Some fuels have ashes
with very high ash fusion temperatures. In this case mostly limestone is mixed with
the fuel prior to gasification. Addition of a little limestone will usually suffice for the
lowering the fusion temperatures. The fuel particles must be much smaller than for
other types of gasifiers. This means the fuel must be pulverized, which requires
somewhat more energy than for the other types of gasifiers. By far the most ener-
gy consumption related to entrained bed gasification is not the milling of the fuel
but the production of oxygen used for the gasification.
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Entrained Flow Technologies

Hitachi: This coal gasification technology is based on an oxygen-blown entrained
flow gasifier, where the majority of experience has been gained in a 150 ton
coal/day unit. The gasifier is a water-cooled tube that is lined by a high-
temperature-resistant castable. Pulverized coal is pneumatically transported by
nitrogen to the gasifier, where it is injected into the gasifier chamber through two
types of burners at a pressure of 2.5 MPa. The two sets of burners are installed
tangentially to the gasifier sidewall, allowing a spiral flow of coal and oxygen from
the upper stage to the lower stage and making particle residence times much
longer than those of a gas stream. Enough oxygen is fed to the lower burner to
melt the slag. Molten slag solidifies on the gasifier wall as a first layer, and subse-
quent molten slag flows over the layer of the solidified slag to the slag tap hole at
the bottom of the gasifier; it is quenched with water and finally removed via a lock
hopper. Coal fed to the upper burners is reacted at a lower temperature with a
smaller amount of oxygen; it is then gasified and converted to reactive char. The
char moves down along the spiral gas flow and mixes with high-temperature gas in
the lower portion of the gasifier, where gasification proceeds further. The raw gas
produced together with the fly ash and the remaining char particles go up toward
the exit of the gasifier. They enter a syngas cooler, where they are cooled to
450°C prior to going through a cyclone and a filter that retain most of the fly ash
and the char particles, which are finally reinjected into the gasifier by pneumatic
transport under nitrogen. The syngas goes successively through a water scrubber
to remove halides and is desulfurized to be cleaned enough to comply with the
strict tolerance limits of fuel cells.

SCGP: The Shell Coal Gasification Process (SCGP) can operate on a wide variety
of feedstocks. It consists of three principal stages: 1. Gasification (Partial Oxida-
tion), in which the feedstock is converted to syngas in the presence of oxygen and
a moderating agent (steam) in a refractory-lined gasification reactor. 2. Syngas
Effluent Cooler (SEC), in which high-pressure steam is generated from the hot
syngas leaving the reactor 3. Carbon removal, in which, residual carbon and ash
are removed from the syngas in a two-stage water scrubbing unit. The Shell ga-
sifier is a dry-feed, pressurized, entrained slagging gasifier. Feed coal is pulve-
rized and dried with the same type of equipment used for conventional pulverized
coal boilers. The coal is then pressurized in lock hoppers and fed into the gasifier
with a transport gas by dense-phase conveying. The transport gas is usually nitro-
gen; however, product gas can be used for synthesis gas chemical applications,
where nitrogen in the product gas is undesirable. The oxidant is preheated to mi-
nimize oxygen consumption and mixed with steam as a moderator prior to feeding
to the burner. The coal reacts with oxygen at temperatures in excess of 1400°C to
produce principally hydrogen and carbon monoxide with little carbon dioxide. Op-
eration at elevated temperatures eliminates the production of hydrocarbon gases
and liquids in the product gas. The high temperature gasification process converts
the ash into molten slag, which runs down the refractory-lined water wall of the
gasifier into a water bath, where it solidifies and is removed through a lock hopper
as a slurry in water. Some of the molten slag collects on the cooled walls of the
gasifier to form a solidified protective coating. The crude raw gas leaving the ga-
sifier at 1400 to 1650°C contains a small quantity of unburned carbon and about
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half of the molten ash. To make the ash non-sticky, the hot gas leaving the reactor
is partially cooled by quenching with cooled recycle product gas. Further cooling
takes place in the waste heat recovery (syngas cooler) unit, which consists of ra-
diant, superheating, convection, and economizing sections, where high-pressure
superheated steam is generated before particle removal. The first commercial
IGCC plant using the Shell Coal Gasification Process (SCGP) is Buggenum in the
Netherlands, which was built in 1993. The plant achieves an overall efficiency of
43%, which could be increased to over 50% if using the most recent gas turbines.
The Buggenum design processes coal with natural gas as backup. The plant can
process up to 2000 ton/day of fuel. A demonstration plant (220 ton/day) at Oil Deer
Park Manufacturing complex in Houston completed tests proving the ability of the
SCGP to gasify more diverse types of coals (220 ton/day of bituminous coals or
365 ton/day of high-moisture, high-ash lignite) before being shut down in 1991.
Any coal that can be milled to the right size and pneumatically transported can be
gasified in the Shell entrained flow gasifier. Some adjustments have to be made in
order to keep the SCGP performances optimal when changing coal. Bituminous
coals require, in most cases, steam injection and oxygen/MAF (moisture- and ash-
free) coal ratios from 0.85 to 1.05 for producing a syngas with a CO/H; ratio of 2.2
to 2.4 and 1 to 2.5% CO,. Sub-bituminous coals and lignite normally do not require
steam injection and can be operated with oxygen/MAT coal ratio between 0.8 and
0.9, producing syngas with some 3 to 5% CO, and a CO/H; ratio of 2.0 to 2.2.
Anthracites require a higher oxygen/MAF coal ratio of 1.0 to 1.1 and a higher
steam/oxygen ratio of 0.15 to 0.3, and they produce a syngas with similar CO,
contents as bituminous coal (1 to 2.5% CO,, but a higher CO/H; ratio of 2.4 to
2.6). The ash content of a coal has an impact on the performance of the SCGP
process in terms of efficiency, as slag forms part of the insulation of the wall of the
gasifier and then prevents excessive heat loss during the gasification reaction. A
new Integrated Gasification Combined Cycle (IGCC) project based on the SCGP
technology, was also proposed to be built at Sulcis in Sardinia, Italy. It was
planned to have similar characteristics as the Buggenum plant. The Sulcis plant
has been designed to gasify 5000 ton/day blends of local coal (high-sulfur, high-
ash sub-bituminous coal) and imported LHV coals. A large IGCC demonstration
plant is also planned to be built at Yantai Power plant in Shandong province in
China. Technical prefeasibility studies were carried out in 1994-95. Development
prospects were predicted and comparisons were made with CFBC, PFBC-CC, and
supercritical units. Two 400 MW IGCC units were proposed to be installed. Their
net efficiency is planned to be more than 43%. They are designed to gasify bitu-
minous coals with high sulfur content (2.5 to 3%) from Yanzhou in Shangong. Sul-
fur will be recovered as elemental sulfur with a predicted removal efficiency of
98%. Three other gasification plants are planned to be developed by Shell in part-
nership with Sinopec in China, and a fourth one is under feasibility study. The
plants will all produce syngas for ammonia/urea production or H; for other chemi-
cal plants (methanol, oxo), replacing naphta reformers, oil gasifiers, or outdated
coal gasifiers.

MHI: Mitsubishi Heavy Industries (MHI) consists of an air-blown MHI gasifier that
is divided into two sections: a lower combustion section, which is connected by a
diffuser to an upper reducing section. Dry pulverized coal is fed at two points into
the gasifier, with half of the coal being fed into the combustor together with air,
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where it is burned to produce CO. The temperature inside the combustor is suffi-
ciently high to melt the coal ash without the addition of flux. The slag runs to the
bottom of the gasifier, where it is quenched in a water bath and removed using a
lock hopper system. The gas produced in the combustor rises to the reducing sec-
tion, where the remaining coal is added. Coal is then gasified in the reducing sec-
tion to produce a low CV syngas mainly formed of nitrogen. As the reducer section
is at a lower temperature than the combustor section, any molten ash carried up-
wards is solidified. The syngas produced exits the gasifier through a syngas coo-
ler, and then cyclones are used to collect the chars as the coal is not completely
gasified in the reducing section. Chars collected in the cyclones are then rein-
jected at the base of the gasifier to ensure complete carbon conversion. Because
of the very high temperatures reached in the combustion section, this type of ga-
sifier is well suited to gasify the very high ash-melting point Australian coals with-
out any addition of fluxing agent. The MHI gasification technology has been tested
in Nakoso (Japan) in two pilot-scale gasifiers. A new IGCC project has been
started that is a 250 MW air-blown IGCC demonstration plant located in Nakoso,
where the former pilot plants were based, and will process up to 1500 ton/day of
coal, which is about nine times more than the former 200 ton/day pilot plant. The
system will have a unique feature: The oxidizing gas will be partially extracted from
the gas turbine compressor and will be enriched with oxygen coming from an in-
dependent air separation unit, making the gasifier operation more stable and giv-
ing a certain flexibility to the system that does not exist in the two highly integrated
European IGCC plants. An advantage of the MHI two-stage dry-fed entrained flow
gasifier is that the syngas temperature at the outlet of the gasifier is not as high as
the one flowing out of a one-stage gasifier. This means that the process does not
require a large radiant cooler or a quenching system to mix cold recycled gas with
the syngas. The overall cost of the process should then be less than that of exist-
ing IGCC plants. The raw gas produced together with the fly ash and the remain-
ing char particles go up toward the exit of the gasifier. They enter a syngas cooler,
where they are cooled to 450°C prior to going through a cyclone and a filter that
retain most of the fly ash and the char particles, which are finally reinjected into the
gasifier by pneumatic transport under nitrogen. The syngas goes successively
through a water scrubber to remove halides and is desulfurized to be cleaned suf-
ficiently to comply with the strict tolerance limits of fuel cells.

