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Preface

ECN, KEMA and TU Delfthave formed a consortium, with ECN asamlinator, to conduct R&D on
biomass cdiring in large-scale power plants in the framework of the Energie Onderzoek Subsidie Lange
Termijn (EOSLT) subsidy programme, executed by AgentschapNL on behalf of the Dutch Ministry of
Economic Affairs, Agriculture and Innovation. The staff of EPZ and E.On Benelux are greatly
acknowledged for hosting and facilitating fsltale measurements well as thdndustrial Advisory
Group for their cooperation and inp{this report summarizes the consortium activities during the period
1 April 2006 until 31 March 2011.

Project number: EOSLT04002, EOSLT06002, EOSLTO70@X)SLT08002 and EOSLT09004
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Coordinator: ECN
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Abstract

In the Netherlansl bionmass is envisaged to play a major role in fulfilling national ambitions concerning
the reduction of C@emissions and the introduction of Renewable Energy Sources (RES)inGaof
biomass is one of the most important options to realigsedimbiions. Ambitious targets have been set

in the LongTerm Energy Research Strategy (EDH programme of the Dutch Ministry of Economic
Affairs, including targets of 25% and 40% biomassfidag in 2020 and 2040 respectively. To meet
these targets, not onkgxisting fossifuel-fired power plants will have to be considered, but also new
plants involving new conversion technologies aiming at higher overall efficiencies and a lower
environmental impact.

Furthermore, the targets cannot be met with sibtbe-art technology. Technology developments are
thought to be required in the following areas: biomass upgradingrganent and feeding technology,
assessment and solution of technical bottlenecks in direfitirog, indirect coefiring technology, proces
monitoring and control, and residues management.

ECN, KEMA andTU Delft, have formed an R&D consortium to address these biomasngpR&D
requirements. Furthermore, there is a close involvement of the Dutch power generation sector, ensuring
that the R&D activities are well targeted to market needs and facilitating the implementation and
exploitation of the results. Within the areas mentioned above, the consortium has made a careful selection
of specific R&D topics, which are of particular relevabceéhe Dutch power generation sector and where

the consortium has clear added value based on available expertise and R&D facilities. Of these topics, the
following eight are covered within the EQIST biomass cefiring consortium projects: fate of trace
elements in biomass efiring, development of indirect efiring technology, sustainable ash management

and development of new utilisation options, biomassfiratg in oxy-fuel combustion, fouling
monitoring/boiler diagnostics and wet biomass processinghaad utilisation pneumatic transport of
biomass and biomass/coal blends and optimisation of numerical models for slagging and fouling

In this report, the results on thesight R&D topics throughout théive consortium years are presented.
Also a briefsummary is given of the undertaken efforts to come to a joint valorisation of the obtained
results and the dissemination of the generated knowledge.

Keywords

Biomass, cdfiring, trace elements, gasification, ash recycling, ash utilisasiagging,fouling, oxy-fuel
combustion, Ultra Super Critical (USC) boilers, residues, wet biomass, heat utilizatienmatic
transport
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Samenvatting

De verwachting is dat biomassa in Nederland eemisbarerol speelt in het halen van
nationale ambities op het gebied van het verminderen vare@sies en de introductie van
hernieuwbareenergie. In dit kader zijn ambitieuze doelstellingen geformuleerd in het Energie
Onderzoek Strategie Lange Termijn (EOB) programma van het Ministerie van Economische
zaken. Dit betreft doelstellingen van 25% en 40% biomassaendajstoken in respeevelijk

2020 en 2040. Biomassa mamn bijstoken omvat zowel a) meestoké&mg. direct cofiring)

waarbij de biomassa thermisch wordt omgezet samen met de fossiele brandstof en b) bijstoken
(Eng. indirect cofiring) waar de biomassa een aparte thermisaneetting ondergaat en de
verwerking van het resulterend product (bijv. stookgas) is geintegreerd met een fossiele
brandstof gestookte installatie.

Om deze biomassa meen bijsbokdoelstellingen te halen, zullen ook nieuwe type processen

gericht op hogereverall efficiency en verminderde impact op het milieu moeten worden

overwogen. De Nederlandse elektriciteitssector verwacht dat in 2040 de op steenkool/biomassa
gestookte capaciteit zakrbéstaamzer b methhsmi pnd a
een hoge efficiency (groter dan 50%) en,@@issies die vergelijkbaar zijn met stafethe-art

gasgestookte combined cycle installaties. Biomassa- meee bijstook is voorzien een

belangrijke, kosteneffectieve rol te spelen, @olkcombinatie metnieuwe technologieénals

kolenvergassing en oxyfuelverbranding

In overeenstemming met de lange termijn visie van de Nederlandse elektriciteitssector, en
gebaseerd op een gedetailleerde beoordeling van de verwachte gevolgen van biomassa mee
bijstook opde prestaties van een elektriciteitscentrale en de huidige stand van de technologie,
zijn volgende (technologische) ontwikkelingen op de volgende gebieden vereist:
Biomassaupgrading;voorbewerking enbrandstoftoevoer

Beoordelingen oplossen van techolge bottlenecks bij biomassa mee bijstoken,

Ontwikkeling van bijstooktechnologie,

Procesmonitoring eihbeheersing,

Residumanagement,

Modellering vanspecifieke onderwerpen als vervuiling in de ketel en toevoer van brandstof
aan de ketel.

ECN en de KEM\ hebben een R&D consortium gevormd om een aantal van deze biomassa
mee en bijstook R&D onderwerpen te adresseren. De TU Delft ook betrokken bij dit
consortium, initieel als subcontractant, maar in een later stadium als volwaardig. psetraar

is ereen nauwe betrokkenheid van de Nederlandse elektriciteitssector, om er voor te zorgen dat
de R&D activiteiten gericht zijn op marktbehoefte en de implementatie en gebruik van de
resultaten. Uit de hierboven aangegeven gebieden heeft het consortium eeidizmdkeuze
gemaakt. Gekozen is voor onderwerpen welke bijzonder relevant zijn voor de Nederlandse
sector en waar het consortium een duidelijke toegevoegde waarde heeft op basis van aanwezige
expertise en R&D faciliteiten. De volgendecht onderwerpen i beschouwd door dit
consortium ewordenbeschreven in deze rapportage:

Het lot van sporen elementen bij biomassa meestoken,

Ontwikkeling van bijstooktechnologie,

Duurzaam asmanagement en ontwikkeling van nieuwe toepassingen,

Biomassameestoken onder oxyiel omstandigheden,

Foulingmonitoring en boilerdiagnostiek

Gebruik van natte biomassa en warmtebenuttiely behoeve van droging van natte
biomassa,
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e Pneumatisch transport van biomassa en biomassa/kolen mengsels, en
e Optimalisatie van numerieke modelleoor slagging en fouling.

Gedurende de eerste twee consortium jaiEojectjaren 200&€007) zijn nauwe relaties
opgebouwd tussen ECN en de KEMA en door de-goststudies bij de TU Delft. In het derde

en vierde jaafprojectjaren 2008009)is de samenerking voortgezet en uitgebreitérwijl in

het vijfde jaar (projectjaar 2010) de TU Delft als volwaardig partner is opgenomen. De
samenwerkindeidde tot een groot aantal resultaten. De interactie met de Industriéle Advies
Groep (IAG), bestaande uit vegenwoordigers van de Nederlandse elektriciteitssector en de
Vliegasunie, isn de loop van de jaregeintensifieerd en hun rol in hsturen,begeleiden en
monitoren van het werk is versterkt. De onderwerpen zijn afgedekt in de ondersaahhde
werkpakketen:

Werkpakket 1: Gedrag spoorelementen bij biomassaneestoken
Het gedrag van spoorelementbij het meestoken van biomassa in hoge percentages is nog
grotendeels onbekend maar kennis ervan is noodzakelijk in verband met het formuleren van
ontwerp en bdrijfsrichtlijnen en beheersing van emissies vandkeielementenDe relevante
elementen zijn stikstof en zwavel, ma@lementehen spoorelementérin dit werkpakket zijn
verschillende onderzoekslijnen in gang gezet: thermodynamische modelleririgamesgnes
en experimenteel onderzoek op labschaal. Deze drie onderzoeksbenaderingen zijn
complementair en hebben elk hun voordelen en beperkingen. De combinatie ervan levert een
meer compleet beeld op van het volledige gedrag van (spoor)elementen iteldenkéet
rookgas. Met name de modellering en het werk op labschaal bieden de mogelijkheid studie te
doen aan nieuwe technologieén als USC enfoglverbrandingDe onderzoekslijnen zijn de
volgende:
e Thermodynansche berekeningen aan biomasseestokenin conventionele, USC en
oxyfuel ketels,
e Twee grootschalige meetcampagnes zijn uitgevoerd, bij centrale Borssele (EPZ) #n2006
bij centrale Maasvlakte (E.Qnn 2008. In het kader van het EOS werd nadruk gelegd op
onderzoek naareffecten op deactivati’an de SCR (DeNOx) en de speciatie van
spoorelementen in de assen. De speciatie van enkel specifieke elementen, waaronder
chroom, werd gemeten met behulp van XAFS#} absorption fine structure),
e Een serie labschaal experimenten werd uitgevoerd om Hataweingsgedrag en de release
van elementen te bestuderen in nieuw type boilers en om het gedrag van elementen in
rookgas te bestuderen en
e Aanpassing en toepassing van een analytische methode in combinatie met computer
modellering om speciatie/complexaiie complexe matrices te bepaldde resultaten zijn
vergeleken met metingen.

Verschillende conclusies zijn getrokken uit het onderzoek. Het verviuchtigingsgedrag van
bepaalde elementen uit steenkool is anders dan van dezelfde elementen uit biomassa. De
resultaten van de meetcampagnesnaen belangrijke rol van de SCR (DeNOXx) zien, welke
bijdraagt aan sterke omzetting (oxidatie) en afvangst van bijvoorbeeld kwik (HtghEM
onderzoek bleek dat deactivering van de SCR vooral is toe te schrijven aanrdeg van
compacte afzettingen op het katalysatoroppervlak. Ook kardibpt binnendringen in het
katalytische materiaal van bepaalde elementen hebben bijgedragen aan deactivering. Resultaten
van het pHstatisch uitloogbaarheid onderzoek uitgevoerd epetide (gedeactiveerde) SCR
katalysatormonsters hebben laten zien dat meestoken van biomassa kan leiden tot een versnelde
degradatie van de katalysatorelementen. Dit komt door de interactie van de biomassa
gerelateerde elementen, zoals fosfor, met elezneatkomstig uit kolen (b.v. arseen), dat tot

een verhoogde vergiftiging van de katalysator kan leiden. Verder kunnen elementen zoals K en
Ca ook mobiele/vluchtige of reactieve fases vormen die op de katalysator oppervlakte kunnen

1 Macro-elementenia, K, Ca, Mg, Cl, and P
2 Spoorelementerf, Br, As, B, Ba, Cd, Co, Cr, Cu, Hg, Mn, Mdi, Pb, Sb, Se, Sn, Te, Tl, V &m
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neerslaan, waardoor de tizdeit verder afneemt. De mate van deactivering bleek sterk
afhankelijk te zijn van de precieze samenstelling van het brandstofpakket. Zo is het bekend dat
de vervuiling bij het gebruik van (schoon) hout zeer beperkt is, terwijl -agro
voedselproductresiduen hogere degradatie kunnen veroorzaken. Echter, zelfs onder de minst
gunstige condities bleef de deactivering binnen de door de katalysatorproducent gegarandeerde
grenzen, waardoor aan de Nénissielimieten voldaan kon worden.

Verder werd de rolvan de bedrijfscondities op de speciatie en het vervliuchtigingsgedrag
duidelijk, zoals de oxidatieomstandigheden in zowel de boiler als natte
rookgasontzwavelingsinstallatie. Tot slot is een kennisdatabase opgezet om alle data en kennis
van dit werkpakketmet betrekking tot speciatie onder meestookcondities overzichtelijk op te
slaan en toegankelijk te maken.

Werkpakket 2: Biomassa bijstooktechnologie

Door middel van biomasshijstoken met vergassing, kan het percentage biomassa dat in de
centrale wordtgestookt verder worden verhoogd boven het directe meestookpercefitage
moeilijkere brandstoffenaangezien een aantal verontreinigingen buiten de ketel kan worden
gehouden door middel van een voorgeschakelde vergassing/gasreiniging . In de eerste twee jaa
van dit werkpakket is de aandacht gericht geweest op een technische economische evaluatie van
de perspectieven van een relatief nieuw vergassingsproces, TORBED vergassing, vergeleken
met de stat®f-the-art technologie wervelbedvergassing. De resultaten deze studie gaven

aan dat er geen duidelijke voordelen zijn van de TORBED technologie boven de bestaande
wervelbedtechnologie, terwijl de onzekerheden in technische prestaties en kosten veel groter
zijn. Als een gevolg daarvan is in overleg met de IAR008 besloten om dit werk pakket op
wervelbedvergassing op lage temperatuur (<700°C) te richten. Deze studie betrof een
literatuurstudie waarin de verschillende lage temperatuur concepten voor het gebruik van
goedkope, moeilijke brandstoffen (met hogehagltes aaralkalis en chloor) beoordeeld zijn.
Eveneens is door middel van modellering bepaald wat de gevolgen zijn als een lage temperatuur
vergasser wordt geintegreerd met de kolenketel. De beoordeelde concepten waren directe
wervelbedvergassing, alsmede indirecte concepten FICFB, Silvagas en MILENA en de LT
CFB. Er is uit de literatuurstudie geconcludeerd dat er een groot gebrek is aan experimentele en
operationele data in dit lage temperatuurgebied, bijvoorbeeld over de verdeliallyalisover

deas en de gasfasdn een derde fase van het werkpakket is er door ECN kennis opgedaan op
het gebied van lage temperatuur vergassing. Hieruit bleek dat de alkalibelasting voor de kolen
gestookte ketel aanzienlijk kan worden verminderd wanneer er vigdtelivergassing wordt
bijgestookt. Dit leidt tot ongeveer &5% vermindering van alkalen chloorbelasting voor de

ketel. De resultaten zijn ook vertaald naar een rmassanergiebalans voor RDF en stro op een

300 MW, input basis. KEMA heeft met SPENGfrekeningen laten ziengeval van 20 e/e %

direct meestoken van -Aout gecombineerd met het bijstoken van 20 e/e%pshets ten
opzichte van 100% kolenstook er een elektrisch rendementsverlies van 2,7%eguttit. In

het geval van het 20% e/e ijken van RDF is di1,6% t.o0.v. 100% kolenstook. Wanneer dit
vergeleken wordt met direct bijstoken van houtpellets op basis van 20% e/e,&alinihder
elektrisch rendement voor RDF en 1,4% voor stro pellets

Werkpakket 3: Duurzaam asmanagement ergebruik

Na de verbranding van een vaste brandstof blijft er as over. Als biomassa in grote hoeveelheden
wordt gestookt, zal de samenstelling van de as veranderen en daarmee ook mogelijke
afzetmarkten. In dit werkpakket is een inventarisatie gemaakt vaesidhikbare volumes en
karakteristieken van toekomstige biomaasaen. Op basis van deze inventarisatie zijn vijf
specifieke cases bestudeerd, waarbij de assen niet meer in de bestaande routes naar cement en
beton ingepast kunnen worden. Belangrijke punten de beoordeling waren de
noodzakelijkheid en de mogelijkheden van asrecycling als een middel om Rugént
mineralenkringlopen te sluiten. Dit heeft geleid tot heldere inzichten en een uitgebreidere
beoordeling van een tweetal case: a) het terugbneveye de houis naar de gronden waar deze
bomen zijn geoogst en b) het recyclen van as van de verbranding van cacaodoppen naar de
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plantage in Ivoorkust. De algemene conclusie is dat recycling in principe mogelijk is als de
assen apart worden verzameld dus niet worden gemengd met koles In het geval van
bosbouw, kan het gehalte aan zware metalen de recycling belemmeren. Bij akkerbouw kunnen
assen slechts in beperkte mate kunstmest vervangen. Het recyclen van as heeft minder
milieueffecten dan storterEen opmerkelijke conclusie was dat het gebruik van assen als
grondstof voor de locale productie van kunstmest de beste optie is, omdat dit de
milieuconsequenties van het lange afstandtransport elimineert. Voor bieasassadie niet in
bestaande toepamgen passen, is de productie van lichtgewicht kunstgiingh{ Weight
Aggregate, LWA) geidentificeerd als de meest veelbelovende bulktoepassing. Er zijn
testhoeveelheden geproduceerd en de materiaaleigenschappen bepaald. Er is geconcludeerd dat
dit kunstgind geschikt is om grind te vervangen in beton. De markt is groot genoeg om de grote
schaal productie van kunstgrind van meestaséen te accommoderen en de productiekosten
(geschat rond de 3% Euro/ton) zijn het laagst van alle mogelijke alternatieve
bulktoepassingen, maar wel duurder dan de huidige toepassingen van kolenvliegas in cement of
beton.

