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Andoracua anod Ty Amoioyio tov I'aiiiaiov:

«... Ilotedw ot povadikos oxonog tys Emetiuns eivar tovtog: v’ alappaocel to uoyfo
™S avOpomivys brtaplns. Av o1 emoTHUOVES, POPIGUEVOL T’ TOVG EYWIOTES KOl OETTOTIKOVG
APYOVTES, TEPIOPITTOVY VO, GWPLALODY YVAOOTEIS TAV® T YVWDTELS HOVO KL UOVO YL, TH XOPC THS
ywaoaong, n Emoetiun dev Qo givou ma wopa. pio. Olifepn coxdriooo. Ot karvolpieg cog unyoveg
oev Ba ypnouedovv wopa yra karvoovpia paptopio. Me tov kaipo, umopei v’ avoxaldyete 0,11
omapyel yio, va. ovoxoloplel, ki watoco N Tpoodos aog Ga oo ywpilel 6o kot o moAd ax’
v AvBpwmotnto. H dffvecog aviueoo o’ ekeivy kai 6 €00 UTOPEL 10 UEPO. VO, VIVEL TOTO
pobia, Tov, atn yopodbuevn Kpowyn cog yLo. Hio. Karvovplo. KOTAKTHoN, V' OToKpLOEl uio kpavyn
opikns ox’ 0An v Okovuevny!

(H Zw1j tov I'adiiaiov, Bertolt Brecht)












Evyapiotieg

H mapovca ddaktopikn swrpipn ekmovinke oto Epyoaotiplo Atpokivntipomv kot
Aefntov Tov Tunuoatog Mnyavordywv Mnyoavikeov tov EMIT ota mAaicto TG €pevvnTiKng
pov evaoyoAnong and tov Oktoppto tov 2010 péxpt 1o NoéuPpro tov 2014.

Apykd, 0o 0eda va evyapiomom Beppd tov kabnynt k. Eppoavouni Kaxapd mov pe
EUMIOTEVTNKE MOTE VO EKTOVIC® T O100KTOPIKN Hov StatpPn vwd v emifreyn tov. H
ocvvepyacio pov pali tov elye ©¢ amotéAecpa, HETaED GAA®Y, TNV ETAPN HOV HE SLAPOPES
EPELVNTIKES OUAOEG TOCO EAMANVIKEG OGO KOt TOV ££MTEPIKOV GTO TANIGLOL TG EPEVVITIKNG OV
dpacTNPLOTNTOG.

Suyypoveg, aebdavouat vrdypeog oto Ap. Kvpidko IMovomovro yio ) ocvveyn kot
GLOTNUOTIKY] KaBoOYNoN Tov OAAG Kot TNV LTOGTNPIEN TOV GE OMOLONTOTE SVOKOAIN
AVTILETOMICO. METOAAUTAOEVOE e TOV KAADTEPO SLVATO TPOTO TIG YVAGELS TOV TOGO Yid TIG
Beppoymuég dtepyacieg OGO Kot Y10 TIC PEVCTOTOMUEVES KAIVEC.

Amo 11¢ svyoprotieg 6 Bo pumopovoe va Agimel o kabnyntig k. Wiebren de Jong o
omoiog poli pe TV emoTUOVIK Tov opdda pe Pondnoe va deloaydyw Ookiuég otnv
TEPALOATIKY] EYKATAGTACT] PEVCTOTOMUEVNG KATVIG e avokvukAoeopia oto [Tavemotiuo Tov
Nrterot.

Opseihw emiong éva peydAo evyoplotd yw v moAvmoikiAn Pondeio tovg cTovg
GLUVOOEAPOVS Kol TOPAAANAO TOAD koadoVg ¢ikovg Kwot Atcovio kot Eenyudvva
Kovtoovuna, cuvodomdpovg 6ha avtd ta ypovia. Evxapiotd emiong 10 cuvadeApo pov kot
@iAo Ap. Aptoteidn NikoAOTOVAO OV pE TIC GMOTEG Kol KATOAVTIKEG TOV TOPOTNPNGELS LE
Bonbnoe 1660 0IN GLYYPAPY TOL KEWWEVOL OGO KOl GTNV VAOTOINGN TOL GYESGHOD NG
TEPOUATIKNG LOVASOLC.

Opeihw emiong €va TEPACTIO €VXAPIOT® GE OAO TO EMGTNUOVIKO, OLOIKNTIKO Kot
TEYVIKO TPOCMTIKO TOV €PyacTtnpiov Atpomopaywymv ko Agfntov mov pe PBondncav pe
KkéBe duvatd TPOTO 6TO TANIGLO TNG EPELVNTIKNG LOL TOPELNG.

"Eva peydio guyoptotd ogeilm kot 6tov moAd KoAd pov ¢iko Ap. AAéEavopo Xapito,
0 omoiog e HOMGE OTNV TE(VOAOYID T®V PEVGTOMOMUEVOV KAWVAOV eMPAEMOVTOG TN
durhopatikn pov gpyacio oto IFK Stuttgart.

Emiong, Ba MBeha va evyapiotiom Oepud tovg Surhopatikodg eortntég Muiydn
Xoviln, Anuntpn Topopd, Koota Mapwvéaxn, Anuntpn ['kpéxn, Tavvn APayavd kot
Xpnoto Toéxo.

Ao 115 evyapiotieg oev Ba pmopoHoav va AEImOVY PLGIKA Ol YOVEIG OV Kot 1) AdEPPN
Hov mov otNPIEaY NOIKE Kot OIKOVOUIKA Y10l VO LTOPECH VO PEPM E1G TEPOS OVTH TI SVCKOAN
OTTOGTOAN).

Téhog, Ba nBera va guyapiomom T cVvvipopo pov Eppavovéia Kokopdywovvn yo
TNV OUEPICTN] GLUTOPACTAGCY] TNG OTNV TOALETN OVTH TPOCTABElN KOl TIG KAOOPIOTIKEG
dopbaoelg g oto Kelpevo g EAAnvikng mepiinymc. To piod keipevo g S100KTOPIKNG OV
SlTpPng TG aviKEL.

Xprotodovriov Xpnotog
ABnva, 20/11/2015






Soppava. pe omoeacn e IEZEX otig (.../.../12015) ¢ ZyoAing Mnyoavordywv Mnyovikeov tov EMIT n
wapovoo Awatpin yivetal amodektny omv Ayylikn yvAdooa. Eyel emmAéov mpootelel elAnviky
mepiAnyn pe éktaon ion mepimov pe tov €va Tpito NG KTAOMG TOVL OYyYMKOL KEWEVOD.






H éyxpion g Awdaxtopikn Awtpifrig and ™ Zyoh] Mmyoavordymv Mnyoavikov tov E6vikov
Metoofov [Molvteyveiov dev vrodnAdvel amodoyn TV yvouodv tov cuyypagéa (N. 5343/ 1932,
ApBpo 202).
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Iepiinyn

Ot 60YYPOVEG OVAYKES TNG KOWVAOVIOG Y10 TOPOY®YT] NAEKTPIKNG EVEPYELNG, KAODS Kot
VYPOV KAVGIH®OV eE0PTOVTOL MG EML TO TAEICTOV OO To OPLKTA Kavoa. Avty 1 e€dptnon
umopel vo 00N yNoEL GE OIKOVOUIKA TpoPAnpaTo, ToATIK) aotddsto (BA. meTpedaikn kpion
ot dekaetion Tov °70), 6mwg emiong kot afePordtnro oTIC TPOUNDEIEG TNG EVEPYELOKNG
€POOLACTIKNG aALG1dag. EmmpocBitmg, n ekteTapuévn ypion TV opukTav TOpwv Bempeital
Ao APKETOVG EMOTHHOVEG VITEVBVVY Yia TNV avénon g péong Beprokpaciog Tov TAAVITY.

fuepa, n Propdala etvor n pdvn avave®oun Tyn omd TV omoio. pmopovdv vo
TPOKLYOLV VYPA, AEPLOL Ko 0TEPEN TPOTOVTA, KOOMDG Kot NAEKTPIKY evEpyeld. AvTtd £yKetton
670 YeYOVOG OTL M Propdlo amotedeital amd opyavIKES EVOGEIS. ZVUVAO, 1| GUVEIGPOPH TOV
mopay®dywv g otig ekmounég CO, Bewmpeitor undevik.

H Oeppoynuin eneéepyacio g Propalog cLVEIGEEPEL GTOV TEPIOPIGUO TNG YPNONS
OPLKTAV KOLGIL®V, HE TNV TOPOy®YN MAEKTPIKNG EVEPYELNS 1| VYPOV TPOIOVI®OV Yol TNV
aflomoinon Tovg ®G TPOTN VAN Yoo GAAeg dlepyocieg N GAAo mopdymyo. Mo moAAG
vrocyouevn depyocio stvor avty g agplomoinong. Xtdyog avtng g depyasiog givarl n
Tapoywyn evog aepiov (aépro ovvbeonc) mhovoto oe CO, Hy, CH, CO; ko H2O wavd va
aglomomBei ywo amevbeiag ypnon (my miektpomapoywyn ce MEK 1 agplootpofiro) 1 g
TPAOTY VAN Y10 TOPAYDYT] YNHKOV TPOIOVTOV GE GUYYPOVES LovAdeS frodwMatnpiov.

Ev tovtoic, n aepromoinon Propdlog €xer apketd otoyyeion ta omola givol opkeTd
TPOPANUATIKA Kol eV €YOVV EMTPEYEL AKOUT TNV EUTOPIKT a&lomoinon tng depyasiog g
aeplomoinone. Mepwd B€pata o omoia akdun Kol onpepa Topovstdlovv peydio evorapépov
YL TNV EMOTNUOVIKN Kowdtnta eivor 1 peiowon tdong eRedvions CLGCOUATOUATOV KO,
Katd cvvémela, TG Ploung andAelng peuotomoinong, Kafdg Kot 1 Helwon TG CLYKEVTPMONG
TOV TGOV GTO TOPAYOUEVO 0EP1O.

Ymv mapovoo dwaktopkn SwrpPn) peretdron m a&omoinon g Propdlog ot
PEVGTOTOMEVT KAV OVOKVKAOPOPING HECH OEPLOTOINOTG, YPTCLUOTOIOVTOS MG OEEWOMTIKO
HEGO TOV aEpa. XKOTMOG elval 1 Helmon NG GLYKEVIPOONG TV MGGV (Kot Guyxpdvms M
BeAtioon tov aepiov cHvOBeong) oto mapayduevo aéplo, Kabmg Kol 1 SlEPELVNON TAONG
GYNUATICLOV CLGCOUATOUATOV O0POPV 0OV Propalog.

Koatd ) ddpketa g ekndvnong e mopovceog S100KToptkng daTptPng peretonkay
aypotikd €iom Propalog kol cvykekpéva vroieippata niiavlov, yaTpdea, ayplaykvapo
KOl 1Tl G TTPog TNV oldTNTe TOV aepiov cuVOeoNC oL TTPOoEKLYE amd KAOE KAOGIHO GE
duapopeg Beproxpaciec.

Y10 mhoiclo ™G Aettovpyiog €vog mponyuévov  ProdtoAetnpiov pE  PNOEVIKA
amoppipata, Tov omoiov 1 povada aeproroinons Oa amoteAel facikd otoryeio, pereTnOnKay
TOL VTOAEILUATO TOV KOPTOV OV ava@épbnkay mopoamdve petd v eaywyn Tov glaiov.
To6c0 o1 evepyelokég KOAMEPYELEG TOL NATAVOOL KoL TNG YIATPOPAS OGO Kot TNG QyPlayKIvapog
ELOOKILOVV — pE APKETA KOAN amdd0oT — oty Tteployn s Mecoyeiov.

To poévo xavowo o©t10 omoio mopatnpnOnke omOAEW pevoTOTOiNoNS NTAV M
ayplaykwvapa otov 1 dokiun éhafe yopa pe oMpivn og mAnpotikd péco. H Beppokpacio
Katd TV omoia emMABe Bloun amopegvotonoinon Ntav apketd younAn. Ilpoondbeio emiivong
TOV GLYKEKPEVOL TPOPAUOTOC emyelpOnke O1eEAyovtog OOKIUES OypPLOYKIVAPOS e
KoAqut. To omoTEAECUOTO TOV TEPOUOTIKOV SOKIUOV ATOV OpKETE eVOAPPLVTIKA 0OV dEV
VINPEE OMMOAELL PEVGTOTTOINGTG.

Avo dokéc agplomoinong ayplaykvapog emyyelpninke vo delayyovv pe 0600
SapopeTiKd adpavi] VAKA. Tnv mpdt @opd pe oAMPivn kon ) devTEPN L Layvesitn, Kol TIG
000 Qopéc mapovoidotnke TPOPANUA AdY® andAelag pevotonoinons. H mepapatikng dokiun



pe adpaveg VMKO to payveoitn élape yopa ot povdada tov Ilavemotnuiov tov Ntéhet. H
CLYKEKPIUEVN  TEPOUOTIKY — EYKOTACTACN €ivol  €vag  aTHOGQAIPIKOS  avTIOPACTNPOG
PEVGTOTOMUEVNG KAMVNG HE avakvkAogopio. H dokiun mpaypatonomonke ypnouomidvTog
o&uyovo Kot atpd ¢ 0&edmTikd péco. Metd and 600 Mpeg TEWPAUATIKNG SladiKaciog o€
Oeppoxpacia 750 °C onueiddnke omdAEL PEVGTOTOINGTC.

Onwg avaeépbnke Kot TOPATAV®, TO GUYKEKPEVO TPOPANUA TS OTOPELGTOTOIoNG
OVTILETOTIOTNKE SEEAYOVTOG OOKIUES OlEPLOTTOINONG e LETY U ayplayKivapag — KaAapiov. To
KoAdp emAéynke yoti eivon éva €idog Popdlog pe 1010TNTEC TAPOUOIES HE OVTEC TNG
ayplaykwvapag. H soxyn dieénydn oty mepapatikn povada tov EKETA ypnotipomoidvtog
oMPivn o¢ TAnpwtikod néco. H Oeppokpacio Asrtovpyiog éptace péypt toug 800 °C, katd
OLAPKELDL OAOV TOL TEIPALOTOG OEV TOPOVGLACTNKE KAVEVA TPOPAN O GLGCMOUATMOUATOC.

Oleg o1 mepopatikés OoKUEG EAafav ydPO O  OTHOCEOPIKO  OvVTIOPOCTNPO
PEVGTOTOMUEVNG KAV G He avakvklopopia. Katd tn didpkela Tov SoKIUdV depeuviOnke n
enidpaomn g Bepuokpaciog Kot Tov adpavods VAIKOD GTNV TOdTNTO TOV aegpiov cuvlheong.
Av xor m depyacia ™ aeplomoinong pe oépa givor ovtobepurn, m Oepupokpocio Tov
avtpactipa eheyyotav pe T Pondela e£®TEPIKOV OVTIOTAGE®MY Ol OTOieC Topeiyov TV
amortovpevn Beppdmra. OAN 1 TEPAUOTIKY GEPA TPOYUATOTOMONKE LE dVO OLOPOPETIKES
Oepuokpaciec, 750 °C ko 800 °C. H mo1dtnta Tov mopayousvon agpiov Yo OA0 To KOG
elye peydieg opotdTNTEG e TO 0EPLO TOL TAPNYON KT TNV AEPLOTOINGT TNG 1TIHG. ZNUOVTIKY
Slpopd onUEW®ONKE HOVO GTI GLYKEVIP®GT TOL TOPAYOUEVOL VOPOYOVOL, TO OTOI0 GTNHV
TEPIMTOON TOV VIOAEIUUATOV NAIOVOOL Kot YITpOQOS NTOV EDG KOL TPELS POPES TEPIGGOTEPO
amd 10 TOGOCTO MOV TopaTNPNONKE KOTd TNV aeplomoinon ¢ TS, AV Kol TPATH Popa
oeENydnoav OoKIEG aeplomoincn O  PELGTOMOMUEVT) KAV HE T OVO  TOPOTAVE®
VTOAEIUUATO KOL TV OYPLayKIvapa, T ATOTEAECUATO NTOV OPKETE EVOOPPLVTIKE MOTE QLT
Ta 10N VoL OmOTEAEGOVY KAOGILA Y10t EPAPLOYES GE PLOUNYOVIKT) KAILOKAL.

Olo ta Koo SOKIHASTNKAY HE TP SL0POPETIKA TANPOTIKA HEGO, LE OKOTO V.
Otepeuvn et 01€€0d1Kd 1 EMLOPACT] TOVG OTN GLYKEVIPMOOT TV MGCMV. Ta TANPOTIKA péca
7oV ypnotporomdnkay Nrav yoarallokn auuog, oMpivng kot Topmpévog oAPivng (calcined
olivine). Ta amoteAéopata mov eEfyONcav amd Tig SoKIES £de1EAV OTL O TVPMUEVOG OAPivIg
€xel OPKETA KOAEG KATAAVTIKEG 1O10TNTEG OC TPOS TN HEIWON TOV TOOOV. LVYKEKPIUEVA
napotnpnOnke peioon péxpt koar 80% o1 CLYKEVIPMOON TOV TOPAYOUEVOV TIGCAV GE
GUYKPION UE T TEWPAUATO TOL TPpaypaTomomonKay pe yoAallokn GUUo Yoo TNV TEPITTMON
TV vroieippdtov niiavlov. Metd 10 1€h0og TV doKUdV cuverléynoav detypoto and Tpio
OLOLPOPETIKA CMUELD TOV OVTIOPACTNPA: TO KAT® HEPOG TOL AVOOIKOV ary®yov, tnv PaiPida L
Kot T0 KAT® PEPOG Tov 0evTEPOL KLukAMVa. Ev cuveyeia, oeénydnoav pia cepd ovarlvcemv
Y. TOV YopokTpopd tov ostypdtov. Olec ot avoivoelg Ponbncav ®ote va Pyovv
ONUOVTIKA GUUTEPAGLOTO Y10 TO. TANPOTIKE péca. Mia apkeTd £vOLAPEPOVGO TAPATHPNON
NTav 0Tt Ot pOYUES Ol Omoieg VEISTAVTOL GTO E0MTEPIKO TNG OOUNG TOV COUATISIMV TOV
oMPBivn PonBovv — evioydovv TV EIGYOPNON AVOPYOVOV TG TEPPAGS, Kol KLupimg TOL
acPeotiov Kot Tov kaAiov, evidg tov copatdiov. To eoawvdpevo avtd avédvetar acOntd
otav 0 oMPivng éxer vrootel Bepuikn enelepyocio oe KAMPavo (mopwon). Katd v mhpwon
av&avetal 1o pHEYEBog TV POYUMV LE ATOTEAEGLLO VO EVICYDETOL TEPAUTEP® 1| dlEIGOLON TV
avopyovev. H gioydpnon tov avopyovov evidg TV cOUATIOIOV HEWOVEL 68 pHeYaAo Badud
NV TOAVOTNTU OTOAEWG PEVOTOTOINOTG AOY® TNENG TNG TEPPAS, 1 IKAGIOL QVTY EVIGYVETOL
Ao TO YEYOVOG OTL KATA TN SLdpKeELN TV OA®V TEWPAUdToOV pe oMPivn kot Tupopévo oMPivn
OgV EPLPAVIOTNKE TOTE AMMAELNL PEVOTOMOINGNG. AVGTLYMG OUMG M AWENCN ToL peyEBovg TV
POYU®OV 00NYeEl 08 PHElON TG UNYAVIKNG AVTOYNS TOV COUATIOIMV TOV TUPOUEVOL OALPIvT.
Av1o domotminke pe v deaymyn SOKIUOV avTIGTAONS TOV COUATIOIMV TOV 0dpavovg
VAKOD KaTA TNG UNXaviKNg eOopac.



Ev ovveyeio, pHeETd TO TEAOG TOV TEPOUOTIKOV GCEWPAOV  KOTASTPOONKE Eva
Bepuodvvapukd povtého pe ) Pondeia tov gumopikod mpoypaupatoc ASPENpIUs yia éva
UIKPO amokevVIpopéVo otafud niektpomopaymyns pe agplonoinomn Popdlos. To e€etaldpevo
GEVAPLO apopd Kpn povado oyvog S MWy, To mapayoduevo aépro odvleong LETA TOV
KaBapIopd TOV EIGEPYETAL GE Pio LYoV EGOTEPIKNG KAOONC. XTO LOVTELO TTOV avomTOyOnKe,
glonyOnoav 014popa amoTEAEGHATO OO TIC TEPAUATIKEG OOKIUES Yo KAOE KOOGIUO, KOOMC
KOl TO 00PaVEG DAKO OV ¥PNOLOTOONKE OGTE Vo dE(TEL TO10 1 EMLOPAGT] TOVG GE dLdpopal
peyEOn oty amddooN NG 0EPLOTOINGNG 1] GTNV NAEKTPOTAPAYWYN.

Télog, £ytve EKTEVIG TEYVO-OIKOVOULKT OVOADOT) EVOG GEVAPIOL NAEKTPOTAPOUYWYNG LE
aepromonon Propdlog TPOTOTOIMVTOS U0 VPIGTAUEVT povada vTilel yia 1o vynol g Aéofov
wote va, dgytel ¢ Kavoo, aéplo cvuvleong TPoepyOUEVO and TNV aePLOToincn TuPNVOELAO
oe avoPpalovca pguoTomomuévn KAvr. MelemnOniov 000 S1apOPETIKES YPOVIKEC TTEPT0O0L
Aertovpyiog ™G povadag, M pr UOVO Yo TOLG UNVEG OOV VTAPYEL £VIOVI] TOLPIGTIKN
dpaoTNPLOTNTA Kot 1) dEVLTEPN Yo TV TEP1000 amd Tov OxTdOPp1o péEYpL Tov AmpiAto.



Abstract

Current society needs for fuel and chemical commodities are strongly dependent on
fossil resources. This dependence can lead to economic instabilities, political problems and
insecurity of supplies. Moreover, a dramatic “collateral damage” that endangers the future of
the planet is global warming, which is associated with the massive use of fossil resources.
ONowadays, biomass is the only renewable source, able to obtain various liquid, gaseous,
solid products, and electricity. This is owed to the fact that biomass consists of organic
compounds. Furthermore, the contribution of biomass’products is considered CO; neutral and
thus generate CO, credits.

The thermochemical processing of biomass contributes to the challenge of reduced use
of fossil resources by producing electricity or liquids feedstock able to lessen the “fossil
dependence”. A promising process is that of biomass gasification. The aim of this
thermochemical process is to product a mixture of gases (synthesis gas) rich in CO, H,, CHy,
CO;, and H,0O. This technology can provide both syngas for advanced syntheses but also to
run boiler and power producing.

Due to many drawbacks of biomass gasification, this process is not yet commercial.
Some issues which seem quite interesting for the scientific community are related to the
increase of the ash melting point. The melt of the inorganic constituents of ash leads to
agglomerates with bed material particles. As a result of this phenomenon is the defluidization
(when the process takes part in fluidized bed reactors). Another important disadvantage is the
high concentration of tars in the product gas. The reduction of tars’ levels is a challenge.

In this dissertation, the exploitation of biomass for power production via air
gasification in an atmospheric circulating fluidized bed reactor is investigated. The goal is the
tar reduction in the syngas, and the research for the tendency of agglomeration formation for
different biomass species.

During this PhD thesis several experimental campaigns were conducted for sunflower and
jatropha cakes, willow and cardoon. The influence of the operating temperature and the bed
material on syngas quality was investigated.

Within the borders of an advanced zero - waste — biorefinery operation, for which the
gasification unit constitutes a basic element, the aforementioned seeds residues were studied
after the oil was extracted. The sunflower and jatropha energy crops thrive — with very
satisfactory efficiency — in the Mediterranean area.

There was defluidization phenomenon only during cardoon gasification using olivine
as bed material. The defluidization temperature was low. Attempts for tackling this problem
were conducted by means of using a blending of cardoon and giant reed. The results of this
trial were encouraging since there was no loss of fluidization.

Two cardoon gasification trials were contacted with two different inert materials. Both
the first time with olivine and the second with magnesite, a problem due to defluidization was
presented. The experimental trial with magnesite as inert material took place in the Delft
University unit. This particular experimental facility is an atmospheric circulating fluidized



bed reactor. The trial was performed using oxygen and steam as oxidizing medium. After two
hours of experimental procedure in a temperature of 750°C a loss of fluidity was noted.

As it was mentioned above, this particular defluidization problem was confronted by
carrying our gasification trials with a mixture of cardoon — giant reed. Giant reed was chosen
because it a biomass species with properties similar to cardoon. The trial was performed in the
CERTH experimental unit, with olivine as inert material. The operation temperature reached
800°C and during the entire experiment no agglomeration related problem occurred.

All fuels were tested using three different bed materials. The bed materials were silica sand,
olivine (fresh) and calcined olivine. Results derived from experimental tests show that
calcined olivine has catalytic properties on tar reduction.

All the experimental trials took place in an atmospheric fluidized circulating bed
reactor. During them, the effect of temperature and inert material on the quality of syngas
produced was investigated. Despite the fact that air - gasification process is autothermal, the
reactor temperature was controlled with help from external resistances that provided the
necessary heat. The entire experimental series was carried out in two different temperatures,
750°C and 800°C. The quality of the produced syngas for every fuel had great similarities
with the gas that came from willow gasification. An important difference was presented only
in the produced hydrogen concentration, which in the case of sunflower and jatropha residues
was till three times higher than the corresponding percentage noted during willow
gasification. Although it was the first time that gasification trial in a fluidized bed with those
two residues and cardoon were performed, the results were quite encouraging. Consequently,
these species can be considered as promising fuels for industrial scale applications.

Every fuel was tested with three different bed materials, in order to thoroughly
investigate their effect in tar concentration. These materials were silica sand, olivine and
calcined olivine. The results derived from the trials showed that calcined olivine has good
catalytic properties as far as tar reduction is concerned. In particular, a reduction up to 80% in
the produced tars concentration was observed in comparison with the experiments carried out
with silica sand in the case of sunflower residues. After the completion of the trials,
speciments from three different places of the reactor were collected: the lower part of the
riser, the L — valve and the lower part of the second cyclone. Subsequently, a series of
analyses was performed for the characterization of these speciments. All these analyses led to
the extraction of important conclusions for the bed materials. A quite interesting observation
was that the cracks present in the internal structure of olivine, aid — amplify the penetration of
the particles from inorganic ash elements, mainly calcium and potassium. This phenomenon is
considerably more intense when olivine is thermally processed in a furnace (calcination).
During calcination the size of the cracks increases and as a result the penetration of the
inorganics is enduced. The presence of inorganics inside the particles reduces greatly the
possibility of defluidization due to ash melting. This conjecture is supported by the fact that
defluidization never occurred during all of the experiments with olivine or calcined olivine.
Unfortunately though, the increase of the crack size reduces the mechanical durability of the
calcined olivine particles. This was ascertained by conducting resistance trials on the inert
materal particles against mechanical wear.



After the end of the experimental campaigns, a thermodynamic model was developed
using ASPEN for a small decentralized biomass gasification power plant. The examined
scenario concerns a small 5 MW, unit. After the purification of the produced gas, it enters an
internal combustion engine. Various data collected through experimental tests are used as
input for the developed model, depending on the fuel and the inert material used, so that the
modelling approaches as much as possible the actual behaviour of the fuels.

Finally, a study on the modification of an existing electricity production unit on
Lesvos island in order for it to operate using as fuel the produced syngas from the gasification
of olive kernel in a fluidized bed reactor will be carried out. More specifically, the unit under
investigation is the CEGIELSKI 16ATV25H with a nominal power output of 2750 kW and
year of operation 2002. This unit is proposed because it is the smallest and, as a result, the
installation of a large gasification system is not required. At the same time, it is the newest
unit of the island and it is thus easier to make modifications

Vi
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Preface

My diploma thesis in University of Patras was undertaken in collaboration with IFK
(University of Stuttgart, USTUTT) and focused on experimental investigation of fluidized
bed. The determination of the effect of operational parameters on the kinetics of carbonation
and reactor performance in a small bubbling fluidized bed was investigated.

In 2010, | started working as a research mechanical engineer in Centre for Research
and Technology Hellas / Chemical Process and Energy Resources Institute (CERTH /
CPERI). Iniatially, I worked in EU Funded project EUROBIOREF (contract: FP7-ENERGY -
241718) that dealt with the entire process of transformation of biomass, from fields to final
commercial products. This project will develop different scenarios for multi-level
biorefineries. Within EUROBIOREF projrct | had the opportunity to carry out experiments
wih novel biomass species.

The novel investingated fuels were cakes residues of sunflower and jatropha derived
from seed crops after oi extraction. Contrary to the wood gasification which has been
investigated extensively, there is fewer data on gasification application of these residues. Air
gasification test of these cakes were conducted in a 100 kW4, atmospheric, circulating
fluidized bed. The effect of temperature and bed material on the composition of product gas
and tar formation was compared to willow. Syngas obtained from residues was similar to
willow.

An other energy crop which investigated within EUROBIOREF project was cardoon.
Cardoon is a potential energy crop native to Mediterranean region. Up to date, few tests have
been performed in order to verify the suitability of cardoon for thermochemical applications.
Due to its high ash content defluidization was observed at low temperature. Attempts for
tackling agglomeration problems were carried by using blending of cardoon with giant reed.
Experiments conducted with blended fuel, no agglomeration phenomena were observed.

After successful completion of long term test with these biomass species, the
investigation of tar reduction was attempted. For this reason, gasification tests involved two
biomass species and were conducted at two different tempersture with three bed materials.
Resluts derived from gasification experiments which carried out with olivine and precalcined,
showing that the latter seems to exhibit an increased activity for tar reduction.

A technoeconomical analysis was performed for a small decentralized CHP unit. The
type of gasifier which investigated during this Phd was the main component of this power
plant. The removing of tar is achiened by using calcined olivine and then for futher gas
purification a scrubber. The reactor is coupled with a diesel. CHP is considerd worldwide as
the major alternative to traditional systems in terms of significant energy saving and
environmental conservation. At different stages of this work, results were published in
journals and conferences. A list of publications, that are relevant with this thesis, is given
below:
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Chapter 1: Introduction

1. Intoduction

1.1. The scope of this PhD

Modern society needs regarding electricity and liquid fuels production mainly depends on
fossil fuels. This dependace can lead to problems, political instability, as well as uncertainty
in the procurement of the energy supply chain. Additionally, the extended use of fossil
resources is inseperable with the planet’s average temperature increase.

Today, biomass is the only renewable source from which liquid, gaseous and solid
products along with electrical energy can be derived. The thermochemical processing of
biomass contributes to the limitation of fossil fuels use. One very promising process is
gasification.

In the present doctoral dissertation the utilization of biomass in a circulating fluidized bed
through gasification is studied, using air as an oxidizing agent. The purpose of this PhD is the
gasification of new and alternative herbal fuels which have not been used before and at the
same time the improvement of the produced gas quality.

1.2. Biomass as a feedstock for thermochemical processes

The main feature of biomass as fuel is its high moisture content that can reach up to 95%
w/w when fresh. Furthermore, its high oxygen concentrations make it more reactive than solid
fossil fuels. The calorific value (kJ/kg) of biomass is generally weaker than coal. Another
important feature of biomass is the heterogeneity of the available types of materials; for
example, pellets from wood, sawdust, agricultural residues, and energy plants that may differ
greatly in particle size distribution and moisture content. All thermochemical processes for
biomass utilization require complex feeding and handling systems. Finally, biomass tends to
have high volatiles and ash contents, which create additional constraints: high volatiles create
stability problems in thermochemical processes while high ash contents, especially of alkalis,
create corrosive aggregates and deposits. The typical composition of biomass is expressed by
the general formula CH;400¢6 (atomic ratio). Generally, the materials classified as solid
biomass are woody, fibrous, or of animal origin. Biomass fibers consist mainly of cellulose
(CH16008) while woody biomass contains significant amounts of lignin (CH1,0q4). Protein
or oily fuels typically have reduced contents of elemental carbon and an increased content of
nitrogen and sulfur. Figure 1.1 shows different fuels based on their relative proportion of
carbon, hydrogen, and oxygen in a ternary C-H-O diagram. During combustion or
gasification, the individual compounds are shifted to the right due to the addition of oxygen or
hydrogen [1]. Thermochemical processes are greatly affected by the composition and
properties of the biomass ash. The inorganic constituents of the plant biomass can be found
either in the form of discrete particles or in chemicals bound to the structure of the plant
material [2, 3].
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Silicon (Si) is the most common mineral found in nature and is a dominant component of
biomass ash because the plants absorb it from the soil in the form of oxide. Aluminum (Al) is
found in lower concentrations, especially when the plant has grown in soils rich in
aluminosilicate components. Alkali metals (K, Na) are considered to cause problems for the
thermochemical conversion of biomass, such as the melting of ash and agglomeration
between particles in fluidized bed processes.

Columbian Lignite
60%

40% ; ' '
German LigniteW\/\
._ CO ol c%

co,

80% 20%

4 /= -
Y VAVAVAYAVAVAVAVAAC,
H2 /U% 20%/ 40%  60% 80% 100%

mol Q%
H,0 ?

CH

Figure 1.1. Ternary diagram C-H-O for different fuels and components [4]

Potassium (K) is an element that concentrates in the plants that grow fast — it takes part in
the metabolism process. It is situated in the form of ions bound in the organic lattice-to-
oxygen-containing groups (carboxyl, carbonyl) [5] and thus in particularly volatile parts of
the plant at elevated temperatures. Thus, solid biofuels with high potassium are mainly annual
agricultural products or annual energy crops. Sodium (Na) does not play a significant role in
plant growth, and even at high concentrations is toxic. Calcium (Ca) is a key component of
cell walls of the plant and contributes to its structure. Magnesium (Mg) is found at very low
concentrations and is inert toward the significance of the vital functions of the plant. Nitrogen
(N) is a nutrient for plants and is introduced by nitrates and ammonium salts, which are
transformed into ammonia and thus amino acids. Nitrogen compounds in the biomass are
much more volatile than in coal. Chlorine (ClI) is found in low concentration and is required
for plant growth. Sulphur (S) enters the plant through atmospheric absorption, or a salt-
absorbing sulfur dioxide, and the structure of the plant is found as elemental sulfur or sulfate.

Phosphorus (P) is mainly found in fruit kernels and not in all plants. Iron (Fe) plays an
important role in the mass transport phenomena taking place in the plant, while the highest
percentage is found in green parts and is an important action during photosynthesis. Besides
this, the origin of ash in biomass is due to exogenous factors during cultivation, harvesting,
processing, and the storage of biomass [5].
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1.3. Biomass Gasification

Gasification is a process that converts carbonaceous materials, such as coal, petroleum,
biofuels, or biomass, into mainly carbon monoxide and hydrogen by processing the raw
material at high temperatures with a controlled amount of oxygen and/or steam. The resulting
gas mixture is called synthesis gas, or syngas, and is itself a fuel (Figure 1.2).

Biomass, as a renewable energy source, refers to living and recently dead biological
material that can be used as fuel or for industrial production. In this context, biomass refers to
plant matter specifically grown for energy purposes or residues such as dead trees and
branches, yard clippings, and wood chips biofuel, and it also includes plant or animal matter
used for production of fibbers, chemicals, or heat. Biomass may also include biodegradable
wastes that can be combusted. It excludes organic material that has been transformed by
geological processes into substances such as coal or petroleum. Today’s growing interest for
the exploitation of renewable energy alternatives to fossil fuels has led research efforts to
revamp the gasification technique that was known since the early 1800s — its first commercial
application being to produce gas for lighting and to supply local industries (town gas). During
the World War 11 biomass gained ground against coal in for motivation fuels production, such
as for cars and ships. Technically, the widespread use of gasification of biomass has to
overcome two obstacles: (1) the integration of available technologies for cleaning the gas
from impurities (particles of ash and char, corrosive gases such as H,S, HCI) in economically
and technically acceptable solutions so that gas can be used in advanced power generation
systems, and (2) the uninterrupted availability of facilities able to handle more than one type
of fuel without any problems of loss of fluidization. The present dissertarion aims to
contribute towards the solving of this important issue.

The advantage of gasification is that using syngas is potentially more efficient than direct
combustion of the original fuel, because it can be combusted and expanded at higher
temperatures or used in fuel cells so that the thermodynamic upper limit to the efficiency
defined by Carnot’s rule is higher. Apart from syngas being a fuel for internal combustion
engines and gas turbines, it can be used to produce methanol and hydrogen or can
beconverted via the Fischer-Tropsch process into synthetic fuel. Gasification can also begin
with materials that are not otherwise useful fuels, such as biomass or organic waste. In those
cases, the high-temperature process refines out corrosive ash elements such as chloride and
potassium, allowing clean gas production from otherwise problematic fuels.

Small-scale efficient combined heat and power (CHP) plants based on biomass
gasification coupled with emerging technologies for power production, such as micro gas
turbines with electrical efficiencies from 20% to 30% of the biomass fuel LHV (lower heating
value), have lately gained increasing attention. Internal combustion engines offer higher
electrical efficiency with reduced co-generation possibilities and also exhibit higher pollutant
levels. Smaller-scale gasification systems with internal combustion engines have now
demonstrated, during several thousands of hours, that they give reasonable electrical
efficiencies and limited emissions. For even larger power plants (i.e. >20 MW,) IGCC
(Integrated Gasification Combined Cycle) technology is considered the most favorable with
electrical efficiencies up to 40% [6]

17



Chapter 1: Introduction

Biomass represents about 4% and about 26% of the primary energy consumption in
developed countries and developing countries, respectively. Very high targets are set at the
EU level: bioelectricity should contribute about 55 Mtoe together with 19 Mtoe of biofuels
introduction [7]. Biomass gasification offers significantly increased efficiencies in electricity
production compared to combustion-based systems (which are limited to around 20%), and
the possibility to produce biofuels, therefore, is expected to play a significant role in the
future of bioenergy schemes in Europe.

)

Steam for heat
Syngas and power
Biomass ) | Gasifier . Gas
— ) Electricity

Purification

~—
Alcohols
,l.'_ . CO+H; DME
l\ Ash , Fischer-Tropsch

— -
Bio-aviation fuels

Figure 1.2. Options derived from the thermochemical process of gasification [8]

1.3.1. Basics of biomass gasification

Gasification is a thermal process that converts solid fuels into a gaseous fuel mixture of
low or medium calorific value using air or oxygen as oxidant or water vapor (H,0). The
difference between air-driven gasification and combustion is the air ratio, which in the first
case is substoichiometric (A <1) while in the second case is superstoichiometric (A >1) in
relation to the required oxygen for complete combustion. The gasification of biomass can be
performed in fixed, moving, entrained flow, rotary kiln or fluidized bed reactors at
temperatures above 700 °C. Many of the reactions occurring during gasification are
endothermic, and the required thermal energy can be provided by partial oxidation of reactive
components (if the gasification agent is oxygen/air or it can be provided indirectly by
transferring heat from an external source in the case of steam-driven gasification). In the first
case the process is called autothermal while in the second case it is called allothermal.
Overall, the solid fuel is converted mainly to fixed gases (CO, H,, CO,, H,0, and CH,) and
other inorganic compounds with concentrations in the range of ppmv (H.,S, COS, HCI, NHs,
HCN, etc.), as well some small quantity of heavy hydrocarbons (tars), while some small
fraction of the original biomass remains in the solid phase as char together with the ash
(mainly metallic minerals).

One of the major drawbacks of biomass gasification is the product of tars. The issue of tar
reduction will be examined experimentally during this PhD thesis. Tar is a complex mixture
of hydrocarbons, including, among others, oxygen-containing, 1- to 5-ring aromatic, and
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complex polyaromatic hydrocarbons [9]. Neeft et al [10] defined tar as “all organic
contaminants with a molecular weight larger than 78, which is the molecular weight of
benzene”. The International Energy Agency (IEA) Bioenergy Agreement, the U.S.
Department of Energy (DOE), and the DGXVII of the Europoean Commision agreed to
identify all components of product gas having a molecular weight higher than as tar [11].

A common perception about tar is that it is a product of gasification and pyrolysis that
potentially condense in colder downstream sections of the unit. While this is a fairly
description, a more specific and scientific definition may be needed for technical, scientific
and legal work. Presently, there is no universally accepted definition of tar. As many as thirty
definitions are available in the literature [11]. The definition of the IEA’s gasification task
force appears most appropriate [12]: The organics, produced under thermal or partial —
oxidation regimes (gasification) of any organic material, are called “tar”and are generally
assumed to be largely aromatic.

1.3.2. Types of gasifiers

The product gas varies in composition and calorific capacity depending on the gasification
system used and the gas reagent with which the process occurs (oxygen, air, or steam).
Bridgwater [13] gave average data for product gas compositions, shown in Table 1.1. The
product gas has to be further cleaned of particles, heavy hydrocarbons, and inorganic traces in
specified levels of purity to allow its use in gas boilers, internal combustion engines, and gas
turbines and chemical syntheses [14]. Small-scale gasification systems are limited to the type
of reactor. Small scale can be defined by capacities of less than 1 MWy, These reactors are
often characterized by the direction of the gas flow through the reactor (upward, downward,
or horizontal) or by the respective directions of the solid flow and gas stream (co-current,
counter-current, or cross-current). In all cases the biomass (in most cases wood or agricultural
residues or charcoal produced by slow pyrolysis) is fed on the top and moves downward by
gravity, as can be seen in Figure 1.3. Air is supplied by the suction of a blower or an engine.
The updraft gasifiers produce a hot (300-600 °C) gas that contains large amounts of pyrolysis
tars as well as ash and soot. Steam is sometimes used to provide higher hydrogen content in
the product gas [15]. The hot gas is suitable for combustion in a gas burner but for engine
applications it needs to be cooled and cleaned of tars, usually by condensation. Because the
tars represent a considerable part of the heating value of the original fuel, removing them
gives this process low energy efficiency [16].
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Figure 1.3. Fixed-bed gasifiers: Updraft and downdraft [16]

Downdraft gasifiers produce a hot (700-750 °C) tar-free gas. The descending bed is
supported across a constriction known as a throat, where most of the gasification reactions
occur. The reaction products are mixed in the turbulent high-temperature region around the
throat, which aids tar cracking. Some tar cracking also occurs below the throat on a residual
charcoal bed, where the gasification process is completed [15]. After cooling and cleaning the
gas is suitable for use in internal combustion engines.

These small-scale gasifiers can produce power with the help of an internal combustion

engine (Spark Ignition or Otto engines, or compression ignition or diesel engines). Otto
engines can be solely fed with produced gas whereas diesel engines must be fed with mixtures
of diesel and product gases, something that is under research at the moment.
Fluidized-bed reactors are the only gasifiers with near isothermal operation. The fluidizing
material is usually silica sand, although alumina and other refractory oxides have been used to
avoid sintering, and catalysts have also been used to reduce tars and modify product gas
composition. A typical operating temperature for biomass gasification is 800-850 °C. Some
pyrolysis products are swept out of the fluidized bed by gasification products and have to be
further converted by thermal cracking in the freeboard region or downstream reactors. Loss of
fluidization due to bed sintering is one of the commonly encountered problems depending on
the thermal characteristics of the biomass ash. Alkali metal compounds from the biomass ash
form low-melting eutectics with the silica of the bed inventory.
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Figure 1.4. Principle of bubbling and circulating fluidized bed [13]

This results in agglomeration and bed sintering with eventual loss of fluidization and
proper operation of the reactor.Fluidized bed gasifiers have the advantage that they can
readily be scaled up with considerable confidence in comparison to fixed-bed reactors.
Fluidized beds provide many other features not available in the fixed-bed types, including
high rates of heat and mass transfer and good mixing of the solid phase [17]. In circulating
fluid-bed gasifiers the fluidizing velocity in the circulating fluid bed is high enough to entrain
large amounts of solids with the product gas (Figure 1.4). These systems were developed so
that the entrained material is recycled back to the fluid bed to improve the carbon conversion
efficiency compared with the single fluid-bed design.

Although minerals (Ca, S, Cl, K, Na) positively catalyze reactions of combustion and
gasification [18, 19], agricultural residues and energy plants tend to cause serious erosion and
depositions of ashes at higher temperatures [20-22] associated with high levels of chlorine
and alkalis. The alkalis are generally volatile, and at elevated temperatures react toward
chlorides [23], which cause corrosion on heat-transfer surfaces. Erosion can be caused by
molten salts [24], alkali chloride, or so-called active corrosion by chlorine (chlorine-induced
active corrosion) [25-27]. The mechanical erosion of the pipes can be caused either directly
by the impact of the particles on their walls either either by the deposits of various chemical
compounds (e.g. molten ash). The deposits lead to the deterioration of the pipes material
properties. For example they reduce the hardness of the pipes.
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In the temperature range of fluidized-bed gasification reactors, the ash-derived alkali
metals create operational problems due to the formation of molten salts and oxides (rust),
namely (1) their reaction toward alkali silicates that melt at temperatures even below 700 °C,
depending on their composition [2], and (2) the reaction Ca/K and S to sulphates and
sulphides. Increased proportions of melt cause agglomeration of particles and finally loss of
fluidization.

Table 1.1. Composition of the produced gas for gasification at different type reactors [8]

Process H, CcoO CO, CH, N, HHV Gas Quality
(MJ/m?)

Tars Particles
Fluid bed/air 9 14 20 7 50 5.4 Average Poor
Updraft/air 11 24 9 3 53 55 Poor Good
Downdraft/air 17 21 13 1 48 5.7 Good Average
Downdraft/oxygen 32 48 15 2 3 10.4 Good Good
Twin bed 31 48 0 21 0 17.4 Average Poor
Pyrolysis 40 20 18 21 1 13.4 Poor Good

1.3.3. Thermodynamics of biomass gasification

To better understand the process of biomass gasification, simulation processes are
commonly used; those are based on the principles of chemical thermodynamics. The
thermodynamic models are straightforward applied since they can be used to predict the
composition of product gas regardless of the gasifier design under study, but they diverge
from reality due to the assumption that the system reaches chemical equilibrium, which in fact
is generally not the case. Examples of thermodynamic models are described in the works of
Schuster et al. [28], Li et al [29], and Mathieu and Dubuisson [30].

The overall process of gasification can be divided into three stages performed sequentially
[31]: the first is the direct drying that occurs up to 280 °C, followed by the second step,
pyrolysis between 280-500 °C where the thermal degradation of biomass results in volatiles,
tars, and char. This pyrolysis step proceeds rapidly at high temperatures and increased heat-
transfer rates of a fluidized bed. In the third stage, the pyrolysis gas and tars react according to
the main reactions of gasification with the char in the so-called heterogeneous reactions
(Table. 1.2).
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Table 1.2. Gasification reactions

Exothermal reactions

C) + 02 -CO; AHg =—-393 kJ/mol Eq.1-1
C) + 1120, —~CO AHg =—110 kJ/mol Eq.1-2
H,+ 1/20, «H,0 AHg = —242 kJ/mol Oxidation Eq.1-3
CO + 1/20, «CO, AHg = —283 kJ/mol Eq.1-4
C) + 2Hy -CH4 AHg =-75 kJ/mol Methane formation Eq.1-5
CO + H,O -+ Hy AHg = —42 kJ/mol Water Gas Shift Eq.1-6
Endothermal reactions
Ce) + CO, +52C0O AHg = +173 kJ/mo Boudouard Eq.1-7
Ce) + H20 -CO + Hy AHg = +132 kJ/mol Steam char reaction Eq.1-8
CH4+ H,O «CO + 3H, AHg = +206 kJ/mol Methane reforming Eq.1-9

It is common to consider char as graphite (C(s)), which has clearly defined thermo-
physical properties [32]. Given enough oxidant, gasification would result in the complete
conversion of the pyrolysis products (tar) in gases. The conversion rate, however, depends on
the type of reactor and chemical limitations of the reactions, and the final product also
contains products of the pyrolysis step. In oxygen or air gasification the required heat for
carrying out the endothermal reactions is provided by the exothermal reactions and the system
is autothermal. This is not the case with steam gasification in which only endothermal
reactions occur and heat has to be provided externally, usually in the form of hot-bed material
from combustion fluidized bed.
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Figure 1.5. Carbon solidus line in a C-H-O for biomass [15]
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The condition of chemical equilibrium for a given stoichiometry, temperature, and
pressure is solved easily by applying the principle of minimization of Gibbs free energy for
the mix of potential gases in the product; for example, using Lagrange multipliers and
considering the Gibbs function of the reactants and products as a function of moles, with
restrictions based on the atom balance.

Figure 1.5 shows the limit of carbon in a triangular phase diagram C-H-O, which was
calculated on the operating parameters temperature gasification T4, = 800 °C and gasification
pressure Pges = 1 bar. Above the line of solid carbon limit, the solid carbon is
thermodynamically stable; that is, incomplete gasification is expected.

The composition of the syngas actually contains some unreacted char, methane from
the pyrolysis step, and other hydrocarbons. So, to take into account this fact, the
thermodynamic model needs to be corrected based on experimental findings. In the gas phase
results presented in Figure 1.6, it is assumed that 15% of the biomass carbon is found in the
remaining char, the CH,4 content in the dry gas product is 5% v/v, while 5 gr/my® of tars
escape with the product gas [33]. Tars in this study are represented only by the naphthalene,
which is an essential ingredient of their composition [34, 35].
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Figure 1.6. Dry and N,-free product gas composition (% v/v) prediction for air gasification vs.
air, based on thermodynamics with an assumption of 15 % carbon in the char, 5 %v/v CHy,
and 5 gr/my?° of tars [4].

1.4. Syngas quality for CHP systems

For larger power plant biomass (i.e. >20 MW,), the technology of IGCC can yield electricity
efficiencies of up to 50% [6, 13, 36]. In this case the gas turbine fuel specifications have to be
met. In smaller systems, gasification can be combined with any power generation technology
using gaseous fuel: internal combustion engines, gas micro-turbines, and high-temperature
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fuel cells. In those cases electrical efficiencies are lower (20%-30% based on the lower
heating capacity of biomass gasified). Again, fuel specification of these prime engine movers
has to be met according [37].

The major contaminants of the produced gas are tars, which are condesable heavy
hydrocarbons of oxygenated organic nature produced mainly during the pyrolysis of biomass.
According to a generally accepted definition, they are the set of organic molecules with
molecular weights greater than that of benzene [38]. The formation of tars is complex and
depends directly on the conditions in which gasification takes place, especially temperature,
residence time, and the stoichiometry applied as well as the properties of the fuel that is used.
Tar-related problems occur when syngas condensed into cold surfaces, resulting in deposits
and clogging of pipes, surfaces, and equipment. Condensed tars form persistent aerosols are
very difficult to break. Removal of tar from the gas before its use can be achieved by
scrubbers, electrostatic separators, and by chemical or catalytic decomposition of tar to form
other gases, inside the reactor gasification as well as downstream [33]. Table 1.3 presents
estimates for the concentration of tar in the gasification gas by type of end applications, which
are indicative limits of safety for normal function [39].

Table 1.3. Concentration limits for safe operation of tar per application [39]

Application Maximum Tar Levels
Internal combustion engines <100 mg/my°

Gas turbines <0.5 mg/my°
Compressors 50-500 mg/my°

<0.2% v/v (olephins C5-Cs)
Molten corbonate fuel cells (MCFC) <0.5% v/v (aromatics)

<0.5% vl/v (polycyclic)
Solid oxide fuel cells (SOFC) Equivalent to MCFC for higher HCs
Phosphoric acid fuel cells (PAFC) <0.5% v/v (olephins C,-Cg)

1.5. Novelties addressed in this work

The present study will investigate biomass gasification in circulating fluidized beds. In
particular, it will focus on subjects regarding: 1) gasification of new species of herbal
biomass, 2) the solving of problems that arise from the formation of agglomerates and 3) the
reduction of the produced tars with catalysts inside the fluidized bed.

Initially, in order to perform a correct and successful research, a pilot circulating fluidized
bed was designed and constructed. This particular experimental facility operates at
atmospheric pressure and the oxidizing medium was air.

Taking as a fact that a gasification unit can be a basic element of an advanced
biorefinery, herbal residues were tested, along with new species of energy crops. Every fuel to
be tested was chosen mainly because they thrive in the Mediterenean area. Sunflower and
jatropha seeds residues after the extraction of their oil and two enery plants, cardoon and
willow were tested. Both the two residues and cardoon’s gasification in a fluidized bed is

25



Chapter 1: Introduction

attempted for the first time. This alone can be considered an innovation for the present
dissertation.

The only fuel, with which several difficulties were encountered, in order to successfully
gasify it, was cardoon. For this particular fuel, gasification trials with air as oxidizing medium
and olivine as inert material were initially attempted. Unfortunately, this was not possible,
because at 750°C a fluidization loss was caused. Subsequently, a new trial in the experimental
facilities of Delft University was performed. This unit has many similiarities with facility
developed during the present Phd dissertation. The trial was carried out with oxygen/steam as
oxidizing medium and magnesite as inert material. Nevertheless, the agglomeration problem
and the consequences of defluidization were not solved. In a 760°C temperature defluidization
was observed again. Quite remarkably, tar concentration during this trial was very high. This
Is attributed at a great extent to the low temperatures in which the trial was performed. In
700°C the produced tars concentration was 134g/my°, which is ten times higher than the
concentration measured in the trial perfrmed with air. However, by studying the literature, the
following conclusion can be derived: tar concentration levels are much higher in O/steam
gasification compared to when air is used. Siedlecki [40] carried out trials in the experimental
facility in Delft with mischanthus and O,/steam as oxidizing medium and tar concentration
levels were approximately 20g/my°. A similar experimental series was conducted by Meng
[41], who measured the produced tar concentration at approximately 12 g/my®.

Because cardoon is an energy crop which is abundant in Greece, the solving of this
problem was considered as a challenge. Initially, leaching of the fuel with water was
considered. However the large cost of such a procedure in an industrial and not lab scale was
an obstacle. For this reason a new fuel mixture of cardoon with giant reed was created. Giant
reed is an energy crop which also thrives in Mediterenean countries and has similar properties
to cardoon. The trial was conducted with air as an oxidizing medium and olivine as inert
material. During the experiment which lasted five hours, no agglomeration problem was
observed until the temperature of 800°C. As it was mentioned above cardoon gasification trial
by itself is an innovation as well as the solving of the agglomerates formation problem.

A serious issue, not only for the present dissertation, was the reduction of tar
concentration. Having as a reference Devi’s study [42], who performed small lab scale
experiments with calcined olivine in order to investigate the catalytic properties regarding tar
reduction, a similar experimental series was carried out in pilot scale. At the same time the
affect of calcination time along with the process temperature was investigated. For the first
time, the impact of calcination in the mechanical properties of olivine particles was studied.
The results were very encouraging. In the trials which took place woth calcined olivine, tar
concentrations up to 80% less than those for sand or olivine were measured. The calcined
olivine trials in pilot scale are yet another innovation for the present work.
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2. Challenges arising from the gasification of biomass in
fluidized beds

2.1 Agglomeration Phenomena

In this chapter the problems that occure because of the emergergence of agglomerates
during the thermochemical conversion of biomass gasification in fluidized bed reactors are
going to be presented. As well finally, the experimental procedure employed during the
present dissertation will be presented, along with the process through which the resolve of
potential problems was attempted.

The causes behind agglomerate formation are even today largely unknown. Alkali
compounds, mainly potassium oxides (K,O) and sodium oxides (NaO), as well as sulfur (S)
compounds (although it exists in lower proportion in biomass compared to coal) form fusible
compounds with CaO and SiO,. The fluidity loss mechanisms are still under scientific
research, which aims to achieve good operation of a fluidized bed facility utilizing biomass.
From the studies carried out so far, is derived the conclusion, that the most reliable method for
evaluating the behavior of a fuel in a fluidized bed is its use at a similar lab facility. Between
small experimental and industrial scale many differences exist (mainly in the field of
hydrodynamics). Nevertheless, the fluidity loss temperature can be determined with
satisfactory precision.

The two main mechanisms responsible for agglomerates emergence in fluidized beds
that process solid fuels are, according to Skrifvars et al [43]: (a) the partial ash melting which
leads to viscous flow sintering (melt) and (b) the chemical reaction between the particles.

The partial ash melting with viscous flow sintering is the mechanism that appears in
silicate salts, where viscous liquid phase is formed when silica ash or even silica sand
particles adsorb the alkalis that are in the air phase and create alkaline silica salt with low
melting point [43-45]. The viscosity of the melt can be of such tense, that when the
temperature is decreased at the theoretical solidification temperature levels, the phase of the
melt remains glassy. The viscosity of the glassy phase is a function of the chemical
composition, the temperature and the time and it has been proved that it controls the “neck”
mechanism between the particles.
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Figure 2.1. Agglomerate formation mechanisms [46]

The agglomerate formation through chemical reaction mechanism takes place when
the particles react chemically with the ash in order to form a compound which can possibly
create a “neck” between the granules, without the existence of a melted phase. This
mechanism explains the agglomerate formation during coal combustion with high sulfur
content in a limestone particles or dolomite bed, where calcium oxide (CaO) originated from
calcium carbonate reacts with sulfur dioxide (SO;) which is contained in exhaust gases
(desulfurization process).

Visser et al [46] suggested two agglomeration mechanisms: (1) agglomeration due to
melt and (2) agglomeration due to coating. These two mechanisms agree with the generalized
mechanism suggested by Skrifvars [43] as previously described. In both cases agglomeration
is accomplished through the creation of a “neck”, as depicted in Figure 2.1. In case (1) the
“neck” is formed by molten ash which falls onto a granule and acts as glue, while in case (2)
the surface of the granules is covered by melt and the agglomeration is a result of the
minimization of the surface tension between the granules that come into contact, under
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specific critical conditions (temperature and coating thickness). Generally, the existence of
granules melts and agglomerates, disrupts the uniform mixture of the bed and consequently
creates high temperature areas. In these temperatures, melt formation is accelerated and
agglomeration can continue with both mechanisms. The thickness of the coating depends on
its addition rate and its brittleness degree [47].

2.1.1. Main findings regarding the formation of agglomerates derived from trials

Until 2007 many experimental works were carried out regarding the study of the
formation of agglomerates, as well as the violent loss of fluidization during gasification (or
combustion) processing of biomass and coal in both lab and pilot scale. Specifically,
Ergundenler, Ghaly, et al [44, 48, 49] investigated the tendency towards agglomerate
formation during the combustion of straw in a fluidized bed for various fuel supplies, as well
as different ash content in silica and alumina sand.

Dawson et al [50] mentions that molten calcium oxides and aluminosilicates were
conglutinated in the surface of particles of the inert material resulting to defluidization. This
was observed during the combustion of bituminous coal in a lab scale fluidized bed reactor.
Manzoori et al [51] verified during his experimental series with low rank, high sodium and
high sulphur bituminous coals which led to the formation of a coating rich in sodium chloride
(NaCl), calcium and sulphur oxides in the surface of the bed material particles. Lin et al [52]
conducted experiments of straw combustion in a small fluidized bed reactor (height: 1m,
internal diameter: 60mm), using silica sand as inert material aiming to the formation of
agglomerates.

Ohman et al [53] thoroughly investigated the agglomerate formation mechanism by
carrying out controlled defluidization trials in a small scale fluidized bed. Process temperature
was controlled by external electrical resistances. The same scientific team (Ohman et al) [47]
tested the combustion and gasification of different biomass materials in a fluidized bed
reactor and came to the conclusion that the agglomerates formed in both processes were
exactly the same.

Brus et al [54] found out that the main mechanism behind agglomeration is the
development of viscous melt. This particular conclusion was confirmed by Ohman et al [55],
who observed that the addition of kaolin increases the agglomerate emergence temperature,
due to the appearance of less fusible compounds.

The two doctoral dissertations [56, 57] carried out in the laboratory of Steam Boilers and
Thermal Plants included experimental gasification trials in a small scale bubbling fluidized
bed. Three different kinds of biomass from the Mediterranean region were examined
regarding their tendency towards agglomerates formation. In particular olive kernel residues,
straw and sorghum were studied. The trials were carried out for every fuel with two different
bed materials, silica sand and olivine. The fuel with the lowest temperature of fluidity loss
was straw with silica sand as bed material. On the contrary, olive kernel residues presented
the highest defluidization temperature when olivine was used.

After the completion of the experimental trials, samples were collected and sent for
electronic microscope analyses (SEM). These analyses showed that straw and sorghum ashes
have high ash content.
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Kuo et al [58] conducted experiments with agricultural residues in a silica sand bed, in
order to investigate the way that agglomerate formation affects hydrogen production. After
the completion of the experimental series it was concluded that the increase of the
agglomerate size leads to loss of fluidization and subsequently to a sharp increase of the
temperature, given the fact that the bed is now fixed. This change encourages the production
of hydrogen.

The effect of the inert material particles size was also studied by Lin [59] in a silica
sand bed with the presence of Ca and Na additives. It was found out that by increasing the
concentration of sodium, the time needed in order to achieve defluidization is decreased
(independently of the average particle diameter). It was also observed that when the
fluidization speed is high (u=2u;) or the operating temperature is high enough, the effect of
the inert material particle size is negligible.

Liu et al [60] studied the effect of heavy metals emissions during the combustion of
urban wastes in small scale fluidized beds regarding agglomerates formation. The conclusion
derived was that during defluidization these particular emissions were raised. Ma et al [61]
conducted experiments studying the agglomerate emergence mechanisms during the effluent
combustion in a bubbling fluidized bed. Thy et al [62] looked into the composition of the
agglomerates created by agricultural biomass combustion in a mullite (porcelain) bed. In the
surface of the bed material particles a coating of cement was noted, which later led to greater
agglomerate formations and finally to loss of fluidization.

The role of ash particles size regarded to the formation of agglomerates was studied by
Liu et al [63] in a small scale bubbling fluidized bed. They concluded that big particles (>10
um) can behave as a neck for the formation of agglomerates, while small particles mostly
contribute to the appearance of a coating on the surface of the particles.

2.1.2. Experimental investigation of the tendency towards agglomerate formation in
circulating fluidized beds

Inside circulating fluidized beds higher speeds are developed compared to those in
bubbling fluidized beds. This results to more intense mechanical deterioration of bed
materials particles in this fluidization area [64]. Nevertheless, at the same time, high speed
causes very high shear stresses on the surface of the particles which results to a big delay of
the violent loss of fluidization phenomenon in comparison with bubbling fluidized beds [65].
Friction forces developed between the particles and the reactor’s wall differ greatly between
these two regions [64]. In Table 2.1, the main differences between the two fluidization areas
are presented. These differences between the two reactor types led the scientists to the
conduction of trials in order to investigate the mechanisms behind agglomerate formation in
circulating fluidized beds.

Most of the trials carried out until today are regarded with the process of combustion.
This is completely excused as in the last decades circulating fluidized bed technology has
been largely utilized in the field of electricity production. Departments of major industries
(e.g. ALSTOM or FOSTER WHEELER) focus on the design of fluidized beds and the
optimization of their operation. The scientific community attempts to address issues like
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agglomerate emergence, aiming to increase the efficiency of these units and at the same time
to lower the maintenance costs from possible defluidizations.

Table 2.1. Differences Between bubbling and circulating fluidized beds

Bubbling Circulating
Fluidization Fluidization
Particles spend Particles pass
Particle history §ubstant|al time repeated]y thrqugh
(minutes or hours) in the recirculating
main reactor vessel system
Superficial gas velocity 05_15 3_8
[m/s]
Net cm_;ulatlon ;‘qu of 0.1-5 10 — 100
solis [kg/m“s]
Voidage ¢ 0.5-0.6 0.8-0.9

Some gas downflow
near walls typically
results in
intermediate gas
mixing

Substantial axial; complex two

Gas mixing phase behavior

In the paragraphs below follows a series of examples of experimental studies — most of
which focus on the combustion process — in circulating fluidized beds.

The vanadium in the fuels ash along with the calcium contained in the bed material
can create fusible formations, which can cause defluidization in the riser or block the loop -
seal. These conclusions were extracted by Conn [66] who conducted combustion experiments
with coke derived from petroleum in a fluidized bed reactor of 100 MWy, power.

The temperature of the process along with the quality of the fuel directly affect the
emergence of agglomerates as Manzoori et al [67] ascertained, by carrying out bituminous
coal combustion trials with controlled defluidization in a small circulating lab reactor.

The tendency towards agglomerate emergence, along with the mechanisms that
condition this kind of phenomena during the combustion of materials rich in sulfur in
circulating fluidized bed boilers, were particularly studied by Anthony and Jia [68]. Two
different inert materials, prone to form fusible compounds (along with the ash of the fuel),
were used.

The restrictions on agglomerate formation was investigated by Davidsson et al [69]

during the combustion of wood pellets and straw in a circulating fluidized bed. In a silica sand
(or olivine) bed sulfur, ammonium sulfate and kaolin were added seperately. It was noted that
the greatest tendency towards agglomerate emergence appeared in both beds with the addition
of ammonium sulfate. In the contrary, kaolin considerably increased the fluidization loss
temperature.
Combustion experiments with a controlled loss of fluidization with various kinds of biomass
and urban waste fuels, in a circulating reactor of 12 MWy, power were done by Elled et al
[70], using silica sand particles. The experimental results were compared to thermodynamic
models.
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Two different bed materials were utilized in a pilot scale circulating unit for the
combustion of cotton byLiu et al [71]. It was noted that when alumina particles were used, no
agglomerates emerged after 72 h of trials. In the contrary, when the experiments were carried
out with silica sand, agglomeration was presented within the early hours. Similar biomass
gasification trials were performed by Siedlecki et al [40] in a circulating reactor, using also
two different bed materials: olivine and silica sand. In order to investigate the tendency
towards agglomerates formation kaolin was added. It was noted that for both inert materials
the agglomerates significally reduced.

The role of ash derived from pulverized bituminous coal against the formation of
agglomerates during the combustion of agricultural biomass was investigated by Barisic et al
[72]. Trials in a circulating FB reactor of 1 MW power plant were carried out. It was observed
that ash as bed material presented greater resistance against the formation of agglomerates in
comparison with silica sand. Zabetta et al [73] investigated the tendency towards
agglomeration during the mixed combustion of agricultural residues in an industrial scale
circulating fluidized bed.

As it was mentioned above, all these trials (either small lab scale or pilot scale) of
controlled defluidization, aim to the optimization of the operation of these units and at the
same time to the minimization of the maintenance cost due to the violent loss of fluidity, also
of plant availability. Bartel along with other scientists from TU Delft [74] tried to solve this
problem by validly forecasting agglomeration.. The fast detection of the agglomerates was
based on high frequency pressure switches (200 Hz). The state of a fluidized bed in a specific
time interval can be determined by projecting the variables which compose the system,
grouping them in n-dimension vectors. Then, the aggregated intervals can be regarded as
points in a single - dimension space and be depicted by a reconstruction. The validity of this
method was verified by detecting the size change of the particles 30 minutes before a loss of
fluidization occurred in a pilot circulating fluidized bed unit. The gradual change of the
particles was observed mainly in the horizontal part of the L — valve and right on top of the
distributor in the riser.

Siedlecki et al [40] performed biomass gasification trials in a circulating reactor,
employing two different inert materials, olivine and silica sand. Attempting to investigate the
tendency towards agglomerate formation kaolin was added. The result was that for both inert
materials the amount of agglomerates was considerably decreased.

2.1.3. Trials regarding the tendency towards agglomerates emergence with biomass as
fuel

Biomass is a very promising alternative fuel that can be used as raw material for
thermochemical processes in fluidized beds. The main disadvantage of biomass is its ashes
high alkali content, which as it was mentioned before form fusible compounds when they
contact the bed material particles. For this reason many scientists have looked into the
tendency towards agglomerate formation when biomass as raw material is used, by
performing controlled defluidization trials. The Figure 2.2 includes trials that were carried out
up to this date for various kinds of biomass.
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Figure 2.2. Controlled defluidization trials for various fuels. Data from [44, 48, 54, 62, 63, 75-
82]

By studying the diagram which includes defluidization temperatures for the various
fuels, many questions about what influences agglomerates emergence and through which
mechanisms are answered. Silica sand was used as bed material for every combustion trial
performed with willow bark. However, it appears that differences in defluidization
temperatures exist. When during the trials, along with silica sand, kaolin was introduced [55]
defluidization temperature considerably increased. This behavior is attributed to the high
percentage of aluminum in kaolin’s composition, which results to the creation of less fusible
compounds with ashes inorganic elements. The other two defluidization temperatures came
from trials during with identical conditions. The difference lies only in fuels moisture. It can
be seen that for the trial which took place with the rich in moisture fuel [75], defluidizations
temperature was lower compared to the case of the fuel with low moisture percentages in its
composition [76], probably because the radiation heat transfer is increased.

At the same time, the way in which the bed material affects agglomeration emergence
is depicted. It can be observed that trials for the same fuel and experimental conditions,
present different defluidization temperatures, with the bed material being the only variable
[78]. In the trials performed with olivine for various fuels, defluidization occurred in higher
temperatures compared to the cases where silica sand was used [78]. This temperature
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difference can be explained by the differences on the composition of the two bed materials.
Silica sand is a material consisted mainly by silica dioxide (SiO;), while olivine contains
silica in its composition in a much smaller amount. Silica can create fusible substances when
it comes into contact with other inorganic compounds (mainly CaO and K;O), resulting to
defluidization much easier than in the case of olivine.

2.1.4. Prediction of the tendency towards agglomerate formation

The methods employed for studying of the tendency towards ash melting are the
following [83, 84]: (1) elemental analyses of the inorganic ingredients of the fuels: (i)
calculation of alkali or agglomeration indices, i.e. calculation of the alkaline earth oxides to
alkaline oxides ratio, (ii) chemical franctionation [2] (2) direct determination of ash melting
temperatures: (i) standardized ash melting analysis according to ASTM, (ii) phase balance
(e.g. Si0,-Ca0-K,0 diagram), (iii) differential thermal analysis / thermogravimetric analysis.
Nevertheless, reliable conclusions can be derived only by real gasification or combustion
trials in a fluidized bed. Skrifvars et al [84] found out that controlled defluidization trials with
a gradual temperature raise attributed the most reliable results, as the industrial process was
better approached.

By using indices, i.e. quantitative ratio between alkaline earth oxides (calcium and
magnesium) and alkaline metal oxides (potassium and sodium) [85] (alkali agglomeration
index), a rough estimation of ash behavior towards agglomerate formation is given. This is
because the oxides are not taken into account separately but as a group [83, 84]. Other ratios
that quantify ash behavior are the alkaline metals to chlorine ratio and that of alkaline metals
to chlorine and sulfur, elements that aid to the removal and release of alkali from the fuel.
Chemical franctionation of fuels, as described in studies [11, 86, 87], aims to the investigation
of how the inorganic components of the fuel are linked, information that is not available from
the regular chemical analyses. The changes that occur during its reaction are relevant with the
way that its elements are connected. The process of chemical franctionation employs solvents
with increasing acidity (decreasing pH) for the washing of the same sample in three
successive steps. Through this process four samples are received, which are later analyzed
with ICP/AES or XRF for the determination of their inorganic ash elements content. The
elements dissolved in the two lesser acidic solvents (water and acetic ammonium) are more
possible to pass to gas phase during thermochemical conversion. The elements that dissolve in
hydrochloric acid are usually carbonates and sulfides. Chemical franctionation helps to
discriminate alkali compounds to siliceous and carbonate, or if they are free, in metallic form
(e.g. volatiles). This method offers a way to interpret the bonds of biomasses inorganic
components, e.g. siliceous salt, oxides, sulfuric salt, etc. Nevertheless it has not yet been
standardized and remains a qualitative method. The difference between the less and more
soluble alkali compounds produces data about ash behavior during devolatilization that takes
place in a gasification or combustion process.

Standardized lab ash analysis methods (e.g. determination of melting temperature
according to ASTM) are not precise indicators for estimating the tendency towards
agglomerate formation [84]. The main drawback of these methods is that lab produced ash is
different from the ash produced in real processes and especially the ash melt (slag). Also,
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agglomeration is affected by other factors e.g. heterogeneous reactions between produced
gases and ash, alkali condensation in flying ash particles and bed granules, homogeneous
reactions during the gas phase and granule collision. This stands in particular for biomass
based systems in gasification / combustion fluidized beds that use silica sand, which can take
part in reactions with ash if the temperature in some places (hot spots) surpasses sand melting
temperature. However, standardized methods are successfully employed for deposit and
corrosion predictions in systems were the formation of viscous melt isn’t usually the case. For
example, during coal combustion in a dolomite bed, the appearance of viscous melt is
unlikely, while any agglomerate will emerge because of chemical reactions between fuels
sulfur and beds material. An extensive description of these standardized trials is presented in
L. A. Hansen’s dissertation [88].

The estimation of the chemical phase balance is employed in order to determine the
chemical interaction between the ash and the bed material in fluidized bed units, as an
approximate estimation of the tendency towards ash melting. The interactions of the bed
material with fuels ash determine whether the fuels will form agglomerates or deposits on the
gas pipes after their cooling. In most of the works mentioned before, ash behavior was
assessed by thermodynamic multicomponent multiphase equilibrium analyses as a
supplement to the experimental investigation of gasification and combustion. In previous
studies [89, 90] predictions about the behavior of ash melting in a fluidized bed gasification
for different kinds of biomass fuels are presented. The most important restriction regarding
the modeling in this case is the residence time interval, because the assumption of chemical
balanced is based on infinite residence time intervals for all systems components.

In this PhD dissertation Bartels M [91] presents a method that leads to valid
predictions regarding agglomerate emergence. The detection of the agglomerates is based on
pressure variation, caused by the gradual increase of the number of particles within the bed.
This technique demands high frequency pressure switches.

Trial conduction along with thermodynamic analysis of the system in combination
with the use of electronic microscopy with chemical microanalysis (SEM/EDS) of the
agglomerates, gives the whole image of the phenomena that occur in fluidized bed facilities
that utilize biomass fuels.

2.1.5. Countermeasures against melt and agglomerate formation

The main method for avoiding agglomerate formation is adding a third bed material
which interacts with fuels ash. As a result, features like melting point, cohesion and surface
tension of the melt are changed. In particular, the various bed additives can have the
following results: (i) Natural melt adsorption in the porous of the material, (ii) Chemical
alkali metal adsorption into stable compounds with high melting points and (iii) Pulverization,
which makes the coating of the bed material with melt more difficult.

In Table 2 some fluidized bed additives are presented. Kaolin bounds alkalis in neutral
compounds. Magnesium oxides probably change the viscosity of the melt. Gibbsite breaks
down to very thin and porous particles of Al,O3, which bound the alkalis. For dolomite, which
is known for its ability to break down heavy hydrocarbons (tars) and reduce ammonia (NHs),
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it has been proven that it reduces agglomerates formation from the bed materials granules
during the combustion of straw. Additionally, it is a very cheap material

Table 2.2. List of possible additives which prevent agglomerate formation

Effect Additive Composition
Limestone CaCO;
Natural Dolomite Ca0.MgO
adsorption Magnesite MgO
Gibbsite Al(OH),
Coal ash
. Aluminum sillicate AlLSi,0,
;ézg;g'tfg:] Bauxite Si0, 7.0 — 10.0%, Al,05 81.5-88%
Silica rich soil SiO, 92%, Al,O5; 5%
Kaolin A|203(8|02)2(H20)2
AlSi,0,, CaO/MgO, kin
CaCO;
.. . CaO
Pulverization Flying ash MO
CaMg(CO3),
Ca0.MgO

Except from the addition of materials in the fluidized bed, some other measures are

also suggested for avoiding agglomeration [92]:

no

Careful harvesting, reduction of pesticides that contain chlorine use.

Pretreatment of the fuel (homogenization, washing).

Mixing of fuels that contain high alkaline metals proportions in their ash with coal.
The reason behind this approach is that biomass alkalis are bound by aluminum
silicates contained in coals ash. In the contrary, the combination of high alkaline metal
content fuels with high chorine content fuels is destructive, due to chlorines ability to
activate alkalis in general. The same applies for the combination of high alkaline metal
content fuels with fuels rich in sulfur, because of the possibility of deposit formation.
The mechanism seems to be KCI condensation which reacts with SO, in order to form
KSOx.

Control of the fluid dynamic characteristics (good mixture of the particles, stable and
uniform temperature field mainly during load variations).

Removal of bed material during the operation with simultaneous addition of new
material.

Reduction of the residence time of very small particles. These particles have a wide
specific surface, fact which generally favors relevant phenomena, e.g. attractive forces
that overpower gravity and inertia forces. Additionally, volatile alkalis tend to
concentrate in smaller particles surface through condensation and adsorption.

2.2 State — of — the — art — in biomass gasification

Several attempts to reduce tar production have been mentioned occasionally in the

bibliography. Every investigation, current or past, aims to the development of an effective
method to reduce tar levels with low costs and high efficiency. This method should not have a
negative effect to the quality of the produced gas. Two categories of methods exist, depending
on where the reduction of tar concentration occurs. When tar treatment takes place inside the
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gasifier, the method is called primary and when the process is carried out outside the reactor,
secondary. Subsequently, the two methods are described, with particular emphasis on the
primary methods.

2.2.1 Secondary methods

Secondary methods are used for product gas processing in both high and low
temperatures. Their general principle is presented in Figure 2.3. These methods can include
either chemical or natural processes, like the following:

- Thermal or catalytic tar cracking
- Mechanical methods as the use of a cyclone, ceramic filters, or electrostatic filter, etc.

_ Post GaS|f|cat|on Methods for Tar
Removal

Flgure 2.3. Tar reduction secondary methods basic principle

Although those methods are efficient enough, in some cases their cost is not viable. It
is reported in many cases that those particular methods have higher efficiency in ammonia
cleaning [93, 94]. Syngas production with low tar levels demands a complex combination of
processes. Narvaez et al [95] reports that a three — step process could produce syngas with
very low tar concentration. In the works of Milne et al [12] and Neeft et al [10] every existing
and under investigation secondary method is mentioned.

2.2.2 Primary methods

Primary methods are the processes that are carried out inside the gasifier, in order to
avoid tar production (or conversion). In Figure 2.4 their basic principle is presented. Usually,
these methods aim to reduce secondary techniques. In this chapter will be reported the
catalysts developed or investigated for tar reduction inside the gasifier.
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In-bed
Catalysts
Tar Removal

Figure 2.4. Tar reduction primary methods basic principle

In this category belong bed materials with catalytic properties (dolomite, olivine, etc)
for the reduction of the tar levels or catalysts that were developed and subsequently
investigated regarding their behavior as bed materials of a fluidized bed.