Texaco (now GE): The gasifier is a pressure vessel with a refractory lining that
operates at temperatures in the range 1250 to 1450°C and pressures of 3 MPa for
power generation and up to 6 to 8 MPa for H, and chemical synthesis. Figure 13
illustrates key features of the gasifier. The feedstocks, oxygen, and steam are in-
troduced through burners at the top of the gasifier. Solid feedstocks such as coal
are pre-processed into a slurry by fine grinding and water addition. The slurry is
pumped into the burner, and the water, which is added with the slurry, replaces
most of the steam that should normally be injected into the system. Raw gas and
molten ash produced during coal gasification flow out toward the bottom of the
gasifier. Two alternatives are then available for the recovery of the ash and for
cooling the raw gas. The raw gas either can be cooled and cleaned from the slag
ash by water quenching, or it can be cooled in a radiant syngas cooler from 1400
to 700°C. The heat recovered in the second option is then used to raise steam to
be used in the process or for power generation. Molten slag flows down the heat-
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recovery steam generator and is quenched in a batch at the bottom of the cooler
and finally removed through a lock hopper system. The quench alternative is the
preferred option for coal feedstocks, as they could contain traces of salts (sodium
and calcium) that could be corrosive for the syngas coolers at high temperatures.
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Figure 12. The Texaco Entrained Flow Gasifier *

However, this alternative could be a disadvantage for power generation, as ther-
mal efficiency is slightly lowered. There are several existing projects based on
Texaco technology, including an IGCC project, the Polk Power Station managed
by Tampa Electric Corp. During the first three commercial years of operation, ten
different coals or coal blends were tested to determine the cheaper feedstock to
process while respecting new environmental regulations. The slag removal system
of the Polk Power Station was designed for processing coals with a maximum of
12% (Wt dry basis) ash content. The operating temperature of the gasifiers has to
be high enough for the coal mineral matter to melt and flow freely down the bottom
of the gasifier. Texaco has fixed the minimum heating value of the coals at 30
MJ/kg to produce enough syngas to fully load the combustion turbine. It would be
necessary to increase the oxygen supply size as well as the slurry delivery system
capacity to be able to run the plant with a lower heating value coal. The plant is
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designed to accommodate coals with sulfur contents of up to 3.5% (Wt dry basis).
Expensive modifications of the acid gas removal system were required for higher
sulfur content coals than the first base coal (Pittsburgh No 8-1 with a sulfur content
of around 2.5%). Following major problems, the company decided to switch to coal
blends with a lower sulfur content. The limit in chlorine concentration in the coals
was fixed at 0.15% (dryash). A higher concentration of chlorine in coals would
damage the system. Other coal properties have an influence on the technical and
economic aspects of the Texaco-based IGCC operation and necessitate coal test-
ing in the device prior to selecting them for the Polk Power Station. The Texaco
technology is also used for chemical plants. Five chemical plants were built after
1993 in the U.S. Eastman Chemicals (Kingsport, TN) owns two Texaco quench
gasifiers that operate at 70 bar and 1400°C for the production of acetic acid and
acetic anhydride. Although the facility is configured for the purpose of making
acetyl chemicals, the company claims that gasification and cleanup plants are
completely compatible with an electric power option, and in fact an electric power
option of 523 MWe is reported to be under development at Kingsport. This is in
line with the new projects of cogeneration of chemicals and electricity sponsored
by the U.S. DOE under the Vision 21 program. Another U.S. company, Waste
Management & Processors, Inc., is presently conducting a technoeconomic feasi-
bility study in partnership with Texaco, Sasol, and Nexant for the development of
one of the three demonstration Early Entrance Coproduction Plants (EECPs) un-
der the Vision 21 program. The objective is the commercialization of a coal gasifi-
cation/liquefaction technology to produce ultra-clean Fischer-Tropsch transporta-
tion fuels with power, chemicals, or steam as co-products. The proposed plant lo-
cation is at the Gilberton Power Plant cogeneration facility in Gilberton, Pennsyl-
vania. It involves the gasification of local waste coals, mainly high-ash-content
anthracite wastes derived from an on-site coal cleaning operation that contains
coal fines, coal dust, and dirt. Another demonstration EECP project is being devel-
oped by Texaco in collaboration with Rentech (Fischer-Tropsch Technology),
Brown and Root Services, Praxair, and GE Power Systems for the production of
electricity and chemicals from coal or petroleum coke. The project involves tech-
nical and economic studies of several process options, including syngas composi-
tion, Fischer-Tropsch product upgrading, wastewater treatment, catalyst/wax se-
paration, acid gas removal, tail gas utilization, and site selection. There is also a
plan for the construction by coal power of a 430 MW IGCC plant based on the
Texaco technology near the Hatfield colliery in the North of England. The IGCC
project with CO, removal and production of H; is being studied by Jabobs Consul-
tancy in cooperation with GE. The IGCC power plant is configured to be capable of
removing 75% of the feed carbon as CO; prior to combustion in the gas turbine.
By performing a ‘sour shift’ of the syngas, most of the carbon monoxide should be
converted into carbon dioxide and an equal volume of hydrogen. If carbon dioxide
removal is performed then the fuel for the combustion turbine will consist mainly of
Ho.

BBP: Babcock Borsig Power (BBP) technology, also known as the Noell entrained
flow technology, was first developed in 1975 in the former East Germany for the
gasification of lignite in a 3 MW pilot plant. A full-scale (130 MW) gasifier was built
in the 1980s to produce syngas and town gas. The technology was known as the
GSP process before being acquired by Noell in 1991. The process can be a dry-
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fed or a liquid-fed oxygen-blown slagging gasifier. If solid fuel is to be gasified, it is
first pulverized, then pneumatically conveyed to the feeding system, and dry fed
together with oxygen and steam through a burner located at the top of the gasifier.
Depending on the fuel ash content, the gasification chamber can be covered by
either a cooling screen or a cooling wall. Both the refractory and the solid slag pro-
vide thermal insulation and maintain the tube surface temperature below 230°C.
To allow the solidified slag to regenerate continuously, only fuels with an ash con-
tent of more than 1 wt%, such as coals, can be processed in the gasifier lined with
a cooling screen. Heat removed by the cooled tube wall represents 2 to 3% of the
total heat produced during gasification and is used to generate low-pressure
steam. Syngas saturated with water is further cooled to 150 to 200°C and recycled
to the quench sprays within the gasifier. The bottom part of the gasifier consists of
a quench bath that cools and solidifies the slag, which is then removed in a granu-
lar form. The only Noell gasifiers in commercial operation are at Schwarze Pumpe
(Germany) and the new BASF Seal Sands located in Middlesbrough in the UK.
The BBP Research and Development center based at Freiberg (Germany) com-
prises two facilities with capacities of 5 and 10 MW. The smaller one was originally
designed in 1979 for the gasification of both solid and pulverized solid materials.
The pilot plant is presently used by Dow Chemical for the development of the gasi-
fication of chlorinated wastes. The second one was also designed for the gasifica-
tion of pulverized materials (coal, waste), liquids, and slurries (waste oil, sludge,
paint waste) and built in 1997. A wide range of coals from anthracites to brown
coals have been gasified in the two pilot plants since the 1980s. BBP claims that it
is capable of providing appropriate test conditions to optimize feedstock prepara-
tion prior to gasification as well as to determine the optimum gasification condi-
tions for more than 80 different fuels, including 30 coals.