Werkpakket 4: Biomassameestoken onder oxyfuel omstandigheden

Oxyfuel (onder verrijkte lucht condities) verbranding van kolen samen met biomassa isieen va
de opties om Cg@afvangst mogelijk te maken. Over het vervuilingsgedrag in de boiler onder
deze condities is weinig bekend. Het werk in dit werkpakket betrof een literatuurstudie naar de
stateof-the-art kennis met betrekking tot oxyfuel verbrandingsemten, proces
omstandigheden die verwacht kunnen worden (bijv. temperatuurprofielen, verblijftid van
deeltjes) en beschikbare gegevens over katarbiomassaverbranding ondey ®n CQ-rijke
omgeving. Dit literatuuronderzoek is gebruikt om eendelbad experimenteel programma op

te stellen, waaronder een aantal foulingtesten. De resultaten van deze testen geven aan dat
fouling toeneemt indien kolen, biomassa en mengsels daarvan onder oxyfuel condities worden
gestookt. Met de nieuwe fysische en chengsdhta afkomstig van deze experimenten, is de
Computational Fluid Dynamics (CFD) modelleringstool de Ash Deposition Predfi?) is
aangepast voor oxyfuel condities. Op termijn biedt dit de mogelijkheid het gedrag van as te
voorspellen in gedetailleerarodellen voor nieuwe elektriciteitscentrales.

Werkpakket 5: Foulingmonitoring/boilerdiagnostiek

De verandering van het foulinggedrag en daarmee de veranderde warmteoverdracht van het
rookgas naar de stoompijpen, is erg belangrijk als biomassa wordestealg. Het is nuttig

om dit gedrag oitine te kunnen meten. Dit werkpakket heeft zich gericht op de ontwikkeling
van een sensor die het vervuilingsgedrag kan meten. Er is begonnen met experimenteel werk om
de gevoeligheid van de warmtefluxsensor in dgdmde ECN labchaal en industriéle probes

te verbeteren. Dit heeft geleid tot een algoritme dat heflingsire gedrag beschrijft van de
respons van het warmtefluxsignaal. De toepassing van dit algoritme maakt het mogelijk om
nauwkeuriger metingen toen aan fouling. In het bijzonder in het lage gevoeligheidsgebied, is

de nauwkeurigheid twee ordes van grootte verbeterd. Daarnaast is een overzicht gemaakt van
bestaande methoden voor boiler as depositiemetingen almede voor de beschikbaarheid van hoog
temperatuur nietnvasieve stoommassastroommetérag. norrinvase steam mass flow meter)

voor toepassing in boilers. Verder is de ontwikkeling van dit type meter succesvol geweest. Het
prototype is ontworpen, gebouwd en uitgebreid getest ogsdadal. Op ésis hiervan is
geconcludeerd dat de gevoeligheid onder hoge temperatuurcondities meer dan voldoende is. Om
die reden is de labchaal versie aangepast om de toepassing #achaal boilers mogelijk te
maken. Aan het eind van het project is een plan gkintaa deze te testen in de Borssele 12
boiler. Daarnaast is een conceptueel ontwerp van een geintegreerd slagging/foulingmonitoring
systeem voltooid, gebaseerd op de componenten ontworpen en getest in deze en andére EOS
projecten.

3 Het testprogramma maakte geen deel uit van dit project.
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Werkpakket 6: Gebruik van natte biomassa emecombineerd metvarmtebenutting
De combinatie van kolen/biomasgastookte installaties met de opwerking/conversie van natte
biomassa door middel van warmte is een innovatieve mogelijkheid om de het totale rendement
van de centralée verhogen. Het doel van dit werkpakket, dat is uitgevoerd in de tweede helft
van 2009 en in 2010, is een eerste verkenning te doen naar en beoordeling van concepten die
geschikt zijn voor de integratie van een centrale met een natte biomassavenaéskiede een
technischeconomische evaluatie van meest belovende technologieén. Dit is gedaan door middel
van een deskstudie, site visits en contacten met leveranciers en technologieontwikkelaars. Als
resultaat van deze verkenning zijn als potentieel insar@enattebiomassa stromen geidentif
ceerd: bermgras, de natte fractie van GFT afval, digestaat van anaerobe vergisting van agrores
duen en mest, mest en rioolslib. Deze selectie is gebaseerd op een aantal criteria, zdals beschi
baarheid in de nabijheichn de centrale, aanwezigheid in vergunningen en vochtgehalte-Op b
sis van een uitgebreid aantal criteria is een achttal processen beoordeeld. Van deze acht, zijn
vier technologieén verder uitgewerkt in een technsatnomische studie. Deze zijh) can-
ventionele droging met een band droger, 2) anaerobe vergisting omdat het een commerciéle en
bewezen technologie betreft, 3) TORWASH (natte torrefactie) vanwege zijn eenvoud en was
rendement, en 4) HTU (Hydro Thermal Upgrading) voor zijn potentieel omaridbtoffen te
maken uit lage kwaliteit biomassa en de relatief milde procescondities. In de technisch
economische anadg de beschikbare brandstoffen waarbij gras en GFT als grondstoffea-zijn g
nomen,zijn ieder gekoppeld aan de voorbewerkingtechnolog&&wervolgens op basis van
thermodynamische berekeningdie zijn uitgevoerd met de KEMA SPENCE® softwame
daarop volgende conclusies getrokken
e Gras voorbewerken met een banddrogetegratie van een banddroger volgens deolaty
zoals beschouwd hiren WP6 wordt verwacht technisch mogelijk te zijn, met enkeleddein
re uitdagingen.
e Gras voorbewerken met het TORWASH concéptegratie van de TORWASH reactorlvo
gens de layput zoals bestudeerd binnen WP6 zou technisch mogelijk moeten zijn maar is
volgens de auteurs geen makkelijke oplossing. Het concept is in deze opstelling behoeft nog
verdere optimalisatie.
e GFT voorbewerken met HT.Untegratie van de HTU reactor volgens deday zoals best
deerd binnen WP6 zou technisch mogelijk kunnen zijn, nsa@iet logisch om zo te doen.
e GFT voorbewerken met anaerobe vergistimgegratie van anaerobe vergisting volgens de
lay-out zoals bestudeerd binnen WP6 wordt verwacht technisch mogelijk te zijn, met enkele
uitdagingen.

Het onderzoek heeft hiermee aammgpnd dat er mogelijkheden zijn natte biomassa vooete b
werken. De technologieén die hiervoor benoemd zijn, zijn divers, hebben ieder specifieke voor
en nadelen, zijn geschikt voor specifieke natte biomassastromen, en hebben een verschillende
mate van vilwassenheid. Het integreren van deze concepten met een kolengestookte eenheid
brengt echter kapitaalskosten en significante warmtekosten in de vorm van stoom met zich mee.
Echter, gegeven de beschikbaarheid van natte biomassastromen zoals gras en G¥i- is de
wikkeling van nieuwe techhogieén relevant.

Daarnaast is een experimenteel programma uitgevoerd wa&@BWASH materiaal is gepr
duceerd in een 20 liter autoclaaf. Hoovgr dit programmaekozen als uitgangsmateriaal. De
samenstelling en eigerts@mppen van dit materiaal komen overeen materiaal dat akerder
geproduceerd is op kleine schadét massa en energierendement zijn wat lager dan in de ee
der labschaal experimenten, maar dit kan verbeteren als er verder geoptimaliseerd \werdt ric
ting mildere condities. De maalbaarheid van geTORWASHt hooi is aanzienlijk verbeterd ten
opzichte van het uitgangsmateriadae goed oplosbee zouten (K, Cl, etc.) zijn voor meer dan
90% verwijderd.
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Werkpakket 7: Pneumatisch transport van biomassa en biomaagolen mengsels

Een typische centrale die biomassa meestookt zijn wijzigingen aangebracht aan de beandstofb
handelings opslagsystemen en soms de branders om biomassa met kolen mee teEstioken
belangrijk onderdeel is het maalsysteem en haar compon@&iténwaarom er in dit werkpa

ket aandachis besteed aan een evaluatie van de luchtstroming en deeltjesverdeling in een
brandstafransporttidingvan de EPZ centrale (Borsseld$ een case studiEvaluatie van het
maalsysteem heeft geleid tot de dosie dat de capaciteit niet wordt bepaald door het malen of
de thermische beperkingen opgelegd door de houtpelletbrandstof of de maalinstallatie zelf. De
maalcapaciteit wordt meest waarschijnlijk bepaald door transportbeperkingen in de ntaalinsta
latie ende brandstoftransportleiding.

De studie omvat de evaluatie van de brandstof deeltjessnelheden en devdeddfjegtijdens
transport|n dit kader werd een CFD (Computational Fluid Dynamics) model ontwikkeld.

De verkregen resultaten éat zien datn het brandstoftransportleidingedel de houtdeeltjes

effectief worden getransporteerd door de primaire luchtstroom zonder significante circulatie en
depositie. Echter, de houten kooldeeltjes lijken slecht te mengen in de lucht, waarbij eesegr

gatie opt ee d t in de transportleiding, maaMetér opi n
betrekking tot depositie is in het model waargenomen, dat deze meer optrad bij grote deeltjes
met lage luchtsnelheden en minder bij hogere snelh&fetichte deeltjes bieen meestal dr

mogeen gedispergeerd in een homogene stroMiogr de grotere traagheigrtoonden grat-

re deeltjes duidelijk depdf nabij de onderkant van eand en deze depositie werd significant

bij hogere snelheid

Werkpakket 8: Optimalisatie van numerieke modellen voor slagging en fouling

Bestaande poederkool centrales zijn oorspronkelijk ontworpen om kolen te verbranden met ee
tamelijk nauwe kwaliteitsmarg®ij- en meestook van biomassa laiitttot een aantal operat

onele uitdagingen, zowehide branderzonesls verderdownstream. Een serieus probleem
vormt de toename van verslakking (branderzone) en vervuiling van de warmteoverdragende o
perviakken in de ketel ten gevolge van veranderdehasnie.De hogere gehaltes aan vluchtige
aselementa, zoals alkali metalen, veroorzaken een aantal ongewenste fenomenen die plaat
vinden in zowel de radiatieve als de convectieve zone van de ketel. Deze processen omvatten
zowel chemische interacties tussen hoofdcomponenten van de kolen en biasngspache-

mische reacties met alumisdicaten) als fysische process@ondensat van gasase alkali
zouten), die aerosolen vormen en coatings op asdeé&lgegelijke processen worden al langere

tijd onderkend een sleutelrol te spelen in ketelvervuilingemissieproblematiekEchter, de
precieze details van deze fenomenen en de interactie van verscheidene processen worden nog
steeds onvoldoende begrepkat staan dat ze alle zijn geintegreerd in voorspellende raxmeri

ke modellen Ontwikkeling van betrouwdre modellen walt essentieel beschouwd vosuc-

cesvdle uitbreidng van de technologimet een wijde variéteit aan biomassabronnen.

Als resultaat van ditverkpakket zijn nieuwe correlaties voorgesteld, die de componenten o

vatten gedurendgeidealiseemlen typische poederkoolverbrandingscondities uitgaande van de

elementaire sanmmstelling van de brandstdEnkelvoudige brandstoffen en blends zijn deoerg

rekend. Van spefiek belang zijrde componenter8O/S0C;, HCI, KOH, NaOH, KCI, NaCl en

K-AISi. Hun mdaire concentraties in de gasfase (rookgas) zijn voorspade informatigs

gebruikt als input ot op basis van balansberekeningdret lot van de componenten geeh

de het rookgasafkoeltraject te bepal&en vereenvoudigd reactieschema, dat de dkiwvi

ling/combinatie van componenten tijdens dit afkoeltraject voorspelt, is eveneens voorgesteld.

Verbeteringen in de voorgestelde componentvormingetwikkeling zijn voorzien en corral

ties dienen te worden gecomplementeerd met

e een uitbereiding van hetantal berekeningen voor relevante- ldp meestook brandstof
blends;

e een gedetailleerdgtudie naar gasvormig calciuem magnesium die combineren tot caidpon
tenen oxalaten bij lagere rookgastemperaturen.
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Verder dientvoor hetvereenvoudigde reactiehena het volgende te worden uitgevoerd:

e een volledige gevoeligheidsanalyse;

¢ de reatiesnelheden voor alle diverse c8es dienen te worden geimplementeerd;

e de verkregen resultaten dienen te worden vergeleken en gevalideerd met boiler daga met ad
guate expementele tools (probe(s), conditionering en analyses).

Het werk is een stap verder op weg naar implementatie in eerpetiersle tool, bijvoorbeeld

de Ash Deposition Predictor (ADPDit werk laat dan in het model niet alleen de fysisahe f
nomenen modelten die aanleiding geven tot depositie (impactie, turbulente diffusie enaherm
forese) maar ook depositie ten gevolge van condenshéte(ogeneondensatie op wanden en
reeds bestaande deeltjes als ook homogene nuclé&xientwikkelde methodiek is ageha-

den als een goed compromis tussen eenvoudigheid, realisme van voorspellingen en benodigde
rekenkrachtHet werk zal de mogelijkheden van de ADP uitbreiden als een stap naar \roorspe
ling van de invloed van condensatiemechanismen op het overall degexiag. Deze realisatie

van een dergelijk volledig condensatiemodel en de geassocieerde programmering in de ADP
wordt geadviseerd als werk uit te voeren in het kader van een project van een (vier jaar durende)
promotie.

Valorisatie en disseminatie van d resultaten

Tijdens de eindfase van het consortium zijn discussies tussen de partners gevoerd over de
gezamenlijke valorisatie van de gemeenschappelijk gegeneerde resultaten en disseminatie
hiervan. Hieruit is voortgekomen dat de gemeenschappelijk orgldié&kdd-on op het KEMA

TRACE model perspectieven zou kunnen bieden.

De intensieve betrokkenheid van de industrie in de Industriéle Advies Groep heeft ervoor
gezorgd dat de gegenereerde kennis verspreid is bij de eindgebrrikdselgroep van dit

project.: de Nederlandse elektriciteitsproducenten. In mei 2010 is door het consortium in
Amsterdam een breed georiénteerd en openbaar Biomassa Meestook Symposium georganiseerd
waar de resultaten van het onderzoeksconsortium voor een algemeen publiek zigntggmebs

Zestig mensen woonden dit symposium bij. Eveneens zijn er diverse rapporten, artikelen en
bijdragen aan conferenties gelevey@rder zijn de resultaten onder andere gebruikt als basis

voor een bijdrage aaeenboek (6 Sol i d Bi of ue lLawver Geenholsa Gasqg y : A
Al t er mditadiby R Grammelig)ver asgerelateerde onderwerg@nhet meestoken van

biomassa in PF boilers in de vorm van een tweetal hoofdstuEkes. een website domein

6bi omassacofiringd ger eapiplatformeo®mrhdt promotend viarehetwor dt g e
onderzoeksconsortium en het men bijstoken van biomassa als duama&nergie concept.