The tar reducing ability of five different materials was investigated by Simell et al
[94]. In particular, trials were performed in a small lab scale fluidized bed with dolomite,
siliceous alumina, dolomite immersed in iron, iron particles and Ni/Al,O3 catalyst as bed
materials. It was noted that maximum tar cracking occurred when Ni/Al,O3 was used as bed
material. Dolomite has pretty good catalytic properties, but needs to be calcined first.

Rapagna et al [11] investigated the effect of two catalysts based on nickel, as well as
the catalytic properties of thermally treated dolomite. The experimental trials showed that the
two catalysts can limit tar rates satisfactorily. Nevertheless, the problems that arise by the
carbon coating created on the surface of the catalysts, renders their industrial utilization
impossible.

Dolomite is perhaps the mostly studied about its catalytic properties material. Karlsson
et al [96] reports the successful operation of an advanced combined cycle system with
gasification (Integrated Gasification Combined Cycle) with the introduction of dolomite as
bed material. Tar concentration was measured in pretty low levels, 2 g/my? for light tars and
200 mg/my? for aromatic compounds with molecular weight higher than that of nafthalenium.
The use of dolomite as bed material inside the gasifier can reduce the amount of tars into the
1/3 of the initial concentration (without dolomite), as it was reported by Corella et al [97].
This scientific team from the Complutense University of Madrid has performed several trials
with dolomite. Narvaez and Corella [98] recommend the use of calcined dolomite, in a
proportion of 1 — 5 % wt of the incoming biomass, for the improvement of the produced gas
quality. From the experiments the conclusion was derived that tar reduction can be achieved
to a percentage of 40% (compared to the case that no dolomite was used) for 3% of calcined
dolomite in terms of fuel feed.

Every work during which calcined olivine was used led to the conclusion that this
particular material is very effective as far as tar reduction is concerned. However, at the same
time, several disadvantages arising from its use were observed. The fact that it’s a very soft
material creates problems due to the mechanical wear of the particles. An alternative solution
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is the use of olivine particles instead of dolomite. Olivine is a natural mineral rich in
magnesium, iron and silica content. Its main advantage is its good mechanical properties,
which result to less particle wear in comparison with dolomite or silica sand. Rapagna et al
[99] investigated the catalytic activity of olivine and observed that this particular material is
suitable for tar reduction and its properties are comparable to dolomites. In the same work
[99] it is reported that the percentage of tar reduction reached 90% (4 g/my® from 43 g/my®)
compared to the proportion of produced tars when silica sand was used as bed material. Rosen
et al [100] through the trial they carried out noted the suitability of olivine as a bed material
for gasification under high pressure (10 bar).

Mudge et al [101] investigated the catalytic properties of carbonate alkali and nickel
based materials that were developed in the lab, as bed materials in steam biomass gasification.
Catalysts with nickel were proven to be very effective, by significantly increasing the
efficiency of syngas production. Baker et al [102] studied a great number of catalysts
(Ni/Al,O3, K03, NiCuMo/SiO, — Al,O3) for sugarcane and wood gasification with high
pressure steam. Every trial took place in a small lab scale reactor aiming to syngas production
with methanol and ammonia as final products. The behavior of every catalyst was satisfactory
as the quality of the produced gas was high and the tar and char levels were reduced.

A large number of catalysts based on Al,O3 and metal oxides such as V;,0s, Cr;0s3,
Mn,03, Fe,03, CoO, NiO, CuO, MoOs, were studied by Yoshinori et al [103]. They were
used as bed materials in small bubbling fluidized bed for wood gasification with steam. The
product gas would be used for methanol synthesis. By using all these catalysts it was observed
that the amount of produced gas was increased but its quality differed significantly, depending
on the type of oxide used. The catalysts with MoO3, CoO and V,0s oxides produced large
amounts of CO,, while CO; levels were decreased when catalysts with NiO, Cr,O3 and Fe;O3
oxides were used. After the completion of the experiments it was ascertained that NiO/Al,O3
catalyst is the most suitable for this particular process, as syngas with hydrogen to carbon
monoxide ratio (H,/CO) equal to two (2) was produced.

Douglas et al [104] utilized potassium carbonate as bed material in wood gasification
with steam. This process took place in a small scale bubbling fluidized bed and the trials
temperature was 750°C. Tar reduction was significant (around 90%). It was also noted that
potassium accelerates cellulose cracking during the thermal degradation of biomass.

Corella et al [97] carried out gasification trials with sawdust, introducing steam as gasification
medium. The bed material used was a catalyst for catalytic hydrocarbon cracking in fluidized
beds (Fluid Catalytic cracking). The catalyst was zeolite in an aluminosilicate cast. In low
temperatures (750°C) a tar reduction of 20% was observed and accordingly 60% in high
temperatures (850°C).

Hoffman et al [105] experimented on a bubbling fluidized bed gasifier with various kinds of
agricultural biomass. During the experiments two different bed materials were used, olivine
and silica sand. It was observed that with olivine tar levels in the syngas were significantly
reduced in comparison with the experiment were silica sand was used.

As mentioned before, the behavior of all the catalysts in regards to tar reduction,
ranged from good to exceptional according to the experimental trials. The main disadvantage
of the catalysts based on various metallic oxides is their high cost.
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Devi [42] in her PhD dissertation investigated the catalytic properties of natural and
calcined olivine in a small scale bubbling fluidized bed. Olivine is a low cost mineral. Inside
the bed individual aromatic hydrocarbon (naphthalene, toluene, and benzol) were entered. At
the exit of the reactor a gas chromatographer was placed, in order to determine hydrocarbon
concentration. When the trials were performed with calcined olivine, it was observed that
aromatic hydrocarbon cracking reached 97%, compared to natural olivine. Before and after
the end of the trials a large enough number of analyses were carried out in order to
characterize the bed materials particles. In particular analyses with electronic microscope
(SEM/EDS) and a Mossbauer spectroscope were carried out. It was noted after their
completion that olivine (fresh and calcined) is a non — porous material. The catalytic ability of
calcined olivine is probably attributed to the presence of iron (Fe Ill) in the surface of the
particles, something that doesn’t appear in fresh olivine. Nevertheless, the trials didn’t
produce any answers regarding the mechanisms responsible for the catalytic abilities of
calcined olivine.

Devi’s trials were the basis for the calcined olivine experiments conducted during the
present doctoral dissertation. The essential difference lies to the fact that these trials took
place under real gasification conditions.

Koppatz et al [106] investigated the behavior of silica sand and olivine in a conjugate
fluidized bed pilot unit for gasification of biomass with steam. It was noted that olivine
drastically reduces the concentration of tars in the produced gas. Kirnbauer et al [107] studied
the positive influence of the formed, rich in calcium, coating in the surface of olivine in the
reduction of aromatic hydrocarbons. This calcium coating has catalytic effect in tar cracking
and simultaneously favors the production of water gas shift reactions products. As a result, at
the exit an increased hydrogen and carbon dioxide percentage was observed.

Virginie et al [108] looked into the catalytic properties of immersed in iron olivine for tar
reducing in a small fluidized bed reactor for steam gasification. It was found out that not only
tar percentage was reduced but also the quality of product gas was improved.

Swierczynski et al [109] tried using olivine impregnated in nickel for tar reduction in the
product gas. The results were satisfactory, but the main disadvantage of this particular catalyst
was its high production cost.

Berrueco et al [110] investigated the effect of the temperature and the bed material on
the quality of syngas and the concentration of produced tars for two different kinds of
biomass. The fuels were initially processed in a mild pyrolysis reactor at 270°C. The trials
were performed in a pressurized fluidized bed (5 bar). It was observed that dolomite displays
good catalytic properties for tar reduction.

Koppatz et al [106] investigated the behavior of silica sand and olivine in a conjugate
fluidized bed pilot unit for gasification of biomass with steam. It was noted that olivine
drastically reduces the concentration of tars in the produced gas. Kirnbauer et al [107] studied
the positive influence of the formed, rich in calcium, coating in the surface of olivine in the
reduction of aromatic hydrocarbons. This calcium coating has catalytic effect in tar cracking
and simultaneously favors the production of water gas shift reactions products. As a result, at
the exit an increased hydrogen and carbon dioxide percentage was observed.
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2.3 Subject of the present doctoral dissertation

Gasification of biomass is a promising process. When carried out in a fluidized bed
reactor very good efficiency of gas production can be achieved. The need for further
increasing the efficiency of the process, led the scientific community and the industry to seek
the solution in circulating fluidized beds. This particular reactor type has the ability to operate
for higher fuel supply in comparison with bubbling fluidized beds which have smaller
footprint.

During this dissertation various kinds of agricultural biomass will be studied, in particular
sunflower and jatropha residues, cardoon and willow. Data about the fluidized bed
gasification of jatropha, cardoon and sunflower residues are either limited or non — existent
(jatropha and cardoon).

The experimental trials will be performed in an atmospheric circulating fluidized bed and
the gasification medium will be air. Though these experiments the behavior of the fuels for a
range of supplies and temperatures will be studied, regarding the quality of the produced gas,
as well as the tendency towards agglomeration. The last will be investigated in depth by lab
scale trials in order to determine the ash melting temperature, which will be performed in the
initial stages of the work. Then, the experiments which will take place in the pilot unit will be
carried out with three different bed materials. The reason behind this approach is to determine
which one presents the highest tendency towards agglomeration.

Another issue for this dissertation is going to be the reduction of the concentration of tars
in the product gas. The three bed materials will also be studied in regards with their aromatic
hydrocarbon reducing abilities. These materials are silica sand, natural olivine and calcined
olivine. The calcination of olivine will be carried out in a high temperature lab furnace.

After the completion of these trials, samples from the bed, the downcomer and the lower part
of the second cyclone will be collected in order to perform SEM/EDS, XRF and TGA
analyses.
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3. Circulating Fluidized Bed Gasification Tests of Seed
Cakes Residues after Oil Extraction and Comparison with Wood

3.1. Introduction

As it was mentioned in Chapter 2, the determination of defluidization temperature is very
important for every fuel that is going to be used in a fluidized bed reactor. The determination
of this temperature and the quality of the produced gas show whether a fuel can be used as
feedstock for large scale industrial applications.

Biomass is a renewable energy source which has been traditionally used to produce heat
by combustion. Lately, it has gained further interest due to the limitation of fossil fuel
supplies and the demand for lower CO, emissions. Apart from direct combustion for power
generation, biomass may be used for biofuel production through biological and
thermochemical processing[41]. Liquid biofuels derived from oil crops via extraction
techniques are considered as first generation biofuels, while bio-liquids produced from
residues (such as seed cakes) after further pressing or thermochemical processing (pyrolysis
or gasification) and Fischer — Tropsch are second generation biofuels. [111]. In this thesis
three oil crops (sunflower, jatropha, cardoon) derived after oil extraction were gasified in a
circulating fluidized bed and the results were compared with wood (willow) gasification.
Despite the fact that the experimental campaign conducted with cardoon is presented in the
next chapter, some of the properties of this plant are presented here, for completeness. In the
following paragraph the properties of investigated biomass are presented:

Sunflower: Sunflower (Helianthus annuus L.) is an annual coarse, erect plant with a large
flower head which belongs to the Asteraceae family [112]. Originated in North America,
sunflower was introduced to Europe through Spain and nowadays, a large share of its
worldwide production is in Russia [113, 114]. In addition, it is cultivated in Asia and Africa
[112, 113]. It is tolerant to temperetares as low as -5 °C at cotyledon stage while freezing
temperatures can destroy the plant at other stages. Although it is not drought-tolerant, it
performs better at lower levels of irrigation compared to other crops and it grows in a wide
range of soil types from sands to clays [112, 114]. Sunflower fears salty soil and its growth
requires the use of fertilizers containing nitrogen, phosphorus and potassium. The plant can
grow up to 1-3 m and its life cycle lasts about 120 days [115]. The sowing period starts at
March or April and harvesting occurs at September or October, producing an approximate
seed vyield of about 3 ton/ha [114, 116]. Oil content of sunflower seeds is 40-50 % per dry
mass [114, 117, 118]. The average plantation density is 40000 plants/ha [118]. Sunflower is a
crop from which first generation biofuels can be produced, as it’s a famous, edible-oil
producer. The average productivity of oil extraction plants of sunflower seeds is 6300 Mt of
worldwide oil per month and 5500 Mt of seed cake per month [119-121]. A power plant of 25
MWth capacity could operate by using these solid residues [119-121]. Current research
focuses on energy and bio-fuels production from sunflower seed cake after oil extraction,
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which is also used as livestock feed [118]. Seeds of non-oil varieties can be used for human
consumption, while the plant itself can be used for fodder, silage and as a green manure crop.
In addition to being an excellent food source, sunflower oil is also used in soap, lubrication
and pesticide industry [114].

Jatropha: Jatropha (jatropha curcas L.-JCL) is a large shrub or small tree which belongs to
the Euphorbiaceae family. It is native to Mexico and Central America, however it is also
found in Africa and Asia after its distribution by Portuguese seafarers in the 16™ century
[122]. Jatropha’s adaptivity to a wide rainfall range, varying from 250-3000 mm per annum,
is of great importance as it can be cultivated even at non-irrigated fields [120]. Furthermore,
JCL is tolerant to high temperatures and has low nutritional requirements, apart from the
restriction of it being cultivated in a soil pH below 9 [123-126]. The plant grows fast and its
final height can be up to 8 m with favorable conditions or commonly up to 3 m [127, 128],
while its life expectancy can be up to 50 years [125]. The seed yield ranges from 0.5 to 12
ton/ha per year and contain 30-35 % oil per dry mass, which is not edible due to the toxicity
of JCL seeds [122]. Therefore, it can generally be described as a second generation crop.
Planting density has been estimated from 2x2 to 5x2 m? per plant, the latter in order to ensure
cultivation under mechanized practices [129].

Jatropha curcas tree is used for medical purposes such as skin diseases, rheumatic and
muscular pains [130], or for its antibiotic activity [131]. Also, it opposes soil erosion,
improves soil quality and acts as a live fence to protect gardens and crop fields from livestock
or as a fire barrier [132]. Seed cake after oil extraction can be used as fertilizer, fuel and
feedstock for biogas production [131]. Seed oil and oil extracts can be used as cooking and
lighting fuel, bio-pesticide, biodiesel through transesterification, as well as in soap industry
[132].

Cardoon: The possibility of using Cardoon for paper pulp production has been investigated
in the past [133, 134]. The most important properties of any papermaking lignocellulosic raw
material are the content in cellulose and the length of fibers [135]. The amount of cellulose
determines the pulp yield. On the other hand the length of fibers is an important parameter for
the quality of the pulp; it is directly related to the strength which dictates the final use. The
length is proportional to lignin [135-138]. Cardoon fibers compared to trees such as
Eucalyptus’ have a similarity in cellulose amount which means an ease of pulping and low
cost production. However, the length of eucalyptus’ fiber is longer because it contains more
lignin than cardoon’s fibers. Therefore, a proposed pulp recipe would be to blend cheap
cardoon fibers with plants which are used for years in pulp paper industry [135].

One of the first industrial uses of this crop was the oil extraction from its seeds, which
represent a significant percentage of the total harvested dry biomass (13.2% of the seed), i.e.
about 0.26 ton/ha [139]. Cardoon oil can be easily extracted by cold pressing (=20 °C).
Comparing cardoon with rapeseed and sunflower, the seed of cardoon has a 25% of oil
content; sunflower and rapeseed have 44% and 36%, respectively. The cardoon seed oil
content is lower than that of the other two crops; nevertheless they all exhibit a similar fatty
profile [140, 141]. A low cost biodiesel can be produced by esterification of these oils,
provided cardoon growing has a low cost [142-144]. Because of its high cetane number,
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cardoon oil can be as well used in either indirect injection diesel motors or in normal diesel
motors as a mixture of diesel oil [133, 134, 137, 145].

Willow: Willow (genus Salix, Salicaceae family) is a perennial woody crop which is mainly
distributed in temperate and arctic zones, basically in the Northern Hemisphere, but some
species are also found in the tropical and subtropical zone [146]. Height of different willow
species varies from a few centimeters for shrubs to 25 m for trees or even higher, up to 40 m
[146, 147]. Willow is planted in rows in March-April and it is harvested every 4 years,
between December and April [148]. Many types of soil are suitable for Salix cultivation,
ranging from sandy to silt or clay loam with a pH range from 5.5 to 8.5, along with all the
required nutrients to ensure optimal growth [149], estimated in [148] to be 3.5 kg N, 3.5 kg
P,Os and 3.5 kg K,O per tonne for two years after establishment and for the first two years
after each harvest. High plantation density and rapid growth are the major advantages of
cultivating willow. According to literature, an average yield of 10-12 ton/ha per year and a
planting density of 10000-20000 trees/ha can be estimated [146-150]. Production cycle for
willow species is 20-25 years [148]. Second generation biofuels can be produced by willow
crops. Apart from biomass production, willow crops are widely used for reclamation of
degraded areas, rhizofiltration, phytoextraction, phytostabilization, erosion control (wind and
water erosion) and applications such as windbreaks, water breaks and snow fences [146, 151].
Until today, the cultivation of most energy plants aimed to their use either for heat or
electricity generation through combustion, either for biofuels production through chemical or
biochemical processes.

Although biomass combustion is rmature technology that can be used for heat and
power applications, this study focuses on the gasification technology because of the following
advantages: it is more economic for power plants below 10 MWeg therefore small
decentralized systems or the product gas can be used to further synthesis additional second
generation biofuels. In general, biomass gasification is a thermochemical process which
converts biomass to a hot fuel gas or syngas, basically containing carbon monoxide, carbon
dioxide, hydrogen and methane [113, 152]. The process takes place in a reducing atmosphere
in the presence of air, oxygen and/or steam and can be either autothermal or allothermal,
depending on the gasification medium [152-155]. Apart from the permanent gases referred,
higher-molecular-weight organic compounds (tars) are produced, as well as a solid residue of
ash and char [113, 152]. For air-blown biomass gasification, a higher heating value (HHV) of
4-7 MJ/my® is reported for the product gas, while for oxygen-steam as a medium, HHV
usually varies from 10 to 18 MJ/my® [8, 113, 153, 154]. Syngas can be used for direct
combustion in gas engines, methanol and hydrogen production or it can be converted to liquid
hydrocarbons via the Fischer-Tropsch process [156].

In any case, regardless of the type of final product derived from the syngas, it has first
to be cleaned from remaining particles, tars and subsequently the required H,/CO ratio has to
be formed. Finally, after going through those stages, the gas enters the reactor where the final
product with the much higher added value is produced.

Many technologies for biomass gasification have been developed so far. One of these
is the fluidized-bed reactor in which, contrary to a fixed-bed reactor, a bed of solid material
behaves like a liquid to enhance mixing and heat transfer phenomena, while preventing the
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creation of hot or cold spots [157]. In order to achieve high solids conversion, it is necessary
to extend residence time of particles inside the reactor. Circulating fluidized-bed (CFB)
gasifiers do make that possible by capturing and recycling particles back to the riser, using a
cyclone, a downcomer and a pneumatic valve. CFB reactors usually operate in the fast
fluidization regime.

As circulating fluidized-bed technology is promising for scale-up, it is necessary to
investigate the influence of different biomass feedstocks on syngas composition, gasification
efficiency and tar yield. This work provides experimental data for two seed cakes, jatropha
and sunflower, compared to woody biomass and particularly willow. Willow and jatropha are
second generation biofuel crops, while sunflower can be described as a first generation
biofuel crop. Experiments were conducted in a 100 kW4, air-blown CFB gasifier.

3.2. Experimental Procedure

3.2.1. Fuels

Sunflower and jatropha seed cakes were obtained from Greece (CRES) and
Madagascar (SOABE) respectively, while the reference fuel (willow) was produced in Poland
(University of Warmia and Mazury in Olsztyn, Department of Plant Breeding and Seed
Production). All fuels were sent to the experimental facilities after being pelletized.

3.2.1.1. Proximate and Ultimate analyses

Proximate and ultimate analyses (Table 3.1) were performed. Based on these analyses,
the required air flow for gasification could be calculated (this calculation is explained in the
following paragraphs.

Table 3.1. Proximate and ultimate analyses

Fuel Sunflower Jatropha Willow
Moisture 8.1 6.1 8.2
(wt.% a.r.)
Proximate Analysis (wt.%, d.b.)
Volatile 78.95 78.95 83.31
matters
Fixed carbon 11.42 12.26 14.3
Ash content 9.63 8.79 2.39
Ultimate Analysis (wt.%0, d.b.)
C 46 47.4 48.6
H 6 7.08 6.63
0] 37.31 30.74 39.32
N 0.87 5.68 3
S 0 0.11 0
Cl 0.19 0.2 0.06
LHV (MJ/kg) 17 18.19 18.88
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3.2.1.2. Ash analysis/classification

Various characterization techniques such as X-ray Fluorescence (XRF),
Thermogravimetric Analysis (TGA) and Ash Fusion Temperature (AFT) were performed to
determine the physicochemical properties of each fuel ash in detail. For these tests, ash from
the the feedstocks was produced at a high temperature oven at 550 °C. Each sample of raw
material (fuel) remained in the oven for 3 h. Table 3.2 gives the composition of the main
inorganics of each fuel. Accordingly, the biomasses were classified based on the chemical
classification system [158, 159] (Figure 3.1). Four ash types of ashes can be identified: S, C,
CK and K.. Problematic ashes are responsible for enhanced leaching behavior, low-
temperature transformations, partitioning behavior and emission of many volatile elements
and hazardous components, corrosion, agglomeration, deposits formation, slagging, fouling,
bed fluidization and composition of residues during biomass combustion/gasification [158,
159].

Si0,+Al,0,+Fe,0,+Na,0+TiO,
(mostly giass, silicates and oxyhydroxides)

100 o

\
\ Migh acid

\
& S type

Medium acid
K type
20 yp

e\ 20 '
() \ Low acid
sunflower \\ia" : 10
‘ \
\

N,
0 10 20 30 40 50 60 70 80 80 100
Ca0+MgO+MnO K,0+P,0,+S0,+CL,0

(commonly carbonates. CK type (normaity phosphates,
oxyhydroxides, glass sicates sulphates, chiorides, glass and
and some phosphates and sulphates) some silicates and carbonates)

Figure 3.1. The Classification of ashes in each fuel

3.2.1.3. Ash Fusion Temperature (AFT)

Before the fuel being tested enters the reactor, it is very important for all its properties
to be known. The ash and its quality have a great role in the setting of the permitted operation
levels of a thermochemical process. For this reason, except from the determination of ash
inorganics, their melting point was also studied.

An ash Fusion Temperature (AFT) test was carried out. This method offers
quantitative information of the melting point of each sample [160]. During this procedure a
controlled melting of the ash is achieved by importing an oxidizing medium.

The determination of ash melting behaviour by characteristic temperatures method is
taking place in a heating microscope with automatic image analysis (Hesse Instruments). The
method of measurement is based on thermo-optical analysis. Automatic contour recognition
and evaluation of the silhouettes of a test object are used to identify its characteristic
temperatures, calculated using fixed algorithms. The method is based on quantitative analysis
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of the test object height and width (optical dilatometry). Precise and reproducible results are
obtained independently of the person who performed the measurements.

Table 3.2. Elements of ash in dry biomass

Elemental Ash Analysis

(%owt, d.b.)
Sunflower  Jatropha  Willow

Al 0.16 0.21 0.07
Ca 0.74 0.49 0.39
Fe 0.01 0.02 0.01
P 0.35 0.34 0.02
K 0.53 1.11 0.08
Mg 0.89 1.02 0.06
Na 0.03 0.03 0

Si 0.25 0.38 0.25
S 0.18 0.17 0.02

A cylindrical test piece (made of ash) is prepared with a mould (D=3mm, L=3mm) and it is
placed in a tube furnace with a thermocouple that measures its temperature continuously. The
furnace temperature is raised to 400 °C at a quick rate (60 °C/min) and then to 1350 °C, at a
rate of 10 °C/min. A camera permanently captures snapshots of the tested piece. From its
contour data, its characteristic features (height, width, corner angle, etc) are found/calculated
and stored. Deformation, sphere, hemisphere and flow temperatures are also determined, if
detected, for the conditions mentioned above. Table 3 gives the results of AFT procedure for
each sample. Ash fusion was observed only in the case of willow. As shown, the deformation
started at 1244 °C.

Table 3.3. Ash Fusion Temperature in each fuel

Fuel Deformation  Hemisphere Flow temp.
temp. [°C] temp. [°C] [°C]
1244 1266 1290
Sunflower —!— —!— "

Jatropha l l L

* Not detected until 1400 °C
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3.2.2. Bed material

When the thermochemical processes take place in fluidized beds, the determination of

bed material properties is equally important to the ash inorganics determination. As we will
see below, if the properties of the bed material particles are unknown, some values like the
minimum fluidization velocity or the marginal particle velocity cannot be calculated.
Olivine and quartz sand were used as bed materials. Olivine is a silicate mineral containing
hexagonally packed oxygen atoms [161]. Magnesium (Mg) and iron (Fe) cations are
embedded in the silicate tetrahedral [161, 162] and these end-members of the olivine series
are named forsterite and fayalite respectively [161]. Its chemical formula is (Mgx, Fe1x)2SiO4
, 0<x<1 [109]. Olivine’s surface area is low and it is also known for its hardness, which is
important in fluidized-bed applications [163].

Quartz sand belongs to the family of silicates, too. It is composed from natural mineral
particles, among which quartz (SiO,) is the predominant constituent [164]. Quartz is the
stable form of silicon dioxide at atmospheric temperature and pressure and its structure
consists of corner-sharing SiO,4 tetrahedral in which each oxygen atom is bonded to two
silicon (Si) atoms, while each silicon atom is surrounded by four oxygen atoms [164].Due to
its availability, it is a cheap raw material. Silica is also used in building, glass, electronics and
clock industry [164]. In order to obtain the desired particle size for both bed materials, lying
between 350 and 500 um, a sieving process was implemented. Initial bed material mass in
each experiment was approximately 7 kg. This range was chosen in order to reduce the
possibility of inert material loss from the first cyclone.

3.3. Description of experimental setup and procedure

The experimental facility in which the trials within this dissertation were carried out, is
consisted of the circulating fluidized bed reactor, the second cyclone, the heat exchanger used
for the produced gas cooling and the analysis equipement used for the quantitative and
qualitative measurement of the produced gas.

3.3.1. Gasifier

The circulating fluidized-bed reactor is an atmospheric pressure, air-blown gasifier
with a thermal input of 100 kWth (Figure 3.2). Its riser is a cylindrical tube made of stainless
steel 316 L, with an inner diameter (ID) of 78 mm and a height of 6 m. The main air flow is
introduced at the bottom of the riser via a 6-tube distributor with bubble caps at the end. Two
hoppers are used for storage and a volumetric silo with a screw feeder to adjust the feeding
rate. The last silo serves to feed the fuel inside the gasifier using a second screw feeder which
rotates faster than the first one and it is located 265 mm above the distributor. The screw
feeders are powered by electric motors. Water jackets and a minor air flow at the top of last
silo were applied to avoid biomass pyrolysis prior to the reactor, as well as particles and gas
backflow. Char and bed material are separated from syngas by means of a 260 mm ID
cyclone and a height of 800 mm and return to the riser through a 68 mm ID downcomer tube.
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A nitrogen flow is used to assist recirculation and prevent char accumulation at the bottom of
downcomer. In order to remove unburnt char and fly ash which are entrained by syngas after
the first separation, a second smaller cyclone (70 mm ID) is used. Afterwards, syngas is
cooled by passing through a condenser. A slip-stream of syngas is continuously adsorbed and
after being cooled by passing through a cooler, it is driven to the analyser. A ceramic filter
prior to the refrigerator and a Teflon filter prior to the analyser are used to purify syngas from
any remaining particulates.

1% and 2" cyclone  300-350NI/min product
gas/550°C

o
S

>
o

= | ‘ i

. ‘ % Unreacted

Sunflower 6.8 kg/h - char and fly
Jatropha 7.8 kg/h ash
Willow 8kg/h

600°C

800°C
Trace Heating
(200°C)

condenser

o Rotameter
eramic filter SNI/mil

Rotameter
2NI/min

Downcomer
Trace heating
(360°C)

2" condenser

Condensed tar

40-60NI/min and water

Chimney 20m height with
a pilot flame

7T N, 30-60NI/min Silica gel H,S
- I
) \ Bed  Rotameter Monocolor
L-Valve 6-8NI/min
|
E‘:l_}%-ugr\mmm Quartz Q_»
: wool filter H

Air MFC 6 impingers Gas vol. Pump
heater with isopropanol totalizer
solvent at -20°C

Figure 3.2. A schematic of the CFB gasifier installation

The gas was analysed by means of a multi-component gas detector (ABB A02000).
Carbon monoxide (CO), carbon dioxide (CO,) and methane (CH,) were calculated using
infrared radiation, with a detecting range of 0-25 %v/v, 0-25 %v/v and 0-15 %v/v
respectively,. Hydrogen (H,) measurement involves a thermal conductivity detector with a
range of 0-15 %v/v. Oxygen (O,) is estimated by a paramagnetic sensor with a range of 0-25
%v/v. In addition, the measurement equipment consists of three (3) mass flow controllers,
eleven (11) K-type thermocouples, nine (9) absolute pressure transmitters and weighing
devices. Temperature, pressure, mass flow and gas composition data, are continuously logged
into a computer.

3.3.2. Tar measurement

Tar measurements have been done using the Tar Protocol CEN BT/TF 143 method
[165]. This procedure requires gas preconditioning, particle filtering, tar collection and
volume metering. Gas preconditioning involves a sampling temperature of 300-350 °C, so
electrical heating of the sampling line is necessary. The main purpose of this step is to prevent
condensation of water and other condensables. Particle filtering was carried out by means of a
quartz filter followed by a small cyclone. Six (6) impringer bottles were used for tar collection
and isopropanol as tar solvent. To achieve sufficient cooling, last three bottles were
immersed in a bath containing ice and salt with a 3:1 ratio. A VOC sampler was also used to
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capture residual solvents which have penetrated the impringer train. In addition, a volume
flow meter indicated the volume of gas adsorbed by the pump during tar sampling.

Finally, tar content was determined gravimetrically and a rotary evaporator was used to
evaporate isopropanol and some lighter hydrocarbons in a flask containing 50 ml of each
sample. A temperature of 32 °C was applied for 4 hours.

3.4. Defining process conditions

The most important value in order to validate that there is fluidization is the minimum
fluidization velocity (unf). The main particle diameter is 389 pum for olivine and 320 um for
quartz with a particle density 3200 kg/m® for olivine and 2600 kg/m® for silica sand
respectively, the corresponding voidage &y for minimum fluidization for both inventories is
0.5 and uy is calculated at 25 °C. The arising Uy is 0.2 m/s and 0.17 m/s and it is given by
the following equation (Eq 3.1):

mf 2 “Emt )| YUpUmt d"a Po)9 166
1_735 dyUmP, | 150 (21 fim) dolinP, |_ pa(e pg) [166] (Eq 3.1)
Smf (Ps H Smf (Ps " "

The terminal velocity (u;) of a single particle was estimated as it determines the
fluidization regime (Eq 3.2). In circulating fluidization, higher velocities than u; are required.
Using similar assumptions as above, it was calculated at 1.079 m/s.

ad,(pp,)e  [166]

3p,Co (Eq3.2)

u.=

The required amount of air in order to achieve stoichiometric combustion, which
means that all carbon is converted to CO, and all hydrogen to H,O, can be calculated by the
following equation (Eq 3. 3).

C H N S O,
+—+

A' o=+ —+ — - 167
Irstomh (12 4 28 32 32)mfuel [ ] (Eq 33)

All gasification trials were carried out with an equivalence ratio (ER) or lamda (1)
equal to 0.3. When ER is multiplied by the amount of stoichiometric air, the required mass of
air for gasification is resulted (Eq 3. 4).

rgasification =AI r-stv::ich ER [167]

(Eq 3.4)
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Air-to-fuel ratio was constant for all experiments; Table 4 shows the air flow which is
fed into the riser and in the second silo as well as the nitrogen flow which enters in L-valve
To set the desired gasification temperature, the effect of which is investigated, radiative
electrical resistances were used for external heating. Measurements were taken for two steady
states, at 750 °C and 800 °C, as higher temperatures could lead to agglomeration problems.

Knowing the flow rate of air and assuming that its nitrogen percentage is 79%, the
total nitrogen input can be calculated. The concentration of nitrogen at the exit can be
estimated assuming that the product gas contains only fractions of CO, Hy, CO,, CH4 and Na.
The following equations (Eq 3.5 and 3.6) illustrate these calculations

Ny =0.79 N (Eq 3.5)

XNz,out ~100—(X¢o + Xy + Xeoy + Xepa) (Eq 3.6)

Therefore, syngas mole flow rate can be determined by (Eq 3.7)

N

= (Eq 3.7)
nsyngas X

N2,out

The superficial velocity (us) is then determined by the ideal gas equation. After fuel
feeding, there is an increase in us, while there is a decrease in pressure fluctuation. This is due
to the transport of the fludization mode from the slugging regime (only the bed material) to
the circulating regime (bed material + fuel). During the gasification process many gases are
produced. This results to the increase of the superficial velocity of the fluidization medium
compared to the one before the trial initiation. By calculating the moles of the produced gas,
the superficial velocity of the gas can be very easily calculated through the statutory equation.

The Higher Heating value (HHV) of biomass is defined as the amount of heat released
by the unit mass or volume of fuel (initially at 25 °C) once it is combusted and its products
have returned to the initial temperature (at 25 °C). To estimate HHV, Channiwala and Parikh
equation can be used (Eq 3.8).

HHV=349.1C+1178.3H+100.5S-103.40-15.1N-21.1ASH MJ/kg [8] (Eq 3.8)

The Low Heating value (LHV) of fuel is defined as the amount of heat released by fully
combusting a specified quantity less the heat of vaporization of water in the combustion
product (Eq 3.9).

9H, M
+

LHV=HHV-h_( —
1100 100

) MJ/kg  [8] (Eq 3.9)
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Where H and M are the hydrogen and moisture percentage on an as received basis and hy is
the latent heat of steam in the same units as HHV. To calculate the thermal input (Qj,) in the
gasifier, the LHV of biomass should be multiplied by its mass flow rate (Eq 3.10)

Q, =LHV My [8] (Eq 3.10)

LHVs (Eq 3.11) is the lower heating value of syngas produced. The contribution of each
constituent in LHV; is the product of its LHV multiplied by its mass fraction in syngas.

LHV,=LHV Xy tLHV o X o *LHV, X, [8] (Eq 3.11)

Carbon Conversion Efficiency (CCE %) is defined as the ratio of the carbon converted into
gaseous carbon components to the carbon in the added fuel (Eq 3.12).

+C

C +CCO +CCH4 tars 100% [8]

CCE= -~

(Eq 3.12)

in

The Cold Gas Efficiency (CGE %) is the energy input over the potential energy output. It
is defined by the following ratio (Eq 3.13), where LHV; is the LHV of product gas, My is the
mass of product gas and Qj, is the thermal input as defined in equation 10.

cae=LHV: [8]

n

(Eq 3.13)

Table 3.4. Air and N, flows enter in gasifier

Flow (Iy/min) Sunflower Jatropha Willow
Air flow in Riser 90 130 137
(Vriser)
Air flow in silo 40 60 50
(ereder)
N, in L-Valve 50 40 45
(VL-VALVE)
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Figure 3.3. Pressure fluctuation before and after fuel feeding

3.5. Results and Discussion

In the present section the results derived from the experimental campaign will be
discussed. In particular, the effect of temperature in the produced gas synthesis, in cold gas
efficiency, in carbon conversion efficiency and tar formation will be thouroughly analyzed. In
Table 3.5 the results are presented in detail.

After the completion of the trials, speciments from the riser, the L — valve and the
second cyclone were collected. For their characterization, these speciments were analyzed
with the aid of an electronic microscope (SEM/EDS).

3.5.1. Effect of temperature and bed material in gas composition

In order to present comparable data, gas composition was calculated in a nitrogen free
basis. There are some variations among the product gas obtained from sunflower, jatropha
and willow. As it is shown in Table 3.5, the mean hydrogen production is higher at 800 °C
than 750 °C in all cases, while the highest production occurs when sunflower is used as fuel
with olivine as bed material. In this case, hydrogen in the product gas is 28.6 %, while the H,
percentage is 26.5 % for jatropha, both higher than willow (25.5 %), under the same
conditions concerning bed material and mean gasification temperature. When quartz is used,
lower H, concentrations are measured. Particularly, hydrogen concentration for sunflower and
jatropha at 800 °C is 28.4 % and 25.2 % respectively. The high H, content in product gas
obtained with olivine is due to its catalytic activity on decomposition of tars which is also
reported elsewere [9, 108, 109, 161-163, 168-173]. Rauch et al [174] conducted large scale
steam gasification tests at the CHP plant in Giissing where they compared different types of
olivine to silica sand. That research has proven olivine’s catalytic activity for tar reduction
and on the other hand its attrition resistance.
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Devi et al [42] proved in a series of lab — scale experiments the differentiation of tar
reduction performance between calcined and non-treated olivine.During gasification, moisture
(H20) is produced. The outlet flow of moisture is equal to 3-6 times the hydrogen inlet flow
contained as organic matter in biomass plus that in fuel’s moisture. Increasing the temperature
results in a decrease in H,O production. The H, to CO ratio is used to illustrate the correlation
between the two main gases in the product gas. At 750 °C, the average ratio for sunflower,
jatropha and willow is 0.91, 0.80 and 0.74 respectively, while at 800 °C, it decreases to 0.83,
0.73 and 0.71. CO production with jatropha was remarkable, as carbon monoxide
concentration at 800 °C with olivine was 34.2 % and with quartz, 36.9 %. At a specific
temperature operation for each fuel, H,/CO ratio is higher when olivine is the bed material.
Concerning methane (CH,4) and carbon dioxide (CO;) production, they both tend to decrease
when higher temperatures are applied. As observed, at low temperatures, the production of
CO; is enhanced in comparison to high temperatures.

This is due to the fact that a large proportion of carbon is not converted to the gas
phase. Also, the low solid conversion leads to higher availability of oxygen in the gas phase
and thus, to an increase of CO, concentration in the product gas. In the gasification unit
employed, it is not possible to recirculate the unreacted char which was collected by the
second cyclone and consequently, an amount of char is transported out of the fluidized bed.
In Table 5, the percentage of the unconverted char which was entrained out the reactor as fly
ash is presented. Gasification experiments indicate that lowest carbon dioxide emissions with
olivine as bed material were achieved during sunflower gasification at 800 °C (29.9 %), quite
similar to jatropha (30.2 %), under the same conditions. CO, emissions with quartz and
jatropha are also the lowest among all fuels, both at 750 °C and 800 °C, with a percentage of
31.3 % and 28.7 % respectively. This change of the gas composition between olivine and
quartz experiments is related mainly to the Water-Gas Shift reaction. From the literature, iron
species are proposed to be active for this reaction [162, 163, 172].  Different behavior of
gaseous species at lower temperatures can be attributed to the variation in the reactivity of
char, whereas at higher temperatures, due to the cracking of heavier molecular compounds
[175].
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Table.3.5. Experimental data for all gasification tests

Test A B C D E F
Condition 1 2 3 4 5 6 7 8 9 10 11 12
Fuel sunflower sunflower jatropha jatropha willow willow

Bed material Olivine Quartz Olivine Quartz Olivine Quartz
Feeding rate [kg/h] 6.8 6.8 7.8 7.8 8.0 8.0
Incoming ash [kg/h] 0.63 0.63 0.65 0.65 0.19 0.19

steady state [h] 8 7 4 7 6 6 7 7 7 7 6 8
Gasifier temperature [°C] 750 800 750 800 750 800 750 800 750 800 750 800
Gasification medium air air air air air air

Air flow [m/h] 7.8 7.8 7.8 7.8 114 114 114 114 11.22 11.22 11.22 11.22
us before fuel feeding 11 15 1.1 1.5 1.6 2.1 1.6 21 1.64 2.15 1.64 2.15
us after fuel feeding 3.2 35 3 3.2 3.6 4.3 3.7 4.0 4.0 4.6 3.8 4.3
Equivalence ratio [A or ER] 0.3 0.3 0.3 0.3 0.3 0.3

Gas composition[vol.%g ] Nitrogen Free

H, 26.8 28.6 27.1 28.4 22.8 26.5 22.6 25.2 23.6 255 21.8 224
CO, 35.1 29.9 34.2 29.8 321 30.2 31.3 28.7 34.8 30.3 37.7 35.2
CO 294 33.1 29.3 36 25.2 34.2 32.2 36.9 295 35.1 31.7 33.7
CH, 8.6 8.2 94 8.4 8.1 6.8 8.0 8.4 8.5 7.8 9.4 8.7
Tar content [g/my°] 9.5 2.6 10.8 4.8 45 35 7.6 4.8 5.3 2.2 6.8 3
Water content[kg/h ] 1.7 1.4 2.1 1.8 3.4 3.2 3.3 3 1.6 1.5 2.2 1.6
H in moisture of fuel [kg/h] 0.07 0.07 0.07 0.07 0.03 0.03 0.03 0.03 0.03 0.07 0.07 0.07
H in fuel (d.b) [kag/h] 0.32 0.32 0.32 0.32 0.47 0.47 0.47 0.47 0.47 0.36 0.36 0.36
H in tar/Incoming H, [%)] 2.7 0.6 2.9 1.3 1.05 0.9 1.7 14 1.6 0.75 1.7 0.85
Cintar/ Incoming C [%] 4.8 1.1 5.1 2.2 1.9 1.7 3.1 25 2.4 1.08 2.53 1.3
C in fly ash/Incoming C [%)] 14.7 10.3 15 8.7 17.8 116 14.2 8.8 14.3 85 3.3 2.5
Fly ash from 2" cyclone[ kg] 1.65 2.53 3.2 3.45 1.35 1.82

CCE [%0] 80.1 88.5 67.2 72.3 75 78.1 75 775 78 83 78 84
LHV [MJ/my?] 3.65 4.2 34 3.5 2.6 3.0 2.46 2.6 3.3 3.7 3.2 3.7
CGE [%] 70 86 50 60 65 74 63 72 74.6 86.5 62 69
Product gas [my*/h] 14.87 15.61 13.86 14.34 16.83 18.31 17.49 18.04 18.57 19.28 16.59 16.74
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3.5.2. Effect on CCE %, CGE %, and heating values of product gas

The operational conditions also largely influence CCE %, CGE % and LHV of the
product gas. Generally, higher temperature led to a higher gas yield. The effects of operational
parameters on CCE %, CGE % and heating values obtained from sunflower, jatropha and
willow testing are given in Table 3.5. The CCE % and CGE % derived from all gasification
runs are illustrated in Figure 3.4 and Figure 3.5. From Table 3.5 it can be observed that an
increase in temperature led to an improvement in CCE %, CGE % and LHV of the product
gas. These results are in agreement with those reported by other researchers [38, 154, 176,
177]. From Table 3.5, it can also be seen that CCE %, CGE %, and heating values of the
product gas obtained from sunflower were the highest. For instance, under similar conditions
(A=0.3, Tgas = 800 oC, bed material = olivine), the LHV produced from sunflower, jatropha
and willow was 4.2, 3.0 and 3.7 MJ/mN3, respectively. For different bed materials, it seemed
that olivine was better than quartz on the enhancement of the product gas distribution,
basically due to its catalytic properties which also have an impact on tar reduction, as referred
in the next section. Of course, different superficial velocities during gasification play an
important role on carbon conversion and as a result on cold gas efficiency. Therefore, lower
us for jatropha and willow experiments could lead to much fewer variations among all fuels.
As observed form Table 3.5, a low ratio between us before and after biomass feeding
(usaf/usbef), leads to a low product yield. The us depends on fuel throughput. It was
concluded by preliminary gasification tests that the feeding range for higher carbon
conversion efficiency is 7 — 9 kg/h. In all gasification tests, the screw feeder was adjusted to
the lower possible rotations per minute in which a stable feeding rate could be ensured.
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Figure 3.4. Carbon Conversion Efficiency [%]
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3.5.3. Effect on tar formation/reduction
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Figure 3.5. Cold Gas Efficiency [%]

The samplings of tar were conducted by tar protocol (CEN BT/TF 143) every 2 hours,

on condition that there was a steady state operation for temperature and gas production. The
tar concentration in product gas which obtained from sunflower, jatropha and willow is given
in Figure 3.6. It can be seen that the total tar content produced in all cases decreased with
increasing temperature from 750 to 800 °C. Due to different fuel properties (e.g. ash content),
the total tar content produced from willow was lower compared to the two seed cakes. The
lowest and highest tar content produced from willow were 2.2 and 6.8 g/my®, measured at a
temperature of 800 °C with olivine as bed material and at 750 °C with quartz as bed material,
respectively. The highest tar concentration in product gas was obtained from sunflower using
quartz as bed inventory.
Following an assumption that the formula of aromatic hydrocarbons is C,H,, the percentages
of hydrogen and carbon inlets which mitigate to tar is illustrated in Table 3.5. From all
gasification tests, it could be concluded that olivine was more efficient concerning tar
reduction.

Based on many works, Fe is reported as the main component which is catalytically
active and furthermore, research is also focusing on enhancing olivine’s properties by
calcination and impregnation [108, 161, 169, 171].
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Figure 3.6. Tar concentration in product gas obtained from Sunflower, Jatropha and Willow

tests.

3.5.4. Fate of inorganics constituents from cakes gasification

Inorganic constituents (ash) enter the gasifier together with organic content. Although
they don’t participate in syngas production during gasification reactions, ash actually plays an
important role in the overall process and it orientates the operating temperature range in order
to avoid agglomeration problems and eventually, defluidization.

After the end of gasification runs, biomass feeding seized and the airflow was
switched to a nitrogen flow, so as to cool the system without allowing any further reactions.
The bed material was collected from the bottom of the riser. Changes in bed original bed
material microstructure were examined by means of Scanning Electron Microscopy (SEM,
6300 JEOL). The chemical composition of selected areas of bed particles was determined via
Energy Dispersive X-Ray Spectroscopy (EDS), using an automated analysis system installed
in the SEM instrument. Some of the most representative and explanatory SEMs are discussed
in the following paragraphs. SEM/EDS analyses were also carried out on the fresh bed
material in order to determine their composition in inorganic elements. In Figure 3.7 the
composition of fresh quartz and olivine is illustrated. SEM/EDS analyses concluded that the
composition at the middle of quartz particles remained unchanged after 15 h of tests. On the
other hand, it was observed that the composition of olivine changed. Potassium mitigated
inside the olivine particles. Evidence of cracks on the olivine particles potentially contributed
to this mitigation. SEM analyses also indicate the formation of small agglomerates between
quartz particles and calcium contained in ash.
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As it is shown, a calcium layer around quartz particles was formed. Formation of
calcium layers was far more clear in the case of sunflower, which can be attributed to the
higher calcium content in the fuel. Small agglomerates were also favored due to high
concentrations of silicon, potassium and calcium in the ash, because generally, high alkali and
silicate ash can melt at elevated temperatures and glue together smaller bed material particles
[78]. To avoid extensive agglomeration problems at higher temperatures, the use of additives
is recommended [40]. EDS of bed materials which show the mitigation of potassium and
calcium inside the olivine’s particles are illustrated in Figure 3.8. In Figure 3.9, agglomerates
during sunflower gasification in quartz are shown. The fact that quartz as bed material is more
prone to agglomeration agreed well with other researchers [44].Fryda et al [78] reported that
there were agglomerates at low temperatures during Giant Reed and Sorghum bagasse
gasification in an atmospheric bubbling fluidized bed, at 790 °C and 810 °C respectively.

Ergudenler et al. [44] reported that a fluidized bed of quartz sand agglomerated at 800 °C in
the presence of wheat straw ash.
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Figure 3.7. The composition of olivine and quartz
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After all gasification tests using quartz as bed material, the formation of a layer rich in
calcium was observed. In Figure 3.10, a SEM photograph of quartz particles after 12h
gasification with jatropha is presented. It illustrates that a layer rich in calcium was formatted
at the external surface of particles. Figure 3.11 shows a SEM of olivine particles after 16 h
gasification with sunflower. EDS spot analysis at the marked points is given in the attached
bar graphs, where the mitigation of K inside the olivine’s particles is presented. As shown in
Figure 3.8, this phenomenon repeated in all olivine experiments.
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Figure 3.9. Agglomerate of quartz joined particles with sunflower ash.

61



Chapter 3: Circulating Fluidized Bed Gasification Tests of Seed Cakes Residues after Oil Extraction
and Comparison with Wood

100

80

60

1
m2
40
20 I
- | |

Na Mg Al Si P K Ca Fe

The percentage of
inorganic constituents [%o]

=

100

[==]
=]

=)
=]

=S
]

(=]
=]

The percentage of
inorganic constituents [%o]

[ L

K Ca Fe

K

Figure 3.11 A SEM photograph and EDS analysis of an olivine particle after 15 h
gasification test with sunflower

Table 3.6.Concentration of elements in fly ash

Test A B C D E F

Fuel Sunflower Sunflower Jatropha Jatropha Willow Willow
Bed material  Olivine Quartz Olivine Quartz Olivine Quartz
% of element in fly ash

Al 12 2.14 1.27 1.36 1.05 13
Ca 10.1 11.67 7.83 6.31 134 14.62
Fe 2.06 0.63 2,51 0.62 1.95 0.52

P 3.59 4.57 6.35 5.84 0.03 0.04
K 6.61 7.85 13.3 14.88 3.2 4.6
Mg 16.03 12.76 16.93 12.83 16.42 12.34
Na 0.18 0.35 0.17 0.18 0.06 0.08
Si 7.85 5.69 5.43 7.58 7.21 6.35

S 2.02 2.98 1.56 171 0.03 0.05

During the gasification tests, samples of fly ash from the second cyclone (Figure 3.2)
were collected and weighted. These samples were analyzed with TGA and XRF in order to
determine the total percentage of inorganic ash and its speciation respectively. For all
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experiments, the collection of samples was carried out after similar duration of experiments.
Table 3.6 shows the concentration of inorganic elements in fly ash, while Table 3.7 presents
the % ratio of each element’s mass in fly ash to its overall mass input.

Table 3.7 illustrates that a major percentage of incoming K, Ca, P, Al, Na and S seems
to mitigate inside the reactor, as an accumulation of initial bed inventory. SEM/EDS validate
that a fraction of K and Ca were captured from bed material. Al and S percentage in fly ash
compared to their total inlet is generally higher than K, Ca, P and Na. The average percentage
for the last four elements is 25.9 %, 33.4 %, 46.3 % and 30.6 % respectively. Some results
above 100% of Fe, Mg and Si in the fly ash compared to the content in the incoming fuel ash
are attributed to the elutriation and entrainment of original bed material. Olivine is formatted
by Fe, Mg and Si, whereas Si is almost the only constituent contained in silica sand except for
some other traces.

Table 3.7. Balance of inorganic constituents

Test A B C D E F
Fuel Sunflower Sunflower Jatropha Jatropha Willow Willow
Bed material Olivine Quartz Olivine Quartz Olivine Quartz

% of element fate in fly ash

Al 41.4 57.1 46.4 32.1 51.1 50.0
Ca 18.3 333 37.1 25.2 53.1 33.2
Fe' 1235 11.3 226.7 33.3 105.1 335
P 15.6 24.8 82.8 62.1 0.0 0.0
K 285 30.3 30.1 27.1 211 18.1
Na 22.2 42.9 28.6 28.9 0.0 0.0
S 130.0 170.0 162.5 183.3 102.7 118.5
S 48.4 78.3 68.2 47.8 42.0 375

" due to Fe content in olivine
" due to Si content in both quartz and olivine

3.6. Concluding remarks

Agricultural residues have satisfactory heating value. Their utilization through the
thermochemical process of gasification can be considered as an attractive solution either for
mall decentralized systems either for advanced biorefineries. The produced gas can be used as
a fuel for electricity heat or various chemicals production.

During the present doctoral dissertation, a length experimental campaign with two
agricultural residues was carried out. The fuels to be tested were sunflower and jatropha seeds
residues after the oil has been extracted. For the validity of the comparison between the
results, trials with willow were performed. Willow is a fuel that has been tested many times
and at the same time, the quality of the produced gas is satisfactory.

The entire experimental campaign was performed in a circulating fluidized bed
reactor operating under atmospheric pressure. Every fuel was gasified twice, one time with
olivine as inert material and the second time with silica sand. The two inert mmaterials were
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used in order to investigate their effect in the produced gas quality and the way they influence
agglomerate formation. Six trials were carried out totally (two for every fuel) in two
temperatures (750°C and 800°C).

For all the fuels a series of analyses was performed in order to fully determine their
composition (proximate and ultimate analusis). Subsequently, XRF analysis was performed in
their ashes so to find the inorganic elements that constirute them. The two agricultural
residues had a higher ash proportion than willow. Sunflower residues ash was rich in calcium
and potassium. Willow ash had high potassium content; however the total ash content of this
particular fuel was only 2.35% (dry basis). After the ashes quality characteristics analyses,
others followed in order to determine the ashes melting point for each fuel. The purpose of
this analysis was to address the issue of possible agglomerates formation during the trials.
Only in willow ashes full melting was observed (flow temperature point).

The results derived from this experimental campaign are very positive for both agricultural

residues. The product gas syntheses had many similarities with the one from willow
gasification. The produced hydrogen percentage for both residues was higher compared to the
the case of willow. Additionally, the H,/CO ratio for all experiments was higher for both
sunflower and jatropha residues compared to willow. The only troubling result regarde tar
production levels for the two reidues which were higher in all the trials compared to those
measured in willow experiments. Nevertheless, tar concentration was greatly reduced when
gasification was performed with olivine. For both the residues the produced tar reduction
reached up to 50% compared to the trials were silica sand was used as inert material.
After the completion of the trials speciments were collected for further analysis. Electronic
microscope analyses (SEM/EDS) were carried out for speciments from the rise, the L — valve
along with thermogravimetric analyses (TGA) for the flying ash collected in the lower part of
the second cyclone. It was noted that ash inorganics were transported towards the interior of
the olivine particles and silmutaneously a rich in calcium coating was formed in their outer
part. During the trials with willow neither the ash inorganic elements transport phenomenon
towards the interior of olivine particles nor the outside coating were observed. Nevertheless,
regarding the case of coating formation, there are reports in the literature were such a
phenonmenon was observed [178]. However, the experiments conducted in this experimental
campaign were industrial scale ones and consequently the inbound ash (even in the case of
willow) was much more compared to the experiments which took place during the present
PhD dissertation.
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4. Attempts to resolve cardoon biomass utilization problems
in circulating fluidized bed gasifiers because of agglomerations

4.1.Introduction

As it was mentioned in the previous chapter, during the present PhD dissertation, two
energy plants residues (sunflower and jatropha), cardoon and willow were tested regarding
their gasification in a circulating fluidized bed reactor potential. The only fuel for which
defluidization occurred during the trials was cardoon. In this chapter, the problems that arised
in these trials and the attempts to solve them are presented.

Biomass fuels such as agricultural or agro-industrial residues together with energy
crops are considered promising renewable energy source [6]. To reduce CO, emissions, part
of the power production can be substituted by using biomass in thermochemical technologies.
In a gasification process, solid fuel is converted into a product gas, allowing its use more
efficiently in combined power cycles. Gasification of biomass is a first step of converting
biomass into biosyngas which in return can be converted into 2" generation biofuels [156].
Nevertheless, biomass gasification of many promising biomass plants suffers agglomeration
technical problems prohibiting the economical and trouble-free operation of such systems.
Cynara cardunculus, commonly known as cardoon, is a thistle like plant in the aster family
Astaraceae, and is considered by few works as a promising fuel for thermochemical
possessing (combustion, gasification) [156]. This has led into a recent rush of changing
plantations to this plant for the production of biomass in Mediterranean regions.
Nevertheless, there is very little positive evidence from applications of this fuel that it is
trouble free.

Cardoon is a perennial herbaceous species native to the Mediterranean region climate
which is characterized by dry and hot summer conditions. The factors that influence the
properties of cardoon are the chemical soil characteristics, the fertilizers, the harvesting
method and the different climatic condition and rain distribution. One of the major advantages
of cardoon crops is the reduced irrigation demands, thus its cultivation costs are lower,
compared to other crops [179-183]. The plant has an annual development cycle, native to the
Mediterranean region, mainly localized in Spain, Italy and Greece (typical conditions are mild
winters, hot dry summers and low irregularly distributed annual rainfalls). Cardoon can
survive the summer drought by growing a very deep rooting (up to 7 meters) and drying the
aboveground plant part during the summer [180, 184-187].

The height of plant can reach up to 2 m depending on climate and soil conditions. The
reproductive cycle is completed during the summer so the harvest period can start in August
when the aboveground part is dried. As a result, the crop leads to a high yield of dried solid
biomass [133, 134, 139, 188, 189].

Because of all the above qualities, cardoon can also have a very negative effect in a
local agricultural system, especially when farmers decide to change the cultivated crop.
Cardoon has long been recognized as a horrific pest plant can also become a serious invasive
species [190]. This is mainly because of its perennial tap-root, capable of vigorously
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regenerating unless the entire root system is destroyed. This task is very difficult or
impossible even if plowing, chaining, scraping and bulldozing are employed [191].

Farmers should take into account the above mentioned character of cardoon before
deciding to engage its cultivation due to benefits of its high dry mass yields. It should be used
only into non-irrigated and certainly marginal quality land and without any irrigation if the
reported low costs are to be achieved [190, 192]. The following section, reports the potential
uses of this energy crop followed by the main findings of severe agglomeration problems in
the fluidized bed facilities of CERTH and Delft University of Technology (TUD). Finally in
this chapter, the solution against defluidization is presented. The mixture had a cardoon 50
w/w — giant reed 50 w/w/ composition. Giant reed was chosen because it is a plant which also
thrives in the Mediterranean countries and at the same time has similar to cardoon properties.

4.2.Feedstock for thermochemical processes

Thermochemical processes are employed to convert biomass into heat, power and
fuels. Up to date, few tests and analysis have been carried out in order to verify the suitability
of cardoon in pyrolysis, gasification and combustion [193-207].

Table 4.1. Ash composition expressed as oxides of the major elements % wt. for different
reported cardoon biomasses, [205] [199], [207]

Part of plant Origin Si Ca Al Na K P

Stems GR 66.6 8.79 2.20 0.38 18.4 3.53
Stems GR 71.0 3.33 2.28 0.38 19.3 3.69
Leaves GR 52.8 7.98 2.82 0.19 33.7 2.50
Leaves GR 47.9 8.51 2.62 0.18 36.7 3.99
All chopped GR 9.95 46.7 2.54 14.8 24.6 2.63
All chopped SP 5.94 27.0 0.82 14.4 48.3 3.33
Milled SP 8.11 24.9 0.80 1.21 61.3 3.52
Baled SP 1.05 26.3 0.21 15.5 54.2 2.52
Pelletised SP 27.2 24.4 5.71 13.1 27.7 181
All chopped IT 6.61 311 0.96 29.1 28.2 3.07
Cardoon pellets used GR 6.33  45.04 2.42 1445 3064 2.04
Blending pellets used GR 19.7 49.4 7.80 0.51 19.2 2.47

GR=Greek, SP=Spanish, IT=Italian

One of the most important aspects of cardoon is its high ash content as well as the high
alkali and chlorine contents. Table 4.1 shows the main elemental composition of the ash from
different European samples and in different forms (chopped, milled, baled and pelletized) as
well from different parts of the plant [141, 195, 205-207]. It also presents the ash composition
of the cardoon pellets used for the gasification experiments presented in this work. In most
cases cardoon is chopped, milled, baled and pelletized using the entire plant. Tab.le.4.1
reveals the high ash content and especially the high amounts of Na and Ca. The high ash
contents are attributed to soil being collected together with the plant harvesting. The high
concentration of potassium could be caused by fertilization [206].
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Several works have assessed the cardoon pyrolysis rates, using thermogravimetric
analyzers (TGA) in order to determine its thermal decomposition behavior [194, 196, 201-
207]. Pyrolysis is the initial step in all thermochemical conversion processes of biomass
materials, but also a process to produce bio-oil, gas and char. Minerals apparent in cardoon
such as potassium, do not greatly affect the reactivity of cardoon, but influence the sensitivity
of the reaction, causing the pyrolysis degradation to be able to start at lower temperatures.
Furthermore the pyrolysis of cardoon yields more char compared to other energy crops
because of its higher ash content [196].

Up to date, combustion is the dominant process for using solid cardoon sources.
Cardoon-fired test runs in lab-scale and pilot-scale have been performed in the past [193, 204,
206]. Molten ash and slag were observed in these works which created severe problems to the
continuous combustion process, simultaneously reducing the achievable boiler load and
availability. These problems were attributed to the high concentration of ash, especially that
of Si, K, Ca [196, 197, 204].

Although, there is a high research interest in the possibilities and advantages of

cardoon co-fired with coal, cardoon combustion appears to have a great potential [197]. Co-
firing with high sulfur lignite [197] has several advantages due to replacing the sulfur burden
of lignite with biomass as well as reducing CO, emissions and saving on credit costs.
The research performed so far on the use of cardoon in the field of gasification is limited to
lab-scale test runs. The produced gas in steam gasification tests has been investigated in
[195]. A theoretical model was also run in [193]. There are no gasification attempts in larger
scales. The chapter presented here addresses this issue by conducting air and O,/steam
gasification experiments in two different pilot scale circulating fluidized bed gasifiers in order
to assess the quality of cardoon at a near industrial application scale and report practical
problems from its utilization. Air gasification runs with were carried out in CERTH whereas
tests with O,/steam as gasification medium were performed on TUD.

4.3. Experimental Procedure

4.3.1. Methodology of experimental campaign

Four promising biomass fuels (seed cakes of sunflower and jatropha, cardoon and
willow) were tests for their agglomeration tendency in CERTH’s circulating fluidized bed
gasifier using quartz and olivine as bed materials. Long — term runs were conducted without
defluidization problems, except for cardoon. Due to its high ash content (rich in potassium)
defluidization was observed at low temperatures (780 °C) during the first 30 minutes after the
fuel feeding begun. For further research, two gasification tests were carried out in two
different gasifiers to tackle agglomeration problems, one in TU Delft and one in CERTH,
using as fuel cardoon and cardoon blended with giant reed respectively. Defluidization
phenomena observed when conducting the experiment with cardoon, in contrast with using
the cardoon — giant reed blend. After the end of the experiments, samples of agglomerates
were collected in order to be investigated with SEM/EDS in an effort to determine the gling
mechanism.
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4.3.2. Fuels investigated

Two different blends were investigated in the experiments. The first biomass was
cardoon which was was supplied from an agricultural company in the region of central Greece
Greece that cultivated and brought the crop into pelletized form. The second was a blend with
cardoon and giant reed (50% w.w. cardoon/ 50% w.w. giant reed). Table.4.2 presents the
fuels analyses of two different pellets: proximate (ASTM E871, D1 102-84) and ultimate
analysis (ASTM D3176-93, D3177-33). The ash analysis of the major ash species is given in
Table.4.1. The cardoon used for the tests had significantly high calcium ash content, as well
as sulfur and chlorine content. Also it should be noted, that when alumina-rich compounds are
present, the solid-solid reactions may result in formation of alkali-aluminum silicates (K,O-
Al;05-Si0;), which have a much higher melting temperature [40]. That’s a reason why
blending’s ash has higher melting point.

Table 4.2. Analyses of the fuels used

Proximate analysis (wt. %0)

Cardoon Cardoon
50% wiw /
Giant reed
50% w/w
Moisture 13.2 8.96
Volatiles 65.07 70.32
Fixed Carbon 5.46 24.45
Ash 15.38 5.23
Ultimate analysis (wt.%o, dry basis)
C 42.69 46.6
H 5.30 5.97
N 2.23 0.85
S 0.45 0
o? 0.45 46.5
Cl 0.29 0.2
Ash 17.72 5.8
HHV d.b (MJ/kg)" 17.30 16.95

# By subtraction
® Higher Heating Value (HHV) of dry solids (d.b.)

4.3.3.Description of test facility of TU Delft

The CERTH’s set up was descripted in detail in Annex section , as a consequence only
TUD?’s test is presented here.The circulating fluidized bed (CFB) reactor (Figure 4.1) is an
atmospheric pressure, steam — oxygen gasifier with a thermal input of 100 kWth. Its riser is a
cylindrical tube made of stainless steel 310 L, with an inner diameter (ID) of 83 mm and a
height of 5.5 m. The main flow of the gasification medium is introduced at the bottom of the
riser via a perforated plate. Unconverted char and bed inventory are separated from product
gas by means of a 102 mm ID cyclone and a height 630 mm and return to the riser through a
54 mm ID downcomer tube. Afterwards, syngas is further purified by two high temperature
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ceramic candle filters (BWF and Pall filter) connected in parallel downstream of the cyclone
which can be switched during operation.

PSG
HT Filter | »

Pilot Flame

Fly ash
removal

BWF
HT Filter |, -

Fly ash
removal

Figure 4.1. A scematic of the TUD’s CFB gasifier

The feeding system can supply fuel at a maximum rate of 20 kg/h. The measurement
equipment consists of flow meters (Endress and Hauser AT70 thermal flow meters for all
primary flows, except for steam, where an Endress and Hauser Prowirl 72 vortex flow meter
is used), nine (9) thermocouples (K types), ten (10) differential pressure meters and weighing
devices. Syngas was measured by means of different analytical instruments which include
HartmannBraun Uras10P NDIR (online CO,, CO), HartmannBraun Magnos 6G PM (online
O,), Varian CP4900 p-GC (semi-online CO, CO2, H,, CH4, benzene, toluene and xylenes
(BTX)), Varian GC 450 (semi-online CO, CO2, H2, CH4, BTX, H,S, COS and methyl
mercaptan) and Fourier transform (FTIR) spectrophotometer from ThermoElectron Nicolet
5700 ( semi-online CO,, CO, COS, CHy4, CzH4, C2H2, NH3, H;0). The schematic drawing of
the CFB gasifier installation is illustrated in Figure 4.1. To avoid the coarsest particles from
penetrating the sampling line, the gas analysis probe point is located into the direction of the
main gas flow.

During the experiment, a sample flow of the product gas is continuously extracted
downstream of the gas outlet of the cyclone. Then, the sample gas is led through a primary
condenser in order to remove the condensable with the highest boiling point, predominately
heavy tar and some water, before leading the gas via a pump to the gas analysis system.
Afterwards, passing through a second condenser which is surrounded by ice and then
followed by two flasks filled with silica gel, the dried gas is estimated by several analytical
methods (Figure 4.1). Additional, the particle filter vessel is heated by using a heating jacket
(Tyco 1J-GL glass silk heating jacket). The temperature of both is maintained at 300 oC using
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temperature controllers. Tar measurements have been done using the Solid Phase Adsorption
(SPA) method developed by KTH (40) and the sampling point is located immediately
downstream of the filter outlet.

4.3.4. Bed materials

Experiments were conducted using olivine (CERTH) and magnesite (TUD) as bed
inventories. Both inert materials were choosen because they are cheap and have high
mechanical strength resistance against attrition phenomena. In fluidized bed gasification
process, olivine and magnesite have been proven to own tar cracking capabilities. The
chemical composition of the bed materials are given in Table 4.3. The initial mass of the bed
inventories was ~7000 g sieved to a narrow particle size range (d = 350 — 500 um).

Table 4.3. Chemical composition and density of the bed materials

Compound Fraction (wt. %)
Olivine Magnesite

SiO, 42.97 1.00
FeO 8.71 5.50
MgO 41.19 45.00
CaOo 4.21 48.5
Al,O; 2.84 0.00
Cr,03+ NiO 0.08 0.00
Density (kg/my°) 3200 2980

4.4. Results and Discussion

In this section a series of experiments conducted in two different installations are
presented. Firstly an experiment conducted in CERTH with blend cardoon 100% w/w and
then two experiments, one in TU Delft using cardoon and one in CERTH using cardoon
blended with giant reed as a fuel are presented. When the trial with cardoon was conducted,
agglomerates formation and consequently defluidization occured, while when the gasification
trial took place with the cardoon — giant reed mixture this phenomenon was not observed.
After the end of the trials during which defluidization occurred, speciments for further
analysis were collected. These findings of agglomeration problems when conducting the
experiment with cardoon, in contrast with the one using the cardoon-giant reed blend are
reported.
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4.4.1. Air gasification of cardoon in CERTH’s gasifier

The feeding rate of cardoon biomass was 11 kg/h. The amount of ash in cardoon is
high (15.38 % in a.r.). This means that for 11 kg/h feeding rate the ash input (if all amount
remained in the bed), would represent 24.16 % of the original bed inventory. The amount of
air used for the gasification is expressed by the air ratio (1) i.e. the oxidizing agent quantity
compared to that required to fully oxidize/ combust the biomass carbon and hydrogen. Based
on similar works the air ratio (1) was chosen 0.3 [40, 78, 154].

Six pressure transmitters (WIKA, S-10) were used for monitoring of pressures at
different riser heights (every 1m). These measured the pressure with a range 0-0.16 MPa and
an accuracy of 10 kPa their signal was logged at a frequency of 10 Hz. and was averaged in
post signal processing at 1 Hz. In a normal operation of gasifier the pressure drop profile
across the riser is show in Figure 4.2 (solid line). Several experimental works examine
agglomeration during fluidized bed combustion/gasification of biomass and/or coal are
available on lab or pilot scale fluidized systems [33, 75, 80, 208]. These works provided the
methodology of determining the defluidization as soon as the pressure drop across the riser,
and especially between bottom and top of the gasifier (points 1-2 in Figure 4.2) significantly
dropped because of the creation of openings and channels in the bed after this event (Figure
4.2— dashed line). This allows the defluidization temperature determination at the onset of 4P
(pressure drop) with an accuracy of £5 °C.
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Figure 4.2. The pressure drop profile across the CFB riser: the solid line represents the

normal operation whereas the dashed line when defluidization occurs
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Figure 4.3.Typical fluidized bed pressure loss during an externally induced defluidization test
(rising of temperature).

After a 15 minute operation without heat addition from the external electric system at
around 740 °C, a temperature increase rate of approximately 1.5 °C /min was established. This
led to severe agglomeration few minutes later, when the gasification temperature reached 780
°C (Figure 4.3). In Figure 4.4 the volume fraction of the major product gas species until the
onset of defluidization is presented. Once defluidization started, poor bed mixing caused an
inhomogeneous bed temperature profile apart from the significant pressure drop.
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Figure 4.4. The volume fraction of the major product gas species until the onset of
defluidization (followed by purging with N).
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Figure 4.5. Photograph of an indicative agglomerate of olivine joined particles with cardoon
ash.

After defluidization fuel was not fed anymore to the gasifier and the air flow was
switched to nitrogen, so as to cool the system without any further reactions. The bed material
was collected and sieved to determine any changes in the particle size distribution. Figure 4.5
shows a real photograph of an agglomerated bed material piece; indicate how severe the effect
was. Numerous SEM/EDS (Scan Electron Microscopy / Energy Dispersive Spectrometry
analyses were performed on agglomerates and their cross-sections. Some of the most
representative and explanatory SEMs are discussed in the following paragraphs.
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Figure 4.6. SEM and EDS spot analyses of two agglomerates (a) (b) collected after the
defluidization during the gasification of Cardoon in olivine bed.
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Figure 4.7. SEM/EDS elemental mapping of a agglomerate cross section (Si, Mg and Ca).

A typical SEM of a cluster-like formed during cardoon gasification in olivine is shown in
picture (Figure 4.6), revealing the mechanism of its formation: Cardoon has a very high alkali
and silicate ash content that easily melted at elevated temperatures of a reacting char particle.
This makes the char very adhesive and prone to capture bed material particles. EDS spot
analyses is given in the accompanying bar graphs at the marked points. The gluing melt are
found rich in sodium, potassium, calcium, magnesium, and silicon. Calcium based melt is
apparent in Figure 4.7 which is a SEM elemental mapping cross section of agglomerate from
the controlled defluidization tests of cardoon

Several numbers of hollow Calcium based large particles were also observed during
gasification tests (Figure 4.8). The char high temperatures melt its ash as a result a layer
similar with the shape of char was created. Char was gasified but a hollow large particle
remained. Alkali — silicates (K,O — SiO,) have a eutectic point of about 780 °C, while the
eutectic point of is even lower [40]. This is a reason why agglomerates rich in calcium were
observed. Cardoon is a fuel with a high ash content. Pellets were devolatilized very rapidly
leaving behind the remaining ash in structures similar to the one shown in Figure 4.8.
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Figure 4.8. (a) SEM of Calcium based ash particles remnant of a pellet and (b) SEM of a cross
section of such a formation.

4.4.2. Comparison of O,/steam (TUD) and air gasification tests (CERTH)

1Table 4.4 presents the gasification conditions and the composition of the product gas and tar
concentration acquired from the tests conducted in TUD and CERTH.

As displayed in Table 4.4., the mean hydrogen production is higher at 750 °C than 700
°C, when net cardoon is used as a fuel with O,/steam, corresponding to a raising in H, gas
content from 34.56% to 36.56%. The opposite behavior was observed in the case of cardoon
blend where hydrogen production was reduced from 22.3% to 22.1%. Carbon monoxide (CO)
is another significant product of gasification, along with H,, especially when biofuel
production is intended. H, to CO ratio is used to present the correlation between these gases
in the syngas. At 700 °C, the average ratio is 5.1, while at 750 °C a decreased value that of 4.3
for the experiment conducted in TUD was adopted. We can see that when air was used as
gasification medium, in the experiment conducted in CERTH, the average H,/CO ratio was
significantly lower (0.76 at 750 °C and 0.64 at 800 °C).

CO+H,O0 «<——> H;+CO; (Eq.4-5)
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4.4.2.1. Effect of Temperature on gas composition

When steam is used as a gasification medium the slightly exothermic reaction of water gas
shift (WGS) (Eq.4-5) is enhanced. As a result the content of carbon dioxide is too high in the
syngas. Another reason for such phenomenon is the low operating temperature where a large
proportion of carbon is not converted to the gas phase. Increasing the temperature of the
reactor, the CO, decreases. The increase of temperature slightly affects the production of
methane in both experiments; at 700 °C it is 4.1% while at 750 °C is 4.54% for cardoon fuel
and at 750 °C is 9.9% while at 800 °C is 9.3% for the cardoon blend fuel.

Table 4.4. Experimental data for cardoon and cardoon/giant reed gasification tests

TUD CERTH

Condition 1 2 3 1 2
Fuel Cardoon Cardoon blended 50% w/w/

giant reed 50% w/w
Feeding rate [kg/h] 10.7 7.8
steady state [min] 60 45 60 70
Bed material magnesite Olivine
Gasifier temperature [°C] 700 750 750 800
Gasification medium O,-steam Air
Flow of gasification medium 7.8 7.8 6 6
[mw*/h]
us before fuel feeding 3.1 3.25 1.4 1.8
us before fuel feeding 34 3.7 35 3.7
SBR 1.2 1.2
Equivalence ratio [A or ER] 0.3 0.3 0.3 0.3
Gas Composition [%] Nitrogen free - Nitrogen free
H; 34.56 36.56 o 22.3 22.1
CO; 55.44 50.42 b= 385 34.1
co 6.78 8.5 = 29.3 34.6
CH, 4.1 4.54 'S5 9.9 9.3
H,/CO 5.1 4.3 % 0.76 0.64
Tar content [g/my°] 134.1 122.3 ()] 4.21 2.85
Water content[kg/h ] 4.1 5.9 2.79 2.7
H, in moisture of fuel [kg/h]  0.15 0.15 0.072 0.072
H, in fuel (d.b) [kg/h] 0.57 0.57 0.47 0.47
H, in tar/Incoming H, [%] 1.9 0.6 1.6 0.55
Cintar/ Incoming C [%] 5.3 13 3.1 1.2
C in fly ash/Incoming C[%] 18.7 14.7 15.3 11.9
Fly ash from 2™ cyclone [kg] 1.1 0.8
CCE [%] 64.1 69 75.5 78
LHV [MJ/my?] 5.3 55 3.44 3.69
CGE [%] 67 72.2 59.3 62.3
Product gas [kg/h] 17.2 18 16.24 17.35

As it is observed there is a big difference between the two experiments in the percentage of
H, in gas composition. The concentration in the case of the experiment conducted in TUD is
almost 1.5 times higher than the percentage calculated in CERTH. This is due to the different
gasification mediums used in the two experiments, as the O,/steam flow used in TUD,
enhances the reforming of hydrocarbons (Eg.4-6), resulting in the production of more H..

76



Chapter 4: Attempts to resolve cardoon biomass utilization problems in circulating fluidized bed
gasifiers because of agglomerations

CiHm + nH,O <——> (n+m/2)H, + nCO (Eq.4-6)

Furthermore, the operational conditions highly influence the CCE %, CGE % and LHV of
the product gas. Generally, higher temperature led to a higher gas yield. The effects of
operational parameters on CCE %, CGE % and heating values obtained from the two fuels
gasification are given in Table 4.4. These results are in agreement with those reported by
other researchers [40, 154, 209, 210].

As presented in Table 4.4, the carbon conversion efficiency (CCE) is higher for the
experiment conducted in CERTH. This is owed to the smaller fuel feeding rate on that
experiment, which leads to a better carbon conversion, since the amount of carbon entering
the CERTH gasifier is lower and the two reactors have the same thermal capacity.

On the other hand the LHV of the outlet gas was higher for the experiment conducted in
TUD. The LHV of the product gas is the sum of the LHV of each constituent multiplied by its
mass fraction in syngas (Eq.4-7).

LHV = LHVpXnz + LHVeoXeo + LHVeHaXcra (Eq.4-7)

4.4.2.2. Effect of Temperature on CCE %, CGE % and heating values of product gas

At 750 °C the hydrogen percentage in the outlet gas composition (nitrogen included) is
30.6% for the TUD experiment, while for the CERTH experiment it is almost three times
lower (7.9%). So, with the percentages of CO and CH4 being 7.1%, 3.8% and 10.5%, 3.5%
for the experiments in TUD and CERTH respectively, it is understandable that the LHV of the
outlet gas produced in TUD will be higher compared with that from CERTH.

The gas production was also higher when cardoon was used, reaching a rate of 18 kg/h at
750 °C, compared with a rate of 17.35 kg/h at 800 °C for the cardoon blend. This difference is
also being attributed to the different feeding rate adopteded in the two experiments, resulting
in an increased product yield for the experiment in TUD, where the feeding rate is higher.