E-Gas: The E-Gas (formerly Destec) coal gasifier is a slurry-fed, pressurized, up-
flow, entrained two-stage slagging gasifier. Figure 13 illustrates the key features.
The dry coal concentrations in the slurry range from 50 to 70 wt%, depending on
the inherent moisture and quality of the feed. Part of the coal slurry (80%) is in-
jected with oxygen (95%) through twoburners at the lower stage of the gasifier,
where it is partially combusted at a temperature of 1350 to 1400°C and a pressure
of 3 MPa. Molten ash formed flows down the gasifier and is removed through a tap
hole into a water quench. There is no lock hopper for ash removal, which has the
advantage of reducing the overall height of the system. The fuel gas produced in
the lower stage flows upwards into the upper stage, where it can react with the
remaining 20% coal slurry. This two-stage process presents the advantage of pro-
ducing a gas with a higher calorific value than the one produced in a one stage
process. The crude gas exiting the gasifier at a temperature of around 1050°C is
cooled to 370°C in a firetube syngas cooler. This unit generates saturated high-
pressure steam. The firetube syngas cooler is a boiler system, with the hot gas
circulating on the boiler side, as opposed to a water syngas cooler, in which water
circulates in tubes in a syngas tank. The firetube is reportedly considerably cheap-
er than the ones used in the Shell, Texaco, and Prenflo processes. After the cool-
ing step the syngas is cleaned with filters to remove large ash and char particles
that are pneumatically reinjected into the gasifier. The filter elements, made of
metal for an acceptable resistance to corrosive syngas, are periodically back
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pulsed with high-pressure syngas to remove particulate cake formed on their sur-
face. The particulate cake falls to the bottom of the vessel and is pneumatically
transferred together with the high-pressure syngas to the first stage of the gasifier,
where it is recycled. Finally, the particulate-free syngas proceeds to the low-
temperature heat recovery system, where it is scrubbed with sour water con-
densed from the syngas to remove troublesome chlorides and trace elements that
could cause corrosion within the piping and vessels as well as form undesirable
products in the acid gas removal system. After scrubbing and reheating, the syn-
gas enters the COS hydrolysis unit, where the COS present in the syngas is con-
verted to H,S. The syngas is then cooled through a series of shell and tube ex-
changers to 35°C before entering the acid gas removal system. This cooling step
also condenses water from the syngas. Most of the ammonia (NH3 ) and some of
the carbon dioxide (CO2) and H,S present in the syngas are absorbed in the water
as dissolved gases. Wabash River (West Terre Haute, IN) is the only E-Gas ga-
sifier in operation. Prior to the repowering of the Wabash River plant to an IGCC,
some tests of bituminous coals, including high-sulfur coals, were performed in a
2200 ton coal/day plant based in Plaquemine, LA in the early 1990s. The Wabash
River power plant is designed to use a range of local coals with a maximum sulfur
content of up to 5.9% (dry basis) and a higher heating value of 31.4 MJ/kg (mois-
ture and ash free). It is presently operating on lllinois No. 6 coal. Alternative fuels
(petcoke) have also been successfully tested at Wabash River, and future tests
may include coal fines. Coal fines Syngas

are believed to be a promising fuel

in the locality of the Wabash River ,—ﬁ.

facility as it is produced by the ex- B .

isting operations of the adjacent Coal J)
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Figure 13. Key Features of the E- Slag

Gas Gasifier ['”

Prenflo: Coal is fed together with oxygen and steam through four burners located
at the lower part of the gasifier. Syngas is produced at a temperature of 1600°C
and is quenched at the gasifier outlet with recycled, cleaned gas to reduce its tem-
perature to 800°C. Then the syngas flows up a central distributor pipe and down
through evaporator stages before exiting the gasifier at a temperature of 380°C.
The raw gas is then dedusted in two ceramic candle filters, and a part of it is recir-
culated into the syngas cooler. The syngas is finally washed in a Venturi scrubber.
Slag formed during the gasification process is quenched in a water bath and is
then removed through a lock hopper system. The only commercial-scale unit is
based in Puertollano in Spain (capacity of 338 MWe). It is the largest unit world-
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wide based on solid fuels. The plant has been operating since 1996 and can
process up to 2600 ton/day of coal/petcoke fuel mixed with limestone (2% weight)
and produces 180,000 m 3 /day of raw gas. The annual production of slag (85% of
the ash in weight) and fly ash (15% of the ash in weight) are 120,000 ton and
12,000 ton per year, respectively. The demonstration project has now attained
commercial development with a gross efficiency of 47.2% (net efficiency of 42%).

Gas Composition Coal gasified with...
(mol %) Oxygen Air
Fixed-bed | Entrained-flow | Entrained-flow | Fluidized
Dry ash Dry feeding Slurry feeding | bed
CO 57 65 49 22
Ho 26-30 29 34 17
CO2 4 2 10 7
CHa4 6 0.01 0.2 0.5
N2 2 2 1 44

Table 5. Typical compositions of gases from gasifiers* [
* Data from actual gasifiers. Products depend on the coal used, the oxygen purity and the reaction condi-

tions.

2.5.2 IGCC Technical Description

IGCC power plants involve a complex chain of activities that start with a carbon-
based material - in this case, coal - and result in electrical power. The coal gasifi-
cation process begins with a controlled mixture of coal, oxygen, and steam in a
gasifier. An air separation unit separates air into its component parts to supply the
gasifier with a stream of oxygen. Using a combination of heat and high pressure,
the gasifier converts the constituents of coal into "syngas". Byproducts captured in
the gasifier could have commercial value, depending on local market conditions.
For example, ash material produced in an IGCC plant may be used as a filler ma-
terial in construction projects and building products. Alternatively, slag, which falls
to the bottom of the gasifier may be used in road gravel.

The syngas is then passed through a water gas shift reactor and reacted over a
catalyst with added steam to convert the majority of the CO into carbon dioxide
(CO») and additional H,. The syngas will also have small amounts of other impuri-
ties (e.g. hydrogen sulfide) which are removed during the gas clean-up process.
Hydrogen sulfide will be separated from the syngas and converted to elemental
sulfur or possibly sulfuric acid. The sulfur byproducts may also have commercial
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value in a variety of products (e.g. fertilizer), depending on local market opportuni-
ties. Most of the CO; is removed from the syngas leaving behind Ha-rich syngas.

IGCC Facility integrated Gasification Combined-Cycle Facility
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One of the things that make IGCC plants more efficient is the combined use of a
gas turbine and steam turbine to produce electricity. The hydrogen-rich syngas is
first fed into a gas turbine to generate electricity. The waste heat from the gas tur-
bine is used to power a steam turbine, which in turn creates more electricity. Final-
ly, much of the water used in this process will be recycled in the plant while some
will be evaporated in a cooling tower.

Gasification may be one of the best ways to produce clean-burning hydrogen for
tomorrow’s cars and power-generating fuel cells. Hydrogen and other coal gases
can be used to fuel power-generating turbines, or as the chemical building blocks
for a wide range of commercial products, including diesel and other transport fuels.

Reliability and availability have been challenges facing IGCC development and
commercialisation. Cost has also been an issue for the wider uptake of IGCC as
they have been significantly more expensive than conventional coal-fired plant.
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2.5.3 An IGCC Power plant in numbers
Unit size

As gasifiers are pressure vessels, they cannot be fabricated on site in the same
way that PCC boilers can. Large gasifiers are difficult to transport, simply because
of their weight and sheer size, and this may prove to restrict their eventual use for
sizes much above 300 MWe.

Thermal efficiency

The driving force behind the development is to achieve high thermal efficiencies
together with low levels of emissions. With all power generation routes, it is impor-
tant to assess and compare thermal efficiencies under normal load following con-
ditions, and not just when the unit is operating under full load. It is hoped to reach
efficiencies of over 40%, and possibly as high as 45% with IGCC. Higher efficien-
cies are possible when high gas inlet temperatures to the gas turbine can be
achieved. At the moment, the gas cleaning stages for particulates and sulphur re-
moval can only be carried out at relatively low temperatures, which restricts the
overall efficiency obtainable.The main incentive for IGCC development has been
that units may be able to achieve higher thermal efficiencies than PCC plant, and
be able to match the environmental performance of gas-fired plants.

Plant Overview

This analysis is based on a 640 MWe (net power output) Integrated Gasification
Combined-Cycle (IGCC) plant using radiant-only gasification technology. The ra-
diant-only configuration consists of a radiant synthesis gas cooler followed by a
water quench. Two pressurized, slurry-fed, entrained flow gasification trains feed
two advanced F-Class combustion turbines. Two heat recovery steam generators
(HRSGs) and one steam turbine provide additional power.