Er kan worden geconcludeerd dat significante vooruitgang is geboekt en dat waardevolle kennis
is opgedaan op het gebied van hne¢e en bijstoken van biomassa om de lange termijn
doelstellingen van het EQST programma te bereiken en te faciliteren. De kennis en ervaring
van de partners is in dit projedbor de betrokken industriéle partijen in de |&@aren als
waardevol en vrchtbaar. De beeldvorming over efiring is realistischer en positiever
geworden bij overheid en publiek, mede door dit onderzoek.
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Summary

In the Netherlands, biomass is envisaged to play a major role in fulfilling national ambitions
concerning the redtion of CQ-emissions and the introduction of Renewable Energy Sources
(RES). In this respect, ambitious targets have been set in theTesng Energy Research
Strategy (EOS.T) programme of the Dutch Ministry of Economic Affairs. This includes
targets 0f25% and 40% biomass ¢iming in 2020 and 2040 respectively. Biomassficimg
comprises botldirect cafiring, in which biomass is thermally converted together with the fossil
fuel, andindirect cofiring, in which biomass undergoes separate thermalezsion and the
processing of the resulting product (e.g., fuel gas) is integrated in theftetdited plant.

To meet the biomass €ming targets, not only existing fosdiliel-fired power plants will have

to be considered, but also new plants lavg new conversion technologies aiming at higher
overall efficiencies and a lower environmental impact. The Dutch power generation sector
expects that in 2040 cefited power generation capacity in the Netherlands will consist of a
mix of nearzero andzero emission plants with a high efficiency (>50%) and-€Qissions
comparable to statef-the-art gasfired combineecycle units.

The targets set for biomass-fiong in 2020 and 2040 respectively cannot be met with -sthte

the-art technology. New imovative technology solutions will have to be developed. In line with

the longterm vision of the Dutch power generation sector, and based on a detailed assessment
of the expected impact of biomass-fiing on power plant performance and of the current
technology status, the following technology developments are thought to be required:

e Biomass upgrading, piteeatment and feeding technology,

Assessment and solution of technical bottlenecks in direfiting,

Indirect cofiring technology,

Process moniting and control, and

Residues management.

ECN and KEMA have formed an R&D consortium to address these biomdssigdr&D
requirements. TU Delft is involved as well, initially as a subcontractor, but in a later stage
(2010) they will become a full pawéer. Furthermore, there is a close involvement of the Dutch
power generation sector, ensuring that the R&D activities are well targeted to market needs and
facilitating the implementation and exploitation of the results. Within the areas mentioned
above, lhe consortium has made a careful selection of specific R&D topics, which are of
particular relevance to the Dutch power generation sector and where the consortium has clear
added value based on available expertise and R&D facilities. Of these topicel|ldinénd

eight are covered within the EQIST biomass cdiring consortium projects anavill be
described in this final report:

¢ Fate of trace elements in biomassficimg,

Development of indirect ebring technology,

Sustainable ash management and dewedop of new utilisation options,

Biomass cefiring in oxy-fuel combustion,

Fouling monitoring/boiler diagnostics,

Wet biomass processing and heat utilisation

Pneumatic transport of biomass and coal/biomass blends,

Optimisation of numerical models for gging/fouling.

During the first two consortium years, close working relations have been established between
ECN and KEMA, and through the pedtc studies with TU Delft. Within the third and fourth
year, the cepperation was continued and extended furtheading to the generation of
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numerous resultsin the fifth year the TU Delft became a full partner of the consortium.
Combining expertise and facilities of these organisations leads to clear added value. Moreover,
the interaction with Industrial AdvisprGroup (IAG) members (representatives from the Dutch
power generation sector) has been intensified and their role in guiding, monitoring and
mentoring the work has been strengthened. The topics were coveightimork packages.

Work package 1: Fate dtrace elements in biomass cfiring

The behaviour of trace elements in conventional power plants at lower bioméssgco

percentages (up toB)% on energy basis) is rather wielown. However, this is not the case

for higher cefiring percentages, wh biomass containing different trace elements than coal.

There is a need to improve the understanding of trace element behaviour in these processes to

allow the formulation of design and operation guidelines for an adequate control of the emission

of critical trace elements. This is relevant for regulations on emissions, waste and health.

Relevant main and trace elements to be studied include the main elements nitrogen and sulphur,

macro elementsand trace elemenitswith respect to the "Fate of tracemlents in biomass €o

firing", the R&D work comprised three complementary approaches, viz. thermodynamic
equilibrium calculations (modelling), measuring campaigns asfidle power plants (fuicale
measuring campaigns) and {atale experiments. The & approaches are complementary and
they each have their merits and their limitations. By combining them, a more complete picture
of trace element speciation can be obtained. Moreover, modelling aisda@bexperiments
allow the conditions to be extendemladvanced clean coal technologies like USC andfosly
combustion. Work along each of these lines has been carried out as follows:

e Finalising thermodynamic equilibrium calculations for biomasdiring in conventional
boilers, USC boilers and oxfyel combustion,

e Two full-scale measurement campaigns (Borssele 12 power plant of EPZ (2006) and
Maasvlakte power plant of E.On (2008), focusing particularly on the influence of the
SCR/deNOx installatione.g. its deactivation andn the speciation of tracelements.
Speciation of some specific elements, including chromium was measured using XAFS (X
ray absorption fine structure) techniques,

e A series of lakscale tests to determine devolatilisation behaviour of trace elements in
conventional and new boiler moepts and to study behaviour of elements in flue gas,

e Adaptation and application of an innovative analytical method combined with computer
modelling to determine trace elements speciation/complexation in complex mineral matrices,
including its validatioragainst conventional speciation measurements.

Several conclusions were drawn from the work carried out. The devolatilisation behaviour of
elements in coal was found to be different than the devolatilisation behaviour of the same
elements from biomass. Réts from fullscale measurements indicate that an SCR installation
can play a significant role, e.g. by increasing the conversion (oxidation) and therefore the
recovery of metallic mercurySEM analyses of spent SCR catalyst have shown that two
mechanismgplay a role in deactivation: deposition on the surface layer and penetration of
poisonous elements. Results of a detaileestatic leachability study on these same spent SCR
catalyst specimens have indicated thafidng may indeed lead to increasedadtivation rates,

as the biomaseelated elements as K, Ca and P may either interfere with and therefore enhance
the poisonous action of ceadlated elements as As, as well as form volatile/mobile or reactive
phases (like Ca and K chlorides and sulphafBse extent of the deactivation turned out to be
strongly depending on the exact composition of the fuel blend. It is well known that (clean)
wood leads to a significantly less degradation than agricultural and food processing residues.
However, even inthe worst case the activity of the catalyst remained within the tolerance
guaranteed by the producer, hence not compromising theiiSsion limits.

4 Macro elementsha, K, Ca, Mg, Cl, and P
® Trace elementss, Br, As, B, Ba, Cd, Co, Cr, Cu, Hg, Mn, Mdi, Pb, Sb, Se, Sn, Te, Tl, V adh
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Results from the campaighsvealso show that SCRoperatng conditionsdo affect speciation

and behawur of elements, like the oxidising conditions in the boiler as well as in the FGD.
Finally, in order to make all data and knowledge on speciation afidrgpconditions as found

in the project available, a speciation knowledgebase has been built.

Work package 2: Development of indirect cdiring technology

The work on the "Development of indirect-iong technology” has started in the first two
years with a technicadconomic evaluation of the prospects of a relative new gasification
technology, TORED gasification, compared to staithe-art fluidisedbed gasification. The
results of the technicalconomic evaluation did not reveal clear advantages of the TORBED
gasification concept over circulatitilyidised-bed (CFB) gasification, whereas the aernainties

in technical performance and costs are much larger. Consequently, in consultation with the IAG
it has been decided in 2008 to focus this work package on fluidized bed gasification. As
strongly recommended by the IAG, this study has startedamitbsk study, in which different

low temperature (< 700°C) fluidisdzed gasification concepts for indirect-tong potentially
suitable for using low cost, difficult fuels (rich in alkali and chlorine), and different ways of
integrating gasification wht the main coafired boiler were assessed. The compared concepts
were CFB gasification, the indirect concepts FICFB, Silvagas and MILENA concepts, and LT
CFB. It was observed that there is a lack of experimental and operational data of low
temperature gifscation, e.g. on the distribution of alkalihe third phase of this work package
was dedicated to producing experimental data of low temperature gasification of difficult
biomass fuels. This showed that the alkali load for a pulverizedficedl boiler can be
drastically reduced when the-fiang route is via indirect gasificatioiRoughly 8695% ofthe

alkali and chlorinevill not enterthe boiler. Based on the results, mass and energy balances have
been made for indirect gasification (20 e/e%) ofFfR&hd straw pellets on a 300 MVihput

basis, additional to 20 e/e% directfiring of A-wood. KEMA used these results for SPENCE
calculations and showed that for straw pellets compared to 100% coal firing has an estimated
efficiency loss of 2.7% comped to 100% coal. The RDF case shows better results with
SPENCE and has 1.6% efficiency loss. When compared to 208trede cofiring the loss is

0.3% and 1.4% respectively the RDF and straw pellet case.

Work package 3: Sustainable ash management and delepment of new utilisation options

After combustion of a solid fuel, ash remains. When){ting biomass, ashes with another
composition remain and an alternative utilisation routes may be needed. In the work package
"Sustainable ash management and kigraent of new utilisation options", as a starting point

an inventory was made of volumes and characteristics of future biomass ashes. Based on this
inventory, five specific cases were studied where ashes could no longer be utilized in the
existing routego concrete and cement. Important points in the assessment were the necessity
and possibilities of ash recycling as a means to close nutrient and mineral cycles. This has led to
clear insights and a more elaborate assessment of two cases: a) returnirasiesotb the-o

riginal soils where the trees were harvested, and b) recycling ashes from combustionaof

shells in the Netherlands to the plantation in Ivory Coast. The overall conclusion is that
recycling is in principle possible when the ashes apastely collected (not mixed with coal
ashes). In forestry, heavy metal contents of wood ash may prevent recycling. In agriculture,
ashes can replace only part of the fertilizer used. Recycling has less environmental impact than
land fill. A remarkable anclusion is that the best option is to use ashes as a raw material in
local production of fertilizer. The reason is that it eliminates the environmental impact of long
distance transportation. For fly ashes from biomasdiriog, production of lightweight
aggregates (LWA) was identified as the most promising bulk utilization. LWA test batches were
produced and material properties were determined. LWA frofiriog ashes were found to be
suitable for replacing gravel in concrete applications. The maikearge enough to
accommodate bulk production of LWA from -fiing ashes and LWA have the lowest
production cost (estimated in the range of435Euro/tonne) of all feasible bulk applications,

but more expensive than established applications in cemeahorete for coal fly ash.
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Work package 4: Biomass cdiring in oxy -fuel combustion

Oxyfuel with biomass firing is one of the options to make,C&pture possible, however not
much is known about the fouling behaviour in the boiler under such condifibaswork on
"Biomass cefiring in oxy-fuel combustion" has started with a literature study on the-state
the-art concerning oxjuel combustion system concepts, process conditions to be expected
(e.g., temperature profiles, particle residence times) avallable data on coal/biomass
combustion in @CO,-rich atmospheres. The results of this literature study have been used to
define the lakscale experimental programme, including amongst others a number of fouling
tests. Results of the said runs indicaeincrease in the fouling propensities of coals, biomasses
as well as their blends under efuel firing conditions. With these and other new physical and
chemical data gathered from the said tests, the Computational Fluid Dynamics (CFD) modelling
tool the Ash Deposition Predictor has been adopted foffoslycofiring conditions. This will

in the long run also help to predict the behaviour of the ash in detailed models of new power
plant designs.

Work package 5: Fouling monitoring/boiler diagnostics

Change in fouling behaviour in the boiler is one of the important issues wHamgadiomass.

It is therefore of interest to have-tine tools to monitor this phenomena. The work on "Fouling
monitoring/boiler diagnostics" started with experimental warkntprove the sensitivity of the

heat flux sensor in the existing ECN {and industrial deposition probes. The said calibration
work led to an algorithm describing the rlamear behaviour of the heat flux signal response.
Application of this algorithm vl allow for much more accurate measurements of the fouling
propensity. In particular in the lower measuring range, the accuracy has improved by two orders
of magnitude. Further, a review of the existing methods for tHeoiler ash deposition
diagnostictechniques as well as namvasive mass flow measurement has been completed.
Next, the development of a highemperature noinvasive steam mass flow meter, a
component essential for further development of an online fouling monitoring system, has
proven quite successful. The prototype of the said apparatus has been designed, built and
extensively tested on the lzlsale, whereupon it was concluded that the sensitivity under the
relevant high temperature conditions are more than satisfactory. Therefolabtbeale
prototype has been-engineered to enable the application in thedudle boiler. At the end of

the project a plan was made to set up adadlle test at the Borssele 12 boiler in the fall of
2010. Finally, a conceptual design of an intagrhslagging/fouling monitoring system, based

on the components developed and tested earlier on in this and oth&rTE®§ects, has been
completed.

Work package 6: Wet biomass processing and heat utilization

An interesting option to increase the ovkedficiency is to combine coal/biomasised power
stations with heatlemanding biomass upgrading or biomass conversion processes fobowet bi
mass streams. The main objective of this work package is a first screening to identify and assess
concepts for ta integration of codlired power generation and wet biomass processing, aimed

at increased overall efficiencies and cost reduction through optimal heat integration byperfor
ing a desk study, having site visits and from information of suppliers and teghradevelp-

ers. As a result of the first assessment according to the defined criteria, the following biomasses
were identified as most promising biomass types: (roadside) grass, organic wet/compostable
fraction (GFT), digestates from the anaerobic digestf agricultural residues and manures,
animal manures and sewage sludge. This selection is based on a number of criterialdike avai
ability in the vicinity of the plant, permits and moisture content. Based on a number of criteria,
eight processes have dve assessed. From those, the four technologies have been evaluated
techneeconomically. These are: 1) thermal drying with a belt dryer as the reference technology,
2) anaerobic digestion because it represents a commercial and proven technology, 3)
TORWASH (wet torrefaction) for its simplicity and efficiency in drying and washing, and 4)
HTU (Hydrothermal upgrading) for its potential in extracting-hiels from low grade biomass

6 Execution of the test plan is not a part of thigject.
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at relatively mild process conditions. In the teclmwonomic analysis the alatble biomass
types ( grass and GR¥ere considered) are both coupled to thegmoeessing technologiesd
thermodynamic calculations have been performed with the KEMA SPENCE® software. For the
feedstock technology combinations the following conclusieaie drawn:
e Grass preprocessing by belt dryingntegration of a belt dryer following the layout asdstu
ied is expected to be technically feasible with some minor challenges.
e Grass preprocessing by TORWASHnNtegration of the TORWASH reactor followingeth
| ayout as presented in this report may be tech
not a convenient solutiofhe concept is far from optimized in the studied layout.
e GFT preprocessing by hydrothermal upgradingtegration of the HTU reaor following
the | ayout as presented in this report may be
is not logical to do so.
e GFT preprocessing by anaerobic digestiontegration of an anaerobic digester follog
the layout as presented in thiegport is expected to be technically feasible with somé& cha
lenges.

The study presented that wet biomasspaeessing technologies exist. The mentioneti-tec

nol ogies are diverse, have each their oewn proods
mass, and have a different state of maturity. Integrating these technologies with a coal fired unit

involves capital costs as well as significant cost of heat by means of steam. However, given the
availability of wet biomass streams as grass and GFT,aielapment of new technologies is

relevant.

As part of the experimental programme, a batch of TORWASH material was produced in a 20
litre autoclave. Hay was selected as the feed stock for this programme. The composition and
characteristics compare well twithose of the material produced previously on a ssualle.

Mass and energy yield are somewhat lower than on the small scale, but this can improve with
optimization towards milder conditions. The grindability of the material is significantly i
proved conpared to the feedstock. The dissoluble salts (K, Cl, etc.) are removed for more than
90%.

Work package 7:Pneumatic transport of biomass and coal/biomass blends

A typical cofiring installation includes modifications to the felendling and storage sgsts

and possibly the burner to accommodate biomass. One important consideration is the milling
system and its components. This is why the attention is put to evaluate the airflow and particle
distributions in apulverizedfuel duct in the EPZ (Borssele) wer plant as a case study
Evaluation of the mill system in fact, led to the conclusion that mill capacity is not controlled by
grinding or thermal limitations imposed by the wood pellet fuel or the mill itself. Mill capacity

is most likely controlled byransport limitations within the mill and fuel pipe.