4.4.2.3. Agglomeration problems.

In the test carried out with O,/steam using magnesite as bed material, after 2 h of operation
at circa 750 °C, a temperature increase rate of approximately 0.8 °C / min was induced. This
fact led to severe agglomeration few minutes later, when the gasification temperature reached
at 760 °C (Figure 4.9). Once defluidization started, poor bed mixing caused an
inhomogeneous bed temperature profile apart from the significant pressure drop loss. After
that point, fuel was not fed to the gasifier anymore and the oxygen — steam flow was switched
to nitrogen, in order to cool the system without any further reactions.
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Figure 4.9. Typical fluidized bed pressure loss during an externally induced defluidization test
(rising of temperature).

Figure 4.10 illustrates a real photograph of an agglomerated bed material piece which
indicates how severe the effect was. Numerous SEM/EDS (Scan Electron Microscopy /
Energy Dispersive Spectrometry analyses were performed on these collected agglomerates
and cross-sections made by embedding into resin. Some of the most representative and
explanatory SEMs are discussed in the following paragraphs.

A typical SEM of a cluster-like formed during cardoon gasification in magnesite is
presented in Figure 4.11. Cardoon has a very high alkali and silicate ash content that is easily
melted at elevated temperatures of a reacting char particle. This makes the char very adhesive
and prone to capture bed material particles. EDS spot analysis is presented in the
accompanying bar graphs at the marked points. The gluing melt is rich in magnesium,
calcium and silicon. Magnesium as element has high melting point, while MgO — CaO — SiO,
IS a eutectic structure. This phenomenon was also reported elsewhere [158].

Figure 4.10. Photograph of an indicative agglomerate of magnesite joined particles with
cardoon ash.

This particular cardoon sample used for the Oy/steam gasification tests had
significantly high calcium ash content (Table 4.1), as well as high sulfur and chlorine content.

Consequently calcium derived from cardoon’s ash together with the magnesium of the bed
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material, create a fusible structure. On the contrary the ash of giant reed contains a significant
amount of aluminum. When alumina-rich compounds are present, the solid-solid reactions
may result in the formation of alkali-aluminum silicates (K,O-Al,05-Si0O,), which have a
much higher melting temperature [211]. That’s a reason why the blend’s ash had higher
melting points compared to cardoon’s.
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Figure 4.11. (a), (b) SEM/EDS of agglomerates collected after the end of the experiment

4.4.2.4. Effect of Temperature on tar formation/reduction

The measurement of tar was conducted with two different offline methods. The CEN TF
143 system was used in CERTH, whereas the tests in TUD were carried out using Solid Phase
Adsorption (SPA) techniques, which are faster and potentially more flexible as devices. The
tar measurements performed at the O,/steam experiment, were quantitatively analyzed on tar
components and the results are presented in Figure 4.12. In this test, cardoon and O,/steam
were used as feedstock and gasification medium respectively. As observed from Figure 4.12,
at both low and high temperature the two major tar species are phenol and naphthalene. This
observation agreed well with the results reported by other researchers. Meng et al [154]
conducted experiments in an atmospheric circulating fluidized bed gasifier with O,/steam.
The concentration of phenol and naphthalene in the produced gas at 730 °C was 1.5 g/my® and
2.7g/my® respectively with a total tar concentration of ~ 8g/my>. Siedlecki [40] performed a
similar to Meng’s experimental campaign with miscanthus as fuel at 750 °C. The tar levels for
the same temperature were higher (~20 g/my® dry nitrogen free). Phenol and naphthalene

79



Chapter 4: Attempts to resolve cardoon biomass utilization problems in circulating fluidized bed
gasifiers because of agglomerations

content in product gas was 2.5 g/mpand 12 g/my® respectively. The increase of the
gasification temperature enhances the formation of non-oxygenated aromatic at the expense of
phenols. On the contrary, the total amount of tar in the product gas decreases by increasing
the operational temperature. The quality of syngas in the case of O,/steam gasification is
much better than in the tests performed with air as agent (Table 4.4). Generally, using an
O,/steam as gasification medium; yields product gas from which liquid fuels can be
synthesized.

The main reason is the high concentration of H,, in comparison with the usage of air as
medium. Consequently, the syngas derived from air gasification is preferred for heat
generation and electricity production, due to its low heating value [8]. Also the ratio between
H, and CO is higher when O,/steam is used, so the conditions for synthesizing liquid biofuels
are better [156]. On the other hand the major drawback of O,/steam gasification is the high
level of tar. It can be seen that for the same operational temperature at 700 °C the tar
concentration acquired from the O,/steam test was 134.1 g/my® whereas the experiment
carried out with air produced 5.9 g /my°.

Tar Concentration [g/m,?]

Figure 4.12. Tar components from the test conducted in test with O,/steam and magnesite as
bed material

Table 4.5. Tar concentration in both syngas

Tar concentration [g/my’]

Temperature [°C] TUD CERTH
700 134.1 5.9
750 122.3 -
800 - 2.8
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4.5. Concluding remarks

Cardoon constitutes an ideal energy crop for mediterenean climates, as it can bring in
high product plant yields and at the same time is a cheap cultivation since it does not need
high water quantities for irrigation and the fertilizer cost is almost zero. Until now every
scientific work about cardoon that took place was focusem mainly in agronomics for its
cultivation and only a few regarded its utilization through thermochemical processes. In the
present work the gasification of cardoon in a fluidized bed reactor was attempted.

Initially, it was attempted for this fuel to be tested in the reactor which the
experimental campaign presented in Chapter 3 took place. The trial was performed using
olivine as inert material and the oxidizing medium was air. Unfortunately, after half an hour
of experimental procedure and while the process temperature was 780°C los of fluidity was
observed. When the reactor reached an ambient temperature, several agglomerates speciments
were collected, mainly from the riser in which this particular phenomenon was observed. The
SEM/EDS analyses showed that inert material particles were welded with molten inorganic
elements of the fuels ash.

This fuel due to its ashes high content and quality is considered to be prone to
agglomerates emergence. For this reason another trial in odred to address this problem was
attempted. The new experiment was conducted in the experimental unit of Delft University,
which is also a circulating fluidized bed and has many similarities with the bed developed
within this dissertation. The inert material used was magnesite and the oxidizing medium was
O,/steam. Nevertheless, the loss of fluidity was not prevented, since at 760°C and after two
hours of uninterrupted operation the trial was stopped because of this phenonmenon. The
product gas quality until this moment was very satisfactory, with remarkably high hydrogen
percentage. Another negative aspect, except the fluidity loss were the high produced tar
levels. After the cooling of the reactor speciments were collected again in order to perform
SEM/EDS analyses. The images derived from them showed agglomerates rich in K,O — MgO
— SiO,, a compound formation which is particualarly fusible.

In order to solve the agglomerates emergence problem a third trial was conducted.
This one took place in the reactor were the first experiment took place. The main difference
with the other two experiments was the fact that a mixure of cardoon 50% w/w — giant reed
50% w/w was gasified. The giant reed was chosen because it is a plant that thrives in the
mediteterenean countries and at the same time it has a similar to cardoon composition. The
only main difference lies on the fact that its ash is rich in aluminum. The oxidizing medium
was air and the inert material was olivine. The trial lasted five hours and no defluidization
problem was observed until a temperature of 800°C, were the experiment was concluded.

The conclusions that can be derived from this work is that cardoon can be a
satisfactory energy crop for countries with a mediterenean climate, but it cannot be utilized
through thermochemical processes in fluidized bed reactors. For the smooth gasification in
such reactors a mixture of cardoon with another fuel with similar properties is foremost
nessecary.
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The trials with this particular fuel along with the solving of the defluidization problem
during gasification constitute an innovation for the present work. Subsequently, the

experimental campaign during which the catalytic properties of calcined olivine are
investigated is presented.
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5. Comparing calcined and fresh olivine as bed materials for
tar reduction in Fluidized Bed gasification

5.1.Introduction

The thermochemical processing of biomass through gasification is considered an
interesting technology for the sustainable energy production, which can decrease our current
dependence from fossil fuels and reduce carbon emissions [212]. In high temperature (>700
°C) biomass gasification, solid biomass is converted into a combustible mixture of gases using
several gasifying agents such as air, pure O, (autothermal operation) and steam (allothermal
operation). Gasification can be integrated in a flexible way with the end use of the produced
gas, either as synthesis gas (syngas) that may be combusted directly for heat or power
generation, while it can also be used to produce 2™ generation biofuels or chemicals (e.g
alcohols) [156].

There are several designs of small and large scale gasifiers (fixed bed, fluidized bed,
entrained flow) compatible with diverse biomass feedstocks. Those based on fluidized bed
reactor systems offer several advantages, e.g. near isothermal operation, with upper operating
temperatures for biomass gasification of 850 °C — 900 °C, in order to avoid ash sintering and
thus bed particles agglomeration that defluidizes the system [78]. Fluidized bed gasifiers can
be scaled up and handle diverse composition and textures of inputs with considerable
confidence in comparison to all other gasification techniques. Hot or cold reacting spots are
avoided as fluidized beds provide high rates of heat and mass transfer and a good mixing of
the solid phase inventory of the reactor [213]. Moreover, circulating fluidized bed gasifiers
(CFBG) operate with even higher superficial velocities that allow smaller footprints, while the
entrained material (inventory and unreacted char) is recycled back to the fluidized bed to
further proceed with its carbon conversion [214].

Gasification produces not only useful fuel gases but also some unwanted by-products
among which tars are recognized as the most problematic [215]. Tars are a complex range of
oxygenated organic constituents that are produced by the partial reaction of the biomass.
Such materials reside in the hot gas stream as vaporized material or as persistent aerosols, but
typically condense at cooler temperatures. Tars include a variety of oxygenated aromatics,
formed in the pyrolysis step of the gasification process. Tars condense on cool components
downstream from the gasifier, resulting in plugging and fouling of pipes, tubes, and other
equipment. In temperature regions above about 400 °C, the tars can undergo subsequent
dehydration reactions to form solid char and coke that further plugs systems. In case the
product gas needs to be compressed to be fed to the operating pressures of industrial gas
turbines it has to be cooled first. This means that the product gas needs to be cleaned from tar
aerosols, because these would cause failure of the compressor. Until today the only fully
operational Biomass fuelled Integrated Gasification Combined Cycle is that in Virnamo,
Sweden which operated at elevated pressures [216]. The condensation of tar compounds in
the product gas can also cause problems to the rest of the gas cleaning. For example
particulate removal problems might arise from the existence of liquid tars that clog gas
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filtration systems. Fluidised bed gasifiers exhibit tar concentrations in the range of 1 - 15
gNm™[13]. Tars are larger organic compounds that derive from the pyrolysis step of biomass
as well as secondary products from the organic pyrolysis products. These compounds are
persistent to follow their breakdown into smaller molecules.

Several approaches for reducing tars in an economical fashion have been under study.
These include various bed materials, active for tar reduction within the fluidized bed
gasification processes (such as dolomite, olivine, char, etc)[168]. Olivine and dolomite were
used as bed inventories by Corella et al [170]who performed experiments in two different
fluidized beds gasifiers showing that dolomite was more active in tar reduction than olivine.
Nevertheless, domolite is a material prone to ellutriation, and also generates more NHs. Rauch
et al [174, 217] conducted large scale steam gasification tests at the CHP plant Giissing,
where they compared different types of olivine to silica sand, and proving olivine’s catalytic
activity for tar reduction and on the other hand its attrition resistance. The increased tar
reduction properties of iron impregnated olivine have been investigated by Virginie et al [108,
173] in a lab — scale allothermal, fluidized bed gasifier showing that apart from promoting the
reforming of tars, it also acted as an oxygen carrier between combustion and gasification
regions of the system.

Ni doped olivine catalysts for improved steam driven tar reforming were examined in
fixed bed tests by Swierczynski et al[109].However, the production of Ni impregnated
materials is still of high cost [9], so cheaper potential methods of preparation of enhanced
materials, such as the calcination of olivine, have been proposed: Devi et al[42]proved in a
series of lab — scale experiments the differentiation of tar reduction performance between
calcined and non-treated olivine. Starting from that point, in this work larger scale air
gasification tests of more than 10 h steady state operation were conducted in a pilot scale 100
kW thermal atmospheric circulating fluidized bed (CFB) within a range of temperatures
750°C- 850°C using un-treated olivine, calcined olivine and quartz, in order to investigate the
effect of olivine calcination in syngas productivity and tar reduction. In addition, several
analyses including TPR were conducted in order to correlate olivine’s changes after
calcination.

5.2. Experimental Procedure

5.2.1. Fuels

Sunflower hulls from the biodiesel production activities of the Greek company
PAVLOS N. PETTAS S.A. and willow from the pilot scale plantation activities of the
Department of Plant Breeding and Seed Production of University of Warmia and Mazury in
Olsztyn, Poland, were used as the feedstock (biomass) of the gasification experiments. These
two materials represent either the use of a waste residue of a biorefinery and a cleaner
lignocellulosic material. Both fuels had to be pelletized to achieve their trouble free feeding
into the reactor.
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Proximate (ASTM E871, D1 102-84) and ultimate (ASTM D3176-93, D3177-33)
analyses of the two biomasses were performed and are presented in Table 5.1. The ash
composition of each fuel was determined via X-ray Fluorescence and is presented in Table
5.2. For this purpose, ash biomass from each feedstock was produced at a high temperature
oven at 500 °C, where each sample remained for 3 h.

Table 5.1. Proximate and Ultimate analysis

Fuel Sunflower Willow
Moisture (wt.% a.r.) 8.1 8.2
Proximate Analysis (wt.%, d.b.)
Volatile matters 78.95 83.31
Fixed carbon 11.42 14.3
Ash content 9.63 2.39
Ultimate Analysis (wt.%, d.b.)

C 46.0 48.6

H 6.00 6.63

O 37.3 39.3

N 0.87 3.00

S 0.00 0.00

Cl 0.19 0.06

LHV (MJ/kg) 17.00 18.9

Table 5.2. Elements of ash in dry biomass

Analysis of inorganics (%owt. d.b.)

Sunflower Willow
Al 0.16 0.07
Ca 0.74 0.39
Fe 0.01 0.01
P 0.35 0.02
K 0.53 0.02
Mg 0.89 0.06
Na 0.03 0.00
Si 0.25 0.25
S 0.18 0.02

5.2.2. Preparation of calcined olivine

The olivine used in this work came from Turkey ( Eryas Mining GmbH). The extent of
calcination was examined versus the duration of heat treatment: 100 g of fresh olivine was
placed in a high temperature lab-furnace for 3 h at 1200 oC. The sample was then extracted
from the oven, cooled and weighed. This procedure was repeated for 6 and 9 h duration.
Table 5.3 presents the increasing weight loss (probably in the form of CO2). A 6 h calcination
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was chosen for the pretreatment of the bed material: 7.9 kg of the olivine were calcined so
that at least 7 kg remained.

Table 5.3. Weight loss during olivine calicination

Calculation duration [h] weight loss[%0]
3 10.5
6 111
9 11.3

5.2.3. Characterization of bed materials

5.2.3.1. Atrittion test

Olivine’s mechanical resistance is reported to be improved by calcination at 1200 °C
[173]. In this work, attrition resistance tests were carried out in a Deval attrition test
equipment. This equipment is used for testing the abrasion resistance of aggregates. It consists
of a rotating frame to support two steel cylinders equipped with covers and locking
device. These cylinders are mounted on a shaft at an angle of 360 degrees with the axis of
rotations of shaft. The shaft rotates at 30 — 33 rpm through a reduction gear operated by a
motor. 100 g of each of the fresh olivine and the calcined material were subjected to particle
size distribution analysis before and after a 30 min attrition test.

5.2.3.2.XRD analysis

X-ray diffraction was conducted to obtain structural information about the crystallinity of
both fresh and calcined olivine. The analysis was carried out in a a Bruker D8 Advance
diffractometer equipped with a Braun position sensitive detector (88). XRD patterns were
obtained between 20 and 908 2-Q using Cu Kal radiation (1.5406 nm) at 40 kV and 50 mA.
The scanning range was 3 — 120° with a step size of 0.0161°.

5.2.3.3.TPR analysis

Temperature programmed reduction (TPR) was conducted on a sample loading of 200 mg
in a quartz fixed bed reactor coupled with MS apparatus. During reduction, a gas stream of
5% hydrogen in helium run through ther sample with a flow of 35 cc/min. The temperature
was programmed to start from ambient temperature and ramp to 900 °C at a rate of 10 °C/min,
then remained steady for 30 minutes. The influent and effluent gases were analyzed using
MS. TPR was also conducted for used samples (untreated and calcined olivine after their
utilization gasification experiments), but in this case the samples were subjected to an initial
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pretreatement with a 50 cc/min flow of 5 % oxygen in helium. This treatment included

preheat up to 600 °C (with a rate of 5 °C/min), then held for 1 h at this temperature. This way

any unreacted char contained within the used bed material was oxidized and was not present

during the TPR step, allowing the observation of the interaction of H2 with the inorganic bed
inventory.

5.2.3.4.SEM/EDS analysis

Changes in bed material microstructure were examined by means of Scanning Electron
Microscopy (SEM, 6300 JEOL). The chemical composition of selected areas of particles of
bed materials was determined via Energy Dispersive X-Ray Spectroscopy, using an
automated analysis system installed in the SEM instrument.

5.2.4. Description of the pilot plant

The experimental facility in which the tests took place is consisted of the circulating
fluidized bed reactor, the heat exchanger for the cooling of the produced gas and the analysis
equipement for gas sampling. Bellow follows a concise description of the pilot unit.

The circulating fluidized bed gasifier is an atmospheric pressure, air-blown reactor
with a thermal input of 100 kWth. Technical details of this facility are available in previous
publications [209]. The schematic diagram of the pilot plant is illustrated in Figure 5.1 and its
main characteristics are: the length of the riser is 6.2 m, its inner diameter is 78 mm and the
inner diameter of the downcomer is 70 mm. The feeding system is able to supply fuel at a
maximum rate of 20 kg/h. Gasification temperature is controlled by radiative electrical
resistors which provide external heating. Table 5 shows the biomass feeding rate and the air
flow, which enters the riser and the second silo. A type-L valve induces nitrogen to facilitate
recirculation of solid material (Figure 5.1). A multi-component gas detector (ABB A02000)
is used for analyzing the product gas. Carbon monoxide (CO), methane (CH,4) and carbon
dioxide (CO,) were evaluated using IR spectroscopy, at ranges of 0-25 %v/v, 0-15 %v/v and
0-25 %v/v respectively. Hydrogen (H2) measurement involves a thermal conductivity detector
with a range of 0-15 %v/v. Oxygen (O,) is estimated by a paramagnetic sensor with a range of
0-25 %v/v. In addition, the measurement equipment consists of three (3) mass flow
controllers, eleven (11) K-type thermocouples, nine (9) absolute pressure transducers and
weighing devices. Temperature, pressure, mass flow and gas composition data, are
continuously logged into a computer.

In this experimental campaign the tar sampling set — up was equally important and for
this reason its operation principal along with the components that consist it are presented.
Subsequently, the varimetric analysis which takes place after tar sampling is described. Its
goal is the measurement of tar concentration. An off-line method for tar sampling and
analysis based on the European Tar Protocol [209] was used. This method has been
developed within the EU project ENK5 CT 2002-80648 [218]. The whole procedure requires
gas preconditioning, particle filtering, tar collection and volume metering. Gas
preconditioning involves a sampling temperature of 300-350 °C, so electrical heating of the
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sampling line is necessary. The main purpose of this step is to prevent condensation of water
vapor and other condensable gases (Figure 5.1).
Particle filtering was carried out by means of a filter made of quartz wool followed by
a small cyclone. Six (6) impinger bottles were used for tar collection and isopropanol as tar
solvent. To achieve sufficient cooling, the last three bottles were immersed in a bath
containing ice and salt with a 3:1 ratio. A VOC sampler was also used to capture residual
solvents, which penetrate the impinger train. In addition, a volume flow meter indicated the
volume of gas adsorbed by the pump during tar sampling. Finally, the tar content was
determined gravimetrically and a rotary evaporator was used to evaporate isopropanol and
some lighter hydrocarbons in a flask containing 50 ml of each sample. A temperature of 32
oC was applied for 4 hours.
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Figure 5.1. A schematic of the CFB pilot plant

The method of gravimetric analysis was used to measure the tars collected during
sampling at different conditions. It relies on trusted and proven methods for the gravimetric
determination of organic compounds. The equipment includes a Soxhlet device, a rotary
evaporator with a pressure indicator and a dryer, as well as a weighing device with an
accuracy of 0.1 mg. A soxhlet fume hood is a device designed to extract compounds of low
solubility from the solvent. In this case, the solvent evaporates and is separated from tar
compounds. A flask made of glass contains the sample and is supported by the rotary
evaporator. Heating is conducted by resistors and the temperature is set to 32 °C. This
temperature is adequate to evaporate the solvent, while the rotational movement of the flask
helps the solvent to escape from it. The solvent is then condensed due to heat transfer with a
condenser and is collected to a flask through a system of tubes. As a result, isopropanol
evaporates completely and only organic compounds with a boiling point higher than 60 °C
remain inside the sample flask. Finally, the amount of tars in the sample is determined by
comparing the final weight of the flask after evaporation to its initial one.
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5.3. Results and Discussion

5.3.1. Biomass gasification tests results

Several gasification trials have been conducted in the pilot plant gasifier to analyze the
effect of the operating temperature (750 °C and 800 °C) while using different bed materials.
Calcined olivine was used as bed material in this campaign and its activity was compared to
that of untreated olivine. Reference tests with quartz sand were also performed for
comparison reasons. Table.5.4 presents a summary of the main experimental conditions and
results obtained.

As observed from Table 5.4, after biomass feeding, there is an increase in superficial
velocity (us). This is due to the transport of fluidization mode from bubbling regime to that of
the fast fluidization. Also in this table there is the carbon and hydrogen content in tar. These
were estimated by an assumption that the formula of aromatic hydrocarbons is C,H,, the
percentages of hydrogen and carbon inlets which mitigate to tar

The installation operated for 15 - 17 h in each test for the two fuels used (sunflower,
willow). Solid samples were collected from the gasifier after the end of the tests in order to
evaluate changes in properties of the bed materials along the continuous operation. These
samples were characterized by SEM/EDS and compared to the compared to the original bed
invntory.

Temperature is an important variable regarding gasification. In this study, several
experiments were carried out at two different temperatures (750 °C and 800 °C) using olivine,
calcined olivine and quartz as bed materials. The bed inventory affects both the gas
composition and tar yield. In order to present comparable data, composition was calculated in
a nitrogen free basis. As shown in Table.5.4, mean hydrogen production is higher at 800 °C
than 750 °C in all cases, while the highest production occurs when sunflower is used as fuel
and calcined olivine as bed material. In this case, hydrogen in the product gas is 29.2%,
compared with 27.1 % H, percentage when using willow, under the same conditions
concerning bed material and mean gasification temperature.

When untreated olivine and quartz are used lower H, concentrations are measured.
Particularly, hydrogen concentration for suflower and willow with untreated olivine at 800 °C
IS 28.6% and 25.5% respectively whereas with quartz is 27.1 % and 22.4 % at the same
temperature. The high H, content in syngas obtained with calcined olivine is attributed to its
catalytic activity on decomposition of tar [108, 109, 161, 168, 173, 174, 217].

The most important effect of the bed inventory is related to the tar content. For a given
bed material, the increase of gasification temperature leads to decreased concentration of tars.
It is observed that the use of olivine produces a significant mitigation in the amount of the tar
compared to quartz, as a consequence of its catalytic activity.

This phenomenon is in symphony with other published works [108, 109, 161, 162,
168, 169, 171, 173, 219]. Nevertheless, tar reduction was most notable in the presence of
calcined olivine, as compared to just olivine. It can be seen that the tar reduction for
sunflower using calcined olivine at 750 °C is 40% in comparison with the case of untreated
olivine and 48% as compared to the quartz use respectively.
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The variation of tar for willow gasification using calcined olivine at 750 °C is 39% in
comparison with olivine and 53% compared to quartz. In addition, the increase in gasification
temperature from 750 °C to 800 °C contributes to the enhancement of the tars removal using
calcined olivine. Figure 5.2 shows tar content is the product gas.

Together with H,, Carbon monoxide (CO) is another significant product of
gasification, especially when biofuel production is intended. H, to CO ratio is used to present
the correlation between these gases in the product gas. At 750 °C, the average ratio for
sunflower is 0.9 (olivine), 0.95 (calcined olivine), 0.79 (quartz), while for willow is 0.77
(olivine), 0.78 (calcined olivine) and 0.68 (quartz). At 800 °C, H,/CO decreases for sunflower
to 0.86 (olivine), 0.88 (calcined olivine), 0.79 (quartz), and similarly for willow to 0.72
(olivine), 0.8 (calcined olivine) and 0.6 (quartz). These results are in agreement with those
reported by other researchers [41, 210]. Both types of olivines tend to decrease CH4 contents
with respect to the use of quartz.
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Figure 5.2. The tar levels at the exit of the reactor during gasification at 750 °C and 800 °C
versus the bed material

It is obvious from Table 5.4 that there is a different in superficial velocity during
gasification process. The variation of this value plays an important role on carbon conversion.
At high velocities, an increase of the product gas is achieved and subsequently a rising of the
char carryover to the exit of the reactor. Consequently the methane is a combination of the
amount of the syngas and the bed material. Olivine has a dual role, on the one hand at 300 —
350 °C promotes the de-polymerization of lignocellulosic structures [220] while on the other
hand it enhances the reforming of tar. Methane is mainly produced by pyrolysis step and in
the case of willow’s methane obviates to react with olivine. This is the reason why willow
gasification trials product more methane compared to sunflower’s. Figure 5.3 presents
hydrogen and methane content in the syngas and the H, percentage in tars derived from both
feedstocks gasification.
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Test A B C D E F
Condition 1 2 3 4 5 6 7 8 9 10 11 12
Fuel Sunflower Sunflower Sunflower Willow Willow Willow

Bed material Olivine Cal.olivine Quartz Olivine Cal.olivine Quartz
Feeding rate [kg/h] 6.8 6.8 6.8 8.0 8.0 8.0
Incoming ash [kg/h] 0.63 0.63 0.63 0.19 0.19 0.19

steady state [h] 8 7 6 6 6 6 7 7 7 7 6 8
Gasifier temperature [°C] 750 800 750 800 750 800 750 800 750 800 750 800
Gasification medium air air air air air air

Air flow [m/h] 7.8 7.8 7.8 7.8 7.8 7.8 11.22 11.22 11.22 11.22 11.22 11.22
us before fuel feeding 11 15 11 15 11 1.5 1.64 2.15 1.64 2.15 1.64 2.15
us after fuel feeding 3.2 35 3.3 3.8 3.6 4.3 4.0 4.6 3.7 4.4 3.8 4.3
Equivalence ratio [A or ER] 0.3 0.3 0.3 0.3 0.3 0.3

Gas composition[vol.%yg ] Nitrogen Free

H, 26.8 28.6 28.2 29.2 25.0 27.1 23.6 255 23.7 27.1 218 234
CO, 35.1 29.9 359 315 34.2 29.8 348 30.3 36.6 314 36.0 35.2
(6{0) 29.4 33.1 29.8 33.2 314 34.0 29.5 35.1 304 33.7 317 33.7
CH, 8.6 8.2 6.2 6.2 9.4 8.4 8.5 7.8 8.7 7.7 7.8 7.7
Tar content [g/my’] 9.5 2.6 5.7 1.9 10.8 4.7 5.3 2.2 3.3 1.75 6.8 3
H, in moisture of fuel [kg/h] 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
H, in fuel (d.b) [ka/h] 0.32 0.32 0.32 0.32 0.32 0.32 0.36 0.36 0.36 0.36 0.36 0.36
H, in tar/Incoming H, [%] 2.7 0.6 1.6 0.39 2.9 1.3 1.6 0.75 0.93 0.59 1.7 0.85
Cintar/ Incoming C [%] 4.8 1.1 29 0.7 5.1 2.2 24 1.08 13 0.79 2.53 1.3
C in fly ash/Incoming C [%] 14.7 10.3 10.1 8.3 15 8.7 14.3 8.5 12.3 6.9 3.3 25
Fly ash from 2™ cyclone[ kg] 1.65 1.45 2.53 1.35 0.92 1.82

CCE [%0] 80.1 88.5 815 88.2 67.2 72.3 78 83 79 86 78 84
LHV [MI/my?] 3.65 4.2 3.8 4.3 3.4 3.5 3.3 3.7 3.4 3.9 3.2 3.7
CGE [%] 70 86 76.5 87.1 50 60 74.6 86.5 75.2 87.3 62 69
Product gas [my*/h] 14.87 15.61 15.98 14.34 13.86 14.34 18.57 19.28 18.72 19.6 16.59 16.74
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H, and CH, from sunflower gasification
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Figure 5.3. H, and CH,4 contain in the syngas and H, percentage in tars from gasification
with: (a) sunflower, (b) willow

As observed from Table.5.4 the production of CO; is enhanced with olivines, especially in the
case of calcined olivine sample. This is due to the fact that iron species are proposed to be active
for the slightly exothermic reaction of Water Gas Shift (Eq.5.1). Figure 5.4 presents the
experimental reaction rate constan t to WGS equilibrium for sumflower gasification tests. As
shown in this diagram olivine and calcined olivine enhance the Water Gas Shift reaction.

CO+H,O0 <——>CO0O;+Hy0
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Figure 5.4. Experimental reaction rate constant to WGS equilibrium (K/Keq) for sunflower
gasification test with olivine, calcined olvine and quartz

5.3.2. Bed materials characterization

5.3.2.1. Atrittion test

Figure 5.5 illustrates the result of the attrition test. A decrease in the mechanical strength of
olivine after the process of calcinations was observed. This phenomenon agrees with
Brown’s [221] observations, who investigated the attrition behaviour of oxygen — carriers
under inert and reacting conditions. Lab-scale experiments with particles of hematite and
magnetite were conducted. Both of them are iron oxide phases, also found in olivine. He
concluded that these two materials tend to increase their porosity under oxidizing conditions,

resulting in a more fragile material. In addition, an increase in the number of cracks was
observed.
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Figure 5.5. The Particle size distribution of fresh and calcined olivine before and after
attrition test
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5.3.2.2. XRD analysis

XRD of non calcined olivine (Figure 5.6. XRD patterns of fresh and calcined olivine
samples before gasification.) shows that the main crystalline phase is that of forsterite
(MgSiOs3). Additionally, other crystalline phases observed are the magnesioferrite
(Mg(Fes"),04) at 30° the iron oxide (FeO) at 42° and the maghemite 35.5°. For treated
olivine the main phase (forsterite) is similar to that of non calcined material. The essential
difference between the two bed inventories is the composition of the secondary phase. After
calcination at 1200 °C enstatite appears in place of forsterite (diffraction lines at the same
positions but with different relative intensity).

@ : Forsterite [Mg,S10,)
. & : Magnesioferrite (Mg{Fe *),0,)
A : Iron oxide (FeD)
@ : Maghemite{Fe,0,)
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Intensity (a.u)
L

L
J\MIUIJ‘«}tuuU

27 29

untreated oliving
L

]
| ¢ calcingd olivine
37 30 41

3 35

3 3 §
Angle 26

Figure 5.6. XRD patterns of fresh and calcined olivine samples before gasification.

5.3.2.3. TPR analysis

5.3.2.3.1. The effect of olivine calcination

The results from TPR analyses are presented in Figures 5.7— 5.10 and are in agreement
with the literature [222]. In the case of the bed material from Turkey, the calcined olivine
sample (Figure 5.7(a) presents a broad peak at ~400 — 800 oC, which is attributed to the
reduction of the surface iron oxides a and y Fe203 (a phase known as hematite and y phase
known as maghemite) in two stages: 3Fe203 — 2Fe304 — 6Fe. In contrast to the calcined
olivine, the fresh olivine sample (Figure 5.7(a)) exhibits a double peak with maximum
temperatures at 660 and 695°C, which is more narrow than the calcined sample [223] . In this
case iron oxides seem to be no longer present on the surface of olivine, but inside the grain,
within the structure of the olivine (Mg, Fe) 2SiO4 [217]. The high consumption of H; in the
case of calcined olivine is noteworthy (1.23 mmol H, / g catalyst) and probably related with
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the presence of surface iron oxides. On the other hand, the H, consumption for fresh olivine
was significantly lower as shown in Table 5.6.

Thereafter, additional TPR analyses were performed for used bed materials (after 15 h
gasification tests) without a treatment of the studied samples. As obvious in Figure 5.8 (b)
the peak observed for the untreated olivine shifted towards lower temperatures (600°C),
while a remarkable positive peak (hydrogen desorption) is noticed at higher temperatures. In
addition CO,, CO and H,0 detection indicates the oxidation of deposited char on the catalyst
during gasification. In the case of reacted calcined olivine (Figure 5.7(b)) a similar shift of
the peak but to higher temperatures (from 550 to 660°C), accompanied again by CO,, CO
and H,O emissions. At the same time, for both used olivine samples (calcined and fresh) a
decrease at H, consumption (Table 5.5) was observed during reduction process, tentatively
attributed to coke formed during the gasification process. Thus, it was decided to repeat the
TPR analysis after submitting the studied samples to a treatment before the reduction
procedure (see experimental section) of iron oxides from surface species to species in the
bulk phase. The appearance of a shoulder at much higher temperatures (~850 °C) is worth
mentioning, tentatively related to the creation of a new phase, probably a mixed oxide or
spinel, due to the treatment process (preheat up to 600°C) of the usd, calcined olivine sample.

Table 5.5. Amount of H, consumed mmol / g of catalyst for the samples that were analysed
with TPR-H, (without pretreatment of samples studied)

Sample mmol of H, consumed/ g catalyst
Fresh olivine 0.91
Fresh used olivine 0.89
Calcined olivine 1.23
Calcined used olivine 0.44

As shown in Figure 5.7 (c), in the case of the used calcined sample, the process of
treatment leads as previously to a displacement of the reduction peak at higher temperature
(from 550 to 660°C) in comparison with the calcined olivine not submitted to the
pretreatment procedure (Figure 5.7 (a)). This shift might be due to the change in iron phase
and presence of different iron species at the outer surface. The appearance of a shoulder at
much higher temperatures (~850 °C) is worth mentioning, and is tentatively related to the
creation of a new phase, probably a mixed oxide or spinel, due to the pretreatment process
(preheat up to600 °C) of the used, calcined olivine sample.
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Figure 5.7. TPR analysis profiles for calcined olivine sample: (a) calcined olivine at 1200°C,
(b) calcined olivine after gasification reaction (used sample) and (c) used calcined olivine
sample with treatment.

This phenomenon is not observed in the case of the used as received olivine sample

(Figure 5.8(c)), when submitting this sample to the treatment process before the TPR
analysis. Only a displacement of the reduction peak from 600 °C (Figure 5.8b)) to 670 °C is
observed, due to movement of iron oxides in the bulk phase.
According to biomass gasification tests results previously described, the bed material which
exhibits the optimum results for tar reduction and gas production (H,, CO, CO,) was the
calcined olivine. Both calcination and treatment processes, seem to lead to the creation of a
mixed oxide or spinel at high temperatures, a fact that was not observed for the fresh olivine
sample. Increased tar reduction in the presence of calcined olivine is probably realated with
the formation of this spinel phase. Additionally, the lower reduction temperatures observed
suggests that more surface iron oxides are present in the former sample.
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H:2 flow (a.u.)

Figure 5.8. TPR analysis profiles for fresh olivine sample: (a) fresh olivine as received, (b)
fresh olivine after gasification reaction (used sample) and (c) used fresh olivine sample with
treatment.

5.3.2.3.2 Effect of biomass gasification feedstock
As a second step, TPR analyses were performed in two types of used olivine samples,
which were derived from different biomass gasification feedstock: sunflower and willow. In
all cases a treatment step was carried out before initiating the TPR test.
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Figure 5.9. TPR results of (a) used olivine and (b) used calcined olivine at 1200°C (biomass
gasification feedstock: sunflower).

Starting with the case of sunflower gasification the reduction profile observed for
both olivines (used samples of fresh and calcined olivine) are presented in Figure 5.9.
Specifically, the used sunflower (Figure 5.9(a)) exhibited a narrow and symmetrical shape,
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presenting a reduction temperature around 640°C. Two shoulders were additionally observed
at 500°C and 800°C, assigned as follows: The reduction at low temperature may relate to the
reduction of a-Fe,O5 to Fe;O, followed by the reduction step of FesO4 to FeO and Fe®,
around 640°C [222]. On the other hand, the shoulder at high temperature (800°C) could be
attributed to the reduction of iron phases not easily reducible, even at gasification conditions
[42, 222]; a fact probably related to the formation of a mixed oxide or spinel. As for the
calcined olivine after the gasification of sunflower feedstock (Figure 5.9(b)), the sample
presence a wide, double curve with peaks at 650 — 720 °C, tentatively attributed to the
presence of iron oxides in the structure of olivine [224].

Moreover, concerning the samples derived from willowgasification, the used calcined
olivine (Figure 5.10 b) presented comparable results with the so far calcined olivines, i.e. a
wide curve with two peaks with maximum temperatures between 550 and 700 °C, due to the
reduction of iron oxides in olivine's structure [161]. On the other hand, the used willow
(Figure 5.10 a) shows a wide reduction curve with peaks at three temperatures (565, 630 and
680 °C) and a shoulder at 800 °C. This un-treated olivine presents a non-standard curve
probably due to biomass feedstock, which seems to affect the phases that are formed in
olivine surface.

(b)

(@

H: flow (a.u.)

Temperature (°C)

Figure 5.10. TPR results of (a) used olivine and (b) used calcined olivine at 1200°C (biomass
gasification feedstock: willow).

Probably both biomass feedstocks (sunflower and willow) affect the phases of iron
oxide that is formed in fresh olivine’s surface. In addition, formation of mixed oxide/spinel is
observed at high temperatures for these samples. This was not the case for the calcined
olivine, where no significant effect of biomass feedstocks was observed during TPR analysis,
suggesting a more stable material. This probably explains why calcined olivine gives better
results for tar reduction (Figure 5.7) and gas production.
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5.3.2.4. SEM/EDS analysis

EDS analyses were firstly conducted on non-used bed materials in order to determine
their original composition Figure 5.11) SEM/EDS analyses in cross-sections of the quartz
particles proved that in this material there is no ash elements mitigating inside the original
particles after the 15 h tests of biomass gasification tests. On the other hand, it was observed
that the composition of olivine cross-sections changed during the gasification process,
especially in the case of the calcined sample. Potassium mitigated from the surface of the
particle towards the center of olivine particles (both untreated and calcined). Potentially
cracks on the particles surface further assisted this mitigation.

These structures can be seen in the SEM pictures of Figure 5.12. SEM examination
also indicated the formation of small agglomerates between quartz particles and calcium
contained in ash. Meanwhile, a calcium layer was formed around the quartz bed inventory.
This formation of calcium layers was far more evident in the case of gasifying sunflower,
which can be attributed to the higher calcium content in the sunflower fuel ash [225]. The
observed formation of small agglomerates was also favoured with this fuel due to its higher
concentrations of silicon, potassium and calcium, and the fact that high alkali and silicate ash
can melt at elevated temperatures and capture bed material grains[78].
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Figure 5.11. The composition of fresh bed inventories

99



Chapter 5: Comparing calcined and fresh olivine as bed materials for tar reduction in Fluidized Bed
gasification

(a) non-calcined olivine (b) calcined olivine

Figure 5.12. SEM of fresh bed inventories in which are observed crack inside their structure.

Figure 5.13 and 14 show SEM/EDS analyses of particles from the sunflower and
willow gasification experiments respectively. It can be deducted that the olivine composition
changed during the experiment, especially that of the pre-calcined material. Potassium
mitigated inside the olivine (untreated and calcined) particles (Figure 5.13a). The effect is
not so strong in the case of willow ash (Figure 5.14a). Cracks on particles contributed to this
mitigation. The quartz SEM/EDS analyses indicate the formation of small agglomerates
between quartz particles and calcium contained in ash (Figure 5.13b). These small
agglomerates were favored due to high concentrations of silicon, potassium and calcium in
sunflower ash [40]. This was not apparent in the case of willow (Figure 5.14b). In larger
particles a calcium layer was formed around their external surface. Formation of calcium
layers was far more clear in the case of sunflower, which can be attributed to the higher
calcium content in the fuel [209] (Figure 5.13c compared to Figure 5.14c.).
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Figure 5.13. The mitigation of inorganic constituents from sunflower ash inside and around the bed
material particles
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Figure 5.14. The mitigation of inorganic constituents inside and around the bed material
particles

5.4. Concluding remarks

The utilization of biomass through the thermochemical process of gasification is
considered a very promising application. Nevertheless the main drawback of biomass
gasification is the high tar concentration levels. Because of this problem giomass gasification
has not wet been widely commercialized like biomass combustion.

During this experimental campaign trials with two different fuels previously used in
other campaigns were conducted. Willow was chosen as a fuel which does not produce high
tar concentrations during its gasification, along with sunflower residues as the fuel with the
highest tar concentration in its procuced gas when a trial with silica sand as inert material
was conducted. The present experimental work is constituted by six ten — hour trials
respectively. Every fuel was gasified with three different inert materials: silica sand, olivine
and calcined olivine. The oxidizing medium for all of them was the same, air.
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Every gasification experiment took place in the circulating fluidized bed reactor developed
during the present PhD dissertation.

Devi’s doctoral dissertation [42] was an inspiration for the investigation of olivines
catalytic properties regarding tar reduction. This scientist conducted experiments in a small
scale bubbling fluidized bed. The bed material was calcined olivine. Inside the bed, aromatic
hydrocarbons (naphthalene, tolouene, benzene) entered, which when they came into contact
with the calcined olivine were disintergrated in smaller carbon chains. Something similar,
but in real gasification trials in a pilot scale reactor, was attempted during this experimental
campaign.

Calcined olivine was created by the natural mineral called olivine, which was put into
a high temperature furnace. During the creation procedure of calcined olivine, the affect of
the temperature and calcination time was investigated, along with the consequences in its
particles mechanical properties. For this reason a fatigue test was performed for both the
calcined olivine particles and natural olivine in order to ascertain how the resistance of this
material particles regarding mechanical wear is altered. These trials showed that calcined
olivine resistance is only shlightly reduced compared to the initial material.

Defluidization was not observed in any trial. The results that came oute were very
positive regarding the catalytic properties of calcined olivine. The higher tar percentages for
both fuels were presented when silica sand was used as an inert material. The smaller
concentration was presenter for calcined olivine. In the case of sunflower residues with
calcined olivine the reduction of the tar levels reached up to 90% compared to the levels
measured when this particular fuel was gasified with silica sand as inert material.

After the completion of the experimental trials speciments from the riser, the L —
valve and the lower part of the second cuclone were collected. For these speciments a series
of various analyses was performed for their characterization. In particular, TPR and
SEM/EDS analyses were performed. The photographs collected from the SEM/EDS
analyses, showed that the transport phenomenon of ash inorganic elements is considerably
increased compared to the transport observed in natural olivine during the experimental
campaign of Chapter 3. This is attributed to the fact that the cracks inside the particles after
the thermal process of calcination are highly multiplied. The TPR analyses showed that for
the catalytic behavior of calcined olivine the fact that after calcination iron oxydes are highly
multiplied is responsible.

For the fullness of the study, XRD analyses for the calcined and natural olivine were
performed before they were used as inert materials. The results derived from them showed a
great change in the crystal field after the calcination process. The experimental conclusions
from this campaign are very promising, since tar reduction came in a pilot scale unit and
calcined olivine can be produced in very financially efficient ways.
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6. Modelling of an integrated gasification decentralized
power plant

6.1. Introduction

In the previous chapters of the present dissertation, several gasification tests of
various biomass types were carried out in a pilot-scale circulating fluidized bed reactor. The
results of these experiments indicated that the quality of the syngas from the gasification of
agricultural residues had many similarities to the gas produced from the gasification of
woody biomass (willow). Therefore, these biomass feedstocks could be potentially used as
alternative fuels in small decentralized power generation systems. Olive kernel could
possibly be such a fuel, since the greek countryside is rich in these type of agroresidue due to
the vast olive tree crops. Greece as a Mediterranean country has significant tradition in the
production of olive oil, however the by-products after oil extraction are not fully exploited.

Decentralized power production with integrated gasification technologies Such
decentralized systems could be small gasification power plants. This technology is could be
considered as an alternative proposal that could replace old conventional systems for the
replacement of old, conventional systems [226]. Nevertheless, one of the most important
problems concerning the gasification of biomass is the high tar concentration in the syngas
produced. This is one of the reasons that the process has not been widely commercially
accepted yet. In this dissertation, this issue has been extensively studied by investigating the
catalytic properties of three different bed materials in terms of tar elimination.

In the present chapter, a thermodynamic model of a small decentralized gasification
power plant that was developed through the ASPENplus commercial software is presented.
The examined scenario concerns a 5 MWy, unit. After its cleaning, the produced syngas
enters an internal combustion engine for electricity production.

Various data collected through experimental tests (tar concentration, char conversion
ratio and methane) are used as input for the developed model, depending on the fuel and the
inert material used, so that the modeling approaches as much as possible the actual efficiency
of the conversion process.

6.2. Methodology
The development of thermochemical process models is a valuable tool for designing

such plants. The simulation takes into account the various mechanisms and their driving
principles. The main assumption on which thermochemical models are based on is the
establishment of chemical equilibrium corrected with “pseudo-kinetics”.

At the first step of gasification, the fuel moisture is released (drying). While the
residence time of the biomass inside the reactor increases, its devolatalization takes place.
Subsequently, the volatile compounds react with the gasification agent and, as a result, the
temperature inside the reactor increases and the final gas product is produced. The remaining
char (in the case of modeling it is considered as pure solid carbon- C)) continues to react
with the gasification medium, producing gaseous syngas compounds [8, 167].

105



Chapter 6: Modelling of an integrated gasification decentralized power plant

The modeling must ake into account the process heat balance.. For this reason, the
heat losses that could be possibly occurring through the walls of the reactor must be taken
into account. A literature survey indicates that most gasification process models are based
on the chemical equilibrium of the product gas [227]. More advanced scientific works
combine chemical equilibrium calculations with reaction kinetics [228].

In fluidized bed reactors, the gasification process can be adequately approached a by
chemical equilibrium [8, 167]. The main assumptions made in this work are:

e Steady state conditions

e Non-dimensional approach for the process

e The gasifier heat losses represent 3 % of the lower heating value (LHV) of the input
fuel

e There are no NOx compounds in the product gas (the only nitrogen derivative is
ammonia)

The required quantity of oxidizing medium is such that the air-fuel equivalence ratio

A is always 0.3. The A value is independent of the temperature and the heat duty of

the process whether the reactor is autothermal or allothermal. Its definition is given

by equation 6.1.

oxygen flowinthe oxidizing agent (k”;‘“)
ﬂ/ =
stoichiometric amount of oxygen —oxygeninthe fuel (kn;ol)
Eq.(6.1)

The Peng-Robinson equation of state is applied for thermodynamic calculations. This
equation is the most accurate one for mixtures in high temperatures [229]. The calculation of
enthalpy and density for biofuels and ash is carried out with the HCOALGEN and
DCOALIGT models, respectively [230]. The flowchart of the model is presented in Figure
6.1. In the present chapter, the research is focused on the thermochemical process of
gasification. The main elements studied are the following:

e The effect of three different biomass species on the quality of syngas, the required
water quantity for cleaning the gas in the scrubber as well asthe power production for
each case..

e The effect of carbon conversion and of the bed material on the quality of the product
gas andpower production.

The decomposition of biomass is modeled with an RYIELD reactor (DEVOLAT in the
flow chart). In the model, biomass is considered as a non-conventional fuel type. The
contribution of this reactor is to separate all the elements of the fuel and convert them to
compounds that the simulation software can handle in reaction and thermodynamic
calculations.. This is done with the help of a FORTRAN code that takes into account the
Proximate and Ultimate analyses of the fuel.
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Figure 6.1. Flowchart of the modeled process

For the modeling of the gasification reactions, an RGIBBS reactor is employed. The
operation principle of this reactor is based on the minimization of the Gibbs free energy for
the final products. The methodology for the minimization of the Gibbs free energy for a fuel
consisting of C-H-O atoms when it reacts with an oxidizing medium for predicting the main
components of the produced gas through thermodynamic equilibrium is followed. The
abovementioned methodology has the capability of also predicting the amount of char.
However, the RGIBBS reactor seems to underestimate its amount since parameters such as
residence time can greatly affect the carbon conversion to gaseous products (reference).
Therefore, in the model proposed, the amount of char produced is set to be the one derived
from the experimental tests [94].

Furthermore, the methodology cannot predict the methane quantity that originates
from the pyrolysis stage. Also, by applying chemical equilibrium, it is impossible to
effectively predict the tar concentration in the syngas when the gasification process occurs
under atmospheric pressure. In general, in models of this type, non-equilibrium calculations
are incorporated so that the estimated product composition is in accordance with the
experimental results. In the present model, values obtained during gasification trials in the
pilot-scale circulating fluidized bed facility are used for correcting the concentration of
methane and tar compounds. Naphthalene was selected for representing the tar compounds
which are present in syngas within the model.

The syngas stream which is calculated from the chemical equilibrium is mixed with
char, ash, methane streams, as well as with the tar streams at the outlet of the reactor, before
the separation of the solid and gas phases in the cyclone. After exiting the cyclone, the
syngas enters a shell-tube heat exchanger in which it is cooled (hot stream) while air (cold
stream) is preheated (for all scenarios the air is preheated at 350 °C) before it enters the
gasifier.

Afterwards, the gas enters a Venturi scrubber and it is cleaned from tars and particles
that have escaped from the cyclone. Finally, syngas enters an internal combustion engine for
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the production of electricity. All the blocks that constitute the process model are described in
Table 6.1. The efficiency of the thermochemical conversion is described with the “cold gas
efficiency”, while the sensible heat of the gas and char produced are considered negligible
[8, 167]:

-LHV

m as as
CGE% = mg .LHVg 100% 8, 167] Eq. (6.2)
fuel fuel

Table 6.1. Description of the blocks of the process model

Block Aspen Brief description
component
DELOVAT RYIELD The fuel is decomposed into its constituting components
(C,H,O,N,S,Cl)
SEPAR SEPARATOR The amount of carbon that is not considered to react is
separated from the fuel stream
METHAN RSTOIC Formation of CH, and tars that cannot be predicted by

equilibrium calculations according to values derived from
the experimental set up

GASIF RGIBBS The main part of the gasification process, where the
product prediction is based on the minimization of Gibbs
free energy.

COALHT HEATER In order to comply with the energy balance in the gasifier,
the heating of un-reacted char at the equilibrium
temperature should be taken into account

CYCLONE SEPARATOR The solids (ash, un-reacted carbon) are separated from the
gaseous products
HEAT EXCH HEATX A multi-stream heat exchanger where the produced syngas

is cooled. Heating of the air used as gasification agent is
also performed.

SCRUB FLASH Purification of raw syngas from tars by a water spray

ICE RSTOIC The purified syngas is introduced in an ICE for power
production. The equivalence ratio and the exhaust gases
are specified by the user. The ICE’s efficiency is set to
42%

The investigated fuels are sunflower residues after oil extraction , willow and olive
kernel. The composition of these three fuels is presented in Table 6.2. These biomass
species differ in terms of ash content, which in the case of sunflower and olive kernel is four
times higher compared to willow. Experimental tests showed no great deviation in syngas,
with the exception of tar concentration. In the case of sunflower gasification with sand or
olivine, the tar concentration was twice as much as in the case of willow. The concentration
of both tars and methane in the produced gas were retrieved from the experimental data of
the pilot unit, since it is not possible to estimate them by chemical equilibrium in
atmospheric pressure, as noted previously [94].
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Two different cases were studied for the three fuels. In the first case, the bed material
was sand and olivine for the second one. It was assumed that the carbon conversion
percentage into the gaseous phase in industrial scale units of this type is up to 98% [8]. Tar
concentration and methane data for olive kernel gasification were retrieved from the existing
literature [231]. All cases studied in the framework of this investigation are presented in

Table 6.3.

Table 6.2. Composition of fuels

Fuel Sunflower Willow Olive Kernel
Moisture (wt.%a.r.) 8.1 8.2 7.85
Proximate Analysis (wt.%, d.b.)
Volatile matters 78.95 83.31 80.49
Fixed carbon 11.42 14.3 7.90
Ash content 9.63 2.39 11.61
Ultimate Analysis (wt.%, d.b.)
C 46.0 48.6 49.48
H 6.00 6.63 6.20
(0] 37.3 39.3 37.3
N 0.87 3.00 1.71
S 0.00 0.00 0.16
Cl 0.19 0.06 0.30
LHV (MJ/kg) 17.00 18.88 19.12
Table 6.3. Initial conditions for the case studies
Parameters Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
Fuel Sunflower Sunflower Sunflower Willow Willow Willow Ol. Ker.
Fuel rate [kg/h] 1059 1059 1059 953 953 953 928
Bed material Olivine Sand Olivine Olivine Sand Olivine Olivine
Gasification 800 800 800 800 800 800 800
temperature
[°C]
Equivalence 0.3 0.3 0.3 0.3 0.3 0.3 0.3
ratio
Carbon 90 88 98 915 87.5 98 94.5
conversion [%]
Tar 2.6 4.8 2.6 2.2 3 2.2 55
concentration
[9/my’]
Methane in dry 3 2.8 3 3.1 2.8 3.1 3.7

syngas [%v/V]
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6.3. Modeling results

6.3.1. Impact of the fuel on the composition of product gas

The composition of syngas for all cases has essential similarities. The main difference
concerns the levels of tars. In the case of the two agroresidues, tar levels are higher than
those observed in the case of willow.

6.3.2. Impact of carbon conversion on the composition of the produced gas

The composition of the syngas stream at the reactor outlet, the "clean™ gas stream at
the scrubber outlet and the water stream exiting at the bottom of the scrubber are presented
Table 6.4.

As shown in Table 6.4, when the percentage of the char that is converted into the
gaseous phase increases, the carbon monoxide concentration in the produced gas increases as
well, while the carbon dioxide concentration decreases. This result is in agreement with
existing literature data [232] and with the experimental tests that were carried out during this
doctoral study [94, 233]. The increase of the produced carbon monoxide is due to the fact
that char conversion occurs via the heterogeneous Boudouard reaction (Eqg. 6-1)

C (s) +CO, & CO, AH=172 ki/imol (Eg. 6-1)

The extent of char conversion influences the production of other gases as well. As
can be seen in Table 6.4 with an increase in char conversion to gaseous compounds, the
carbon dioxide and hydrogen contents decrease. Instead, an increase in methane and nitrogen
content is observed.

It is interesting to note that the raw syngas is cleaned at a percentage of 98 % from
tars in the scrubber for the investigated conditions. The drawback of this cleaning method is
of course the increase of its moisture content. In all cases, the moisture content in syngas at
the scrubber outlet reaches values of 30 %.

The Venturi scrubber technology is proposed for such applications due toits low
equipment and installation cost. Its main disadvantage is the high water consumption and the
fact that a small quantity of useful gaseous compounds is retained by the water apart from
heavier tars.

6.3.3. Impact of carbon conversion on the gasifier efficiency

As already known, the reactor efficiency is directly related to the conversion of
biomass  combustible gaseous phase compounds. The maximum "“cold gas efficiency"”
(CGE) is achieved in Case 3 and has a value of 85.5 % with a chemical and heat energy
content heat of 4.27 MW. Accordingly, the lowest "cold gas efficiency" is observed in Case
2 and has a value of 62.9 %, corresponding to a value of 3.14 MW. The efficiency of the
gasifier for each case is presented in Figure 6.2, while the sensible heat of the produced gas
due to the conversion of carbon into the gaseous phase is presented in Figure 6.3.
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Composition Case 1 Case 2 Case 3

Mol fraction | Raw Clean Waste Raw syn. Clean Waste Raw syn. Clean Waste

[%0] syn. syn. water syn. water syn. water

CO, 9 6.7 0.043 10.5 8.1 0.051 8.3 6.1 0.038
CoO 22 16.5 0.013 17.6 13.9 0.01 23.65 17.4 0.014
H, 21 16 0.0011 22.3 224 0.0012 20.5 15.1 0.001
N, 36.5 275 0.02 34 33.9 0.02 37.3 27.5 0.02
CH, 2.7 2 0.003 2.4 2.4 0.0035 2.8 2.1 0.0035
H,O 8.1 30.4 99 12.5 314 99 6.8 31 99
Tars [kg/ h] 9.8 0.05 9.79 18.2 0.08 18.12 9.8 0.05 9.78

Composition Case 4 Case 5 Case 6 Case 7

Mol fraction Raw Clean Waste Raw syn. Clean Waste | Raw syn. Clean Waste Raw Clean  Waste

[%0] syn. syn. water syn. water syn. water syn. syn. water

CO; 9.3 7.3 0.069 9.2 7 0.044 8 5.9 0.037 9.4 7.8 0.031
(6{0) 20.5 15.5 0.012 19.5 14.9 0.0115 23.2 17.2 0.013 20.8 18.2 0.014
H, 21.5 16.2 0.001 225 17.2 0.0012 20.7 15.3 0.001 22.2 19.8 0.001
N, 35.8 27 0.019 35.7 27.3 0.02 37.8 27.9 0.02 36.4 27.9 0.02
CH, 2.7 0.02 0.0034 2.4 1.8 0.0031 2.9 2.1 0.0036 2.9 2.1 0.003
H,O 7.7 315 99.8 10 31.3 99 6.7 31 99 8.1 321 99
Tars [kg/ h] 4.5 0.03 451 6.3 0.04 6.3 4.5 0.03 4.46 55 0.04 55
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6.3.4. Impact of carbon conversion on the produced syngas quantity and water
consumption

In Table 6.5 the mass flow rates of air for the gasification process, raw and clean
syngas, water required for cleaning the raw syngas, as well as the flowrate of the waste
water at the scrubber outlet are presented.

Table 6.5. Mass flow rate of air, produced syngas and water at the scrubber inlet and outlet

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

Required air [Kg/h] | 13083  1308.3  1308.3 1282 1282 1282 12573
Rawsyn. [kg/h] | 22365 19041 23751 21277 21526  2302.9 23756
Cleansyn. [kg/h] | 2799.6  2296.7  3019.8 26643 27204 29318 29427
Water [kg/h] | 2868.3 43911  2799.1 33432 3600 27641 26324
Waste water [kg/h] | 2273.2 39983 21543  2806.6 24311 21351  2973.2

The water quantity required for all cases examined is high. This means that if a
stream of fresh water constantly flows into the scrubber, the operation cost will be
significantly high. For this reason, a wastewater pump is used to transfer the water to a
treatment facility so that the condensed tars are removed. Then, the water is pumped back
into the scrubber with a circulating pump. The energy consumption of the pump is not
investigated in the present chapter.

The high water demand can be indicated for the case of sunflower residue with sand
as an inert material, in which it is equal to 4391.1 kg/h, while in the case of willow with the
same inert material it is equal to 2720.4 kg/h. For Cases 3 and 6 the same phenomenon is
observed, since the required water consumption for the removal of tars in the scrubber is
2799.1 kg/h for Case 3 and 2764.1 kg/h for Case 6. In Table 6.5, the increase of syngas flow
rate at the scrubber outlet can be seen. The highest increase (644 kg/h) is observed for
agricultural residues with olivine and of 98 % (Case 3) by For willow, the change is
observed in Case 6, by 629 kg/h. This change, as noted previously, is due to moisture
entrained with the gas stream in the scrubber.

6.3.5. Impact of the fuel on the electricity production

By comparing Cases 3 and 6, in which the initial conditions and the char conversion
into the gaseous phase are the same, it is observed that power productionin the case of
agricultural residues is higher than that of willow. Specifically, the electricity production is
higher by 50 kW.
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6.3.6. Impact of carbon conversion on the electricity production

As presented in Figure 6.4, increasing char conversion results in an increase, in power
production.. For the case of agricultural residues, the lowest valueis for Case 2 (inert material
sand and CCE: 88 %), at 1.32 MW, and the highest for Case 3 at 1.79 MW,. Accordingly,
for willow, the lowest power generation is estimated for Case 5 at 1.45 MW and the highest
for Case 6 at 1.74 MWg. The percentage of carbon conversion plays an important role in the
production of electricity, since for the case of sunflower residues, the difference between
Cases2 and 3 is equal to 320 kW, while for the case of willow, the difference between
Cases 5 and 6 is 290 kWg,
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Figure 6.4. Variation of the electricity production as a function of the carbon conversion
percentage

6.3.7. Impact of carbon variation on the flow of syngas combustion air

In Table 6.6, the air required flow rate of the for syngas combustion air into the ICE,
as well as the quantity of the flue gases at the ICE outlet are presented. By increasing the
char conversion, the syngas production rate is increased, as reported in Section 6.3.3. The
air-fuel equivalence ratio A of the combustion of the produced gas has been given was set a
value equal to at 1.2 with the help incorporation of a calculator in the ASPEN flowsheet.
Consequently, when changing the flow rate of the syngas entering the ICE, the flow rate of
the required oxidizing medium combustion air will change. For the combustion of the gas
syngas produced from the gasification of agricultural residues, the lowest required flow rate
of the oxidizing medium is observed for in Case 2 (4572 kg/h) and the highest for in Case 3
(5156 kg/h). Accordingly, the lowest required flow of combustion air flow rate for the
willow-derived syngas is observed for in Case 5 (4486 kg/h) and the highest for in Case 6
(5051 kg/h).
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Table 6.6. Flow rate of oxidizing medium and flue gases (ICE)

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

Air combustion
[ka/h] 4821 4572 5156 4761 4486 5051 5047

Exhaust gases
[ka/h] 7654 7324 8176 7529 7206 7982 7974

6.3.8. Impact of carbon variation on the quality of the flue gases of the ICE

As has been previously reported in Table 6.1, the efficiency of the ICE considered in
the modeling of the present system has been assumed equal to 42 %. For all the examined
cases, the efficiency of the ICE is considered constant so that the results are as much
comparable as possible. Meanwhile, the lambda value for the combustion is kept constant for
all cases. The composition of the flue gases composition that is produced from the
combustion of the syngas is presented in Table 6.7.

By observing Table 6.7, there is no particular variation in the composition of the flue
gases at the ICE outlet. However, the impact of the char conversion percentage into the
gaseous phase on the composition of the flue gases is observable as well. More specifically,
the moisture content in the case of agricultural residues is 25.12 % for Case 2 and 24.49 %
for Case 3. When the char conversion percentage increases, then CO, content of the flue
gases decreases. On the other hand, the opposite effect is observed for N2 and O2, since the
concentration of these compounds increases as the char conversion percentage increases. The
variation of the HCI content has a similar behavior to the CO2 content, since when as the
char conversion percentage increases the concentration of HCI decreases from 195 ppm for
in Case 2 to 17ppm for Case 3. A similar behavior of the flue gas composition is also
observed for in the case of willow

Table 6.7. Composition of the flue gases from the combustion of syngas in the ICE

Exhaust Gas Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
wiw [%0]
H,0 25 25.12 24.49 25 25.5 24.45 25.26
CO, 12 12 12.12 11 11.16 11.18 12.3
0, 2.8 2.8 2.89 2.9 2.83 2.90 2.84
N, 59 59 59.78 59 59.2 60 59.7
HCI (ppm) 185 195 175 53 57 49 210

The only notable difference between the flue gases of the three fuels concerns the
concentration of HCI. The HCI levels that are estimated for the gasification of agricultural
residues are three times as much as the ones estimated when willow is used as fuel.
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6.3.9. Calculation of the air preheater surface

In this thermodynamic model, it was attempted to calculate the required surface of the
heat exchanger which preheats the oxidizing medium (air) to 350 °C before it enters the
fluidized bed reactor. The differences observed among the 6 cases are relatively small. The
impact of the percentage of char conversion into the gaseous phase is again apparent. As
noted in the previous sections, as the percentage of carbon that is converted into the gaseous
phase increases, the mass flow rate of syngas increases as well. The flow rate of the product
gas is of equal significance on the design of the heat exchanger, since the air preheating is
achieved by cooling the syngas.

By observing Table 6.8, it is easily concluded that the increase of the produced
syngas leads to the increase of the required heat exchanger surface. Therefore, as expected,
the maximum heat exchanger surface is estimated for Case 3 and is equal to 0.287 m?, while
the minimum heat exchanger surface is estimated for Case 5 and is equal to 0.256 m?.

Table 6.8. Required heat exchanger surface for each case

Heat Exchanger Casel Case2 Case3d Cased4 Caseb Case 6 Case 7

Surface area
[mz] 0.265 0.261 0.287 0.258 0.256 0.279 0.276

6.4. Conclusions

In this chapter, a thermodynamic model for the study of a small decentralized
gasification power plant is presented. Two agricultural residues and a woody biomass
species were examined as potential fuels. A total of 7 cases were studied. Experimental data
from Chapter 5 were used as input for the model in order to make it as accurate as possible
regarding the behavior of the fuels during conversion. Specifically, the experimental data
used concern the methane and tar content in syngas as well as the percentage of char
conversion into the gaseous phase. It is impossible to estimate the concentration of the
abovementioned products by considering the chemical equilibrium, so empirical or
experimental values should be assigned to them.

The product gas composition has many similarities for both fuels. The most important
parameter that determines the composition of syngas, its mass flow rate and the power
generationis the percentage of char conversion into the gaseous phase. As the percentage of
the char that is converted into gases increases, the flow rate of the syngas and also the
electricity production increase. The impact of the char on the gas composition is crucial,
since as it is increased by increasing the carbon variation, the carbon monoxide increases
while at the same time a decrease of hydrogen and carbon monoxide is observed.
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The "cold gas efficiency” (CGE) as well as the energy contentof the product gas
behave in the same way as the composition of the gas. The maximum CGE is observed for
the gasification of agricultural residues with olivine and with a percentage of char
conversion of 98 % and it is equal to 85.54 %, with the corresponding energy content of
4.27 MW. On the contrary, the minimum CGE is observed for Case 2 and is equal to 62.9
%, with an energy content of 3.12 MW. The electricity production exhibits a similar
behavior with the above variables.

Tar removal is achieved with a Venturi scrubber. This technology is widespread for
the retention of tars but its most important disadvantage is the high water consumption. For
this reason, a pump to circulate the wastewater solution from the scrubber outlet to a water
treatment facility for cleaning it and recirculating back to the scrubber is proposed. The
calculation of the energy consumption of this pump has not been studied in this chapter.
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7. Study on the electricity production via biomass gasification
by modifying an existing Diesel engine unit located on Lesvos
Island

7.1. Introduction

e A short literature survey of reciprocating internal combustion engines fuelled with
syngas

Several scientific works have been carried out for small biomass gasification applications,
such as decentralized power plants [234]. Reciprocating internal combustion engines (RICES)
have been used with gasifiers and significant research has been conducted on studying and
improving the operation of RICEs fueled by syngas. The quality of syngas fuel is considerably
poorer compared to diesel oil and natural gas. Hence, engines require certain design
modifications to be carried out in order to be able to run on this fuel. The operation of real
engines has been investigated using syngas obtained from biomass gasifiers and the results
have been described in numerous studies, which are included in the works of Wang et al. [235],
Sridhar et al. [236], Ramadhas et al.[237], Bhattacharya et al. [238], Uma et al. [239], and
Dhole [240]. The abovementioned publications present data obtained from experimental
investigations on  the engine’s brake power, torque, efficiency, power derating curve,
emissions, exhaust temperature and knock tendency, taking into account the influence of the
air-fuel equivalence ratio and the compression ratios. Apart from the experimental research,
extensive theoretical investigations have also been performed using various modelling tools for
the operation of RICEs fueled with syngas. Lapuerta et al.[241] implemented a chemical
equilibrium model which took into consideration 28 chemical species to calculate the producer
gas composition as a function of the biomass fuel-to-air ratio and its thermochemical
parameters, such as the adiabatic flame temperature and the autoignition period. A quasi- two-
dimensional combustion zone model was employed to describe the operation process of a
spark ignition engine taking into account the influence of the most important combustion
parameters. In conclusion, the authors in [241] proposed recommendations on engine design
modifications, including an increase in the compression ratio. Rakopoulos et al. [242] used a
zero-dimensional, multi-zone thermodynamic combustion model for the analysis of the effect
of the spark ignition timing on the engine’s performance. The model was calibrated using
experimental data and was applied for calculations of a multi-cylinder, four-stroke, natural gas
engine running on synthetic gas fuel. The above engine was equipped with a turbocharger with
an after-cooling system. Tinaut et al. [243] used a two zone combustion model for the
description of the operation of an engine and concluded that the main parameter defining the
engine performance is the calorific value of the stoichiometric air/product gas mixture. The
model can be used to predict the mass of the combusted fuel, the variation of the pressure and
temperature throughout the operation cycle and values for the engine’s efficiency and itsmean
pressure. Using a parameter named as Engine Fuel Quality (EFQ) the authors estimated the
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magnitude of power de-rating in an engine fueled by producer gas. A techno-economic
assessment has been conducted by Bridgwater [15] who developed models that are combined
to provide cost and performance data for small decentralized biomass power plants. The
models calculate system overall efficiency, capital costs and power production costs. The study
estimated an electricity production cost of 0.29 €/kWh for a IMW, power plant consisting of a
biomass gasifier coupled with a reciprocating diesel engine.
Of course, beyond technical challenges regarding operating ICEs with syngas, a major concern
is the economic competitiveness of this concept. The economic potential of using producer gas
with ICEs should therefore be evaluated to highlight the benefits (if any) of integrating the
gasification process into these power generation schemes.
In the following section, a techno-economic analysis of several scenarios involving modifying
existing ICEs in order to supply them with syngas is presented. Firstly, the current situation in
Greece regarding electricity generation from oil-powered units on the islands is discussed. An
overview of the island of Lesvos, in which there is a considerable biomass potential follows
and the proposed system of electricity production via the integration of gasification into the
ICEs is presented. In the subsequent parts of this section, a detailed techno-economic analysis
of several cases is carried out by estimating all the cost components for different scenarios of
operation.

e Current situation in Greece

In Greece the electricity generation system is divided in: (i) units connected to the national
power grid (usually lignite units) in the mainland and (ii) units not connected to the grid on the
islands that use imported oil as fuel. The production of electricity on the Greek islands in these
off-grid units poses until today a major problem for economic as well as for environmental
reasons.

The total installed power capacity of oil-powered units on the Greek islands is 1805.9 MW
in 35 autonomous plants [96]. These plants represent 66.1 % of the total installed power
capacity of oil-powered units in Greece [96]. The specific cost of producing electricity on the
islands is directly connected to the international prices of diesel oil and mazut [96].

The total amount of the greenhouse gas emissions from the 19 power plants that are not
connected to the grid exceeds by far the limits imposed by E.U. policy [244]. These 19
autonomous off-grid plants provide 98.7 % of the produced power on the islands [245].

The most important differences between the off-grid autonomous power plants and those
that are located in mainland Greece are [97]:

e There is no capability of distributing the load in case of increased requirements.

e The electricity generation of the islands mainly depends on a single power plant.
Consequently, any problems that occur during the operation of the power plant are transferred
to the distribution network.

e Usually the load factor is significantly low, given the capacity of the unit. This is
because the electricity demand is high for only a small amount of time. On the contrary, for
most of the time of the year the electric power demand is low.
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Many islands, especially the larger ones, have a rich biomass potential. The energy content
of this biomass can be utilized for producing either heat or electricity. In the latter case, the
quantity of biomass should be sufficient in order to cover the electricity demand, while it is
important to secure its constant supply to the power plant. In the present chapter the scenario of
producing electricity via biomass gasification by modifying an existing plant located on the
island on Lesvos will be studied. A map of the island with its electricity distribution network is
presented in
Figure 7.1 Lesvos is an autonomous off-grid island with a local power plant. The power
plant includes 11 electricity production units (10 using mazut and one using diesel-oil as fuel),
with a total installed capacity of 78.5 MW. The annual electricity consumption for the year
2010 was 356.5 GWh with a peak load of 65.77 MW. On the island there are also 2 wind
turbine farms with a capacity of 11.5 MW. In Table 7.1 the 11 electricity production units of
the island are summarized. The power distribution network of the island consists of 13 power
lines, 12 of which are of medium voltage (20 kV) and 1 of which is of high voltage (66 kV).
The medium voltage lines consist of 5 lines for the distribution from the power plant to the city
of Mytilene, which has the highest electricity demand. Moreover, from this power plant 2 other
lines are directed towards the villages of the island. The rest of the villages are powered by 5
lines which are connected to the Kalloni substation [102].

Table 7.1. the 11 electricity production units of Lesvos island [104]

Unit Year of Fuel Capacity
erection (kW)

1 GMT A420.12 1983 Mazut 5850
2 GMT A420.12 1984 Mazut 5850
3 GMT A420.12 1984 Mazut 5850
4 FINCAN-SULZER 1998 Mazut 10720
5 FIAT C4212ESS 1975 Mazut 4000
6 FIAT C4212ESS 1975 Mazut 4000
7 FIAT C4212ESS 1975 Mazut 4000
8 CEGIELSKI 9RTAF58 1988 Mazut 11000
9 WARTSILA 12V46B 2000 Mazut 10360
10 ABB STAL GT35C 1994 Diesel 15500
11 CEGIELSKI 16ATV25H 2002 Mazut 2750

Total 78530
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Figure 7.1. The map of Lesvos and the power distribution network of the island [102]

7.2. General information about Lesvos island

Lesvos island is located in the north-eastern Aegean Sea having a total area of 1630 km?
and a population of 109000. The island is the capital of the District of North Aegean, which
includes the counties of Chios, Samos and Lesvos [99]. Lesvos is one of the biggest olive oil
producers in Greece, with an annual production of 17000 tons of olive oil [100]. The olive oil
production process leaves substantial amounts of olive kernel as by-products, which can be
utilized as fuel.

7.3. Biomass potential

The types of biomass that are located on Lesvos island according to the database of the
Center of Renewable Energy Sources (CRES) [103] are summarized in Table 7.2

Table 7.2. Available biomass potential of Lesvos for 2013 [103]

Bio-Fuel Available (ton) Energy (GJ)
Olive kernel 17000 293250
Agro-residues 1348 12184
Trees pruning 87353 937500
Municipal Solid Wastes 35680

By observing the Table above, it can be easily seen that Lesvos Island has large
amounts of biomass which could be potentially utilized as fuel for the production of electricity.
However, there are several difficulties to use this biomass for large-scale electricity generation.
Specifically, although there is an important amount of municipal solid wastes, their low heating
value, high moisture content as well as the prejudice of the community against their use as fuel
inhibits their utilization on a large scale. Although there is a vast amount of agricultural
residues and tree prunings that are left unutilized, the lack of knowledge of their chemical
composition from the existing literature poses obstacles to planning a scenario for their thermo-
chemical utilization.
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Without information on their composition, it is not possible to carry out energy balance

calculations and therefore size their main elements. Furthermore, there are various issues
regarding their transportation from different sites to the power plant.

Taking into account all the above, the production of electricity via the thermo-chemical
process of gasification of olive kernel is proposed. Olive kernel is a biofuel with a high heating
value and can be gathered relatively easily in the location of the power plant with tanker trucks,
since its energy density is sufficiently high.

7.4. Proposed system of electricity production

In the present chapter, a study on the modification of an existing electricity production unit
on Lesvos Island in order for it to operate using as fuel the produced syngas from the
gasification of olive kernel in a fluidized bed reactor will be carried out. More specifically, the
unit under investigation is the CEGIELSKI 16ATV25H with a nominal power output of 2750
kKW and year of operation 2002. This unit is proposed because it is the smallest and, as a result,
the installation of a large gasification system is not required. At the same time, it is the newest
unit of the island and it is thus easier to make modifications. A diagram of the proposed
installation is depicted in Figure 7.2.

In the present chapter two scenarios will be investigated. The first one will involve the
electricity production through the thermo-chemical process of gasification of olive kernel for
the months during which there is a high energy demand (May-September) due to the increased
touristic activity. The second scenario will concern the months with relatively low levels of
power requirements (October-April). Essentially, the only difference between the two
scenarios is the duration of the operation of the unit and consequently the cost of the mazut fuel
to be provided to the internal combustion engine (ICE).

Firstly, the overall energy balance of the power plant will be implemented in order to size
it. Subsequently, the costing of the unit will be presented according to two different
methodologies.

Olive Kernel
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Figure 7.2. Block diagram of the olive kernel utilization power plant
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7.5. Mass & energy balance

Taking into account the nominal power output of the ICE (2.75 MW) and considering an
overall efficiency of 25%, which is typical of similar systems combining the thermo-chemical
process of gasification coupled with an ICE, the gasifier must have a thermal capacity of 11
MW. The unit is depicted in Figure 7.3. At the bottom of the flow chart of the unit there is a
Table with the data for the two proposed scenarios.
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Figure 7.3. The oil kernel unit with an ICE

7.5.1. Gasification island

A bubbling fluidized bed reactor is selected, since the circulating fluidized bed reactors are
appropriate for units with capacities above 20 MWy,. Circulating fluidized bed reactors exhibit
an increased efficiency, however their complexity is higher and as a result the cost of the
gasifier is very high [91, 105].

The reactor includes the area of the bubbling fluidized bed and the freeboard area. In the
main part of the reactor, the gasification takes place in a state of bubbling fluidization, in which
there is a suspension of fuel, inert material (olivine) and inorganic compounds (ash). The
freeboard area is located at the upper part of the bed, which has a larger diameter that leads to
the reduction of the surface speed. This diameter increase is necessary in order to lead the
inorganic compounds outside of the reactor before capturing them in the cyclone.
Unfortunately, small diameter particles of the inert material and char also escape from the bed.
The gasifier operates at a temperature of 800 °C, under a pressure of 1 bar and the residence
time of the particles is 4 s.

Under the distributor through which the air enters the reactor, there is a rotary screw to
remove the ash. Air flows in the opposite direction of the screw thread in order to return the
particles of the inert material back to the bed. The produced gas comes out of the upper part of
the gasifier and it passes through a heat exchanger and subsequently through the cyclone.
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The purpose of the gasifier is to convert the solid raw material (olive kernel) to syngas.
The fluidizing medium is air which has been preheated in a heat exchanger.

The gas product is composed of:

e Combustible components CO, H; kot CHy4
¢ Inert components N, CO; kot H,0

e And at a lesser extent various by-products tars, H,S, NHz, HCN, HCI, alkali metals in
gaseous phase

The concentration of N in the gas is higher than that of the other components (about 45%
of the gas) because of the use of atmospheric air as a fluidizing medium. After leaving the
cyclone, the unprocessed syngas contains a significantly high amount of solid particles.