Operation

The plant uses an improved version of the gasification technology which is current-
ly in operation at the 250 MWe Tampa Electric IGCC plant in Polk County, FL. All
technology selected for the plant design is assumed to be available to facilitate a
2010 startup date for a newly constructed plant. Two gasification trains process a
total of 6,005 tons of coal per day. A slurry (63 percent by weight coal) is trans-
ferred from the slurry storage tank to the gasifier with a high-pressure pump. Oxy-
gen (Oy) is produced in a cryogenic air separation unit. The coal slurry and O,
react in the gasifier at about 5.6 MPa at a high temperature (in excess of 1,316°C )
to produce syngas. Hot syngas and molten solids from the reactor flow downward
into a radiant heat exchanger, where the syngas is cooled to 593°C and the ash
solidifies. Raw syngas continues downward into a quench system where most of
the particulate matter (PM) is removed and then into the syngas scrubber where
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most of the remaining entrained solids are removed along with halogens and am-
monia. Slag captured by the quench system is recovered in a slag recovery unit.
The gas goes through a series of additional gas coolers and cleanup processes,
including a carbon bed for mercury (Hg) removal. To capture CO,, a WGS reactor
containing a series of two shifts with intercooled stages converts a nominal 96
percent of the carbon monoxide to CO,. Carbon dioxide is removed from the cool,
particulate-free gas stream with Selexol solvent. The dual-absorber Selexol acid
gas removal (AGR) process preferentially removes hydrogen sulfide (H2S) as a
product stream, leaving CO, as a separate product stream. The CO, is dried and
compressed to 15.3 MPa for subsequent pipeline transport. The compressed CO,
is transported via pipeline to a geologic sequestration field for injection into a sa-
line aquifer, which is located within 50 miles of the plant. A Brayton cycle, fueled
by the syngas, is used in conjunction with a conventional subcritical steam Ran-
kine cycle for combined-cycle power generation. The limiting factor that deter-
mines the use of a subcritical steam cycle is the maximum design pressure of 12.4
MPa, which can be tolerated in the radiant cooler. The two cycles are integrated
by generation of steam in the HRSGs, by feedwater heating in the HRSGs, and by
heat recovery from the IGCC process (radiant syngas cooler). The HRSG/steam
turbine cycle is 12.4 MPa/538°C/538°C. The plant produces a net output of 555.7
MWe. This configuration results in a net plant efficiency of 38.2 percent (HHV ba-
sis), or a net plant HHV heat rate of 9424 KJ/KWh.

Environmental Performance

The environmental specifications for a greenfield IGCC plant are based on the
Electric Power Research Institute CoalFleet User Design Basis for Coal-Based
IGCC Plants specification. Low sulfur dioxide (SO,) emissions (less than 4 ppmv in
the flue gas) are achieved by capture of the sulfur in the Selexol AGR process,
which removes over 99 percent of the sulfur in the fuel gas. The resulting hydro-
gen sulfide-rich regeneration gas from the AGR system is fed to a Claus plant,
producing elemental sulfur. Nitrogen oxides emissions are limited by nitrogen dilu-
tion in the gas turbine combustor to 15 ppmvd (as nitrogen oxide at 15 percent
O,). Filterable PM discharge to the atmosphere is limited by the use of the syngas
quench in addition to the syngas scrubber and the gas washing effect of the AGR
absorber. Ninety-five percent of the Hg is captured from the syngas by an acti-
vated carbon bed.

2.5.4 Commercial-scale IGCC Powerplants

A number of demonstration units, mainly around 250 MWe size are being operated
in Europe and the USA. All the current coal-fueled demonstration plants are subsi-
dised. The European plants are part of the Thermie programme, and in the US,
the DOE is part funding the design and construction, as well as the operating costs
for the first few years. Some are repowering projects, but from the point of view of
demonstrating the viability of various systems, they are effectively new plant, even
though tied to an existing steam turbine.
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There are currently four commercial-scale, coal-based IGCC demonstration plants
worldwide and a number of other IGCC projects have been proposed. IGCC plants
also operate at Schwarze Pumpe in Germany and Vresova in the Czech Republic.

Location Fuel Power Output | Commenced
Operation
Buggenum, Netherlands | Coal/Biomass 250MW 1994
Polk, USA Coal/Petcoke 250MW 1996
Puertollano, Spain Coal/Petcoke 335MW 1997
Wabash, USA Coal/Petcoke 260MW 1995

Table 6. Commercial-scale, Coal-based IGCC Demonstration Plants
in Operation ¢

= The Wabash River CCT project successfully demonstrated commercial applica-
tion of the coal gasification technology in conjunction with electric power gener-
ation. Operating time exceeded 15,000 hours, with over 1.5 million tons of coal
processed and about 4 million MWh of power produced. The combustion tur-
bine generated 192 MWe and the repowered steam turbine generated 104
MWe. With the system’s parasitic load of 34 MWe, net power production was
262 MWe, which met the target goal. Carbon conversion exceeded 95%. The
plant operated successfully on baseload dispatch in the power grid, and contin-
ues to operate as a privately owned facility providing power.

» A state-of-the-art integrated coal gasification combined-cycle (IGCC) power
plant, Tampa Electric’s Polk Power Station produces enough electricity to serve
75,000 homes. Polk Unit One is located on unmined land surrounded by former
phosphate mining land to the east, and a berm developed as a cooling reservoir
to the south. The design of the maximized plant water recycling and re-use, and
minimized groundwater withdrawal and offsite discharges. The 250-megawatt
IGCC facility began commercial operation in the fall of 1996. Construction on
Polk Unit Two began in 1998 and Unit Three in 1999. These two 180-megawatt
simple cycle combustion turbines use natural gas and distillate oil to generate
electricity. Unit Two and Unit Three started commercial operation in July 2000
and May 2002 respectively. Polk Units four and five, two 160-megawatt (MW)
units were completed in April 2007. The two new simple-cycle peaking units use
natural gas to generate electricity.

» The Puertollano IGCC project has been driven by the demand of energy effi-
cient, environmentally friendly and cost effective coal generation technologies.
The 335 MWe (ISO) demonstration plant has been designed to use a 50/50
mixture of high ash local coal and petroleum coke from a nearby refinery. The
project was selected as Target Project by the European Commission and
awarded funding by the THERMIE program focused on the need to take short-
term actions to assure reliable clean coal technology for the future power gen-
eration. The plant design innovative features focused on two main targets: im-
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proved efficiency (45% net, ISO conditions) and reduced emissions. The design
concept is arranged at the maximum integration level (air and nitrogen streams)
and large capacity components (2600 t/day gasifier and 200 MW gas turbine)
were selected.

Another IGCC success story has been the 250 MW Buggenum plant in The
Netherlands. It has good availability. This coal-based IGCC plant currently uses
about 30% biomass as a supplemental feedstock. The owner, NUON, is paid an
incentive fee by the government to use the biomass. NUON is constructing a
1300 MW IGCC plant in the Netherlands. The Nuon Magnum IGCC power plant
will be commissioned in 2011. Mitsubishi Heavy Industrie has been awarded to
construct the power plant.
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3 Numerical Simulation of Coal Gasification

3.1 Literature and Research

There has been a lot of research in the area of gasification not only because of the
fact that gasification as a process of utilizing the coal is used for over a century
now, but also because of the large number of reactions that involves. However,
despite the vast quantity of literature concerning gasification, only a small part of it
is relevant to entrained flow gasifiers and gasification at high temperatures and
pressures. The relevant literature is presented on the next table.

Pressure | Temperature | Gasifying Gasifier
(bar) - max (K) mean characteristics

Wen, Chaung 24 ~ 2400 Oxygen/ | Texaco Gasifier
[1979] Steam ~ 10 t/d
Govind, Shah 24 .31 2370 Oxygen/ | Texaco Gasifier
[1984] 21.28 Steam ~10 t/d
Vamvuka et. al. | 1 and 20 2000 Oxygen / 50g/s
[1995] Steam
Ni, Williams 10 - 38 1800 Oxygen Shell coal gasifi-
[1995] er
Chen et. al. 27 1897 Air 200 t/d two-
[2000] stage Gasifier
Liu et. al. 1-24 ~ 1600 Oxygen / 60-1329g/s
[2000] Steam
Choi et. al. Upto 1500 Oxygen 1 t/d KIER Ga-
[2001] 24.51 sifier
Park et. al. 1 1800 Oxygen 0.5t/d
[2001]
Wall et. al. Effects of Pressure in coal combustion and Gasification
[2002]
Watanabe, 20 2300 Air CRIEPI
Otaka [2006] 2 t / d Gasifier

Table 7. Entrained Flow Coal Gasification Literature
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Wen and Chaung ?% and Govind and Shah *” proposed mathematical models to
simulate the Texaco down-flow entrained-bed pilot-plant gasifier using coal lique-
faction residues and coal-water slurries as feedstocks. These models describe the
physical and chemical processes occurring in an entrained coal gasifier. The gasi-
fication kinetics describes different complex reactions occurring in the gasifier and
the hydrodynamics describes mass, momentum and energy balances for solid and
gas phases. Temperature, concentration and velocity profiles along the reactor
height were obtained by solving the mass, momentum and energy balances. Pa-
rameter studies were made to provide a better understanding of the reactor per-
formance for various inlet feed conditions. One of the conclusions of the above
publications is that the gas composition leaving the gasifier and the final carbon
conversion depends on three essential parameters: the fuel rate, the oxygen to
fuel ratio, and the steam-fuel ratio.