The study includes the evaluation of fuel pipe velocities and particle flow distribution because
the evaluation of any pulverizer/mill system requires the determination of the transpart limit
tions anda Computational Fluid Dynamics (CFD) model was developed. The results obtained
show that in the fuel pipe transport model the wood particles are effectively transported by pr
mary air without significant circulation and deposition observed. However wabdaah paiit

cles appear to mix poorly with air witeh particl
nomena does not occurhe deposition of heavier particles was found to be higher at loaver v
locities and lower at higher velocities. The lightertigées were found to remain mostlyssu
pended with homogeneous distributidbue to a larger inertiathe larger particles clearly
showed deposition near the bottom of the wall and this deposition was found to be pronounced
at higher velocity.

Work package 8: Optimisation of numerical models for slagging/fouling

Existing pulverized fuel (PF) boilereaveoriginally beendesigned t@wombustcoals of a fairly
narrow quality rangeCo-firing biomassresults in a number of operational issues, both in the
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combusion zone, as well as further downstregxrserious issuéormsthe increase in the gla

ging (neatburner) and fouling of the boiler heat transfer surfaces, due to the altered fuel ash
chemistry.Higher shares of volatile ash components, such as alkalilsneause a nhumber of
undesired phenomena to occur both inbhe i |radiand &d in the convective part. These
processes include both chemical interactions betwe#ncomponents of the coal and biomass
ash (i.e. chemical reactions with aluminosilest as well as physical processes (condensation
of the gagphase alkali saltfprming fine aerosols and coatings on ash partickeshprocesses
have long been recognized as playing a key role in boiler foahdgmission issues. However,

the exact dwils of these phenomena and the interaction of several processes are stitl insuff
ciently understoodgt alone integrated into predictive numerical models. Developmentiof rel
able cecombustion models is considered todssentiato successfully expantthe technology
making use of a broad variety of green sources.

In this work packageew correlations were proposetkfiningthe species formed during ideal
and typicalPF combustion from the elemental fuels composition. Pure fuels and blends were
studiald. The species of interest are: &&D;, HCIl, KOH, NaOH, KCI, NaCl and&-AlSi. Their
molar concentrationgere also predicted. Thinformation will be used as inpto determine
from a balancehe fate of species as temperature of the fluedgaseasesithe boiler A sim-
plified reaction scheme simulating the evolution/combination of the components as temperature
decreases was also propodeaprovements of the proposed species formation and spedies ev
lution pattern are foreseemthe species formatiaorrelations would need to be complemented
with:
e an extension of the number of calculations for relevarfirarg fuels combustion;
e a detailed study of the gaseous calcium and magnesium elements combininglvaitiatees

and oxalates at lower flue gasngerature.

Moreover for the reduced reaction scheme:

e a complete sensitivity analysis would need to be carried out;

¢ the reaction rates corresponding to the different reaction would need to be expressed;

¢ the results obtained would need to be compared alidbted tovards real boiler data, using
anappropriate experimental set up.

This work isafirst step towardémplementation ira predicive tool, e.g. ADP. The workould

all ow to model not only the fAphysinrahimgec- phenom
tion, turbulent diffusion and thermophoresis, but also, to consider deposition due to various
condensation modes (heterogeneous onto walls and already existing particles as wetl-as hom
geneous nucleation). The methodolatpvelopedvas retaineds a good compromise between

simplicity, realism of predictions and equivalent calculation burden. The witirke-inforces

the capabilities of ADP as a step to predictittiiience ofcondensation mechanisms overall
depositionbehaviour The realizdbn of a full condensation model and its coding in the AP

advised tdbecarried out withirthe scope of a future PhD project.

Valorisation and dissemination of the results

In the course of the third year of the consortium, discussion started ornntheajorisation of

the commonly generated results and the dissemination of the gathered knowledge. A jointly
developed addn on the TRACE model has been identified as a possible candidate for joint
valorisation.

The close involvement of the industryavihe Industrial Advisory Group ensured that the
knowledge generated in this project is well disseminated towards the&sersl of this
knowledge: the Dutch power producers. In May 2010 the consortium organized the Biomass
Cofiring Symposium aimed at a dmd public in Amsterdam, attended by 60 people. On this
symposium the results of the consortium were presented and discussed. Furthermore, the project
generated numerous reports, articles and contributions to conferences and results were used as a
basis fo two contributions in the form of two chapters forab@kS ol i d Bi of uel s f o
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Lower Gr eenhouseaditeGlay . Ghammetignrhe ash nelatéd issues when co
firing biomass in PF boilers.

Al so, a consortium aofeibrsiingd dlbansni lbe@dmBi nengisstcer ed,
both as advertising platform for the ECN/KEMA consortium itself, as well as for biomass co
firing as a sustainable energy generation concept.

Overall, it can be concluded that significant progress hasinede and valuable insights have
been obtained in the field of doing biomass in power plants to reach and facilitate the-long
term targets of the EGIST programme. De combined knowledge and experience of the partners
was experienced in this project aduable and fruitfulThe image of biomass doing has fe-

come more realistic and positive for government and public, partially by this research pr
gramme.
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1. Introduction

In the Netherlands, biomass is envisaged to play a major role in fulfilling nlationztions
concerning the reduction of G@missions and the introduction of Renewable Energy Sources
(RES). In this respect, ambitious targets have been set in theTesng Energy Research
Strategy (EOS.T) programme of the Dutch Ministry of Economicfaifs (seelTablel.1).

Tablel.1 Power and heat from biomas€EOSLT targets
Time frame | Targets
2020 e 20% electricity from biomass, first utilisation of residual theadistributed

biomassbased plants

e 25% biomass cdiring (on energy basis)

e 100% utilisation of conversion residues

e Technology available for indirect €oing consisting of a 100 M\|f biomass
gasifier in combination with a gdsed combineecycle plant

2040 e 40% electricity from biomass

e 40% biomass cdiring (on energy basis)

e Conversion efficiency for coal + biomass to electricity > 50%, full utilisation ¢
residual heat in distributed biomasased plants (resulting in an overall
efficiency of > 85%) ad an electrical efficiency of 40% for waste
incineration/processing

e Several indirect cdiring plants consisting of a 100 My\iomass gasifier in
combination with a gafired combineecycle plant in operation

As it appears clearly from Table 1, biomassfiring is one of the main technology options,

where biomass efiring includes all forms of biomass conversion integrated with fdssit

fired plants, i.e.:

e Direct cofiring, in which biomass is thermally converted together with the fossil fuel, and

e Indirect cofiring, in which biomass undergoes separate thermal conversion and the
processing of the resulting product (e.qg., fuel gas) is integrated in theffeddited plant.

CoHfiring also includeso-gasificationof biomass in codlired gasifers.

For biomass cdiring, the focus in this project is on cefed plants. An earlier ECitudy has
shown that in the Netherlands the possibilities for indirect bioma$sirug in gasfired power
plants are limited [Zwart, 2003].

Long-term vision Clean Coal Technologies

To meet the biomass €wing targets, not only existing fosdilel-fired power plants will have

to be considered. In the period up to 2040, the power generation infrastructure will undergo
important changes, including the constioictof new largescale coaland gadired plants. In

fact, the design and construction of several new plants has been started already [Seebrecht,
2007]. In the case of coal, new clean coal technology will be introduced aiming at higher overall
efficiencies and a lower environmental impact. In this respect, the Dutch power sector supports
the vision described in the inventory studtdte of the art studie techniekontwikkeling voor de
elektriciteitsvoorziening conducted by KEMA in the framework of the ‘&hsitieplatform
Duurzame Elektriciteit" [Bolt, 2006]. According to this vision, it is expected that in 2040 coal
fired power generation capacity in the Netherlands will consist of a mix ofzeearand zero
emission plants with a high efficiency (>50%)dabO,-emissions comparable to statethe-art
gasfired combineecycle units. Coal gasification with GOcapture and oxjuel coal
combustion with Ultra Super Critical (USC) steam conditions angda@ture are envisaged to

be the most cosdffective techologies. Based on this vision, the members of the Industrial
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Advisory Group (IAG) supporting this consortium have formulated a set of notions concerning
long-term research priorities [Jeurissen, 2008]. These form the basis of the consortium R&D
programme.

1.1 R&D requirements to meet EOS-LT targets for biomass co-firing

The targets set for biomass-fong in 2020 and 2040 respectively cannot be met with sthte
the-art technology. New innovative technology solutions will have to be developed. In line with
the long term vision of the Dutch power generation sector, and based on a detailed assessment
of the expected impact of biomass-fatng on power plant performance and of the current
technology status, the following technology developments are thoubétreguired:

1. Biomass upgrading, prgeatment and feeding technologipart from their C@neutral
nature, most types of biomass have inferior properties compared to fossil fuels. This
includes low energy density, hydrophylic nature (high water uptake \stwged in open
air), fibrous structure and tenacity (poor flowability and grindability), susceptibility to
biodegradation and heating, and high contaminant levels (especially for biomass
residues/waste and mixed streams). Dedicated upgradifiggptmen and feeding
technology will be required to enable (and/or reduce the cost of) handling, transport and
storage and to meet the narrow feedstock specificatielated to thermal conversion
processes. In this respect, it would be very attractive to deuvelchnology for the
upgrading of biomass into standard or "commodity" fuels with properties similar to
existing fossil fuels like coal or oil.

2. Assessment and solution of technical bottlenecks in direfitimg. Direct biomass co
firing in coaklired pants, especially at higher dwing percentages (>%0% on energy
basis), involves a range of potential technical bottlenecks (e.g-obtrflame stability,
heat distribution, N@formation, slagging/fouling, (foulinghduced) corrosion, impact on
downstream gas cleaning, emissippeeumatic transpgrtThese bottlenecks will have to
be assessed, and strategies, technology and predictive tools will have to be developed to
avoid or overcome them. This holds not only for existing (conventional) pubedsal
fired plants, but also for new cefiled capacity based on advanced coal conversion
technologies such as USC combustion, -fugl combustion and entraindidw
gasification.

3. Indirect cofiring technology In coatfired power plants, the targeted-firing percentages
will likely have to be met through a combination of direct and indiredirtw. Direct co
firing is most coseffective, which gives a strong incentive to maximise this option beyond
the 2006 levels (typically 510% on energy bagisindirect cefiring technology for both
coakfired and gadired plants is insufficiently proven and requires further R&D. This also
holds for the smart, cosfffective combination of direct and indirectong.

4. Process monitoring and controlhe hgh direct cefiring percentages require more detailed
ontline process monitoring and control in order to avoid excessive maintenance cost and
unscheduled plant outages.

5. Residues managemeifiib ensure sustainable biomass use, proper solutions will héee to
found for process residues, including ash recycling (for clean biomass) and various
utilisation options (for contaminated biomass).

1.2 EOS-LT consortium on biomass co-firing

ECN and KEMA have formed an R&D consortium to address these biomdssigdR&D
requirements. TU Delft is involved as well, initially as a subcontractor, but in a later stage it is
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foreseen that they will become a full partner. Furthermore, there is a close involvement of the

Dutch power generation sector in three different ways, viz

¢ Industrial Advisory Group (IAG)This IAG consists of representatives of the Dutch power
generating companies ((Delta, Electrabel, E.On, EPZ, Essent, NUON) and Vliegasunie, and
is chaired by dr W. Willeboer of Essent. It guides and directs the R&D groge. The
composition of the IAG is the same as for the steering group of cluster 4 (New Technology)
of the secalled Technical Service Agreement (TSA) between the Dutch power sector and
KEMA. In the framework of this TSA, the power sector delegates spdR&D-issues to
KEMA. By having the IAG and the TSaluster 4 steering group consisting of the same
members, a congruent R&D portfolio is assured.

e Mentorship.The work in each work package is guided on a frequent basis by a designated
member of the IAG.

e Direct participation in specific R&D topics Several of the power generators and
Vliegasunie participate directly in R&D topics, e.g. by making their boilers available for
measurements and tests.

This close involvement of the Dutch power seaasures that the R&D activities are well
targeted to market needs and it facilitates the implementation and exploitation of the results.

Clearly, the consortium cannot address all the R&D topics of interest, and many R&D activities
on biomass cdiring are being conducted by R&D institutes, universities and industrial parties
abroad. Therefore, the consortium, in close consultation with the IAG, has made a careful
selection of those R&D topics, which are of particular relevance to the Dutch power generati
sector and where the consortium has clear added value based on available expertise and R&D
facilities. Furthermore, the consortium strives for extensive internatiorap@a@tion, e.g. in

the framework of EU R&D programmes, to benefit from relevamated R&D and experience
elsewhere.

The following specific topics have been selected to be relevant for further R&D:

1. Torrefaction Torrefaction is regarded a key technology for the upgrading of biomass into
standard (commodity) solid fuels, leading to stantial cost reductions in biomass
handling, transport and storage, and improving the compatibility of biomass as a fuel for
thermal conversion processes.

2. Assessment and solution of technical bottlenecks in direfitimgp. The consortium has a
strong inernational position in this respect based on the largasdale experience with €0
firing in the Netherlands (several Dutch power producers are in the forefront of biomass
co-firing implementation) and the unique fabale experimental facilities andghiquality
analysis facilities at ECN. Particular focal points are ash behaviour (e.g., slagging, fouling,
(trace element) emissions), ash utilisation and corrosion. The R&D is to resulfiimgo
strategies, fuel mixing recipes, design specificati@apgrating guidelines and predictive
tools (models, experimental screening methods).

3. Online monitoring and control Focus is put on the development of two specific
techniques, viz.:

e EARS (Early Agglomeration Recognition System) for monitoring and coofrdled
agglomeration in fluidisethed combustion and gasification systems, based on a unique
measurement concept developed by TU Delft.

e Online fouling monitoring and control, based on a strong knowledge base on ash
behaviour at ECN, specific sensor exjsertat the Dutch firm Hukseflux and soot
blowing expertise at Clyde Bergemann.

4. Indirect cafiring. The particular topics here are:

e TORBED gasification potentially being superior to fluidideetl gasification in terms
of (fuel) flexibility, required plot pace and investment cost, following earlier
development work with KEMA involvement.
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e Possibilities of low temperature gasification (<700°) to broaden the fuel portfolio of
power plants with high ash/chlorine containing fuels.

e Optimising the gaside integrdon of the gasifier with the main (pulveriséakl)
boiler, making use of statef-the-art full-scale experience with indirect gasification by
Electrabel (Ruien, Belgium) and Essent (Geertruidenberg, The Netherlands).

5. Residues managemeiuilding on thelarge experience with the utilisation of coal ashes,
the consortium is in a strong position to develop proper solutions for residues from co
firing units as well as staralone biomass conversion units.

6. Conversioraspects of biomass €wing in advanced lean coal combustiorFocus lies in
particular on USC combustion and eftel combustion. The knowledge base on the
combustion characteristics, including ash formation, slagging/fouling and corrosion, in
these new processes and with biomasBrow is sill in its infancy.

Only part of these topics were addressed in the-EDS8iomass cefiring consortium projects.
Other topics are being addressed in other projects. This includes othdtTE@S8jects and
earlier DEN/BSEprojects, such as:

e Torrefactionfor which there is a separate EOSLT project (EOSLTO30MIJRTECH).

e EARS, for which there is a DEN project (SenterNovem project number@®2@-14-003 -
EARS II).

e Online fouling monitoring and control, for which there is a BSE project (SenterNovem
project number 20204-11-14-003 - Boiler fouling). However, some of the work on this
topic will be continued in the consortium projects.

e Fouling and corrosion during biomassfiing in USC boilers, for which there is a separate
EOSLT project (EOSLT01009 USC + biomass).

e Optimal cecombustion of biomass/waste in pulverised fuel firings (DEN project -2@20
12-14-003).

e Operational problems with slagging and corrosion in biomassodustion (DEN project
202002-12-14-002).