7.5.1.1. Fuel (olive kernel)

In the following Table the composition of the fuel is given. The characterization of the
composition of the fuel was carried out in the laboratory of CERTH in Ptolemais.

Table 7.3. Olive kernel composition

Fuel Olive kernel
Moisture 7.85
(wt.%a.r.)

Proximate Analysis (% wt. d.b)

Volatile matters 80.49
Fixed carbon 7.90
Ash content 11.61

Ultimate Analysis( % wt. d.b)

C 49.48
H 6.20
0 37.3
N 1.71
S 0.16
Cl 0.30
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The thermal power of the fuel is calculated from equation 1. The results are presented in
Table 7.4.

Mwa LHV
— fuel fuel E . l
Q fuel 3600 ( g )

Table 7.4. Results of calculations for the olive kernel input in the gasifier.

Variable Symbol Quantity Unit

Fuel rate Miel 2000 kg/h

High Heating Value HHViyel 20.98 KJ/kg
Low Heating Value LHV;ye 19.13 KJ/kg
Thermal Input Qtuel 10.9 MW
Fuel density drel 850 kg/m?
Fuel volumetric rate Viuel 2.35 mh

7.5.1.2. Fluidizing medium-preheated air

The air enters the gasifier with the help of a compressor to overcome the pressure drop
inside the supply system, the heat exchanger and along the whole gasification unit. The
oxidizing medium is preheated by the produced gas with the help of a heat exchanger. The
properties of the air at the gasifier inlet after its exit from the heat exchanger are presented in
Table 7.5. The density of the air at the heat exchanger outlet is calculated by the following
equation:

d air 3'10_12 'Tout,air,l4 _8'10_9 'Tout,air,ls +8'1O_6 ’Tout,air,lz —0.0039 'Tout,air,l +1.2615 (qu)
Table 7.5. Properties of the air at the gasifier inlet
Fluidization Symbol Quantity Unit
medium
N, XN2, air 76.9 %
02 XOZ, air 23 %
HZO XHZO, air 0.1 %
Ambient T, 25 °C
Temperature
Pressure operation P 1.15 bar
Inlet Temperature Tin.air 264 °C
Density of inlet air air 0.66 kg/m?

126



7. Study on the electricity production via biomass gasification by modifying an existing Diesel engine
unit located on Lesvos Island

The stoichiometric air-fuel ratio (3), the actual air mass flow rate per kg of fuel and its
total mass flowrate (6) are calculated for A=0.3 with the following equations:

_267-C+8-H,+5-0, 4,

Eq.3
* O2,air ( q )
. C H N S 0,100
Air =ttt —]- - 224 3h Eq.4
oo =Lt 1 T3 g M [Nem PP (Ea4)
AF = 1-AF, [Nm/h] (Eq.5)
mair,gasification = AFfueI 'mfuel [kg/h] (Eq-G)
Table 7.6. Results of calculations for the air at the gasifier inlet
Variable Symbol Quantity Unit
Lambda A 0.3
Density of Air (normal conditions) do,air 1.17 Kg/my®
Equivalence ratio AF 6.28 KQair st KOsuel
Real quantity of air for gasification AF 1.89 KQair/KOtuel
Mass of required air for gasific. Mair gasificati 3780 kg/h
Required volumetric rate of air AT gasificatio 3230 my/h

n

7.5.1.3. Syngas

The composition and the properties of the produced syngas at the gasifier outlet were
calculated with the help of ASPENplus software (chapter 6). In the following Table, the
concentrations of its main gas components are summarized.

Table 7.7. Syngas composition and heating value of its components

Composition of Yi LHV; (MJ/my°)
Syngas (% viv)
co 20.8 2.27
CO;, 9.40 -
CH, 2.90 2.65
H, 22.2 2.6
N, 36.4 -
H,0 8.10 -
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The heating value of the syngas in MJ/my® is calculated with the following formula:

LHV, =Y. LHVy +Y,, - LHV,, + Yo, - LHV.,  [MINGS] (Eq.7)

syngas

The production rate of syngas is calculated with the following equations and is presented
in Table 6.8.
Ny +AF-N

Nyzin = 2.alr [kmoln/Kgiuel] (Eq.8)
Mr,,
_ I’]N 2,in
Ngas(n) = [kmolgas/kgruel] (Eq.9)
YNZ
Table 7.8. N, balance
Nitrogen Balance Symbol Value Unit
Inflow N, NN2,in 0.03 Kkmoln/Kgsel
Outflow N, Yo 0.451 kmoln/Kmol g
Syngas Production rate
(N balance) Ngas ) 0.06 kmolgas/KGuel

The lower heating value of the syngas in MJ/kgse as well as its thermal capacity are
estimated from these two following equations:

LHV, 0 = z HV. = Z (Y, - LHV, *Noe ) [MJ/KGruel] (Eq.10)
3 m fuel 'LHVgas

= - o MW Eqg.11

stngas 3600 [ ] ( q )

The mass flowrate of the syngas is derived from the mass balance in the gasifier for a
given mass flowrate of ash, which remains inside the fluidized bed at a value of 139.5 kg/h
(60% of the ash content of the olive kernel).

mgas =My + My — Myegash [ka/h]
(Eq.12)

The total heat capacity of the produced syngas was estimated at 800 °C by calculating
the specific heat capacity of each component by using the specific heat coefficients of ideal
gases [101].

2 3
Cpi=a+b -T+c T +d,-T [kd/kmolK] (Eq.13)
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C,. X
Cp,gas = Z(%) [kJ/kggasK] (Eq14)

Xi: or v/v is the composition of each gas

Table 7.9. Estimation of syngas specific heat capacity at 800 °C

Cp Cp*Xi/MB;
(kJ/kmol (kJ/kQggasK)
K)
CcoO 33.6 0.21
CO, 55.8 0.15
CH, 220.6 1.02
H; 30.7 3.68
N> 33.2 0.3
H,O 42.9 0.115
Syngas 4.45

Table 7.10. Properties of the produced gas

Syngas Symbol Quantity Unit
Gasif.Temperature Toas 800 °C
Low Heating Value LHVgyngas 7.6 MJ/my?
Low Heating Value LHV syngas” 10.3 MJI/KGuer
Mass rate of Syngas Mgas 5600 kag/h
Syngas power Qsyngas 8.2 MW
Syngas density do syngas 0.5 Kg/my®
Syngas vol. rate Vo syngas 11200 my/h
Heat capacity Cr syngas 4.45 kJ/kgK

7.5.1.4. Organic load losses

The inert material of the bed (olivine) must be constantly renewed through the automated
supply system (45 liters/hour). The olivine is rejected from the gasifier with the help of a screw
conveyor and is stored inside an airtight vessel in order to be further utilized.

The mass flowrate of the ash that remains inside the bed, the fly ash and the concentration
of the tars and the char in the produced syngas were calculated by taking into account the ash
content of the fuel and the tar and char content of the produced gas.
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Table 7.11. Calculations of the production of ash, tars and char

Carbon Losses Symbol Value Unit
Fly ash production 0.4 X o et * Mo 93 KOsiyasn/h
M fiyash = 100
Ash accumulation in 0.6 X o1 et Meger 139.5 K0bedasn/h
bed Myegash = 160
Tar concentration iar 5.5 Jrar/MN°
Tar production rate dtar 61.5 kgiw/h
Mpegash = m 0,syngas
Tar Heating Value HViar 22 MJI/KGar
Char concentration ehar 3.2 ehar/MN°
Char production rate ooy 35.8 KQchar/N

mchar 1000 0,syngas
Char Heating Value HVhar 28 MJI/KQchar

7.5.1.5. Estimation of the cold gas efficiency of the gasification process

The most common expression of the gasification efficiency of solid fuels by correlating
the reactants and the products is the cold chemical gas efficiency [8, 167]:

Ny = Qnges =0.75 (Eq.15)
fuel

The drawback of this equation is that it does not take into account the sensible heat that
is included in the char of the produced gas. This heat cannot be directly utilized for the
production of power. Based on this definition, the chemical efficiency of the gas that originates
from allothermal gasification could reach values higher than one because the externally

provided heat is not considered [8, 167].
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By considering the composition of the fuel (Table 7.7) and of the produced syngas, the
coal conversion (CO, CH,4, CO) of the gaseous phase is estimated.

Table 7.12. Carbon conversion in the gaseous phase

Carbon Symbol Value Unit
Balance
mole C in CO CO 0.0065 kmolec co/KQggas
Neco = MB
CO
mole C in COZ nC 02 0.0027 kmOIeclcozlkggas
mole C in CH, Ne e 0.0046 kmolec cha/KQgas
Total C nC total
' 0.013 kmolec totar KQgas
Carbon mass in M. gas = Ne o - MBc
syngas 0.121 kge/KYgas
Carbon rate in M ipe =M o *M
syngas ,gas C,gas syngas 873.5 kgc,gas h
Carbon rate in Mg o =M ‘m
fuel , fuel C, fuel fuel 989.6 kgc,fue|/h
Carbon . M gas
Conversion CCE% = M 88.3 %
.. C, fuel
Efficiency

By observing the Table above, it is concluded that 88.3 % of the coal input is converted in
three stable gas components (CO, CO,, CH,) while the remaining 11.7 % is contained inside
the char that has not been converted in gases, inside the light hydrocarbons and inside the tars.
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7.5.1.7. Heat exchanger

The shell and tube heat exchanger type (Figure 7.4) is the most common. Its
construction is simple and economic. The internal surface of the tubes can be cleaned
mechanically or chemically, while their external surface needs chemical cleaning. In many
occasions, an expansion disk is used in order to absorb the extreme tensions that are caused by
the thermal expansion [246].

The single tube U-type heat exchanger has the capability to absorb the tensions that are
due to the thermal expansion. Nevertheless, the cleaning of the inside surface of the tubes is
difficult. The cost for this type of heat exchangers is similar with that of the fixed tube heat
exchangers for low operating pressures. However, when the pressure is increased there are
significant savings. Their main disadvantage is that it is not possible to achieve complete
counter-current flow in the tubes, unless an F-type shell is used, since this shell consists of two
passes with a linear reflector [246].

The floating head heat exchanger is a more compact heat exchanger that can operate in
high temperatures and pressures. Its name is due to the fact that the one end of the tube bundle
is not attached to the shell and it can be thus moved in order to regulate the tensions caused by
the thermal expansion. Because of the complexity of its construction, it is 25 % more
expensive than the fixed tube heat exchanger, for the same surface [246].

In the unit there will be one heat exchanger that will cool down the produced syngas
from 800 °C before it enters the cyclone and at the same time it will preheat the air before it
enters the reactor. For given heat exchanger inlet and outlet temperatures of the gas, it is
possible to calculate its heat duty.

msyngas . (T -
3600 gas ,outheatex

stngas - 1000 [246] [MW] (Eq.16)

Tgas Jinheatex )'C p,syngas

The heat exchanger outlet temperature of the air (inlet temperature at the gasifier inlet) is
calculated through a trial-and-error method.

- Qgyngas -1000

air ,outheatex = TO + [246] [K] (qu7)

IT]:alir .C. . .
3600 p,air @ Toutair
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Figure 7.4. (a) BEM, (b) BEU, (c) BES heat exchangers [246]

where Cpsyngas 1S the heat capacity of the syngas

and
2_110°.T

air ,outheatex

472077

air ,outheatex

7107 T

air ,outheatex

=2:10".T

air ,outheatex

c +1.0068

p,air @Toutair
Lastly, the thermal power of the air at the heat exchanger exit is calculated:

m

air

Q _ 3600 : (Tair,outheatex _TO) : prail’@Toutair
. 1000

[MW]

(Eq.18)

(Eq.19)

Therefore, the heat exchange surface for an air cooled counter-current heat exchanger can

be estimated as follows:

_ stngas

2
= m
U-AT, (]

(Eq.20)
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AT, —AT
AT, =~ =2 K] (Eq.21)
AT,
In
AT,
where

ATy, the average overall temperature difference between the two fluids

AT, the maximum temperature difference that is observed at the heat exchanger ends
AT1=Th,in — Tc,out

AT, the respective minimum temperature difference AT2= Thout — Teiin

U the overall heat transfer coefficient 35W/m?K [246]

Table 7.13. Operation data for the heat exchanger

Symbol Value Unit

Syngas thermal power Q 0.67 MW
syngas
Air thermal power Q _ 0.28 MW
alr

T Syngas in Tgas,inheatex 800 °C
T SyngaS exit Tgas,outheatex 650 °Cc
T Air exit Tair,outheatex 264 OC
Heat capacity Cr air@Toutair 1.036 kJ/kgK
Heat Exchanger surface A 30 m?

7.5.1.8. Cyclone

The main reasons for the common use of cyclones is their low purchase cost, their lack of
moving parts and their durability. Their operation principle is based on the fact that the particle
load enters the cyclone tangentially from their upper part. Because of the geometry of the
cyclone, the gas flow is forced to follow a spiral orbit towards the lower part [64].

The exerted centrifugal force as well as the inertia of the particles makes them end up at
the lower part of the cyclone. The syngas stream that has been cleaned from the particles exits
from the upper part of the cyclone.

The cyclones by themselves cannot secure the sufficient cleaning of the gas. However,
their low capital investment cost and the fact that they do not require maintenance make them
ideal if they are compared with much more expensive gas final control devices such as filter
bags and electrostatic precipitators. Their supply cost depends on the desired collection
efficiency, the mass flow rate of the gas, the pressure drop inside the cyclone and the
construction materials.
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A common efficiency value for cyclones is 90 % for particles larger than 10 um, while
others can achieve an efficiency of 99 % for particles larger than 5 um [64].
In the cyclone of the present unit, 92 % of the fly ash will be removed and the syngas
will be subject to a temperature drop of 70 K [247]. Consequently, it is very easy to calculate
the mass flowrate of the removed ash and of the gas after the cyclone.

m =N rnflyash (Eq.22)

flyash,cycl cycl )

mgas,2 = mgas - mflyash,cycl (Eq.23)

Table 7.14. Operation data of the cyclone

Symbol Value Unit

Inlet syngas T Tin, syngas 650 °C
Outlet syngas T Tout, syngas 600 °C
Cyclone effiency Neyel 0.92

Mass rate of captured flyash m 92.8 KOsiyasn/h

flyash,cycl
Mass of syngas without fly ash m 3687 Kgas.2/h
gas,2

By knowing the residence time of the particles inside the reactor (4 s) and the volume flow
rate of the air for the gasification process (3230 my*/h) it is possible to estimate the dimensions
of the cyclone. Firstly, the volume of the gasifier is calculated with the following equation:

_ Vgasifier
Tresidence — Air [248] (Eq.24)

gasification

From the existing literature for gasification processes with circulating fluidized beds [247]
the height of a reactor with the heat duty that is required for the specific unit is about 6-9 m. A
height of 6 m is selected for the fluidized bed. Therefore for a circular reactor the diameter is
equal to 0.9 m. The surface speed of the air is about 0.6 m/s [249]. By taking into account all
the above data and with the help of the theory of cyclones [247] the dimensions of the cyclone
that will be used for the proposed installation are presented in Table 7.15. The sketch of the
cyclone with its main dimensions is depicted in Figure 7.5.
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Figure 7.5. Main cyclone dimensions

Table 7.15. Cyclone dimensions

Cyclone Dimensions Symbol Value Unit
Diameter of cyclone D. 0.42 m
Vortex finder diameter D. 0.139 m
Inlet channel width B. 0.056 m
Inlet channel height H. 0.242 m
Length of barrel L. 0.36 m
Length of cone Z. 0.54 m
Total length of cyclone H 0.902 m
Total length vortex finder S 0.208 m
Diameter of cyclone outlet B Je 0.104 m
Basic Operational
Pressure drop in vortex finder 1800 Pa
Inlet velocity in cyclone 28 m/s

7.5.1.9. Scrubber (Scrubber venturi)

The cleaning of the syngas before its entry to the ICE is achieved with a venturi scrubber.
This type of scrubber has the advantages of simple construction and low supply and operation
cost. High collection efficiency values-98 %-for particles larger than 0.5 um can be achieved
[8].

The operation principle is based on the inertial collision of the flying particles with the
water droplets that are formed by their dispersal within the gas [250]. It is necessary to provide
sufficiently high amounts of water for the complete contact between gas and droplets and that
the speed of the gas at the point of the initial contact between gas and water is high enough so
that a complete dispersion is achieved [250].
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The main operational costs of the scrubbers include the power consumption of the fans
and of the circulating pump, their maintenance, the waste disposal, the labor cost and the water
treatment cost. Some operational data of the scrubber are presented in Table 7.16.

Table 7.16. Water and gas flow in the scrubber

Symbol Value Unit
Mass rate of Mgas 2 3687 KQgas/h
syngas
Inlet T of Tinscrubber 670 °C
Syngas
Outlet T of Tout scrubber 40 °C
Syngas
Scrubber Escrubber 98 %
efficiency
Tar captured Mtarcaptured 60.3 Kgar/h
Water CONyater 22500 kg/h
consumption
Water inlet T Tinwater 30 °C
Water outlet T Toutwater 50 °C

7.5.1.10. Internal Combustion Engine

An existing ICE will be modified for use with syngas. The syngas will be supplied into the
ICE along with 15 % w/w mazut fuel in order to prevent its operation from stopping due to
possible decreased syngas production which can occur in the gasifier [30]. Furthermore, when
syngas is used as a fuel, certain mechanical modifications on the ICE are necessary.

This ICE operates at 1500 rpm and is directly coupled with a generator. In the case of
compression ignition motors, only the air is compressed. Afterwards, the fuel is injected at high
pressure inside the cylinder and the mixture is ignited because of the high air temperature. The
compression ratio for Diesel engines is around 20:1. However, in order to ensure that the
supply of the syngas to the ICE is without problems, the compression ratio must be reduced to
values between 9:1 to 12:1. Moreover, changes should be made to the cylinder heads.
Specifically, their initial size must be increased by 5-20 % [251].

7.6. Equipment Cost estimation

The Total Capital Investment (TCI) estimation is performed according to the
methodology of Woods [252] and Guthrie [253] and is based on a series of intermediate cost
types, the first of which is the Total Purchased Equipment cost (TPEC) for each case. The
equipment cost of each component is estimated based on the cost of similar equipment as is
retrieved the literature according to the following equation:
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f
S.
C =C, [—] (Eq. 25)
SO

Table 7.17. Equipment cost estimation according to Woods

Reference Reference Scale installation Ref
Equipment List Scaling parameter erected cost, size factor factor

C, (ME€) S, f n year
Gasifier Volume of reactor (m°) 8.2 12 0.67 2.1 2000
Cyclone Gas rate (m*/s) 0.38 10 0.59 1.49 2001
Heat Exchanger Surface area (m?) 1.2 100 0.71 1.52 2005
Air Fun air rate (m®/s) 03 10 0.93 172 2002
Venturi Scrubber  Gas rate (ma/s) 1.8 10 0.88 149 2000
Table 7.18. Equipment cost estimation according to Guthrie

Reference Reference Scale installation

. . . . Ref

Equipment List Scaling parameter erected cost, size factor factor

C, (M€) S, f n year
Gasifier Capacity (kW) 4.8 10,300 0.77 2.0 1996
Cyclone Height (m) 0.16 4.5 0.9 1.6 1995
Heat Exchanger Surface area (m?) 0.55 4 0.82 1.45 1996
Air Fun air rate (m%/s) 0.2 115 0.6 1.65 1996
Venturi Scrubber  Gas rate (mj/s) 1.2 9.2 0.59 15 1995

After estimating the Total Purchased Equipment Cost (TPEC), the Total Installed Cost
(TIC) is calculated. This is accomplished by multiplying each equipment cost with an
installation factor n, specified for each component (see Table 7.18). The Operation and
Maintenance (O&M) related cost components, (i.e insurance, equipment maintenance etc.) are
estimated as a percentage of the Fixed Capital Investment (FCI). The general assumptions that
are made for the economic evaluation of the plant are summarized in Table 7.19.

Table 7.19. Economic assumptions

exchange rate 0.755 €/$
discount rate 9%
recovery period 25 years
Capital Recovery Factor 0.11
year basis 2011

Finally, the equipment cost of each component has been updated until the year 2011, using the
value of Chemical Engineering Plant Cost Index. The following table shows the cost indices
during the years 1995 — 2011 [254].
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Table 7.20. Chemical Engineering Plant Cost Index (CEPCI) [254]

Year CEPCI
1995 381.1
1996 381.7
1997 386.5
1998 389.5
1999 390.6
2000 394.1
2001 394.3
2002 395.6
2003 402.0
2004 444.2
2005 468.2
2006 499.6
2007 525.4
2008 575.4
2009 521.9
2010 550.8
2011 585.7

7.7. Estimation of the Fixed Capital Investment Cost

It is very difficult to make accurate estimations regarding the investment cost of the
energy utilization units through gasification because the production of electricity from biomass
in small scale units is a relatively new field. A major obstacle is the fact that there is no market
analysis on the specific scenario that is under study in this chapter. Furthermore, a proper
assessment is not easy even for commercially available units, since the relevant market sector
has not been sufficiently developed.

Consequently, the available literature data are often contradicting and are based on
different size parameters, while it is not always clear which methodology is followed for the
calculation of the costs. In the present chapter two different methods are used in order to
estimate the cost of the fixed capital investment of the unit.

The costing of all the equipment for the electricity production system under study for
the following operating conditions of the gasifier is presented:
o P=1m

e Q= 11MWy, (ngasit = 0.75)
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7.7.1. Description of working steps

Although the main focus is the purchase cost of the equipment, the cost of a fully
installed and operational unit is usually required. In this study, two methods of coefficients
[252, 253] are applied for the equipment cost. The following costs are thus estimated:

e Cost of fuel purchase for the two different periods of the operation of the unit.
e Equipment purchase cost (f.0.b cost) at the reference conditions.

e |Installed cost, which includes all materials and labor needed for the installation, the
piping and the electrical components for each element of the equipment.

e Direct and indirect cost (bare module cost), which includes the delivery, the
instrumentation, the construction expenses and the engineering fees for each element of the
equipment .

¢ The total module cost, which includes the contingencies and the contractor’s fee for the
whole unit.

e The grass roots cost or fixed capital investment, which includes the improvements of
the yard , the buildings and the service facilities for the whole unit.

e The fixed capital investment cost, which includes the start-up cost and the working
capital for the whole unit.

7.7.2. Equipment cost of the unit

7.7.2.1. Fuel Cost

Regarding the fuel consumption, it must be taken into account that the syngas is supplied
to the ICE along with 15 % w/w mazut fuel. In Table 7.19 the cost of olive kernel wood as well
as the cost of mazut which is supplied to the ICE along with the syngas for the continuous
operation of the ICE are presented. The olive kernel wood purchase cost had been estimated to
be equal to 100 € /ton for the year 2014 [255, 256].

140



7. Study on the electricity production via biomass gasification by modifying an existing Diesel engine
unit located on Lesvos Island

Table 7.21. Fuel purchase cost

Olive Mazut Total Fuel
Kernel Cost Cost Cost
Scenario 1 734400 € 255300€ 989,700€
Scenario 2 1050000 € 364000€ 1,413,900€

7.7.2.2. Gasifier Cost

According to the Guthrie methodology [253], as fas as the cost of the bubbling fluidized
bed gasifier is concerned, the thermal power (11 MW4,) as well as the construction material of
the reactor (consisting of stainless steel on the outside and cement on the inside) were
considered.

On the other hand, the Woods methodology takes into account the volume of the fluidized
bed in order to estimate the purchase and the unit cost for the exact same reactor. The volume
was derived from the mass-energy balance at about 3.6 m®,

The two following diagrams, adjusted for the year 2011, show the purchase and the
installation costs deriving respectively from the two methods.

As can be seen from the diagram in Figure 7.7, the installation cost according to Woods
methodology is much higher compared to the Guthrie methodology. This is due to the fact that
the coefficient of the method does not apply solely to the estimation of the installed cost of the
gasifier, but to the total direct and indirect cost.

Purchase cost of Gasifier
2,780,000

2,540,000

G“t\\(‘e W\ 0°6s

Figure 7.6. Gasifier purchase cost
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Installation cost of Gasifier

5,200,000

4,870,000

G‘,x\\"‘e Wood®

Figure 7.7. Gasifier installation cost

7.7.2.3. Heat Exchanger Cost

The heat exchanger has a double purpose; it cools the produced syngas from 850 °C to
750 °C before it enters the cyclone and at the same time it preheats the air before its entrance to
the gasifier. The required heat exchanger surface must be -according to the mass and energy
balance calculations- 30 m2. The costs of the heat exchanger are carried out by selecting the
stainless steel 316SS as the construction material for both the shell and the tubes, while in the
second case the shell material is carbon steel and the tube material remains the same. The heat
exchanger is of the U type. Figure 7. 8 and Figure 7.9 below show the diagrams of the heat
exchanger purchase and installation costs respectively

Purchase cost of Heat Exchanger

56,000

37,789

26,093
20,970

$9) <9) S) _SS)
ovie A ¢S ® ‘\\\"\el \CS ° \N 008 1 Ch i « 38 2 (S s
oo v \ o

Figure 7. 8. Purchase cost of Heat Exchanger diagram
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Installation cost of Heat Exchanger

85,600
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Figure 7.9. Installation cost of Heat Exchanger diagram

7.7.2.4. Fan Cost

The fan cost in both methodologies is carried out by selecting a radial centrifugal fan
which is located before the heat exchanger. The pressure drop is 0.02 bar and the volume flow
rate of the air can be up to my®/s. Figure 7.10 and Figure 7.11 show the purchase and

installation costs of the fan respectively.

Purchase cost Air Fan
9,500

2,724

G\\\\\{‘e W\ 0065

Figure 7.10. Purchase cost of Air Fan diagram
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Installation cost of Air Fan

21,500

4,358

Gt Wood

Figure 7.11. Installation cost of Air Fan diagram

7.7.2.5. Cyclone Cost

According to the Guthrie methodology, in order for the cyclone to be costed, this was
considered as a vertical pressure vessel of 1 bar with a height of 1 m and a diameter of 0.4 m.
On the contrary, the cost of the cyclone according to the Woods methodology had been
estimated based on the ash content of the fuel and by subsequently taking into account the fly
ash flowrate. The cost was incurred for a fly ash mass flowrate of 100.2 mg/h. Figure 7.12 and
7.7.2.6. Scrubber Cost

Figure 7.13 show the cyclone purchase and installation cost diagrams respectively. In both
methodologies, the construction material of the cyclone is a stainless steel. The Woods
methodology is more recent compared to the Guthrie methodology and it takes into account all
the auxiliary equipment for the estimation of the cost.

Purchase cost of Cyclone
28,367
27,059
G“ﬁ“{‘e W Ooas

Figure 7.12. Purchase cost of Cyclone diagram

144



7. Study on the electricity production via biomass gasification by modifying an existing Diesel engine
unit located on Lesvos Island

Installation cost of Cyclone
66,520
43,294
G\\ﬁ\‘f‘e W 0065

Figure 7.13. Installation cost of Cyclone diagram

7.7.2.6. Scrubber Cost

The scrubber cost has been calculated only by the Woods methodology. The Guthrie
methodology has not been used because the scrubber would have to be considered as a vessel
which dimensions have not been specified. The volume flow rate of the syngas entering the
scrubber is 1.56 my®/s. Costing was carried out for four different types of scrubbers:

1. Centrifugal scrubber, stainless steel

2. Impingement baffle scrubber

3. Packed column scrubber with polyester.

4. Venturi scrubber of high efficiency, stainless steel.

Figure 7.14 depicts the purchase cost of the scrubber and Figure 7. 15 shows its
installation cost.

Purchase cost of Scrubber
35,600

14,788

11,552
9,053

W 006S ' W 006S k W 00& > W 0065 N

Figure 7.14. Purchase cost of Scrubber diagram
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Installation cost of Scrubber

71,200

« 0065 ks « 0068 1 W ooas 3 « 0065 A

Figure 7. 15. Installation cost of Scrubber diagram

7.7.2.7. ICE Modification Cost

The ICE modification cost is equal to 10 - 15% [251] of the initial purchase cost of the
ICE. As the initial purchase cost is not known, both methodologies will assist in its calculation.
The cost according to the Guthrie methodology was carried out by taking into account the
power output of the ICE (2750 kW). According to the Woods methodology, the fuel cost was
considered. The estimated modification cost, following the calculation of the initial purchase
cost by the abovementioned two methods, is depicted in Figure 7.16.

ICE Modification cost

135,000

80,000

G wool

Figure 7.16: Modification cost of ICE
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7.7.2.8. Oil Savings

In this section, the oil savings, which correspond to the avoided oil consumption cost,
will be calculated, depending on the duration of the operation of the ICE with dual fuel.
Considering an average cost of mazut currently in Greece at 500 €/ton [257] and a heating
value of 42.686 MJ/kg [258], the oil savings are presented in the following Table.

Table 7.22. Oil savings for the two scenarios

Scenario Duration Total Diesel Cost (€)
(h) Consumption (ton)
1 (Touristic 3672 2900 1,500,000
period)
2 (Non — 5232 4851.6 2,668,600

touristic period)

By observing the above table, it can be easily concluded that the oil cost is as high (if
not higher) as the purchase cost of a gasification unit including the syngas cleaning system and
the necessary modification of an ICE.

7.7.3. Purchase and installation cost of the examined unit

Following the analysis of the previous paragraph, a summary of the purchase and the
installation costs of the unit is presented in this section. As noted in the diagram of Figure
7.17 above, the installed costs of the gasifier, the heat exchanger, the cyclone and the scrubber
are much higher than their respective purchase costs. This is justified by the high cost of the
materials used (stainless steel) in order to ensure the protection of the equipment from wear
and corrosion.

Following the calculation of the purchase and the installation cost of the examined unit,
the delivery cost of the equipment is calculated, estimated as being equal to 10 % of the
purchase cost. With the use of appropriate coefficients the cost of the instrumentation, the
engineering and supervision fees as well as the construction expenses [259] of the unit are
estimated as being a percentage of the delivered equipment cost. In this way the estimation of
the direct and the indirect cost is achieved.

The contingency cost and the contractor’s fee are subsequently added, given the total
module cost. The fixed capital investment cost is calculated after the costs of yard
improvements, buildings and service facilities are added.
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5,500,000
.
5,000,000 —
4,500,000
4,000,000
3,500,000
3,000,000
2,500,000
2,000,000
('S 1,500,000
1,000,000
500,000
0 Installati
Purchase cost nstaflation
cost
» |CE Modifications 80,000 120,000
m Scrubber Venturi 35,600 71,200
Cyclone 27,059 43,294
m Air Fan 9,500 21,500
m Heat Exchanger 56,000 85,600
m Gasifier 2,540,000 4,870,000

Figure 7.17. Purchase and installation cost of the proposed unit
The working capital is estimated being equal to 15 % of the fixed capital investment cost.
The total capital investment cost is calculated with the addition of this cost. Table 7.23 shows

the cost distribution of the test scenario [260].

Table 7.23. Cost distribution [260]

Category cost Fraction of delivered equipment Cost (€)
Purchased equipment 2,750,000
Installation equipment 5,210,000

Delivery 10% 275,00
Instrumentation and controls 26% 785,000
Engineering and supervision 32% 967,300

Construction expenses 34% 1,020,000
Direct and indirect cost 6,260,000
Contingency 37% 1,110,000
Contractor’s fee 19% 580,000
Total cost 7,950,000
Yard improvements 5% 300,000
Buildings 7% 210,000
Service facilities 40% 1,200,000
Fixed capital cost 8,700,000
Working capital Investment 15% FCI 2,300,000
Total capital Investment 10,000,000
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The total cost is calculated by adding both the total capital investment cost and the fuel

cost. According to the scenario that the unit operates only during the touristic months, the total

capital is equal to 11,000,000 €, while for the second scenario the cost is 11,500,000 €. It can

be easily concluded that the main cost component of the proposed unit is the gasifier. Table
7.24 shows the distribution of the specific cost.

Table 7.24. Specific cost distribution

Specific cost (€/kW)
Purchased 1700
Installation 3600
Direct and Indirect cost 8600
Fixed capital Investment 15200
Total capital Investment 19800

About 20 % of the fixed capital investment cost corresponds to the purchased equipment
cost, 20.4 % corresponds to the instrumentation-engineering services and construction
expenses, while the remaining 60 % is made up of the delivery, installation, contingency costs,
the contractor’s fee as well the yard’s improvement, buildings and service facilities’ cost.

m Purchase
u |nstallation
Control, Engineering, Construction

m Contingency

® Yard improv., services

Figure 7.18. Fixed capital investment cost distribution

In order to validate the reliability of the fixed capital and the total capital investment cost
within a case study (£30%), the revised Lang coefficients (Table 7.25) are applied. The
coefficients for solid-liquid process are selected and the following results coincide to a large
extent with the previous ones.
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Table 7.25. Revised Lang Coefficients

Lang coefficients

Process Fixed Capital Total Capital Investment
Investment
Solids 4 4.7
Solid- Fluid 4.5 5.2
Fluids 5 6

It can be noted that the fixed capital investment cost for the examined scenario calculated
with the Lang coefficients is reduced by 22 % and the total capital investment cost is lower by
17 %.

Table 7.26. Estimation of the fixed and the total capital investment cost with the Lang
coefficients

Fixed Capital Investment (€) 6,800,000

Total Capital Investment (€) 8,300,000

Lastly, the cost of the produced kWh is estimated with the assumption that the
investment is marginal (corresponding to zero net present value). The project life is equal to 20
years and the interest rate is equal to 8 %. The operational expenses primarily consist of the
labor cost (2 technicians and 2 engineers per 3 shifts), while the purchase cost of the kernel
wood is estimated being 100 €/ton.

7.8. Conclusions
In the present chapter the cost of modifying an existing ICE fueled by mazut on Lesvos

Island, so that it is fueled by syngas produced through the gasification of kernel wood in a
bubbling fluidized bed, has been examined. Two different time periods of unit operation have
been considered; one for the months of high touristic activity and another one for the period
between October and April.

With respect to the calculation of costs for the proposed unit, it was necessary to calculate
both the mass and the energy balance. It has been found that for the supply of an ICE with a
power output of 2750 kW, 2000 kg/h are required. The gasification process can take place at
800 °C with an air fuel ratio of 0.3, the cold gas efficiency of the thermochemical process is
estimated being equal to 75% and the conversion of coal to the gaseous phase is estimated
being 88.3 %.

Moreover, the small scale production of electricity from biomass is a relatively new field;
therefore an accurate estimation of its cost is not an easy task, even for commercially available
units, since this market sector has not been fully developed yet. Following a review of the
purchase cost estimation methodologies -which are the basis for the calculation of all the other
costs- it seems that the available data are usually contradictory, since they are based on
different size parameters. In this respect, the costing methodologies have great deviations
between them for most of the equipment components.
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Therefore, the following conclusions can be made for the costing sources that are used:
e The Guthrie methodology is the older one (1969, revised in 1989) and includes only
nine equipment categories. This sometimes leads to limitations when the sorting of the
equipment to each one of these categories is attempted and therefore the costing data can be
inaccurate. After implementing this methodology in the present chapter, it follows that it offers
a low cost for the greatest part of the equipment (gasifier, heat exchanger). On the contrary,
regarding the components necessarily considered as process vessels (cyclone), the application
of this methodology results to a high cost, as these do not belong to one of the available
equipment categories. This is justified by the fact that the size parameter applied is the height
parameter instead of the volume flow rate of the air one.

e The Woods methodology is one of the most recent costing sources (2008). It includes a
wide list of 500 dedicated equipment components approaching with great accuracy the
equipment of the actual unit. After implementing this methodology, it follows that it results to
cost values corresponding to intermediate values compared to those deriving from all the other
sources.

e The bibliography by Peters, M, Timmerhaus, K., West, R.H is relatively recent (2002)
and it provides Tables which include the purchase and the installed cost of various equipment
categories.

Considering the above, it follows that neither source gives an accurate equipment purchase
and installation cost, thus it is necessary to select the most appropriate costing source for each
component. During the investigation that was carried out for the energy utilization of kernel
wood, it was found that the production of electricity is much more expensive compared to
mazut and specifically 0.25 €/kWh (kernel wood), while for the existing unit the production
cost is 0.18 €/kWh.

For the unit under examination, the specific installed cost is 15200 €/kW¢ while the
respective fixed capital investment cost is 19800 €/kW.

The present techno-economic analysis showed that the suggested modification is not
economically feasible. It is certain that if a case involving the cogeneration of both heat and
power had been considered, the results would have been more promising. In fact, this position
has also been indicated by existing technological studies [174, 226, 261-264].
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8. Conclusions and Further work

8.1. Conclusions

The conclusions drawn in this thesis are highlighted in this chapter. Some of the problems
and issues that occured during the research are outlined here along with possible ways to
overcome these problems. Further, some recommendations for work are given here.

Gasification is the only process which converts biomass into a syngas and this has
numerous opportunities for end user applications such as for power, producing alcohols, DME,
hydrocarbons, hydrogen and synthetic natural gas [8, 156]. Gasification is defined as
substoichiometric oxidation of carbonaceous feedstocks at elevated temperature to producr an
energy carrier [156]. Biomass gasification produces a gas containing CO, H,, CH,4, CO,, H,O
and N, when the gasification medium is air. Also, there are trace amounts of hydrocarbons
such as ethane and ethene. The majr problems associated with biomass gasification is the
production of tar. This tar related problem was an issue that had to be investigated in this PhD
dissertation.

During this dissertation the process of various agricultural biomass species gasification
was thoroughly studied. The thermochemical process of gasification took place in circulating
fluidized bed reactor. This particular experimental facility was designed and built within the
implementation of this dissertation. The gasifier has a 100 kWy, thermal power and a height of
6 m.

The biomass species investigated were seeds residues of sunflower and jatropha, after
their oil was extracted. Additionally, the energy plant cardoon and willow were tested.

First generation biofuels are considered those fuels derived from edible crops, whereas
second generation from non-edible crops. Oil crops which are used to produce biodiesel or for
extracting chemicals might be categorized according to being edible or not to either group. The
cake residues after the oil extraction from these crops could cover part of heat or power
demands of a biorefinery.

Trials carried out during this PhD dissertation investigated the possibility of employing
the aforementioned fuels in a thermochemical process through gasification in a circulating
fluidized bed reactor. The agglomerates formation tendencies along with the quality of the
produced gas were investigated. The only fuel for which defluidization appeared during the
trials was cardoon.

The two agricultural residues had a satisfactory behavior, considering the fact that
defluidization was not observed during their trials and the synthesis of the produced gas was
also satisfactory. The hydrogen levels in the syngas for both fuels were high compared to those
observed during willow gasification. The only drawback observed during the trials of the two
residues was the high tar concentrations in the syngas.

Contrary to the gasification of woody materials which has been investigated
extensively, there is fewer data on gasification applications of residues from newly introduced
oil crops after their oil extraction. In chapter 3 cakes of sunflower and jatropha were gasified.

153



8. Conclusions and Further work

Cardoon is a perennial herbaceous species native to the Mediterranean region climate
which is characterized by dry and hot summer conditions. The factors that influence the
properties of cardoon are the chemical soil characteristics, the fertilizers, the harvesting method
and the different climatic condition and rain distribution. One of the major advantages of
cardoon crops is the reduced irrigation demands, thus its cultivation costs are lower, compared
to other crops.

During this work, an experimental campaign with cardoon was conducted in order to
investigate the possibility of gasification of this fuel in a fluidized bed reactor.

The first trial was carried out with olivine as inert material and air as oxidizing medium.
After thirty minutes of operation of the experimental procedure and in a 780°C temperature
defluidization was observed. Subsequently, an attempt was made to conduct another
experimental trial while solving the defluidization problem. This trial was performed in the
experimental facility of Delft University. This particular facility is a circulating fluidized bed
reactor and has many similarities with the unit developed in this dissertation. The inert material
used during this trial was magnesite and the oxidizing medium was Oj/steam. Unfortunately
though, the solving of defluidization problem was not possible.

After two failed attempts to gasify this plant, the issue of defluidization was addressed
by mixing cardoon with another fuel. The selected fuel was giant reed because it also thrives in
the Mediteranean region and at the same time has similar properties to cardoon. The trial took
place in the gasifier developed within this dissertation. The inert material was olivine and the
oxidizing medium was air. The trial was conducted withour any agglomerate related problem.
The operation temperature reached up to 800°C.

One of the major problems during biomass gasification is tar formation. Tar condenses
at low temperatures. As a result tubes and other process equipment, such as internal
combustion engines, are blocked and fouled. Several approaches for its reduction have been
reported in the literature. A significant part of ongoing research is dealing with the
development of efficient methods for tar removal in an economical way. The method should be
efficient in terms of tar removal, economically feasible, but it should not affect the formation
of useful gaseous products. Over the last few decades, many active bed materials for tar
reduction such as dolomite, olivine, char, etc have been used. Some of them are effective, such
as Ni-based material or olivine impregnated with Fe. However, they are still expensive.
Calcined olivine at 1100 °C is a cheap, active material in order to reduce tar from syngas, while
it improves syngas quality of biomass air-blown gasification increasing the hydrogen
production by tar reforming.

Gasification experiments concluded that calcined olivine is an active bed material for
tar reduction. Its catalytic behavior not only lowers the tar yield in comparison to quartz or
untreated olivine, but it also enhances syngas quality and hydrogen production. In addition, as
shown in attrition test diagrams, a decrease in the mechanical strength of olivine after the
process of calcinations was observed. For industrial scale applications, techno economic
analysis of olivine cacination should be carried out to determine its viability.

A thermodynamic model for the study of a small decentralized gasificztion power plant
was developed. Agricultural residues and willow were examined as possible fuels. A total of 7
cases were studied. Experimental data from Chapter 5 were used as input for the model in
order to make it as accurate and as realistic as possible regarding the behavior of the fuels.
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Specifically, the experimental data used concern the methane and tar content of the syngas as
well as the percentage of char conversion into the gaseous phase. It is impossible to estimate
the concentration of the above products by considering the chemical equilibrium, so empirical
or experimental values should be assigned to them.

The produced syngas composition has many similarities for both fuels. The most
important parameter that determines the composition of the syngas, its quantity and the
electricity production is the percentage of the char conversion into the gaseous phase. As the
percentage of the char that is converted into gases increases, the flow rate of the syngas and
also the electricity production increase. The impact of the char on the gas composition is
crucial, since as it is increased by increasing the carbon variation, the carbon monoxide
increases while at the same time a decrease of hydrogen and carbon monoxide is observed.

In this final chapter the cost of modifying an existing ICE fueled by mazut on Lesvos
island so that it is fueled by syngas produced through the gasification of kernel wood in a
bubbling fluidized bed is examined. Two different time periods of unit operation were studied,
one for the months of high touristic activity and another one for the period between October
and April.

For the costing of the proposed unit it was necessary to calculate the mass and energy
balance. It was found that for the supply of an ICE with a power output of 2750 kW, 2000 kg/h
are required. The gasification process will take place at 800 °C with an air fuel ratio of 0.3. The
cold gas efficiency of the thermochemical process was estimated equal to 75% and the
conversion of coal to the gaseous phase is 88.3 %.

The small scale production of electricity from biomass is a relatively new field,
therefore an accurate estimation of its cost is not easy even for commercially available units,
since this market sector has not fully matured. After an investigation of the purchase cost
estimation methodologies-based on which all the other costs are calculated-it seems that the
available data are usually contradicting, since they are based on different size parameters. As a
result, the costing methodologies have great deviations between them for most of the
equipment components.

Therefore, the following conclusions are made for the costing sources that are used:

e The Guthrie methodology is the older one (1969, revised in 1989) and it includes only nine
equipment categories. This sometimes leads to limitations when the sorting of the
equipment to each one of these categories is attempted and therefore the cost data can be
inaccurate. By applying this methodology in the present chapter, it is found that it gives a
low cost for the most part of the equipment (gasifier, heat exchanger). On the contrary, for
the components that are necessarily considered as process vessels (cyclone) because they do
not belong to one of the available equipment categories, it leads to a high cost. This is
because the size parameter used is their height and not the volume flow rate of the air.

e The Woods methodology is one of the most recent costing sources (2008). It includes a
wide list of 500 dedicated equipment components, approaching with great accuracy the
equipment of the actual unit. After the implementation of the methodology it is found that it
gives cost values which correspond to intermediate values between those derived from all
the other sources.
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e The bibliography by Peters, M, Timmerhaus, K., West, R.H is relatively recent (2002) and it
provides Tables including the purchase and the installed cost of various equipment
categories.

Considering the above, it is concluded that neither source gives an accurate equipment
purchase and installation cost, so it is necessary to separately select the most appropriate
costing source for each component. In the investigation that was carried out for the energy
utilization of kernel wood, it was found that the production of electricity is much cheaper
compared to mazut and more precisely 0.078 €/kWh (kernel wood), while for the existing unit
the production cost is 0.185 €/kWh.

For the examined unit the specific installed cost is 4554 €/kW¢, while the respective fixed
capital investment cost is 8529 €/kWe.
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8.2. Further Work

In the present PhD dissertation the thermochemical conversion of various
agricultural biomass species was experimentally studied through the gasification
process. The gasification took place in a pilot circulating fluidized bed. The fuels to
be tested were sunflower and jatropha residues, cardoon and willow. The results from
the gasification of the residues were very positive. The only fuel for which there were
problems during the gasification trials was cardoon. In two trials the serious issue of
defluidization was observed. The problem was solved by conducting trials with a
cardoon — giant reed mixture. Subsequently, the properties of calcined olivine
regarding the reduction of tar levels were investigated.

Taking into consideration everything conducted and investigated during this
PhD dissertation, the next work will have to study more and in greater depth various
methods regarding the cleaning of the produced gas not only from tars but also from
particles. Gas cleaning has to aim to its final use. That means that the possibility of
using this gas for biofuel (or other chemical compounds) production or in an internal
combustion engine, has to be considered.

The experimental results have to be used and combined for the development of
hydrodynamic and thermodynamic models that will aim to the better understanding of
the process itself and to what happens inside a fluidized bed reactor.
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Experimental setup and procedure
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Figure A. 1. The schemstic of the experimental set up

The circulating fluidized-bed reactor is an atmospheric pressure, air-blown gasifier
with a thermal input of 100 kWy4,. Its riser is a cylindrical tube made of stainless steel 316 L,
with an inner diameter (ID) of 78 mm and a height of 6 m. The main air flow is introduced at
the bottom of the riser via a 6-tube distributor with bubble caps at the end. Two hoppers are
used for storaging and a volumetric silo with a screw feeder to adjust the feeding rate. The last
silo serves to feed the fuel inside the gasifier using a second screw feeder which rotates faster
than the first one and it is located 265 mm above the distributor. Screw feeders are powered
by electric motors. Water jackets and a minor air flow at the top of last silo were applied to
avoid pyrolysis prior to the reactor, as well as particles and gas backflow. Char and bed
material are separated from syngas by means of a 260 mm ID cyclone and a height of 800 mm
and return to the riser through a 68 mm ID downcomer tube. A nitrogen flow is used to assist
recirculation and prevent char accumulation at the bottom of downcomer. In order to remove
unburnt char and fly ash which are entrained by syngas after the first separation, a second
smaller cyclone (70 mm ID) is used. Afterwards, syngas is cooled by passing through a
condenser. The following sub-sections descript all parts of installation in detail.
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Description of the set up

Fuel feeding system
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Figure A. 2. Silos pattern and the direction of fuel to the reactor

Pelletized biomass is fed into the reactor by a feeding system which consists of 4 silos
(Figure A. 2 ) placed in a vertical arrangement. The first two have a conical bottom which
ends up to a manual spherical valve, while the latter ones have a triangular shape at the
bottom and screw feeders to manage biomass. Transportation of biomass from one silo to
another is achieved by using sheer, flexible, plastic tubes. Systems which involve screw
feeders to transport and regulate the flow of biomass are widely used because they are cheap,
reliable and their installation is quite simple. The second screw feeder (fourth silo-biomass
insertion into the riser) has a lower limit of 50 revs/min and its operation from the start to the
end of gasification tests is necessary to prevent bed material particles from entering to the
feeding tube, which could cause overheating and blocking of the tube. Actually, this screw
feeder only contributes as a buffer which serves to push biomass inside the gasifier. The
feeding rate is determined by the screw feeder of the third silo and therefore it is calibrated in
order to estimate the relation between its speed and the output fuel rate.
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Feeders are powered by two synchronous electric motors, 1 HP each, with an
electronically driven system for speed settings. Connection between screw feeder shafts and
motors is achieved through vertical axis reduction gears and couplings.

The two upper silos ensure the impermeability of the feeding system. Biomass is fed to the
silo at the top and afterwards, valves open successively. As a result, product gas cannot
escape to the environment.

Riser

Riser is the main part of the reactor as fluidization and gasification occur inside it. It
consists of a stainless steel tube AISI 316L with a 78 mm internal diameter; its height is 5.85
m and its wall thickness 5.49 mm. An air distributor (Figure A. 3) is fitted at the lower part of
the tub and its upper part is closed with a blind flange with a valve, which is used to insert bed
material in the gasifier. Measurement equipment is connected to nozzles along the tube.
Nozzles are also used to connect the cyclone to the riser at its upper part and for biomass
feeding at its lower part. A scaffold supports the upper part of the riser with steel cables. This
type of support allowed riser to extend and contract during heating and cooling. On the other
hand, fixed support at 2 or more positions could lead to buckling and failure. The riser
consists of three different parts connected with 8-hole flanges and their lengths are 850 mm,
2500 mm and 2500 mm. The purpose of this option is to avoid replacing the whole tube in
case of material damage or failure. Height to diameter ratio of riser is high due to the fact that
the gasifier is designed to operate in a fast fluidization regime. Therefore, a sufficient
residence time for organic materials and gases is achieved.

Figure A. 3. 3D drawing of the distributor

Cyclone

During the operation of a circulating fluidized bed, it is necessary to remove char and
bed material particles from syngas, so that they return to the bottom of the riser. To make this
happen, a cyclone is placed right after the riser tube (Figure A. 4).
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Cyclones are simple mechanical devices with no moving parts, in which gases are
forced to flow in a helical pattern, from top to bottom, due to the design of the inlet tube.
Particles contained in syngas crash into cyclone’s walls due to centrifugal forces applied to
them. As clean gas escapes from the top, particles are collected to a funnel. In circulating
fluidized bed systems, a downcomer tube is used instead of a funnel, so that they are driven
back to the riser.In order to facilitate particle flow and avoid accumulation, cyclone was
connected to the riser via a smaller tube with an angle of 30°.

Figure A. 4. 3D drawing of the cyclone

Downcomer and L-Valve

Driving particles back to the riser involves the use of non-mechanical patterns which
can provide the required boost in pressure at the circulating loop joint. In this experimental
facility, L-valve was chosen instead of Loop-seal. Both are compatible with Geldart B
particles, but the first one is more economical.

The overall length of the downcomer tube is 4.3 m and it consists of 4 parts. One of
the parts is angular as it defines the horizontal length between riser and L-valve. In addition, it
features an expansion joint which allows the downcomer to adapt to variations in height
imposed by the riser when heated or cooled. It is a significant part because of the fact that
length, diameter and temperature between these tubes are not equal during experiments
(Figure A. 5). Proper design leads to the formation of a fixed bed at the horizontal part of L-
valve and at the lower vertical part of the downcomer, which balances pressures at the loop
connection.
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Figure A. 5. Downcomer and L-Valve

The length of the horizontal tube must be equal to (2-8DL-valve) to facilitate particle
recirculation. To enhance particle flow, a special nozzle on L-valve supplies nitrogen to the
gasifier at velocities not much higher than Umf (U < U < 3Uyy¢). It must be pointed out
that this superficial velocity is calculated according to the diameter of L-valve and in any
case, it is lower than air velocity in the riser. Depending on the recirculation rate during
experiments, the volumetric rate of nitrogen is set to 15-20 In/min. A pressure transducer
serves to calculate pressure on L-valve and therefore, to estimate the mass of particles
accumulated. Along with pressure measurements at the bottom of the riser, the recirculation
rate can be determined. When pressure in L-valve increases and at the same time pressure at
the bottom of the riser decreases, it is an indicator that bed material is stuck in the
downcomer. To encounter such an issue, an instant rise in the flow of nitrogen is
implemented. When the problem is solved, the flow is set to its previous value. It is necessary
to track pressure flunctuations constantly, as an interruption in recirculation can cause a great
increase in temperature at the lower part of the riser.
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Electrical resistors

Air gasification is autothermal and temperature is determined by the feeding rate and the
equivalence ratio. However, in order to investigate the effect of temperature on syngas
quality, it must be set independently of other parameters. For this reason, electrical resistors
were used along the riser to provide external heating and ensure a steady temperature inside
the gasifier (Figure A. 6). The resistors used in the experiments belong to the FIBROTHAL
category of the KANTHAL Company and provide heat through radiation. The heat is
transferred through metallic elements incorporated in ceramic insulation, which sets the final
shape of the resistor. They were chosen because of both high levels of insulation and
straightforward installation. The semi cylindrical models which are shown below were used.

=]

-

Figure A. 6. 3D drawing of an electrical resistor placed on the riser

To provide heat to small or non-cylindrical parts of the riser, heating cables of HORST
Company, which transfer heat through conduction, were used. However, they were finally
removed for the reasons mentioned in a next section.

Flexible ceramic fiber blankets with a thickness of 10 cm were used for insulation.
They are made of fiberfrax refractory ceramical fibers, which can operate at temperatures up
to 1250 °C, while their melting temperature is at 1760 °C. Externally, a thinner layer of stone
wool was wrapped around them and above it, an aluminum coating for safety reasons.
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Figure A. 7. Probes for thermocouples and pressure transmitters

Measurement devides and gas analysis system

Temperature in the system is measured by twelve K-type thermocouples with a range
from -200 to 1250 °C and a +5 °C error. The quality of fluidization is tracked by measuring
pressure with eight WIKA S10 pressure transducers with a range from 0 to 1600 mbar (Figure
A. 7). A slip-stream of syngas is continuously adsorbed and after being cooled by passing
through a refrigerator, it is driven to the analyser. A ceramic filter prior to the refrigerator and
a Teflon filter prior to the analyser are used to clean syngas. Product gas was analysed by
means of a Multi - component gas analyser (ABB A02000). Carbon monoxide (CO), carbon
dioxide (CO,) and methane (CH,4) were calculated using infrared radiation, with a range of
0-25%v/v, 0-25%v/v and 0-15%v/v respectively,. Hydrogen (Hz) measurement involves a
thermal conductivity detector with a range of 0-15%v/v. Oxygen (O,) is calculated by a
paramagnetic sensor with a range of 0-25%v/v. In addition, the measurement equipment
consists of three (3) mass flow controllers, eleven (11) K-type thermocouples, nine (9)
absolute pressure transmitters and weighing devices. All data are continuously logged into a
computer.

Air supply and flow measurement

Gasification air required is supplied by a piston air compressor powered by an electric
motor. Compressed air has a pressure of 10 bar and it is stored to a tank with a maximum
capacity of 1000 litres. For safety reasons, the whole compression system is placed outside
the building, as high pressure can cause accidents. A manual pressure regulator connected in
series serves to reduce pressure to 2-3 bar, depending on the required air flow, which is
adjusted by two AALBORG flow meters. A third flow meter adjusts the flow of nitrogen.
Regardless of variations in air pressure and temperature, flow meters can supply a steady
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volumetric flow, due to the fact that their electrical valves are controlled by a control
program.

Measured values are sent to a computer by seven ADAM 4019+ analog-to-digital
converters which are connected to pressure, temperature, mass flow and gas measurement
devices. Two ADAM 4024 digital-to-analog converters are also used to set the flow rate of
nitrogen and air. Tracking and saving of all values is carried out by two programs,
DASYLAB and ADAM Utilities, the latter of which is the ADAM driver program.

Heat exchanger and flare

Right after the two cyclones, syngas is driven to a gas-water heat exchanger (shell and
tube), in which it passes through 19 pipes with a diameter of 65 mm each, while cooling water
flows in their external surface. Its temperature is lower than 90 °C at the exit, causing tar
condensation (Figure A. 8). Condensed tars are collected at the conical bottom and they are
manually removed via a spherical valve. Removal of high tar yields is necessary because of
the following advantages
. Reduction of pollutants which have to be captured by filters prior to gas measurements
. Gas outlet tubes can be blocked due to tar condensation and techniques like tube
heating and insulation are costly

The final tube ends up to a chimney. In order to prevent methane and carbon
monoxide escape to the atmosphere, syngas is combusted by flaring propane at the chimney’s
base.

Figure A. 8. A 3D section of the heat exchanger
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Description of tar sampling and analyzing

In order to use syngas as a fuel in an engine, it is necessary to remove a large portion
of the contained tars. For this reason, the tar yield of different kind of feedstocks under
different operating conditions was measured.

For tar collection and measurement, a sampling system prior to the condenser has been
installed. In the following paragraphs, all parts of this system and its operation are described
according to the Guide of tar and particle sampling and analyzing in biomass gasification
reactors.

Protocol of tar collection according to the guide

The basic principle of this protocol involves non-continuous adsorption of a syngas
stream which contains particles and heavier organic compounds (tars), under isokinetic
conditions. The sampling system includes a heated probe, a heated particle filter and
impringer bottles filled with a solvent (isopropanol) to capture tars. Six impringer bottles are
used the last three of which are immersed in an ice bath containing ice and salt with a 3:1
ratio. The purpose was to cool syngas from 20 °C to -20 °C. The flow rate is determined by a
pump which can support a maximum rate of 0.6 my*/h.

The whole process can be described as a 4-step procedure, as it requires gas
preconditioning, particle collection, tar collection and volume measurement. During gas
preconditioning, the temperature of syngas is adjusted by a heated probe to make sure that tars
don’t condense before passing through the impringer bottles. However, this temperature must
not be very high, but preferably between 300 and 350 °C for fluidized bed reactors, as higher
temperatures can cause tar cracking. Particle collection is achieved by using a filter operating
at the same temperature as the probe.

The third stage is divided in three steps. In the first step, the product gas is cooled at
around 20 °C by passing through a condenser and as a result, moisture and some tars are
collected. In the next step, tars and VOC’s pass through the organic solvent in the impringer
bottles at a temperature of -20 °C. In the last optional step, a backup VOC trap captures VOC
residues which were not captured during the second step. Actually, this trap is not necessary
when there is a sufficient number of impringer bottles, an appropriate solvent and proposed
temperatures. Isopropanol was used as a solvent due to its qualities. Volume, temperature,
pressure and gas flow rate are measured after the impringer bottles.

The last step is volume measurement and it indicates the volume of syngas which
passes through the bottles. A pump is used to adsorb the product gas and its flow can be
regulated by the user. The total volume is measured and the product gas is driven to the
chimney through a bypass line.

Right after tar collection, the content of the impringer bottles is put into flasks with a
maximum capacity of 500 ml. Every surface which came in contact with the product gas is
washed with the solvent and the solution is also put in the flask. Finally, the flask is saved,
firmly closed, in freezing temperatures (below -5 °C) before its analysis.
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Gravimetric analysis

The method of gravimetric analysis was used to measure the tars collected during
sampling at different conditions. It relies on trusted and proven methods for the gravimetric
determination of organic compounds. The equipment includes a soxhlet device, a rotary
evaporator with a pressure indicator and a dryer, as well as a weighing device with an
accuracy of 0.1 mg.

Soxhlet fume hood is a device designed to extract compounds of low solubility from
the solvent. In this case, the solvent evaporates and is separated from tar compounds. A flask
made of glass contains the sample and it is supported by the rotary evaporator. Heating is
conducted by resistors and the temperature is set to 50-60 °C. This temperature is adequate to
evaporate the solvent, while the rotational movement of the flask helps the solvent escape
from it. The solvent is then condensed due to heat transfer with a condenser and it is collected
to a flask through a system of tubes. As a result, isopropanol evaporates completely and only
organic compounds with a boiling point higher than 60 °C remain inside the initial flask. In
the end, weighing of the flask determines the amount of tars in the sample, by comparing this
value with the weight of the empty flask.

Experimental procedure

Experimental design

In order to carry through experiments successfully and collect reliable data, it is
necessary to preset the parameters which have an impact on the gasification process in a
fluidized bed and influence the quality of syngas produced.

Several of these parameters are constant (for example those related to the construction
of the gasifier), while others are set to remain constant to facilitate comparison between
different experiments (i.e. equivalence ratio). Parameters and their correlations are shown on
Figure A. 9. For an equivalence ratio equal to 0.3 and after calculating stoichiometric air, the
air flow which enters the gasifier can be determined. Symbols C, H, N, S and O represent the
percentage of each element in the fuel according to ultimate analysis. The units of the fuel
feeding rate and air flow in the equation are kg/h and Iy /min respectively.
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o Sieving and Particle size distribution of the bed material

e Determination of uy and u; using the following equations:

1.75 (Aot p,| 150 L -£.)(d,un 2, | d, p,lo.p.b (Eq.2-1)
gmf3¢s H 8mf2¢52 " “
_ 4d p(f)s_pg)g (Eq.2-2)
‘ 3p,,Co

Estimation of fluidization regime:
e Bubbling regime: us=2-3up < U;

o Circulating regime: us > 2u;

e Diameter of the Riser
e V=uA

e Riser’s temperature

e Using the ideal gas equation. The estimation of flow of the gasification medium in

T Toasifi
the riser ; —morm — _gasifier (Eq.2-3)

norm Vgasifier

‘<

e Proximate and ultimate analysis

e Required stoichiometric air using the following equation:

. _ |Car Hgr Nar | Sar Oqr . 100 1000
Airsgoion = |5+ %25+ S+ = ] v + 7022458 (Ea2-4)

e Equivalence ratio (1)

Air flow in riser (I/min)

e Srew feeder calibration

Figure A. 9. Interaction of experimental parameters for the gasification test
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During operation of a fluidized bed, particle size distribution of bed inventory is the
parameter that determines the desirable gas velocity inside the riser [265]. Generally, it is
required in many technological fields as it indicates both mechanical and chemical qualities of
materials. Thus, many methods for its measurement have been developed and standardized.

In this work, a sieve analysis was carried out. Certified sieves, each one with a specific size of
holes, were used for determining the diameter of bed material grains. Sieves were placed in a
column which is supported in an electrical device that causes vibration.

A representative sample of the bed material is weighed and put on the sieve at the top,
which has the biggest holes. After sealing up the sieves, two belts are fastened and the device
Is turned on. Sieving of each sample lasts 10 minutes. Each sieve has smallest holes than the
one above it and at the base of the device; a plate is used to collect fine particles. Smaller

particles are caught by sieves at the bottom of the column, while larger particles are
collected at the top. When vibration stops, the amount of bed material in every sieve is
weighed. All particles captured by a sieve have a larger diameter than its holes and at the
same time, smaller than that of the previous sieve.

Screw feeder calibration

As mentioned above, biomass is fed into the gasifier by screw feeders. The angular
velocity of the first feeder (see Figure A. 2, the 3" silo) determines the quantity of biomass
which enters the system. Motor speed is set through an electronic system with a 10-circle
dimmer (10 X 360°).All fuels were modified to a pellet form. However, characteristics like
pellet length, diameter, hardness, brittleness and moisture differ depending on biomass
species. Thus, the same speed of the screw feeder results in different fuel feeding rates. For
this reason, the calibration of the screw feeder was before every experiment (even when the
feeder has already been calibrated for a specific fuel in the past).

The procedure of calibration is described below:

The distributor is removed so that the lower part of the riser is open, while a weighing
device, with a bin on it, is placed under the riser. After starting fuel feeding, biomass is
collected to the bin and it is weighed. The weight of the bin is recorded every minute for a 10-
minute timespan. The following diagram presents a typical screw feeder calibration.

White markers are those recorded during measurement. Black markers are estimated
by deducting every value from the next one and represent the fuel rate per minute. The header
of the diagram indicates the type of the fuel (Jatropha), as well as the settings of the dimmer
(1.2 for the first screw feeder, 6 for the second respectively).
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Jatropha (1.20 / 6)
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Figure A. 10. Screw feeder calibration for Jatropha’s pellets

Validation of measurements requires all black values to be approximately identical
(5% from mean) and in this case, the cumulative curve is expected to be a straight line. This
means that the operation of the screw feeder is smooth and there are no random errors.
Results are shown in Table A.1. The last two columns show the absolute and percentage
deviation of each measurement from the mean value. In the last row, the mean value (grey
cell), the absolute (0.99) and percentage standard deviation (0.04 %) of the measurements are
shown.

There is a significant deviation of the first measurement from the sample mean. This is
due to the fact that measuring procedure starts simultaneously with the start of the electric
motor. The first pellet ends up to the weighing device after several seconds, as it passes
through two screw feeders. Therefore, the first value is not accounted for calculating the
feeding rate of biomass. Alternatively, we can start the motors prior to the timekeeper. This
abnormality explains the shape of the curve in Figure A. 10. If the first measurement was
accurate, the expected equation of the curve would be y=ax. So, by ignoring b parameter
(y=ax+b), the gradient of the straight line indicates the rate of biomass feeding. In order to
achieve accurate results, measurement is carried out more than once for the same settings of
the dimmers. Afterwards, the motor speed changes to meet the desirable feeding rate as
determined by the procedure in a previous paragraph. All trials were plotted in a single chart
with dimmer settings as horizontal axis and the mass flow of fuel as vertical axis. The
linearity of the curve validates that measurement are correct
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Table A.1. Screw feeder calibration

Table.2.1. Maasures durina screw feeder calibration Percentage
Time Absolute standard
(min) g g/min standard deviation

devition (%)

1 93 93 4.00 4.12
2 188 95 2.00 2.06
3 290 102 5.00 5.15
4 389 99 2.00 2.06
5 489 100 3.00 3.09
6 509 101 4.00 4.12
7 688 95 4.00 4.12
8 787 95 4.00 4.12
9 887 95 4.00 4.12
10 986 95 4.00 4.12
v/l 97 0.99 0.04

(average)

Annex

Table A.1 presents all the results collected during screw feeder calibration for willow
pellets, which compose chart in
Figure A. 11. In the fifth column, the mass flow has been calculated on a per hour
basis while in the eighth column; the required air for gasification A = 0.3 that correspond to
the fuel rates have been added. For easier handling of the facility during experiments, air flow
is estimated in Iy/min, the same units as those the flow meters were calibrated.

Willow

16.00

14.00

y =9.7892x - 7.2551
R?=0.9964
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Fuel feeding rate(kg/h)
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o
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Setting of dimmer for the 1stscrew feeder

Figure A. 11. Fuel feeding rate versus the setting of dimmer for the 1st screw feeder



Table.A.2. Aggregated result of screw feeder calibration with the fluctuation of 1

Annex

Fluctuation of real value of the A

Feeder __ .
average st.dev 1 hour st.dev St0|ch|(?metr|c
g @m0 @ ke @
2.20 6.00 240.50 8.71 14.43 0.52 1033.080
2.20 6.00 238.50 8.57 14.31 0.51 1024.489
2.00 6.00 206.20 3.79 12.37 0.23 885.743
2.00 6.00 205.67 4.68 12.34 0.28 883.453
2.00 6.00 199.67 5.46 11.98 0.33 857.680
1.70 6.00 154.17 5.64 9.25 0.34 662.232
1.70 6.00 157.00 1.87 9.42 0.11 674.401
1.70 6.00 159.50 2.88 9.57 0.17 685.140
1.70 6.00 151.33 2.59 9.08 0.16 650.046
1.60 6.00 142.00 2.97 8.52 0.18 609.968
1.60 6.00 142.17 3.43 8.53 0.21 610.686
1.50 6.00 126.67 4.23 7.60 0.25 544.105
1.50 6.00 128.33 5.08 7.70 0.30 551.261
1.40 6.00 106.00 2.49 6.36 0.15 455.328
1.40 6.00 106.67 1.21 6.40 0.07 458.194
1.30 6.00 87.17 7.70 5.23 0.46 374.430
1.30 6.00 88.33 4.08 5.30 0.24 379.439
1.20 6.00 78.20 1.64 4.69 0.10 335.912

Required air
for
gasidication
with A=0.3
(In/min)
309.924

307.347
265.723
265.036
257.304
198.670

202.320

205.542
195.014
182.990
183.206
163.231

airmass airmass
stoichiometric A stoichiometric A
(aver. air + (m+st.dev) (aver. air - (m-st.dev)

st.dev) st.dev)

1070.494 0.290 995.666 0.311
1061.302 0.290 987.676 0.311
902.023 0.295 869.462 0.306
903.556 0.293 863.350 0.307
881.133 0.292 834.226 0.308
686.459 0.289 638.005 0.311
682.434 0.296 666.369 0.304
697.512 0.295 672.769 0.306
661.171 0.295 638.920 0.305
622.726 0.294 597.210 0.306
625.419 0.293 595.952 0.307
562.275 0.290 525.934 0.310
573.082 0.289 529.440 0.312
466.024 0.293 444,632 0.307
463.391 0.297 452.996 0.303
407.506 0.276 341.355 0.329
396.965 0.287 361.913 0.315
342.957 0.294 328.867 0.306
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In addition, biomass feeding rate was calculated in kg/h so that users can estimate the
required quantity of fuel input in the first silo (see Figure A. 2). Values which are
painted grey correspond to a bubbling fluidized bed and brown cells correspond to a
circulating fluidization regime, according to umf and ut velocities calculated using
data

Furthermore, the deviation of equivalence ratio due to the deviation of fuel rate had to
be calculated. It was supposed a possible rise and fall of mean fuel rate equal to the
standard deviation of the sample. Then the required air for stoichiometric combustion
of both maximum and minimum fuel supply was estimated. Dividing inlet air by these
values gives us a range of the real equivalence ratio achieved during experiments. All
results are shown in the last four (4) columns of Table A.2. A deviation from 0.29 to
0.31 can be characterized as reasonable considering the large size of the reactor.

Preparation of the experimental facility

Riser is filled up with the bed material which has been sieved and weighed
before. While the screw feeder at the bottom of the riser rotates to prevent particles
from flowing back, bed material is put into the gasifier from the top. This step should
be completed before heating as high temperatures cause air relief via inlet valve. This
phenomenon is undesirable because it affects users’ safety and in addition, the
quantity of bed material that is removed cannot be calculated.

In the next step, electrical resistors are turned on to 100-150 °C to preheat the

reactor. The whole system remains in this condition for about 45 minutes, until
insulation gets heated mildly and moisture is gradually removed from all internal
metallic surfaces. Intense heating (i.e set point at 700 °C) could cause instant
evaporation of moisture while all gaps between metallic walls and electrical resistors
would be filled with steam. In high concentrations, steam can act as a bridge between
different surfaces and lead to an electrical discharge.
Intense evaporation which can easily be spotted takes place when a new piece of
insulation is heated for the first time. After preheating, temperature set points are
gradually raised to avoid violent contraction. At the same time, air inlet starts and the
incoming flow transfers heat concerning bed material characteristics to the whole
reactor after being heated by passing through the riser.
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EAnvucn Tlepiinym

EAnvicn Hepiinyn
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EMnvucn Tepiinym / Kepdlowo 1

1. Elcaywyn

Agplomoinon ovopdletor mn depyacio. KATA TNV OMOIOL 1 OPYOVIK VAN
(metpédano, Propdla, AMBavOpakoc K.0) PeETaTPEMETOL GE Eva aéplo Pelypa TAOVG10 G
povo&eido tov avlpaka (CO) kot vopoydévo (Hz). To cvykekpyévo @ovouevo
Aappaver yopo oe vynréc Oegpupoxpaciec (> 700 °C) pe VIOCTOUYEIOUETPIKES
ovvOnkeg (aépoc, o&uyovo) 1 vd v moapovsio atuov. To mopoyOUEVO PELGTO
ovvnBileton va amokoleitol «aéplo cvvheoncy (syngas) Ewova 1. 1.

H Popalo, og avavedoun mnyn evépyelasg, avapépetal e (ovtavovg Kot
TPOCPOTO VEKPOLG PloAoylkd opyaviopovg ot omoiot €xovv TN duVaTOTNTA Vo
ypnooromBolv gite mg kadoo ite g TPdTN VAN Yo T Prounyoavia. X10 TAAiG10
avto, n Propdlo pmopel va givor emiong QULTIKNG TPOEAEVONG, OTMG EVEPYELOKEG
KoAMEPYEEG N vmoAsippota Tovg (KAadWd, @OLAAN, TLPNVOELAO K.o), OTEPED
Brokavoipa (meAdéteg), OUMG Umopel var mpoépyeTar Kot amd (ko opyaviGHovG.
Téhog, Popdla Bempeitar to Proyeves kKAAoUa TV aoTIK®OV omoppiupdtov. Oia to
TOPOTAV® €0N £Qovv TN SLVATOTNTO HETATPOTNG TOVS HECH Proynukov (Cdouwmon,
avaepdfia yoveyn k.a) N Oeppoymukdv (rupoéAven, aepuroincn, Kavon) depyucinv
o€ Kavoa yu 0éppoven, mapaymyn NAEKTPIKNG EVEPYELNG 1 SLAPOPO AL YNUIKA
npotoévta. Xt Propdla dev ovumeptlopuPdvoviol o OpuKTE KOVCUd, OTOC TO
TETPEAALO, TO PLGIKO aéPlo, 0 ABGvOpakag K.a.

To av&avopevo evolQEPOV CTUEP YO TNV EKUETAALELGN TOV OVOVEDGLUOV
TNYOV EVEPYEWS MG EVAALOKTIKY] ADGN £VaVTL TOV OPLKTAV KOvoilwv mbnce v
EMGTNUOVIKN KOOt Vo EmaveCeTdoet T dlepyacio TG 0ePLOToinomg, Lt TEXVIKN
Yooty and T1¢ apyxéc tov 19°° advo. H mpdTn ¢ eumopikn epapuoyq frav m
aepromoinon GvBpaxoc ywo TOV QOTICHO TOAE®V 1 YL TNV TOPOy®YN aepiov
KOLGIHOoV Yo Tig Tomkég Prounyavikég povades. Katd m dbpxeia tov B maykospiov
TOAEPOV AOY® TOL gumdpyko meTpedaiov, ot Nali avaykdotnkay va, xpreILoTot GOV
[13] v aeplomoinon tov AMBavBpoaka mg Tov KOPLO TPOPOSOTN Yo TV dnuovpyio
VYPOV KALGILOV Yo TIC unyaves esmteptkng kavong (MEK) tov oynudtov tovg. Ta
Bacikd TexVIKE umOOIL TOV TPENEL VO VIEPKEPAGEL 1| aeplontoinon Propdalag yio v
gvphTePN d1ddooN tng eivar dvo: (1) N evoopdTmon/ypnorn 1M VLapPYOVI®V 0AAGL Kot
OLKOVOUKG  OTOOEKTMV TEYVIKOV Y10, TOV KaOApGHd TOL aepiov amd JUPOpPES
npoopitels (copatidio e&ovOpakmpatog Kot T€ppag, dtuPpmtikd acpia dmwg HoS kot
HCI) pe tehkd okomd TV EKUETAAAELGT] TOV GE TTpoNyuéva Plo-dwlotipia, Kot (2) 1
dwbeopdmTo TOV £yKOTACTACE®V Vo givol oadldAewtta e Béom va xeplotel
TEPLGGATEPO OO £vol £100G KOWGILOV, YOPIg TPOPANLATO TPOPOSOGING 1) TEPUOTICUO
g dlepyaciog.
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Ao na Beppaven
Ko

f\iplo NAEKTPOTAPATOITH
Kafapiopag ) Hcxrpropos
TuvBeone Agpiov HEwTpIaR
l Alxob)es
CO + H» AvpeBul.mBipas
( Tegpa ) Fischer -Tropsch

~

Brokovowa yua tv
aepomiola

Ewova 1. L. Alopopetiéc emAoyég Tov pumopohv vo TpoEABovy amo TV aePLonoinom

To mAgovEéKTNULO TNG ALEPLOTOINGNG EYKELTAL GTO YEYOVOG OTL SLVNTIKA 1 ¥p1OM
1oV aepiov cuvBeong etvat o AMOTELECUATIKY| €V avTIOEGEL e TNV AuEesT KAVoT TOv
0TEPEOD KAVGIHOV. AVTO 0QEIAETAL GTO OTL TO GVYKEKPIUEVO TTAPAY®YO UITopet €iTe va
o&edmbel TMANpwg (va koel) oe vymiéc Beppokpacieg ite va dloyetevTel 68 KUWELEG
KOVGIHOV pe amoTéAespa TV Beppodvuvapkn tov ovafadiuon pe koAvtepn amddoon
oOLP®VO pe To TPdTo Voo tov Carnot. To deplo chvBeong €xetl dittd poLo, umopet
va ypnowomonfel ¢ dupeco kavoyo oe MEK kot aeprootpofilovg eite va
OMOTEAECGEL TO EVOLAUECO OTAO0 Yoo TNV Topaywyn HeBavoAng, vopoydvov M
petatpony Tov pécw Fischer — Tropsch og vopoyovavOpakes. H agpromoinon emiong
dvvatal va emrevyfel pe opyavikd vAKd ta omoio vwd Kavovikég cuvinkes Oa
odnyovvtay oe Ydpovg aveEEdeyktng oudbeong anofintav (XAAA).Xe avtéc Opmg
TIG TEPMTOGELS amaLTEITOL VYNAY Beppokpacio katd TN dtdpkela TG dlepyaciog 1ot
HoTE v amoPevyel 0 oyNUATIGUOG SPPOTIKOV evidoewv 0nmg To HCI.

Muwprg KAMpOKOG GLOTAUOTO CUUTOPAY®YNS NAEKTPIOUOD Kol Beppdtntog
(ZHO) Bacilopeva oty oepromoinom Popalog eVOpPUOVIGUEVO e VEES TEXVOAOYIES
YL NAEKTPOTTAPAY®YT], OTWG HIKPO-0EPLOGTPOPIAOL  LE NAEKTPIKY amdO0GN TTEPImMOL
20 — 30 % g KatdTePNG BeproYOVOL dVHVOUNG TG El6EPYOUEVS Propdlog OAo Kot
nePLocOTEPO €AkVOLY 1O evolapépov. Or MEK og 1é€totov &idovg ocvotruota
TPOCPEPOLY OPKETE VYNAT NAEKTPIKT ATOS0CT], L0l GUVALUO UEIWUEVEG SVVATOTITEG
CLUTOPAYWYNG Kol LEYAAQ TOGOGTH OTHLOGPAPIKNG pOTavonc. 'Exetl amodetyOel, petd
and TOAAEG DPEG TAOTIK®OV TEWPAUATOV OTL GUOTAUOTO CEPIOTOINGNG  HIKPNG
KMpoakog pe MEK €youv a&lomiotn niektpikny amddoon Kot pukpd eminedo pOmmV.
Mo peyédn peyordtepa tov 20 MW, 1 teqvoroyion OAOKANPOUEVOV GLGTNUAT®OV
agplomoinong cvumapayoyng (Integrated Gasification Combined Cycle) Oswpeiton 1
mo &ykvpn pe Pabpod anodoong péxpt ko 40 % [6].