A one-dimensional, steady-state model for an entrained flow coal gasifier is devel-
oped by Vamvuka et. al. ** incorporating thermo gravimetric analysis data on a
bituminous coal. The model is based on mass and energy balances, heterogene-
ous reaction rates and homogeneous gas-phase equilibria. The resulting set of
non-linear mixed ordinary differential-implicit algebraic equations was solved by a
modified Euler method in conjunction with a non-linear algebraic equation solver.
Temperature, reaction rate and composition profiles in a tubular gasifier were pre-
dicted at 0.1 and 2 MPa operating pressures, at constant feed rates. The calorific
value of the gas produced was higher at 2 MPa.

Ni and Williams B" perform a simulation method for an entrained-flow coal gasifier
on the basis of equilibrium, mass and energy balances. The Shell coal gasifier was
studied as a typical model for an entrained-flow gasifier using dry pulverized coal
in an oxygen-blown reactor. The effects of the coal-oxygen-steam ratios, the tem-
perature and the pressure on the gasified products and steam production were
studied. Some of the conclusions are: For an entrained-flow coal gasifier working
under these conditions the oxygen to coal ratio is the most important control varia-
ble for the gasifier operation in all cases. The gasifier exit temperature is an impor-
tant control variable in gasifier performance. The steam to coal ratio influences the
molar fraction of gaseous products very much, but at different values of oxygen to
coal ratio. Pressure has almost no effect on the gasifier performance in the region
studied.

A comprehensive three-dimensional simulation model was developed for entrained
flow coal gasifiers by Chen et. al. '*. In the model, the numerical methods and the
sub models conventionally used for the pulverized coal combustion modeling were
used. An extended coal gas mixture fraction model was applied to simulate the
gasification reaction and reactant mixing process. The influence of turbulence on
the gas properties was taken into account. A series of numerical simulations were
performed for a 200 t/d two-stage air blown entrained flow gasifier recently devel-
oped for the IGCC process. The predicted gas temperature profile and the exit gas
composition were in general agreement with the measurements. Model simula-
tions illustrating the importance of accounting for varying coal off-gas and the ef-
fects of turbulence/reaction affecting the prediction capability were also presented.

A model for a pressurized entrained flow coal gasifier is presented by Liu et. al. ¥
with the effect of pressure, reaction kinetics and char structure on the gasification
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reactions being outlined. A sensitivity analysis to reaction kinetics and char struc-
ture was performed, and model predictions are compared with published atmos-
pheric and high-pressure gasification data. It was found that both reaction kinetics
and char structure are important in predicting coal gasification. The initial surface
area may be more significant than intrinsic reactivity for bituminous coal chars.
Low-pressure gasification kinetics (i.e. pressure order) cannot be extrapolated to
high-pressure conditions. A significant difference in predicted carbon conversion
was observed between various char structural models. It is suggested that the
random pore model gives a reasonable prediction. Volatile matter has significant
effect on carbon conversion due to the formation of high-surface area char par-
ticles. Comparisons with previous models and sensitivity analyses suggest that it
is necessary to include the effect of char structure, and more sophisticated reac-
tion kinetics than single order rates are required when modeling coal gasification.

The coal gasification process of a slurry feed type, entrained-flow coal gasifier is
numerically predicted in the paper of Choi et. al. ', By dividing the complicated
coal gasification process into several simplified stages such as slurry evaporation,
coal devolatilization and two-phase reactions coupled with turbulent flow and two-
phase heat transfer, a comprehensive numerical model was constructed to simu-
late the coal gasification process. The k—& turbulence model was used for the gas
phase flow while the Random-Trajectory model was applied to describe the beha-
vior of the coal slurry particles. The unreacted-core shrinking model and modified
Eddy break-up (EBU) model, were used to simulate the heterogeneous and ho-
mogeneous reactions, respectively. The simulation results obtained the detailed
information about the flow field, temperature and species concentration distribu-
tions inside the gasifier. Meanwhile, the simulation results were compared with the
experimental data as a function of Oj/coal ratio. It illustrated that the calculated
carbon conversions agreed with the measured ones and that the measured quality
of the syngas was better than the calculated one when the O,/coal ratio increases.
This result was related with the total heat loss through the gasifier and uncertain
kinetics for the heterogeneous reactions.

Coal gasification processes in a slurry-feed-type entrained-flow gasifier are studied
by Park et. al. . Novel simulation methods as well as numerical results are pre-
sented.. Very detailed results regarding the impact of the O2/coal ratio on the dis-
tribution of velocity, temperature and concentration are obtained. Simulation re-
sults show that the methods are feasible and can be used to study a two-phase
reacting flow efficiently.

In the paper of Wall et. al.®® the pressure effect on a variety of aspects of coal
reactions reported in the open literature has been reviewed. The pressure has
been found to significantly influence the volatiles yield and coal swelling during
devolatilization, hence the structure and morphology of the char generated. More
char particles of high porosity are formed at higher pressures. Char structure ap-
pears to play a significant role in burnout of residual char and ash formation. In
general, at higher pressures, coal particles burn quicker and form finer ash par-
ticles. Increasing reactant pressure enhances char combustion and gasification
reaction rate, which can be understood by an adsorption—desorption mechanism.
These factors have been applied to the understanding of a practical high-pressure
gasifier.
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The paper of Watanabe and Otaka Y presents modeling of a coal gasification

reaction, and prediction of gasification performance for an entrained flow coal ga-
sifier. The purposes of this study are to develop an evaluation technique for design
and performance optimization of coal gasifiers using a numerical simulation tech-
nique, and to confirm the validity of the model. The coal gasification model sug-
gested in this paper is composed of a pyrolysis model, char gasification model,
and gas phase reaction model. A numerical simulation with the coal gasification
model is performed on the CRIEPI 2 tons/day (T/D) research scale coal gasifier.
Influence of the air ratio on gasification performance, such as a per pass carbon
conversion efficiency, amount of product char, a heating value of the product gas,
and cold gas efficiency is presented with regard to the 2 T/D gasifier. Gas temper-
ature distribution and product gas composition are also presented.

3.2 The “HotVeGas” Project

High requirements rise for future coal-fired power stations, regarding resources
sufficiency, environment-friendliness, reliability and economy. The immense
growth rates of the energy consumption make clear that limiting on a long-term
basis the output of the CO2-Emissions cannot be achieved alone by more efficient
power station technologies. Fossil sources of energy can only in co-operation with
CO; - Capture technologies, guarantee successful CO, - Emissions decrease.

Coal-fired power stations facilitating IGCC technology (Integrated Gasification
Combined Cycle) offer the advantage of a high efficiency (>50%) and the possibili-
ty of an effective CO,-Capture. Compared with the competitive systems, IGCC
technology with CO2-Capture exhibits clear advantages:

Highest efficiency and/or. smallest efficiency loss

highest fuel flexibility

lowest emissions

retrofitting possibility of CO,-Capture
e operation without separation possible

A further, substantial advantage of the IGCC technology is the fact that apart from
electricity, also synthetic fuels such as hydrogen, methane, methanol or liquid fu-
els can be produced.

Currently operating IGCC power stations achieve electrical efficiencies of approx.
45 %. Today, state of the art IGCC power stations without CO,-Capture can be
planned with an electrical efficiency of approx. 50% and can be realized in approx.
8 years.
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IGCC power plants with CO, — capture can reach comparatively high efficiencies
(> 40%). State of the art gas-cleanup, involves particle separation, water cooling,
COS hydrolysis and wet desulphurization, in order to produce a suitable for gas-
turbines fuel. Gas cleanup procedures for hot gaseous fuels are not established or
only partly established yet. With the help of a CO SHIFT and CO,-Seperation in a
physical solvent, the gaseous fuel can be additionally released from CO, before
entering the gas turbine.