In this report, only the resultsoncerning the specific topics covered within the HOS
biomass cdiring consortium projects will be described. These topics are:

e Fate of trace elements in biomassficimg,

Development of indirect ebring technology,

Sustainable ash management ancetigment of new utilisation options,

Biomass cefiring in oxy-fuel combustion,

Fouling monitoring/boiler diagnostics,

Wet biomass processing and heat utilisation

Pneumatic transport of biomass and coal/biomass blends, and

Optimisation of numerical modeler slagging and fouling.
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2. Results

For the selecte@ight topics to be covered within the EQS biomass cdiring consortium

projects, work packages were defined. These work packages are:

e WP1: Fate of trace elements in biomassficmg (WP leader: KEMA

e WP2: Development of indirect cfiring technology WP leader: KEMA (2002009),
ECN (2010)

e WP3: Sustainable ash management and development of new utilisation opfibhs (

leader: ECN

WP4: Biomass cdiring in oxy-fuel combustion\(VP leader: ECI) and

WP5:  Fouling monitoring/boiler diagnostic8\P leader: ECI)

WP6: Wet biomass processing and heat utilisatiiP (leader: KEMA

WP7: Pneumatic transport of biomass and coal/biomaselbI§VP leader: TUD, and

WP8: Optimisation of numerical models fetagging/fouling (WP leader: TUD.

The eight work packages are elucidated in the following sections. Each following section
summarizes the problem definition, objectives, approach, results, conclusions and
recommendations of each work package. More detailformation can be found in the separate
extensive reports of each work package. These are listed in S&ction

2.1 WP1: Fate of trace elements in biomass co-firing

2.1.1 Problem definition

The behaviour of trace elemts in conventional power plants at lower biomasdircw
percentages (up toB)% on energy basis) is rather wietlown. However, this is not the case

for higher cefiring percentages, with biomass containing different trace elements than coal. Nor
is it the case for advanced clean coal combustion plants, i.e. units working at extreme steam
conditions (Ultra Super Critical (USC) boilers) or efxyel combustion in combination with

CO, removal and storage. Furthermore, far less is known abosp#waton of these elements

(i.e. the chemical form in which they occur) and how this depends on the state of oxidation and
the related complex building behaviour, especially in flue gas cleaners and scrubbers. Not much
is known for instance on the influence efrtperature, residence time, pH and redox potential.

There is a need to improve the understanding of trace element behaviour in these processes to
allow the formulation of design and operation guidelines for an adequate control of the emission
of critical trace elements. This is relevant for regulations on emissions, waste and health.
Relevant main and trace elements to be studied include the main elements nitrogen and sulphur,
macro elemenfsand trace elemefits

2.1.2 Objectives

The overall objectives of thiwork package are:

e Setting up a knowledge database on the behaviour of trace elements at higher biemass co
firing percentages (>%0% on energy basis) and for advanced (USC anduwely coalfired
power plants. This database should include knowledgéemechanisms of formation and
speciation of trace elements under these conditions.

" Main elementsha, K, Ca, Mg, Cl, and P
8 Trace elementd:, Br, As, B, Ba, Cd, Co, Cr, Cu, Hg, Mn, Mdi, Pb, Sb, Se, Sn, Te, Tl, V adt
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e Formulation of design and operation guidelines to control the emission of critical trace
elements. Particular attention will be given to upgraded flue gas desulphuriga@ar)
units and to USC and oxyel combustion in combination with flue gas cleaning ang CO
removal.

2.1.3 Approach

As shown inTable 2.1, a combination of three different approaches is applied to obtain
information alout speciation of trace elements, viz. thermodynamic equilibrium calculations
(modelling), measuring campaigns at fedlale power plants (fuicale measuring campaigns)
and labscale experiments. The three approaches are complementary and they edbleihave
merits and their limitations. By combining them, a more complete picture of speciation can be
obtained. Moreover, modelling and labale experiments allow the conditions to be extended to
advanced clean coal technologies like USC andfogl/combusion.

The full-scale measuring campaigns are conducted in conjunction witechlé measuring
campaigns in the framework of the TSA programme (TSA = Technical Services Agreement). In
general, sampling and analysis to determine mass balances is ednditbt TSA resources,
while the complementary EQIST sampling and analysis is focused on trace elements and their
speciation.

Table2.1 Three complementary approaches to investigate trace element speciation

Approach Modelling Full-scale Lab-scale experiments
measuring campaigns

—

L G
G

Conditions Theoretical Real Semi real
Variable input Fixed input Variable input
Boiler USC, oxyfuel combustion SC USC, oxyfuel combustion
Analysis/results Calculated Direct measurements Direct/indirect
(XAFS) measurements
(LeachXS, CSEM)
Elements Ba, Cr, Mn, Co, Co, Ni, As, Cr,V, Zn, As, Se 15 toxic metals

Sb, Cd, Pb, Zn, Hg, Se, T¢g

KEMAZ BT

Partner involved

B
A\

2006

e Make an inventory of futurbiomass streams for direct-iang.

e Define operating conditions, to be used in the thermodynamic equilibrium calculations and
in lab-scale experimentation.

e Set up a blueprint for fulbcale measuring campaigns.

e Conduct a preliminary check of the bluénpin 1st measuring campaign

o Prepare the labcale test programme including development of appropriatecile test and
analysis facilities.
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2007

e Conduct thermodynamic equilibrium calculations for biomasdirow in conventional
boilers, USC boilerand oxyfuel combustion.

e Conduct lakscale tests for simulation of 2% biomass cfiring in conventional and
future USC boilers.

e Develop a first setip of the knowledge database.

2008

e Carry out 2°full-scale measuring campaign.

e Conduct labscale test for simulation of up to 40% efiring in oxy-fuel combustion
including CQ removal.

e Fill the knowledge database with data obtained fromstae testing and fulicale
measurement campaigns.

2009

e Formulate design and operation guidelines for the cbrdfocritical trace elements
emissions.

e Develop a usefriendly version of the knowledge database.

2010
e Detailed study on SCR deactivation and the formation gfisS@e SCR installations

2.1.4 Results 2006-20010 and discussion

Below a summary of the main éts in 20062009 is presented. The results are described in
more detail in a series of topdpecific reports, to which reference is madedk, 2010;
Cieplik, 2008; Eijk, 2010; Eijk, 2008; Kalivodova, 2008; Meij, 2007; Meij, 2008; Stam, 2008;
Stam, 2007Vredenbregt, 2010a; Vredenbregt, 2010b; Winkel, 2007]

Concentration of trace elements in biomass in the future

An inventory has been made of the concentrations of trace elements in biomasses, which are
expected to be relevant for future use at higffitiong percentages in existing cefded boilers

and in new USC or oxfuel combustion plants. Information about potential biomass types
suitable for cefiring has been obtained from a study conducted in the framework oflLHOS
project EOSLT01009 [Meije2006].

Based on availability of biomass for energy use and suitability fdiriag, it was concluded

that main biomass streams are woody biomass, oils and residues from the food industry.
However, also other, new types of biomass may play a prominést depending on
developments on the biomass and biofuel markets. These new types may include upgraded
biomass (e.g. torrefied biomass), aquatic biomass and residues frfumligpooduction.

It appears that concentrations of trace elements in biomasswaethan in coal in all cases,

but they can still be significant when ash content is taken into consideration. Mn and Zn content
of most biomasses are comparable with coal. Torrefaction leads to an enrichment of trace
elements due to the partial devdisation. Other elements that are present in relatively high
amounts in one or more of the biomass samples are Na, K, Cl as well as N. More details on
trace element compositions of major biomass types can be found in two separate reports
[Winkel, 2007; Ejk, 2008].
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Thermodynamic equilibrium calculations

The objective of this approach is to predict the speciation of trace elements in fly ash and to
identify underlying mechanisms for biomass-fting in conventional, USC and oxyel

boilers. The basic agmption is that thermodynamic equilibrium is reached. To determine trace
element speciation, thermodynamic equilibrium calculations have been conducted with a
software package (FactSage). This equilibrium approach is often used, although thermodynamic
equiibrium is not likely to be reached in practice due to the short residence tindes)(1
However, it gives an (expert) estimate and an insight in the processes of formation of
compounds. As wood is expected to be the most importdiirg biomass of tk future in the
Netherlands, calculations on-fiang were performed with wood. Speciation was calculated for

Ba, Cr, Mn, Co, Cu, Ni, Sh, Cd, Pb and Zn, Hg, Se, Te and sulphates. Detailed results are given
in [Stam, 2008]. As an example, the calculatedg@ciation for different levels of diaring in
conventional boilers is given in .

10
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Figure2.1 Typical result of thermodynamic equilibrium calculations: chromium speciation

for 0-40% wood cediring in conventional boilers

As can be seen in the above figure, the flux of all the selected phases containing chromium,
formed in different temperature regimes, decreases whdinirgp biomass. This is primarily

due to the much lower chromium content of the bi@ras compared with typical hard coals.
However it can be observed that the temperature at which higher toxic hexavlerdti@r

than trivalent (3) chromium forms are predominating, is shifting towards the lower end of the
scale.

In general, from thehermodynamic equilibrium calculations, the following can be concluded.
Speciation depends mainly on:

e The furnace exit gas temperature in USC boilers,

e Fuel composition when efixing biomass, and

e Recycling of flue gases in oX¥yel combustion.

Howeve, it appears that the fuel (blend) composition is the parameter with by far the most
influence.

Full-scale measuring campaigns

For the fullscale measuring campaigns, a generic measuring programme (blue print) has been
defined, based on previous expedes and on information from literature [Meij, 2007]. The
blue print has been applied and validated during a firsts@dle campaign carried out in
October 2006 at unit 12 of the Borssele power station1®S This is reported in detail in

[Meij, 2008; Kalivodova, 2008]. Duringhis campaign, almost 30% (m/m) of coal was replaced

by a mixture of three types of secondary fuel, all residues of vegetable origin. This corresponds
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with about 20% cdiring on energy basis (e/e). shows a schematic of th&a B®wer plant
with the KEMA and ECN sampling points.

Samples of all inlet and outlet streams were taken by KEMA and ECN carried out fly ash and
flue gas measurements at two intermediate points, viz. before and after the SCR/DeNOXx
installation. At these twépcations, cascade impactors have been applied for fly ash collection.
The samples obtained within two test days were then subjected to extensive analytical analysis
at ECN. All in- and output streams were analysed, namely (a) indirectiiyembfuel, (b)coal,

(c) biomass, (d) lime, (e) process water, (f) furnace bottom ash, (g) pulverised fly asfi'foom 1

4™ hopper, (gC) pulverised fly ash (collected), (h) wastater treatment sludge, (i) waste

water treatment effluent, (j) FGD sludge, (k) gypsum.

B\
=i ‘F
H» J o

Figure2.2 BS12 power plant layout including sampling points during the first measuring
campaign (SCR = Selective Catalytic Reduction (DeNOx), ESP = Electrostatic
Precipitator, FGD = Flue Gas Desulphurigan

N\\\\

SCR

a t/m k
KEMA-’

All results are reported in detail in [Meij, 2008; Kalivodova, 2008]. As an illustratien
distribution of the elements over the input and output streams on the first day is presented in .
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Borssele 12 fulkcale campaign: distribution of the elements over input and

Figure2.3

Pulverised

Furnace Bottom Ash, PFA =

output streams on the first day. FBA

Fuel Ash

ECN-E--11-037

34



220000 -

Bfuel ash

EFBA*

OMARK il average
OMARK V average
W PFA*

Dafter ESP* H
Efly dust*

200000

180000

160000

140000

120000

100000

Concentration [mg/kg]

80000 H

60000

40000

20000

¥

Si Al Fe K Ca P Na Mg Ti S
a)

1500
1400 A 0 fuel ash

B FBA*

O MARK Il average
1200 | | O0MARK V average
B PFA*

O after ESP*

1000 - ® fly dust*

1300 1

1100 g —

900 H

800 —

700 —

600 H

Concentration [mg/kg]

500 1 —

300 —

200 H
100 H
0 T S B R T T e

Cd Cr Mn Cu Ni Pb Se Zn Cl \Y Sn

b)

Figure2.4 Main (a) and traceelement (b) concentrations in fuel, ashes and emitted dust
throughout the Borssele 12 power plant of EPZ. (FBA = Furnace Bottom Ash,
MARK Il average = impactor sampling before SCR/DeNOx unit, MARK V
average = impactor sampling after SCR/DeNOx unit, PRAwverised Fuel
Ash collected in the ESP)

shows a small but important increase in the concentration of some volatile metals in the ash
downstream the DeNOXx unit, Pb and V in particular. This is accompanied by a significant
increase in chlorine load, while such increase can be seen for common alkalis. Also sulphur
shows a small but significant increase, which may likewise be an indication of the complexation
of the condensing metals. In the absence of a proper reference measurement (without a DeNOx
instdlation), it is somewhat speculative to claim that the observed increase in the levels of the
said metals, coinciding with the increasing concentrations of Cl and S, may in fact have to do
with the DeNOx unit itself. Nonetheless, it is known that the gtoxidationpotentials existing

in the DeNOx unit may lead to the formation of @hd SQ both being strong oxidative agents

for the free, volatile metals. This is also in line with the clear correlation found between the
mercury removal efficiency andelchlorine concentration in the flue gas.

The second fulscale measuring campaign took place in September 2008, at thd3EnBlux
Maasvlakte 2 power plant. During this campaign, almost 20% (m/m) of coal was replaced by a
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mixture of different types o$econdary fuel. This corresponded with about 15%ircy on

energy basis (e/e). The location of the sampling points, as well as the sampling team
involvement is very comparable with the previous measurement campaign at-ttxeddger.
Detailed result@re described in separate reports [Eijk, 2010; Kalivodova, 2010]. It was found
that most elements leave the installation mainly via the ashes. The effluent is only an important
output for CI, Na, Br, I, Mg. The gypsum is an important output for Ca, Sar] Be, while the
sludge of the waste water treatment plant is a significant etdpte for F, B, Hg and Se.
Finally, flue gases are important only for C and to a much lesser extent for B, Hg, |, Se and S.

XAFS® (X-ray absorption fine structure) resufor the second and first campaign are described
below. For the first campaign (2006) the speciation of chromium, vanadium and zinc was
determined in the ashes, gypsum and sludge of the waste treatment plant by means of
XAFS (X-ray absorption finestructure). For the gypsum, the levels were below the detection
limits, so no results could be obtained. For the ashes, it appeared that 6% of the chromium was
present as Cr(VI), comparable to previous findings with full coal firing. In the sludge 1% of th
total chromium was present as Cr(VI). The predominant form of vanadium is a valence of five
(V) both in the ashes and the sludge. Results for zinc were less clear.

For the second campaign (2008) the speciation of chromium, vanadium, zinc, arsenic and
sdenium was determined in the bottom ash, fly ash (collected from ESP) and fly dust (collected
before SCR). Results obtained for arsenic in the two studied fly ash samples, indicate that all
(>90%) of the arsenic is present as As(V) in arsenate complegssltfRobtained for selenium

in three samples indicate that the only significant selenium species present is Se(lV) in selenite
complexes. Results obtained for chromium in three samples from the same campaign indicate
that most of the chromium is presest@r* in aluminosilicate glass. Results obtained for zinc

in three samples indicate that much of the zinc is present ifdlslcoordination by oxygen.
Spectra for vanadium in these materials remain to be collected. An example of a spectrum is
given in.

Presented in the figure is a spectrum for arsenic, with the arsenate peak that is characteristic for
As(V), clearly visible. Also noticeable in the same spectrum is a second peak, which has been
recorded for iron arsenate reference material. By comrming its spectrum with that of the fly

ashes (indicated as TOS/BEM/B3X in the figure), it can be concluded that the iron arsenate is

not a predominant complexation of arsenic in the studied samples.
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 XAFS (X-ray absorption fine structure) is a unique analysis method capable not only of detectiagribg of an
element but also iteomplexation, by bringing in chart atoms in close vicinity of the studied element. The
experiments were performed at the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory
(USA).
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Figure2.5 Example of XAFS spectrum for As in{etiale ash samples

Study on SQ and SCR deactivation

A literature survey on the role of @rmation showed that this effect in relation tofzong

is not well documented. Several aspects play a roldy aspresence of ammonia, alkali and
alkaline earth metals as well as operational conditions, e.g. SCR temperature. General
mechanisms that can contribute to SCR catalytic deactivation are poisoning (penetration of
elements into the pore system and (irrsil@e) reaction with the catalyticaly active material,

and plugging and fouling of the catalyst surface with deposits from fly ash particles that can
result in the formation of a rigid deposition layer (masking).