H Propdla avtimpoconevel nepinov 10 4 % kot 26 % wg mpdt VAN Yo
TOPAYOYN MAEKTPIKNG EVEPYEWNS OTIS OVEMTLYUEVEG KOL OVOTTUCCOUEVES YDPES
avtiotolyws. Xe eninedo Evpomnaikng Evoong &xovv tebel apretd vymAol otdyot: o
NAEKTPIoUOG mpoepyOuevog amd Propdlo mpémer va. avéABer uéypt tovg 55 Mtoe,
ovunepiappavovtog tovg 19 Mtoe ecayduevov Bokovsipwv [7]. H a&lonoinon
™m¢ Popdalog péom g OBepuoynuiknig oepyaciog ¢ aeplomoinong mapovctdlet
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ONUOVTIKA OVENUEVT] OTTOOOTIKOTNTO OTNV TOPAY®YN MAEKTPIKNG EVEPYEWG &€V
avtifécel pe ovtn g kavong (n omoio meplopiletar oto 20 % TG MAEKTPIKNG
anddoong). Emiong, vmépyet n Suvatodt)To TOPAY®YNG VYPOV KOLGIU®OV 1 YNUKOV
OVCIMV, AVTICTOIY®V UE TA TAPAYwYo ToL TeTperaiov. [ Tovg mapoamdve Adyovg 1
OCLYKEKPIULEVN EQPOPUOYN OVOUEVETOL VO OLAOPOLOTIGEL CNUAVTIKO POAO GTO PEAAOV
1oV flo — cvotudtev taykoouing [13].
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ElMnvucn Tlepiinyn / Kepdioto 2

2. Teyvika npofinuata amd v aepromoinon fropalog
GE€ PEVOTOMOMUEVES KALVES

2.1 Xv66OpATONATO

Ye auTo 10 KEPAAO0 TopovotdovTotl Ta TPOPANLOT TTOV OTUOVPYOVVTOL LUE TNV
EULPAVIOT TOV GUCCOUATOUATOV KOTA TN JdpKeELD TNG BEPLOYNUKNG dlepyasiog NG
aegplomoinong Propdlog o€ avtdpactinpes pevotomomuévev KAwvav. o v
TANPOTNTA TNG TAPOVGOS OOAKTOPIKNG dtaTpiPng o AneBel vdym 1 PiAtoypagikn
avaoKOTNoN 7oV £ytve amd TIG 000 TPONYOLUEVES OTPIPEC TOL €PYAGTNPIOL
Atpokivnmipev kot Agpritov [56, 57]. Zvvtoun avagopd Bo yivel kot 6T S0KIEG
7oV Ehafov ydpa KaTd T didpkeln avTtdv TV dvo datpiav [56, 57]. Ev cvveyeia
0o mopoateBovv perétec mov  deEnydnoav petd 1o 2007 oyetkd pe  TO
GLUGGOUATOMUOTO KOl TOG EMOPOVV aVTA OTIS Beppoynpikéc depyasieg (kovom Kot
aeplomoinon). Téhoc.  mepapatiky dadtkacio wov deENydn Katd T dtdpKe TG
napovoag oaTpPng kot N pEBodog pEsm g omolog emyelpnOnke 1 emiAvon TuxoOV
TPOPANLATOV TOV EUPAVIGTIKAV.

Ot evioelg tov odkodiov pe koplotepes to o&gidta Tov koiiov (K20) kot to
o&eido tov varpiov (NaO), xkabdg kot ot evadoelg tov Ogiov (S) (to omoio OPWC
voiotatol og WKPOTEPA TOGOoTA otV Plopdla amd 0Tt 6Tovg YodvOpaKeq)
oynuatilovv evtnkteg evioeg pe 1o Cal ka to SiO,. H pelétn tov unyavioudv
OMOAELDG  PELOTOTOINGONG  €ivol  OKOHO  OVTIKEIUEVO  EMGTNUOVIKNG  £PELVOC,
OTOYEVLOVTOG GTNV KOAN AELTOVPYiO HOG EYKATAGTAONG PEVGTOMOINUEVNG KAIVIG HE
Bopala. Amd 10 oOVoOlo TV gpyocu®V Tov Eyovv defoybel, mpokvTTEL TO
ovumépacpa 0t 1 o aSlomotn HEBodOg Yo T CLUTEPIPOPE EVOG KOVGILOL GE Lo
PEVGTOTOINEVN KATVY €lvol 1 xp1 oM TOL GE AVTIGTOYN EPYOCTNPLOKT EYKATACTON.
Meto&d pkpng Kot Blopmyovikng KMUOKOG VITAPYOLV OpPKETES OaPOpES (Kupilmg
VOPOSVVOUIKNG), OU®G pmopel vo. TPOGOOPIoTEL HE OYETIKA KOAN okpifeian 1M
Bepurokpacio andAENS PEVGTOTOINGNG.

Ot dvo PBaoikol punyavicpol mov gvBvvovtal Yo TNV EULPEVICT] CLGCOUATOUATOV
o€ PEVCTOMOMMUEVEG KAIveg emefepynoiog OTEPE®V KOVGIL®Y, COUG®VA HE TOV
Skrifvars et al [246] sivai: (o) 1 pepikn THEN TEPPOG HE GYNUATIOUO PEVGTAHS 1EDSOVG
eaong (tnypa) kot (B) n ynukn avtidpaon HETOED TOV CORATIOIMV.
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Molten Ash
Particles
O30 —OO
Agglomeration due to (Ash)
Melt Formation
material
or Ash
(1)
Gas Phase Coatlng
Ash
Q — O — QO
T Sintering of Coatings
Bed
material
or Ash 2)

Ewoéva 2.1. TIpotevopevol pnyovicoi dnpovpyiag cusocopatoudtoy [248]

H pepwcn ™én téepog pe oynpoatiopd pevotng Emoovg @daong (viscous flow
sintering) sivat o punyovicpog mov gpeavifetar ota cvothpate 0&ediny Topttiov Kot
TUPITIKAOV OAATOV, OOV SLUHOPPAOVETOL 1EDONG VYPN PAoT OTAV TO COUATIOW TNG
TUPLTIKNG TEPPOS 1 aKkoOUa Kot TG YOAASIoKNG GUpov Tpocpo@olV o AAKAALL TOV
Bpiokovior oty aéplo eAacn Kol SNUIOLPYOHV OAKOAIKO TLPITIKO GAOG YOUNA0D
onueiov énc [44, 246, 247]. To 1Eddeg TOL TNYUATOC UTOPEL va ival TETO0 MOTE
otav 1 Bepuoxpacio pewwbel oto emineda g Oewpnrikng Beppoxpacioc Evapéng
OTEPEOTOINOMNG, N PAGT TOV TNYHOTOG TOPOUUEVEL VOADONG. To 1EMOEG TG LAADOOVG
@AaoNg elvarl GuVAPTNON TNG YNUIKNG CLGTACNGS, TG BeproKpaGios KoL TOV XPOVOL, Kot
&xet amoderyfel OTL EAEYYEL TO UNYOVIGUO «AOLLAOVY HETOED TOV COUOTIOIOV.

O unyovicpds oYNUOTICHOD  GUCCOUOTOUATOV HECEH YNUKNG OVTIOpOoNS
Aoppdver ydpa 0TV T0. COUATIOW AVTIOPOVY YUK e TNV TEPPA Kot oynuatileTot
pio £veon 1 omoio eVOEXOUEVAMS Oa S1LUOPPDOCEL «AOLLO» HETAED TV KOKK®OV, YOPIg
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va amonteiton Vopsn TYREVNS @dong. Avtodg 0 Unyovicpog eEnyel v dnuovpyia
CLCOOUATOUATOV KOTA TV KOoT YolavOpaKmv Le VYNAN TeplekTikotnto o€ Oelo o
KAV copotdiov acBectolbov 1| doAouitn, 6mov to ofeidto tov acPeotiov (CaO)
TPoePYOUEVO amtd TO avOpakiKO acBEéoTio avtidpd pe 1o do&eidto Tov Beiov (SO7) T0
omoio mepiEyeTan ota Kavoaépla (depyasio amobeiwong).

O Visser et al [248] npoteve dvo unyovicpods cucecmpdtoongs: (1) cveonpdtmon
AOy® TyHotog Kot (2) GUGCOUATOON AOY® EMIGTPMONG, KOl Ol JVO GLUE®VOVV LE
TOV yevikevpévo unyovioud katd Skrifvars [246]mov meprypdenke mponyovuEVOG.
Kot otig 600 mepmmtdoEIS 1| CLCCOUATOON TPOYUOTOTOLEITAL HEC® dNUovPYiog
«oupov» Ommg @aiveton otmv Figure 2.2. Xty mepintoon (1) o «houpdo»
oynpotileTon omd TYHEVN TEPPO TOV TPOGTINTEL G€ EVOV KOKKO Kot Opol ooV KOAAQ,
eV oty mepintoon (2) M eMEAVEL TOV KOKK®OV KOAOTTETOL omd THYUQ, KOl M
OLGGOUATOON givol OTOTEAEGHO TNG EAOYICTOTTOINGONG TG EMPOVELNKNG TAONG TOV
KOKK®V TOV £pYOVTOL GE EMOPT], VO OPIGUEVES Kpioleg cuvOnkes (Beppokpacio Kot
nhyog emiotpwong). I'evikd, n VmOpPEN TMYHOTOS KOl GUCCOUATOUATOV KOKK®V
TPOKOAEL AvOLOLOLOPON OvaEEN TNG KAIVIG Kol KOTO GUVETEW TEPLOYES VYNADV
Oeprokpacidv. Xe avTég TIG BeproKpaGiES, EMTAYVVETAL O GYNUOTIGUOS THYLOTOG KOt
1 GLCCOUATMOOY UTOPEl VoL cLVEXIOTEL Kot pe Tovg 600 pnyoavicpovs. To mayog g
emkdAoyng e€aptdtar amd to puOUd TPocshNKNg Tov Kot amd to Pabud yabvpdnrtog
[47].

Méypt kou to 2007 eiyov mpaypatorombel apKeTEG TEPAUOTIKES EPYOCIES Yo TN
HEAETN TOL  OYNUOTIGHOD GLGCOUATOUATOV KoOOG Kor T Ploun andiew
pEVGTOTOINOMG KATA TN OldpKELn TNG dlEpyasiog TG aeptoroinong (1 g Kadong) g
Bopalog kot tov avBpaxko TOG0 o pIKPN epyacTtnplokn KApoko OG0 Kol og
mAoTIKY. Tvykekpuéva, o Ergudenler poali pe tov Ghaly et al [44, 48, 49]
dlepevvNGaV TV TAoN GYNUATIGHOD GLGCOUATOUATOV KOTE TNV KaHGT TOL oyVPOL
0 PELOTOMOMUEVT KAVY] Yo SLAQOPES TOPOYES KOVGILOV, TEPLEKTIKOTNTOS GE
TEQPAG OG TPOG TNV YoAalIoKN QLo Kot TV aAovpiva.

H ™mén tov alokalkdv evacemv g TEPPOG LEAETHONKE S1EE00TKAOC dteEdyovTag
dokipég eite pe Propdla gite pe MBavOpaka. H mieiovotta tov nepapdrov Elofe
YOPO YPNOCLUOTOIOVTOS YOAALIOKT GUUO ¢ TANPOTIKO péEGo. Xvykekpiuéva, O
Dawson et al [50] avagéper 6t tnypéva o&eidia acPfeotiov kol TVPLTOVYO OPYiAl0
CLUYKOAMIONKOV OTNV  €MPAVEIL TOV COUATIOIOV TOL ddpovods VAKOD LE
amotéAecao TNV amopegvctonoinot. H mapatnpnon avt éAafe ydpa katd Ty Kowon
MO&vOpaka 6e £pyaoTNPLOKNG KAMUOKOG OVTIOPAGTHPO PELGTOTOMUEVNG KATvNG. O
Manzoori et al [51] kotd TV TEPOPOTIK GEPO OV TPOYLOTOTOINGE WE
MBavOpakeg youning Beppoydvov dOvoung pe HEYAAn meplektikdtto o€ Oeio Ko
vatplo dmictwoe ot OMpovpyia EMIGTPOONG TAOVGLOG O YAMPLOVYO VATPLO
(NaCl), o&eidio acPeotiov kot Beiov oV emPdveln. TOV KOKK®OV TOV TANPOTIKOD
uéoov. O Lin et al [52] &ie&nyaye meipopata kodong oydpov oe &va UiKpo
AVTIOPACTNPO PELSTOTONUEVIS KAIVNG, Vyoug 1 m kor 60 MM  €0OTEPIKNG
SLOUETPOV, XPNOLOTOIDOVTOS MG AOPAVES VAIKO YOAALIOKY GO, GTOYXELOVTIOG GTNV
ONUIOVPYiN GLGCOUATOUATOV.
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O unyaviopog oMUovpyiog GLGCOUATOUATOV OlEPELVNONKE EUTEPIOTATMOUEVA
TPOYLOTOTOIMVTOS OOKIUES EAEYXOUEVNG OMOPEVCTOMOINGCNG GE LKPNG KALOKOG
pevoTomompév KAivn omd v emompovikd opddo tov O Ohman et al [53]. H
Oepurokpacio g diepyaciog eheyyotav amd eEmtepkés aviiotdoelc. Ev ocuveyeia, n
S0 emotuovikn opdda (Ohman et al) [47] mpaypatomoince Sokipég Kavong Kot
aeplomoinong SopopeTikdv eW®V Plopdlag o6& avTidpacTNPO PEVGTOTOUUEVIG
KAMVNG Ko €€Nyaye TO0 CUUTEPOCHO OTL TO. GLUCCOUATOUATO TOV CYNUATICTKOY Kot
oT1G 000 dlepyaciec 0ev giyov Kapio amoAVT®MS d10popd HeTAlD TOVG.

H onuwovpyio 1€ddovg tyuatoc elval 1 YEVESIOLPYOSG outiot  ERPAVIONG
ocvcoouaTOpdtov  darmiotwoe 1 Brus et al [54]. H ovykekpipuévn dwomictmon
emPeParcdveton kon omd Tov Ohman et al [55], o onoiog maparipnoe 6Tt 1| TPOSOHNKN
KaoAivn av&dvel T Beppokpocion EPPAVIONG GLCCOUNTOUATOV AGY® dnpovpYing
EVOOEMV AMYOTEPO EVTNKTEG.

O1 600 ddaxtopikég drotpiféc [56, 57] mov mpaypatomombnkav 6to €pyactiplo
Atpokivnmpov kot Agfitov deényayay TEPAUATIKEG OOKIUEG aeplomoinong oe
puepn| kKApoko pevotomompévn kKAv pe euoaAidec.

Tpia owpopetikd €idn Propdlog mpoepydpeva omd v mepoyn s Meooyeiov

e€etdotnrov ®G MPOG TNV TACT ONUIOVPYINS CLGCOUATOUATOV. ZVYKEKPLUEVA,
peketnOnkav  vroAeippoto  mopnvocviov, KoAdur Kot copyoc. Ot SoKyég
TPOYUATOTONONKAV Yo KAOE KoOolo pe dV0 JUPOPETIKA TANPOTIKG HECH, TNV
yorollokn aupo kot tov oAPivi. To kadoyo mov mopovcioce T HIKPOTEP
Oeppokpocio. ATMOAENG PEVOTOTOINGONG NTAV TO KOAGUL MHE OOPOVEC VAIKO TNV
yorallokn dppo. Avtifétmg, To VTOAEIATO TVPNVOELAOD EUPAVIGAV TN LEYUAVTEPT
Oepurokpacio amopevoTonoinong, 6tay To adpavEg LAKO NTav oAPivng.
Metd 10 TEAOC TOV TEWPAPATIKOV JOKIU®V, cvveAéyncov delypata to omoio
otoAOnKav Yoo avoidoelg pe miektpovikd pikpookdmo (SEM). Ov avorvoelg
e&Nyayav To GLUTEPAGLLO OTL Ol TEPPOS TOV KOAOULOD KOl TOL GOPYOV £YOLV LEYAAN
TEPLEKTIKOTNTA GE TEPPQL.

Ot dvo ponyovueveg ddaktopikég datpiPéc [56, 57] péoa and ) PipAoypapikn
aVOOKOTNOM KOl TV TEPOUOTIKT OLEPEVLVOT TOV TPAYLATOTOINCAY, £3MCAV UPKETA
ONUOVTIKEG — OMOVINCELS YL TNV EUOPAVIOT KOl  TOVG  UNYOVIGUOVUS TV
ocvooopatopdtov. Artd 2007 péxpt ko onpepa Exovv delaydel apketég epyacieg
OV  OMOGKOTOVGOV VO, OMGOLV  ONOVINGES YUowtd Tto coPapd Oéua TV
GLGCOUATOHATOV.

H enidpaon ¢ Oomuovpyiog GLGCOUATOUATOV GINV TAPAy®Yn VOPOYHVOL
HEAETNONKE TPOYUATOTOIOVTOG TEIPOUATO HE OYPOTIKG VLTOAEIPHOTA o€ KAIvn
yaAallokng aupov amd tov Kuo et al [58] Metd to téhog TG TEPAUOTIKNG GEPAG
eENyON to ocvumépacpa Ot N aENCN TOL HEYEDOVE TOV GLGCOUATOUATOV 0dNYEL GE
OTOAELNL PEVGTOMOINOTG KOl GUVENMS amdToun avénomn g Oepupokpacioc. Avti n
aAAayn| evOappOVEL TNV TOPAYWYT VOPOYOVOV.

Tnv enidpaon tov peyébovg TV copaTIdiov Tov adpavodc VAKoL perétnoe o Lin
[59] o¢ Khivn yaraliokng dppov mopovcio tpochétmv (Ca kot Na). Alurictowoe ot
avEAVOVTOG TN OLYKEVIP®ON TOL  VoTpiov UEWDOVETOL O YPOVOS  EMITELENG
amopevotomoinong (ave&apmta amd T péon OWUETPO COUATIOI®V). Zuvdua
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TapatnpNoe OTL OTOV 1 TOYLTINTO pevotomoinong eivan peyddn (U=2Ut) f1 n
Oepuoxpacio Asttovpylag oapketd vynAn totE 1M EmMidpoacn Tov peyEBovg TV
COUATIOIMV TOV adPUVOVG VAIKOD €lval apeAnTéa.

To eninedo TV EKTOUTOV TV Popé®mV HETAAL®VY dlepeuviOnke d1eE0dIKDC MG TPOG
™ onuovpyio cvooopatoudtov and to Liu et al [60] katd ™ didpkela kavong
OOTIKOV OTOPUUATOV G€ UIKPNG KAIpoKag pevotomomuévn kAivr. E&nyaye to
CLUTEPOCUO OTL KOTE TNV OTOAED TNG PEVOTOMOINGNG Ol GUYKEKPIUEVES EKTTOUTES
avédvoviov. O Ma et al [61] =mpoypatonoince meEPAUOTO UEAETOVTIOG TOV
UNYOVIoCUOUS  EUPAVIONG GLGCOUATOUATOV  KOtd TNV Kodon ALPUATOV o€
avappalovca pgvotonomuévn kKAivn. O Thy et al [62] diepedvnoe melpopatikd
oVOTOOT TOV GLCCOUATOUAT®OV TOV ONUIOLPYNONKAY KATA TNV KOOGT OYPOTIKNG
Bopdloc oe kAivin povAAitn (mopoeAidvn). IMapatipnoe 011 otV emedveln. TV
COUOTOIOV TOV TANPOTIKOD HEGOL EUPAVIOTNKE EMIOTPOOTN TOLUEVTOV, 1| OTOl0L €V
ovveyelo 00NYNoE € HEYAAVTEPOVS GYNUOTIGLOVS CLUGCOUATOUAT®OV Kol TEAOG GE
OTAOAELD PEVGTOMTOINOTG.

Tnv emdpaon Tov peyébovg TV cOUATISIOV TG TEQPAS MG TPOG TOV GYNLOTIGHO
cvocopoTopdtov perétoe o Liu et al [63] og pkpng kiipoxag avoafpalovoa
pevotomomuévn KAIvn. Atlamictooe 01t tar peydio copatiow (> 10 um) pmopodv
Aertovpynoovv ®¢g Aopdg Yo Tn OMpovpyios CLGCOUATOUATOV, EVO TA HKPA
oOMOTO0 KUPIWE GUVEIGPEPOLY GTNV EUPAVIOT] EMIGTPMOONG TAV® GTNV EMLPAVELN
TOV COUATIOIOV.

2.1.2. Ilepapotiky S1EPEHVN 6T TAGS GYNUUTIGHOD GCVGCCOUATONATOV O
PEVGTOTONUEVES KAIVEG OVOKVKAOPOPLOG

Evtog tov pevctomompéveov kKAvov pe avakuKAOQopio ovamtiGGovVTIOL TOAD
peyoAvTepeg ToLTNTEG amd OTL oTIc avaPpalovoeg pevotomompéves kKiives. Avtd
EXEL OG OMOTEAEGUA 1 UNYOVIKT @OOpE TV COUATIOIOV TOV TANPOTIKOD HEGOL VO
givor o éviovn og autn TV meployn pevotonoinong [64]. Toavtdypova, dumc 1
peYAAN ToyvTnTo TPOKAAEl EEAPETIKA HEYAAEG OLOATUNTIKES TAGEIS GTNV EMOAVELN
TOV COUOTOIOV HE AmOTEAECUN TO QAVOPEVO TG Ploung omopevotomoinong va
eueaviletar mToAD apydtEPU GE GUYKPION LE PEVCTOMOMUEVES KMVEG HE PLGAAIdES
[249]. Emiong, ot duvdpelg tpiprg mov va avarthoooviol UETOED COUATIOmY Kot
TOYMUOTOS TOL AVTIOPACTHP SPEPOVY KOTA TOAD 6T 60 Tepoyés [64]. Etov
[Tivoka 2.1 mapovcidloviar Ol ONUOVTIKOTEPES OPOPEG TV OVO  TEPLOYDV
pevotomoinong. AvTtég ot Spopég avApeso GTovg VO TOHTOVG OVTLOPUCTHPOV
00NYNOoAV TOLG EMGTNUOVEG OTN OlEEOY®YN OOKIUADV UE GKOTO TN OlEPEVVNOT TOV
UNYOVICUMV — ONUOVPYIOG  CLUGCOUOTOUATOV — GE  PEVLCTOTOMUEVEG  KAIVEC
avVOKVKAOQOpiaG.

Ot meplocoTEPEG OOKIUES TTOV deENYONcaV PPt oNUEPA APOPOVV TN dlEpyasia
™G Kavong. Avto gival amoAVT®MG PLGLOAOYIKO LG KO TIG TEAELTAIES OEKOETIES M
TEYVOLOYIOL TOV PEVGTOTOMUEVAOV KAIVAOV e avakVKAopopia €£xel yvopicetl Wdlaitepn
EPOPLOYN OTO YDOPO TNG MAEKTpOmAPUy®YNS. Tununota peydilov Brounyoviov (BA.
ALSTOM 1n FOSTER WHEELER) emikevipdvovior o©T10  GYESOGUO
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PELOTOMOMUEVOY KAVOV Kot oty Pektiotomoinon ¢ Aetovpyiog tovg. H
EMIOTNUOVIKT] KOWVOTNTO TPOGSTadel amd TN UePLA TNG VO OMOEL KOUPIEG OMAVINGELS,
oe nmuoto 6m®mg avTd NG EUPAVIONS CLCCOUUTOUATOV € oKOTO TNV OA0 Kot
KOADTEPT OMOJ00T AVTAOV TOV HOVAS®V Kol TopdAAnAo T HEIOON TOV KOGTOG
GULVTNPNOTG OO TVYOV ATMAELEG PELOTOTOINGNC.

[Tivokag 2.1. Aa@opég HETOED PELOTOMOMUEVOV KAVOV HE QLOOASEC KOl LE
avaKvKAopopia

Bubbling Circulating
Fluidization Fluidization
Particle histories Particles spend Particles pass
substantial time repeatedly through
(minutes or hours) in the recirculating
main reactor vessel system
Superficial gas velocity 05-15 3-8
[m/s]
Net circulation flux of 0.1-5 10 - 100
solis [kg/m?s]
Voidage ¢ 05-0.6 0.8-0.9
Gas mixing Substantial axial; complex two Some gas downflow
phase behavior near walls typically
results in
intermediate gas
mixing

[Mopoakdto TopatiBetor pio GEPA amd TaPASEIYUATO TEPAUATIKOV EPELVAOV-GTNV
TAEOYNOIOL TOVG OVOPEPOUEVAOV GTN OlEPYOsio. TNG KOVONG-GE PEVGTOMONUEVES
KAveg avaxvkiopopiog:

To PBavadio mov mepiéyetor oV TEEPO ToL Kowoipov pall pe 10 acPéotio Tov
TANPOTIKOD LEGOL UTOPOVV VAL OTULOVPYHCOVY EVTNKTOVS GYNUATIGLOVS, Ol OTToiol €V
ouveyela vo TPOKOAEGOVV E1TE AMTOPEVLGTOMOINGT GTOV Ay®YH avOO0L gite PPOYT GTOV
oteyavomomt avakvkioeopiog (loop — seal). Avtd ta cvumepdouata e€nyaye o
Conn [66] oand mepdpota kodoNG HE KOK TPOEPYOUEVO amd TETPELOIO OF
pevoTomonpuévn kKAivn woyvog 100 MWy,

H 0gppokpacio g diepyaciag, Kabdg kot 1 TOOTNTA TOL KALGiHoV ennpedlovv
Gueco v Tlom EUEAVIONG GLGCOUATONATOV, damictwoe o Manzoori et al [67]
TPOYUATOTOIDOVTAG OOKLUEG Kahong ABavOpaka e eLeXOLEVT] ATOPEVGTOTOINGY| O
&vag Kpd pYOCTNPLOKO OVTIOPAGTNPO LE OVOKVKAOPOPTa.

H téom epedvions cuscopatopdtoy, Kafds Kol Toug Unyovicods Tov dEmovy
avtoh Tov €ldoVE T PovOpEVOL KOTA TN OdpKE KOOONG LAIKOV TAOVCI®V GE
neplekTikOTNTa. Belov o AEPNTEC PELOTOMOMUEVOYV KAVAOV  OVOKLKAOQOPLOG
depevvnOnkay Aentopepmg amd tovg Anthony ki n Jia [68]. Xpnowomomdnkoav 600
SlPopeTIKA  adpavny VLAIKA emppenn (poll pe v TéQPO. TOL KOVIUOVL) G©TO
OYNUOTIGUO EVKTNKTOV EVOCEMV.
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Tov TePLopIoud TOV GYNUATIGHOD GLGCMUATONATOV dlepedvnoe o Davidsson et al
[69] katd v kovon meAletdv EOAOVL Kal axOPOVL GE 10, PEVGTOMOWUEV KAV
avaKvkAoeopiag. Xe KAV copatidiov yorallokng aupov (1 oAPivn) npdcbete eite
Oclo, eite Osukd oappmvio, eite KooAivi. Amict®woe TOG M HEYUAVTEPN TAOM
EULPAVIONG CLGCOUATOUATOV TAPOLSLALETAL Kol OTIG dVO KAlveg pe v mpdcbeon
Beukov appoviov. Avtifétwg, o Kaoiiving avéave aictntd tn Beppokpocio andAELNG
PEVGTOTOIN GG,

AOKIEG KOG IE EAEYYOUEVT] ATTMOAELD PEVGTOTOINOTG e dtapopa £10M Propalog
KOl OOTIKO OOPIUUOTO TPOYLOTOTOMONKOY GE OVTIOPACTIHPN  OVOKVKAOPOPiaG
duvoukotnrog 12 MWy, and tov  Elled et al [70] ypnowomoidvtag copatidia
yoraltokng dupov. Ta wepapatikd omoteléopota cuykpiOnkav pe Oeppodvvapkd
LOVTEAQL.

AVO S0QOPETIKA TANPOTIKG HEGO ypnopomomOnkay Katd ™ SdpKel Kovong
BopPokiod o€ po mAoTIKy povade avakvkiogopioag amd tov Liu et al [71].
Awmiotooe 0Tl 0tV ypnoorombnkay copatidl aAovpviov, petd omd 72 h
JOKILMV OV EROAVIGTNKAV GLGCOUATONATE. AVTIOET®OG OTO T TEpapaTo Edafov
YOpa pe Yolallokn GULO, TOPOVCIAGTNKAV GCUGCMUATOUOTO OO TIG TPMTEG DPEC.
[Mapopoteg dokipég agplomoinomng Propdlog Eywvav kot and tov Siedlecki et al [40] oe
EVOV QVTIOPAGTIPO LE OVOKLKAOQOPID, XPNCLOTOIDOVINS VO SLOPOPETIKA AOPOVN
vAkd, oMPivn kat yodallokn dppo. Xto TAaicto diepedvnong g tdong dnuovpyiog
TOV CLGCOUATOUATOV TPOGOece KOOAIVY. AlomicT®oe OTL Kot Yol To dVO adpavn|
DAMKQA TO GLCCOUATOUATO PLEIWONKAV osONnTA.

O poéhog Téppoc mpoepyduevng oamd koviomomuEvo ABavOpako Katd TOL
OYNUOTICHOV GUGCOUUTOUATOV GE KOO aypoTikng Plopdloc peletbnke and 1o
Barisic et al [72]. Aoxuéc de&nybnkav ce évav avTidpacThpe UE AVOKVKAOPOPio
woyvos IMW. H téppa og mAnpotikd HéEco mopovsioce PeyaADTEPT AVTIGTAGTN GTO
OYNUOTIOUO GLOGCOUATOUATOV GLYKPITIKA pe TV yoialiakn aupo. O Zabetta et al
[73] diepevvnoe v tdon oynUaTIcHOD CLCCOUATOUATOV KOTO TN SLOPKELD. PEIKTNHG
KOOONG AYPOTIKMOV LTOAEWUATOV GE UEYOAANG KMUOKO PELGTOMOMNMUEVT] KAIVN pE
aVOKVKAQOpia.

Onoc avaeépbnke kol mopomdve, OAec oavtég ot Ookuéc (elte  pukpmg
EPYOOTNPLOKNG KMUOKOG €1T€ TAOTIKNG) €AEYYOUEVNG OMMAEG PEVGTOTOINGCNG
OTOGKOTOVV GT1 BEATIOTONOINGT TNG AELTOVPYIOG QVTMOV TOV LOVAS®MV KOl GUYYXPOVOS
oV €AATTOOT TOV KOGTOVS cuvtipnong AoYw Blomng andAslog pevotonoinong. O
Bartel padi pe dddovg emotpoveg amd to [Mavemomo tov Delft [74] mpoonddnoe
vo  gmAvcgel avtd 1o mPOPANUa  pe TV €ykvpn  TPOYyveon  dnuovpyiog
ocvooopatopdtov. H ypryopn aviyvevon cucscopotopdtov Ntav Baciopévi 6Toug
vyning ovyvotntag mecootdteg (200 Hz). H xotdotoon pog pevstomotmuévng
KAMVNG og éva oplopévo xpovikd ddotnuo umopel va mTpocsdloplotel mpofaiioviog
OAeg T HeTAPANTEC TOV O1EMOLYV TO GUGTNLO, OUASOTOIMVTIOS TIG G SLVOCUOTO N
dwotacewv. Ev cuveyeia, ta opadomompéva dlocTioto Propovy va, BempnBodv g
onueio oe évo HoOvoOldoTaTto YMOPO OmodIdoVTOG TO HE Mo ovaKataokevr. H
a&lomotio g nebddov emaAnBehnke pe v aviyvevon g petafoing tov peyédovg
TV copotiov 30 min Tpotov onuetmdel amd®Ael PEVOTOTOINGNG GE U0 TAOTIKN
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povada pevotomoluévng KAIvig pe ovokvkiopopio. H otadiokn ariayn tov
couatdinv tapovsioctnke Kuping oto opldvtio puépog e ParBidag tomov L (L —
Valve) kat oakptB®Og Tavem amd To S1cKOPTIeTY, GTOV 0y®Yd avodov.

2.1.2. Aokipég yio Ty €0pec TA61G GCVGCOUUTONATOV PE Kavoun VAN Propale

H Bropdlo amoteAel éva apkeTd AKVOTIKO EVOAAAKTIKO KOOGILO MG TPMTN VAN

v Oeppoynikég dlepyacieg oe pevotomoinpéveg kAives. To facikd petovéktnua g
Bopdlog eivar n peydAn meplekTikdTTa TG TEPPOS TNG 0 OAKAALN, TO. OTTOl0L OTTMG
avaeépinke Kot Tpv OtV EpOoVV GE EMAPN LE TO COUATIOW TOL TANPOTIKOD UEGOV
onpovpyovy e0TNKTeS evooels. o o AOYo avTd OpPKETOlL EMGTAUOVES EYXOLV
OLEPEVVNGEL TNV TACT ELPAVIONC CLGCOUATOUATOV LE TPMOTN VAN avT| ™G Propalog
LEe SOKIUEG EAEYYOLEVIG AMMAELOG PEVGTOMOINGTG. £TO TTopaKdte dtdrypappa (Ewova
2.2) mapovoidlovral ot SoKIuEG mov deénydnoav uéypt Kot ouepo. o€ dapopa £ion
Bropaloag.
[Mopatpdvtag to ddypappo pe T Beprokpacieg OTOAENG PEVGTOTOINGNS Yo TA
Sapopa KAHGILO TPOKVTTOVV OPKETO GUUTEPAGLOTA Y10 TO TL KO TG EXNPEALEL TNV
eupavion cvocopotopdtmv. Okeg ot dokiég kavong mov oeénydncav pe eAoO
tidg ypnowonoincav yoAallokn aupo g TAnpotikd péco. IHapdia avtd, eaiveral
TS VILAPYOLV d1aPopég oTic Beplokpacieg andielag pevotonoinons. Otav Katd v
dbpkelo, Tov dokipumv glonydn poll pe v yaraliokn auuo kot kaoiivig [55] n
Oepuokpacio amopevotonoionong avénbnke aobntd. Avtd to yeyovog opeileTon
oTNV HEYAAN o€ MOGOGTO MOPOVLGio. GAOLUWVIOL GTN GUGTACT, TOL KOOAIvN e
OGULVETELDL T1) ONUOVPYie AYOTEPO EVTNKTOV EVOGEMV UE Ta avdpyava TG T€epag. Ot
GAAeg 000 Oepuokpociec AmMMOAES PEVOTOTOINGCNG TPOEKLYOV KOTO TN OldpKEL
dokmv otig onoieg eiyav Anedet 1d1eg cuvOnkes. H dapopd éykertan povayo otnv
vypacio Tov mEPLEle TO KAOGIHO. AlmTIoTOVETAL €VKOAO OTL 1 doKiun oL €Aafe
XOPO LE TO KAVGIO TAOVGL0 UE VYpaocio [75], n andielo pevotonoinong emibe e
yopnAotepn Bepuoxpacio oe avtifeon pe T0 KOOGIUO HE YOUNAL TOCOGTA VYPOGIg
otn ovotoor] Tov[76].
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Magnesite, air
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Ewdva 2.2. AOKIHEG EAEYYOUEVTC OTMAELOG PEVOTOTOINGNG Y1 d1dpopa kKavoipo [44,
48, 54, 62, 63, 75-82]

[Mopdiinio @aivetor mmg emdpd Kol TO TANPOTIKO HEGO OTN Onpovpyio
ocvooopatopdtov. Tapatmpeitor 6TL SOKIHES Y100 TO 1010 KOVGIHO KOl TEWPOUOTIKES
ocuvOnkeg mopduoleg, HE OV Spopd TO TANPOTIKO HECO, TOPOLGLALovV
dwapopetikég Bepuokpooies anmwielag pevotomoinong [78]. Ot dokuég mov EraPav
xoOpa pe oMPivn yu 01dPopo KOOGULN, 1 OTOPEVGTOMOGT TUPOVCIACTNKE OF
vynAdTEPEC Beprokpaciec amd avtéc otov ypnotponomdnke yoaraliokn aupog [78].
Avt 1 Beprokpaciokt| dpopd pmopel va eEnynbet amd ™ dapopd cLGTOONG TOV
dvo TAnpotikov péowv. H yalaliokn auupog eival éva vAikd 1o omoio amoteAeiton
Kuping amd S10&eidio tov mupttiov (SIOZ), evd o oMPivng mepiéysl mopitio o1
oVOTOCN TOV G TOAD HIKPOTEPO TOGOGTO. To MupiTIo Umopel va Onpovpyncel OtTav
épBel o emaen pe dAdec avopyaveg evooels (kupiog CaO kar KyO) gbktnkreg ovoieg
HE amoTEAESHO VO TPOKANOEl amdAell pevoTomoinong €uKoAdTEPO O’ OTL OTNV
nepinTwon Tov oAPivn.
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2.1.3. Mpopreyn s TdoNg GYNMUETICHLOY CVOCONATORATMOV

Ot pébodot yia tn peAétn tng Tdong mPog TEN TG TEPPOS €lvar ot akdAovOeg
[79,80]: (1) otoryelokéc avOADOEI TOV AVOPYOVOV GLUOTATIKOV TOV Kovoipov (i)
vroAoyiopoi dektmv emikabicemv 1 ™éng (alkali or agglomeration indices) onAaon
VIOAOYIGUOG TNG OYEoNG 0&eiV OAKOAIKOV youmdV TPog oAkoAkd o&eidw, (ii)
uikn  kKhaopdtoon (chemical fractionation) [2] (2) dpecog mpocsdlOpIGUAC
Oepuoxpacidv ™MENG Téepag: (1) TPOTLTOTOMUEVES OVOAVCELS TAENG TEPPOS KATA
ASTM, (ii) woppomia. pdoewv (mw.y. Odypappa SiO,—CaO-K0), (iii) dwapopikn
Oepuikr] avaivon (differential thermal analysis / thermogravimentric analysis).
Qo1660, aflOmMoTO OmMOTEAEGHOTO  UTOPOLY  vo. AneBohV  mpokTkd HOVO pE
TPOYLOTIKEG SOKIUEG PEVOTOTOMUEVNG KAIVNG, Kavong 1 agplomoinone. Ot Skrifvars
et al. [80] dwmictwoov OTL Ol eAeyXOUEVES OOKIUEG OMMOAENG PEVOTOTOINGNG UE
otadlaky avénon g Beppokpaciag g oepyaciog £0mwoov To mAEOV a&lOTIOTA
AmoTEAESUATO KOOMDS NTOV TANGIESTEPA GTNV Plopnyaviky dlepyacioL.

H ypnon deiktdv, dnAadn TocoTik®V oxécemv HeTaED 0EEimV OAKAAKOV Yyoumv
(aoPéotio kot poyvioto) kot 0&ediov oAKoOMKOV petdAlov (kdAo kot vatpio) [81]
(alkali/agglomeration index) oOiver po yovopikn €KTIUNON TNG GLUTEPIPOPAS TNG
TEPPOC G TPOG TNV TACT GYNUOTICHOD GLOCOUNTOUATOV, dedopévov OTL dev
Aappdver vioyy ta o&eidia ywproTd, oAAd pia opdda o&ewdiomv [79,80]. Alhot Adyor
OV TOCOTIKOTOLOVV TN GULUTEPLPOPA TNG TEPPAS €lval 0 AOYOG TOV OAKAAK®OV
LETAAL®V TTPOG TO YAMDPLO, KOl TOV OAKOAMKAOV UETAAA®V TPOG TO YAMPLo Kot To Ogio
[29], [30], ot omoiot Aapdvouy VTOYN TOVS KOt T GUUTEPIPOPE TOL YA®PIOL KOl TOV
Beiov, otoryela ta omoiar fonBovv ™ petakivnomn Kot aneAevBiépmon TV aAkaAinv
amd 10 KaOGIUO.

H ynmuikn kAacpdtoon Tov Kousipoy, Tov Teptypaeetal ot epyacieg [82-84],
OmOCKOTEL TN OlEPELVNOT TOL TPOTOV WE TOV OMOI0 GLVIEOVTIOL TO CVOPYOVAL
OLOTATIKA GTO KOVGLO, TANPOEOPia TOV 0 AQUPAVETOL KOTA TIG TUTMIKEG YMUKEG
AVOADGELS TV KALGipwy. O Tpdmog chHvoeong TV GTotKEIV TN OOUN TOL KOVGILOV
kaBopilel oe peydro Pabpd Tovg HETAGYNUOTIGLOVS TOVG KATd TV avtidpact tov. H
ddwasio TG YNUIKNG KAaoHATOoNS XpNoyLonotel dtaAvteg av&avopevng o&otnrog
(newodpevov pH) vy v ékmAvon tov dov deiypatog oe tpia dradoykd Prinota,
Aappavovtag étol téooepa detypata to omoia avaivovror pe pe ICP/AES 1 XRF v
TOV TPOGOIOPICUO TNG TMEPLEKTIKOTNTOS TOVG G avopyavo otoyeio téppoc. Ta
otoyeio mov SAvovTal 6TOVg OVO AyOTEPO O&Ivoug StoAdTeg (Vepd Kol 0EKO
CUpI®VI0) gtvon kou o Thavo vo TEPAcovY GTNY aéplo. ACT] KOTA TV Beppoymutkn
oepyacia. Ta otoyeio mwov OwAvOvVTOl ©0TO VIPOYA®PIKO 0EL eivar cvvnBwg
avOpakikég kot Beovyeg evadoelg (carbonates and sulphides). H ynuikm khaoudroon
Bonbd ot d1dKpion TOV EVOCEDV TOV OAKOAI®V GE TUPITIKEG 1| avOpaKikéG, 1 oV
etvar elevBepeg o PeTOAMKY] popon, OnA. mntikd. Eivor évag tpdmog dniadn va
epunvevBoiv ot decuol TV avopyavemy cuoTtatik®y ot Propdla, mTy. TUPLTIKO dAog,
oeidwa, Beukd dhog KA, oTOc0 Ogv €yl akOpa TpoTvmomomBel Kol TopapEVEL
moloTikn néBodog yla v eoywyn cvumepacudtov. H dtapopd petald tov eldyiota
amod TG €VTOVO OIAVTEG EVMGELS OAKOAM®Y amotelel TANPOQOpio. GYETIKA HE TN
CLUTEPLPOPE TNG TEPPOS KATA TO GTAO0 EKAVOTG TTNTIK®V KOTA TNV aEPLomoinon M
Kavon.

Ot  tomomomuéveg  epyaotnplokés pebodoroyieg oavaivong Ttéepag (Y.
TPocdoPIoOg Beppokpaciog ™ENG Katd ASTM) dev eivar axpipeig deikteg yio v
EKTIUNON TNG TAGNC GYNUOTIGHOV CLGCOUATOUATOV [80] 3161 £X0VV TO HEIOVEKTN LA
OTL M €pYaoTNPOKA TapoyOUevn TEQPA €ivol SPOPETIKY amd TNV TEEPO. TOL
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TOPAYETOL GE TPOYUATIKEG OIEPYAGIES Kot EGIKA TO TRYUA TNG TEPpOC (ckwpio — slag)
Kol O0TL 1 CLGCOUATOON emnpedletal and TUPAYOVTEG OMMOC T.Y. ETEPOYEVEIQ
avtdpdoelg peta&h mopayopevemy aeplov Kol TEQPOG, GUUTVKVMOOT OAKOM®V oTo
COUOTIO TNG WTAUEVNG TEPPOG KOL TOV KOKK®V KAIVNG, OLOYEVEIG VTIOPAGELS OTNV
aéplo. ACT Kol GLYKPOLGES KOKK®V. AVTO 10YVEL 1O104TEPO Y10, TO GLGTLOTO
a&lomoinong Popdlag oe pevotomomuéveg kKMveg kavong / agplomoinone pe ypnon
yolollokng aupov, n oroia umopet va Aapfavel HEPOG GTIG OVTIOPACELS LLE TNV TEPPOL
av N Bepupokpacio katd toémovg (hot spots) Eemepdoer ) Bepuoxpacio TENG ™G
dppov. Ot tomomompéves péBodot evioHTolg YPNOIUOTOIOVVIOL EMLTUYMS YO, TNV
wpoPreyn emikabicewv Kot S1GPPm®ONG 6€ GLOGTAUOTA OOV O CYNUATIGUOG 1EMOOVS
TAYHOTOG OeV gival cuviBwg 1 TepimTmon, ). Koo youdvOpaka oe kKAIvn dolopitn,
omov eivon amiBavo vo eugoviotel 1EDOEC TAYUO, EVO TLUYOV GLGCOUATOUATO Oa
TPOKOYOLV AGY® YNMIKNG avtidpaong peta&d tov Bgiov Tov KOLGIHOL Kol TOL
acPeoatiov Tov LAMKOV KAIVIIG. Mo €KTEVINC TEPYPOAPT] TOV TLTOTOMUEVOV CQLTOV
dokiudv mapovotdletal otn dwtpiPn tov L. A. Hansen [85].

H extipnon g ynukng weoppomiag eAcemv YPNCLLOTOLEITOL Yo TV KOTAVOT o
™G YNUIKNG OAANAETIOpaoNG HETAED TEPPOC — VAIKOV KAIVIG OTIC €YKOTOGTAGELS
PEVGTOTOMNUEVIC KAVNG, G TPOGEYYIOTIKN EKTIUNOT TG Tdong TENS ™G TéPpac. Ot
OAAMAETIOPAGEIS TOV VAIKOD KAIVIG e TNV TEQPA TV Kavusipmy kabopilovv edv Ta
Kavoo 6o SIHOPEOCOVY CLGCOUATOUATO 1) EMKAOIGELS GTOVG Ay®YOVS OepimV
HETA amd TNV YOEN TOVG. XTI TEPIGGOTEPEG QMO TIC EPYNCIES OV avaPEpOnKav,
EKTIUNOMNKE M CLUTEPLPOPA TNG TEPPOS LE EKTIUNOCT TNG YNUIKNG 1GOPPOTIOG TOAADY
Qace®Vv TOAA®V  ovotoTik®v  (thermodynamic  multicomponent multiphase
equilibrium analyses) cav GUUTANPOUO GTNV TEPOUUATIKY OEPEHVNOT OLEPLOTOINGNG
Kot kavone. Ztig epyacieg [86, 87] mapovcidalovtal TpoPAEYELS Y10 T CUUTEPLPOPE
™mg ™ENG ™G TEPPOS OE PEVCTOTOMUEV KAV OEPLOTOINGNG  SLOPOPETIKMV
kavcipov Popalos. O onuavtikdtepog meplopiopdg e poviehomoinong stvar ev
TOVTO1G 0 YPOVOC TAPOLOVIG, KABMG 1 VTOBEST TS YNUIKNG 1ooppoTiog otnpileTal o€
AmEPOLS YPOVOLG TOPALOVTS Y10 OAL TOL GLGTOTIKG TOV GLGTNLOTOG.

1 ddaktopikr Tov datpipny o Bartels M. [91]rapovoidlet pa pébodog Eykvpng
TPOYVOONG ELPAVIONG cucoOpatOpdtey. H aviyvevon tov cuscopatoudtoy etvol
Bacilopevn ot peTABOAN TG OKVUOVONG TNG TEONS, TOV TPOKOAEITOL AOY® TNG
OTOOKNG OVENONC TOV COUATIOIMV gvtog TG kKMvNng. H moapovoa teyvikn amortel
VYNNG GLYVOTNTOG TECOGTATEG.

H owlayoyn odoxpuadv kot 1 Ogppoduvopiky] ovaAvcn TOL GUCTHUOTOS CE
GLUVOLOCUO HE TN YPNON MAEKTPOVIKNG MIKPOOKOTIOG HE YNUIKT HKpoavaAvon
(SEM/EDS) t®v cucompatopdtmv divel pio OLOKANPOUEVT] KOV TOV QOIVOUEVOV
OV TPOYLOTOTOOVVTOL GE EYKATOCTAGEL PEVCTOMOMUEVNS KAIvNGg a&lomoinong

Blopaloag.

2.1.4. Métpa Yo TNV 0T0QUYN GYNUATICROV TIYLATOS KOl GUCCOUATORATOV

H xvpidtepn pébodog yio v amo@uyn GYNUATIGLOY GUCCOUATOUAT®V Elval N
TPocHNKN KATO10V TPITOL VAIKOL KAIVNG TO 0moio OAANAEMOPA LE TNV TEPPO TOV
KOUGIOV UE OmOTEAEGHA VO, LETOPAAAOVTOL YOPAKTNPIOTIKE O™ TO onpeio TENG, N
CUVEKTIKOTNTO, KOl 1 EMUPAVELNKT] TAGN TOL THYHOTOS TOV KOAVTTEL TOVG KOKKOLC.
Yvuykekpyéva, to otdpopa mpodcheta oty KAMvn umopel va €govv to €€Mg
amoteAéopato: (i) Dok mPOspPOHPNON THYUOTOG GTO TOPMOEG TOV VAIKOV, (ii)
XNWKN TtpocpOeNoT OAKOMKOV HETOAM®Y 6€ oTafePEC EVMOOELS e VYNAGL onueio
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™é&ng, ko (iii) Koviomoinon, mov xabiotd mo SV6KOAN TV EMKAAVYT] TOVL VLAIKOV
KAMVNG pe tyua.

[Mivakog 2.2. Alota mbovov 7wpdcbetwv 7mov  amoTpEMOVY TO  GYNUATIOUO
GLGCOUATOUATOV

Eniopaon IIp6cOeTo Baowkéc evareeig
dvon AcPeotorBog CaCOs3
TPOocpPOPNoN Aolopitng Ca0.MgO
Meyvnoitng MgO
IMoyitng (gibbsite) Al(OH)3
Xnukn Téppa yordvOpaxa
TpocpoENoN [Muprtikd dhata odovpwvion  AlLSIO,
Bwé&itng SiO, 7.0 — 10.0%, Al,0; 81.5-
88%
"Edapog mlo0G10 6€ mupitio SiO, 92%, Al,O3 5%
KOLO)L{\M]Q Aleg.(SiOz)z.(HzO)z
Koviomoinon Intdpevn téeppa Al,Siy0;, CaO/MgO, khn
CaCOs
Ca0O
MO
CaMg(COs).
Ca0.MgO

Ytov Ilivaka 2 mopovcidlovtol pepikd mpoOcHeto LVAIKG PEVGTOMOYUEVDV
KAMvov. O kaoAivng decpevel To aAKGMo oe ovdétepeg evmoels. Ta o&eidio Tov
payvnoiov mbavotato petofdiiovy 1o 1EmOeS tov Typatoc. O yoyitng (gibbsite)
dwomdtal oe TOAD YAd kot wop®ddn coupatidie Al,O3 ta omoia decpevovv Ta
aAkdAle. O doAopitng, Tov gival yvmotdg Yo TNV WOTNTA TOV Vo, ST Tovg Papeic
vopoyovavlpakeg (micoeg) kol va avdyst v oppovie (NHsz) éxer amoderydel ot
LELOVEL TO GYNUATICUO GUGCOUATOUATOV KOKK®OV DAKOD KAIVIG KOTd TNV Kodom
dopov Kol EMITAEOV, Eivar TOAD EONVEO VAIKO.

Extég amd v mpocHNkn vAK®V oty pevctomompévn  KALvn, o1
BpAoypaeia, [30] mpoteivovronr Kdmolwo WHETPO Yoo TNV OMOPLYN CYNUOTIGHOV
GUGCOUATOUATOV:

1. TIpoceKTiki GLYKOUION, TEPLOPIGLOG YAMPLOVYWOV PLTOPOPUAKMV

2. Tlpoemelepyacio kavsipov (OpoyevomoinoT Kavsiov, TAVGLO)

3. Avauén kovoipov pe peydia mosoostd oAKOAMK®OV LETOAA®DY GTNV TEQPO. , LUE
yordvBpakes.O Aoyog givar ot ta adkdia g Propdlag deopedovror amd to
TLPLTIKA AAOTO AAOLLVIOV TNG TEPPOS TV YouavOpdkmv. Avtifeta, dwaitepa
KOTOGTPEMTIKOG EIVOL O GLVIVAGUOC KAVGIL®V VYNANG TEPLEKTIKOTNTAG GE
OAKOAKA LETOAAD LE KOO0 VYNANG TEPLEKTIKOTNTAG GE YAMPLO, AOY® TNG
W10 TOg TOL YAwpiov va dpactnplomotel v yével ta adkdia. To id1o woyvet kot
Y10t GLVOVACHOVSG KOVGIH®Y DYNANG TEPIEKTIKOTNTOG GE OAKOAIKE HETAAAM [LE
Kavoa Thovcta o€ Belo, AOym peydlov Kivouvov oynuaticpot enkadicewv. O
unyaviopog eaiveral va givan cvpmvxkvmon KCI kot avtidpacn tov pe SO,
oynpoatifovrag KSOy.
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4. "EAeyy0G TV PELGTOOVVOUIKADV XOPAUKTNPIOTIK®V (KOAT avAUET TOV COUATIOIMV,
o100epO Kot OpOIOHOpPO BeproKpaclaKd eI 1010¢ KOTA TIG LETAPOAEC
(QOPTIOL).

5. Amopdkpuvern vAkod KAMvNg Katd T Asttovpyia Le ToTOYPOVI TPOcHNnKn vEOL
VAKOV.

6. Ileplopiopog tov xpdvov TaPALOVIG TV TOAD UIKP®OV copatidiov. To woA
HIKpd copatidln EXouv PLEYAAN 101K ETPAVELD, YEYOVOG TOV YEVIKA EVVOEL TaL
OYETIKA LE QVTV POLVOUEV, OTMOC EAKTIKES OVVALELS TOV VITEPIGYVOVV GYETIKA
Le TG duvapels Papvntog kot adpdvelag. EmmAéov, ta mttikd aikdiio teivovv
VO GUYKEVIPOVOVTAL OTIG EMPAVELIES TOV UKPOTEPOV COUATIOIMV UECH
CLUTOKVOGNG KO TPOGPOPNGNC.

2.2. Ilicoeg

Apketéc mpoomadeleg Yo TN HEIOON TOV TGOOV £Y0VV KOTA KApovg avapepOel
ot PProypapio. Oleg ot €pevveg gite Tov TapeABovTog eite avtég mov deEdryovtan
TOPO OMOGKOVV OTNV €VPECN MO OMOTEAECUATIKNG HeEBOOOVL Yo T pelwom TV
EMNEOV TOV MOoOV Pe OG0 YiveETOl TOV MO OlKOVOMKO Kot BéAtioto tpomo. H
npotewvopevn péBodog Bo mpémer vo unv emOpd apvnTIKG GTNV TOLOTNTO TOL
napayopevov agpiov. Ot pébodot Ba pmopovoayv vo kKatnyoprorombovv ce dv0 &ion
avOAOYO. LE TO OV GLVIEAEITOL M PElWON NG CLYKEVIP®ONG TV mocwv. Otav 1
eneepyacio TV moomv AopuPdvel ydpo evtog Tov aeplomomt, TOTE N MEB0SOC
ovopdaletar Tpwtopykn (primary method), evéd yio 11 TepTdoelg mov cuvteleital
€KTOG TOV avTdpacTipa, devtepevovaa. péhodog (secondary method). Ot mapakdtm
TAPAYPOPOL TEPLYPAPOVY Kot TIS dVO HEBOOOVGS, dIVOVTOS EUPACT OTIC TPOTAPYIKES
pebddovg

2.2.1. Agvtepevovoeg péBodor (secondary methods)

Ouv  devtepegvovoeg  péBodOL  YPNGIUOTOIOVVTIOL YL TNV EMEEEPYOACIo  TOV
mapayopevov aepiov eite oe vynAég Beppokpacieg ite oe moAv youniés. H yevikn
apyn g ovykekpévng nebddov mapovoidletar oty Ewdva 2. 3. Avtég ot pébodot
umopet va givan gite ynuikng eite pvokng enegepyasioc, Ommg ot KatwoL:

o YmACIUO TO®V TGOV BepUIKd N KATOALTIKA

o  Mnyavikég pefdoovg Omg 1 YPNoM KVKA®VA, 1 KEPOUIKOD QiATpov, N

NAEKTPOGTATIKOD GIATPOL K.0.

Av xalr oavtov Tov TOmMOL o1 HEBOdOL elvarl OPKETA OmMOSOTIKEG, GE OPICUEVES
TEPWTAOCELS TO KOGTOG TOVG 0eV lvar PLdGpo. Xe TOAAEC epyaciec avapEpeEToL OTL Ot
OLYKEKPIUEVES HEBOSOL €YOLV UEYOAVTEPN OMOTEAEGULOTIKOTNTO OTOV KOOOPIGUO
appoviog [93, 94]. H mopaywyn evog agpiov ovvleonc pe younAd enineda mocmv
amaitel évav moAdmloko cvvovaoud depyacidv. O Narvaez et al [95] avapéper ot
pa depyasio Tpdv Pnudtov Bo propovce va mapdyel £va aéplo cOVOEoNG e TOAD
YauMAn cuykévipmon mocmv. Ti¢ epyacieg tmv Milne et al [12] ko Neeft et al [10]
AVAPEPOVTOL EKTEVAS OAEG O1 VTTAPYOVGES KO VTTO EPEVLVA OELTEPELOVTEG LEHOOL.
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Downstream Cleaning

PN
( Tars
~ 7’

~

Particulates
Biomass

Gasifier Syngas Clean Aoblicati
pplication
o H,S Syngas
Impurities |

. Halogen compounds

Gasification medium
(air / Steam / O,)

Ewova 2. 3. Baowm apyn devtepedhovcsmv nebddmv pelwons mocov

2.2.2. lpotapyikéc pédodor (primary methods)

[Mpotapywés péBodor pmopobv vo. 0ploTodV G Ol JlEPYNsieg OVTEC TOL
OLVTEAOLVTOL LEGO GTOV OEPLOTOMTY] LE GKOTO TNV OmoQLYN Topay®yns (M v
petatpony)) tov moc®v. Xty Ewdva 2. 4 mapovcidletor M Pocikny apyn tov
TPOTOPYIK®OV HEBOSOV pelwong Tov Toc®mY. ZuvHBOe avtov Tov €1d0vg ot péBodot
OTOGKOTOVV GTOV TEPLOPIGHUO TWV OEVTEPEVOVOMV TEXVIKMV. LTO TOPOV KEPAAULO Oa
avaeepBovy ot KOTaADTEG OV avamTOyOnKay 1 diepguvinkay yio T HEION TOV
TIGoMV £VTOG TOV OEPLOTOUTN.

Downstream Cleaning

Particulates

Gasifier
Biomass +
Tar Free | H,S :Cﬂ> Application
Tar Syngas | , Syngas
Removal : Halogen compounds I

Gasification medium
(air / Steam / 0,)

Ewoéva 2. 4. Bacwn apyr mpotapyikodv pedddwv peimong mooov
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Xe avut) TV Kotnyopio pmopel vo oviKOLV TANPOTIKG UECH UE KOTOAVTIKES
010tTec (doAopitng, oMPivng k.0) yo T HEI®ON TOV EMAEI®V TOV TIOOOV M
KOTOAOTEG OV avamTuXONKav Kot &v ocvveyeion OlEpeLYNONKE 1 CVUTEPLPOPE ®G
TANPOTIKE HEGO, LG PEVCTOTOMUEVNG KATVTG.

Tn coumepLpopd TEVTE S1UPOPETIKAOV VAIKAOV MG TPOS TNV IKAVOTNTA PEIMONS TMV
moomv depevvnoe o Simell et al [94]. Zvykekpuéva, de&nydnocav dokipuég oe PiKpng
gPYOoTNPOKNG KApOoKo pevotomomuévn KAv pe mAnpotikd péco dohopitn,
Toprtovyo. aAoLUiva, OOAOUIT EUPOTTUGUEVO OE GIOMPO, COUATIOW GIONPOL Kol
kataAvtn Ni/AlLO3z. Awmiotwos 6TL | uéylotn d146TACT TGCMV TPAYLOTOTOIONKE
otav ypnotpomomdnke wg TANPoTIKO nEco Ni/AlyO3. O Aoropitng €xel apketd KAAEC
KOTOALTIKEG 1010TNTEG, TPEMEL OU®G TPOTIoT®G vmootel Oeppuxn enelepyacio
(calcination).

H Rapagna et al [11] diepevvnoe ) dpdon Vo kataAvtdv pe Bdon to vikélo,
KoODC KOl TIG KATAAVTIKEG 1010TNTEC TOV Oeppikd emeEepyacuévov doAopitn. Ot
TEPAPATIKES OOKIUES £5€1EAV OTL Ol dVO KOTAADTEG UTOPOVV VO, TEPLOPIGOVY OPKETA
KOVOTIOMTIKG TO. TOGOGTA TV moo®v. [IpofAnuata opwe mov mpokdnTovy HE TN
onpovpyia enicTpmong AvOpaKo TNV EMPAVELN TOV KATOAVT®OV, Kad1oToUV adhvatn
™ (PNON TOVG GE PLOUNYAVIKES EQUPLOYES.

O doiopitng elvar {omg To VAKO 10 omoio €xel peretndel mepiocdtepo amd kébe
A0 TANPOTIKO HECO Yo TIG KOTOAVTIKEG Tov 1otnteg. O Karlsson et al [96]
avaQEPEL TNV EMTUYN AElTovpYie €VOG TPONYUEVOL GLGTHUOATOS GLVOVAGLEVOL
KOKAov pe aeplonoinon (Integrated Gasification Combined Cycle) pe v eicoyoyn
dolopitn ¢ TANpoTKd péco. H ocvykévipmon tov moochv petpinke ce opkeTd
YOUNAG emtinmedal, 2 g/mN3 vy T1g eEhappiég miooeg ko 200 mg/mN3 YL TG OPOUOTIKES
EVOOELS IE Hoplokd Bapog peyoldtepo Tov vapdaieviov.

H ypnon tov dolopitn g mAnpotikd PECO €VTOG TOV OEPLOTMOMTH WUTOPEl va
LEWOGEL TNV TOGOTNTA TOV MGGMOV 610 1/3 g apywng ovykévipoons (xopig
dohopitn), avoeépel oe a gpyoacioa tov o Corella et al [97]. O Corella pe v
EMOTNUOVIKY] TOL opddo amd 10 mavemotiuo g Moadpitmg (Complutense
University of Madrid) éyovv mpaypotomomcel apketég OOKUUES HE OOAOMITN ™G
TAnpoTikd péco. Ov Narvaez xoi Corella [98] ocvvictodv ) yprion moupopévov
(calcined) dolopitn, oe mocootd 1 - 5% K. g eoepyduevng Propdlag, yoo
Beitioon g motdTTOC TOL TOPAYOUEVOL aepiov. Ao ta mepdpato e€Nydn To
ocvopumepdopa 0Tt N peiwon tov moc®v umopel vo avédbel oe mocootd 40% (oe
oLYKPLON e TNV TEPINTMG OV gV Ypnoipomoteitar doropitng) yuo 3% mupmpévou
doAopitn ¢ TPOG TNV TALPOYY| TOV KOVGILOV.

OMlec o1 gpyaocieg katd TG omoieg ypnolpomombnke mwopmpévog SoAopitng
KatéAn&av o OamicT®on 0Tl TO GUYKEKPIUEVO DAIKO £XEL APKETA OTOTEAEGLLOTIKY
dpbdion ®g TPog TN UeIWON TG TOGHTNTA TOV TGCAOV. ZVYYPOVOS OUMG, TAPUTPNCOUV
KOl 0PKETO PLELOVEKTILLATO QLTOD TOV TANPOTIKOV HEGOV. To yeyovog 0Tt etvon apKeTd
poAokO VAKO, dnuovpyet peydia TpoPApaTo pnyavikng eOopds Tmv coUaTdimy.

Mo evoAloKTIK) AVom avti yuo gprion doAoputr pmopel vo givol copotidio
oAPivn, o omoiog eivar QLGS 0pLKTO TAOVGLO GE TEPIEKTIKOTNTO HOyVNGiov,
onpov kat woptriov. To PBacikd mAcovékTna Tov oAMPivn givarl ot KOAES pnyaviKég
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W00TTEC TOV pE GUVETEWD TN MEIUEVI] @Bopd couatdiov (oe oOyKplon UE TOV
doAopitn N ™ yoraliokn dupo). H Rapagna et al diepevvnoe [99] v kotodvtikn
dpacTnpoTNTa ToL OAMPivn Kl TOPATAPNOE OTL TO GLYKEKPIUEVO TANPOTIKO UECO
EXEL OPKETA KOAN CLUTEPLPOPE Ge BEpato PelwoNg TooOV Kot ot W0TTEG elvan
oVYKpIoeS pe avTéc Tov doAopitn. v dw epyacio [99] avaeépetor 6TL M TO
1060610 peioong moodv £ptace 10 90% (4 g/my® omd 43 g/my®) oe ovyKpion e To
TOGOOTO TAPOYOUEVOV TIGGOV  OTav  ypnopomombnke yorollokn GUUOG ©C
nAnpoTikd péco. O Rosen et al [100] and tig dokipéc mov deEnyaye SamicT®OE TV
KATOANAOTNTA Xp1oNg Tov oMPiv) wg TANPOTIKO HEGO Y10, 0EPLOTOINGT VIO LYNMAN
nieon (10 bar).

O Mudge et al diepedvnoe Tig KATOAVTIKEG 1810TNTEC AVOPOKIKOV OAKOA®Y Kot
VMKAOV ov avénTuEe epyactnplokd pe Pdon 10 ViKMo ®¢ TANPOTIKE VAKE o€
aeplomoinon Propdlog pe atpd. Ot vikeloOyol KataADTEG JOMOTOONKE OTL €ivan
WOitepa AMOTEAEGUOTIKOL, AVEAVOVTAG CNUOVTIKG TNV OTOd00T| TOPAY®OYNG 0EPIOV
obvOeong. O Baker et al [102] perétnoe éva peydro apBud kataivtov (Ni/AlLOs,
K203, NiCuMo/SiO; — Al,O3) v agpromoinon Coyapokdrapov kot EVAOL pe aTud
vd vymin wieon. Oleg ot dokég €hafav ydpo og €vav avIOPOCTNPL HKPNS
EPYACTNPLOKNG KMUOKAG OTOGKOTMVTAG GTNV TOPAy®yn 0epiov cOvVOeoNS te TeEAKA
npotdvta ) pebavoin kot v appovie. H copmepipopd dAmv tov Katalvt®v fTav
IKOVOTIOMTIKT] HE aOENCT TNG TOLOTNTOS TOV TAPUYOUEVOL OEPIOV Kol TAPAAANAQ
HEl®OT TOV EMTESOV TOV TGOV KOl TOL £EAVOPUKMULOTOC.

H ocvunepipopd evog peydrov apibpod kataivtov pe Baon to Al,O3 kot o&gidia
uetdov omtmg V205, Cr,03, Mn,03, Fe,03, CoO, NiO, CuO, MoOs, perethnke
a6 tov Yoshinori et al [103]. Ot xatoAvteg ypnoomomonKay ow¢ TANPOTIKG péca
oe pkpn avoPpalovca pguctomoinpuévn kAivn yio aeplomoinon EdAov pe atpod. To
nopayOevo aéplo Ba amotelovoe TNV TPAOTN VAN Yo TV cVuvBeom pebavoine. Me
YPNON OA®V TOV KATOAVT®OV Tapatnpnnke adénon g mapoaywyns aepiov OPMS 1
TOWOTNTA SEPEPE CMNUAVTIKA avAAoyo pe tov TOHmo ofewdiov mov dokipaldtay ot
KAvn. Ot katodvteg pe o&egidio MoO3, CoO kot V205 mapryoyav peydieg mosotnteg
CO,, evod avtibétmg to eminedo CO2 MoV petpévo OTav YPNCIUOTOONKOY G
TANPOTIKG péco Kataivtes pe o&eidia NiO, Cr,03 ko Fe,03. Katd thv oAokAnpwon
TV mepapdtov samotodnke 0t o kataivng NiO/AlLO3 gival o kataAAnAOTEPOG
YL TN ovykekpuévn olepyacio, apov mapnydn aépro pe Adyo vopoydvov mPog
povo&eidto tov avbpaka (Ho/CO) ico pe 800 (2).

O Douglas et al [104] ypnoomoinoce w¢ TANP®TIKO HECO aAVOPAKIKO KAMO OE
aepromoinon &EOGAov pe atud. H depyacio éhafe yopa o pkpng wAipoxo
avappdalovoa peustomotnuévn kAivn kat n Ogpuokpacio Tov dokiumy frav 750 °C. H
Helwon TV TooOV NTOV OapKETE onuavtikn, mepimov 90%. Awmotdbnke 6tl t0O
KMo emtoybvel TV dlAoTOon NG Kutropiv Katd TN Oldpkelo g Oeppikng
ancvvOeong g Propalac.

O Corella et al [97] die&nyaye dokiuég aeplomoinong pe TPLOvidt E10AYOVTAG MG
péco atpo. To mAnpmtikd HEGo Tov ypnoiporomonke oy KoTaAHTNg Yo dlepyacieg
KOTOAVLTIKNG  dtdomaong vopoyovavOpikmv o€  pevctomomuéveg kAiiveg (Fluid
Catalytic Cracking). O xotoivtng frav (eoAbog oe untpa apytlomvpiriov. Xe
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younAéc Oeppokpacicg (750 °C) mapotnpibnke upeioon 20% tov ToocOV Ko
avtiotoiymg 60% otig vyniég Oepuokpacicg (850 °C).

H Hoffman et al [105] mpayuatomoince O0KIWEG ©E  OEPLOMOINTH TOTOL
avafpdalovco peuotomonpévn KAv pe didpopa €idn aypotikng Propdalas. Katd
OLIPKELD TOV TEWPAUATOV YPNOLUOTOMONKAY dV0 SUPOPETIKA VAIKA OG TANPOTIKA
péoa, oAPivne kot yorallokn aupog. Iapatnphnie 6tt pe oMPivn ta eninedo TV
TICCMV GTO TOPAYOUEVO OEPLO NTOAV OPKETE HEWOUEVA GE GUYKPLON UE ALTA OTAV TO
TAMNPOTIKO HEGO NTav oAa 10K AULOC.

H ovumepipopd OA®V TV KOTOALTOV OT®G avapEpOnKe Kot TPOYOLUEVMG MG TPOG
M Helmon TV TGGHOV, STICTOONKE UETA TIG TEPOUUOTIKES OOKIUES, OTL NTAV KOAN
g eoupetukn). To Pacikd HEOVEKTNUO TOV KOTOAVT®OV Ol omoiol £govv m¢ Pdon
TOVG dLapopa PeTOAAKA o&eidia etvat TO KOGTOG TOVG.

H Devi diepevvnoe oty didaktopikr] ¢ dwatpiPn [42] tig kataAvtikég 1010TNTES
TOV  EULOWKOV Kol TupOUEVOL  oMPivn oe  pikpng  kAlpoakoa  avappdlovca
pevctomoinuévn kKAivn. O oMBivng eivan éva apketd @mvo opuktd. Evtdg g kAivig
EGEPYOVTOV LEUOVOUEVOL OPpOUATIKOL VOpoyovavOpakeg (VaeBarévio, ToOAOVOALO,
Bevloho). v ££000 TOL AVTIOPAGTHPA VINPYE EVAG UEPLOS XPMUATOYPAPOG,LLE TOV
omoio aviyvedovtay Ol GLYKEVIPMOGELS TV LOpoyovavOpdkmy. Otav ot doKIHES
Ehafav yopa pe mopopévo oMPivn, mapatnpndnke SGCTACN TOV OPOUATIKOV
vdpoyovavOpakwv pExpt kat 97%, oe cvykpion pe Tov L6 oMpPivn. Tlpwv kot petd
T0 TEAOG TV OOKIUADV TPAYLOTOTOINGE OPKETA UEYAAO aplOUd avOADCEDY LE GKOTO
TOV  YOPOKINPIGHO TAOV COUOTOIOV TOL TANPOTIKOL HECOV. XVYKEKPLUEVO,
de&nydnoav avardoelg pe miektpovikd pikpookdémo (SEM/EDS), kabmdg kot pe
eaopatookomio Tomov Maosshauer. AtomiotdOnke petd to TEAOG TOV AVOADGE®Y OTL O
oAMPivng (ppéokog Kot Tup®UEVOS) etvar pun mopddeg vikod. H xotaivtikn) ot to
TOV TLUPOUEVOL OMPBivn pdAlov oeesihetar oty mapovsio cwnpov (Fe Il) oty
EMPAVELD TOV COUOTOIOV, KATL TOL gV eUEAVICETOL 0TO COUATIOW TOL EPECKOL
oAPivn. Tlapdra ovtd ot SoKIES Ogv €0MOAV OMOVTNGCELS YL TOVG akPPEeic
UNYavicpovg mov evfuvovtol Yo TIg KATAAVTIKES WO10TNTES TOL TVPOUEVOL OMPBivn.

O1 dokipéc e Devi anotédecav ) fdon TOV TEPAUATOV HE TUPOUEVO OALPIvN
mov deENyOnoav oty mopovca ddakTopikn daTpiPr). H ovocimong dtapopd Eykerton
070 YEYOVOG OTL 01 SOKIUEG EAaPay YDpa GE TPAYUATIKEG CLVONKES aeplOTOinoNG.

H Virginie et al [108] diepedvnoe Tig KOTOAVTIKES 1010TNTEG TOV EUPOTTIGUEVOL OE
oidnpo oMPivn g mpog TN pelwon TOV MOGHOV 6€ €va UIKPO avTIOPAGTHPQ
pevVCTOTOINUEVNS KATVIG Yo agplomtoinomn pe atpd. Awmictowoe 6Tt oyt pévo peudvet
TO TOGOGTO TMOV TGGMOV AALL TAVTOYPOVO, BEATIOVEL TNV KOl TNV TOHTNTO TOL 0EPIOV
ovvBeonc.

O Swierczynski et al [109] perétnoe ™ coumEPIYOPE TOL OAMPiv o€ VIKEMO OC
TPOG TN UEIMON TWV MGGMOV GTO TAPAyOUEVO aéplo. Ta amoteAéopoTa NTOV aPKETE
KOVOTIOMTIKA, TO PBACIKO HEIOVEKTNUO OUMOG TOV GUYKEKPIUEVOL KATAADTN €ivol TO
TOAD HEYAAO KOGTOC TaLpOLyWYNG.

O Berrueco et al [105] depedbvnoe v emidpacn ¢ Oeppokpaciog kot Tov
TANPOTIKOD HEGOV GTNV TOWOTNTO TOL aePiov GVVOEONG KOl GTN GLYKEVIP®ON TOV
TopAYOUEVOV TIGGOV Yo 000 Olapopetikd €idn Propdlog. Ta xoavowa, apyikd
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ensfepydoTnKay o avidpactipa Natag mupdivong otovg 270 °C. O Sokipuéc Erapav
Ydpa o€ pevotomomuévn kiivn vd mieon (5 bar). Iapatnpndnke 611 0 dolopitng
TaPoVGLALEl OPKETE KOAEG KATAAVTIKEG 1O10TNTES YO T LEIMG TOV TIOoMV.

O Koppatz et al [106] diepedvnoe ™ cvumeptpopd g ¥aAAlIoKNG GUUOD KOt TOV
oAMPivn o€ pa TAOTIKN povado cvlvyovg peuaTomomuévng KAIvG Yo aeplomoinon
Bopdloc pe atud. [opatnpndnke 61t oMPivng petdvel auentd ™ GLYKEVIP®ON TOV
moomv oto mapayouevo aépro. O Kirnbauer et al [107] perétmoe v Oetikn
eMOpaON TS OYNUATILOUEVTG EMOTP®ONG, TAOVGLO GE AGPEGTIO, GTNV EMPAVELN TOV
oMPivn ¢ mpog 1N peimon TV apopatikdv vopoyovavipakwv. H emiotpmon
acPeatiov Opa KOTOAVTIKG GTNV OIUCTACT] TMV TOOMV KOl GUYYPOVOG EVIGYVEL TV
TOPUYM®YN TOV TPOIOVTI®OV NG EAAPPOS EDOEpUNG OVTIOPAONG TNG UETATOMIONG TOL
atuov (Water Gas Shift Reaction), owg¢ cvvéneia avtod tov Yeyovotog otnv ££000
napaTnpOnKe avENUEVO TOG0GTO VAPOYOVOL Kol d10&ediov Tov AvOpaKa.

2.3. AvTIKEIpEVO PELETIIS TG TAPOVGUS OLOUKTOPIKNG OroTpifPi)g

H aeplomoinon Propdlog eivor po moAld vmooyopevn diepyacia, 1 omoio dtav
OeEaybel oe OVTOPOCTNPES PEVCTOTOMNUEVOV KAMVAOV TOPEXEL TN OLVOTOTNTA VO
emtevyOel apketd peydin amroddon tov mapaydpevov aepiov. H avéykn avénong tov
Babpov omddoong e depyasiog 00NYNCE TNV EMCTNUOVIKY KOWOTNTO KO TN
Bounyoaviae vo avalntel Avoelg o€ pevotomompéveg KAlveg avakvkiopopioc. O
OULYKEKPIUEVOS TOUTTOG OVTIOPOCTNPA EYEL TNV IKOVOTNTO AELTOVPYIOG GE HEYOAVTEPES
TaPOYEG KOWGIHOV 6€ oyéomn He TS avaPpalovces peuoTOTOMUEVEG KAIVES e HIKpT
dwtoun avidpaocmpa. o v emitevén g dlog mapoyng oe pa avafpdlovca
KA amonteiton pio apKeTd PLEYAADTEPT OLOTOUT| AVTIOPAGTIPO.

Katd ™ ddpketo avtng g 01daktopikng dtotpiprg Oa perletnBodv dtdpopa €ion
aypotikng Propdalag, cvykekpiuévo vroieippato niiovBov kabmg Kot yluTpoQoc,
aypykwvapag kot tids. To dedopéva yuoo T GULUTEPLPOPA TNG YOTPOPUS, TNG
ayploykwvapag, Kabmg Kol TV LTOAEWUATOV Tov MAlovBov og  aeplomou T
pevotomomuévng KAIvg eivon eite Atyootd eite dev vmapyovv (yaTpoéQo Kot
ayPLOLYKIVAPQL).