A further considerable increase of the efficiency is to be expected with hydrogen
membranes. Due to the fact that gaseous fuel after the CO,-Capture exhibits a
high Hy-concentration (>>80% Hy), the SHIFT reaction requires a strongly over-
stoichiometric ratio from water vapor to CO and thus a substantial need of medium
pressure steam, which must be uncoupled from the process and thus become un-
available for power generation. With employment of H,-Membranes only a stoichi-
ometric ratio of water vapor would be necessary to CO. Thus on one hand the
need of water vapor could be strongly lowered and on the other hand the cooling
on the low temperatures thermodynamically necessary for the SHIFT reaction
could be avoided and thus a hotter gas for the burner of the gas turbine to be
available.

The long-term development target for the CO,-free, maximume-efficiency IGCC is
therefore a high pressure high temperature gasifier with integrated hot gas clean-
ing at highest temperatures, Hx-Seperation by means of catalytic high temperature
membranes at as high a temperatures as possible and H,-Gasturbine with hot ga-
seous fuel supply.

Even if gasification is a very old technology, the knowledge about the conditions of
the gasification is clearly smaller than this of combustion processes or in particular
the gas combustion. In order to initiate a long-term potential from IGCC power sta-
tions, a much better knowledge of the conditions of gasification and the gas clean-
up is unavoidable.

Under these circumstances, the Technical University of Munich has been assigned
with the “HotVeGas” Project. The project involves a basic research for the devel-
opment of future high-temperature gasification and gas-cleaning processes for
IGCC-Power plant with CO, Capture and for the production of synthetic fuel.

The most important goal of this research is to place the necessary bases for the
development of high-efficiency / high-temperature gasification processes with inte-
grated hot gas cleaning and optional CO2-Capture for IGCC power stations and
processes to the production of synthetic fuels. The project is planned having a du-
ration of ten years and is divided in phases.

The duration of the first phase amounts to four years and the next phases are to
last three years each. Emphasis for the first phase must be given to the following:
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¢ Investigation of the gasification reactions under industrially relevant condi-
tions at experimental-devises.

e Experimental investigations of ash and char behavior

e Creation of a data base for the modeling of thermo-chemical and thermo-
physical characteristics of ashes and chars under strictly reducing atmos-
phere

¢ Development of CFD models to simulate the flow, reactions and heat trans-
fer of entrained flow gasification processes

e Research on ash reactions at high temperatures and cooling as well as
high-temperature gas cleaning.

As far as the research at the field of gasification is concerned, the knowledge of
high temperature reactions of the fuel, the minerals and the trace components in
particular under reducing conditions exhibits a clearly smaller level of development
compared with oxidizing conditions.

Experimental research on high temperature gasification of an entrained flow ga-
sifier at temperatures up to 1800 °C and pressures up to 50 bar and the following
cooling is desirable.

The modeling of reactive multi-phase flows in pressurized gasifiers places due to
the multiplicity of the sub processes with parallel and sequentially occurring chem-
ical and physical reactions a great challenge for the concept and the numeric con-
trol. The modeling of the entrained flow gasification of solid fuels exhibits a much
smaller level of development in relation to the combustion of solid fuels.

The subject of this Diploma-thesis is to contribute to the above mentioned project
by developing a CFD model to simulate coal gasification process in an entrained
flow gasifier at high-temperature, high-pressure conditions.
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3.3 The Physical Model Simulated

3.3.1 The gasifier
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Figure 15. Gasifier Dimensions
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The reactor is an entrained-flow gasifier of cylindrical shape. The gasifier geometry
is represented in the CFX program through a 178844 node and 173427 hexahe-
dric element mesh. Its capacity is 0.0337001 m?® - its height is 1.94 m and the inner
diameter 0.15 m. On the upper part of the gasifier, the entrance point of coal and
oxidation mean is located. The fuel in the form of grains and the oxidant in a gas
phase, enter the gasifier from two different areas of a small cylindrical formation
called the burner. On the top of the burner, homocentric circles divide the area in
two, creating a hole in a shape of a cyclic disk with a surface of 1.535 E-04
through which the fuel enters and a cyclic ring with a surface of 3.603 E-04
through which the oxidant enters. The main body of the gasifier is a cylinder with
no inner formation. The complete gasifier dimensions are shown on the figure of
the previous page.

3.3.2 The coal used

For the simulations, the use of a “ high volatile B bituminous coal ” was assumed
with a calorific value of 32,19 MJ / Kg. The coal is fed dry to the gasifier in grains
of 200 um mean diameter. The proximate and ultimate analysis of the coal used is
recorded to the table that follows.

Proximate Analysis: As received Ultimate analysis: As received
Ash Fraction 0.024 Carbon Fraction 0.740
Fixed Carbon Fraction 0.581 Hydrogen Fraction 0.053
Moisture Fraction 0.043 Oxygen Fraction 0.120
Volatiles Fraction 0.352 Nitrogen Fraction 0.016
Sulphur Fraction 0.004
Moisture and Ash Fraction 0.067
Total 1.000 1.000

Table 8. Proximate and Ultimate coal analysis

3.3.3 The chemical reactions and reaction rates

Inside the gasifier the pressure has a fixed value and the temperature changes
according to the chemical reactions that take place and whether they consume or
produce energy.

As soon as the coal grains enter the main body of the gasifier, due to the high
temperature, the pyrolysis phase begins and the coal particles crack into char and
volatile matter. The char that is produced reacts during a gasification phase with
oxygen, carbon dioxide and water. Finally, homogeneous gas phase reactions
take place inside the gasifier.
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Although a gasification model has already been described at the previous pages,
intentionally not all the reactions mentioned are included in the numerical simula-
tion. The reason is that some of the reactions take place in a much slower rate
than others and therefore their absence does not affect the model. On the con-
trary, the less the reactions the less CPU time needed for a simulation to converge
successfully. The chemical reactions that were finally included are:

o Pyrolysis and devolatilization:

Coal > CH4+CO2+H20+Char........cccvvviiiiiiiiiiiieie (R 3.1)
o Char Gasification:

B3C+202 2 2C0+C0O2 vt (R3.2)

CHCO2 D 2C0. i (R3.3)

C+H20 2 CO+H2 i (R3.4)
o Gas Phase Reactions:

Methane Oxidation: CH4+% 02 > CO+2H2........ (R3.5)

Hydrogen Oxidation: Ho+% 02 > H20 .................. (R 3.6)

Carbon Monoxide Oxidation: CO+ %202 > CO2................ (R3.7)

Methane Reforming: CH4+ H20 €> CO+3H:2...... (R 3.8)

Water Gas Shift Reaction: CO+H20 <> CO2+H2......... (R 3.9)

The reaction rates of each of the reactions above are presented in the table below:

Reaction Number Reaction Rate Constants Reference
A n E (J/kmol)

R 3.1 1.36E+06 0.68 | 1.30E+08 [3]
R3.2 8710 0 17967 [4]
R3.3 8710 0 17967 [4]

R 3.4 8710 0 17967 [4]
R3.5 3.0E+08 -1 1.26E+08 [3]

R 3.6 6.8E+15 0 1.68E+08 [3]
R3.7 2.2E+12 0 1.67E+08 [3]
R3.8 4.4E+11 0 1.68E+08 [3]

R 3.9 forward 2.75E+10 0 8.38E+07 [3]
R 3.9 backward 2.65E-02 0 3.96E+03 [3]

Table 9. Chemical Reaction Rates
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An Arrhenius type reaction rate is assumed for all the above chemical reactions.
The form of this type of reaction rate is e.g. for reaction R 3.1:

E
K31=A-T"- e"rD,

where A is the pre-exponential factor, T is the temperature, E is the activation
energy and R is the gas constant. It has to be noted here, that the reaction rates,
as mentioned before, greatly depend on coal type, gasifying agent and gasification
conditions. However, no adequate data were found for high pressure gasification
and hence, the applicability of the data used, to the reactions in the operating
range of the entrained gasifier studied here is not verified.

As far as the devolatilization reaction is concerned, there is no standard chemical
stoichiometric equation to describe the composition of volatile matter that pyrolysis
produces. For the sake of simplification, it is assumed that the main volatile is the
methane and also H,O and carbon dioxide are produced with coefficients propor-
tional to the concentration of each component in the fuel.

3.3.4 Gasification conditions

The gasification pressure inside the gasifier is set to a fixed value (2, 25 and 50
bar for each “run” respectively) and remains unchanged (except from a minor
pressure drop) throughout the length of the gasifier. The gasification temperature
is set to 1600 °C but its value varies from one area of the gasifier to another de-
pending on which are the dominant chemical reactions i.e. near the entrance point
of the fuel, the temperature is lower than it is in the middle of the gasifier where the
fast oxidation reactions are more intense than they are near the entrance.