In addition to the literature studyformationwas obtainedabout catalyst deactivation from
practice. Therefore, an SCR catalyst has been investigated from a power plant where the catalyst
deactivation rate is relatively high because offidng. In a set of used SCR catalysts the
amount and gsition of relevant elements is assessed with an electron microscope. From the
comparison with fresh catalyst this rewshlinformation about cause and mechanism of
deactivation.

Within the part of the task, KEMA carried out microscopic analyses of #&hfand spent
catalyst surfacest Wwas found that a layer of deposits is formed on the catalyst suBaceral
examples of the microscopic photographs of a fresh and the first (most exposed) layer of the
SCR catalyst after a 22,000 hrs exposure, ararslioFigure2.6.

New catalyst First layer after 22,000 hours

S10113Bsurface(10)
10m

S0T10suriace()
10pm

5 . RN . 3 3
Figure2.6 SEM micrographs of a fresh (left) and a spent (right) SCR catalyst plate

T rA S

b &

Deposition of material on the surface of the catdlysixpected to be thmost important cause

of deactivation. The depaosits consist mainly of silicon, sulphur, calcium, aluminium and oxygen
and form a layer which has a thickness af @ um on the front catalyst layer (i.e. where flue

gas enters first). Both sulphate and phasphdeposits are known for their capability to blind

the catalyst surface effectively. As the amount of sulphur is six times higher than phosphorus
(atomic base) it is expected that phosphorus does not play a dominant role in the deactivation.

Some elemats that are poisonous or can contribute to deactivation indirectly, have penetrated
the catalyst deeply such as sulphur, iron, arsenic, phosphorus, potassium, sodium and calcium.
This will also have contributed partly to deactivati®@elenium was hardlgetectable in all
samples. Further details and SEM results are given in a separate report (Vredenbregt, 2010b).

Within this investigation ECN carried out an extensivegtétic analyses followed by mdde

ling of the leaching behaviour of the fresh andgpent catalyst. The main objective was to ve

ify whether the observed decrease in the activity of the catalyst was in any way connected with
the cofiring and if so, what are the underlying mechanisms of the degradation.
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The speciation of the elementssvaodelled by dedicated models derived in the earlier stage of
the WP1 work, including interactions with adsorptive oxides {TE&O,, V,0s). The primary

focus of the investigation was put on the arsenic levels and speciation identification. Secondary
gaals included investigation of the depletion of catalytic metals/oxides (Mo, V, Ti) as well as
levels and speciation of biomasdated species: Ca, P, K, Na

An example of the obtained leaching curve is giveRigure2.7.
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Figure2.7 ArsenicpH-static leaching curves obtained by ECN for the fresh and the spent
SCR specimens

As [mg/ml]

As can be seen above, there is a very dramatic increase in the concentrations of Asnwwhen co
paring the fesh SCR catalyst material with the spent one. Moreover it is also clear)-that a
though the majority of arsenic deposition is taking place at the front catalyst layer, the inner
catalyst layers are also seriously affected.

The speciation of the As was thenodelled by means of the LeachXS geothermodynamitz mo

elling. The resulting model fit allowed to verify that arsenic was indeed for the great majority
deposited in the form of arsenates. Furthermore it was found that phosphorus might glay an a
tive role n the arsenatiduced poisoning, as molar levels of P correlate very well with those of

As for all the most exposed materials (layer 1 and 2) investigated, as shbigur®2.8. This

is likely due to the fact that As and P hdxenature quite similar thermochemical charasteri

tics, and therefore might interfere with one another. This can lead to the formation of a common
phase which constitutes a higher overall mass fraction than arsenates alone, therefore enhancing
the deactiation. This could also mean that the introduction of biomass, which is characterised
by fairly high P levels compared with coals, might lead to an increase in imelésed SCR.

Furthermore it was also verified that Ca and K, both associated witlagsorafiring, are also

clearly represented in the deposits. Their association was found to be plane sulphates as both the
elements show similar dissolution characteristics as sulphur. The two alkaline elements can be
hold responsible for bonding up to 7@¥the sulphur measured in the spent catalyst, as shown

in Figure2.9.
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Figure2.8 As:P molar ratio obtained from the pstatic analyses of the SCR catalyst
plates
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Figure2.9 K+CA:S molar ratio obtained from the pstatic analyses of the SCR catalyst
plates

Overall, the results of the KEMA and ECN work on the SCR catalyst deactivation were very
complimentary leading to improvedsights into the deactivation phenomena and mechanism,
especially in relation with biomass-fiang.

Lab-scale experiments

One of the ECN tasks within this work packdges beero investigate the influence of various
combustion conditions on the vilesation behaviour, the release and the subsequent
condensation of trace elements, which insights should help to estimate gaseous emissions.
Further, the same data can be used in the ash management work package (WP3) to assess the
behaviour of the resuttg ashes in the environment (see Section 2.3). The main experimental
facility for this investigation is the Labcale Combustion Simulator LCS). This apparatus is a
flexible facility for the characterisation of solid fuel behaviour under typical pulwbfigas-

firing conditions. The facility comprises a dryioe reactor together with a staged gas burner to
simulate a flame/flue gas environment in which the conversion behaviour of fuel particles can
be studied as a function of time. An adequate simulatidmeating rate, gas temperatures and
composition can thus be obtained independent of the test fuel.
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For the trace element speciation tests, the LCS is operated using the same sampling &nd analyt
cal schemes as used to determine SCR performance dhérfgltscale measurementra

paigns, viz. ash sampling by means of a cascade impactor. Moreover, the tests are conducted
with the same coal and biomass fuels, as applied in thedalé campaigns. This will allow a

good comparison of labcale and fulkcale data. A schematic impression of the Li€$re-
sentedbelow.

To determine the operating conditions for the-dahle tests, SPENCE software calculations
have been conducted by KEMA to give indications of temperatures and residence times to be
expected A more detailed description of the experimental plan, including the foreseen
additional analytical work employing for example ECN LeachasSisted evaluation of the
leaching analyses, is given in a separate report [Cieplik, 2008]. The SPENCE calswdation
described in more detail in [Stam, 2007].

Initially, the focus of the investigation is on the volatilisation of the trace elements (release
tests) under the simulated pulveridaedl combustion conditions, typical for various stafe

the-art and fiure PRfired systems. This volatilisation process is crucial for further chemical
reactivity as well as the physical condensation of the trace elements, which processes define the
speciation and the distribution of the elements both in the flue gas, laaswi@ the solid
combustion byproducts, at the outlet of the furnace.

Legend

| Devolatilisation zone
Il Combustion zone

1 Solid fuel

2 Multi-stage flat flame burner
3 Inner burner

4 Outer burner

5 Shield gas ring

6 Reactor tube

7 Optical access

particles

oxygen —> high

high < temperature

Figure2.10  Schematics of the ECN Lalbale Combustion Simulator (LLS

Results of the reference tests for coal blend and wood pellets under typical lovomiiiions

are shown in Figure As can be seen ithis figure, the volatilization of elements expressed as
mass fraction of the element contained in the fuel being transferred into the gas phase, varies
greatly between coal and biomass. Nonetheless, it can be concluded that elements prone to be
either cawverted into gaseous productsd.S) as well as those volatile.f. Pb and Zn) are

indeed released at a very high rate in the case of both fuels.

For the latter two trace elements, the release after 1300 ms is almost complete, thus it can be
assumedHhat the availability and subsequent chemical behaviour of the said elements will be
similar in both cases. Naturally, as levels trace elements in biomass fuels are significantly lower
the absolute concentrations of these elements throughout the whota sytee significantly

lower.

However, it can also be observed that some other elements, such as Mn which is volatilised

from biomass much more than from coal, reveal significant differences in volatilization- beha
iour, which may later translate into fdéifent complexation and hence emissions.

40 ECN-E--11-037



Coal blend (a)

g
=}
]

o
©

o
©

o
u
— |

o«
o

o
w
|

o
ES

Mass fraction released [-]

o
w

n

— |

Ca Mg Na K Ti P S

o
N

o
i

o
=)

Wood pellets (b)

g
[=}

o
©
]
T

o
©
T

o

~
]
—

o
o
T

o
[3,]
T

o
>
T

Mass fraction released [-]

o
w
T

o (=] o
o [ N
[
T T

-

Ca Mg Na K Ti P S Cl Mn Zn Pb

O 20ms B 100 ms 0250 ms 01300 ms

Figure2.11  Mass fractions released as a function of particle residence time in the LCS for
(a) coal blend and (b) wood pellets for selected elements

The main seds of the LCS test of tests within the work package, focused on the influence of
the airstaging strategies on the release of (volatile) trace elements, as well as the main counter
ion-forming elements, such as phosphorus, sulphur and chlorine. Furthéhmostease of the
alkaline metals, crucial for the formation of the aerosols on which surface the trace elements
preferably condense in cedbwn trajectory in the boiler, is closely monitored.

The said tests have been performed at one single resitl@ecef 1300 ms, applying a fivefold

of burner conditions, representing the following firing strategies:

e Unstaged combustion, characteristic for oldesigns of PF boilers,

e Burner air staging, representative for power plants utilisingtaged burnergut without
further infurnace primary NQcontrol,

e Deep air staging, including both burner staging and-breiair (OFA) technology,
representative for the stavé-the-art boiler designs,

e Oxyfuel combustion with 20% flue gas recirculation (FGR) sitmia representative for
nearfuture, enrichegir boiler designs, and

o Oxyfuel combustion with 70% FGR, representative for future boiler designs operating at
high CQ flue gas conditions.
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Worth mentioning at this point is the fact, that despite the langelying firing conditions, the

actual temperature profiles were very comparable, hence making the interpretation of the results
more facile. Furthermore, throughout this study, the samelif@duel blend was utilised,
namely the 35/65 %w/w wood pell&tsffee husks blend, from the 2008 EQF% Boiler
Fouling/USC campaign at the Amer 9 power plant. The said blend was samfited a#ectly

from the pulverised fuel feeding lines, thus making the sample even more realistic.

The results of the said studye described in detail in a separate report [Cieplik, 2010]. A
graphical summary of the most important results is givefigare2.12, next.
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Figure2.12 Mass fractions releaskas a function of firing conditions in the LCS for a blend
of coal/wood and coffee husk pellets for selected elements

As can be seen in the above figure, there are noticeable differences in the release of some of the
elements, while others do not seenb#oaffected by the change in the firing conditions. For the
trace elements the most differences are visible for Zn. Clearly, under air firing, the deeper the
staging, the higher the fraction released, while undeffeelyconditions the release appears to

drop significantly for the enriched air conditions, while remains comparable with the burner
staged air firing for the full oxjuel combustion. The release of other trace elements, Pb, Cd,
Zn, Se and Sn is complete under all firing conditions.

Other elenents of relevance for the volatilisation, condensation and the emissions of ¢&race el
ments.e.g.sulphur, chlorine and phosphorus as well as potassium, do show some dependence of
the firing conditions. In all the cases the release is the lowest for ¢ipestieged firing cond

tions, which is likely the result of the much extended devolatilisation trajectory under reducing
atmosphere as compared with the other conditions tested. In consequence, the ash ®rming el
ments as well as the alkalis get the mosinde to react, to form stable, or at least less volatile
components. In doing so, the availability of sulphur, chlorine and phosphorus as well as the
amount of the alkaliich aerosol for the chemical and physical interactions becomes less, which
may in tun delay capture and thus increase the release and emissions of trace elements.

pH-static extraction

Next to dynamic combustion tests in combination with standard analytical methods, also pH
static extraction is applied to unravel the physicochemical oeitipn of the ash and
particularly in terms of the complexation and oxidation state of trace elements. In order to do so,
data from the exhaustive psfatic extraction are fed into computer models LeachXS and
Orchestra, which translate the compositiortie# leachate back into the composition of solid
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phase. The abowmentioned methodology has thus far been exclusively used to predict
emissions of elements from combustion residues in the environment (water/soil, but no air).
Furthermore, the analytical predures applied are developed for kilogrseale samples and

not for the at best grascale specimens from the fabale combustion tests. The said methods
need then to be adapted both in terms of the downscaling as well as software output.

A series of alibration tests needed to be performed in order to verify the analytical potential to
identify various oxidation states and complexation of metals in the ash matrix. Results of the
said calibration are depicted kigure2.13.

———wood pellets fly ash, CFB gasifier = =total Cr wood pellets fly ash, CFB gasifier
——o— wood pellets bottom ash, grate fired boiler = =total Cr wood pellets bottom ash, grate fired boiler
40% wood pellets co-firing fly ash, PF boiler total Cr 40 % wood pellets co-firing, PF installation
= BS12 2006 campaign fly ash = =—total Cr BS12 2006 campaign fly ash
MV2 2008 campaign fly ash total Cr MV 2008 campaign fly ash
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Figure2.13 Comparison of leaching curves for chromium for various ashes from wood

pellets (co) firing

The said tests have been carried out with a threefold of ashes from three different installations
using wood pellets, either as the only orfaing fuel. The ashes were generated at different
redox potentials as the conversion technologies span from gasification (strongly reducing)
through gratdired unit (mildly oxidizing) to PF boiler (strongly oxidimy). The results from

the said extraction tests show the mass emission rate in the function of pH. As can be seen in ,
the course of the leaching curves varies greatly within the tested materials range. It can be
concluded that the depth of the dip in thees in the between pH 4 and pH 10 is getting
shallower with the increase in the oxidative conditions of the conversion process. This particular
region is very characteristic for the leaching behaviour of trivalent chrome (llI) compounds,
which at this aidity are highly insoluble. It can be also clearly seen that in most cases the
extractable chrome in the pH ranged@ range is far below the total chrome available in the
samples, except for the PF-fiong fly ash, where it amounts to as much as489a It should

be stressed however, that the actual concentration of the extractable hexavalent Cr in the PF
sample from the higkhare wood pellets eiring is still very low and not exceeding the
regulatory levels. The high share of Cr (VI) is in this calse related to the very low overall
chromium concentration, which is I|Iikely due t
firing share.

Finally, the pH static extraction was applied on the fly ash samples from both the projects full

scale campgn fly ash samples. Results of the said analyses are also depicted in . As can be
seen in the figure, the extractabl e amount of
the Borssele 12 as well as Maasvlakte 2 samples is fairly low, and amobatdt & ca. 1% of

the total chromium load in the sample. This value compares well with the results of the
traditional wetchemical analyses or the aforementioned XAFS measurements, which indicates
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that this method could also be indeed used to charactpréstitatively the speciation of trace
elements.

Flue gas cleaning experiments

An experimental setup has been installed and used to study flue gas cleaning under different
conditions (NQ, temperature and redox). Samples have been taken and analy@edTioMn,

As, Se, Sb and Hg. The research shows that the behavior of elements that can be present in
different speciations in the wet fhgas desulphurization unit (FGD) can be influenced by
changing specific process parameters such as redox potentisérmperature. Details of this

study can be found in a separate report [Vredenbregt, 2010a].

Speciation Knowledgebase

In order to make all data and knowledge on speciation affidireg conditions as found in the
project available, a speciation knowletlgee has been built. This knowledgebase enables a
representation of experimental results, mechanisms and operator guidelines per chemical
element. It also enables to search for detailed compositions-foldycts as function of the

fuels and conditions vén they were formed. Overviews and summaries of specific
experimental results or results from specific measurement campaigns can also be viewed (see
figure below).

=10/ x|

Co-firing SpecK
Speciation Knowledgebase

Elements Info

Mechanisms - Guidelines

Figure2.14  Main screen of Speciation Kmedgebase

2.1.5 Conclusions and recommendations

From the performed thermodynamic modelling, -$alle measurements and direct
measurements on ashes from swmadle trials, it was found that speciation of specific trace
elements depend on type and compositibhiomass, for example the high amount of calcium

in woody biomasses. The redox conditions in the boiler as well as during flue gas cleaning also
plays a role, particularly leading to the formation of higher valent species. Compared to
conventional boilerexy-fuel conditions may be expected to influence trace element speciation
due to a different gas phase composition and the resulting redox conditions. The USC boiler
conditions may also influence speciation due to changes in the furnace exit templeuatiore,

lesser degree.