O mepopotikés dokipuég Ba deCayBovv 6e Lo ATUOGPUIPIKY] PEVGTOTONUEVT
KAv pe avaxvkAopopia kol to 0&edmTKd péco Ba glvar depac. XTic dokiuég Oa
depeuvnBel n cuuUTEPLPOPE TOV KOVGIU®V Yo £va €0pOG TOPOYDV KoL BEPLOKPAGUDV
®G TPOG TNV TOWOTNTA TOV TUPAYOUEVOL 0EPiOV, KAOMDS Kol TNV TAon Onpovpyiog
cvsoopatopdtov. H tdon éueaviong cucscopatopdtov mpokettal va perletndel og
Ba&Bog apov apyikd Bo wpoypaTomTonBovy SOKIUES EPYUCTNPLOKNG KAMOKOS Yo TNV
evpeon Beppokpaciog MéEng ™ téepag. Ev cvveyeia, ot dokipég mov Ba Adfovv ydpa
oTNV TAOTIKN povada Ba mpaypoatomronBobv e Tpio SIPOPETIKA TANPOTIKA HEGH
wote va evpebel pe mowo oamd to Tplon  epgoviferon  peyoAdtepn  TAOM
GLGCOUATOUATOV.

"Eva axoun mpoPAnua 6to omoio KOAEITOL VO GUVEICQEPEL 1 TOPOVGO SIOOKTOPIKY|
dwTpifn] etvan M pelwon g GLYKEVIPOONS TOV TUPAYOUEVOV TGOV GTO 0EPLO
ovvBeonc. Ta tpio TANpoTIKd péca Ba pereTnBovv cuyypdvmg extdg amd TV Tdon
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ELQAVIONG GCUGCOUATOUATMOV KOl OC TPOG TNV IKOVOTNTO UEIMONG TOV OPOUATIKOV
vopoyovavOpdakwv. Ta TAnpoTKd péca ivor yoAallakn GUIOS, LOIKOS OALPIVNG Kot
nmopopévog (calcined) oMPivng. H mopwon tov oAPivny Oo mpoayuatomombel oe
epyaotnplokd KAPavo vynAdv BeproKpacIdV.

210 Téh0¢ OA®V TV doKIU®V B cLAAEXBOVV detypota amd TV KAIvn, ToV aywmyo
ka0660v, KOOGS Kol amd To KAT® HUEPOG TOV OEVTEPOL KLKAMDVO MGTE VO Yivouv
avaivoelg SEM/EDS, XRF, TGA.
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3. Mepapata Aeplomoinong AypoTiK®wV YTOAEUUATWV GE
Pguvotomompévn KAivn pe Avakvkio@opia

3.1. Ewaywy

Koatd ™ owpkelo g mopodcoc SaKToptkng oTpipng oesnydn peydrog
apOpdc mepapdtov pe fropndlo oypoTikng TPOEAELONG. TVYKEKPIUEVD, LEAETHONKOY
To. VTOAEIHpOTO Kopmdv nAiavBov kot yatpopoc petd v e€aywyn eiaiov, Kabhg
Ko 1Td Kol ayploykwvapa. H celpd mepopdtov pe ayploykivapo topovctaleTot Kot
TEPLYPAPETAL GTO EMOUEVO KEPAAOLO.

210 TopdV KEQAANLO AVOAVOVTOL TO, TEWPAATO TOV EAAPOV YDPO LE VITOAEILLOTOL
Kapmov NAtovOov Kat yiaTpoag, cuykpvopeva pe autd mov deEnydnoayv e ttid. o
™V €0KOAN TPOoPodocia NG HOVAdag TPOTOL EEKIVNCOLV To TEPAPOTO OAO TOL
KaOowo petatpdmnkoyv o€ meAAétec. H pedémn g ovumepipopds tov  dvo
VTOAEIPUUATOV GTNV 0EPLOTOINGT GE PEVGTOMOINUEVT] KAV TpaypaToTTOlEiTAL TPADTN
Y QopaL.

Ta vmoAeippato nAiovBov  mpounBedtnov oamd v eAAnvikn  etoupeia
«ITAYAOZ N. [IETTAX A.B.E.E», avtictoiywg avtd g yrutpofog stonydncav and
™ Madayaokdpn péom g etoupeiag «SOABE». Télog, m 1tid mopnybn oty
[MoAwvia amd to mavemotiuo ¢ Bappag (University of Warmia).

3.2. MebBodoloyia mov akoAov01)ONKE yix TNV eMiTEVEN TWV
TELPARATOV

3.2.1. AVaAUGELG IOLOTITAG KAVGIH®WY
Mo ™ ocwot) dieoywyn TOV TEPAUATOV TPUYUUTOTOWONKAY UPKETES UVAAVGELS,

Yoo TNV €OPECT NG GVOTAONG TOV Kavcipwy. Xtov [livaka 3.1 mapovcsialovror n
TPOCEYYIOTIKY KOl GTOUYELOKT] OLVAALGT Y10 TO TPIOL KOVGLLLAL.

3.2.2. AVOAUGELG TIOLOTITAG TEPPQAC

AeENydn mnbdpa avoAbGE®Y Yo TOV YOPOKTINPIOUO TNG GVGTACNG KOl TV
QULOIKOYNUWK®OV  WIOTYTOV NG  TEPPUG TOV  KOUGIH®V.  XUYKeKPLUEvVa,
TPOYLOTOTOMONKAY OVAADGELS Y10 TOV TPOGOLOPIGUO TG Beprokpaciog TENS TG
éppag (Ash Fusion Temperature), Oeppofapopetpikés avoldoelg Kot avaAdGELS e
axtiveg X @bopiopov (X-ray Fluoresence). I'o v ektédecn ovTOV TOV AVOADGEDY
napNxOn T€epa amd 10 KAbBe KAHGUYLO G TLPLVINPLO VYNADV BEPLOKPUGUDY GTOVG
550 °C yia tpeig dpec. Trov Iivaka 3.2 @aivovtal o ovopyave. 6Totyeio g
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[Tivaxog 3.1. [IpoceyyloTikn Kot GTOLXELOKT AVAAVOT KOVGIL®Y

Kavowo HA\iavOog TINtpoga Ina
Yypooio (Wt.% a.r.) 8.1 6.1 8.2
pooeyyniotikny Avaivon (k.0. %, exi Enpov)
tnTikég evoroeig 78.95 78.95 83.31
Moévipog GvOpakag 11.42 12.26 14.3
Téppa 9.63 8.79 2.39
Yroygwkn Avalvoen (Wt.%, dry)

C 46 47.4 48.6
H 6 7.08 6.63
@] 37.31 30.74 39.32

N 0.87 5.68 3

S 0 0.11 0
Cl 0.19 0.2 0.06

Koatotepn Ogppoydvog Avvaun
(MJ/kg) 17 18.19 18.88

téppoc kdOe kavoipov. Ev ovveyeio, n Ewkova 3.1 deiyver v to&ivoumon tov
TEQPOV TOV KABE Kavoipov Aapupavovtag vadyn T ynukn cvetacn Tovg [158, 159].
Me Bdaon t ovykekpuévn tagvounon, amavioviol téccepa €idn téepa: S, C, CK
kot K. Ta tpla mpdta eivon apketd edtnkta pe amotédecua va dnpovpyeitol mTAetddn
npoPAnudtov katd TN OdpKew OepUOYNUIKOV  JlEpYOoIdV, OT®MG OLTH TOV
GLOCOUUTOUATOV, TNG Evorodeong, e dtifpmong k.a. [158, 159].

[Tivaxog 3.2. Avopyava ctotyeia g TéPpag emt TG dvudpng Propdlog

Elemental Ash Analysis

(%wt, d.b.)

Sunflower Jatropha Willow
Al 0.16 0.21 0.07
Ca 0.74 0.49 0.39
Fe 0.01 0.02 0.01
P 0.35 0.34 0.02
K 0.53 1.11 0.08
Mg 0.89 1.02 0.06
Na 0.03 0.03 0
Si 0.25 0.38 0.25
S 0.18 0.17 0.02

AvoAvoelg Tpoypatoromdnkay eniong yio to onpeio MENG TOV TEPP®OV, MOTE
VO VTLAPYEL L0 OPKETE AETTOUEPNG EWKOVA YO, TNV TTOLOTNTA TOLG. Katd tn didpkeia
NG TOPOVGOS OOKIUNG EMITUYYOVETOL it eheyyOpevn TMEN S TEPPOG UE TNV
e100ymYN EVOG 0EEOMTIKOL HECOV.

O mpoodopiopdg g Bepuoxpacioc ™MENG kbe Téppag EAaPe yopa o Eva
Oepuovopevo Hkpookomo eEomMopéVo e avtoOpatn aviivon ewovoc. H oin
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puebodoroyia eivar Paciopévn otnv Bepuo-ontiky ovaivon. Katd tn ddpkeia g
dwdwkaciog mapakolovbeitar 10 TEPTYPAUUA TOV OOKIUIOL KOl YPNCLULOTOIDOVTOG
EVOOUOTOUEVO AoYIoUKO allodoyeitar to onueio t™ENG ™ téepas. To apykd
JOKI[IIO TTOV EIGAYETOL GTO TVPLOVTNPLO PEPEL KLAVOPIKO GO SIETPOL 3 MM Ko
puikovg 3 mm. Xtov Ilivoka 3.3 mapovoidlovior amoteAéopata TG SOKIUNG Yo TN
Oepuokpacio THENG TV TEPpOV. THEN TEQPOAG ELPOVIGTNKE LOVO GTNV TEPITTMOOT TNG
Itudc, kot ouykekpuéva 1 TOPAUOPPMCT] TOL GYLATOS TOL doKiiov Eekivnoe 6TovG

1244° C.

SiO,+Al,O,+Fe,0,+Na,0+TiO,
(mostly glass, silicates and oxyhydroxides)

0100,

\
\
\ High acid
\
80
0/ 70

Coal area S type

40,
Medium acid

fffffffffffffffffffffffffffff 40

K type

20
Low acid
10

o
sunflower

0

0 10 20 30 40 50 60 70 8 90 100

CaO+MgO+MnO K,0+P,0.+S0,+Cl,0
(commonly carbonates, | CK type (normally phosphates,
oxyhydroxides, glass,silicates sulphates, chlorides, glass and
and some phosphates and sulphates) some silicates and carbonates)

Ewova 3.1. Ta&vopmon tov teppav TV KauGitmv

[Tivaxag 3.3. Aoxyn yia Bgppokpacio TENG TG TEPPOS TOV KAVGIL®V

Fuel Deformation  Hemisphere Flow temp.
temp. [°C] temp. [°C] [°C]
1244 1266 1290
Sunflower —!— —!— "

Jatropha L L L

“Aev mTapoTnpnOnKe Kamolo PeTafoAn 6TO SOKIpO
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3.2.3. I\pwTIKA péca

Kotd ™ d1dpketa TG CLYKEKPIUEVNC TEPARATIKNG GEIPAS YPNCLLOTONONKAV MG
TANPOTIKG péoa , oMPivng kot mopttikny dppog [9]. O oMPivng mponibe amd v
Tovpxkio kot yio v akpifeto Tpoundevtnke omd v etarpeio Eryas Mining GmbH.
Eivor mopitodyo opuvktd, mepiéyer dtopa ovyovov oe e€aymvikn doun kot €xel
mokvotnta 3200 kg/m3. 21 o600TOGY TOL TEPLEXOVTIOL KOTIOVIO HAyvNGiov Kot
CLONPOV EVOMUOTOWUEVE, o Tupltovyo tetpdedpo [9, 42, 161, 223]. H évoon
payvnoiov pe mopitio ovoudletal popotepitng, EVAO OVTIOTOIYMS OVTN LE TO GLOMNPO
eoylaiitng. O ynuikdg Tomog Tov oMBivn sivar (Mgy,Fe1«)2Si04 (0<x<1). To gufadov
empaveiog Tov oMBivn eivarl oyetikd PiKpO Kot 1 GKANPOTNTO TOL OPKETE PEYAAN,
KATL TOL G KOOIOTA KATAAANAO Y10 EQAPLOYEG GE PEVCTOTONUEVES KAIVEG.

H moputuen dupog aviker kot avty (0tmg o oAPivng) otmnv owoyéveln TV
TUPLITOVY®V OPLKTMV. XTN GVOTOCN NG Kuplapyn évoon eivar to 610&€idto TOL
noprriov (SiOy), evd M TokVOTTA TG givar Alyo pikpdtepn amd ot tov oMpPivn,
2600 kg/m3. H moputwkn dppoc 1 xoraliog eivar n otabepn popen doéewdiov tov
TUPLTIOL GE ATUOCPAIPIKEG GLVONKES Kot 1 OOUT TOV OMOTEAEITAL OO TETPAESPIKN
yovia kotapeptopod SiO4 oty omoio kdOe dtopo o&vydvov givar cuvdedepévo e
dvo dropa mupttiov Kot avTiotoiymg kabe dropo moprtiov mepPaiieTon and T€cGEP
dropo o&uydvov. Adym g o100ectudTTAG TOV €ivol Pt APKETE TNV TPAOTN VAN
Y0l TNV KOTAGKELT VOMK®V E0MV, NAEKTPIKMV EOMV K.0L.

[Ipoxewévov va eoayBel omv mepoapatiky] povada to embBountd &0pog
KOKKOUETPlOG T®MV TANPOTIKOV UEC®V, TPAYUOTOTOWONKE KooKiviopo  LE
EPYACTNPLOKO TAPUKTPO. XTO TEAOG TNG OOIKAGIOG KOl Yio TO OVO AOPUVY) VAIKA
emiéyOnke 1o €bpog 350 — 500 pm. H apyn pdla tov adpavodg VAIKOV e KO
neipapo rav 7 Kg.

3.3. AmotsAéopata

3.3.1. Emidpaon g Oeppokpaciog kot Tov adpavodg VAIKoO 611 6uvles
TOL TOPAYOPEVOV O.EPLOV

Ytov Ilivaxa 3.4 eppaviCovion to mepapatikd amoteAécpata. o v ekt
OUYKPION TOV OATOTEAECUAT®OV, N oVvBeon Tov aepiov TapovcoldleTor AVEL TOL
nocootov almtov (nitrogen free basis). H ovotaon tov mapayduevov aepiov &iye
OPKETEG  OLPOPOTTOMGELS HeETAED TV TPV kavcipwv. [opatmpovtoag tov
ovykevipoTikd [Tivaka 3.4 n péom cvykévipmon vOpoyoVoL givor VYNAGTEPT GTOVG
800 °C o¢ oyéon pe avth otovg 750 °C oe dheg T1c mepurtdoelc. H puéyiot cvotaon
H, mapommpeiton 6tav o miiovBog ypnowomoleitor g Kovowo pe oMPivn wg
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Test A B C D E F
Condition 1 2 3 4 5 6 7 8 9 10 11 12
Fuel sunflower sunflower jatropha jatropha willow willow

Bed material Olivine Quartz Olivine Quartz Olivine Quartz
Feeding rate [kg/h] 6.8 6.8 7.8 7.8 8.0 8.0
Incoming ash [kg/h] 0.63 0.63 0.65 0.65 0.19 0.19

steady state [h] 8 7 4 7 6 6 7 7 7 7 6 8
Gasifier temperature [°C] 750 800 750 800 750 800 750 800 750 800 750 800
Gasification medium air air air air air air

Air flow [m3/h] 7.8 7.8 7.8 7.8 114 114 114 114 11.22 11.22 11.22 11.22
Us before fuel feeding 1.1 15 11 15 1.6 2.1 1.6 2.1 1.64 2.15 1.64 2.15
us after fuel feeding 3.2 35 3 3.2 3.6 4.3 3.7 4.0 4.0 4.6 3.8 4.3
Equivalence ratio [A or ER] 0.3 0.3 0.3 0.3 0.3 0.3

Gas composition[vol.%q ] Nitrogen Free

H, 26.8 28.6 27.1 28.4 22.8 26.5 22,6 25.2 23.6 255 21.8 224
CO, 35.1 29.9 34.2 29.8 321 30.2 31.3 28.7 34.8 30.3 37.7 35.2
CcO 294 33.1 29.3 36 25.2 34.2 32.2 36.9 295 35.1 31.7 33.7
CH, 8.6 8.2 94 8.4 8.1 6.8 8.0 8.4 85 7.8 9.4 8.7
Tar content [g/my’] 9.5 2.6 10.8 4.8 4.5 3.5 7.6 4.8 5.3 2.2 6.8 3
Water content[kg/h ] 1.7 1.4 2.1 1.8 3.4 3.2 3.3 3 1.6 1.5 2.2 1.6
H in moisture of fuel [kg/h] 0.07 0.07 0.07 0.07 0.03 0.03 0.03 0.03 0.03 0.07 0.07 0.07
H in fuel (d.b) [ka/h] 0.32 0.32 0.32 0.32 0.47 0.47 0.47 0.47 0.47 0.36 0.36 0.36
H in tar/Incoming H, [%] 2.7 0.6 2.9 1.3 1.05 0.9 1.7 1.4 1.6 0.75 1.7 0.85
Cintar/ Incoming C [%] 4.8 1.1 5.1 2.2 19 1.7 3.1 25 24 1.08 2.53 13
C in fly ash/Incoming C [%] 14.7 10.3 15 8.7 17.8 11.6 14.2 8.8 14.3 8.5 3.3 25
Fly ash from 2nd cyclone[ kg] 1.65 2.53 3.2 3.45 1.35 1.82

CCE [%0] 80.1 88.5 67.2 72.3 75 78.1 75 775 78 83 78 84
LHV [MI/m] 3.65 4.2 34 3.5 2.6 3.0 2.46 2.6 3.3 3.7 3.2 3.7
CGE [%] 70 86 50 60 65 74 63 72 74.6 86.5 62 69
Product gas [my>/h] 14.87 15.61 13.86 14.34 16.83 18.31 17.49 18.04 18.57 19.28 16.59 16.74
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TANpoTIKd VAKO. To m0606Td Tov VOPOYOVOL otV TepinTwon avtn givarl 28.6 %,
eEVO Yo TN ytpoea 26.5 %. Kar ot dvo tipég eivar peyordtepeg oe oyéon pe v
avtiotoyn g 1tis (25.5 %) ya 116 1d1eg cvvinkeg (Beprokpacio Kot TANP®TIKO
VAMKO).

2TIC TEPIMTMOGELS TOV Y¥PNOIHLOTOONKe YaAolloKn GUUOG O AOPAVES VAIKO
YOUNAOTEPEG GLYKEVTPMGELS Hy aviyvehOnkav. Zuykekpuéva, 10 T0606T0 ToV H) Yo
tov NMavBo kot ™ yorpdea otovg 800 °C eivar 28.4 % ko 25.2 %, avtictouyo.
Ttovg 750 °C, n péyrot mapoyoyn Hz mopatnpridnke omd tov niiovoo pe yolaltoxn
dppo cov TANP®TIKG VAKS Kot 1 xepdtepn amd v 1td (21.8 %) ywo o 1910 adpavig
vAkd. To mocootd Yo ) yiutpoga pe oAivn Nrav 22.8 % won pe yarallokn Ao
22.6 %.

e Oheg TIg doKUEG, VINpPye mopaymyn vepov (H20) (0nmg kot avapevotav)
ocLpe®va e T diepyacio agplomoinone. H ocvatacm tov vepol otnv €000 1600TOL pE
3-6 popéc 10 GBpolcHa TOV TaPOYDV €16660V ToL Hy pécm Tov Kavcipov (kabapn
oLOTACT G€ LOPOYOVO Kol VYpacic) Kot TG vypaciog tov aépa. H avénon g
Oeppokpaciog g depyaciag and 750 °C oe 800 °C cvveréhece otn peiowon g
TOPAYOLEVNG VYPUGLAGS.

To povo&eido tov dvBpaka (CO) eivar éva akdun KOPO TPOidV g
aeplomoinong kol cvykekpuyuéva otav mn depyacio o Adyog Ho/CO ypnotpomoteiton
apKeETh ovyvd, €101KA Otav To 0éplo ovvheong mpokettal va aglomombel yio v
nopay®yn Pokovcipmy, Yo vo digel T oVoETIoN HETAED TNG TEPLEKTIKOTNTAG TOV
800 agpimv. Zrovg 750 °C 1 puéon iy tov KAAGHOTOG 1o Tov NAiav0o, T yaTpopa;
kar TV 1t sfvon 0.91, 0.80 won 0.74 avtictorya, evd otovg 800 °C petdveron og 0.83,
0.73 ko 0.71. H mapaywyn CO oty mepintwon g yoTtpoeag Nrtav astoonueio,
ooV M ovykévipmon otovg 800 °C pe oMpivn ftav 34.2 % evd avtictolymg ue
yorolokn appo 36.9 %. Iapatmpndnke 611 o KaOe éva and T 6Ho BepprokpaciloKd
emineda, o Aoyog Hp/CO eivan peyohdtepog Otav ypnotipomoteiton  oAPivng g
adpavéG VAIKO. Ot amoddcelg Tov Kavsipmv Bo uropovcav vo givar KaAdtepeg o€
OPKETEG TEPIMTOGELS. To cvumépacpo ovtod e£Gyeton amd T0 YEYOVOS OTL 1 UTTAUEVN
TéEPpa mEPLElYE VYNAO mocootd avOpaka pe amotédecpa 1o eEavOpdkmpo mTov
TOPEUEVE EVTOG TOV avTdpacTipa va aepronombel pe Adyo aépa kavong otrypion
peyaavtepo and 0,3. 'Eva tétolo mapdostypa eival n agplomoinomn g yatpdeog pe
oMpivn.

Ot ovykevipmoeictov peboviov (CHy) kot tov do€ediov tov dvBpaxa (CO,)
tetvouv va peidvovtor pe avénon g Beppokpacias. Onmg mapatnprnke, oTig
yopunA&g Beppokpacies, N mapaywyn CO; evvoeital o oyéon He TIC VYNAOTEPEC. AVTO
opeiletan kvupimg amd 10 yeYovdg 0Tl M avtidpaon petatomong atpov (Water Gas
Shift) eivon eAappdg eEdBepun, dNAaon evvoodvtal Ta Tapdywya ¢ avtiopaons (Ha
kot COy). ‘Evag dAhog Adyoc gival o mapacvpudg tov eEavipakdpotog EEm amd T
PEVOTOTOMUEVT] KAIVY], HE OLVETEW (OTMG avaPEPONKE KOl TPONYOLUEVOS) VO
avEavetol otrypaio 1o A TG dlepyasiog. XTO GUYKEVIPOTIKO Tivoko (oiveTor M
ToGOTNTA TOL €£0vVOPAKMOUATOG OV TapacVPONKE £ amd TOV AVTIOPAGTIPO LLE TNV
wmrapevn t€epa. Ot yaunAdtepeg ekmounés CO;2 onuetddnkav pe oAMpivn g adpaveg
VAKO Katé TV ogplomoinon tov nAdvlov ctovg 800 °C (29.9 %), m0606TO MOAD
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KOVTIVO e AT NG YTpoeos katm amd Tis i0teg ovvinkeg (30.2 %). Ot ekmopuméc

CO; pe yurpoepa kot yoroallokn GUpo etvar emiong ot YapUnAOTEPEG AVAUESOH GE OAN
o Koo, 1660 otovg 750 660 kar otovg 800 °C, pe mocootd 31.3 ko 28.7 %

avtiotorya. Avti 1 aAdayr ot cvvBeon Tov aepiov peta&h oAPivn ko yarallokng
dppov opeideton o peydio Pabud omv avtidpaon petatdmiong (CO shift reaction).
And 1 PProypaeia wpokdmtel 6t 0 oidnpog (Fe) dpa cav kataAdtng yuoo
ovykekpipévn avtidpaon (Rauch, Hotbauer et al. 2004; Devi 2005). H dagpopetikn
CLUTEPIPOPE TV OePiV oL TopNYONcav oTic YaunAéc Beppokpacieg pmopel va

amodobel otn dokvpaven Tov PLOUOL avtidpacng Tov e£avOPUKMOUATOS, EVD OTIG

vynAdtepeg Bepprokpacieg otnv avapdpemon Papitepwv poplakmv evacemv (Orfao,
Antunes et al. 1999).

3.3.2. llooooTo petatpomi¢ tov dvOpaka (Carbon Conversion
Efficiency, CCE %), and8oom Yuxpov agpiov (Cold Gas Efficiency,

CGE)xaw 1 katwtepn Ogppoydvog Vvaun (Low Heating Value,
LHV ) Tov mapaydpevov aepiov

Ot ovvOnkeg dteEaymyng g diepyaciog mailovv kabopiotikd poro toco oto CCE
% xou CGE %, 600 ka1 oto LHV. Avénon g Beppokpaciog tng aeplomoinong
EVIGYDEL TNV Tapay®yn Tov agpiov chvBeonc. Xy Ewkova 3.2 mapovsidlovior ta
CCE % 7y 6heg T1g ot00epég cLVOTKEG TV £E1 TEPAUATOV.

100
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Ewéva 3.2: Metatpomn dvOpaka otnv aépa edon (%)
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[Mapatnpadvrtag Tov cuykevipwtikd [livaxka 3.4 eivar epgavég Tmog adénon g
Oepuoxpacioc odnyel oe Pedtiomon ko twv POV peyedmv. Ta amoteléspata mTov
TpoEKvyay Ppickoviol oe cvpuPmvia Kol pe GALeG epevvnTikéG epyaoiec [154, 177].
Ta xalvtepa amoteléopoto eLEovIiovTol KATE TNV 0EPLOTOINGT] TWV VITOAEUUATOV
nMavBov pe oAPivn. Meta&d Tmv dV0 TANPOTIKGOV PHEG®VY, 0 oMPBivng mapovotdlet
KOADTEPT GULUTEPLPOPA GE CULYKPLON HE TN YOAOLIOKY GUUO OTNV KOTOVOUN TV
GLGTATIKOV TOV TOPAYOUEVOD aéPlov. Avtd o@eileTon KLUPIWG OTIS KOTAAVTIKES TOV
1010tnteg [42].

Meyddn onuacio ot UETOTPONN) TOL GvOpaKa otV aépla PAcT KATEXEL 1
EMPAVELONKN TOYOTNTO TOL OEEWMTIKOD HEGOVL, TPayuo mov emmpedlel kol TNV
amddoon Tov Yuypov aepiov. O CLYKEVIPMTIKOG TvaKag Oelyvel Twg O YOUNAOS
AOYOGC (Us after/Us before) TNG EMUPAVELOKTG TOYDTNTAG TOV PEVGTOV UETA TV TPOPOSOGia,
¢ Bropdlag mpog TNV avTicTolyN TPV TNV EIGOYMYN TOL KOVoiptov odnyel o€ pikpn
TOPAYOUEVT] TOCOTNTA O.EPTOV.

3.3.3. MapapeTpoL GUVONK®WV AEPLOTIOINONG YLX TO CXNUATIONG/
HELWON TWV TILOCWV

Ov miooeg ovAAéyovtor kdéBe dSvo mpeg pe ™ Ponbew ™G mPdTLING
detypatoinyiog CEN BT/TF 143 (Tar protocol). H cuAloyn mpaypotonombnke yuo
Vo dwpopetikés Beppokpacies Katd ) owbpkela tov mepapatos. To Ewkovae 3.3
TAPOVGLALEL TIC GLYKEVIPMOELS TIGCAV OV TPodkvyav amd ta €51 mepapota. H
avénon g Beppokpaciog e depyaciag 0dNynoe oe PEIMON TOV EMITEOOV TOV
TGoAV Yo OAa o Kavowa. H youniotepn cuykévipwon moecmv 6to aépto chvieonc
enpaviotnke o 1wid pe oMpivn o¢ adpavéc vakd otovg 800 °C (2.2 g/my®), evod
avTIoTOlY®G M LYNAOTEPT 61O Teipapa kotd to omoio aepuromOnke MAiavBog pe
TNPpOTIKO péoo 1 yoralokn dupo otovg 750 °C (10.8 g/my®). T tov emapkn
TPOGOIOPICUO TOV TOGOGTAOV LOPOYOVOL Kot dvBpaxa Eyve n vdOeon OTL 0 YNUIKOG
TOTOG TOV APOUOTIKGOV VOpoyovavOpdkwv eivar CyHy. Ta vroloyicia T10606TA TV
dV0 oTolYElV POivVOVTOL GTOV GUYKEVIPMTIKO TIVOKAL.

12 I — T "
= 1 quarcz 1 1
Ezll:: ! !
olivine I I
& I I
S gz [ I quartz [
5] — 1
:E I quartz
,E e — ] olivine olivine
s o (5] |
o iyl
Mnl b g 9
/ u
5 — | ol 18|y v |2
o ¥ 3 ol 21718 Ao ¥
- o & n| 3 £ ~ 2 o
(=]
, & @ = &
Sunflower Jatropha Willow

Ewova 3.3: Zuykévipoon moecmv 6To aéplo cHVOECTG
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3.3.4. Avopyava cuoTaTiKA (TE@pa ] TANPWTIKO HEGO)

Ta avopyovo cLGTOTIKA NG TEPPOS EGEPYOVTOL GTOV avTOpacTipo pali pe 1o

0pyaviKO Toc0oTO TG Kavoung VAne. Iapd to yeyovdg 6Tl de GUUUETEYOVY ApEGH
oTNV Topay®mY TOv oaegpiov obvbeong Koatd TN SAPKEWL TOV  OVTIOPACEWV
aeplomoinong, dSadpapatilovv kabopiotikd polo oty diepyacio. H Beppoxpacio
Aertovpyiog TOov avidpactnpo oplobeteitol MOTE Vo AmoEEVYETOL 1) dNUovpYia
CLUGGOUATOUATOV GE GLUVETELD TNV OTOPEVGTONOINGT TOV COUATIOIMV NG KAIVNC.
Ytov Ilivaxka 3.2 @atvetor 1 GUYKEVIP®OON TOV avOPYOVEOV GLUGTATIKOV TNG TEQPPAC,
amo pacuatockonio eOopiopov pe aktiveg X.
Metd 10 T6A0G OA®V TOV TMEWPAUATOV, O OVTIOPACSTHPOS YOYONKe €lodyovtag pon
alomtov. Ev ocvveyeila, cvAléydn vAkd amd to kdtw pHEPOG TOL ay®mYoL 0vOSOV, TO
dEVTEPO KVKAMVO KO TO KAT® HEPOG TOL aywyoL KaBddov. Ta detypato avaidbonkoy
ue ™ Pondeia evog miektpovikov pukpookoniov (SEM/EDS). Kémowa omd to mo
OVIWPOCMOTEVTIKA delypota mov ovoivdnkoav pe SEM, mapovcialovior otig
akolovbeg mapoypaeovg. Zvvapo oeéynoav  avoAOoeEl pe  MAEKTPOVIKO
LIKPOOKOMIO KOl OTO OPYIKO TANPOTIKA HECH TPWV TNV EGAYMYY] TOLS GTNV
PEVGTOTOINEVT KALVT).

To coumépacpo mov TPoEKLYE Amd TIG AVAAVGES NTAV OTL 1] GVGTOCT GTO
KEVIPO TOV COUOTOIOV TG YoAall0KNG AUUOL TOPEUEVE avOAAOI®TN HETA omd 15
opeg mepapdtov. Avtibeta, mapammpnOnke Ot 1 oLGTACT OTO KEVIPO TV
ocopotdinv Tov oMPivn dliate, kabng kAo (K) evtomiomnke 610 £0OTEPIKO TOVC.
Poyuéc omv emoedveia tov copatdiov cvverélecav otn petagopd avtr. Ot
avaAvoelc SEM vrodeikviovy emiong 10 GYNUOTIOHO HKP®OV GUOCOUOTOUATOV
peta&y KOKKoV yaraliokng aupov kot acfeotiov (Ca) mov mepiéyetal oTnv TEQPO.
Onwg @aivetal, éva oTpdUo 0oPeSTION GYNUATICTNKE OTNV EEMTEPIKY| EMPAVELD TOV
KOKkov. O oyNUOTIGUOS TOV GTPOUAT®OV acPecTiov Mtav TOAD MO EUQOVIG GTNV
nepintmon Tov NAiavBov, KATL Tov pmopel vo amodobel 6TO HEYOADTEPO TEPLEYOUEVO
TOV KOWGipov og acBéotio. Ta pikpd avtd cuoowpaTdaTo EVVONOTKaY Kot eEattiog
TOV LYNADV GLYKEVIPOGE®MY TLPITIOV, KOoAlov kol acPectiov ommv Tté€Ppo TOL
nAMavBov, KaBMOG yEVIKOTEPA 1] TLPLTOVYA KOl OAKOAKT TEQPO UTOPEl Vo MDGEL GE
vynAéc Beppokpacies, eykAmPilovtag kOKKoVg adpavodc VAKos [78].

g

& 8 8

I'he percentage of
Inorganie constituents [%]
l;
a
'

Na Mg Al Si P K Ca Fe

=

Ewoéva 3.4:SEM/EDS copotdiov yorallokng GUpov pe vroAsippoata nAioviov
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Ewova 3.5: SEM/EDS copatidiov yohallokng Gppov petd omd 14 opeg
TEPALATOG LLE VTOAEILLATO YIOATPOPOG

2mv Ewodva 3.4 ¢aivovtolr GUGCOULOTONATE TOV dNUovpynonKoy Katd Tnv
aEPLOTOINGN TOV VITOAEUUATOV TOV NAiavBov pe yoraliokn aupo. Xtv Ewkova 3.5
napovstaletar po eotoypoeic SEM tov copotdiov yoraliokng dupov petd amd
12 dpeg depyaoiag pe kavoun HAN ™ yTpdea.

2to olaypdppata mov €govv emcvvapbel @aivetor n avéivon EDS ota
onueia ( 1,2), oty omoia glvar opatn 1 UETAPOPA TOL KOAIOL GTO E0MTEPIKO TWV
copotwiov oMpPivn. To 1010 emavarapPdaveror kol 6to meipopo mov oeénydn pe
oMBivn ko nAiavOo (Ewéve 3.6). Extog and ta detypoto mov cuAléyOnocav Katd to
TEAOG TNG TEPOAUATIKNG Opdomg, emiong VANPEE GLAAOYN WTAUEVNG TEQPOS OO TO
devtepo kKukAdva. Ev ovveyeio, ta detypota Quylommkav oe gpyactnplakd Luyo
(axpifetag 0.1 g) ot avardbnkav ce Beppolvyd kot @acpatockdémo eHoplGHoD
axtivov X. Ot cUYKEKPIUEVEG OVOADGELG TTpayLOTOTOMONKAY e GKOTO Vo ekTiunOet
N KatdAnén tov avopyavev GLGTATIKOV Tov €lNABav (0 TEPPO TOV KOLGIHoL Kot
CULGTATIKA TOV TANPOTIKOD HLEGOV) GTOV OVTIOPOCTIPA KOl TEPLEYOVTOL GTNV ITTAUEVN
TEPPO TOV ATOUOKPVVONKE O AvTOV.

O TIlivaxog 3.5 mopovctdlel v CLYKEVIP®MOTN TOV PACIKOV avOpyovmv
GLGTATIKOV GTNV WTduevn 1€epa, eved o Ilivaxog 3.6 tov mocootiaio Adyo g pnélog
KGO avopyavov oVOTOTIKOD OTNV MTAUEV] TEPPO TOL GLAAEYOMKE TPOg TNV
GUVOAIKT] TOV €16EPYOUEVT] LAL0 KAVGILOV.
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The percentage of
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Ewéva 3.6:SEM/EDS copatidiov oMPivn petd amd 15 dpeg melpdpuotog aeplonoinong 1e
vroigippoaro nAiovBov
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[Tivakag 3.5. Zuykévipmon avopyavev GLGTATIKOV 0T cLAAEXDelcO tTTAEVT TEQPPQ

Test A B C D E F

Fuel Sunflower Sunflower Jatropha Jatropha Willow Willow
Bed material  Olivine Quartz Olivine Quartz Olivine Quartz
% of element in fly ash

Al 1.2 2.14 1.27 1.36 1.05 1.3
Ca 10.1 11.67 7.83 6.31 13.4 14.62
Fe 2.06 0.63 2.51 0.62 1.95 0.52

P 3.59 4.57 6.35 5.84 0.03 0.04
K 6.61 7.85 133 14.88 3.2 4.6
Mg 16.03 12.76 16.93 12.83 16.42 12.34
Na 0.18 0.35 0.17 0.18 0.06 0.08
Si 7.85 5.69 5.43 7.58 7.21 6.35

S 2.02 2.98 1.56 1.71 0.03 0.05

Na kot S ovykevipdvovtal HEGO GTOV OVTIOPUCTNPA, EMIPOGHETA GTNV
apYIKY] TOGOTNTA TOL OPYIKOD TANPOTIKOL pécov. Ot avardoelg SEM/EDS
emPBePardvovv Twg £va m0cootd Tov K ko Ca deopevdnke amd to vAkd g KAivng,
oV KOl TO LEYOAVTEPO TOGOGTO TNG TEPPOS NTAV EAEVLOEPO EVTOC TOV AVTIOPAGTNPA, OE
avauiEn pe avtd. To mocootd tov Al kot S oty mTdpuevn T€PPO GLYKPIVOLEVO ®C
TPOG TNV €{6000 TOV GVYKEKPIUEVAOV GUCTATIKAOV EIVOL YEVIKA VYNAOTEPO GE GYEST LE
ta K, Ca, P ka1 Na. To péco 060016 tov 4 avtav avopyavav givatl 25.9 %, 33.4 %,
46.3 % wor 30.6 %, avtiotoyo. Zyetikd pe to mocootd Twv Fe, Mg kot Si oty
WmTOUEV TEQPA TPOG TO GLVOAMKO TOLG TOGOGTO, LTOAOYIGTNKOYV OTOTEAEGLOTO
peyarvtepa tov 100 %. Kdti této1o givor amdAvTo SkotoAoynUEVO OV OVOAOYIGTOVUE
TG KOKKOL adpavoLg VAIKOL Tapachpovtal €ktdg Tov avtwdpactipa. O olPivng
amoteleiton amd Fe, Mg kot Si, evd 10 TEAevtaio givor To pOVadIKO, GYEOOV,
ovoTaTKd TG YoAalloKng aupov (og T0cootd >99% «.J3.).

[Tivaxog 3.6. [Tocootd KdOe avdpyavov GToL ElOL VINPYE CTNV WTTAUEVT] TEQPPO TPOG TO
TOGOOTO TOV KAOE 6TOLYEI0 TOV EIGNAOE GTOV AVTIOPACTIPA HECH TNG TEPPOS TOV KOVGILOV.

Test A B C D E F
Fuel Sunflower Sunflower Jatropha Jatropha Willow Willow
Bed material Olivine Quartz Olivine Quartz Olivine Quartz

% of element fate in fly ash

Al 41.4 57.1 46.4 321 51.1 50.0
Ca 18.3 33.3 37.1 25.2 53.1 33.2
Fell 1235 11.3 226.7 33.3 105.1 335
P 15.6 24.8 82.8 62.1 0.0 0.0
28.5 30.3 30.1 27.1 21.1 18.1
Na 22.2 429 28.6 28.9 0.0 0.0
Si Vv 130.0 170.0 162.5 183.3 102.7 1185
S 48.4 78.3 68.2 47.8 42.0 375

" due to Fe content in olivine
" due to Si content in both quartz and olivine
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3.4. Xuunepdopata

Ymv mepintmon mov To POKOVCIUO TPOEPYETOL GO VLTOAEIUUOTO UETE TNV
eCaymyn ehaimv, Topatnpeitol LeyoldTePN TOPUy®YN VOPOYOVOL OO OLTH TNG TLAC.
H ovykévipoon tov moocmv e OAo o TEPAUATO TOV VYNAITEPT Y10 TO OYPOTIKA
VTOAEIUUOTO, HE HEYOADTEPY] YO TNV TEPIMTOON TOV VROASWUATOV MAlovOov e
yohaliokh Gupo (10.8 g/mpd).

Ye OAa Ta mEWPAUATO TOL OeENyOnoay pe aypotikd vrolsippato Kot oAPivn wg
adpavéG VAIKO mopatnpnOnke peTagopd KoAOL amd To avopyava TG TEQPAS TOV
KOVGIU®V TTPOS TO £0MTEPIKO TOV COUATIOIOV TOv OAPIvn. Avtd T0 QavOuEVO
KATOYPAPNKE Y10 TPATN QOPd. AVTIOETWS, OTO TEWPAUOTO e YOAALIOKT) QIO HETE TO
TEAOG TOV OOKIUOV TapatnpnOnke onpiovpyio £®TEPIKOD GTPMOUATOG TAOVGLOV GE
KéAo kol acBéotio. [lepartépw dokiuéc Bo pmopovoay va deaybodv pe otdyo T1g
KOTOAVTIKEG O10TNTES OC TTPOG TN UEIMON TOV TGCMV TNG YPTOLULOTOLOVUEVNG GOV
pe v e€mtepikn emictpmon kaiiov — acPeotio.
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4. ETtiAvon mpoBANUAT®V IOV Ep@avifovTal Le T XP1ion
TG AYPLAYKLVAPUG GE AEPLOTIOUTEC PEVGTOTIONUEVTG
KALVNIG A0Y® GUGOWUUATOHATOV

4.1. Ewaywyn

H aepromoinon Popdlog eivar 1o mpdTo PrHa Yo T UETATPOTY| TNG GE OEPLO

obvOeomn Ko ev cuveyeio o€ Prokavoipa devtepng yeviag [156]. Av ko n a&lomoinon
™m¢ aypotikng Propdlog Bewpeitor apketd vIOoYOUEVT, LTAPYOLY OKOUN TOAAA
TEYVIKA (NTAHATO TTOV TTPETEL Vo EMALOOVY, OTMC Ta TPOPANUATA TOV TPOKVTTOLV
a6 To YoUNAO onueio THENG ™S TEPPOS (E101KA 0E PEVGTOTOMNUEVES KAIVEC).
H Cynara Cardunculus yvooti kot og ayplaykivépo, aviker oty 10N 1oV QUTOV
aster Astaraceae kot Oeswpeitor ®g pio evepyelok] KOAMEPYELDL TOALL VTOGYOUEVN
vy Ogpuoynuikés depyacieg [156]. Avtd eiye ¢ omotédecpo TV Avopym
OVTIKOTAGTOGT VOIGTAUEVOV KOAMEPYOOUEVOV QUTAOV GTNV TeEPLoyn s Meooyeiov
LLE TNV 0y PLOYKIVAPQL.

H aypuykivépa gtvar molvetéc guto, tkavo va avortuydel oe kKAipoko OTmg
TO LECOYEWKO TTOL Yopaktnpiletan amd Enpa ko Beppud karokaipto. Ot Tapdyovteg
oV EMNPEALOVV TIG WOIOTNTES TNG OYPLUYKIVAPOS ELVOL TOL YNUIKA YOPAKTPIGTIKA TOV
€04povc, To Amdcpota mov ypnoilomoovvtol, 1 pEB0O0g GLYKOUIONG Kot Ot
SpopeTikég KAaTIKEG ovvOnkes. ‘Eva amd to onpaviikOTEPO TAEOVEKTILATO TMV
KOAMEPYEIDV QyplayKivapag €lvar ot HkpES avaykeg GPOELOTG TOL QUTOV, LE
GUVETELD, TO KOGTOG TNG KAAAEPYELNS TNG VO fvan apkeTd YaUnAOTEPO, GE GUYKPLION
ue alheg kodépyeteg [183].

To vyog tov utol pmopel vor ETAcEL G Ta 2 M, AvdAoyd PE TIC KAUOTIKEG
oLvOnKeg Kot TNV ToldTNTa TOV £6APOVG. O avamopay®mYIKOG KUKAOG OAOKANPOVETOL
KaTé TN SLdpKELN TG KaAokapwvng meplddov. Ev cuveyela, n ocvykopdn Eekivd tov
AVYOUOTO (MOTE VO EMTLYYAVETOL KOl 1 TOvTOYpovn ENnpaven evog pépovs. g
OMOTEAECO. OLTNG TNG MEPIKNG ENPOvVONG, 1 KOAMEPYELD LETATPEMETAL GE VYNNG
anddoong oteped Prokavouo [134, 135, 139, 188].

H aypuaykivépo pmopet va €xel OLmOS Kot 0pKETA OPVNTIKEG ETIMTMOGCEL GTOV
TOTIKO 0yPOTIKO KAGYO, Kuplwg Otav ot aypoTeg amo@acilovv v avIIKOTOGTIGOVV
AdLOKPITOG TIG VPIOTAREVES KOAMEPYELES He TNV ayployKvdpa. To cvykekpiluévo
QLTO &YEl YAPOKTNPLOTEL €0® KO TOAAL YpOVIO Omd YEOTOVOLS EMIGTHUOVES MG
QLTIKO TOpActto pe @ofepn yopokataktrtiky kovotnra [190]. Avtd opeiletan
Kuplowg omv peydAn ovamtuén g pilag Tov EVTOL KATd TNV TOAVETY] KOAMEPYELL
TOV, 1 OTToln EICY®PEL PEYPL KoL 8 M KAT® amd TNV EMPAVELD TOL £6APOVS, OONYDVTUG
TOUG OYPOTES OKOUO KO GTN YPNOT CKOTTIKAOV UNYavnuatov (UTovAvtola) yuo tnv
EMTLYN KOTOoTPOPN TOL PVTov [190, 191].

Ot aypoteg Ba mpémet va Aappdvouy vdyn OAEg TIC TAPATAVE® GLVICTMOGES TPV
ATOPAGICOVY VO KAAMEPYNOOLV TO GLYKEKPIUEVO QLTO AOY® TOV YPNUATIKOV
opeAdVv mov pmopel va €yovv. H xodhépysio g ayplaykwvapog Bo €npene va
AopPaver ydpa HOVO GE UM OPOELOUEVEC TEPLOYEG LE £00POC YOUNANG TOOTNTOG
[190]. Zt0 mopodv ke@dAOIO avVOEEPOVTOL TOL TPOPANLATO TOL TPOEKLYAY (OGS M
oNUovpyiot GLGCOUATOUAT®V) HE TN YPNOT AYPLLYKIVAPAG GE OV0 OLOPOPETIKEG
TEWPAPATIKEG GEPEG Kot 0 Tpdmog emidvong tovg. Ot 000 TEPOUATIKEG GEPES
deénydnoav otig pevotomompéveg kiiveg avakvkioeopiog oo EKETA kot tov
navemoiov tov Ntedgt (TU Delft).
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4.2. Me0ododoyla Tov akoAovBNONke yia TNV eniteVEn TV
TELPARATOV

4.2.1. M£0080A0oyia T®WV TEPANATIK@OV GELPDV

Koatd t odpkela g mapovoag SOaKTopkng oTping eSetdotnkay méEVTE
SPOPETIKA 0TEPEN PLOKAVGILO MG TPOG TNV TACT EUPAVIOTG CLGCMOUATOUATOV CE
AVTIOPACTNPES PEVCTOTOMNUEVOV KAVOV. XTIG SOKIUES TOV TPOYLLATOTOMONKOV GTOV
aeplromomtn tov EKETA, ypnoyomomnkav og mAinpotikd péca yoAallokn Qo
Kot oAPivne. Ze kavévo kaOoo dev TapatnpnOnKe amopevotonoinet, eKtdg omd ta
TEPALOTA TOV EAAPBOV YDPO LE TNV ayplayKivapo Kot Tov oAMBivin o¢ adpaveég DAMKO.
Ady® ™G HEYOANG TTEPLEKTIKOTNTOS TOL GUYKEKPIUEVOL KAVGIHOV o€ TEQPA (Yo TV
axkpippela og KdA0 Ko 0oPEoTI0) EMMADE amopevoTonoinom o younin Beppokpacio
(780 °C) ota mpdTa TpLdvTa Aewtd TG TEPOUATIKAC dtadikociog.

Ev ovveyeia, ylo mepartépw diepgvvnon de&nybncav d0o TEPALATIKEG GEPEG GE
V0 SLPOPETIKOVG OLEPIOTOMNTEG UE OKOTO TNV EMIALON TOV TPOPAUOTOS TOV
ovooopotopdtov. To mpodto meipopa mpaypoatomomdnke oto TU  Delft
YPNOULOTOIDVTAG OYPLOYKIVAPOL LE HOYVEGTTN ®¢ adpaveS VAKO. To devtepo meipapia
é&ywe otov agpromomt] tov EKETA pe petypa aypurykwvdapag 50% x.p — KoAopuov
50% x.p xor oMPivn g mAnpotikd péco. IlpoPfAnpato amopevotomoinong
TOPOVGLAGTNKOAV GTNV TEPITTOOT TNG OLYPLOYKIVAPOS LLE TOV LLOYVEGTTT).

[Tivakag 4.1. Xdotaon Tov 600 Kovcipmy

Proximate analysis (wt. %)

Cardoon Cardoon
50% wiw /
Giant reed
50% wiw
Moisture 13.2 8.96
Volatiles 65.07 70.32
Fixed Carbon 5.46 24.45
Ash 15.38 5.23
Ultimate analysis (wt.%, dry basis)
C 42.69 46.6
H 5.30 5.97
N 2.23 0.85
S 0.45 0
o? 0.45 46.5
Cl 0.29 0.2
Ash 17.72 5.8
HHV d.b (MJ/kg)® 17.30 16.5
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4.2.2. Kavopa mov xpnoponoun)dnkav

Y10 TEWPANOTE TOL EAAPOV YDPU YPNOILOTOONKOY dVO0 J1POPETIKE GTEPER PLOKOVGILLOL.
To mp®dTo Prokodclo Moy ayploykvapa, Eved To 0g0TEPO KOVGIHO Ntav petypo 50% «.p
aypuykwapac— 50% «.p xoropod. O Ilivakag 4.1 mapovoidler tn ovotaon twv O0O
Kovoipwv, evd o Ilivaxkog 4.2 delyvel TOOTIKA KOl TOGOTIKA TNV TEPIEKTIKOTNTA AVOPYAVOV
oTNV TEPPO. TOV 6V0 VTMOV KOVGTH®V.

[Tivaxog 4.2. H mepiektikdtnto TV PACIKOV GTOWYEI®MV TG TEPPOS TOV KOVGIU®V

Proximate analysis (wt. %0)

Cardoon

Cardoon 50% wiw /

Giant reed

50% wiw
Si 6.33 19.7
Ca 45.1 49.4
Al 2,42 7.85
Na 14.5 0.51
K 30.6 19.2
P 2.04 2.47

4.2.3. Meprypa@n TG mepapatikng Siataing tov TU Delft

H mepopatiky odtaén tov TU Delft (Ewéva 4.1)  givar évag oeplomomg
pevoTomomuévNg kAlvng pe  avakvkiogopioa. H mieom pe v omoia epyaleton o
avTIOPACTNPOGS EIVOL 1) ATUOGUPALPKT Kol TO 0&edmTikd péco eivar atuodg/ o&vyovo. O
ay®yog avodov givor KLAVOPIKNG SLOTOUNG, KATACKELAGUEVOS Ao avoieidmto yaAvPa 310
L, pe eocotepikn dqperpo 83 mm xor vyog 5.5 m. H kdpa por} tov ofedmtikod pésov
glodyeTon amd 10 KAT® HEPOS TOL aywyoy HECH evOg draokopmioti. O dvBpakag mov dev
Katheepe vo petatpanel oty aépla edon (eSavOpdkopa) kabdg Kol T0 TANPOTIKO HEGO
Sympilovion amd to TopoyoreEVo aéplo pe TN Pondeia evoc KukAmva Kol HEC® VOGS ary®YoD
kaB0dov emoTpéPovy otov  aywyo avooov. To aépro ocvuvBeong mov mapdysTon pmopel vo
avyveLOel LEGM SOPOPETIKAOV OVOAVTAOV 0EPIOV

4.2.4. ASpavi) vika

210 0vo mepapata mov deEnydnoav oto EKETA ypnowonomdnke g adpavég vAkod
oMBivng, evd oto TU Delft payvesitng. Ta ocvykekpyéva vAkd emedéynoav yioti eivor
eONVA Kot AOY® TG HEYAANG TOVG OVTOYNG EVAVTIL OTO QAVOUEVO TNG unyavikng eBopdc. Ta
000 avTd adpav] LAMKA 0100£TOVV Kot KOTOAVTIKEG 1O10TNTEG Yo TN LEIMOT TV TIGGAOV. XTOV
[Tivaxog 4.3 @aivetarl n ynuikn cOETACT TOV TANPOTIKOV uécov. H apyun pdlo mov gionyon
GTOV 0EPLOTOMNTY Kot Yyl TiG 0v0 meputtdoelg nTav 70009 pe €6pog dopéTpov copaTdinv
350-500 um.
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Pilot Flame

rrrrrr
Cardoon 11 kg/h
@

Ewéva 4.1:. Atdypopupa diepyaciog kot pong T avidpacthipa tov TU Delft

[Tivaxoag 4.3. Xnuikn obotacn Tov 000 adpavmv DAKOV

Compound Fraction (wt. %)
Olivine Magnesite

SiO, 42.97 1.00
FeO 8.71 5.50
MgO 41.19 45.00
Cao 4.21 48.5
Al,O3 2.84 0.00
Cr,03+ NiO 0.08 0.00
Density (kg/my°) 3200 2980

4.3. AmoteAéopata

Xe ot TV evOTNTO TAPOLSIALOVTaL TA OTOTEAEGOTO TOL TPONADAY amd To TEWPA LT
oL POy HaToTOONKaY 6TIG dVO0 TEWPAUATIKES dratdEers. Apyucd o1eényOn éva meipapa 6to
EKETA pe aypiaykivépo kot €v cvveyeion pio meEpApatikn cepd oe 000 S1pOopPETIKONS
aepromomtég, pe pa ook oto TU Delft ypnoipomoidvtog ayplaykivépo kKot Hio. 6To
EKETA pe petypa oypuykwépoag 50% x.p — xoroapod 50% «.p. IpoPfinupota
GLGGOUATOUATOV TOPATNPNONKAY KATE TN SAPKELD TOV TEPAUATOV LOVO LLE OYPLOyKIVAPOL,
avTIBETMG 1) OOKIUT LE TO UElYa TparyaTomolnOnke xwpig Kavéva mpdfAna.

4.3.1. Agplomoinon ayplaykivapag pe aépa

H tpogpodocia tov kavcipov frav 11 kg/h. To mocootd g TéQpAg TG ayplayKivapag
eivar apketd vynAd (15.38 % mg éxet). Avtd onuaivel 6Tt Yo 11 Kg mov ei6épyovtarl otov
avTdpactnpa Kabe dpa, 1 téepa eivor to 24.16 % tov apywod adpovodc vAtkov. H dokiun
npaypotomomOnke pe Adyo aépa (4) 0.3.
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Metd and dexomévie Aentd Asttovpyiog, xwpig emmiéov mpdcdoot Bepudtrag and
TIg avTIcTAcELS ko e Oepuoxpacio Siepyosiog 740 °C, mapatpniOnke puOudg avénong g
Oeppokpaciog 1.5 °C/min. Avtd sixe m¢ OMOTELEGUOTO VO OMYYGEL GE GUGCMOUATMMATO, KoL
anopevotomoinon otovg 780 °C. H eupdvion g amopevotonoinong dnmuiovpysl o
gtepoyevn OBepuokpacio Kotd pMKog G KAIving, pe oavénorn g o610 KAT® HEPOG TOV
aVTIOPUOTNPO KO ATOTOUT| LEl®OT TN TTOONG TIECTC.

Metd v amdtoun JSKOMN TNG TEPOUOTIKNG OladtKaciog AdY® onpovpyiog
GLUGCOUATOUATOV, O OEPLOTOMTNG YOYONKe pe TV ewoaywyn pong alwtov. Ev cuveyeia,
CLVEAEYOMGOV TO GLGCOUATMOUATE TOV dNUIOVPYNONKAY KOl GTAAONKAV Yoo AvaADGES OE
niextpovikd pkpookodmo (SEM/EDS). H Ewéva 4.2 deiyvel £va TumiKO GUGOOUATMLLO TTOL
OMUIOLPYNHONKE YLoL TNV 0EPLOTOINGT TNG AYPLAYKIVAPOS Le OAPIvN ®G adpavEG VAIKO.

Ewova 4.2: Zucocopdtopo amd Ty aeplonoincn ayplayKvapag pe oapivn

Mw 1ok eotoypoeics  oamd  ANYN  MAEKTPOVIKOD  HUKPOGKOTIOV  €VOG
GLGGMOUATOUATOS TOL ONUOLPYNONKE KATA TNV 0EPLOTOINCT TG AyployKvapas pe oAPivn
o¢ TANPOTIKO péco mapovotdletar oty Ewkova 4.3. H ayplaykivépa elvar €évo KadoLo Le
LEYAAN TEPLEKTIKOTNTA GE TEPPA, 1 OTOl0L vl TAOVCIN GE AAKAAL KOl TUPITLO, LLE GUVETELL
mv ™M&n ¢ téepag oe yapnAég Bepupoxpacies. H Ewova 4. 4 deiyver v otoygiokn
YOPTOYPAPNON TNG TOUNG EVOG GUGCMOUATAOUATOC,, GTNV OTTO10L POIVETAL 1] VIOV OITOTVTTMOT)
TV mopttiov, acfeotiov kot poayvnoiov. H mapodoa swdva emoinbeder 1o yeyovdg Ot
copation oMpivn evodnkav pe Typéva otoryeio g TEPPOS TOL KOLGILOD.
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Ewova 4.3: Ewdveg and miektpovikd pikpookomo (a) (B) 600 cucoopatopdtov mTov
CLAAEYON OOV LETA TNV OTOPEVGTOTTOINGT) TG JEPYUTIOG LE QYPLOYKIVAPOL Kot OBV

Kotd 1 ocvAloyn TOV GUCCOUNTOUATOV HETE TNV PELCOTONOINGN TapaTnPOnKe
peyaroc aptipog couatidiov, 1 cHoTaoN TV 0ToimV NTav TAOVCI0 G€ AGPECTIO. Xe apPKETEG
TEPMTOCEI, LOVO TO CLYKEKPIUEVO oTolyelo voiotato. Ta cvykekpyéva copotidlo siyov
HopON Geapdiov Kot NTav Kevl 6to €o6mTEPKd Tovg. H  gpodvion tovg guBovetar oto
YEYOVOS OTL KATA TN SIAPKELD TNG JEPYOTING TO OVOPYOVE GUGTATIKA TNG TEPPAS SNULOVPYOHV
eniotpoon e&mtepwd tov eEavBpakopatoc. To egovOpdkopa petatpémetol oty aépa
@Ao, OAAG 1) EMIGTPOON TOPAUEVEL, EYOVTOS TAPEL T LOPPT| 6PopLdiov. Ot evOoELg HETAED
aAkodiov kot ropttiov (KO — SiO;)eivan apketd evtnkteg, nog 1o cvpmieypo KO- Cal —
SiO; [40].

MgKal,, 9
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Ewova 4. 4: Ztouyglokn yopToypaenon Topng eVOg GLGCGOUATMOUOTOS

4.3.2. TUYKpPLOT TIEWPAUATOV HE ATUO/02 - AYPLAYKIVAPA KAL XEPX — PELYPA
ayplaykwvapag 50% k. /xadapov 50% k.8

Xe autv MV &vOTNTO. TOPOLGLALOVIOL TO OTOTEAECUOTO OV TPOEKLYOV Ond TNV
TEPOUATIKY] P Tov SeENXON oe dv0 Olapopetikovg aepromomtés. O €vag dvnke o10
EKETA, evd o dAlog oto TU Delft. Ztov ITivaka 4.4 @aivovtal ta amoteléopata omd Tic 600
0VTEG OOKLUEG.

4.3.2.1. Emiépaon tn¢ @spuokpaciag otn c0oTAC) TOV TAPAYOUEVOV AEPLOV

H péon ovykévipmon tov vdpoyovov eivor peyaivtepn otovg 750 °C pe oyéon pe avth
otoug 700 °C étav aeplomositon ayplayKivépo o¢ Koo Kol T0 0EEOTIKO Néco eivat
atnog/Oz. AkpBag avtifetn cuUTEPIPOPA TAPOVGINGE 1) TAPAYWOYH TOL VOPOYOVOL KATH TNV
0EPLOTOINGTN TOV peElypotog ayplaykivapag/kolapov. Avéavoviag t Oeppoxpacioc m
GLYKEVIPMOOT] TOV GLYKEKPLUEVOL 0EPTOV LEIDONKE.

To povo&eidio tov avBpaxa givor £va eEicov onuavtikd GLGTATIKO TOV agpiov cvVOESNC.
2TV TEPINTMON TOV TEPALOTOG TOV TTpaypotonomnke pe aépa, n cvykévipmon tov CO
Ntav ota 101 eminedo pe avt tov VOPOYOVoL. Agv vINPEe M 101 CLUTEPIPOPA Kol GTN
dokun pe Oyfsteam. Xpnoonotdvtag avtd 10 0Ee0mTIKd HEco, To HovoEeidlo Tov dvBpaka
ntav 4-5 eopég Mydtepo amd 10 TOGOGTO TOV LOPOYOVOL. AVTO 0PeileTal GTO YEYOVOG OTL
otav M dlepyacio TG aeplomoinone mpayuatonoleitor pe otpd, o puluog avtidpoaons g
eMappmg eEmOepung petatomiong tov atpov (Water Gas Shift Reaction) evioybetar mpog Tig
napdywyeg evooelg (Av. 4-1). To mapomdve @awvdpevo mpémer va cuvovaotel pe v
evBdppuvon tov pubupod avtidpaong ™S avapdpe®ong Twv vopoyovavlpdkwv Kotd TV
onoia TpokdITovy (N + M)/2 dropa VIPOYOVOL Kot N povoEeldiov Tov dvOpaka (Av. 4-2).

CO+H,O <«<——>H,+CO, (AV. 4-1)

CoHm + nH,O0 <——> (n+m/2)H; + nCO (Av. 4-2)
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[Tivaxoag 4.4. Tlepapoatikéc cuvOnNKeS Kol OMOTEAECUOTO TOV TEWPAUATOV 0EPLOTOINONG

AYPLOYKIVAPOG KOL Oy PLOyKIVAP LG/ KAAAULOD

TUD CERTH

Condition 1 2 3 1 2
Fuel Cardoon Cardoon blended 50% w/w/

giant reed 50% w/w
Feeding rate [kg/h] 10.7 7.8
steady state [min] 60 45 60 70
Bed material magnesite Olivine
Gasifier temperature [°C] 700 750 750 800
Gasification medium O,-steam Air
Flow of gasification medium 7.8 7.8 6 6
[mw/h]
us before fuel feeding 3.1 3.25 1.4 1.8
us before fuel feeding 34 3.7 35 3.7
SBR 1.2 1.2
Equivalence ratio [A or ER] 0.3 0.3 0.3 0.3
Gas Composition [%0] Nitrogen free Nitrogen free
H; 34.56 36.56 c 22.3 22.1
CO; 55.44 50.42 .g 385 34.1
co 6.78 8.5 IS 29.3 34.6
CH, 4.1 4.54 i) 9.9 9.3
H,/CO 5.1 43 = 0.76 0.64
Tar content [g/my°] a 421 2.85
Water content[kg/h ] 4.1 5.9 2.79 2.7
H, in moisture of fuel [kg/h]  0.15 0.15 0.072 0.072
H, in fuel (d.b) [kg/h] 0.57 0.57 0.47 0.47
H, in tar/Incoming H, [%] 1.9 0.6 1.6 0.55
Cintar/ Incoming C [%] 5.3 13 3.1 1.2
C in fly ash/Incoming C[%] 18.7 14.7 15.3 11.9
Fly ash from 2™ cyclone [kg] 1.1 0.8
CCE [%0] 64.1 69 75.5 78
LHV [MJ/my?] 5.3 55 3.44 3.69
CGE [%] 67 72.2 59.3 62.3
Product gas [kg/h] 17.2 18 16.24 17.35

4.3.2.2.

MpofAuata cveoWUATWONC

210 meipapo wov SeENyOn pe atpud/O2 YPNOUOTOOVTOS OG AdPAVES VAIKO LayVeEGTTN
petd and dvo dpeg Aertovpyiag otovg 750 °C, mapatnphinke avénon g Oeppokpaciog pe
pvOud 0.8 °C/min. To yeyovdg avtd 0dMyNcE 6T0 GYNUATICUO GLGCOUATOUAT®V OTav M
Oepuokpacia g Siepyaciag ptace otovg 760 °C (Ewkove 4.5). Katd tm évapén g
OTOPELGTOTOIMONG OMNLOVPYEITUL £V OVOLOL0YEVES BEPLOKPACIOKO TPOPIA KATO UAKOG TNG

KAMVNG pe amdToun pelwon TG TTdong mieong.
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Ewova 4.5: TTpooik Beppokpoaciog Kot Ttmdong mieong 61o KATm HEPOG TG KAIVNG Koutd
OLAPKELN TNG OTOPELGTOTOINGONG

Ymv Ewéva 4.6 mopovcidletor éva cuooOUATONN HETOED TOV COUATIOI®MV TOL
LOyVEGTTN Kol TV avOPYavVOV GTOLXELOV TNG TEPPOS TNG AYPLOyKIVAPOS. APKETEG AMYELS e
NAEKTPOVIKO HIKPOGKOTIO TPOYLATOTOMONKOV GTO. GCUGCMOUATMUOTO TOV GUVEAEYNOAV OO
TO E0MTEPIKO TNG KAIVIG Kot TApOLGLALOVTOL TO TTLO OVTUTPOCOTEVTIKA A0 OVTA.

Ewkova 4.6. Dotoypoeio VO GUCCOUATOUATOS COUATIOIMV PLOyVESITN LE AVOPYOVOL
otoyeio TG TEPPOG TNS QYPLOYKIVAPOG

Ymv Ewéva 4.7 gpopoviCetor m ANyn €vOG GLOCOUATOUATOS OO MAEKTPOVIKO
pikpookomo. Omwg umopet va wapoatnpndel modd e0kora, T0 GLCCOUATOWA Eivol TAOVGLO €
payvnolo, acPéotio kot mopitio. To payviolo cav ototyeio €xel apketd vynAod onueio TENG,
OL®¢ 0 ovvdvaoUdg TV TPV TTopordve o MgO — CaO — SiO, dnuovpyei Eva €0TNKTO
ocbumheypo [158].

To ovykekpyévo €id0g ayplayKvapag mov ypnoipomomdnke otn dokun pe atpo/O;
neplelye PeYAAn cvykévipmon o€ acPéotio Kabmg kot og Beio kol yAwpro (Ilivakag 4.2). H
ouvOTapEN ToL acBecTion OV TPHEPYETUL OO TNV TEPPO. TOV Kowoipov poli pe To poyvinolo
TOL 0OPAVOVS LAIKOV NUIOLPYOHV £VOL GOUTAEYIO OPKETO 0TNKTO. AVTIOETOG N TEPPO TOV
KOAQOV TTEPLEYEL £VOL OYETIKEA LEYAAO TOGOGTO OAOVIVIO, LE OMOTEAEGLOL TO LETY O
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Ewova 4.7 Ayelc e nAeKTpovIKO HKPOGKOTIO GUGCOUATOUATOV TOL GUAAEYONGOV LETA
T0 TEAOG TOV TEPANOTOS

KOAQLOD - ayplayKivapog vo. £xet vymAdtepo onpeio ™éng amd avtod g ayplaykivépoc. To
VYNAO onpeio NG opeiletat oty Evmon tov Tprdv o&ewinv K,0-Al,03-Si0O; [208].

4.3.2.3. Mapdyovtég mov eMLEPOVV GTO CYNUATIOUO/UEIWON TWV TILOT WV

H derypatoinyio mocov mpaypoatomombnke pe 600 dapopetikég texvikés. 1o EKETA
ypnowomombnke n mpdtumn derypatolnyio moowdv CEN TF 143, evd oto TU Delft
aViYveLON TOV TGOOV £YIVE WE TNV TEYVIKN Tpoopdenong otepenc edong (Solid Phase
Adsorption). H tedevtaio pébodoc eivar mo ypriyopn koi evélktn amd thv mpmtn. Ot
UETPNOELS TV ToomV ov deényncav oto meipapa pe Or/atud, availvdnkov mepoartépm
TOLOTIKG KOl TO. amoTEAECHATO OV Tpoékvuyav Tapovotdloviar oty Ewkova 4.8. Onwg
umopei vo mapatnpndei, N CLYKEVIPMOON TOV TGGMV GTNV TEPITTOON NG OlEPYACING NG
aeplomoinong 0tav cuviereitan pe atnod/O2 ¢ 0EEWBMTIKO HEGO ival apkeTo LEYOADTEPT OO
avt pe o&edmtikd péso tov aépa. o v akpifeta, étav n Beppokpacio Aettovpyiag eivar
otovg 700 °C, 1 cLYKEVTIP®OGN TOV TGCMV TOL aviyveddnke and t dokwuf pe atpd/O; frav
131.4 g/m\®, evéd oto nelpopa mov deENydn pe aépa mapnydnoav 5.9 g/my’. [Mopdpotag
TAENG GLYKEVTP®ON TIOCOV G TEPANOTO e 0EeWMTIKO Péco aTpd/O; mapatnpinkay Kot
and dAlovg epevvntég [40, 154]. Zrov Iivaxa 4.5 @aivoviol ot GLYKEVIPMOOEIS TIGGMV TOL
petpnOnkay Kot omd to VO TEWPALOTOL.
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Ewova 4.8: Apopoaticol vdpoyovavOpakeg mov amaptilovv Tig TIoGEG Amd TO TEIPALO TOV
SeENyon e atpd/0O2 kot poyvnoitn oc adpaveg LAKO

[Tivakag 4.5. Zuykévipoon mee®V Kot ord To, VO TOUPUYOUEVE, AEPLOL

Tar concentration [g/my’]

Temperature [°C] TUD CERTH
700 62.3 5.9
750 49.6 -
800 - 2.8

4.4, Yvunepdopata

Av ko n ayplaykivapo Bempeiton 10aviK) evepyeELakn KaAMEPYELD Yo TV e0kpatn Cdvn,
ota amoteléopato mov eEnynoav and v Tapovoa dSOAKTOPIKY OaTpPn @aivetal e dgv
glvar duvatov va emtevyBel n depyacio ¢ aeplomoinong o€ pevotomomuéveg KAveS pe
avtd 10 Prokavoipo. Amopevotomoinon mopatnpiOnke Kot ota 000 TEPAUATO  TOL
oeénydnoav pévo pe antd 10 KOOGIHO, KOl GTNV TPAOTH TEPITTO®ON TOL TO 0EEVWTIKO HECO
ntav  aépoag Kol TO adpaveéS LAKO OAPivng, oAld kot ot devTepn OOKIUN TOv
npaypoatonomdnie oto TU Delft pe atpd/O; kot poyvmoitn og TAnpotikd vAkd. Avtibétmg,
01O Telpopo oL ywve pHE TO HelypHo OoyployKivapog — KoAopov oev mapotnpnonke
amopgvotonoinon. Oa pmopovoe va e€aybel to cvumépacua TOG Yoo TV EmilvoN TOV
TPOPANUATOV GLCCOUATMOONG KOL TNV EMLTUYN GEPLOTOINGT] TOV GLYKEKPLUEVOL KOVGILOL 1)
piEn pe aGAla Brokovotpo TopORolmV W10THTOV givor pia Adon.

223



EAnvuc [epiinyn / Kepdloo 5

5. ZUYKPLOT) EMEEEPYATUEVOU KAL PUOLKOV OALBIVI) WG adpaveg
VALKO OE PEVOTOTOUUEVEG KALVEG YLX HELWGT) TGO WV

5.1. Ewaywyn

H Ogppoynuikny oepyosio g oepromoinong Propdloc Oewpeitor o opkeTd
EVOLAPEPOLGA TEXVOLOYIO Y10 TNV TOPOYMYN NAEKTPIKNG EVEPYELNG, LE OKOTO TNV OAOEVH KOl
UEYOADTEPT] OMAYKIGTP®OOT Otd TOL OPLKTA KOVGIO KOl T HEI®MON T®V EKTOUTOV d10&E1510V
10V GvOpoxa [212]. Otav aeplomoinon Aappavel ydpa og vynréc Oeppokpacicg (>700 °C), n
Bopdlo petatpémetor oe €va aéplo petypo. To ofedwtikd péco umopei va givor aépag 1
ovyovo (avtdBepun Aettovpyin) N otpdg (aAAdOepun Aettovpyin). Xe €vo OAOKANPOUEVO
CUOTNUO  OEPLOTMOINONG TO TOPAYOUEVO 0€plo  pmopel v  ypnowomombel eite yo
NAekTpoTAPAY®YY], £iTE Y100 GVVOEST Prokovcinwy devTEPNC YEVIAC 1| ynuik®dv [156].

Kotd ™ o1dpkela g aeplomoinong mopdyoviol Kot apKeTd avemBOunTo Topampoiovio
Om®¢ ol miooeg, ol omoieg UmopovV va TpokaAécovv moAAd mpoPAnquoato [12]. Ilicoeg
Bewpodvtor O0Aol or apopatikol vopoyovavOpakes pe poplokd Papog peyoAdTEPO TOL
Bevloliov. Xe vymiég Oepprokpaciec vepioTavTon EVTOS TOL TOPAYOLUEVOL AEPTOVL LE TN LOPPN
agpolvpatog, Otav Opwg M Oepuokpocio Astrtovpyiog méoel kato amd tovg 350 °C tdte
EeKVAEL M CLUTVKVMCY] TOVG, KOl OG GLVETEW 1 EUEAVIOT T®V TPOPANUdT®V OV
dnovpyovvran [12].

Apxetéc mpoomdfeteg Exovv yivel KaTd KopoOs amd TOAALOVS EMGTNLOVES Y10 TNV EMIALGN
aVTov TOL TG0V coPapov Tpofinuatoc. O Corella [170] npaypotonoince dokyég pe oAPivn
Kot dolopitn g adpaviy viAka. O Rauch [174, 217] dwe€nyoye o TEWPOUATIKY OGP
0EPLOTOINONG HE OTHO o0& PeYGAN KApoka otov otabud cvumapaynyng tov Giissing, 6mov
peietnOnkav dtdpopa €idn olpPivn. H Virginie [108, 173] npoonddnoe va Adcel 1o mpofAno
TOV TGGAOV TPOYLATOTOIMVTOS TEPAIATO G€ pKpn KAIpoKka pe oAivn otov omoio giye yivel
éyxvon ownpov. O Swierczynski [109] ypnowonoinoe oApivn otov omoio mpdrta &iye
gyyvoel vikéAo o€ éva LiKpo avTwpacotipa otabepnc kiiving. H mopaymyn katalvtov pe
€yyvon (vikeMov 1 61OMpov), av Kot Xl TOAD KOAG OTOTEAEGLOTA GTN LEIMOT TOV TIGCAV,
givor o okpPn pébodog mapackeunc[9]. To evdlopépov TV EMGTNUOVIKNG KOWOTNTOG,
kabdg ko ¢ Propnyaviog, otpépeton 6e OTMVEG kol afldmioteg PeBOOOVE TAPUCKELTG
KOTOALTOV Yo T peioon tov moodv. H Devi [42] npayuatomoince pio 6elpd SOKUOV G
LUIKPN EPYOCTNPLOKY] PEVGTOTOMNUEVT] KAV LE TUP®UEVO KOl GUGTKO OALBivn [e okomd ™
UEAETN NG EAATTMONG TO®V TIOCMV Omd TO 0EPL0 cLVOEONG. ZTO TAPOV KEPAAOLO, EXOVTAG MG
agetnpia Vv gpyoocia tmg Devi, mapovoidletar 6elpd SOKIUOV 0EPLOTOINONG UE 0P GE
TIAOTIKN HOVASA PEVCTOTONUEVTC KAIVIG He avakvklopopia, Oeppukic ioyvog 100 KWy, Ta
newpapato delnydnoav pe Tpio dopopetikd adpaviy LAKA: 1) @uowkog oAPivng, ii)
mopopévog oMPivng won iii) yoraliokr duppoc. TIpwv ko petd t0 TEAOC TOV SOKIUMV
TPAYUOTOTOWONKE oNUOVTIKOG aptOUdS AvaADGEDV Y10 TOV TPOGOIOPIGUE TOV WO0TATOV TOV
QPECKMV KOl YPNCULOTOMUEVAOV AOPAVAV VAIK®V.
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5.2. MeBodoAoyia Tov akoAovOONKE YLA TNV ETTEVEN TOV TELPAUATOV

5.2.1. Kavowpa

Mo ™ deaymyn avTNG TG TEWPAUATIKNAG CEPAS YPNOULOTOMONKAY dVO SL0POPETIKA
€lon Kovcipomv: 10 Tp®To NTav VIoAsippato nAiovlBov petd v eoywyn TOV glaiov, To
omoia. wpounBevniay amd v eAdnvikny etopeio «ITAYAOZ N. TIETTAYX ABEE». To
dgvTEPO KOWGIHO NTav 1T Ko mpounbedvmke and ond to IMovemotjwo g Bdpua
(University of Warmia). Ztov Ilivoka 5.1 mopovctdletor 1 TpOGEYYIOTIKN KOl GTOLXELNKT
avéivon yo ta 000 kovowo. H cdotaon g t€ppog tov Kabe Kavciplov TpocdlopicTnKe
péow avaivong pe oxktiveg X @Bopiopot kot epeaviCetarl otov [ivaka 5.2.

[Tivakag 5.1. IIpoceyyloTiKn KOl GTOLELNKT OVAALOT) TOV KOWGIU®V

Fuel Sunflower Willow
Moisture (wt.% a.r.) 8.1 8.2
Proximate Analysis (wt.%, d.b.)
Volatile matters 78.95 83.31
Fixed carbon 11.42 14.3
Ash content 9.63 2.39
Ultimate Analysis (wt.%, d.b.)

C 46.0 48.6

H 6.00 6.63

(@) 37.3 39.3

N 0.87 3.00

S 0.00 0.00

Cl 0.19 0.06

LHV (MJ/kg) 17.00 18.9

[Tivaxog 5.2. Avopyava ctotyeia TG TEPPAS TOV KAVGIHL®OV

Analysis of inorganics (%owt. d.b.)