The fuel grains — coal particles of a 200 um mean diameter — and the oxidation
mean — a Nitrogen/Oxygen gas mixture with a 98% N, , 2% O, mass concentration
— enter the gasifier in a co-current flow from the upper side where the burner is
located and they start reacting with each other as soon as they enter the gasifiers
main body.

Great caution must be given to the boundary conditions. We take as given that the
fuel mass flow rate available for gasification is 1 g/s. It is very important that the
amount of oxidant entering the gasifier is carefully adjusted, otherwise the coal will
be burned resulting into having carbon dioxide and H,O as main products. A con-
stant Oxygen / Fuel ratio of 0.8 is assumed for all the pressure values (5, 25 and
50 bar). This value is then set to 0.9 and 1.0 with a constant pressure of 50 bar, so
that also the effect of Oxygen / Fuel ratio can be studied.
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Figure 16. Flow Input

3.4 Numerical Simulation — The CFX Program

The set of equations which describe the processes of momentum, heat and mass
transfer are known as the Navier-Stokes equations. These partial differential equa-
tions were derived in the early nineteenth century and have no known general
analytical solution but can be discretized and solved numerically.

Equations describing other processes, such as combustion, can also be solved in
conjunction with the Navier-Stokes equations. Often, an approximating model is
used to derive these additional equations, turbulence models being a particularly
important example. There are a number of different solution methods which are
used in CFD codes.

The most common and the one on which ANSYS CFX is based, is known as the
finite volume technique. In this technique, the region of interest is divided into
small sub-regions, called control volumes. The equations are discretized and
solved iteratively for each control volume. As a result, an approximation of the val-
ue of each variable at specific points throughout the domain can be obtained. In
this way, one derives a full picture of the behavior of the flow.
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More about CFX

ANSYS CFX is a general purpose Computational Fluid Dynamics (CFD) software
suite that combines an advanced solver with powerful pre- and post-processing
capabilities. ANSYS CFX is capable of modeling:

 Steady-state and transient flows

* Laminar and turbulent flows

» Subsonic, transonic and supersonic flows
* Heat transfer and thermal radiation

* Buoyancy

* Non-Newtonian flows

* Transport of non-reacting scalar components
* Multiphase flows

» Combustion

* Flows in multiple frames of reference

* Particle tracking

One of the most important features of ANSYS CFX is its use of a coupled solver,
in which all the hydrodynamic equations are solved as a single system. The
coupled solver is faster than the traditional segregated solver and fewer iterations
are required to obtain a converged flow solution. Segregated solvers employ a
solution strategy where the momentum equations are first solved, using a guessed
pressure, and an equation for a pressure correction is obtained. Because of the
‘guess-and-correct’ nature of the linear system, a large number of iterations are
typically required in addition to the need for judiciously selecting relaxation pa-
rameters for the variables.

ANSYS CFX uses a coupled solver, which solves the hydrodynamic equations (for
u, v, w, p) as a single system. This solution approach uses a fully implicit discreti-
zation of the equations at any given timestep. For steady state problems, the time-
step behaves like an ‘acceleration parameter’, to guide the approximate solutions
in a physically based manner to a steady-state solution. This reduces the number
of iterations required for convergence to a steady state, or to calculate the solution
for each timestep in a time dependent analysis.

3.4.1 Options and Settings

In this paragraph, some of the most basic options and setting used in the CFX
program are presented and described below:

e Simulation settings

Setting Option Description

Simulation Type Steady State

Table 10.Simulation Settings and Options
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Default Domain

In the default domain of the gasifier grid the reference pressure of 5, 25 and 50 bar
is applied. The domain is considered stationary and the flow non-buoyant. To si-
mulate turbulence, the k - epsilon model is adopted while Heat transfer is modeled
via the Total Energy model. Particle Tracking is activated for the monitoring of the
coal grains whose mean diameter is set to 200 um. The existence of a gas mixture
containing methane, carbon dioxide, carbon monoxide, water, hydrogen, oxygen
and nitrogen is assumed inside the domain. All gases obey to the transport equa-
tions except for the nitrogen which is under constrain.

Boundary Conditions

Boundary Setting Option Description or
condition Value
Inlet: Fuel / Flow Regime Sub-sonic
Gas Mixture Mass and Momentum Mass Flow Rate [10 g/s]
Turbulence Medium
Heat Transfer Static Temperature [300° C]
Component Details | O2 Mass Fraction: 0.02
Inlet: Fuel / | Mass and Momentum Zero Slip Velocity [1 g/s]
Partlclle Particle Position Uniform Injection
behavior
Particle Mass Flow 1g/s
Heat Transfer Static Temperature [300° C]

Table 11.Simulation Settings and Options

Boundary Setting Option Description or
condition Value
Inlet:Oxygen Flow Regime Sub-sonic
Mass and Momentum Mass Flow Rate [30 g/s]
Turbulence Medium
Heat Transfer Static Temperature [300° C]
Component Details | O2 Mass Fraction: 0.02
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Outlet Flow Regime Sub-sonic
Mass and Average static Pres- [0 Pa relative
Momentum sure Pressure]
Wall Influence On Flow No-Slip Wall
Heat Transfer Temperature [1600°C]
Table 12.Simulation Settings and Options
Initialization
Setting Option Description
Velocity (Cartesian) | Z axis: -3 m/s
Static Pressure Automatic with [Relative Pressure: 0 bar]
Value (A.w.V.)
Temperature (A.w.V.) 1200° C
Turbulence Kinetic Automatic
Energy
Turbulence Eddy Automatic
Dissipation (Checked)
Component Details (A.w.V.) An initial amount of each gas is

needed so that the chemical reactions
start. Mass Fractions for every gas
set from 0.1 to 0.2.

Table 13.Simulation Settings and Options

e Solver Control

Basic Settings

Setting

Option

Description

Advection Scheme

High Resolution

More accurate

Timescale Control

Auto Timescale

Length Scale Op- | Conservative

tions

Timescale Factor | 0.5

Residual Target 1E-05 (RMS) Convergence Criteria

Table 14.Simulation Settings and Option
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3.4.2 Convergence

In the ANSYS CFX-Solver, the Navier-Stokes equations are discretized over the
mesh elements to produce a set of non-linear equations for each variable at each
mesh node. These equations are solved using a coupled solver. Steady state
simulations — as happened in this case — are performed as a series of pseudo-
timesteps. The timestep sizes are determined by the timestep setting in the Solver
Control.

Equation Residual

ANSYS CFX-Solver calculates the solution to various equations given the appro-
priate boundary conditions and models for your particular CFD problem. At any
stage of a calculation, each equation will not be satisfied exactly, and the “resid-
ual” of an equation identifies by how much the left-hand-side of the equation differs
from the right-hand-side at any point in space. If the solution is “exact” then the
residuals is zero. Exact means, that each of the relevant finite volume equations is
satisfied precisely. However, since these equations only model the physics ap-
proximately, a converging solution does not mean that the solution exactly
matches what happens in reality. If a solution is converging, residuals should de-
crease with successive timesteps.

Convergence Results and RMS

A measure of how well the solution is converged can be obtained by plotting the
residuals for each equation at the end of each timestep. A reasonably converged
solution requires a maximum residual level no higher than 5.0E-4. Typically, the
RMS residual will be an order of magnitude lower than this. The RMS (Root Mean
Square) residual is obtained by taking all of the residuals throughout the domain,
squaring them, taking the mean, and then taking the square root of the mean. This
should present an idea of a typical magnitude of the residuals.

During the solution process, using of the CFX — solver makes the monitoring of the
simulation converge possible. As soon as all the equations reach the convergence
target — set to 1E-05 — the solver stops so that the results can be processed.

Timestep

The value of the timestep is a very important factor as far as convergence is con-
cerned. A large timestep can lead to a faster convergence but, if too large it can
lead to the solution deviating. A typical magnitude of timestep in the modeling of
coal gasification that can surely lead to convergence is 1E-03 sec and maybe
even 1E-02. Greater values can be applied as timesteps if the solution has already
begin to converge so that the convergence becomes faster.

The following plots depict the behavior of some of the residual equations depend-
ing on the value of the timestep. The output file of this solution process gave the
results that are presented in the corresponding chapter.
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Figure 21. Particle source change rates

How the selected timestep affects the course of the solution, can be seen from the
data of the following table in reference with the Figures 17 — 21.