From the data at hand from the {stale cefiring tests it can be concluded that coal and
biomass show some differences in the release and thus most likely later conversion and
complexation of elements, including trace metalthsag Mn and Cr. Furthermore, there is an
influence of the oxidative conditions in the PF systems, for example as a result-fofebxy
firing with or without flue gas recirculation or as a result of flue gas composition in the flue gas
desulphurisation unit
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First ash leaching test results indicate that it might be indeed possible to study oxidation state
and complexation of trace elements by means of compided pHstatic extraction
techniques. The method shows clearly different behaviour for tracemiermontained in the
ashes from similar fuels but generated under different conversion conditions and technologies
(gasification vs. grate firing vs. PF firing). Furthermore, it may be expected that the analyses
can be made suitable not only for kilograoale samples from fuficale trials but also for lab

scale specimens.

Results from fullscale measurements indicate that an SCR installation can play a significant
role, not only by increasing the conversion (oxidation) and therefore the recovery dicmeta
mercury, but also for other trace elements, to name Cu, V and Pb. More research is required in
order to understand and prevent deactivation of SCR catalyst. This is important beecause i
creased deactivation rates may limitfaong. Nonetheless it shubdd be stressed that undemrcu

rent cofiring rates and with the current fuel blends, the observed deactivation rates ate accep
able and do not lead to increased Nnissions. Results from the campaigns also showed that
operational conditions affect speiis and behaviour of elements, like the oxidising conditions

in the boiler as well as in the FGD.

2.2 WP2: Development of indirect co-firing technology

2.2.1 Introduction

The expectations are that a combination of direct and indirefitimg will be necessary to

reach the ultimate EQGBT target of 40% biomass dwring, but the technology of indirect €o

firing is still not very widely applied worldwide. Only a limited number of biomass gasification
plants for cefiring purposes are in operation, all with a capaof approx. 80 MW, and using
fluidisedbed technology €.g. the plants in Lahtii (Finland), Geertruidenberg/Amer (the
Netherlands) and Ruien (Belgium)). This work packages consisted of two phases: first a project
aimed at investigating the perspective the TORBED gasification technology was performed

in the years 2008008. As a result of the decision not to continue the work on this technology,
the work package obtained another direction by performing a study towards the perspectives of
the develoment of indirect cdiring by gasification at low temperatures (<700°C) of difficult
fuels containing high ash/chlorine cont@mtthe years 2009 and 201These two studies are
elucidated in the two separate sections below describing the TORBED(Skdtign 2.2.2 and

the Low Temperature Gasification stu@ection2.2.3.

2.2.2 TORBED Study

2.2.2.1 Problem definition

Initially in this work package the TORBED gasification technology was recognised as a
potentally attractive alternative to fluidisdaed gasification in terms of (fuel) flexibility,
required plot space and investment costs. The TORBED concept is applied commercially for
drying and combustion and the first small, statmwhe gasification plant ign operation in
Zeeland. However, the application of TORBED as indireefirdag technology has not been
investigated yet.

2.2.2.2 Objectives

This work package aims at the development of optimised indirefiticg concepts. Initially,
attention was focused oelucidating the potential of TORBED gasification. If a technical
economic evaluation indicated that this technology can be far more attractive than fibitised
technology, and a proper development programme would be set up with the industrial partners
involved, then further development of this option will be pursued. Otherwise, attention would
be focused on optimising fluidisdzkd gasification as an indirect-fiing option.
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2.2.2.3 Approach

Initially, the approach as indicated below was defined in casemitanued focus on TORBED
gasification. After the technic&conomic evaluation of this technology compared to CFB
gasification, it was decided to switch the focus to fluidised gasification, in close
consultation with the IAG. There for the indicatedns for 2008 and 2009 were not executed.

2006

e Technicaleconomic evaluation determining the prospects of TORBED gasification as an
alternative to fluidisedbed gasification, based on EGNEMA expertise and results from
earlier research.

2007

e Assessmentf industrial support for the TORBED gasification option and of the possibilities
to set up a proper development programme with relevant industrial partners (e.g.
TORFTECH and Polow Energy Systems, owning the IP on the TORBED technology).

e Go/nogo decisionconcerning further development of indirectfiring based on TORBED
gasification.

2008 (not executed)

¢ Flow and reactor modelling.

Design, realisation of a pilatcale test facility.

Performance of pilescale test programme.

First mass and energy batenmeasurements and model validation.
Longterm testing.

2009 (not executed)

e Proceeding of performing pilstcale test programme.

o Determination of design parameters and rules for scaling up.

e Development of a 15 MWunit (approx. 2 m diameter) to be int&d as a cdiring unit in
an existing power plant.

2.2.2.4 Results 2006-2007 and discussion

To determine the technical and economic potential of TORBED gasification for indirect co

firing, a compari son wiuitidedbéds(CFB)Ygdficatidn has been ar t 6 ci r

made for an integrated gasifier with a thermal input capacity of 75,¥8# on energy basis)

and 300 MW, (20% on energy basis)nput on the TORBED technology has been covered by

KEMA, with support of Polow Energy Systems, while datad information on indirect €o

firing via CFB gasification have been provided by ECN. The details are reported in a separate

report [Kleinschmidt, 2008]. Four cases were developed and compared, all of them based on

indirect cofiring of B-wood at the Hemwg 8 coalfired boiler of NUON in Amsterdam,

assuming that 20% e/e-wood is fired to the boiler directly already. The four cases are:

e Case 1one 75 MW, CFB gasifier.

e Case 20ne 300 MW, CFB gasifier.

e Case 3one 75 MW, TORBED gasifier.

e Case 4 four searate 75 MW, TORBED gasifiers (since scaling the current 3.5 MW
TORBED gasifier up to a 300 M}Vsize was considered as being not realistic within the
EOSLT time horizon (202€2040)).

The technicakconomic evaluation comprised process calculatiamsl cost estimates
(investment cost and operating cost) for these four cases, and a qualitative technical evaluation
of the two technologies. The results of the process calculations showed that a TORBED gasifier
can produce a good quality fuel gas (4.6 MINm?®) for a broad range of fuel qualities and feed
rates. By recycling 50% of the fuel gas, a TORBED gasifier achieves good thermal stability
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without the need for bed material. The fgels recycle also functions as a low oxygen
fluidisation medium. A ngative effect of the fuel gas recycle is the production of fuel gas with

a lower calorific value. The fuel gas is recycled at a temperature &€6@Mich is much lower

than the operational temperature of the gasifier R0 To maintain thermal stabyita
TORBED gasifier must be operated with a higheit@iiuel ratio, which consequently leads to

a lower calorific value of the fuel gas. However, the electric efficiency of a TORBED gasifier is
calculated to be somewhat higher (<p#int), due to a claied lower internal energy
consumption of the gasifier. Contrary to what was expected from the start, the qualitative
technical evaluation did not show clear advantages of the TORBED gasification technology,
e.g. in terms of flexibility or required plot sgaabove existing CFB technology.

The investment cost dhe gasifieronly are estimated to be 16% (300 MWases) to 43% (75

MWy, cases) lower for a TORBED gasifier due to claimed smaller reactor dimensions. The
aspect ratio (height/diameter) of a TORBHE8&sifier is claimed to be two, while the aspect ratio

of a CFB gasifier with the same capacity is approx. five. However, the uncertainties in the
investment cost estimate are much larger for the TORBED gasifier, since TORBED gasification
has only been deomstrated at a scale of 3.5 MWwhile CFB gasification has been
demonstrated at 780 MW;,. The smaller dimensions of a TORBED gasifier lead to a smaller
pressure drop over the reactor and a lower energy consumption than a CFB gasifier, resulting in
lower operating cost.

But, although the investment and operating costs of TORBED gasification are envisaged to be
lower than CFB gasification, this does not result in a significant economical advantage. The
estimated break ven cost ( 0/ MWihe)total coshof iotdgratingnacghsifiet o she t
Hemweg 8 boailer, is only -50% lower in case of TORBED gasification. For a 75 MW

TORBED gasifier, the calculated breekv en cost is 53.0 04/ MWh <compa
a CFB gasifier. For the 300 My\case |, these numbers are 41.5 ul
respectively.

The results of the techniecabonomic evaluation are reported in detail in a separate report

[Kleinschmidt, 2008].
T

— — — — — — — — — — — — | ______ $teamfwater

cirauit

boiler Flue

I i
Fuel Cy- l
a5 clone
I Pre- i i gas
- Gasificatio L codling )
I treatment

I i

n I q
. owh
+ i Air pre- H
1 - H

| L | I T heater

! 1

1 1 H H

1 ! ; ;

i i : I

] 1 H H

] ] H i

i ! I

- cool

Al pre
heater

Gasifier "r -
¥ r
ash Cycl one Biottom Flue
residues ash Gypsum gasses

Coal il s

Figure2.15  Process flow digram of Hemweg 8 with an integrated biomass gasifier

2.2.2.5 Conclusions and recommendations

Based on the results of the technieabnomic evaluation, the TORBED gasification concept
does not show clear advantages over CFB gasification, while the uncertainteghnical
performance and costs are much higher. Also, fuel flexibility and dimensions (footprint) of
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TORBED gasification are not significantly different from CFB gasification. Consequently, it
was decided in consultation with the 1AG to terminateftimther development of the TORBED
concept within the EO&T programme and to redefine the work package focusing on fluidised
bed gasification. The results of this study are described in the next section.

2.2.3 Low temperature gasification of low quality biomasses

2.2.3.1 Problem definition

Based on recommendations by the IAG, the activities in the 2008/2009 project comprise a joint
KEMA-ECN desk study, in which different fluidisédd gasification concepts and different
ways of integrating the gasification with the maivalfired boiler are assessed. Focus is put
mainly on lowcost biomass, which is not suitable for other applications, including direct co
firing, because of ash composition (alkalis, chlorine), moisture content, milling behaviour, etc.
These difficult fedstocks are considered to gain importance in the long term by the industry, as
easy fuels like wood pellets, are expected to be destined for processes with higher added value
like e.g. liquid biofuel production or biochemicals.

Existing biomass CFB gdadrs for cofiring all operate within a relatively narrow temperature
regime, around 850°C. This means that some of the volatile inorganics (primarily alkali
components) are vaporized into the product gas and hence transported into the pulverized fuel
boiler. This is particularly troublesome in the case of low quality biomass fuels, which contain a
higher share of volatile ash components. Low temperature gasification technology (lower than
700°C) has been advertised as a potentially attractive alternttiveonventional CFB
gasification in terms of flexibility to use biomasses with high alkali chloride content. The low
temperature concept is however still in laboratory/gslmle stage.

The fluidisedbed gasification concepts considered in this studilude innovative low
temperature indirect gasification concefigure 2.16 shows the basic principles of indirect or
allothermal gasification. Biomass is gasified in the left reactor. The heat required for the
gasification comes from a second reactor (right) where the char remaining from the first reactor
is combusted. A circulating bed material (e.g. sand or olivine) is used to transport the heat from
the combustor to the gasifier and the char from the gagifilret combustor. The producer gas
from the left reactor and the flue gas from the right reactor leave the installation separately. Air
is used for the combustion of char; because the flue gas is not mixed with the producer gas the
nitrogen in the flue gadoes not dilute the producer gas. The producer gas from the gasifier
contains the same components as gas from a CFB gasifier, but contains jeaadCi),
because the gas is not diluted with flue gas, resulting in a higher cold gas efficiency (CGE).

product gas flue gas

t . 1
- gasffication G

) additional
biomass

U}‘ FAN fuel

circulation L

steam air
Figure2.16  Schematic drawing of indirect gasification

Indirect gasifierseem especially suitable for biomass types rich in alkalis and chlorine, such as
agricultural residues (e.g., straw, gra3$)e low temperature should prevent the evaporation of
alkalis and chlorine, and thus prevent agglomeration in the gasifier itself and fouling and
corrosion phenomena in the main boiler. The separate combustion step should ensure high
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burnout, and thus a high fuelfiefency. The advantage of using an indirect gasifier at low
temperatures is that the excess heat available from the combustor can be used for generating
steam for the power plant, not resulting in a loss of efficiency. Tioaled LT-CFB concept is

unde development in Denmark [Stoholm, 2008] but also the ECN MILENA concept is
promising for this application as it appears from exploratory tests. There is a need for an
accurate technical and economical assessment of the perspectives of indifieictg co
technologies at low temperatures for low quality biomasses.

2.2.3.2 Objectives

The objectives of this study were to make an overviewctassify the possible attractive types

of (difficult) biomass suitable for indirect doing in the Netherlands. Furthermote, make an
overview of possible (loviemperature) gasification systems (existing and under development)
suitable for processing the identified difficult feedstocks and assess the integration of the gasif
cation technologies with the boiler. Besides thestévities, recommendations for furthee-r
search are required.

2.2.3.3 Approach
In summary, this work package contained the following activities:

2008

o Desk study/literature search on suitable feedstocks and the technical prospects and
limitations of different flidisedbed gasification concepts and on different ways of
integration with the main boiler.

2009
e R&D on most promising concept(s) through flow/combustion modelling and system
calculations.

2010

e Experimental to obtaimata on thebehaviourof alkalis andminerals. The ECN indirect
gasifier MILENA (5 kg/h, labscale)was used to test two fuels at different gasification
temperatures. An extensive mass balance is needed to estima¢haveourof alkalies and
minerals under low temperature conditions (lottan 700°C).

e The data generated by ECN on gas composition and conversion is us€aM# to
improve the assessment of the consequences of integrating a gasifier with a pulverized coal
fired power plant using their SPENCE simulation model and identifyptiential of this
technology.

The following starting points were used in this study:

e Only indirect céfiring in dry bottom boilers will be assessed. The Hemweg 8 power plant
was used as case study.

e A selection of the most promising biomasses for indigeetiring is evaluated based on
specific described criteria.

e A selection of the most promising gasification technology concepts is evaluated based on
described criteria.

e Desk study on the above aspects based o#hoimse experience and contacts with
expers/suppliers/developers.

e Limited system assessment, by taking a limited gas cleaning (limited dust removal) as a
starting point.
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2.2.3.4 Results 2008-2010 and discussion

Further detail®f this study can be found in separate reps der Ven, 2018; Vreugdenhj
2010; Konings, 2011

Biomass selection

A number of "difficult" biomass fuels were selected, that are less suitable tefibedcdirectly.
Furthermore, this selection more or less covers the whole spectrum available biomass streams
and can be consited as representative for other relevant streams with comparable properties.

The selected biomass streams were:

Poultry litter,

Cocoahusks,

Biomass fraction of refuse derived fuel (RDF),

Meat and bone meal (MBM),

Rapeseed press cake (residue from bigfteduction), and
Demolition wood.

Technology selection

As gasification technologies were selected:

¢ Direct gasification: CFB,

¢ Indirect gasification: the FICFB, Silvagas and MILENA concepts, and
e Low temperature CFB (LTCFB).

Conventional CFB gasificatiois the most proven technology of the three technologées d
scribed here. In general CFB gasifiers are operated at 850°C. ECN and HoSt have same exper
ence in operating CFB gasifiers at lower temperature using chicken manure as a fued- The di
advantage of EB gasifiers is the limited carbon conversion of the fuel. The convergon d
creases when the gasification temperature is decreased. The typical fuels that require low te
perature gasification (e.g. chicken manure) are more reactive than wood, so fousken@FB
gasification can be an attractive option.

Indirect gasification is in potential a promising technology for indirediratg, but the exper
ence in operating indirect gasifiers at low temperature is limited and the basic designdaeeds a
aptationto control the gasification and combustion temperature.

LT-CFB technology can be a serious option for some problematic biomass fuels like straw. The
LT-CFB technology is the only known fluidized bed technology that is especially developed to
keep the alkacompounds in the solid phase. The technology is going to be demonstrated at a
commercial scale (6 MW by DONG Energy, planned 2010). The disadvantage of thid-techno
ogy is the incomplete fuel conversion, this has a negative effect on efficiency aimtreiiise

the amount of waste produced. Most of the alkali compounds will end up as fly ash in the gas. A
bag house filter or other absolute filter is required to remove the fine ash particles. It is not clear
yet if it is possible to use a béwuse filterin gas that contains tar.