Sunflower Willow
Al 0.16 0.07
Ca 0.74 0.39
Fe 0.01 0.01
P 0.35 0.02
K 0.53 0.02
Mg 0.89 0.06
Na 0.03 0.00
Si 0.25 0.25
S 0.18 0.02
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5.2.2. Mpostolpacia TupwpREVOL OALBivT

O oAPivng mov ypnoipomomdnke yoo TNV de€aymyn aVTG TNG TEPAUATIKNG SL0OKOGTOG
npoundevnke amd v TovpKIKN eToupeian «Eryas Mining GmbH». H 6gppukn eneéepyocia
™G mOP®ONG TOL OAPiv TpaypotomomOnke o €PYOCSTNPLOKO  OVPVO  LYNADV
Oeppokpacidv. Apywkd, ywoo vo peletnbel n emintoon g odpkelag mopwong, 100 ¢
detyporog oMBivn elofydnoav otov kAiPavo otovg 1200 °C yia tpeig dpeg. Metd 1o mépag
TOV POV 0pdv To delypa {uyiomke pe okomd va Ppebetl n eAldtoon palog Tov apytkon
delypotog. Ev ovveyeio, 1o 010 detypo eionqydn Eova otov khifavo ywo 6 ot 9 h
emovoloppdavovtag ) dwdikacio Tov {uyicpatoc.. H ypovikr didpkelo mov emedéyn nrov
avtn TV £ OPOV KOl 1| TOGOTNTO, TOVL £loayoTay otov KABavo ftav 7.9 Kg ue oxond va
napapeivouv 7 Kg.

5.2.3. AVaAUOELS YL TOV XAPAKTPLOUO TWV ASpavmv VAIK®V

AoKuég yla T unyavikn eOopd Twv cwuatidiwv Twv adpavwv vAIKWY

H avtiotaon katd g unyovikng Bopdg tov copatdiov tov oMPivn gival yvootd
and v Pprloypagia [173] tog Pertidvetar e t Bepuikn enelepyacio g THPM®ONG GTOVG
1200 °C. Katd tn didpketo. tne mopovcog di8aktoptkng StotpiPric uelethnke n Pektioon g
UNYOVIKNG eBopAg e TNV TOP®GN TOv adpavovg VAIKOD. H cvumepipopd tov oMBivn katd
™mG unyoavikng ¢Bopdc mpoodopictnke epyootnprokd pe ™ Pondewa  katdAiniov
eEomhopov. 100 g enelepyaspévou kot puotkov oAPivn tomobetniov ce 600 KLAIVOPOLG,
AoV TPONYOVUEVMS EYIVE COUATIONKT] KATOVOUN Y10 TO KAOE detypa.
Ev ovveyeio vmoPfAnOncov ce doxun pnyovikng @Bopds pe v mePoTpoen TV VO
KUAIVOpwV, ot omoiot giyov tnv O yoviexn toydtmra. Apéowg petd 1o TtéAog NG
TEPLOTPOPNG £YvE AV COUOTIONOKT] KOTOVOUN Kol Yl To VO €10n oAPivn.

AvdAvon lepiOiaong aktivwv X (X-ray Diffraction)

Avdivon mepibraong aktivov X tpaypatonomOnke pe okomd va e&oyBovv ToAVTILEG
TANpoYopieg yioo TN SOUN TOV KPLGTOAMKOD TAEYUOTOS TOV PUGIKOV Kot EMEEEPYUGUEVOL
oMPivn. H doxuyun 01e€nydn pe ocvokevn mapoywyng oktivov X, omoio HETPA TS YoVieg
ePIOLOON G TOV TPOCTTTOVCMV OKTIVAOV GTO OELY L.

Mpoypauuati{ousvn Ospuokpacia Avaywyis (Temperature Programmed
Reduction)

[Ipoypappatilopevn  Oeppokpacio  avaywyng mpaypotorombnke oe  delypota
enegepyacuévony Kol QLUOIKOU OoMPivn, 1000 oTa EPECKA VAKG TPV TO TEPOEUATO TNG
aePLOTOiNoNG 000 Kol ot ypnoporomuéva. o v deEaywyn g dokiung kabe popd 200
Mg delypatog elcdyovtoy og avTidpacTnpa otadepng KAIVIG KATOGKEVOGUEVO OO VOAOTVEG.
Koatd ) d1dpketa tng avdivong, por nAiov pe 5 % vdpoydvo e1oepyOTAV GTOV AVTIOPAGTHPA.
Zmv apyn ™G owdKaciag o avidpactipag elxe Oepuokpacio mepiBdAlovtog, n omoia
avéavotay péypt Toug 900 °C pe pvOud 10 °C/min, émov mapéueve eket yioo 30 min. H
enidpaocn tov eloepyduevov aepiov oto mpog e&ftaocm delypa avoivotav pe  Evav
eacpatoypaeo palags. Ta detypato mov cuveAéynoay LETE TO TEAOG TV OOKIU®V YAV GTNV
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empaveln eEavOpdkopo mov dev avtédpace. Avtd giye ®C ATOTEAECUO TNV LTOYPEMTIKY
eneEepyaoia v delypdtov pe por niiov pe 5% o&vyovo.

Avadvoeig pe nAekTpoviko pikpookomio (SEM/EDS)

Ot aAlayég ot Soun TOV AdPOVAOV LVAIK®V Tov pmopel va emnAbav &ite Adyw g
TOpwoNG €ite AOY® TOV TEWPAUITOV TNG oeplomoinong epevviOnkav pe  Pondewa
AVOADGEDV TOV TPOYLOTOTOMONKAY LE NAEKTPOVIKO UIKPOGKOTLO.

5.3. AmotsAéopata

5.3.1. Mepdapata agpromowmong pe §vo £idn ropdlag

Apketd peydrog aplBudc mepapdtov agplonoinong Aafe ydpo 6TV TAOTIKY] LoVAdQ
peveTomoIUEVNS KAvng pe avakvkioeopio tov EKETA, pe okond va peietnfel n enidpaon
¢ Bepurokpaciog Asttovpyiog Kot Tov 0dpovodS VAKOD GTNV TodTNTA TOL 0EPiov GVVOESTG.
["a 10 Ady0 avTd TpaypatomomOnkay SoKHEG o€ dVO dPOPETIKEG Beprokpacies kot pe Tpia
dpopeTiKd TANP®TIKAE péca. To kabe meipapa dmpkeoe mepimov 15-17 dpeg. Metd to TéAOG
NG O1adKaGiog GVAAEYOVTOV delypata amd ToV ay®yd ovOoov Kot ToV ay®yd Kabddov.
2tov mivaka 5.4 TopovuctdlovTol To amoTEAEGIATO TOL TPOEKVLYAY A0 TIG SOKIUES e TA OVO
kovowo otig Oepuokpocicg 750 — 800 °C, ypnoonoidvtag GuvolMkd tpio StopopeTikd
adpavn LAKA (Quotkdg oAMPivng, eneEepyacévog oMPivng, yahaltokn GpLog).
Eivan gpoavéc and tov Ilivoka 5.4 mog 1 cbotaon tov mopayopevov aepiov Peitidveron
apketd av ypnowomondel g adpovég vAko enefepyaospuévog oMPiving. H mo onpatikn
eMIOPAOT OLMG TOL GLYKEKPILEVOD TANPOTIKOL HEGOV EYKELTOL GTN LEIWMON TOV TGOV AOY®
TOV KATOAVTIKAOV TOV 1010THTOV.

[Moapammpavrog to IMivaxko 5.4 @aiveton mmg N empavelokn taxdTNTO TOIKIAEL 0md
nelpoapa oe meipopo. H emooaveiakn taydtnto tov pevotod moiler onuoviikd poAo ot
petotpony] tov dvBpaxa oy aépla eacn. Oco avédveton 1 EMPAVELOKT TAXOTNTO TOGO
LEYOADTEPO TOGOGTO ££0VOPAKMULATOG 0dNYEiTL TPOG TNV €000 TOL AVTIOPACTIPA.

H napaywyn tov pebaviov katd v agproroinomn eaptdtat omd v Oeppoxpacio g
dtepyasiog, TNV mosdTa ToL aepiov chvleons, aAld kol and 10 adpavég VAKO 10 omoio
ypnowonoteitor. O oMPivig g TANPOTIKO HEGO €xel O1TTO YapaKTHPaA, aPevdg atovg 300 —
350 °C evioydet tov molvpepiopd g Atyvivng kot g kuttapivig [220] kar mapdAinia Spd
KOTOALTIKG GTNV AVOUOPPOGCT TOV TIGOMV.
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ITivoxac 5.3. Agdopéva Kot OTOTEAEGLLOTO AT TNV TELPOLLOTIKN GEPA

Test A B C D E F
Condition 1 2 3 4 5 6 7 8 9 10 11 12
Fuel Sunflower Sunflower Sunflower Willow Willow Willow

Bed material Olivine Cal.olivine Quartz Olivine Cal.olivine Quartz
Feeding rate [kg/h] 6.8 6.8 6.8 8.0 8.0 8.0
Incoming ash [kg/h] 0.63 0.63 0.63 0.19 0.19 0.19

steady state [h] 8 7 6 6 6 6 7 7 7 7 6 8
Gasifier temperature [°C] 750 800 750 800 750 800 750 800 750 800 750 800
Gasification medium air air air air air air

Air flow [m3/h] 7.8 7.8 7.8 7.8 7.8 7.8 11.22 11.22 11.22 11.22 11.22 11.22
us before fuel feeding 11 15 11 15 11 15 1.64 2.15 1.64 2.15 1.64 2.15
us after fuel feeding 3.2 35 33 3.8 3.6 4.3 4.0 4.6 3.7 4.4 3.8 4.3
Equivalence ratio [A or ER] 0.3 0.3 0.3 0.3 0.3 0.3

Gas composition[vol.% ] Nitrogen Free

H, 26.8 28.6 28.2 29.2 25.0 27.1 23.6 255 23.7 27.1 21.8 23.4
CO, 35.1 29.9 35.9 315 34.2 29.8 34.8 30.3 36.6 314 36.0 35.2
CO 294 33.1 29.8 33.2 314 34.0 29.5 35.1 304 33.7 31.7 33.7
CH,4 8.6 8.2 6.2 6.2 9.4 8.4 8.5 7.8 8.7 7.7 7.8 7.7
Tar content [g/my’] 9.5 2.6 5.7 1.9 10.8 4.7 5.3 2.2 3.3 1.75 6.8 3
H, in moisture of fuel [kg/h] 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
H, in fuel (d.b) [ka/h] 0.32 0.32 0.32 0.32 0.32 0.32 0.36 0.36 0.36 0.36 0.36 0.36
H, in tar/Incoming H, [%] 2.7 0.6 1.6 0.39 2.9 1.3 1.6 0.75 0.93 0.59 1.7 0.85
Cintar/ Incoming C [%] 4.8 11 2.9 0.7 5.1 2.2 2.4 1.08 13 0.79 2.53 13
C in fly ash/Incoming C [%] 14.7 10.3 10.1 8.3 15 8.7 14.3 8.5 12.3 6.9 3.3 2.5
Fly ash from 2™ cyclone[ kg] 1.65 1.45 2.53 1.35 0.92 1.82

CCE [%0] 80.1 88.5 81.5 88.2 67.2 72.3 78 83 79 86 78 84
LHV [MI/my’] 3.65 4.2 3.8 4.3 34 35 33 3.7 34 39 3.2 3.7
CGE [%] 70 86 76.5 87.1 50 60 74.6 86.5 75.2 87.3 62 69
Product gas [my>/h] 14.87 15.61 15.98 14.34 13.86 14.34 18.57 19.28 18.72 19.6 16.59 16.74
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Kotd ) dbpkela tov dokiudv mov deEnydnoav pe oMBivn n mapaywyn doéetdiov
ToV GvBpako NTov avENUEVN, €WOIKE GTNV TEPITTMOOT TOL YPNCUOTOINONKE TLPOUEVOG
oMPivng. Avtd opeileTon 6TO YEYOVOS OTL Ol EVAGELS GLONPOV TOL TEPLEYOVTOAL GTO COUOTIONL
oV oAPivn awdavovy to pubud avtidpaong g petatomiong tov atpov (Water Gas Shift
Reaction). v Ewodva 5. 1 @aivovtat ot melpapotikoi pvbuoi avtidpaong mpog ™ ynukn
1GOPPOTLOL TNG LETATOTIONG TOV OTHOV Y10l TO TEPAATO TOV TPOYLOTOTOOnKaV pe niiavoo.
O euvowog kol emeCepyacpuévog oMBiving evioybovv v aviidpaon TG UETATOTIONG TOL
atyov.

1
. g
® 750 o

0.8 o B00°C *

O
= 0.6

o
2 0.4
0.2
0
Olvine Calcined Quartz
olivine

Ewova 5. 1. Tepapatikdg puOuodg avtidpaons Tpog Tn YUKy 160ppomio. TG LETOTOTIONS
Tov atpov (K/Keg) yio ta metpapata mov tpoypatorondnkay pe niiaveo.

5.3.2. ATIOTEALOLATA ATIO TIG AVUXAVGELS YLK TO XAPAKTI|PLONO TWV aSpavav
VALK®V

Aokuéc unxavikic @Bopag

H Ewoéva 5. 2 deiyvel 10 omoteAéGHOTO TOV TPOEKLYOV Oomd Tn SOKIUN Yo TN
unyaviky] @0opd tov copatdiov Tov euotkol kot eneepyacuévov oMPivn. Eivar eppovég
OTL M avtiotaon Kot TG pNYOvViKig eBopdc Tov Tupwpévov oAPivn eivor peltmpévn oe
GUYKPION LE QUTY] TOL PLGLKOV.

100 100
= fr. Olivine (before atr. cal. Olivine (before atr.
S 80 Test) < 80 test)

S - L
5 —fr. Olivine (after atr. = cal. Olivine {after air
5 60 Test) 2 60 )
© I
&= IS
« 40 & 40
3 2
2 2 S 20
0 0
0 200 400 600 0 200 400 600

Particle size [um] Particle size [um]

Ewoéva 5. 2. Kotavopn copatidiov tov puetko Kot eneEepyacuévon oAMBivn Tpv kot petd
SoKyn unyoviknig eBopac
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AvdAvon ue pétpnon mepi@iaong aktivwv X

H avéivon mov mpaypatorombnke oto delypa tov @Loikov oApivn, £€0€iEe OTL M
KOpLoL KPLGTOAMKY| @don givor avt Tov eopaotepitn (Ewkdva 5.3). EmimAéov, mapatnpnonkav
0l PACELS TV LaYVNGLOQEPiTN, TOV 0EEWI0V TOL GINPOL Kol Tov payyepitn. H koplo gdon
Yo Tov enegepyacuévo oAPivn Ntav d1a pe avth Tov euotkov. H Bactkn dtapopd avdpeca
ot dvo adpavi) VAKE £ykettal 6To YEYovog, 0Tt uetd v Bepuukn enegepyacio otovg 1200
°C, ot kamoteg 0£6£1g TOV TPONYOLUEVOS VIAPYE N PAoN TOV PopoTepitn, TALOV VEicTATIL T
(@3aomn TOV EVOTAVTITY.

|} L
- L
@ : Forsterite [Mg,SI10,;)
. & : Magnesioferrite (Mg{Fe*),0,)
A : Iron oxide (FeD)
= ™ - :
- @ : Maghemite{Fe,;0,)
= e -
- J : Enstatite (Mg, Fe)Si.0,)
7 L)
£ "
g = +
< | 4
E .
=
b untreated oliving

A || I
W \'»V\N : HWMWL\

35 41
Angle 26

1)
J o LJI‘&JW

Ewova 5.3. Amotommwon tov aktivoy X o Tov euoikd Kot mopopévo oMBivn mpv ta
TEPALOTO, TNG OEPLOTOTNONG

Mpoypauuatilousvn Ospuokpacia Avaywync

i H emiSpaon ¢ mopwong tov oABivy

Ta amoteAéopOTA TOV TPOEKLYOV OO TIG AVOAVGELS TPOYPALHOTILONEVN S Beprokpaciog
avaywyns mapovctdlovion otig Ewoveg 5.4 — 5.7. v wepintwon tov mupouévov oAPivn
(Ewova 5.40) epgavileton pa kopuen otovg 400 — 800 °C, 1 omoia amodidetor otnv avoymyn
TV 0&einv o Kol Yy Tov GONPov oL PPIcKOVIOL GTNV ETIPAVELN TOV COUATIOIMV 6€ 000
oaoelg: 3Fe,03 _, 2Fe304 -, 6Fe. Xe avtiBeon pe tov emelepyacuévo oAPivn, o @uoKOg
oMBivng mapovciace pio StAf kopven otovg 600 — 695 °C, 1 omoia eiye piKpOTEPO £0POG
amd avt tov mupopévov (Ewova 5. 5a). Xe avtiv v mepintmon ta o&eidia Tov 61dnpov
epeavifovion Kupiwg 610 £6MTEPIKO TOV COUATIOIOV Kol Oyl TOGO0 otV emedavewn. H peydin
KOTOVAAW®GTN VOPOYOVOL Yo TO OElYUO. TOL TLP®UEVOL OMPBivn opeiletar mbavoTtaTo 6TV
TOPOVGia TOL 0EEWIMY TOL GLONPOL GTNV EMLPAVELL TOV COUOTIOI®V.
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(b)
—
3
&
2
o
Y
N
I
T T T T T T T T T T T
O 0 Q0 9 & & 8 & & & coeie. .
S8
Temperature (°C)

Ewéva 5.4. Avdivon mpoypappatilopevng Beppokpaciog avaywyng ywo: (o) mupouévo
oMPivn otovg 1200 °C, (B) mupopévov oMPivn petd and meipapio aeplomoineng xmpic kémota,
eneEepyaoia, (V) mupopévo oMpPivn petd amd meipapa aepromoinong pe eneéepyocio

Avolvoelg poypappotiCopevne Beppokpaciog avaymyns tpaypatomomonkoy e&icov
Kol 6T OEIYIOTO TOL GUVEAEYNGAV LETA TO TEAOG TNG TEPAUOTIKNG Stadtakaciog. Apykd to
detypato avorlvdnkav diywc va vroctodv TpdTo Kimolo encéepyocia. I'ia To puoikd oAPivn
napatnpidnke pwa kopuen oe yaunidtepn Oeppokpacio (600 °C). A&oonueioto sivon mwg
mapoTnpNOnKe Kot po kopuen otig Beticés Tinég tov dova Y, yeyovog To 0moio vrodnAmvel
expoéenon vopoyovov (Ewova 5. 5B). Emiong aviyvevdnkav CO, CO, kot HO Adyw tng
o&eldmong tov evamobévrog eEavOpakdpatog oty enpdvelo v copatidiov. ['a to delypa
oV emeEepyacpévov oMPivn mov cuveAEyn HeTd Ta TEPART, VIPEE TOPOLOLO KOPLOT LE
VT TOL PVOIKOD ¥PNGILOTOMUEVOL OAMPivn oTovg 550 — 660 °C, cvvodevduevn and v
ekmounm| A TV TpLdv aepiwv. Kot otig 000 TepmTOoElS TV SEYUATOV TOV TPOTO ELY0V
ypnoworomBet (puowodg kot emeEepyaspévog oMPivng) M kotavdiworn tov Hp esivon
pelopévn, AOy® TOv OTPOMNOTOS GvOpoKo 7oL CYNUOTIOTNKE KOTd T OldpKEW TOV
TEPAUATOV.

Onwg pmopet va mapammpnBet ommv Ewdéva 5.4y, yio v mepinmtwon tov
YPNCLOTOMUEVOL TUPOUEVOL OAPIv Tov TP v avdAvor €xel vrootel emelepyaocia,
eUEOVICETON TAAL 0L LETOTOTIOUEVT] KOPLON GE Mo YNAEG OepOKPOGIEg Kl TTO OGTEVH OF
oVYKPION UE VT TOL PpEokov Tupmuévov oAPivn (Ewova 5. 5a). H coumepipopd ovth
opeiletal oto yeyovog 0Tl To. 0EEIdIL GIONPOL €YOVV UEYOADTEPN TOPOVLGIO GTO ECOTEPIKO
TOV COUATOIWV.
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Temperature (°C)

Ewova 5. 5. Avdivon mpoypoppatilopevng Oepuokpaciog avaymyng yio: (o) QuGIKO QpEGKO
oMPivn, (B) vokd oAPivn petd amd meipapo agproroinong ywpig Kamown eneéepyacia, ()
QLOKSO OAPivn peTd amd melpapa aeplomoinong e eneéepyacia

ii. Enti§paon tov kavoipov

H: flow (a.u.)

o |
%

SO QO K& & D
SEREE B IS
0,

Temperature (*C)

Ewova 5. 6. Amoteléopato amd avaivon mpoypappatilopevns Beprokpaciog avoywyng yio.
(a0) puowd oMPivn kot (B) Tupwpévo petd and aepromoinon pe nAiovio

Ev ovveyeio, g debtepo Prupo mpoypatomomOnkav oavaAdcoels oto  delyparto
(mupopévov Kot QUGIKOD OAPIvI) MOV CULVEAEYNGOV HETA TO TEAOG TOV TEPAUATOV
aeplomoinong, pe okomd va peretnBel n emidpacn Tov Kowoipov. Xe OAeg TIG TEPUTTMCELS,
pw TV Segoywyn Tov avaidcewv Ta dsiypato vréotnoay eneéepyacia. Xtnv Ewova 5. 6
TOPOVCIALOVTOL Ol KOUTVAES TOL TPOEKLYOV OO TO. OEIYUOTO TOV GLUVEAEYNGOV UETA TIG
dokipég pe ta vmoieippara nAtavBov. Kot otig 600 mepimtooelg (uotkdg Kot mupmuévog
oMPivig) mapatnphnke pia kopvef N omoio Eekvovse otovg 500 °C kar teleimvel oTovg
800 °C. H avayoyq og younin Oeppokpacio pmopei va givol amotéAecpa TG avay®yng Tov
a-Fe;03 oe Fe304, v onoia ev cuveyeio akolovbel n avaymyn tov FesO4 o FEO kot Fe’,
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Yopw otovg 640°C. And v GAAN, o duog otnv vynin Oepuokpocio (800 °C) umopsei va
0QEiAeTAL OTO OTL 1) AVAY®YN TOV QAGE®YV TOV CLONPOV OEV TPOYUUTOTOLEITOL TOGO EVKOAN
aKoun Kot 6€ éva TEPPAAAOV Gav Kol avTd TOL EMKPATEL o€ Evav aegpromomrtn. H xoumdin
ov onuovpyndnke (Ewova 5. 7f) and tov mupopévo oAPivn €xel pior SN TOPOTETOUEVT
KOPLEN AOY® NG TAPOLGING TV 0EEWIMY TOV GONPOL 6T JOUN TOV GOUATOIOV. XNV
Ewéva 5. 7 paivovtal ot KapmOAeg mov TPOoEKLYV omd TG OOKIUEG UE 1TLd, Ol OTOLEC £YOVV
TaPOUOLOL LOPON HE aTEG TOV TPoNABay amd Ta mepdpata pe niiovoo.

(b)

(G

H2 flow (a.u.)

O Q& & & & & & &8
& & & &8 & -
Temperature ("C)

Ewova 5. 7. Amoteléopato amd avaivon mpoypappatilopevns Beprokpaciog avoywyng yuo
(a) uod oAMPivn kot (B) TvpoEEVO PETA 0md aEpLOoTOino™ UE 1TId

Avalddoeig pe NAEKTPOVIKO UIKPOTKOTILO

AvVoADOoEL e MAEKTPOVIKO HKPOOKOTIO TPAYULOTOTOWONKAY Kol oTa Tpict adpovn
VAMKG TP TNV Oeaymyn TOV TEPOUATOV LE GKOTO TOV TPOGIIOPIGUO TNV GVCTUGTG TOVG
(Ewova 5. 8). Afyelc mov éywvav pe MAEKTPOVIKO UIKPOOKOTIO GE TOUEG COUATIOIMV
yoralokng dppov petd to t€hog TV dokiumv emPefaidvovv o1l dgv vanpée petapopd
avOpPYOV®V NG TEPPOS TPOS TO EGMOTEPIKO. ATO TV GAAN, elvarl @avepd amd TG ANYELS TOV
TOU®V TOV COUATWIOV 0MPiv TOg LIPYE LETAPOPAE OVOPYOVMV TPOG TO EGMTEPIKO, EIOIKE,

GTNV TEPITTOGT TOL TVPOUEVOL OMPBivn).
100

1]
[=]

B fresh olivine
# fresh quartz
O fresh calcined olivine

=1}
(=]

A

e
(=]

Compositionof bed
materials [%0]

(=]
[=]

o .J]_

Mg Al Si Ca Fe

Ewova 5. 8. H chot00m TV 0dpavdV VAIKOV TPV TIG OOKIUES
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[TBavov o1 poyuég mov veioTavtal 6T doun TV dVO WMV 0APivn fonboldv oto va
EIoYOPNoOoLY TO avopyavatng TEPpag. Ol pOYUES OTO €0MTEPIKO TOV GOUATIOI®V TOV
(QLGIKOV KoL TUP®UEVOL OAPIvN eaivovtal otnv Ewkdva 5. 9.

Ot avoADoEIS GTO MAEKTPOVIKO HIKPOCKOTIO OViYVELCOV EMTALEOV TO GYNUOTIGUO
GLUGCOUATOUATOV UETAED COUATIOIOV TG XOAASIOKNG GLLLOV KoLl OVOPYaVOV TG TEQPAS, T
omoia Mtav mAovown oe acPéotio. TlapdAinAa, petd 1o TEAOC TV TEWPAUATOV HE QULLO,
wapotnpnOnke dnuovpyla evog oTpdUATOg otV e€TEPIKN empdveln v copatdiov. To
GLYKEKPLUEVO POLVOLEVO NTOV TO EUOAVES 0TO Teipapa mov Elafe ydpa pe tov niiovoo,
TOavOV AdY® TG HEYAANG TTEPLEKTIKOTNTOG TG TEPPOS TOV 6€ acPéotio. H Ewodva 5. 10 kot
N Ewéva 5. 11 deiyvouv Tig Ayelg mov mpaypotonombnkay ota delypota mov cuAAEYOncav
UETE TaL TEWPANATO LE Ta VTTOAEippaTo NAiavOoL Kot TG 1TIdG.

(a) non-calcined olivine (b) calcined olivine

Ewoéva 5. 9. Aqyeig tov topmdv tov 600 €d®v oMPivn 6mov @aivovtol ot poyués oTo
EC0MTEPIKO TOV COUATIOIOV

100

o]
o

w1

[o2]
o

w2

N
o

constituents [%6]

N
o

The percentage of inorganic

Na Mg Al Si P K Ca Fe
(a)sunflower - untreated olivine
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G 100

80

ml

60 P

40

constituents [%6]

20

The percentage of inorganic

Na Mg Al Si P K Ca Fe

100

80

60

40

constituents [%6]

20

0J| .

Na Mg Al Si P K Ca Fe

(c)sunflower — calcined olivine
Ewoéva 5. 10. Metagopd tov avopyavev e TEQPaS ToL NAIavBoL TPog To COUOTIONN TOV AdPavV®Y
VAMKOV

The percentage of inorganic
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100

o]
o

=1

[o2]
o

m2

ey
o

constituents [%6]

The percentage of inorganic
3

0 “ h | I_l
Mg A Si

Na
(d)willow — untreated olivine
100

©
o

ml

[o2]
o

m2

N
o

constituents [%0]

N
o

The percentage of inorganic

L 1|

Na Mg Al Si P K Ca
(e)willow — quartz sand
100

o]
o

D
o

IS
o

constituents [%6]

N
o

The percentage of inorganic

Na Mg Al Si P K Ca

Ewoéva 5. 11. Metagopd tov avoépyaveov e TEEPOS NG TG TPOG TO COUOTION TV
AdPOVAY VAMK®V
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5.4. Xuumegpacpata

Ta wewpdpato aepromoinone mwov EAafay ydpo He PLOIKO Kot TVPOUEVO oMPBivn, Edei&av
OTL TOL GLYKEKPIUEVOL 0OPOVT] VAIKE EXOVV OPKETA KOAES KATOAVTIKES 1010TNTEG Y10 TV HElmon
TV Toc®V. H KataAvTikn cuumeptpopd Tov eneEEPYUSUEVOL OALPIVN Oyt HOVo evioyDeL T
HelwON TOV MOGHOV, 0ALL TopdAANAa dpd OeTikd Kol otV TOWOTNTO TNG GVGTACNG TOL
mapoyopevov aepiov  pe  awénuévn  ovykévipmon  vdpoydvov. Ot avorvoelg  Tng
npoypoppaTiCopevng Beppokpaciog avaywyng £0ei&av 0Tt | diepyosio TG THPOONG £XEL MG
AmOTELECUO OTO VO, OoYNUOTIoTEL éva Mo oTafepd VAIKO, OTNV EMEAVED TOL OTOIOVL
av&dvovtal Ta 0EEIdN TOL GO POV.
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6. Movtelommoinon ovotpotog aepromoinong Propdloc Yo
NAEKTPOTUPAYOYN

6.1. Evocayoyn

2T0 TponyoOUEVO KEQPAAOO TNG TOPOVCAS OOAKTOPIKNG dttpPng oelnybnoav
apKeTEG OOKIUES aeplomoinong pe owdpopo €idn Popdlog o pio TAOTIKY  povado
PEVGTOTOMNWEVNC KAMVNG pe avakvkhoeopia. To amoteAéopato antdv TOV celpmv £de1&av
OTL 1 TTOWOTNTO. TOL TOPAYOUEVOL 0EPIOV, TPOEPYOUEVO OO TNV OEPLOTOINCT] OYPOTIKAOV
VTOAEWUATOV, glye TOAAES OUOIOTNTEG HE AVTO TOV TPOEKLYE OO TNV AEPLOTOINCN NG
EvAmoovg Propdlog (1t1d). Avtd ta €idn Propdloc Bo umopodoav va ypnooTotovy mg
EVOALOKTIKA KOG GE JUKPE GLGTNUOTO OTOKEVTPMUEVTG eVEPYELNG. Eva emiong aypotikd
VROAEUNO TO Omoio Ba Umopovoe va omoTEAESEL SLVNTIKG KOOGULO Yo [o Hovada
niektpomapoywyne, etvor to mopnvocvro. H elinvicy vmabpog eivar o apBovia avtov tov
VTOAEIUUATOC AOY® TOV APETPNTOV KOAAEPYELDY TOV VPICTAVTOL.

Térown omokevipopéva ocvomquota Bo  pmopovoav vo  sivor  pikpol otabuol
oLVOLOCUEVOD KUKAOV. AVTOD Tov €idovg 1 texvoroyia Oewmpeiton g pio EVOAAOKTIKY
pOTAeN TOL B0l UTOPOVOE VO AVTIKOTOOTNOEL T TAALG Tapadoctokd cvotiuate [226]. H
am6d00™ 6€ aVTOVE TOVG 6TaOOVS givar apketd peyain [261].

AvoTuY®OG OU®G, €va amd TO OTUOVTIKOTEPO TPOPBANUOATA TOV ATAVTATOL KOTE TNV
aeplomoinon Propdlos etvar To VYNAGL TOGOGTA TGGHOV GTO TOPAYOUEVO aEPLO. AVTHG elvarn
Kot €vag amd ToVg AOYOLG Y10 TOVG OTOTOVG 1) GLYKEKPLUEVT Olepyacio dgv €xet yivel axoun
EVPEMG EUTOPIKE AMOOEKTY]. X OQVTNV T OOKTOPIKY OaTpPr] T0 cuykeKpuévo Bépa
peAeTONKE EKTEVAC, dlEPELVAOVTOG G€ PABOG TIC KATAAVTIKES 1O10TNTEG TPLOV SUPOPETIKDOV
TANPOTIKOV HECWV.

210 mopdv KEPAALoO TopovGlaleTol £va BEPUOOLVOUIKO HOVTEAD TTOV KOTAGTPOONKE
Héow Tov eumopkov mpoypaupatog ASPENpIUs ywoo évov  amokevipopévo otobuod
niektpomapoywyns pe aeplomoinon Propdlog. To efetaldpevo cevdplo a@opd piKpm
povada, oxvog 5 MWy To mopayodpevo aépio ovvBeomg, petd tov kabopiopod Tov,
EIGEPYETOL GE pio UNYavV] ECOTEPIKTG KODGNC.

210 povtélo mov avamtuyOnke, slonydnoav d1dpopa dedopéva OV TPOEKLYAY ATO
TIG TEWPAUATIKEG OOKIUES (CLYKEVIPOOT TIOCMV, TOCOGTO UETATPOTNG £E0VOPUKDIATOS KOt
pebdvio) avordyo HE TO KOOCIHO KOl TO 0OPAVEG VAIKO 7oL YpMoLHomomOnke, dcte N
povtelonoinon va. mwpoceyyilel 060 KOADTEPO YIVETOL TNV TPAYUATIKY] GUUTEPLPOPE TMOV
KOLGIHOV.

6.2. MeBodoroyia

H xotdotpwon poviéAwv Beppoymukoy diepyacidv eivar Eva moAvTIo epyareio Yo
10 oYeSICUO povadwv té€toov €idovg. H mpocopoiwon AapPdaver vmdynm g TOLG
SPOPOVG UNYOVIGHOVS Kot TIG apyxés Asrtovpyiog tovg. H xvpra vmoébeon oty omoia
Bacilovtat o1 Oeppoymukés LOVTEAOTOMGELS Elval QLT TNG YNIKNG 1o0ppoTiag dtopOBmpévn
LLE «YEVOO-KIVITIKN».
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Kotd v évapén g aeplomoinomg, omeievbepmdvetor 1 vypacio TOL KOVGIHOL
(Enpavon). Me v mepartépo mapapoviy e Propdlog evidg Tov avIIOPOGTIPO GUVTEAEITOL
N amomtnTikonoinon . Ev cuveyeia, o1 Tmntikég VoIS avTidopovV He TO 0EEMTIKO HECO
pe amotéAecpa v avénon g Bepprokpaciog EViOg TOV aePLlOTOMTY, YEYOVOS TOV 00Myel
TPOG TNV TOPAy®Y ] TOv TeEAMKOD 0éprov mpoidvtog. To evamopeivav e&ovOpdropa (oTv
nepintwon g poviehonoinong Oempeiton mg kabapdc otepeds dvOpakag — Cs)) cuveyilet va
aVTIOPA E TO HECO O.EPLOTTOINOTG, TapdyovTag TepLocoTepa aépta [8, 167].

H povtelomoinon mpémer evepystokd vo glvol cvvemng. ' to Adyo avtd otov
0EPLOTOM T TTPETEL VoL ANPOOHV LIOYIV Ol am®AELEG OBEPUATNTOC TOV UTOPEL VO LITAPYOVV
OTO TOYYDLOTO TOL OVTIOPOUCSTHPA. ATO TPOTYOVUEVEG EPYOACIEG POIVETAL OTL Ol TEPICGOTEPEC
LOVTELOTOMGELS otV Oeppoynuikn dlepyasio g agplomoinong ompilovior oty YUtk
ooppomio. vOg pépovg tov oepiov [227]. TTo mponypéveg EMOTNUOVIKEG €PYOGIEg
oLVOVALOVY TNV ¥NLUIKT] LGOPPOTIO. LLE TNV KIVITIKN TV avTidpdcewv [228].

2TOVG AVTIOPACTHPES PEVGTOTOMNUEVAOV KAVAV 1) dlepyacio TG aeplomoinong pmwopel
VO TPOGEYYIOTEL 6& pueydlo onueio pe ) ynuikn woppomio [8, 167]. Ot Pacikég vrobécelg
mov TifevTon o€ vt TNV Epyacia ivat:

e Asttovpyia otabepnc katdotaong (steady state conditions)

e [Ipocéyyion undevikadv S0oTAGEMV Yo TNV dlepyoia

e Ot andAreleg omd Tov agpromomty eivan mepimov 10 3% G Youning Beppoydvov

dVVaAUNG TOV E1GEPYOLEVOD KOVGILOV.

e Agv voiotaton oynuaticpd NOy oto moapayodpevo aéplo (to pOVo Topldywyo Tov

almtol eitvon | appovia).

H amoattovpevn mosodmta yuoo 10 0&edmtikd péco glvar tétola mote 0 Adyog 4 va gival
ndvta icog pe 0.3. To A elvar aveEdpmto amd ™ Oeppoxpacio kot ™ OeppodoTnTa TOL
TPOKVTTEL Kot T depyacia gite o avidpastpag eivar owtdBeppog, eite alidbeppoc. O
0pLo OGS TOL AdYoL Koo divetar amd v e€iowon 6.1.

oxygen flowinthe oxidizing agent (k’T;Ol)

J= EE.(6.1)

stoichiometricamount of oxygen —oxygeninthe fuel (M)
S

H xatoctatikn egicoon woavikov aepiov mov éxel emAeyel eivon avt) tov Peng —
Robinson. H ovykekpuévn e&icmon sivar 1 kotoAAnAdTEPN Yoo peiypato og VYNAEG
Bepuokpacieg [229]. O vmoroyiopnds g evhoATiog Kot TG TOKVOTNTOS Y1 floyevn Koo
Kot g Té€epag mpaypotoroteiton pe o povréda HCOALGEN kot DCOALIGT avtiotolymg
[230]. To dGypappa pong mapovcialetar oty Ewéva 6. 1. 10 Topdv keparato, 1 Epgvva
emKeVIpOVETOL otn Oeppoymuukn depyasio g agplomoinong. Ta kdpla otoryeio mov
peretovvron gival To KaTmoL:

e H enidpaon tov dapopetikdv 0oV Propdlag otnv modtta Tov aepiov cvvieong,

OTNV OMOLTOVUEVT] TOGOTNTA VEPOL Yo Vo Kabapiotel to aéplo otnv mAnvIpida,
KaB®OG Kot GTNV TopaymYyr NAEKTPIKNG EVEPYELNG.
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e H enidpaon g petatponng dvOpaka Kot TOL TANPOTIKOV HEGOV GTNV TOLOTITO TOV
TOPAYOLEVOL aePiOn KOL GTNV TOPAY®OYT NAEKTPIKNG EVEPYELNG.

H amoocvovBeon g Propalog povtelomoteitar pe évav  aviwpoaotipo RYIELD
(DEVOLAT oto dudypoupa pong). Avtd ovuPoaiver yati 1 Popdlo Bewmpeitonr pn
ovpPatikog (non-conventional) tHmog Kawoipov. Q¢ amoTEAEGHO, AVTOS O AVTIOPACTHPOS
amodidel 6Aa Ta ototyeia Tov kowoipov. H amddoon avtn yiveton pe ™ Pondeta evdg Kndiko
FORTRAN mov Aopfdver vmoyly Tov To GTOLElR TG TPOCEYYIOTIKNG KOl GTOLXELOKNG
avaivong (Proximate and Ultimate analysis) avtictoiymg

WATER AIR

GASIFICATION
SCRUBBER
A HEAT
EXCH
\e

ICE )

WASTE
TN WATER
—
/ CYCLONE
DEVOLAT

METHAN

»

COALHT

@

Ewova 6. 1: Abypoappo pong e LOVTEAOTOMUEVIG Olepyaciog

o ™ poviehomoinon TtV avidpAGE®V NG OEPLOTOINGNG YPNOLUOTOIEITOL GTO
ASPEN évoc avtdpaoctipag RGIBBS, n apyn Asrtovpyiog tov omoiov Pociletor otnv
ghayiotonoinon v erevdepng evépyetog Gibbs tmv Tpoidvimv mov Exovv opiortei.

H pebBodoroyia g ehayiotomoinong g evépyelog Gibbs akolovBeitar yio éva
Kavoo aroteAovpevo and to dropa C-H-O mov avidpd pe éva 0EedmTiKO HEGO Yo TV
TPOPAEYN TV KOPLWV GTOYEl®V TOL TOPAYOUEVOL agpiov UHECH TNG BEPLOSVVOIKNG
woppormiag. H mapomdveo peBodoroyio €xer ™ dSvvatrdomto mpOPreyng Kot  TOL
eEavBpaxopatoc. [Mapodra avtd, 6to cvyKeKpUEVO HOVTELD TO e&avOpakmpo  elval avtd
TOV TPOEKVYE OO TIG TEPOUUATIKES doKuéG [94].

H mopandve pebodoroyio dev €xel v dvvatdtnta mpdPAeyng tov pebaviov mwov
TPoEPYETAL amd TO oTAd ™S Tupoivone. H ymuukn tcoppomio dev elvar dvvatd va
npooeyyicel o KavomonTikd Paduod 10co to pebdvio 6Go Kat T GLYKEVIPWOOT] TOV TIGCOV,
otav M Oepyacia ™G aeplomoinong AapPavel ydpo o€ oTHOCEUPIKN Tieon. [evikd, oe
LLOVTEAOTTOMGELG TETOOV €100VE AAUPAVOVTOL VITOYLY VTOAOYIGUOL UN YMUKNG 1GOPPOTia,
MOTE TO TOPAY®YQ Vo TPOGEYYILOLV TO ATOTEAECUATO OO TEPAUATIKES OOKIUEG. XTO TOPOV
KEPAAOLO, TOCO Yo TNV TTEPIMTOON TOL HEBUVIov OGO KO Yo TN GLYKEVIPMOT TOV TGOV,
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YPNOUOTOOVVTOL Ol TIUES TOV TPOEKLYOV OO TS OOKIUEG GEPLOTOINGNG OTNV TIAOTIKN
HOVAOQ PELGTOTOMUEVIC KMVG LE avaKVKAOPOpiaL.

To aéplo mov TPOKHATEL AIO TN YNUIKN 1G0PPOTIL avapeyvOETOL LE TO eEavOpdKmua,
™V Téepa, 10 pneddvio, Kabmg kat Tig Tooeg otV ££000 TOL AVTIOPACTIPOA TOL LOVIEAOTOEL
TO GTAJL0 TNG OEPLOTOINGNG TPV TOV SLOYOPIOUO TOV GTEPEDY amd To aépta e TN Ponbeia
evog kukkova. To aépro ovvBeong, apov e&épyetor  omd TOV KUKAMDVO, €V CLVEXELN
EIGEPYETAL GE VOV EVOALAKTI] KEADPOLG — ay®yoV, O Omoiog oto £va pedud YOYEL TO
TOPAYOUEVO a€PLO Kol 010 OGAA0 mpobepuaivel tov aépa (yro oAa ta ogevapio o 0épog
mpolspBaiverar orovg 350 °C) mpotod avtdg eicoydel otov aepromomty. Ev cuveyeio, to
aéplo odnyeitan oe pia TAvvVTpida tomov Venturi yia tov kabapiopd tov and TIC TeGES Kot
To. COUOTIOW OV £YOVV OlPVYEL Omd TOV KLUKAMDVO. TELAOC, TO 0£PLO0 KOTOANYEL GE [
UNYOVY ECMTEPIKNG KOVGONG YO TNV TOPAY®YN] MAEKTPIKNG evépyelag. Ztov Ilivaxka 6.1
TEPLYPAPOVTOL OAOL TO GTOLXELN TTOV aapTiCOVV TN HoVTELOTTOINGT TNG dlEPYATTiag.

H amnddoon g Oepuoynuikng Oiepyaciog g oaepromoinong exkepaletal og 1M
«amddoon kpvov agpiovx (cold gas efficiency), eved n aeOn BepudnTa Tov agpiov Kot TOV
nopoyouevov eEavlpakdpatog ayvoeitat [8, 167]:

-LHV,,

CGE% = mgas . Lva 100% 8, 167] EE. (6.2)
fuel fuel

[Tivaxag 6.1. [Teprypagn tov oTotyei®v TOL YpNGIULOTO ONKOY

Block Aspen Brief description
component
DELOVAT RYIELD The fuel is decomposed into its constituting components
(C,H,O,N,S,Cl)
SEPAR SEPARATOR The amount of carbon that is not considered to react is
separated from the total fuel
METHAN RSTOIC Production of CH, and tars that cannot be predicted by the

equilibrium according to values derived from
experimental set up

GASIF RGIBBS The main part of gasification process, where the products
prediction is based on minimization of free Gibbs energy.
COALHT HEATER In order to consistent with energy balance in the gasifier,

the heating of un-reacted char up to equilibrium
temperature should be taken into account

CYCLONE SEPARATOR The solids (ash, un-reacted carbon) are separated from the
gaseous products

HEAT EXCH HEATX A multi-stream heat exchanger where the produced syngas
is cooled — heating of the air used for the gasification

SCRUB FLASH Purification of raw syngas from tars by water spray

ICE RSTOIC The purified syngas is introduced in an ICE for power

production. The equivalence ratio and the exhaust gases
are specified by the user. The ICE’s efficiency is 42%

Ta kavoa o omoio peietnOnkav Nrav vroieippato nAiavlov petd v eaymyn
Tov eloiov kot 1td. Xtov Ilivaxa 6.2 moapovcsidlovior ot GvoTAcES TV 00O AVTOV
kavcipov. Ta dvo avtd €idn Propdlog dtapépovy PeETacd TOVG OC TPOS TO TOCOGTO TEPPIG,
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10 0moi0 TNV TEPIMT®OON ToL NAlavOoL givan TeTpamidoilo and avtd ¢ 1tdc. Eniong, and
JOKIUEG TOV dteENYONcaV KOTA TN SLAPKELN TNG TAPOVCAS OOOKTOPIKNG O TpPng, eENxON T
CLUTEPACLO OTL TO TOPAYOUEVO aEPLO cVVOESNC eV TOPOLGLALEL 10101TEPES OPOPES, TTAPA
uoévo 61N cLYKEVTP®OT TV Tecv. Katd tnv aepromoinor tov nAiavBov eite pe dupo gite
pe oMBivn M oVYKEVIP®ON TOV TGCOV NMTOV SUTAGGI otd aVTh oV TapatnpHOnKe otV
nepinton g 1tds. TOGO Yo TIg GLYKEVIPMGELS TOV TGCOV OGO KOl Y10l TO TOGOGTO TOV
pebaviov 610 mMapayOUEVO 0EPLO, OEOOUEVOL OTL deV Umopovv vo.  Ttpofrepboldv amd )
YNUIKT 160PpPOTiO. GE ATUOCPUIPIKY| TTEST], EAPONGOV VITOYIV Ol TYES TTOL TPOEKLY AV O
T1G SOKIUEG 0TIV TAOTIKN povada [94].

Ot TtepmT®oElg Tov peAetnONKaY Yio ta. 000 PloKaVGIUO NTAV TPELS SLOPOPETIKEG.
Emiong, peremOnike ko pio €Bdoun mepimtwon yio 1o Tupnvovio pe TANPOTIKO VAIKO TOV
oAPivn.

2V pdTN TEPITTOON EMAEYONKE WG TANPOTIKO HEGO N GUPOC EVED 0T devTEPT O
oAPivne. Ko otig 600 antéc mepmtmdoels eAn@Oncov vmoyly omd To TEPULATIKA
ATOTEAEGUOTO TO TTOGOGTO TOV £E0VOPAKMUOTOC TOV OEV UETATPATNKE GTNV AéPla GAoT, M
GLYKEVTIPMOOT] TOV MGCMV KOl TO TOG00TO TOL pebaviov, Ta onoia e&nydnoav avaroya pe to
mnpotikd péco. H tpitn mpog pedétn mepintoon mipe cav OedOpEVO OTL 1 LETATPOT)
GvBpaxog oty aépa pdon oe €00V €100V Hovadeg Propunyoviknig kKApaKag Téver péypt
98% [8]. Ot cLYKeEVTPOOEIS TIOGHOV KOl TO T0606TO pHebaviov mov Kataypdenkay, yio avtod
TO GEVOPLO, NTOV AVTAE TOL TOPNXONGAV KATA T SIAPKELD TOV SOKIUMV UE OMPBiv.

[Tivakag 6.2. 2voT1aoelg Kavoipwmy

Fuel Sunflower Willow Olive Kernel

Moisture (wt.%a.r.) 8.1 8.2 7.85

Proximate Analysis (wt.%, d.b.)

Volatile matters 78.95 83.31 80.49
Fixed carbon 11.42 14.3 7.90
Ash content 9.63 2.39 11.61

Ultimate Analysis (wt.%, d.b.)

C 46.0 486 49.48
H 6.00 6.63 6.20
o) 37.3 39.3 373
N 0.87 3.00 171
s 0.00 0.00 0.16
cl 0.19 0.06 0.30
LHV (MJ/kg) 17.00 18.88 19.12
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[Tivakag 6.3. Apykég cuVONKEG Yo TAL TPOG LEAETN GEVAPLOL

Parameters Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
Fuel Sunflower  Sunflower Sunflower Willow Willow  Willow  Ol. Ker.
Fuel rate [kg/h] 1059 1059 1059 953 953 953 928
Bed material Olivine Sand Olivine Olivine Sand Olivine Olivine
Gasification 800 800 800 800 800 800 800
temperature

[°’C]

Equivalence 0.3 0.3 0.3 0.3 0.3 0.3 0.3
ratio

Carbon 90 88 98 91.5 87.5 98 94.5
conversion [%]

Tar 2.6 4.8 2.6 2.2 3 2.2 5.5
concentration

[a/my’]

Methane in dry 3 2.8 3 3.1 2.8 3.1 3.7
syngas [%v/v]

6.3. AmoteréopnatTota povTEALOTOIN OGNS

6.3.1. Emidopaon Tov Kavoipov 611 6V6TAG TOV TUPAYOREVOD AEPiOV

H oVotaom tov mapayopeveov adepliov kot yio to 000 KoOoLd Topovctdlel mapa
ToAAEG opotottec. H povn awebnt dapopd amovidtor oto eminedo GLYKEVIPOONG TOV
TOPAYOUEVOV TCOMV. XTIV TEPINTOON TOV LROAEWHATOV MAlovBov, Yy OAa ta
eetalopuevo oevapla, To EMImEdO TOPAYOUEVOV TIGGMOV £ivol LYNAOTEPO Omd ekelva OV
TopaTNPNONKOY Yo TNV 1Tid.

6.3.2. Emidopaon peratpomis e£avOpaKk@patos 6TV 606TAGT TOV TOPAYONUEVOD AEPiOV

Apyd, o Tlivakag 6.4 mapovstdlel T 6VOTACN TPUOV OAPOPETKAOV PEVUATMV, TOV
aepiov ocvvBeong apésmg petd v €£000 TOL Ad TOV AVTIOPACTHPA, TOV «KaOAPoL» aepiov
petd v €£0do tov amd v TAVVTPida, KaBmg Kot Tov vepol Tov eE€pyeTat Omd TO KATW®
UEPOGC TG TAVVTPIdOC.

Onwg mapoatmpeitar and tov Ilivaxa 6.4, kot yia o 600 Kavoipa 66o ovéavetor n
LETATPOTY] TOV €EAVOPAKOUATOS TPOG TNV aépla Pdomn, TO60 avEdvetonl T0 TOcOGTO TOV
povo&eldiov Tov avOpoko 6To TAPAYOUEVO OEPLO KO, TAPAAANAL, LEWOVETOL TO 010E€1010 TOV
dvOpoka. AVTO TO OMOTEAEGHO £PYETAL GE TANPY GLUPOVIL TOGO HE TNV VTAPYOLGA
Biproypapia [232], 660 Kot pe TIC mEWPAPATIKES SOKIUEG TTOV deENyOnoav Katd T didpKeL
™m¢ mapovoag ddaktopikng datpPrg [94, 233]. H advénon tov povoéeldiov opeiletar 6to
YEYOVOG OTL 1] LETATPOTT) TOV €E0VOPUKDOUATOG YIVETOL LEGM TNG ETEPOYEVOVG AVTIOPAOTG TNG
Boudouard (E&. 6-1)
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C+CO < 2C0, AH=172kJ/mol (EE. 6-1)

O PaBuog petatpomng tov e&avBpokopatog ennpéalel Kot o GAia aépro. Ommg
eaiveror amo tov ITivaka 6.4 kot yuo To VO KaHG, aVEAVOVTOG TO TOGOGTO LETATPOTNG
oV €£0VOPOKOUOTOG OTNV 0épLa Ao peimvetol TO60 T0 S10EEid10 Tov AvOpaka 6GO Kot TO
VOPOYOHVO. AvTiBET™MG aENoT ToPATNPELTOL GTO TOGOGTO TOL ALDTOV.

E&etalovtoc ta dedopéva tov Tlivaxa 6.4, evolapépov Tapovstalel To yeyovog OTL TO
aéplo ovvheong (raw syngas) kaBapiletar kotd 98% and Tig micoeg Katd T £16000 TOL GTNV
mAovpida. To tipnpa, euoikd, yio tov Kabapiopd pe avtd tov tpdmo, eivar n advénon g
vypociog. Xe OAEC TIG MEPWTTMOEL,, TO TOCOGTO TNG VYPACIOG ©TO aéplo ovuvleong
e€epydpevo amd v mAvvtpida @tavel mepimov to 30%.

H teyvoloyia ¢ mlvvtpidog Venturi gvdeikvotat yio TETO100 10006 EQOPLOYES AOY®
TOV YOUNAOD KOGTOVG ayopds Kot eykatdotoong e To Pacikd apvntikd €ivar n PeYAAN
KOTOVAA®GT VEPOL KOl GLYYPOVOS, 1 KATOKPATNGT MG MWKPNAG TOGOTNTOS TMV
napaydpevev oepiov and 1o vepd pall pe Tig micoec.
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Composition Case 1 Case 2 Case 3

Mol fraction | Raw Clean Waste Raw syn. Clean Waste Raw syn. Clean Waste

[%0] syn. syn. water syn. water syn. water

CO, 9 6.7 0.043 10.5 8.1 0.051 8.3 6.1 0.038
(6{0) 22 16.5 0.013 17.6 13.9 0.01 23.65 17.4 0.014

H, 21 16 0.0011 22.3 22.4 0.0012 20.5 15.1 0.001

N, 36.5 27.5 0.02 34 33.9 0.02 37.3 27.5 0.02
CH, 2.7 2 0.003 2.4 2.4 0.0035 2.8 2.1 0.0035

H,O 8.1 30.4 99 12.5 314 99 6.8 31 99
Tars [kg/ h 9.8 0.05 9.79 18.2 0.08 18.12 9.8 0.05 9.78
Composition Case 4 Case 5 Case 6 Case 7

Mol fraction Raw Clean Waste Raw syn. Clean Waste Raw syn. Clean Waste | Raw Clean | Waste

[%] syn. syn. water syn. water syn. water syn. syn. water

CO, 9.3 7.3 0.069 9.2 7 0.044 8 59 0.037 9.4 7.8 0.031
CoO 20.5 15.5 0.012 19.5 14.9 0.0115 23.2 17.2 0.013 20.8 18.2 0.014
H, 21.5 16.2 0.001 22.5 17.2 0.0012 20.7 15.3 0.001 22.2 19.8 0.001
N, 35.8 27 0.019 35.7 27.3 0.02 37.8 27.9 0.02 36.4 27.9 0.02
CH, 2.7 0.02 0.0034 2.4 1.8 0.0031 2.9 2.1 0.0036 2.9 2.1 0.003
H,O 7.7 315 99.8 10 31.3 99 6.7 31 99 8.1 32.1 99
Tars [kg/ h] 4.5 0.03 4.51 6.3 0.04 6.3 4.5 0.03 4.46 5.5 0.04 55
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6.3.3. Emiopaon g petatponmis e£avOpok@paTtog 6TV ar63001 TOL 0.EPLOTOLNTT|

Onwg eivor 1M yvmoTd, 1 arrdd00T TOL aVTIOPACTPO EIval AppNKTO GUVIESEUEVT LE
™ petatponn tov eEovlpakdpatog otny aépla eaon. H péyiom «kpda amddoon aepiovy»
(CGE) guopaviCetar oto Case 3 pe 85.5 % war ynukn Oeppomra 4.27 MW. Aviietoiyog M
eMdotn «kpdo amddoon aepiovy mapatnpeitor oto Case 2 pe 62.9% kot ynukn Beppotnta
ton pe 3.14 MW. Zmv Ewéva 6. 2 mapovcialovtal ot amodOGELS TOV aePLOTONTY Yo, KAOe
oevaplo, evod oty Ewkoéva 6. 3 oaivetar m awcOnt) Oeppudmmra mov veictator 6Tto
TOPUYOUEVO OEPLO OO TN LETOTPOT TOL AvOpoKa TNV aépla Ao
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petoTpomng e€ovOpakmuUaTog
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6.3.4. Eniopaon petatpomig e£avOpoK@pRoTos otV TOPAYOREV] TOGOTNTO G.EPIOV KAl
OTIC KOTOVOAMOELS VEPOL

Ytov Ilivaxa 6.5 mopovctdleTon 1 OMAITOVUEVY] TOGOTNTO OEPO. Yoo TN OlEPYAcia TNG
aeplomoinong, n por Tov raw syngas, tov clean syngas, to pedpa tov vepov Tov amatteiton
v Tov KoBapiopd Tov raw syngas, kabmg Kot To dtdlvpa wov e&€pyetat omd TV TAVVTPIOa.

[Tivaxkag 6.5. Poég aépa, mapaydpevou agpiov kot vepol Tpog Kot amd Ty TAvvIpido

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

Required air [kg/n] | 13083  1308.3  1308.3 1282 1282 1282 12573
Rawsyn. [kg/h] | 22365 19041 23751 21277 21526  2302.9 23756
Cleansyn. [kg/h] | 2799.6  2296.7  3019.8 26643 27204 29318 29427
Water [kg/h] | 2868.3 43911  2799.1 33432 3600 27641 26324
Waste water [kg/h] | 2273.2 39983 21543  2806.6 24311 21351  2973.2

H amoitovpevn mocdtto vepol yia Oleg T1g vd e€étaon TEPIMTOGELS Elvar apKETA
peYaAn. Avtd onuaivel 0t ov GLVEXELD pEEL PPECKO VEPO TTPOG TNV TALVTPIdA, TO KOGTOG
Aertovpyiog Oa givar Wiaitepa vYMAS. I'la T0 AOY0 aVTO, TO VEPO PHEGM P0G OVTAING AVUATOV
Ba odnyeiton yuo eneEepyacio MOGTE VO OMOROKPHVOVTAL Ol TICGEG TOV GLUTLKVOOMKAV Kol
ev ovveyeio, pe ™ Ponde evog avaxkvkhoeopntn, o Soyetedeton Eavd miocw oty
nAvvTpida. Ot evePYElOKES KATAVOADGELS TNG avTAlaG dgV AmOTEAOVV KOUUATL £PEVVOS GTO
POV KEPALALO.

Ot peyohdtepeg amoTnoeLg VEPOL TAPOLGLALOVTAL GTNV TEPIMTMOT TOV VIOAEIUUATOG
NAiavOov pe adpavég VAKO tnv dupo, kot ovykekpuéva 4391.1 kg/h, evod ya v mepintmon
1TI0G 1E TO 1610 adpaveEG LAKO, 1 aotodpevn Ttocotnto vepoy givan 2720.4 kg/h. Katd ta
oevapla 3 kal 6 wapotnpeital 1o 1010 akpIP®g PUIVOUEVO, 1| OTALTOVUEVT] TOCOTNTO VEPOD
7oV TIPEMEL vaL elo0yOel oV TAVVTPIdA Yo TV OTOUAKPVVOT TIGGMY GTO GEVAPLO 3 givat
2799.1 kg/h, evd yio 0 cevapro 6 eivon 2764.1 kg/h. H povadikn nepintmon katd tnv omoia
N TOGOTNTO TOL VEPOV &ivon HkpdTEPN Yo To. LIOAgippaTo Tov NAiavOov eivar avt ToL
cevapiov 1.

[Mapammpdvtag tov livaxa 6.5, paivetor 1 adEnomn g Tapoyng tov aepiov cHvOeonc
petd tn €£006 tov amd v mAvvipida. [a ta aypotuco vmoAsippoto pe oAPivn kot
uetatponn eEavOpakmpoatog 98% (case 3), mapovotdletar  peyordvtepn avénon, katd 644
kg/h. Avtictoiywe, N peyaddtepn petafoir] ywo Ty 1T1d TOpATNPEITAUL 6TO GEVEPLO 6, KOTd
629 kg/h. H petafoin avtn, 6mwg eimddnke Kot Tponyovuévams, opeileTat oty vypacio Tov
TPOGAAUPAVEL TO 0EPLO KATA TNV £160J0 TOL BTNV TAVVTPIdA.

6.3.5. ETidopaon Tov KOVGIRov 6TV NAEKTPOTAPAYOYN

Yvykpivovtog to Case 3 kou Case 6, ota omoia ot apykés cvuvOnkes koG Ko M
petatpony] tov e&avOpoaKkdpaTog oV aépro. eaon etvar idteg kol yio ta 600 cevapla,
TOPATNPOVUE OTL 1 TAPAYOUEVT MAEKTPIKY EVEPYELD YO TNV TEPIMTOCT TOV OYPOTIKOV
VTOAEIUPATOV €lvol HEYOADTEPN OO CLTH TOL TAPAYETOL UE TNV 1TI0. ZVYKEKPIUEVA, T
niextpomapoywyn ivar peyolvtepn katd 50 KW.
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6.3.6. Eiopaon ¢ petotponns e£avOpoK@pNoTog 6TV NAEKTPOTAPAYOYN

[Topatnpovtag 10 Odypappa g Ewéva 6. 4 oaiveton mwg, avéavoviag
petoTpom Tov e£avOpaKk®UATOS, ALEAVETAL MG OMOTEAECUO KOL 1) TOPAYOUEVT] MAEKTPIKN
EVEPYELOL. LTNV TEPIMTMOOT TOV OYPOTIKMOV VITOAEUUATOV, 1) O KIKPY NAEKTPOTOPAYMYN
enupaviCetoaw oto Case 2 (adpavég vakd aupog ko CCE: 88%) pe 1.32 MW kot 1
vynAotepn oto Case 3 pe 1.79 MW AvTictolymg, yio TV 1Tid n UIKPOTEPN TOPAY®OYN
NAEKTPIKNG evépyelag kataypapetal oto Case 5 pe 1.45 MWy kat 11 vyniotepn oto Case 6
pe 1.74 MWe. To mocootd petatpomig dvOpokog moilel onuaviikd poAo 6TV mopoymyn
NAEKTPIKNG EVEPYELAG, APOV Y10, TNV TEPIMTWON T®V VTOAEUUATOV NAlavOoL 1 petafolr g
niextpomapoywyng petaéy tov Case 2 ko Case 3 eivar 320 kW, evd yia tepinmtoon v
™G g N petaPorn petald tov Case 5 kot Case 6 givar 290 KW

2 == Sunflower
— 1.8 == Willow Case3
E 1.6 Caseb
5 CHSW
z 14
=]
&~ 12 Casel
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Ewova 6. 4: Metafoln nAekTpomapoy®yng ovAAOYo LLE TO TOGOGTO LETATPOTNG AvOpaKa

6.3.7. Ermiopaon g peraforis ££avOpuxk®patos otov ofpa KOVONS TOL G.EPIOV
ovvOeong

O ITivaxoag 6.6 TapovGlAlel TNV OTALTOVUEVT] TOGHTNTO OEPO TTOV TPEMEL VoL eloayDel
ot MEK yw mv xavon tov agpiov odvleong, kabmg kot 10 mocd TV omaepiov Tov
e&épyetan and ) MEK petd v kavorn tov. H adénon g petatpomng eEavOpakdpotog
€Xel G GLVEMELD TNV AHENCT TG TOPAY®YNS aEpiov VeSS, OTMG AvaPEPONKE Kot oTNV
napdypaeo 6.3.3. H xavon tov mapayduevov aepiov €xer oprotel pe ™ Pondeia evog
calculator oto ASPEN va yiveton pe A ico pe 1.2. Katd ovvénen, olhalovtag tn pon tov
elogpyopevov aepiov ovvBeong otn MEK, Oa aAldéer kot n mocoOHTNTA TOV 0EEOMTIKOD
pécov mov ypetdletar yoo v Kavon tov. ' v kadon tov moapaydpevov aepiov mov
TPOEPYETAL OO TNV OEPLOTOINCT] TOV AYPOTIKOV VTOAEIUUATOV, 1 WKPOTEPT OTALTOVLEVN
nocodtta 0&edmTikod epgaviletar oto Case 2 pe 4572 kg/h xou n péyiotn oto Case 3 pe
5156 kg/h.

AvTioTolymg Yo Vv 1Tid, 1 EAAYIOTN TOCOTNTO AEPO TOV OTOLTEITOL Y10 TV KOO
T0L aepiov ouvleong mapatnpeitar oto Case 5 pe 4486 kg/h kou n peyarvtepn oto Case 6 pe
5051 kg/h.
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[Tivaxag 6.6. Pony o&gdwtikov péoov kot amaepiov (MEK)

Casel Case?2 Case3 Case4 Casebs Case 6 Case 7

Air combustion
[kag/h] 4821 4572 5156 4761 4486 5051 5047

Exhaust gases
[kg/h] 7654 7324 8176 7529 7206 7982 7974

6.3.8. Emiopaon g petapfoing avlpakog oty mordtnte Tov anaepiov e MEK

Onwg avaeépetar kot mapandve otov Ilivaka 6.1, n amddoon e MEK yuo
LLOVTEAOTTOINGT TOL GLYKEKPLUEVOL GLGTNATOG opiotnke oG 42%. o Oha Ta e€gTaldueva
oevapla n arodoon g MEK frav idia, dote to amoteléopata va eival 6060 10 duvatdv mo
ovykpiowa. ITapdAinia dtotnpndnke otabepd yia OAeg TIg mEpITTOGELS TO A. ZTov [livaxa
6.7 Tapovctdlovial 0l GUGTAGELS TOV ATAEPIOV TOV TPOKVTTOLV and TNV KOG TOv aepiov
ovuvBeonc.

[Mopoampdvtag tov Ilivaxka 6.7, @aivetal 611 dev veiotatal Wiaitepn petafoin ot
ovotaon TV aegpiov mov e&épyovian and ™ MEK. IMopdra avtd, speaviletor kot 5
emidpacn g petatpomng GvOpako mPog TNV aépla GACT OTN CVOTACN TOV ATOEPIMV.
ZUYKEKPYEVO, 1) DYPAGIO Y10 TNV TEPITTOOT TOV OYPOTIKMOV LVIOAEWHATOV glvan 25.12 %
yw to Case 2 kot 24.49 % ywo to Case 3. To COy, av&dvovtag 10 mT0G0GTO LETATPOTNG TOV
eEavOpakaparog, petdveral ota e&epydpeva aépla. Avtifetn emidpacn mapotnpeitat yio to
N3 kot t0 Oy, ta omoion aw&dvovtar 660 av&dvetatl to eEovOpaKm®LLO TOV LETATPENETOL TPOG
mv aépila eaon. To HCI, coumeprpépetar 0mmg 1o 810E€1610 Tov AvBpaka, SnAadn HELDVETOL
pe v avénon g petatponng dvBpaka, and 195 ppm yia to Case 2 ota 175 ppm yia t0
Case 3. H id10 axpifdg GuUTEPIPOPA GTI GVOTOCT TOV OTAEPIMV TOPATNPEITOL KOL Yi0L TNV
aEPLOTOINGM TNG 1TLAG.

[Tivaxkag 6.7. 0otaon anoepiov and v kavon Tov syngas ot MEK

Exhaust Gas Casel Case 2 Case3 Cased4 Caseb5 Caseb Case 7
wiw [%]

H,O 25 25.12 24.49 25 25.5 24.45 25.26

CO, 12 12 12.12 11 11.16 11.18 12.3

0O, 2.8 2.8 2.89 2.9 2.83 2.90 2.84

N, 59 59 59.78 59 59.2 60 59.7

HCI (ppm) 185 195 175 53 57 49 210
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H povadikn aiobnt) dwoeopd HeETOED TV AmaEPi®V TOL TPOKVLTTOLY omd TO SO
Kavotpo givor 1 ovykévipoon tov HCI. Ta erninedo HCI mov mpokdmtovy katd to cevaplo
OV OEPLOTOLOVVTOL OYPOTIKE VITOAEIUUOTO EIVOL TPUTAAGLO OTO ALTA TOV ATOVTMOVTOL OTOV M
Kavoun VAN etvat ttid.

6.3.9. Ynohoyiopdg em@averag evorhaxktn tpodéppavong aépa.

Ye oot T Oeppodvvopukn povtelomoinomn emyelpnOnke vo vmoloylotel 1
amouToOUEVN EMPAVELD TOL eVOAAAKTN BeppotTnroc, o omoiog mpobeppaivel 10 0EEOWTIKO
néco (depac) otoug 350 °C, mpotod anTd E16EADEL GTOV AVTISPUSTIPA TNG PEVGTOTOMUEVNS
KAMvNg. Ot drapopéc mov mapatnpoHvtal LETAED TV 6 SIUPOPETIKMY GEVAPIOV EIVOL GYETIKA
uikpéc. H emidpaon tov mocoostol petatponig e£avlpak®dpatog oty aépia pdon eivor Kot
€00 eppavng. Ommg emmbnke Kot oTig mTPONYOOUEVEG TOPAYPAPOVS, OGO OLEAVETOL TO
TOoGOoTO TOVL AvOpaka mov petafoivel oty aéplo EAcN, TOGO HeYOADTEPT €ival Kol 1
Tapaymyn Tov aepiov cvvleong. H pon tov mapayopevov agpiov £xet diaitepn onuacio 6to
OYEOOGLO TOV GLYKEKPUEVOL EVOALAKTY, Kabhg N Tpobépuavon tov aépa Ba emttvyydvetal
pe v omaymyn Beppdtmrag amod to aéplo ocvvieonc.

[Mopampavtag tov Ilivaka 6.8, gdkoha cvumepoiveror M avaykn oadénong g
OTOLTOVUEVIC EMPAVELNG EVOAAAKTY, 000 av&dvetorl TO0 TapayOUevo aéplo. Avapevoueva
Aomdv, n pEyoTn empdvela evoriditn kot and to 6 cevdpla eppaviCetor oto Case 3 pe
0.287 m?, evd ) eldyiot mapotnpeiton oto Case 5 pe 0.256 m?,

[Tivaxog 6.8. H amaitovpevn empaveio 1ov evoALaK Yo k4B oevdplo

Heat Exchanger | Casel Case2 Case3 Case4 Caseb5 Caseb Case 7

Surface area
[m2] 0.265 0.261 0.287 0.258 0.256 0.279 0.276

6.4. Zvumepdopata

210 KEQAAMIO aVTO KATUOTPOONKE Oepuoduvapikd HOVTELD Yoo TN HEALTN LUOg
LKPTG OMOKEVIPOUEVIG LOVAOAG NAEKTPOTTOPAY®DYNG e aeplomoinon Propdalog. Q¢ kadoiun
VAN e€etdotnioy S0 oypoTIKd LIOAEIHATO, aVTé ToL NAlovBoL Kot To TLPNVOELAO Kot M)
1T1d. Zvvolkd perenOnkav 7 dapopetikd cevdpro.l'a va givar 660 to duvatdv mo akpipn
Kol va TPocopoldlovv 660 TEPIGGOTEPO  YIVETOL TN GCLUTEPLPOPE TOV KOLGIUMV,
elonNyOnoov O0edopéva OV TPOEKLYOV OO TS TEWPOUOTIKES OOKIUES TOV KePaAaiov 5.
Yvykekpyéva, ypnowomomdnka to pebdvio, ot mMGOCGEC KOU TO TOGOCTO UETATPOTNG
eEavBpaxopatog oty aépla edon. Ta tapandve Tpoidvto o€ HTOPOLY VO TPOGOOPIGTOVV
amd TN YNUIKY 160ppomia, Tapd vo, Tovg 000el o TN gumelpkd q vo xpnoyLomombovv
OTOTEAEGLOTO TEPOAUATWOV.
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H ovotdon tov agpiov cuvBeong mov mapnydn elxe peydleg opotOTNTES KoL Yo To, VO
Kavoua. H onuavtikn topdpuetpog mov kabopilel ) chotacn tov agpiov, TV mopayorevn
TOGOTNTA  TOL, OAAG KOl TNV TNAEKTPOTOPAY®YY €vol TO TOCOGTO  UETATPOTNG
eEavOpakopotog oty aépla edorn. Oco avédvetor 1o eEavOpdKmuo TOV HETOTPENETAL OE
aéplo. pAcT, TOCO OEAVETOL 1| PO TOV TOPAYOUEVOL 0EPIOV, OAAG KO 1) NAEKTPOTTAPOYMYY).
H enidpaon tov e€avBpaxdpotoc ot cbotaon Tov aepiov ivarl KataAvtikn, kabmg 660
av&avetal pe TV Avodo ¢ HeTafOANG Tov avBpakoa, avéaveTol To LoVoEEISIo Tov dvOpoaKa
KOl TOVTOYPOVO TOpaTNPEITAL LEIDOT) TOV VOPOYHVOL Kot TOL O10EELBT0V TOL GvOpaKa.

H «xpbdo anddoon aepiov» (CGE), kabnbg kot n ynukr Oeppotnto tov mopayopevon
aepiov, cvumeplpépovtol e tov 010 TpOTO Omm¢ Kot 1 cvotacn tov. To péyeto CGE
TapoTNPNONKE KOTE TNV 0EPLOTOINCT QYPOTIKOV LTOAEWUUATOV HE OAMPivn Kol TOGOGTO
petatpomng e€avOpakmpotog 98%, pe 85.54% kot avtictoiyws ynukn Oepudtmra 4.27 MW.
AvtiBétog, 10 ehdyoto CGE mopovcidotnke oto Case 2 pe 62.9% wor ynuikn Beppomnta
3.12 MW. H nAektpomopaymyn Topovctalel Kol quTy] TV 1010 GUUTEPIPOPA LLE TO TALPOTAVED
peyen.

H amopdxkpouvon tov moecov enttedydnke péow mivvtpidag Venturi. H cuykekpiévn
teyvoloyia eivor evpémg Oadopévn yoo TNV KOTOKPATNOY MOCMV, OAAG TO UEYAAO
HELOVEKTNUA TNG €lval Ol HEYAAES KATAVOADGELS VEPOL oL amoutovvrtal. ['a 1o Adyo avtod
npoteivetol avtiio 1 omoia o petagépel 1o eEgpyopevo dtdhvpo omd TV TALVTPIdL o€
povéda eneEepyaciog Tov vepov, pe okomd va kabapiletal Kot va eMGTPEPEL GTNV TALVTPIOO.
O VOAOYIGHOG TV EVEPYELOKADV OTALTNCEMV TNG aAvTAioG dev omoTédece UEPOG TNG MEAETNG
TOV TOPOVTOS KEPAAAIOV.

251



EAnvuc [epiinyn / Kepdiowo 7

/. Merhétn mniekTpomopayoyns pe ogpromoinoen  Propalog
TPOTOTOLOVTUS VPLoTdpevn povada Diesel oto viei tng Aécfov

7.1. Ewcoyoy

Ymv  EAdda 10 obommuo mAektpomapaymync eivor  yopiopévo oe: (i)
Sl0oLVOEdEUEVEG  HOVAdES (KLPIMG MYVITIKEG) otV MuEWPOTIK yodpa kot (i) un
oLuVoedenEVOLS otafuovc ota vnold pe elcayopevo metpéhoto. H mopaymyn mAekTpikng
eVéPYELOG G€ UN oLVOEdEUEVA GLGTNUATO OTH VNOIOTIKY EALGSa amotelel puéypt ko onpepa
peilov mpdPAnpa, TG5O Y10 0IKOVOLKOVS 0G0 Kot Yol TEPPOAAOVTOAOYIKOVS AGYOLC.

H ovvolikn mopayopevn amd meTpéAato 16Y0G oTe EAAMVIKE VIOLA avEPYETOL OTA
1805.9 MW pe 35 oavtdovopovg otofuodc[96]. Ov cuykekpuyléveg avTtOVOUES HOVADES
AVTITPOSHOTEVOVY TO 66.1% TG GLVOAIKNG 16YV0G TPpoEPYOUEVNS 0md TeTpéAato otnv EAAGS
[96]. To koctoc Yo 1 MWh otig vnolotikég meployég e€aptdrat dpeoa and Tig diebveig Tipég
Tov vtileAd 1 Tov palovt [96].

To oVvvoro TV ekmepmodpevav aepiov Beppoxknmiov and 19 ctabupovg ot omoiot dev
elvar dtaovvoedepévol e 1o diktvo vrepPaivel katd ToAD To Opla. mov £xovv Becmiotel amd
mv E.E [244]. Avtéc o1 19 avtdvopeg povadeg amnodidovv to 98.7% tng mapayOrevns 1oyvog
otV ynowwtiky EAAGSa [245].

Ot onpavtikdtepeg dopopés Hetalld TV avTdVOU®V GTAOUOV NAEKTPOTOPAY®OYNG Kot
avtdVv mov Ppiokovtor oty nrepotiky EALGSa sivar ot €ng [97]:

e Agv umapyel SuvaTOHTNTO KATAVOUNG TOV POPTIOL GE TEPUTTMOCELS AVEAVOUEVDV

AVaYK®OV.

e H napaywyn niextpikng evépyslog tov vnolov Baciletar og ent 1o mAeictov o€ éva
otafuo. Avtd £xel WG GLVERELN TOL OO0 TPOPANLLOTOL ATTOVTMOVTOL GTT| LOVAOQ
mopay®yng vo petafipdlovtat kot 6to HikTvo Sovoung.

e  YuvNOmc 0 CLVTEAEGTNG POPTIOL Eival aPKETE YAUNAOGS, AAUPAVOVTOG VTOYY TO
péyebog tov otafpov. Avtd ogeidetal 6To YEYOVOS OTL LOVO Yol oL LIKPT XPOVIKY
nepiodo vapyel vyMAn {RTnon nAekTpomopaymyNs. AvtifBETms, ot Heyolvtepn
OLIPKELNL TOV £TOVG O AVAYKES NAEKTPIKNG EVEPYELNG EIVOL OPKETA LELOUEVEC.