Outer Loop 1 31 475 575 623
Iteration

Timestep 1.6 E-2 3.24 E -1 1.62 E -1 3.24E -2 3.24E-3

Outer Loop 964 2319 2444 2584 2681
Iteration

Timestep 1.6 E-2 3.24 E -2 9.74E -2 1.62 E 1 3.24 E -1

Table 15.Changes in the timestep

For the simulation at a 50 bar pressure, the time needed for the solution to con-
verge was 1 day, 17 hours, 44 minutes and 41 seconds using a system with an
Intel Pentium Il 3Ghz Processor and 1,5 GB of RAM memory after 2800 iterations.
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4 Results

Simulations have been conducted for pressures of 5, 25 and 50 bar. After some
observations that apply for all pressure values and have to do with velocity and
coal particle behavior, the results of these simulations are presented categorized
by examined variable. Temperature, mass fraction and concentration of each gas
contained in the final product of gasification and chemical reaction rates are the
basic points of interest. The effect that pressure has on these variables is also
presented.

e General observations

The outcome of the temperature and the methane production indicates, regardless
the pressure value, the coexistence of three zones of reacting behavior of the fuel.
The range of each zone is not strictly defined but there seem to be specific charac-
teristics that can help to make the distinction among them.

- The first zone is the zone in which, the mixing of fuel with oxidant takes
place. Because of their initial velocity (see Figure 22), the coal particles do
not react massively with the oxidation mean and do not start to release vo-
latiles, until they have traveled for a little more than 0.5 m inside the gasifi-
er.

- After this length, the fuel enters what is considered to be the second zone
inside the gasifier. It's the zone where the gasification of the coal particles
occurs and the main quantity of methane is produced. In this zone, the oxi-
dation reactions are the fastest and almost the whole amount of oxygen is
consumed.

- In the third zone, gasification occurs but with slower rhythm, there are only
traces of oxygen left and the dominant reactions the water-gas shift and the
steam reforming.

|2 = 0.00m 12]-06&m |Z|-1.56m [Z]=184m

Zone 1 Zone 2 Zane 3

Figure 22. The zones inside the gasifier
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The coal particles in all cases are moving mostly along the axis of cylindrical
symmetry of the gasifier. There is no intense dispersion.

The profile of the velocity exhibits only minor fluctuations with the alteration of
pressure depending to the input velocity of the gasifying agent. The gas output
velocity is of the order of 0.1 m /s.
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Figure 23. Coal Particle movement (up) and velocity profile (down)

4.1 Pressure 5 bar

e Max Wall Temperature: 1600 °C
e Molar fraction and concentration:

5 bar Outlet Molar Outlet Molar Concentra- Outlet Molar
Fraction (! tion [mol/m3] © Fraction (N, free)®

Ho 0.094 7.32 0.551

CO 0.053 3.82 0.322

CO, 0.0004 0.039 0.003

CH,4 0.02 2.416 0.12

H.O 0.0006 0.05 0.004

O, - - -
N> 0.832 68.492 -

Total 1 82.137 1

Table 16. Gasification Products at 5 bar
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Figure 24. Reaction Rates - Gasification 5 bar

Oxygen reacts fast and is rapidly consumed. Thus the production of CO, and H,O
remains at low levels. Dominant reactions in the process seem to be the combus-
tion of hydrogen, the steam reforming reaction and the water gas shift reaction.

4.2 Pressure 25 bar

e Max Wall Temperature: 1600 °C

e Molar fraction and concentration:

25 bar Outlet Molar Frac- | Outlet Molar Concen- Outlet Molar

tion (! tration [mol/m3] @ Fraction (N, free)®

Ha 0.082 43.434 0.545
CO 0.046 22.798 0.306
CO; 0.0005 0.066 0.004
CHy4 0.021 5.94 0.14
H20 0.0008 0.174 0.005
O, -
N2 0.8497 400.788 -

Total 1 473.2 1

Table 17. Gasification Products at 25 bar
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e Reaction Rates
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Figure 25. Reaction Rates — Gasification 25 bar

The combustion of hydrogen remains the dominant reaction. The water gas shift
and the steam reforming reaction play an important role just as they did for the 5
bar pressure. The less fast consumption of oxygen has caused the increase of the
CO oxidation.

4.3 Pressure 50 bar

e Max Wall Temperature: 1600 °C
e Molar fraction and concentration:

50 bar Outlet Molar Outlet Molar Concentra- Outlet Molar
Fraction tion [mol/m?] ¥ Fraction (N, free)®
Ho 0.076 75.323 0.54
CO 0.0428 39.276 0.302
CO2 0.0007 0.14 0.005
CHq4 0.02 7.312 0.145
H>O 0.0011 0.216 0.008
O, - - .
N2 0.8594 713.159 -
Total 1 835.426 1

Table 18. Gasification products 50 bar
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Figure 26. Reaction Rates - Gasification 50 bar

Again for the 50 bar pressure, hydrogen combustion, water gas shift and CO oxi-
dation are the dominant reactions.

For Tables 16 17 and 18:
(1) The value of each elements molar fraction at the outlet surface.
(2) The value of each elements molar concentration at the outlet surface.

(3) The value of each elements molar fraction at the outlet surface without calculating the N2.

4.4 The effect of pressure and oxygen - fuel ratio on the final
product

4.4.1 The effect of pressure

Simulations of the entrained flow gasification process were made for three differ-
ent values of pressure. The effect that the change of pressure has on the gas pro-
duced is depicted on the next chart.
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Figure 27. Molar Fraction - Pressure

As the pressure increases, the molar fractions of CO and H; tend to decrease.
This is normal because the increase of the pressure does not favor the steam re-
forming reaction. Furthermore, the increase of the CH4 molar fraction was also ex-
pected. Unexpected were the unusually low values of the CO, and H,O molar frac-
tion and high H, concentration in the gas produced. This is probably due to inap-
propriate reaction rates, but this accuracy problem can only be solved if the results
are compared with actual experimental data.

4.4.2 The effect of oxygen - fuel ratio

Another variable of the gasification procedure is the ratio of oxygen and fuel that
enter the gasifier. Simulations were made at the pressure of 50 bar and a fixed
gasifier wall temperature of 1600°C. Three different oxygen-fuel ratios were tested:
0.8, 0.9 and 1.0 [kg of oxygen/kg of fuel]. As shown on the figure below, on the
tested area, the lower the value, the higher the concentration of CO and H in the
gas produced.
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E 001 —
@©
S
£ 0,008 Ho
£ — -
S 0,006 .
0,004 .
0,002
0
0,75 0,8 0,85 0,9 0,95 1 1,05 Oxygen/
Fuel ratio

Figure 28. Molar Fraction - Oxygen/Fuel ratio
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5 Conclusions

The imperative need for cleaner energy sources along with the vast global utiliza-
tion of coal as a fuel, and the existence of huge infrastructure in the area of energy
generation from coal-fired power plants leads to the necessity of investigating fur-
ther the potential of coal.

Coal gasification, although a process initiated in the past century, it may be a step
to the future and to “cleaner” energy. The hope is that the use of gasification in
Integrated Gasification Combined Cycle power plants with Carbon Capture and
Sequestration technology will substantially decrease the emissions of Greenhouse
gases and COzin particular.

The Technical University of Munich is assigned with the project of conducting the
necessary research in the field of gasification and the other variables of which an
IGCC power plant is consisted. As a contribution to the project, this diploma thesis
develops a numerical model of entrained flow coal gasification using a commercial
CFD program.

All the relative literature on the field of gasification was reviewed. The model that
was developed is able to predict the composition of the gas produced from coal
gasification, and other important variables such as temperature and velocity in an
entrained flow gasifier. The model is realistic and is tested in various conditions of
pressure and the results are satisfying. In particular: Gasification simulations were
made at 5, 25 and 50 bar pressures. Some of the conclusions drew are the follow-
ing:

e The variation of pressure has an effect to the hydrogen carbon monoxide
production. As pressure increases, the molar fraction of these two gases
decreases. However this reduction of small magnitude.

¢ Increasing the pressure increases the concentration of CH4, CO; and H,0
but again by a small amount.

e The amount of oxygen feed is a very important variable of gasification. Sur-
plus of oxygen results to the decrease of H, and CO concentration in the
product gas.

Comparing the simulation results with experimental data would be necessary be-
cause, for high gasification pressures the model was tested at, the literature is
poor and there are no adequate data concerning chemical reaction rates and the
chemistry of gasification in general.

Further development is of course necessary if the model is targeting to be used as
a mean to evaluate and optimize an existing gasifier but in a lower level of use, it
can provide sufficient information for a gasifiers operation.
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