Apxetd vnoid, kvplog ta peyodvtepa, mapovotdlovv mAovcto dvvapkd Bropalog g
omolag To gvePYENKO TTEPIEXOLEVO gfvol dVVATO VO TO EKUETAAAELTOVUE E1TE V1oL TOPAYOYT
Beppomrag eite yuoo niektpomapaywyn. Ot mocotTeg ™G Propalog yoo v mepinTmon g
TOPOYMOYNG NAEKTPIKNG EVEPYELOG TPEMEL Vo glvol TETOlEG MOTE Vo KoAvmtetar 1 {\Tnon,
KkaBmg ko va dtac@arileTon 1 cuveyNg TPOUNBE TOL KAVGIHOL GTO YMPO TOL GTOOLOV. XTO
opdv kepaiowo Ba peretnBel n dSvvatdtnTa NAekTpoTapAy®YNS HE agplomoinom Propdlog
TPOTOTOIDOVTOS L0 VOIOTAUEVT povdda viiled yio to vnol g AéoPov. Zmmv Ewovae 7.1
epeavifetat 0 APTNS TOL VNGOV LLE TO VOIGTAUEVO OTKTLO OLLVOUNG NAEKTPIKNG EVEPYELAGS.
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H AéoPog eivar éva avtdvopo, pn Socuvoedeptévo He tov Tomkd otabud mopoymyng
NAEKTPIKNG evépyelog vnoi. Xto otabud g AéoPov vmdpyovv 11 Beppukésg povadeg
niektpomapaywyns (10 palovt — 1 vtiled), cuvolkng eykateotnuévng woyvog 78.5 MW. H
gtnoto {non yuo nAekTpikn evépyeta yio o £to¢ 2010 frav 356.5 GWh ue @oprtio ayung
65.77 MW. X210 ynol vrdpyovv kol 2 aioAikd mwapka pe woyd 11.5 MW. Zrtov Ilivaka 7.1
nmapovotdlovtal ot 11 Bepikés povadec tov violov.

To oiktvo dtovoung evépyelng Tov vnolol amoteAeitonr amd 13 YPOUUES HETAPOPAS
peLLOTOG, €K T®V omoimv 12 uéong taong (20kV) kot pa vynAng taong (66kV). Ot ypappég
péong taong amotehovvtol omd S Ypoupég yio T Stavoun omd To €pY0sTAGlo 6TV TOAN TNG
Mutiiivng, 6oL TaPoLGLALOVTOL Kol Ol LEYOADTEPES AMOTNOELS Yo pevpa. EmumAéov, amd 10
oLYKEKPLUEVO oTaBNd akdpo 2 ypoupés katevBbvovior mpog ta xwpld tov vnowov. Ta
VIOLOITOL Y OPLY NAEKTPOSOTOVVTOL OO 5 YPAUUES Ol OTTOIEG PEVYOVV OO TOV LTOGTAOUO TNG
KaAlovnic [102].

[Mivokog 7.1. ot 11 Bgpuiég povadeg e AéoPou [104]

Unit Year of erection Fuel Capacity (kW)

1 | GMT A420.12 1983 Mazut 5850
2 | GMT A420.12 1984 Mazut 5850
3 | GMT A420.12 1984 Mazut 5850
4 | FINCAN-SULZER 18ZAV40S 1998 Mazut 10720
5 | FIAT C4212ESS 1975 Mazut 4000
6 | FIAT C4212ESS 1975 Mazut 4000
7 | FIAT C4212ESS 1975 Mazut 4000
8 | CEGIELSKI 9RTAF58 1988 Mazut 11000
9 | WARTSILA 12Vv46B 2000 Mazut 10360
10 | ABB STAL GT35C 1994 Diesel 15500
11 | CEGIELSKI 16ATV25H 2002 Mazut 2750

Total \ 78530

A
;-:7[»{'?"-\‘_,,\

Ewoéva 7.1: O yaptng e AéoPov pe 1o diktvo dtavoung nhektpiknig evépyetac. [102]
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7.2. T'evikég mAnpo@opieg Yo 10 vioi tng Aécfov

To vnot g AéoPov PBpiocketar oto Bopeloavatolkd Atyaio, €yovrag éktacn 1630
km? ko mAnBvopd 109000 kotoikwv. To vnot eivon €0pa g eprpépetac Bopeiov Atyaiov,
otV onoia meptlapfdavovtat ot vopoi Xiov, Ldpov kot AéoPov [99]. H AéoPog sivar po and
TIC LEYOADTEPEG TTAPUY®YOVS eEAaoAdoov oty EALGSa, apol kdbe xpovo mapdyovtol tepinov
17000 tovor Aadiod [100]. Metd 10 TéAOG NG TOPOUYOYIKAG Ol0dIKAGING TPOKOHTTOLV
ONUAVTIKEG TOGOTNTEG TVPNVOELAOV O1 0TOiEg HITopPovV va. a&lomotnBodv wg KaHGLUN VAT).

7.3. Avvopko propdalog

2oppava pe ™ Paon dedopévav tov Kévipov Avavedoipov [nydv Evépyslog (KATIE)
[103] otov mopakdtom mivaka mapatibeviol ot popeéc Bopdlos Tov amavI®VTaL GTO VNG TG
AéaPov.

[Tivokog 7.2. Atabéoipo duvopikd Popalog oto vioi yio to 2013 [103]

Bio-Fuel Available (ton) Energy (GJ)
Olive kernel 17000 293250
Agro-residues 1348 12184
Trees pruning 87353 937500
Municipal Solid Wastes 35680

[Mopatmpdvtag Tov mapandve mivaka, E0KOA TPOKLITEL TO GLUTEPAGUA OTL TO VNGOl
g AécoPov dwbéter peydhes mocotnteg Propdlog ot omoieg Ba pmopovoav duvnTiKd v
a&lomomBovv ®g KaOoiUn VAN Yo Topoymyn NAEKTPIKNG evépyetlas. [lapoia avtd vrdpyovv
apKETEG OVOKOMES (MOTE OLTEG VO AMOTEAECOVV TNYY| MAEKTPIKNG EVEPYEWG OE UEYAAN
KMpoko. X0yKekpluéva, eV VITAPYEL CUOVTIKT TOGOTNTO OGTIKOV OTOPPYLATOV, TO YEYOVOG
otL yopaxtnpifovion and pikpn Beppoydvo dvvapun, to VYNAL T0c0oTA VYPAGiag Kaddg Kot ot
evoolaG ol Tov vEioTavTol 6g EMINMESO TOMKNG KOWVOVING dSVGKOAEHOLV TNV EKUETAAAEVOT|
ToUG o¢ peydAn wAipaxo. Ta aypotikd vmoAeippota koO®OG Kol TO LTOAEIUHOTO TOV
KAOOEUATOG TV OEVTIP®V ATOTELOVV TEPAGTIEG TOCOTNTEG OV TAPOUUEVOVY OVEKUETOAAEVTEC,
N EALEWYT YVOONS OULMG Y10 T GVOTAGCT) TOVS omd TNV vrdpyovsa PiPAioypagia, dnpovpyet
10 mPOPANUe KaThoTpwong oevapiov oo v Ogppoynuukn tovg aglomoinom. Aiywmg
dtepehivnon g oLOTOoNS TOLG 0V efvar duvatdv va Yivel 0 EVEPYELOKOS IGOAOYIGUOG Kol
KOTQA OULVEMELWD 1 Ol0TACI0AOYNo PAcIKOV oTotyeiwv. ZUVAUO OTovVIOVTOL OPKETEG
OVOKOAIEG OVOPOPTKA LE TN LETAPOPA TOVS OO OLAPOPETIKA LEPT) GTO GTAOUO.

Aappavovtog vrdyn OAa o TOPOTAVE, Y10 TOPUY®YT NAEKPIKNG EVEPYELNS LECH TNG
Beppoynuikng  depyaciog g aepromoinomg, mPotEiveETOl  ®G  KOWGUN VAN TO
ghatomvupnvocovro. To mopnvocvro sivor éva Prokavoipo pe vynin Beppoydvo dOvoun ko
umopel va. cuykevipwbel oyeTikd €0KOAO GTO YMOPO TOL oTABHOL pe PuToPOP, OEOL 1
EVEPYELOKT TOV TUKVOTNTA VOl 0pKETE PEYEAT.

7.4. TIpotelvOPEVO GUGTILO NAEKTPOTAPAYMDYNS
210 Tapov kepdioto Bo peretnBel n tpomomoinon piog veloTapuevng Oepikng Lovadog

oto vnot ¢ AéoPov, dote va dexTel MG kKavoiun VAN To Tapayouevo aépto cvvieong mov Oa
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TPOKVYEL OO TNV 0EPLOTOINGT TOL TVPNVOELAOV GE AVTIOPUGTIPA PEVCTOTOUEVNG KATVIG.
Juykekpluéva, 1 pog perétn vmapyovco povada eivor 1 CEGIELSKI 16ATV25H pe
ovopaotikn oy 2750 KW xow étoc Aettovpyiog to 2002. H ovykekpipuévn povada
TpoteiveTonl yloTl etvar 1 LIKPOTEPT), HUE OMOTEAEGLLO VO UMV OOLTEITOL 1 EYKOTAGTOOT €VOG
UEYAAOL GULOTHLOTOG OEPLOTOINONG, KOl CLUVApN €ivor M To VEL HOVAda TOL VNGOV UE
AmOTEAECHO VO, Elval TO gVKOAEG o1 Omoteg Tpomonooels. Xty Ewkéva 7.2 mapovoidleton
L0l ETOTTIKT] AMEIKOVIOT] TNG TPOTEWVOUEVNC EYKOTAGTACTC.

210 mapodv kepdrowo Oo peretnBodv dvo ocevapa. To o oevdpio Ba eivor 1
NAEKTpOTAPAY®YN HEC® TNG Oeproynmuikng diepyaciag g aeplomoinong Tov TupnvoEvAoL
Y10 TOVG UNVES KaTA TOVG 0moiovg 1 evepyelakn {ntnon eivar vynAn (Mdawog — Zentépufpiog),
KaODC TpoOKELTOL Yo TEPI0SO e £VTOVI TOVPLOTIKN dpactnptotnta. To B’ cevaplo Ba apopd
TOVG UNVEG IE GYETIKA o yoUNAd emineda evepyelak®mv anattnoemv (OkTtdPprog — Ampiiiog).
OvolooTikd 1 povn 01popd avapeso oto 000 Gevapla eival n dlapKel AElTovpyiog NG
povadag, dpa kot To KO6TOS 160 ymyNS HalodT Yo TNV TPOPOSOGia TNG UNYXUVIG ECOTEPIKNG
kavong (MEK).

Apywcd Bo kotaoTpmBel 0 evepyelaKoOg 1GOAOYIGHOGS Yo OA0 TO Beppikd otabud dote vo
yivelr n dtwotactoldynon tov. Ev ovveysio Oa mapovciactel 11 kooTOAOYNON TG HOVADAS LE
dv0 dropopeTiké peBodoroyies.

Olive Kernel

P Internal
Gasification Raw Gas Clean _

J
]
-

A\

Ewova 7.2 Zynuotikn aneikdvion e evepyelakng povadag aglomoinong mupnvosvio.
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7.5. Ioolvywa paog & evépyerag

‘Exovtag cav dedopéva to ovopaotikd eoptio g MEK (2.75 MW) kot 61t tétotov
€100VG CLGTNUOTO NAEKTPOTOPOUYOYNG MEGH TNG OEPLOYNUIKNG dlEPYATING TNG OLEPLOTOINONG
evopéva pe MEK éyovv pia péon anddoon 25% , mpokdmtel 0Tl 0 0EPLOTOMTNG TPEMEL VAL
€xel Beppcn woyd 11 MW. H povada aneikoviCeton omnv Ewéva 7.3. £10 kT PEPOG TOV
Sy pAUUOTOS PONG TNG LOVADAG VTTAPYEL TIVOKOG LLE T OVO TPOTEWVOUEVO, GEVAPLAL.

Air

Luntex  Feeding  lota Teeding

’ ,_.,_;‘;..-_._.4 il o rate raw
= Thaeontll) Operaibn (k=1 (ron/gp cration
N (months) heurs)
- g 54 Scenario 5 200 734 ton/
5 7 4 <3 1 (11 3672 h
= ‘ MW th)
Scenarip T 20C 10520 ton’
2 11 5132h
MW th)

Ewova 7.3: Aneicovion povadog a&loroinong mtopnvo&viov pe MEK

7.5.1. Tufqpo agpromoinong

Eniléyeton  avtidpaocmpog avappdlovoag pevotomomuévng kivng, kabmg ot
AVTIOPACTNPES PEVOTOMOMUEVNG KATVIG avakuKAoPopiag evdeikvovTal Yoo LEYOADTEPTG TOV
20 MWy, povadec. Ot povadeg avakvkAopopiag, oe avtiBeon pe avtég g oavaPpdlovcoag
Katdotoong, tapovctdlovv avénuévo Babud amddoons, Tavtdypove OUmG N TOAVTAOKOTNTA
gtvorl peyolvtepn, He omoTéEAEGUA TO KOGTOG TOV aeploToTn va eivar vépoyko [91, 105].

O avtwpaoctipag TEPIAAUPAVEL TNV TTEPOYN] TNG PEVCTOTOMUEVNG KAIVING Kot TNV
neployn amepmiokng (freeboard). Xto kOplo pépog oL avTIdpaCTAPA GLVTIEAEITAL T
aeplomoinon oe koatdotaon ovaPpalovcag pPeLCTOTOINGNG, GTNV OO0 LITAPYEL CLDPTLO
Kowoipov, adpavovg vAMKoL (oAPivng) kot avopyovev evocenv (téeppag). H meproyn
ATEUTAOKNG €lval TO TOV® PEPOG TNG KAVNG, TO OTO10 TOPOLGLALEL HEYOADTEPT OLAUETPO HE
AmOTELECO TN UEIOT TNG EMPAVEIOKNG ToOTNTOS. AVt M adEnon TG dpéTpov yiveton
®ote vo odnynbovv ekTOG ovTOpacTipa TO. avépyava, To omoia &v ocuveyeio Oa
KataKpaTnOovy amd Tov KUKAOVA. AVGTUYMG, EKTOG KAIVING GELYOLV KOl COUATIOW HKPNG
SWHETPOL TOL adPavODS LAKOD KaBdG kot e€avBpdkopa. O agplomomtig Asttovpyel oe
Oepuokpacio 800 °C, micon 1 bar kot éxet xpovo mapopovig copatidiov 4 S.

256



EAnvuc [epiinyn / Kepdiowo 7

Kdétm and tov 6100K0pmioTh amd ToV 0ol EIGEPYETOL O AEPOS VITAPYEL TEPIGTPOPLKOG
KoyAMog amopdkpouvong g t€eppag. Aépag péel oe avtifetn pon pe To Pripo Tov KoyMa, pe
OKOTO TNV EMOTPOPN TOV COUATIOI®V TOV adpavovg LAIKOD otnv kAivn. To mapayduevo
aéplo eE€pyetal omd TO MAV® UEPOG TOVL OEPLOTOMNTN, OEPYETOL GE EVOAAAKTN KO, &V
GLVEYELD, GTOV KUKADVA.

H Aertovpyic tov agpromomty] elvar vo pHeTATPEYEL TN OTEPEN TPMOTN VAN
(mupnvoévro) o aéplo ovvbeong. To ypnoyomolovUEVO HEGO aeplomoinong eivarl aépag, o
omoiog €yel mpobeppavOel amd Evav evarlaxT.

To aéplo mpoidv mepi€yet:
e Kavowa cvotatwkd: CO, Hy kot CHy

e Adpovn ovotatikd: Nz, CO; kot H,O

e Xg KpOTEPO TOGOOTO drpopa Tapompoidvta: ticosc, HoS, NHs, HCN, HCI,
aAKdAlo o€ aEpLo pAoM

H meprextikdomra tov agpiov oe almto givar vymidtepn amd ta GAAN GLGTATIKA (TEPIMOV TO
45% tov agpiov) Adym NG XPNoNG ToL 0épa ®¢ HéEGo agplonoinong. To axatépyacto aéplo
oLVBeoNS, APNVOVTOS TOV KUKAMVO, TEPLEYEL APKETH LEYOAO aplOUO GTEPEDV COUATIOIWV.

7.5.1.1. Kavowo (ropnvolvlo)
2tov mapaxato [ivaka aivetal n cvotacm Tov kowsipov. Ot avaidcelg Yo Ty €0pecn g
6LGTAOTG TOL Kavaipov deénydncav oto gpyactiplo tov EKETA oty [TtoAepaida.

[Tivaxa 7.3. Zbotacn mupnvoEuilov

Fuel Olive kernel

Moisture (wt.%a.r.) 7.85

Proximate Analysis (% wt. d.b)

Volatile matters 80.49
Fixed carbon 7.90
Ash content 11.61

Ultimate Analysis( %6 wt. d.b)

C 49.48
H 6.20
(@) 37.3
N 171
S 0.16
Cl 0.30
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2m ovvéyela péom g e€lowong 1 vroloyileton 1 Bepukn 130G TOV KOVGILOL Kot TaL
amoteléopata topovotdlovrol otov Ilivaxa 7.4.

Q.- »
[Tivaxog 7.4. ATOTEAEGLOTO VITOAOYIGUAOVY Y10 TNV €16000 TVPNVOELAOV GTOV OEPLOTOMNTN.
Variable Symbol Quantity Unit
Fuel rate Miyel 2000 kg/h
High Heating Value HHViyel 20.98 MJ/kg
Low Heating Value LHViyel 19.63 MJ/kg
Thermal Input Qruel 10.9 MW
Fuel density drel 850 kg/m?®
Fuel volumetric rate Viuel 2.35 m°/h

7.5.1.2. Méoo pevoromoinans — IlpoBepuoouévos 0gpag

O aépoc ewoépyetor otov oaegplomomt pe TN Ponbewn €vOg CLUMIEST] OOTE Vo
avTioTafotel 1 TTOoN TECNG MOV EUPAVILETOL GTO GVGTNUA TPOPOSOGING, GTOV EVOAAGKTY
aALQ KOl o€ OAOKANPYT TN HOVASO OEPLOTOINGNG. XTr GCULVEXEWL TO OEEWMTIKO WEGO
npoBeppaiveTor amd to mapayduevo aépro pe T Ponbeia evog evarrdaktn. To dedopéva
€16000V TOL AP GTOV O.EPOTOMTH LETA TNV ££000 TOL OO TOV EVOAAAKTN Qaivovtol GToV
[Tivaka 7.5. H mokvdmrta tov aépa katd v €£0d0 tov omd Tov evaAAdKTn vtoloyileTol amd
™V TopaKato eEicmon:

2-0.0039-T

out,air, |

°18-10°-T

out,air, |

d..= 3107 T, 4, —8:107°-T,

out,air, |

+1.2615 )

[Tivaxoag 7.5. Aedopévo VTOAOYIGUMV Y10, TNV 16000 TOL AEPA GTOV OEPLOTOMTH

Fluidization medium Symbol Quantity Unit
N, Xna. air 76.9 %
O, X02, air 23 %
H,O XH20, air 0.1 %
Ambient Temperature To 25 °C
Pressure operation P 1.15 bar
Inlet Temperature Tinair 264 °C
Density of inlet air air 0.66 kg/m®

O ortoyglopetpikdc Adyog aépa — Kawoipov (3), 1 TPAYUATIKY Tapoyn Tov aépa avd Kg
Kawoipov kot 1 poalikn wapoyn tov (6) vroioyiCovrar yio 4=0.3 pe t1¢ mapoxdtm eEI6OOEIC:

2.67-C+8-H, +S_Oz,fue|
st o)

. C
Air_ . =[—
stoich [12

3)
2,air

H N S 0O, 100
+Z+—+ ——]-—-

— 224 3
214 32 320 21 Mhue [Nm’/h] @)
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AF = 1-AF, [Nm’/h] (5)

m = AF e Mgy [ka/h] (6)

air, gasification

[Tivakag 7.6. AToTEAEGLOTA VTTOAOYIGUMV YLl TV £16000 AEPO GTOV 0EPLOTOINTN

Variable Symbol Quantity Unit
Lambda A 0.3
Density of Air (normal conditions) o air 1.17 Kg/my®
Equivalence ratio AFg 6.28 KQair st KOruel
Real quantity of air for gasification AF 1.89 KQair/KOsuel
Mass of required air for gasific. Mair gasification 3780 kag/h
Required volumetric rate of air Air gasification 3230 mn°/h

7.5.1.3. Aépio Zvvheonc

To mapoayodpevo aéplo ocvvheong vIOAOYIoTNKE GTNV ££000 TOV OEPLOTOINTY HE TN
BonBewor tov ASPENDpIus (kepdAaio 6) kot 61OV TOPAKAT® TivOKo Topovetdaloviol ot
GUYKEVTPAOGELS TV KOPL®V aepimv mov to amaptilovv.

[Tivaxoag 7.7. Zvotaon aepiov kot Oepproydvog dvvaun Tmv GLGTATIKMOV TOV

Composition Yi LHV; (MJ/my°)
of Syngas (% vIv)
CoO 20.8 2.27
CO; 9.4 -
CH, 2.9 2.65
H, 22.2 2.6
N, 36.4 -
H,O 8.1 -

H 6eppoyovog dvvaun tov aepiov cvvbeong oe MJ/my® vroroyiletar and TOovV TOPUKATE®
TOTO:

LHV, . =Y. -LHVoo +Y,,, - LHV, , + Yo, - LHV,,, [MI/N?] )

syngas

O pvOuog mapaymyng Tov aepiov cLVOEGNS VITOAOYIOTNKE HE TIG TOPAKAT®O €EIGMOELS Kot
oatvetan otov Ilivaxa 7.8.

N2 fuel AF - N2 air
Nygin = — ’ [kmoln/KOruel] (8)
MrNZ
N =z [kmOlgas/KGtuel] (9)
) =y gas/ KQfuel

N2
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Nitrogen Balance Symbol Value Unit
Inflow N, NN2,in 0.03 kmoln/Kguel
Outflow N5 Yn2 0.451 kmoln/kmolgas
Syngas production
rate (N, balance) Ngas,(N) 0.06 kmolgas/KQuel

H xototepn Oeppoydvog dvvaun tov agpiov oe MI/Kgruel kobdc kot 1 Oeppukn 1oydc Tov
aepiov ovvOeong TPOKVTTTOLY OO TIC OVO TOPUKAT® EEIGOCELS:

LHVsyngas = z HV, = Z(Y| ' LHVI ’ ngas,(N))

Q' _ m fuel” LHVgas
3600

[MJ/KGsuel] (10)

[MW] (11)

H palikq mapoyn tov agpiov ocvvBeong mpoxvmier and to 1colbyo pdlog otov
OLEPLOTTOMNTY] YO YVOGTY] TOPAYM®YN TEPPAS, T OTOl0 TOPAUEVEL EVIOC TNG PEVOTOTOUNUEVIG
KAivng 139.5 kg/h (60% g té@pag Tov Tup1NVOELAOL).

mgas = Myt T Myir = Myegash

fuel

[kg/h] (12)

Ev ocvuveyeia vmorloyiotnke 1 Guvolikn BeppoympnTikdtnTo TOV TOPAYOUEVOL aepiov
otovg 850 °C, n omoio Tpoékvuye peTd TV evpeot TG OeproympnTIKOTTAC KAOE GLOTUTIKOD
ue xpnomn tov otabepdv e101KNG Oeppotntog télelwv agpiov [101].

Cpi =8 +b T+, T?+d, T3

C.i X,
Cp,gas:z F;\YAB' )

Xi: n VIV ohotaon tov kdbe agpiov

[ki/kmolK]  (13)

[kJ/kQgasK] (14)

[Mivaxag 7.9. Yroloyiopdg Oepuoympntikotntag Tov aepiov ovvosong otovg 850 °C

Cp Cp*Xi/MBi
(kJ/kmolK) (kJ/kggasK)
co 33.6 0.21
Co, 55.8 0.15
CH, 220.6 1.02
H, 30.7 3.68
N, 33.2 0.3
H,0 42.9 0.115
Syngas 4.45
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[Tivaxoag 7.10. Xapaxtnpiotikd peyéon tov mapoayouevou aepiov

Syngas Symbol Quantity Unit
Gasifier Temperature Tqas 800 °C
Low Heating Value LHVeyngas 7.6 MJ/my®
Low Heating Value LHV gyngas’ 10.3 MJ/KGsuel
Mass rate of Syngas Mgas 5600 kg/h
Syngas power Qsyngas 8.2 MW
Syngas density do syngas 0.5 Kg/my®
Syngas volumetric rate Vo syngas 11200 mn/h
Heat capacity Cr.syngas 4.45 kJ/kgK

7.5.1.4. Anwleies opyavikod poptiov

To adpavéc vVAIKO ™G KAIvng (oAPivig) Tpémel Vo avaveEDVETUL JOPKDS HECH TOL
AVTOUOTOV OOCOUETPIKOV GLOTNUATOG (45 Altpa/dpa). O oMPivng amoppinteTon amd toOv
aegplomomty] pe M Ponbewn petapopikod KoyMo c€ aePOCTEYES OOYEl0 Yoo TEPALTEP®
a&lonoinom tov.

Aoppdvoviag vmoOyly TV TEPLEKTIKOTNTO TOV KOVLGIHOL G€ TEPPOU KOl TNV
TEPLEKTIKOTNTA TOV TOPayOUEVOL aepiov oe micoa kot eEavOpdKkopo, vroAoyioTnKav 1
polikn wopoyn TEPPAG TOL TOPAUEVEL EVTOG TNG KAIVNG, M IMTAUEVN TEPPA, 1| CLYKEVIPOOT
TOV TIOoOV KOONOS Kol 1) TEPLEKTIKOTNTO o€ ££avOpaKkmua 6TO TOPAYOUEVO aEPLO.

[Tivaxoag 7.11. Yroloyiopol mapaymyng t€epag, micoog, eEavOpakdatog

Carbon Losses Symbol Value Unit
Fly ash 0.4 X o et * My 93 KGftyasn/h
production Miyash = 100

Ash accumulation 06X g oM 1395 Kgpedash/h
in bed mbedash = 100

Tar concentration dtar 55 JrarMN®
Tar production e 61.5 kgtar/h
rate Myegash = m *Vo,syngas

Tar Heating HViar 22 MJ/KGtar
Value

Char dchar 3.2 gchar/mN3
concentration

Char production d ey 35.8 kgchar/h
rate mchar = 1000 * Vo,syngas

Char Heating HVchar 28 MJ/KQchar
Value
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7.5.1.5. Yroloyiouog yoypod Pobuod axodoans ogpromoinong

H mo «xown éxepacn vy v onddoon aeplomoinong oTePEdY  KOVGIU®V
oLoyeTilovTag avTIdPOVTO Kol TPOIOVTa, £ival aVTN TS YOYXPNS XNUKNS amddoong agpiov [8,
167]:

n, = o _ o 75 (15)

cg
fuel

To pelovékmmuo tov mopamdve TOmov givol 0Tt 0ev AapuPavel vdyy v oacOnm
BeppotTa mov mePIExETOL 6TO EEAVOPAKMLN TOV TTapayopevoy aepiov. H Bepuotnta avtn dev
glvol GUeECH EKUETOAAEDCIUN OTNV Topaywyn 16yxvoc. Me Bdon avtdv Tov 0pioud, 1 YNUKN
amdd0on 0EPIOV TPOEPYOUEVOL amd aALdOepUn aeplomoinot Bo pmopovoe va PTACEL GE TUUES
UEYOAVTEPEG TNG LOVADAG, ENMELON N EEMTEPIKA TPOGOIOOUEVT] OepLuKn evEpyeta de AapPaveTon
voywv[8, 167].

7.5.1.6. Metatpornn avBpaxog atnv oépia paon

I'vopilovtag ) ocvotaom tov kovcipov (Ilivakag 7.7) kol Tov mapaydpevov aepiov
obvBeong, vroloyiletar  petatpomnn avOpakog oty depia eaom (CO, CHy, COy).

[Tivaxoag 7.12. Metatponn dvBpakog otnyv aépia gdon

Carbon Balance Symbol Value Unit
mole C in CO N CcO 0.0065 kmolec,co/kdgas
C,CO — MBCO

mole C in CO, nC,COZ 0.0027 km0|ec,c02/kggas
mole C in CH4 Ne.cha 0.0046 kmolec cha/Kdgas
Total C Ne total 0.013 kmolec total/KQgas
Carbon mass in syngas Me gas = Ne o - MBg 0.121 Kgc/KQgas
Carbon rate in syngas Mo gas = Me gas * Meyngas 8735 KJc,gas/N
Carbon rate in fuel M o = Me e Mier 989.6 Kgc fue/h
Carbon Conversion o Me gas
Efficiency CCRY% == 88.3 %

C, fuel

[Mapampadvtog tov mapamdve mivako, courepoivetor ot 88.3% tov €15Ep)OUEVOL
avOpaxo petatpémetol ota tpia otabepd aépio (CO, CO, CHy), evd 1o vmodrowmo 11.7%
Bpioketar evidg tov €£aVOPUKOUATOG TOV OEV PETATPATNKE GTNV 0EPLO PAGT, KOOMDS Kot
EVTOG TOV EAOPPDV VIPOYOVAVOPAK®V KOl TOV TIGGOV.
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6.5.1.7. Evallaxtng Ocpuotnrog

Ot tmot evolhoktov keAv@ovc-coAnveov (Ewkdve 7.4) elvar ot mo evpémg
dradedopévol. QoTdG0, VILAPYOLY APKETOL TUTTOL. L& AVTO TO KEPAAMIO YIVETOL OVAPOPA CE
TPELG TOTTOVC.

O evolAddxtng otabepod avAol eivor mHovoOTNTa AVTOG TOV YPNCLUOTOIEITUL [E TN
peyaAvtept cvyvotnta. H kataokevn elval amAn Kot otkovouikn. To ecmTePIKod TV aLAGV
umopel vo KaBaploTel pnyovikd M yNUIKA, evd To €E®TEPIKO TOVG YperaleTar yMukod
KaBapiopd. TToAréC popég ypnoomoteitarl £vag aoKOG SGTOANG YLl VO OTOPPOPNGEL TIG
vrepPorkég TAGEIS TOL TPOoKAAOVVTOL 0td T Oepuikn dlactoAn [246].

O evaAldktng tomov avAov U €xel v wavotnto Vo amoppoPd TIS TACELS TTOV
opeilovtal otn Beppikn] dtouotodn. Q6TO6G0, 0 KaOAPIGUOG GTO EGMTEPIKO TV ALADV €lval
apKeETA 0V0KO0A0G. To KOGTOG AL TOV TOV TOHTOV EVOAAAKTN Elval TOPOIOLO LE TOVG EVOAAAKTEG
otofepmdv avAdv Yoo yapnAés miéoels Asttovpyioc. Otav Opmg av&dverar m mieon
napotnpeitor onuavtiky egowkovounon ypnpdtov. To kbplo peovékmud tov givar 6Tt dgv
pumopel va emrevyBel TANPNS avTppor] 6TOLG AWAOVS, EKTOC AV YPNCULOTOEITOL KEAVPOG
tomov F, eme1dn 1o kEALQOG anTo gival 600 SladpoUdVY e XK avakilaotipo [246].

O evaAhdxtng TA®TNG KEPOANG lval €vag MO CUUTAYNG EVOALAKTING, TOL £YEL TNV
wKavotTa vo Aettovpyel oe vynAég Beppokpacieg kot vymAég méoelg. Ovoudletal €10t yloti
10 éva dKpo NG déoung TV aLA®V Oev eival KOAMANUEVO 6TO KEADPOG Kol Gpa pmopel va
Kivettal yuo vo 01evBetel Tig TdoElg mov TPoKHTTOLY AOY® OBepuik®dV SuoToA®Y. AdY® NG
TOALTAOKOTNTAG GTNV KOTUCKELT TOL, €ival Katd 25% oakpiBotepog amd évav evarlakn
otafep®dV LADV, Yo id1o empdveto [246].

2y ovykekpiévn povéoa Bo vapyer €vag evaAlakIng, o omoiog Bo yoyer to
nopayopevo aéplo ovvleong amd tovg 800°C mpv pmel 6Tov KuKAMGVA Kol TouTOYpovo. o
npobeppaivel Tov a€pa TpoTov €16€A0EL oTOV avtdpactipa. [ dedopéveg Tic Beprokpacieg
€10000V ka1 €£000V TOL 0EPiov amd TOV EVAALAKTT, VITOAOYiI(gTan 1 BepikT] 101G TOL aepiov.

msyngas

3600 '(Tgas ,outheatex —T
syngas 1000 [246] [MW] (16)

gas ,inheatex )'C p,syngas

Q

2m ovvéyewr vmoroyileton M Oeppokpacio 6600V TOL afpa AmMO TOV  EVOAAAKTN
(Beppokpacio £1GOG0L TOL AEPU GTOV OEPLOTOINTN) LUE OOKIUT — GOAALLL.

Qqyngas ~1000

T

air ,outheatex :TO + m.. [246] [K] (17)
air_ @

3600

p,air @ Toutair
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Ewova 7.4:(a)Evaiiaxtng tomov BEM, (b) BEU, (c) BES [246]

OTOV Cp syngas M OeppOYOPNTIKOTNTA TOV OEPIOV GVUVOEGTG

Kot
cI%’:lir@Tout.alir = 2 '10_13 'Tair,outheatex“ - 7 '10_10 'Tair,outheatexs + 7 '10_7 'Tair,outheatexz _1'10_5 'Tair,outheatex +10068 (18)
Téhog, voroyiletan 1 Beppukn 10x0¢ €660V TOL CéPaL:
m i
i ﬁ : (Tair,outheatex _TO) ! Cp,air @Toutair
Qair = [MV\/] (19)

1000

Enopévoc, n empdvela evoAloyng yio 0epOYUKTO EVOALAKTY QVTIPPONG UTOPEL VoL
vToAoYoTEL WG EENG:

— _cyngas m 20

Do [m?] (20)
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AT, - AT,
ALl
in AT,
AT,

K] (21)

omov

ATm n péomn oMkn dapopd Beprokpaciog avapeso ota SV0 PELOTA

AT1m peyoAdtepn dopopd Bepuoxpacioc wov mapatnpeitan eite 6To €va gite 6T0 AALO dKpO
tov evaAldxkTn AT1=Thin — Tcout

AT n avtictoym pkpdtepn AT2= Thout — Tein

U 0 0AtkdG ouvieheoThg petopopdc Beppotnrog 35W/m?K [246]

[Tivaxog 7.13. Xapaxtnpiotikd pey€tn yio tov evarraktn Oeppotrog

Symbol  Value Unit

Syngas thermal Qyngas 0.67 MW
power

Air thermal power Qair 0.28 MW
T Syngas in Toasinheatex 850 °C

T Syngas exit Tgas,outheatex 750 °C
T Air exit Tair,outheatex 264 OC
Heat capacity Crair@toutair  1.036  kJ/kgK
Heat Exchanger A 30 m?
surface

7.5.1.8. Kvxlovac

Ot kOptlot Adyot yia TNV VPEMG O1ade00UEVT] XPNOT TOV KUKADOVOV givol TO yoUnAo
KOGTOG 0yopds, TO YEYOVOS OTL dgV £XOVV KIvoOueva LEPT, EVO givon kat apkeTd avOektikol. H
apyn Aertovpyiag Paciletor 6to Yeyovog 0Tl T0 COUATIOWKO POPTIO EIGEPYETAL GTOV KUKAMDVOL
epamTopueViKd omd to mive pépog. H pon tov aepiov avaykdletor Adym g Ye®pUETpiog TOV
KUKAMDVO, VoL S0y pAYEL GTELPOELON TPOYLA TPOG Ta. KAt [64].

H aocxobpevn @uyokevipog oOvoaun kobmg kot mn adpdvewo yivovior mn ottio o
copatiol vo KataAnovv oto kdt® pépog tov KukAwvo. To aépro, kabapd mAEov,
OTOALAYLEVO OO TO COUATIOW, EEEPYETAL OO TO TAVM UEPOS TOV KLKAMDVOL.

Ot kuKADVES 0O LOVOL TOVG d€ UTOPOVV VA O1cPaAicovy Tov emapkn kabapiopd tov
aepiov. To yapundd Vyog 6P TOL apYKoD KePOANiov, KOODS KOl M U ovVOyKOIOTNTO
GLVTNPNONG, TOVG KAPGTOOV 10aVIKODS CUYKPLTIKA LE TIG KOTE TOAD akpiOTEPES CLGKEVES
TEAMKOD EAEYYOV, OTMG TA GUKOPIATPO Kot To. NAeKTposTatiKA QidTpa. To kdcTOg TpounHetag
e€aptdtat amd TV amdd00T GLAALOYNG, TN OLKIVOVLEVT] TOGOTNTO aEPiOV, TNV TTAOGCT TTiEGNG
EVTOG TOL KUKAMVO, KOODS Kol To VAKE KOTOUGKELTC.

H ocuvnBng anddoon yu évav kukiava etvar 90% yia copatiow peyaidtepo and 10
um, eved dArot pmopovv va emtvyovy 99% amoddon yio copartidi peyodlvtepa amd 5 pm
[64].

2T0V KUKAGOVE TNG TApoVGOS LOVAdAS amopaKkpuveTal To 92% TG WmMTAUEVNG TEQPOG
Ko To aéplo ovvOeong veictatar Oeppokpacioky ntdon ion pe 70 °C [247]. Katd cvvénea,
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elvar moAd g0KoAo va vroAoylotel N LAl Topoyn TS TEPPOS TOV OMOUOKPVUVETAL, KOOMG
KOl TOV 0EPIOV HETA TOV KUKAGDVOL.

mflyash,cycl = ncycI ) mfIyash (22)

mgas,2 = mgas o mflyash,cycl (23)

[Tivaxog 7.14. Xoapaktnpiotikd puey€dn kokiova

Symbol Value Unit

Inlet syngas T Tin, syngas 750 °C
Outlet syngas T Tout, syngas 670 °C
Cyclone effiency Neyel 0.92

Mass rate of m 928  Kgriyasn/h
captured flyash flyash,cyc

Mass of syngas m 3687  Kggas2/h
without flyash gas,2

I'vopilovtag t0 ¥pdvo TOPOUOVAS TOV cOUATdImV Héca otov avtdpactipa (4 S),
KaBdg Kol TNV OYKOUETPIKN TOpOYN TOv 0épo yw TN Oepyacio g aeplomoinong (3230
mn/h), eivar Quctd vo LIOAYLGTOY Ot dloTdoels Tov KukAdva. Apyikd vroloyiletar o
OYKOG TOV O.EPLOTOMTH LEG® TNG TAPAKAT® e&lcmong:

AV
Trsigence = 5 [248] (24)

residence A
gasification

Me Pdaon v vrdpyovca PipAoypapic v depyacieg aeplomoinong  pe
pevotomomuéveg KAlveg avaPpalovoog katdotaong [247], 1o Oyog evog TéTOLOL
avTOPAoTNPO e BepUikn 1ox0 Gov oVTN TOV PEAETATOL YO0 TNV GUYKEKPLUEVT LOVAdD Efvat
6 — 9 m. Emiéyeton to vyog g pevctomoinuévng kKAivg va givor 6 m. Ipoxvntel Kotd
GUVETELDL OTL, Y10 KUKAIKNG O0TOUNG avTdpactipa, 1 otduetpdg tov wovton pe 0.9 m. H
EMPAVEIOKT TayOTNTA TOV aépa givar mepimov 0.6 M/s [249]. Aappdavovtag veoyn ola o
Topomave peyEdn kor pe ) Pondeia g Bewpiog yio t0 oyedoopd TV KukAdvov [247],
otov [livaxa 7.15 mapovcidlovtal ot 0106TAGELS TOL KLKAMVA oL Ba yprcionomOel yio tnv
npotevopevn eykatdotaot. H Ewéva 7.5 deiyvel 10 mpooyédio evog KukAmva pe Tig Paotcég
Ol0GTAGELG.
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Ewova 7.5: Baowég 0100T406€15 KUKAGVO

[Tivaxoag 7.15. Awctdoeig Kukiova

Cyclone Dimensions Symbol Value Unit
Diameter of cyclone D¢ 0.42 M
Vortex finder diameter De 0139 M
Inlet channel width Bc 0.056 M
Inlet channel height Hc 0242 M
Length of barrel L. 0.36 M
Length of cone Z. 0.54 M
Total length of cyclone H 0902 M
Total length vortex finder S 0208 M
Diameter of cyclone outlet B Je 0.104 M
Basic Operational

Pressure drop in vortex finder 1800 Pa
Inlet velocity in cyclone 28 m/s

7.5.1.9. ITAvvrpioa (Scrubber venturi)

O xaBapiopdg Tov agpiov ohvleong mpotov ecéber otmv MEK Ba emtvyydveron
péow piog mAvvtpidag venturi. O cuykekpluévog TOHTTOG TAVVTPISAG £XEL TO TAEOVEKTILA TNG
amAG KOTAOKEVNG, KOOMG Kot To yapunAd kd6otog mpoundetag Kot cuvtinpnons. Mmopovv va
emtevy0ovV apKeTd VYNAES 0m0d0GELG GLALOYTG copaTdimV (98%) dapuétpov peyolvtepng
ard 0.5 um [8].

H apyn Aertovpyiog tng mhvvepidag venturi Baciletal oty adpavelaky TpodcKpoLGT
TOV OOPOVUEVOV COUATIOIMV OTo oToyovidolo vepPov, To omoio oynuotiovior amd T0
dwokopmiopd péowm tov oepiov [250]. Eivor omoapaitnto va €iodyetor opketd peyain
TOGOTNTO VEPOD Y10 TNV TANPN ETAEN aepiov — GTayoVIdi®V Kot 1) TayOTNTO TOV 0EPIOV GTO
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ONUELD TNG OPYIKNG EMAPNS 0EPIOL — VYPOV TPEMEL VOL EIVOL OPKETA VYNAT Y10 VO TPOKOAEITOL
TANPNG drackopmiopog [250].

Ot kOpleg AeltovpyikéG domaves TV TALVIPIOMV €IVl OVTEG TOV EVEPYELONKAOV
KOTOVOADGE®Y TOV OVEULOTHPO Kol TNG OvTALOG ovokvukAopopiog, n cuvtipnon, n odbeon
TOL MUpaTog, ot pebol twv epyalouévav kot 1 eneEepyasio TOV vEPOU.

Ytov ITivaka 7.16 mapovoidlovtal Peptkd YopaKInPIoTIKA LEYEON Yo TV TAvvTpida.

[Tivaxog 7.16. Poég vepob kat agpiov otnv mAvvipida

Symbol Value Unit
Mass rate of syngas Mgas.2 3687 kQgas'h
Inlet T of Syngas Tin.scrubber 670 °C
Outlet T of Syngas Tout scrubber 40 °C
Scrubber efficiency Escrubber 98 %
Tar captured Mtarcaptured 60.3 Kgtar/h
Water consumption CoNwater 22500 kg/h
Water inlet T Tinwater 30 °C
Water outlet T Toutwater 50 °C

7.5.1.10. Myyoviy Ecwtepixic Kovons (MEK)

2y mopovo LovAdo TPOKELTAL VO TPOTOTOMOEL VEIGTANEV UNYAVY] ECMTEPIKNG
Kavong ®ote va tpogodoteitan pe agpro ocvvheonc. H ocvykekpyévn MEK Aettovpyet otig
1500 otpo@ég ko efvar dpeco cL{ELYIEV LLE YEVVITPLO.

2tovg Kivntnpeg ovaeieéng e ovumieon cvpumiéletal povo o aépag. Ev cvveyeia, to
KaOGIHO yyvETOL LE VYNAN TiEoT HEGO GTOV KOAVOPO Kot TO UELYIO OVTOVAPAEYETOL AOY®
™G vymAng Beppokpacioc tov aépa. O Adyog cvumieong yio Diesel punyavég eivon mepimov
20:1, dpmg ywo vo vapéetl dvvaTdTNTa TPOPOdoGiag Tov aepiov cvvBeong ot MEK ywpig
mpoPAquata tpénet va peltwbet o Adyog cvumieong omd 9:1 ewg 12:1. Eniong npénet va yivouv
aAAaYEG OTIG KEPAAES TV KVAIVOpV. Zvuykekpiuéva tpénet va avEnbovv 5 — 15% wg mpog to
apyikd tovg uéyebog [251]. Amopaitntm tpomomoinon ywo vo dextei m MEK 1o aépio
ovvBeong elvor 1 eykatdotaon omvOnpa, kabmdg Kor Yoo TNV ekkivnom mpémel va
tpopoootnBel pali pe 1o Tapayopevo a€plo kot viiled mote va eméEADEL | avAQAESD.

7.6. Meprypagn pebodoroyiog

To ocvvolikd kbdotog emévovong (TCI) vroloyiotke cOuewvo pe ™ pebodoloyio
tov Woods [252] kot tov Guthrie [253]. To xo6ctog T0V KAOE GTOLYXEIOV TOL EEOMAIGUOV
vroAoyiotnke pe faoet v Topakdto eEicmon:

f
C, =C, [g—] (Eq. 25)
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[Mivaxag 7.17. Yrnoloyiopog e€onhopot pe Bacel tov Woods

Reference Reference Scale installation Ref
Equipment List Scaling parameter erected cost, size factor factor

C, (M€) S, f n year
Gasifier Volume of reactor (m°) 8.2 12 0.67 2.1 2000
Cyclone Gas rate (m?/s) 0.38 10 0.59 1.49 2001
Heat Exchanger Surface area (m?) 1.2 100 0.71 1.52 2005
Air Fun air rate (m°/s) 0.3 10 0.93 1.72 2002
Venturi Scrubber ~ Gas rate (ma/s) 1.8 10 0.88 1.49 2000
[Tivaxag 7.18. Yrnoloyiopog e€omhopot pe Bacetl tov Guthrie

Reference Reference Scale installation Ref
Equipment List Scaling parameter erected cost, size factor factor

C, (M€) S, f n year
Gasifier Capacity (kW) 4.8 10,300 0.77 2.0 1996
Cyclone Height (m) 0.16 45 0.9 1.6 1995
Heat Exchanger Surface area (m?) 0.55 4 0.82 1.45 1996
Air Fun air rate (m3/s) 0.2 115 0.6 1.65 1996
Venturi Scrubber  Gas rate (ms/s) 1.2 9.2 0.59 15 1995

Ev cuveyeia vrodoyiletat to K66TOC 0ryopds kot to kKootog eykatdotaong ([Tivaxag 7.18). Ta

k60T Agrtovpyiog Kot cvvinipnong vroioyiloviar ®¢ TOCOGTO TOL GUVOAKOD KOGTOVG

emévovong. (ITivakag 7.19). Téhog, to KOGTOG KAOE GTOLKEIOL EVNUEPDONKE G TPOG TO £TOG

2011.

[Mivaxoag 7.19. Economic assumptions

exchange rate
discount rate
recovery period

Capital Recovery Factor

year basis

0.755 €/$
9%

25 years
0.11
2011

ITivaxg 7.20. Chemical Engineering Plant Cost Index (CEPCI) [254]

Year CEPCI
1995 381.1
1996 381.7
1997 386.5
1998 389.5
1999 390.6
2000 394.1
2001 394.3
2002 395.6
2003 402.0
2004 4442
2005 468.2
2006 499.6
2007 525.4
2008 575.4
2009 521.9
2010 550.8
2011 585.7
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7.7. Exktipnon Kootovug Ilaywog Exévovong

Eivor ol dvokoro va mpaypatomomBovv akpiPelg EKTIUNGELS GYETIKA e TO KOGTOG
EMEVOLONG TOV HOVAO®V gvePYElOKNG aflomoinong He oeplomoinot, YTl m mopoywmyn
NAeKTPIKNG evépyelog amd Propdlo oe TéToleg HovAdeg UIKPNG KMpaKog eivon €vo oyetikd
Kovovplo medio. Baowkd eumddto amotehel to yeyovog OTL dev GuVAVTATOL GTNV oyopd TO
GLYKEKPLUEVO GEVAPLO OV HEAETATAL GE 0LTO TO KEPAAato. EmmAéov, pia coot a&loddynon
dgv glvar €0KOAN akOUN Kol Yoo EUTOPIKA dobéoues povades, kabmg 1 ayopd oTov Topéa
avTd dev etvarl aKOUN TAYIOUEVT.

Yuvenmg, To Obéoipua otoyyeion ot PProypapio eivar cvyvd avtikpovoueva,
Bacilovtar oe Sapopetikég mapopétpovg peyébovg, evd dev elvar mAVTAL EUGOVIG M
pebodoroyio. TOL ¥PNGUYLOTOIOVY Y10 TOV VTOAOYIGUO TOV KOGTOVLG. XTO TAPOV KEPAANLO,
YPNOLOTOOVVTOL dVO SAPOPETIKES LEHOJOL TPpOKELEVOL Va. eKTIUNOEL TO KOGTOG TNG ThYL0G
EMEVOLOTG NG LOVADAG.

[Topovcidletar n kooTtoAdGYNON OAOL TOV €EOMAIGLOD Yo TO TPOG UEAETN GVGTNUO
TOPOYOYNG NAEKTPIKNG EVEPYELOGS Y10 GLVOTKEG Ag1TOLPYIOG TOV EPLOTOUTY):

o P=Pam

e Q=11IMW (Ngasit = 0.75)

7.7.1. leprypaen pnpatov epyoaciog

AV Kol TO PHEYOADTEPO EVIUPEPOV GLYKEVIPAOVEL TO KOGTOS OyOPds TOV EEOTAIGLOD,
ocuvnBwg {nteitan 10 KOGTOC PG TANPWOG EYKATECTNUEVIS KO €V AELITOVPYIN LOVADOS. XTO
Ke@alato avtd, spappolovtor 600 pébodotl cuviereotmv [252, 253] ya v KooTOAOYNON TOVL
eEomopoy mov mepthapfaveror oto vmd e&étaocn oevaplo. [oapaxkdto mapovsrdleton
aVOALTIKA 1) eKTiUmon:

® TOV KOGTOVUG OYOPdS TOL KOLGIHOL Yo TIG OV0 SPOPETIKEG YPOVIKES TEPIOOOVS
Aertovpyiog g povadog,

e 70V kO66TOVG aryopd Tov e€omhopov (f.0.b cost) otig cuvOnKeg avapopdg,

® TOV E£YKOTESTNUEVOL KOGTOLG, ONAOON TOV VAMK®OV KOl TNG €Pyaciag ywo Tnv
EYKATAOTOON, TIG COANVMCELS KOl TO, NAEKTPOAOYIKA Y10 KAOE £0TAMGLO,

e TOV dupeocov kot éupecov kootovg (bare module cost), mov mepthoufdver kol Thv
TapAdooT), TNV EVOPYAV®OGCT, TO KOTOOKELOOTIKA £E000 KOl TIG VANPECiEg TV
UNYOVIKOV Y10 KAOe e£omAMGo,

e 10V KOoTOVC NG Hovadog ( total module cost), mov meprapfdver kot To anpofrenta,
£€0da, KaBMOG Kot v apolPn epyordfov yio To chHvoro g Lovadag,
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e TOL KOOTOVG Taylag emévovong (grass roots cost 1 fixed capital investment), mov
mepAapPdvel Kol TIG PEATIOOELS, TO KTIPlO KOl TIC E€YKATOOTAGES Pondntikmdv
TOPOYDV Y10 TO GUVOLO TNG LOVADG,

® TOVL GLVOAIKOD KOGTOVG emévovong (total capital investment) mov neptiapPdvet kot to
KO0TOG ekKivnong (start-up) ko kivnong (working capital) yio to 6ovoro g povédag.

[Ipwv ta amoteAéopata tov puebddwv, kpivetar okdmun 1 cvykpitikn mopdbeon tv
TAPOUETPOV PEYEDOVG TOVE, ONANOT TOV TOPAUETPOV EKEIVOV TOL K0BOoPifovV TO KOGTOG Yo
k&g xoppdtt eE0MAMGHOD Kot dlapEPOVV avaroya pe Tov eEomhopd kot ) pébodo (Tlivaxoag
7.17).

O1 ovvieleotég mov ypnoiporolovvtal otig puebodovg Guthrie koar Woods Bacilovron
otV eumepion | O€ TMPAYUATIKEG HOVAOES TAPUY®YNG 7oL &Yovv €EETOOTEL amd 1
Biproypaeia. TTapéyovv ektyunoelg pe dapopetikd emineda axpiPeiog ko afefordtnro +
30%, mov Bewpeitar amd TOAAOVG GLYYPUPEIS OC avTimpocwnevTik [259, 266].

7.7.2. Kostolbynon tov €£0mAGpov TG HOVAdOGS
7.7.2.1. Koarog Kovaoiuov

H xotavdimon kavoipov vroloyiomnke kot mopovoidletor otnvEwéva 7.3. Xy
TEPITTOON AEITOVPYIOG HOVO Y10 TOVG UNVEG TNG TOVPLOTIKNG TTEPLOOOV, 1 KATAVAA®GT TOV
mopnvoEvlov avépyetar otovg 7344 ton. Avtibétmg, Otav m povdda Asttovpyel TOLG
vrolomovg 7 unveg, 1 amaitovpevn mocotnta givar 10500 ton. Aapfdavovioag vedyy 6t M
péomn T TOANGNG ToL TVPNVOELAOL amd Ta. ehaotpiPeia avépyetal ota 100 € /ton [255,
256]. Mali pe 10 k66T0G TOVL 0yOpag TOL TLPTNVOELVAOV TPETEL VAL VITOAOYITEL KOl TO KOGTOG
oV palovt mov Ba eoépyetan poll pe o agplo ovvheong ot MEK. Ztov mapakdto mivoko
QOAVETOL TO GLVOAIKO KOGTOG Y10 TNV 0lYOPA TOV KOVGILOV KO Y10 TIG VO TEPUTTOCELG:

[Tivaxog 7.21. Kéotog ayopds Kavoipov

Olive Mazut Total Fuel
Kernel Cost Cost Cost
Scenario 1 734400 € 255300€ 989,700€
Scenario 2 1050000 € 364000€ 1,413,900€

7.7.2.2. Koarog Agpromomntn

Youpovo pe ™ pébodo tov Guthrie [253], yo TV KOGTOAOYNGN TOL GEPLOTOUNTH
avappdalovcag pevotomompévng kAivng mapbnie voyy n Oeppikn woyvg (11 MW), kabog
Kol TO VAKO KOTOAGKELNG TOV avVTIOPAGTHPA, TO 0Toio givar avo&eidmtog ydAvpag.

H pébodog Woods and v GAAn, yia to KO6TOC ayopds, KabmMG Kot Yo T0 KOGTOG
povéodag, y tov 1010 akpimg avtidpactipa, AapPavel vToYy g 10 pEyebog Tov GyKoL TG
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pegvatomomuévng kKAivng. O Oykog vmohoyiotnke amd to 16olVvYlo palog-evépyelag mepimov
ota 3.6 m°.

Yta 600 mapokdto oaypdupoto (Ewova 7.6 ko Ewova 7.7) mapovoialovior ta
AMOTEAECLLATO. TOV KOGTOVG 0yOpAS KOl EYKOTAGTACTG TOV TPOEKLY AV amd TS dVO HebBoddovG,
npocappocuéva yia 1o £10¢ 2015. Onwg eaivetoar oto didypappa e Ewkova 7.7, to K6610G
gykataotaong katd Woods ivar apketd vynAdtepo oe cuykpion pe ) puebodoroyio Kotd
Guthrie. Avto ogeiletar 610 YeYovOg OTL 0 GUVTEAEGTNG TTOL JiveTol apopd OxL HOVO TOV
VTOAOYIOUO TOV EYKOTEGTIUEVOL KOGTOLG TOV OEPLOTOMTY, OAANL TO GUVOAO TOL GUEGOL Kot
EUUECOV KOGTOVC.

Purchase cost of Gasifier
2,780,000

2,540,000

1

G wool®

Ewova 7.6: Kootog ayopdg aeplomomtn

Installation cost of Gasifier

2,885,100

1,442,500

1

G‘,\\\"‘e Wood®

Ewova 7.7: KOOTOG £YKOTAGTOONG TOV 0lEPLOTOINTY
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7.1.2.3. Koarog Evailoxtn Ocpudtntog

O porog Tov evarAdditrn Beppdtnrag eivor S1TTdS: aPEVOC WYOYEL TO TAPAYOUEVO 0EPLO
amd tovg 850 °C otovg 750 °C mpotod £16éM0<L 6TOV KuKADVH Kat, TapdAinia, Tpodepuaivel
TOV a€pa TPV TNV €16000 TOoL G6ToV agptomomnth. H amautodpevn emeaveio Tov evaALaKT
TPENEL VAL €lval — GOUE®VO L€ TOVG VIOAOYIGLOVG TOL TparypatomomOnkay 610 16olvylo
palas-evépyelog — 30 m?. H KOGTOAOYNON TOVL €VOAAAKTY YiveTol €mMAEYOVTAS OC VAKO
KOTOOKEVTG TOGO Y10l TO KEALPOG OG0 KOt Yl TIG COANVAGELS avoteidmto ydAvPa 316SS, evd
ot 0evTeEPN mePinT®ON TO VAKO TOL KEADPOLG OoAAGCEl o avOpakoydivPo kol TV
COANVOCEDV Tapapével og €xel. O evalddrtng elvar tomov U. Ztig Ewodveg 7.8 war 7.9
Qotvovtol To JlypAUUOTO TOV KOGTOUG Oyopdc TOL EVOAAAKTN KOU TOV KOGTOLG
EYKATAOTOONG AVTIGTOTY WG,

Purchase cost of Heat Exchanger

56,000

37,789

26,093
20,970

o @S_sS\ . Cs_sS\
G““\ G“&“‘

Ewova 7. 8: Aurypapipio K66TOLG 0ryopds eVaALaKTn Beppotnrog

Installation cost of Heat Exchanger

85,600

N @S,ss\ ) kCS,sS\

. ‘ N @S,ss\ ) kcs,ss\
G\\&\\“e G“t\\“e

W 0065 W 0065

Ewova 7.9: Aldypappio K6GTOVG EYKATAGTOONG EVOALAKTY OEpLOTNTOG
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1.1.2.4. Koarog Aveuotnpo.

H xootohdynon tov avepompo kot otig 000 pebodoroyieg mpoaypotomolndnke
EMALYOVTOC OKTIVIKO QUYOKEVIPIKO OVEUIOTNPO, O OTOI0G TPONYEITOL TOL EVAALAKTY
Oepuotnrac. H ntoon nieong avépyetar oto 0.02 bar kot 1 0YKOUETPIKY TAPOYH TOL AEPO.
umopet va avérBet péypt 1 my3/s. tic Ewcoveg 7.10 kot 7.11 mopovsidlovral to dtaypappoto
ayopdag KOGTOLG KO £YKATAGTACTG TOV AVELLGTIPO.

Purchase cost Air Fan
9,500

2,724

G wood®

Ewova 7.10: Adypappo k66TouG oyopds avepoTipa

Installation cost of Air Fan

21,500

4,358

ot Wood®

Ewova 7.11: Adypappo k6GTOVS £YKOTAGTACNG OVELGTIPO
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1.7.2.5. Kooroc KvkAovo

¥t pebodoroyia katd Guthrie 0 kukAdvog Yo va KootoAoynBel Tpocopoiminke pe
Kk@Oeto doyeio micong 1 bar, Yyovg Im xor dwopétpov 0.4 M. Avtifétmg, 10 KOGTOG TOL
KuKAGVa katd Wo0ods vroloyiotnke e PAcn v mePEKTIKOTNTA TOV KAVGILOV 6€ TEQPPOL KO,
gv ovveyeio, ™V mopoymyr wmrauevng téepac. To k00To¢ mpofkvye Yoo pallkn Topoyn
mtdpevng téepag 100.2 mg/h. i Ewkoveg 7.12 ko 7.13 @aivovtot ta S1orypaupate. KOGToug
ayopag Kot £yKaTAoToonS Tov KukAdva. Kat yia tig dvo pebodoroyieg, wg LAIKO KATAGKELNG
TOL KUKAGVA BewprOnke o avo&eidmtog yaivPoc. H pébodog Woods sivatl mo mpdspatn oe
ovykplon pe ) pebodoroyior Guthrie, cuvenmdg Yo Tov VIOAOYIGUO TOV KOGTOLS AapPavet
VIOYV Kot OAa T fonOnTiKd.

Purchase cost of Cyclone
28,367
27,059
G“&\‘(‘e «OQGs

Ewova 7.12: Adypappa k66Toug oryopds KuKAGVQ

Installation cost of Cyclone
66,520
43,294
G“X\\{‘e Q\] Ooés

Ewova 7.13: Adypoppo k6GTOVS EYKOTAGTACN G KUKADVA
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7.7.2.6. Koarog [ ovipidag

To k66T0¢ TG TAVVTPIdaG LITOAOYIoTNKE OTMOKAEIGTIKG pe T pebodoroyio Woods. H
pebodog Guthrie de ypnowomombnke yati Oo Empene M TALVTIPISO Vo TPOGOHOIMOEL MG
doyelo, Opmg ot dwotdcelg Oev gival Yvootég agoly Oev €xel dwaotacioroynBel. H
OYKOUETPIKY Tapoy] Tov agpiov oOvBeong mpog tnv mAvvepida elvar 1.56 mn’ls. H
KOGTOAOYNOT €YIVE Y10 TEGGEPLS SLAPOPETIKOVS TOTOVS TAVVTPIOWV:

1. ®vyoxevrpwkn mlvvpida (centrifugal scrubber), avoéeidwtog yaivpac.

2. IThvvtpido mpockpovong 6 VYPO pe didtpnteg TAdkes (impingement baffle).
3. IMwvtpida pe Tinpmtikd vaud (packed column) mtolveotépa.
4. TTvtpida venture, vyning amddoong, avoEeidwtog yaivpag.

H Ewoévo 7.14 deiyvel to didypappa K66Toug ayopds e mAvvtpidag , evd n Ewova 7.15
TAPOLGLALEL TO SIAYPOUUO EYKATACTOONG TNG TAVVTPISOC.

Purchase cost of Scrubber

35,600

woo® woots> oot woods?

Ewova 7.14: Adypappo k66toug ayopds mAvvtpidog

Installation cost of Scrubber
71,200

qq 0065 ks w 0068 1 w 0055 3 « QOAS A

Ewova 7.15: Adypopipo k6GTOVS £YKATAGTAOTG TALVTPISNG
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71.1.2.7. Koarog tpomoroinong MEK

To k6ot0g Tpomomoinong pioag MEK yuo v avénon tov koiivopov katd 10% tov
apykod peyébovg tovg, avépyetal cvupova pe v Birpioypaeio [251] oto 8% Tov apyikoD
KkooTovg ayopag g MEK. Eneldn 10 k6610¢ 0ev elval yvwato, Bo bvToAOYloTEL 0pyIKa Kol UE
T1g dVo pebodoroyiec. H kootoddynomn katd Guthrie mpaypotomrombnke Aapupdvoviog vroyy
mv oy ™ MEK (2750 kW), eved katd Woods 1o €idog tov kavoipov. H Ewovae 7.16
dglyvel T0 KOGTOC TPOTOTOINGNG TTOL TPOEKVYE, EXOVTOG VITOAOYIGEL TPATA TO KOGTOG aryopag
Kot pe T1g 000 mopamdve pebddovg.

ICE Modification cost

135,000

80,000

e Wood

Ewova 7.16: Kdotog tporonoinong e MEK

71.7.2.8. Amopvyn Kootouvg lletperaion

g ot TNV TAPAYPUPO TPOKELTOL VO VTTOAOYIGTEL TO KOGTOG TETPEAAIOV ad TO 0mOi0
Ba amaAirayet | etarpeia, avaroya pe to moon Ba eivor 1 dbpkela Asttovpyiog g MEK pe 1o
aépro ovvBeong ¢ kavotpo. Eyovtag onuepa omv EALGSa péco kootog pnalovt 550 gupm
ava tovo [257] kar Bepuoydvo ddvaun ion pe 42.686 MJI/kg [258], otov mapaxkdtm Iivako
TopovctdleTal 1O KOGTOG METPELNiOL amd TO Omolo amaAldceETAL 1| povada, avdAoyd pe ™
YPOVIKN d1dpKeLD TPOPOOOTNONG TNG LE aéPLo cLVOEDTG.

[Tivaxoag 7.22. Amadhoyn amd K06T0G TeTperaiov Yo ta 600 cevapla

Scenario Duration Total Diesel Cost (€)
(h) Consumption (ton)
1 (Touristic 3672 2900 1,500,000
period)
2 (Non — 5232 4851.6 2,668,600

touristic period)

[Mopatmpdvtag tov mopamdve mivako, €0KOAN KATO0G GUUTEPOIVEL OTL TO KOGTOG
netpehaiov gival 1060 000 TEPIMOL TO KOGTOG Oyopds (av Oyt HeyaAOTEPO) HIOG HOVAOMG
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aeplomoinong pali pe to cHotTua Kabapiopod Tov aepiov Kot TIC amapaiTnTEG TPOTOTOU|CELS
o¢ wo MEK.

7.7.3. Kéotog ayopds kol eykatdotaong g eEetaldpnevng povadog

Metd Vv mapandve avaAvor), 0@ TopovVctdleTal Ui, CVYKEVTPMOTIKY EKOVO Y10 TO
KOOTOC ayopdc KOl €YKATAGTAONG TNG Hovadas. Amd 10 Oodypoupe e Ewove 7.17
TapoTNPEiTaL OTL TO KOGTOG EYKATAGTOCNG Y10 TOV OEPLOTOMTY, TOV EVOAAAKTY BepudTnTOoC,
TOV KUKAGVO Kot TV TAuvTpida eivol apketd vyniotepo amd 10 avTioTolo KOGTOS oyopdc.
Avto opeiletoar 010 pEYOAO KOOTOG TOV LMK®V 7OV ypnotpomolovvtal (avoleidmtog
xoAvPag), Tpokeévon va eEacpoiiotel 1 Tpootacio Tov eEomAopnol amd ™ eopd kot ™)
duPpwon.

Metd tov vIOAOYIOCUO TOV KOGTOVG OyOpds Kol €YKOTAGTOONG TNG TPOG £EETOON
povéadag, vroAroyiletor to k66TOg Tapddoong tov eEomhicpov o 1o 10% ent Tov KOGTOVG
ayopds. Mg tn ypfon GLVTEAEGTOV €Ml TOV KOGTOVS TOL TAPASIOOUEVOL EEOMAGLLOD KOt Yo,
dtepyasio otepE0y — pELGTOV, LITOAOYILETAL TO KOGTOG YO TNV EVOPYAVAOGT], TIC VINPEGTES KO
™mv emifreyn tov punyavikov, kabong kol ta ££oda tov Kotaokevmv [259]. Mg avtd tov
TPOTTO EMTVYYAVETOL 1] EKTIUNOT TOL AUEGOL KO EUPEGOV KOGTOVC.

Ev ovveyela, mpootifetal 10 KO6TOC Yoo To ampdPrenta ££0da Kot ot epyorafikég
apoiPéc, divovtog o kéotog povadag (total module cost). To kd6otoC TG TAYLOG EMEVOILONG
Aappavetar 6tav mpooteBovv ot damdves yio BEATUOOES TG YNG, YL TO. KTiplo Kot Tig
BonOnTikég £yKATOGTAGELS TOV VINPECIDOV.

5,500,000
5,000,000
4,500,000
4,000,000
3,500,000
3,000,000
& 2,500,000
2,000,000
1,500,000
1,000,000
500,000
0 Installati
Purchase cost nstafiation
cost
= |ICE Modifications 80,000 120,000
m Scrubber Venturi 35,600 71,200
Cyclone 27,059 43,294
m Air Fan 9,500 21,500
B Heat Exchanger 56,000 85,600
m Gasifier 2,540,000 4,870,000

Ewova 7.17: K6oTt0g 0ryopds Kot Kol €YKATACTOONS TG TPOTEWVOUEVTG LOVADOG
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To kepdiato kivnong voroyiletor wg to 15% tov KdoTOVS TN TAYOG EMEVOVONG. Me
NV TpocOnkn T0L TEAELTAIOL VITOAOYILETAL TO GLVOAKO KOGTOG TG enévovong. Xtov [livaka

7.19 mapovoidleTon 1 KOTavoUr KOGTOVS Yol TO TPOog €EETAON GEVAPLO.

[Tivakag 7.23. Katavoun k66toug

Category cost Fraction of delivered equipment Cost (€)
Purchased equipment 2,750,000
Installation equipment 5,210,000

Delivery 10% 275,00
Instrumentation and controls 26% 785,000
Engineering and supervision 32% 967,300

Construction expenses 34% 1,020,000
Direct and indirect cost 6,260,000
Contingency 37% 1,110,000
Contractor’s fee 19% 580,000
Total cost 7,950,000
Yard improvements 5% 300,000
Buildings 7% 210,000
Service facilities 40% 1,200,000
Fixed capital cost 8,700,000
Working capital Investment 15% FCI 2,300,000
Total capital Investment 10,000,000

[IpocBétovtag 610 GLVOAMKSO KEPAAOLO ETEVOLGNG TO KOGTOG TOV KOVGILOV, TPOKVTTEL

T0 KOOTOG OANG NG emévduong. Xtnv mepintmon Agrrovpyiog T HOVASNS HOVO Yol TOVG
TOVPLOTIKOVG UNVES, TO GLVOAIKO kepdiato avépyetar ota 11,000,000 €, evd yio o devTEPO

oevaplo Aettovpyiag g povadag to k6otog etavel ota 11,500,000 €. Edvkola cvumepaivetal
OTL M KVPLOL SATAVT Y10 TNV TPOTEWVOUEVT LOVAdO apopd Tov agprotonth. Xtov Ilivaxa 7.20
QOAVETOL 1] KOTOVOUN TOV €101KOV KOGTOVC.

[Tivaxag 7.24. Katoavopn €dikod k66Toug

Specific cost (€/kW,)

Purchased

Installation

Direct and Indirect cost

Fixed capital Investment
Total capital Investment

1700

3600

8600
15200
19800

2vvovyilovtag, 10 20% mepimov Tov KOGTOVG TNG TAYLNG EMEVIVONG KOTAAAUPAVEL TO
KOGTOG ayopags, 20.4% 10 KOGTOG EVOPYAVOONG — VANPEGUDY TMV UNYOVIKOV KOl KATAGKELDYV,
evd 10 vOAouro 60% KataAapPavovv ta KOGTN TaPAdooNs Kot £YKATAGTAoNS, TO KOGTOG Yo
anpoPrenta £E0d0a kol epyorafikés apolPég, kabmg kot yio PEATUDOES YNNG, KTipla Ko

VINPECIES.
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m Purchase
m [nstallation
Control, Engineering, Construction

m Contingency

m Yard improv., services

Ewoéva 7.18: Kotavoun k66touvg maylog emévouong

[Tpokeyévov va dwumiotmbel n alomiotio T@V VTOAOYIGUAOV TOV KOGTOVG TNG TAYLUG
Kol GUVOMKNG emévdvong ota mAaiclo £vog voloyiopol perétng (£30%), spoppolovrar ot
avaBeopnuévol cvvieheotég Lang (ITivaxog 7.22). EmAéyoviat ot GuvieAeoTés yia depyacio,
OTEPEOL — PEVGTOV KOl AUUPAVOVTOL TO TOPOUKAT® OTOTEAEGHATO, TO Oomoio Ppiokovtal o€
KoAO Pabud cvpemviag pe To TPONYOLUEVA.

[Tivaxag 7.25. AvoBswpnpévol cvuvtereotég Lang

Lang coefficients

Process Fixed Capital Investment Total Capital Investment
Solids 4 4.7
Solid-Fluid 4.5 5.2
Fluids 5 6

To k66TOG TG TAYG EMEVOLONG Y10 TO TTPOG EEETAOT) GEVAPLO VITOAOYIGUEVO LE TOVG
ouvteheotég katd Lang eivor peiopévo xatd 22%, aAld Kot T0 GUVOMKO KOGTOG ETEVOLOT|G
epeavifeton o€ o YounAd emineda Ko cuYKeKPIEV EhatTOUEVO Kotd 17%.

[Mivakag 7.26. Extiumon K66Toug TAY10G Kot GUVOAMKNG ETEVOVONG LE TOVG cuvteleoTég Lang

Fixed Capital Investment (€) 6,800,000

Total Capital Investment (€) 8,300,000

Téhog, vroroyiletal 10 KOGTOG TG TAPAYOUEVIS KIAOPaTdpag Le TNV Tapadoyr] Ot N
emévovon etvar oplok (Undevikh Ty kabapng mapovcag aéiag). O ypdvog emévovong
Aappaveton icog pe 20 €t Ko 1o €mMTOKIO avaywyns voloyiletar oto 8%. Ot Aettovpyikég
damavég amotehovvton Katd Bdon and ta ££0da pcbodooiag (2 texvikol kot 2 punyovikol ava
Bapdia), eved AapPavetar vmoyy 1o kOoToC d1dbeong tov Tupnvo&viov (100 €/ton).
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7.8. Zvpnepdopora

210 apov kepdroto e€etdleTon 10 K6GTOG TNG TpOoTONOinong vototauevng MEK mov
tpoodoteiton pe pnalovt oto vioi g AécPov, dote va deytel MG Kavoipo aépto ovvieong
mpogpyOuevo amd v aeplomoinomn mupnvoviov oe avaPpalovco pevotomomuévn KAIVY.
MelethOnkav 600 SPOPETIKEG YPOVIKEC TEPI0OOL AEITOVPYIOG TNG HOVASOS: 1) Lo LOVO Yia,
TOVG WVEG KOTA TOVG OOI0VE LITAPYEL VIOV TOVPIOTIKY OPACTNPIOTNTA Kol 1) 0€0TEPN Y10
v epiodo amd Tov OkTtdPpro péypt tov Ampiio.

Mo v K0oTOAOYNON TNG TPOTEWVOUEVNG LOVADOS MTAV ATOPOITHTOG O VITOAOYIGHOG
tov woluyiov palac-evépyetag. Ipoékvye 6T Yoo v Tpopodocio piag MEK 1oyvog 2750
KW oamartodvar 2000 kg/h. H diepyacio g agpronoinong Oa Adpet ydpo otoug 800 °C, pe
AOyo depa kavong 0.3. O woypdg Pabudg oamddoong g Oeppoynukng oepyaciog
vrohoyiomnke 610 75% kou n petaTpont) tov dvBpaka otnv agpla pdon givor 88.3%.

H mopayoyn niektpicng evépyeog amd Propdlo oe pikpn kAipoxo sivor oyetikd
Kavovplo medio, EMOUEVMG oL AKPIPNG EKTIUNGT TOL KOGTOLG OV €ival EDKOAN aKOUT Kot
Yo EUTOPIKE O100E01UES LOVAOES, KOOMG 1N ayopd GTOV TOUEN OVTO OV €ivol TOytmUEVT).
Metd and depgvvnon twv pHeBOd®V eKTIUNGONG TOV KOGTOLG ayopds — Pdacel Tov omoiov
vroAoyilovton ta vroOAoma KOGTN — Qaivetar Ot o dwbécipa oTotyeia amd TG SLAPOPES
puebddovg eivar cuyvd avtikpovoupeva, kobmg Poacilovtal o€ SAPOPETIKEG TOPAUETPOVS
peyébovg, pe amoTEAEGHO Ol KOGTOAOYNGELS VAL £XOVV HEYOAN amOKAIoN HETAED TOLG Yol TOL
TEPLECOTEPA KOUUATIO TOV EEOTAMGLOD.

Enopévac, e&ayovtal ta akOAovBa cuumepAcUATO Yo TIC TNYES KOGTOADYNONG OV
PN OCLOTOLOVVTOL:

e H pébodog Guthrie givon n mokadtepn omod tig pebddovg kootordynong (1969, Bedtiwpévn
10 1989) ko drabéter pdvo evvéa kotnyopieg E0MAMG 0D, YEYOVOS TTOL OPIGUEVEG POPES
onpovpyet TEPLOPICLOVS KaTd TNV avTioTolylon tov eE0mAloo pe pio amd ovTég Tig
Katnyopieg Kot avakpiPpn ototryeio k6oToVG. ATO TNV £QPAPLOYT] TNG LeBOdOL 6TO TOPHV
KEPAAOLO, SLOTICTAOVETOL TOG STVEL YAUNAO KOGTOG Y10 TO LEYOADTEPO UEPOG TOL
eEomMopo? (aepromomng, evarraxtng Beppdtrag). Avtifeta, yio tov e£0TAMGHO TOV
OVOYKOOTIKG TTPOGOLOIMVETAL LE 00YEID d1EPYUTIOV (KVKAMVAG), KAONDS 0V OVIKEL GE
Kkémowa amd T1g drabéaipeg Katnyopieg e£omAoov, 0dnyel og VYNAO KOGTOG EPOGOV
YPNCLOTOLEITOL O TAPAUETPOG LEYEDOVS TO VYOS TOV KOt OYL 1] OYKOUETPIKN TAPOYN TOV
aepiov.

e H pébodog Woods givor omo tig wo mpoceatec nnyég kootoAdynong (2008), evad dabétet
pia evpeia Alota pe 500 e&edikevpéva kKoppdTio EE0TAICHOY, TpoceyyilovTag Le Heydan
axpifeta tov e£0mTMGHO TG TPAYUATIKNG LoVAdaS. Metd tnv epapuoyr e nebddov
OOMGTAOVETOL OTL O1VEL TIHES KOGTOVG EVOLAUEGES TOV TIUDOV OAMV TMOV TNYOV GLVOAIKA.

e H Bifhoypapio and Tovg Peters, M, Timmerhaus, K., West, R., givai oyetikd Tpdspatn
(2002) kou divel o€ mivaKeg TO KOGTOG OLyOPAS Kol EYKATACTOCTG SLOPOPETIKMV TOTWV
eEomAopoV.
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Aoppdvovtog vdyy Ta Taparave, copepaivetar 0Tt Kapio Tnyn o€ divel akpiPég KOGTOG
ayopag Kol £YKATAGTOONG Yo TOV £0TAIGHO, Y1’ aTO Kpivetar avaykaio 1 Eexymplom
EMAOYN TG KATOAANAOTEPNC TNYNG KOGTOAOYNONG Y10 KAOE KOUUATL.

2 depevvnon mov deENyOn v v evepyslokn aglomoinon tov TupnvoELAoL dvNKe
TG N TOPOYWYN NAEKTPIKNG EVEPYELNG elvar apkeTd eONvOTEPN o€ chykplon pe to palovT.
SVYKEKPIUEVQ, VIO TV TEPITTM®GT TOL TLPNVOELAOL TO KOGTOG TTapaymyng sivar 0.21 €/kWh,
EVM Y10, TV VIAPYovoa Katdotaon 1o kootog avépyetat oto 0.18 €/kWh.

o v mpog e€&étaon povada, to €101KO KOOTOG €yKaTAoTOoNS Ovépyetal ota 15200
€/kWey, evdd 10 avtioTtoryo £181k0 kO6TOG Taylag enévovong ivatl 19800 €/kWe.
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