Technology assessment

These technologies were evaluated on the following criteria:
o Fuel flexibility,

Producer gas quality,

Efficiency,

Suitability for low temperature operation,

Investment per kW,

Operational costs,

Maturity, and

Experience with operating at low temperature.
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Table2.2 to Table2.4 summarize respectively the assessment of these criteria for respectively

conventional CFB, the indéct gasification technologies and {OFB gasification.

Table2.2 Summary assessment CFB gasification
CFB  Remarks

Fuel flexibility ++ Proven on several difficult waste and biomass streams.

Producer gas ality | Large amount of nitrogen in the gas, poor heating value (L

Efficiency - Limited conversion of fuel.

Suitability for low temperature operatiol i CFB is not really_ gppl_led at the temperatures required for I

temperature gasification.

Investment + The complexity of the process is minimal.

Operational costs - There is still a carbon containing waste stream.

Maturity — Many CFB gr.;\sm.ers are in operation and only the operatior

temperature is different.

Experience with low temperature + There have been tests at low temperatures, around 750°C

gasification which were successful.

Table2.3 Summary assessment indirect gasification technologies

FICFB Silvagas MILENA Remarks

Fuel flexibility + ++ ++ Feeding in a BFB is more difficult for lar¢
scale applications.

Producer gas quality ++ ++ ++ Outstanding quality, because no nitrogel
present.

Efficiency + ++ ++ Besides the large steam amount for the FI(
the efficiency is high, due tH00% fuel conve
sion.

Suitability for low - T T These technologies were not designed for

temperature operation temperatures and the working principle of
FICFB requires higher temperatures

Investment - - - The overall design of an indirect gasifiel
complex, because it is the combination of
reactors.

Operaional costs T T i The 100% conversion reduces the amoul
waste and the Adiffi

Maturity ++ + i The FICFB already has a few operating ih:

Experience with lar
temperature gasification

lations and the MILENA is still in the del
opment (pilot) phase.

I For all these technologies no or limited kre
edge is available on low temperature operai

Table2.4 Summary assessment-CFB gasification
LT-CFB Remarks
Fuel flexibiity ++ Proven on several difficult waste and biomass streams.
Producer gas quality + The calorific value of the gas is reasonable.
Efficiency ++ The loss of carbon is <4 %.

Suitability for low temperature operatiol ++

Investments +

Operational costs I

This technology is solely deveded to be applied at lowrte
peratures.

The complexity of the process is minimal.

There is still a carbon containing waste stream.

Maturity - The status is a 50 kW test facility and a 500 kW pilot plan
are operational and no similar developments, a 6 MW de
stration is planned.
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Experience with low temperature ++ Solely developed for low temperature application
gasification

Uncertainties

This study made clear that in theory there is a lot of potential in using low temperaturegasific

tion for indirect cefiring. However, some key knowledge lacking was regarding the fateeof

alkali compounds. These are not supposed to end up in the boiler and gasifying at lowa-temper

tures in principle can prevent this. Both the indirect technologies (SilvaGas and MILENA) and

the LT-CFB gasification process look promising. However, manertaities were existing:

1. Thebehaviour of &FB gasifier between 650°C to 700°C,

2. The behaviour oindirect gasifiers between 650°C to 700°C,

3. The fate/distribution/form of the alkali6s

4. The behaviour of theooler at 600°C with a producer gas originating from-temperature
gasification is unknown, and

5. The behaviour of the boiler on the producer gas is unknown.

The work @ckage of 2010 focussed on uncertainties number 2, 3 and 5. This has been achieved
by experimental work and desktop modelling studies.

Based on a number of assumptiomsdelling of the different gasification concepts in corabin

tion with the Hemweg power plant was performed in 2009. For the details of this stedy is r
ferred to [Van der Ven2010a]. Due to the uncertainties described above, the program in 2010
was focussed on elucidating the gasificatioehaviour of alkalis by performing lew
temperature gasification experiments and use the obtained data to update the said modelling.

Experimental work

The proposed exchange of knowledge between the DTU regarding their low temperatitre gasif
cation results was not possible. The information they had was too limited to be of any value for
the purposes of this work package.

For the experimentaprogram performed in the larale MILENA gasification saip

(25 kWi, inpuy) Of ECN, straw pellets and RDF were selected as fuels. Straw was chosen because
it is known that straw typically contains large amounts of alkalis. Feeding feedstock in small
scde experimental installations is often a point of attention. The reason to select pellets was r
lated to the feeding problems that occur during the feeding of normal straw due to is lamse stru
ture when it is untreated. To feed RDF to the reactor, the R&3Fmilled and mixed with the
additional fuel (ground) beech wood to make it possible to feed the material to the gasifier. It
was not possible to feed this feedstock on an individual basis due to the fact the fines cause
bridging just before the feedirggrew of the reactor, and thus preventing the material frem e
tering into the reactor. The mixture of RDF and beech wood did not result in feeding problems.

Table 2.5 indicates that the concentration of alkalis in the RDF/bedgture are high. These
amounts are find their origin in the RDF. This means that when pure RDF is gasified there is a
possibility that the results can be different towards the behaviour of the alkali components and
thus the distribution over the gas andids@hases. The table below also indicates that the
RDF/beech mixture contains more chlorine and sulphur than straw. It is the ratio of these co
ponents, the state of which there are present in the biomass fuel and the process conditions that
will determine how these components will distribute over the gas and solid phase in the flue and
producer gas and to what extent corrosion or agglomeration in an installation can be expected
[Visser, 2004].
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Table2.5 Ultimate and proximate analysis of ttestedfuels

Straw pellets RDF/Beech RDF Unit
Ash 6.7 9.5 15.1 wt.% ar
Moisture 7.8 8.2 7.7 wt.% ar
Volatiles 67.5 67.9 64.1 wt.% ar
C 41.1 42.2 41.4 wt.% ar
H 5.6 5.6 5.4 wt.% ar
O 41.2 34.7 28.2 wt.% ar
N 0.4 0.7 11 wt.% ar
S 0.1 0.3 0.5 wt.% ar
Cl 0.26 0.63 1.00 wt.% ar
F 0.002 0.004 0.007 wt.% ar
Ca 3,300 16,700 25,900 mg/kg dry
K 10,700 1,350 1,400 mg/kg dry
Na 113 1,800 3,000 mg/kg dry
P 1,630 209 279 mg/kg dry
S 610 3200 5300 mg/kg dry
HHV 16,500 17,900 18,100 kJ/kg ar
LHV 15,100 16,400 16,700 kJ/kg ar

Table 2.6 contains the experimental conditions and results for gasification of straw pellets at
690°C and for a mixture of RDF and beech wood at 680°C. The compositiiven as well.

Based on this table, the mass and energy balance over the gasifier was made. This resulted in
the conversion of the biomass to product gas (between 70 and 80 %) for the different tests. The
duration of each gasification test was aroundss h

Table2.6 Productgasexperimentatomposition for low temperature gasification
Unit Test1 Test 2

Feedstock Straw pellets RDF and leech

Gasification temperature °C 690 680

Combustion temperature °C 730 720

3.06 (RDF

Fuel feed gram/h 558 234 ((Beecim)

Steam gram/h 1.08 119

Primary air NI/min 119 100

Secondary air NI/min 20 23

CO; purge NI/min 3 12

Product gas composition

CcO vol% dry 392 26.8

H, vol% dry 8.7 7.1

CGo, vol% dry 23.7 35.6

CH, vol% dry 151 10.5

C:H, vol% dry 0.2 0.116

CHy vol% dry 4.8 4.3

CoHs vol% dry 1.2 1.2

Benzene vol% dry 0.5 0.5

Toluene vol% dry 0.2 0.2

N> vol% dry 2.4 6.3

H.S ppmV dry 126 222

COSs ppmV dry 44 27
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Total tar g/Nn? dry 116 151

Ash flow gram/h 195.7 198.3
Flue gas composition

(o vol% dry 34 55
CO, vol% dry 15.2 14.1
CcoO ppmV dry 2,763 1,946
Ash flow gram/h 149.2 255.8

A difference from the assumptions used in the previous modelling [Van de Ven, 2010] is the
amount of methane that is producadower temperatures and the ratio between methane and
the other hydrocarbons in the fuel géhis was a result from the lezale gasification expier

ments at low temperature. Furthermore, the lower observed overall fuel conversion results in
less combstible product gas and an overall decrease in efficiency. The measured amount of tar
is high in the product gas, due to the fact that at lower gasification temperatures significantly
more primary tars are formed compared to gasification at higher moraaoemperatures in

the range of 850°C.

Based on the obtained analysis results, the component balances were made of the experiments.
The results are indicated able 2.7 and Table 2.8 and indicate the measured distribution of

these components over the different outlet streamsHjgeee 2.16). The first rows in theseat

bles indcate the feed rate of each component that enters the system via the feedsteeknin str

1. The streams 2 to 6 indicate the amount of each element in each outlet stream. The final row
indicates the closure of the balance for each element.

Table2.7 Elemental distribution for straw pellet gfisation at 690°C

Stream Ca K Na P S Cl

1 RDF and beech wood 18500 59,70 630 9,100 3,40 16,000 mg/h
2 Producer gas (Wash bottlg 0.0% 0.0% 0.1% 0.0% 5.6% 1.4%

2 Producer dust (Dust filter) 17.6% 7.9% 9.1% 17.0% 4.3% 11.1%

3 Producer char (Cyclone 23.0% 28.3% 32.1% 25.3% 3.5% ND

4 Flue gas (Wash bottle 0.0% 0.0% 6.9% 0.1% 0.0% 0.0%

5 Flue ash (Cyclong 21.6% 29.4% 38.2% 25.8% 3.5% ND

6 Bed material (Sang 32.1% 29.9% - 29.2% 1.6% ND

Missing from the overall balance 5.8% 4.5% 65.0% 2.6% 81.2%  87.5%

ND = not determined
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Figure2.17  Schematic representation of tlad-scale MILENAgasifier andoutlets
identified as possible contributors to the alkali balafte feed, 2 = product
gas and dust, 3 = product gas char, 4 = flue gas and dust, 5 = flue gas fly ash,
6 = bed material)

In case of indirect cdiring, stream 2 (delusted product gas) and possibly stream 4d{gsted

flue gas) will end up in the boileiThis would result a reduction of chlorine to the boiler of
about 88% and for difficult alkali components such as potassium it would mean a reduction of
about 92% compared to direct firing. The analysed bed material showed an accumulation of ca
cium and ptassium, which might lead on the letegm to bed agglomeration. Agglomeration

has not been observed during these tests with limited duration of one working day anst can ea
ily be avoided by refreshing with new bed material, however at the expense dtipgnan
additional solid waste and additional bed material and associated costs.

The results for the elemental distribution for the experiment with the RDF/beech mixture is
given inTable2.8 below.

Table2.8 Elemental distributioffor RDFbeechmixturegasification at 680°C

Stream Ca K Na P S Cl

1 RDF and beech wood 86,200 7,300 9,100 1,100 16,500 32,200 mg/h
2 Producer gas (Wash bottlg 0.0% 0.0% 0.0% 0.0% 0.0% 10.3%

2 Producer dust (Dust filter) 2.3% 1.3% 0.5% 3.3% 2.9% 1.8%

3 Producer char (Cyclong 34.3% 40.3% 21.3% 32.4% 27.8% ND

4 Flue gas (Wash bottlg 0.0% 0.0% 0.0% 0.1% 0.0% 5.5%

5 Flue ash (Cyclong 23.2% 26.3% 11.5% 19.6% 15.6% ND

6 Bed material (Sang 26.9% 23.3% 63.0% 17.9% 11.7% ND

Missing from the overall balance 13.3% 8.8% 3.6% 26.8% 42.0% 82.4%

ND = not determined

The obtained results differ from the experiment with straw pellets. The feed rate of alkalis is
significantly higher if the valeare comparewith Table2.7. The flue gas for this case does
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not contain a lot of alkali components and is rich in chlorine. Based on the large amouat of chl
rine present in the fuel it is not surprising that¢his an increase in both the gas phases. Also in
the producer gas the amount is large, however in total only 12 wt% of the chlorine is accounted
for. This is similar to the straw pellets gasition test at 690°C. The total load of chlorine to

the boilerin case of indirect cfiring would be about 17.5 wt% of the chlorine present in the
feedstock. The amount of potassium in this fuel mixture is low compared to straw pellets as this
component finds its destination in the cyclone ashes for most part.

The feed rate of sulphur during this test is around five times larger than for straw pellets.
Around 50 wt% ends up in the fly ash and char. The rest of the remaining sulphur is most likely
to be present as,H and COS in the product gas. Based on the maksrargy balance for

RDF and beech gasification the amount of sulphur going®and COS is roughly 1400 mg/h

(8.5 wt% of the sulphur present). For the other elements, large amounts are captured in the solid
phases (bed, ash and char).

With straw peléts the amount of sodium in the biomass is relatively low and it can be observed
that the bed material releases sodium. In case of RDF/beech gasification, the amount of sodium
in the feed is high and in this case this component accumuddtes bed. Thexact interaction

of this components and others (calcium and potassium) is unknown, however it can be assumed
that agglomeration related issues might occur here as well, comparable as for straw pellets.

System nodelling

The experimentally obtained resuivere usetty ECNas input to model a 300 Minput low
temperature gasification planthe results are indicated ifhe outcome(gas compositions,
flows, temperaturesdf this model were used by KEMA to perform calculations with the
SPENCE model to datmine the thermodynamic performance of low temperature gasification
technology as a prgrocessing step for indirect €iing of difficult biomass fuels. The asses
ment is based on a case study in which the gasifier is integrated with a typical sopkccrdti
fired power plant (Hemweg)8The process data for the cdabd power plant are reported in
the previousnodelling work which is reporteid [Van de Ven, 2010]. The results of the miede
ling based on data obtained through experimental work ensixely described in [Konings,
2011].

Figure 2.15 gives a schematiepresentation of the configuration that was used in this study.
The calculations have been performed with a gasifier temperature 69680. It is very al-
vantageous to dedust the flue gas originating fromwloite-list biomass types before it i1-i
jected into the codired boilerto prevent alkalis entering the boilén the current study, ECN
proposed to do the dedusting with a fabriefiltwhich can only be operated at temperatuees b
low 200°C. Therefore, the flue gas needs to be cooled ttC20he thermal effects are eual
ated ofco-firing and gasification in the Hemweg ceaked boiler by means of 300 MyVof

RDF or straw being gd@d with the product gas and flue gas being injected in the coal fired
boiler.
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Figure2.18  Hemweg 8 configuration with integrated gasifier as evaluated in current study

The thermodynamic feasibility dhe indirect gasifier (MILENA) with cooling of the flue gas
was evaluated assuming that the sensible heat from the flue gas is transferred to theshigh pre
sure feed water. Two feedstocksd corresponding process conditions were considered:
e Case Cindirea firing of straw pellets gasified at 69D equivalent to 20% e/and direct co
firing of 20% (e/e) of Awood
e Case D indirect firing of RDF gasified at 68C equivalent to 20% e/and direct cdiring
of 20% (e/e) of Awood

For these calculations ECN sateda heat loss of 5 MW was estimated

In both thefirst study[Van de Ven, 2010] and trsecondstudy, two reference cases are cdnsi
ered for comparison. The reference cases exclude gasification. The reference cases are:
e Case A coal in the 685 MW(at generator terminals) Hemweg 8 plant

e Case B coal andco-firing 20% (e/e) of Awood

For all calculations it was assumedboth studieshat there are no limitations in flue gas flow
handling.This means that are mestrictions in flue gas velocity ammdpacity of the fans issa
sumed.

Biomass is fed to the gasifier at a constant rate of 300,NMV based) and converted in
product gas and flue gas. The gasifier reactor temperature varies betweds9680. It is a-
sumed by ECN thaboth product gasand flue gas leave the reactor at a temperature of 600°C.
The heat that is released when cooling from-680°C to 600°C is assumed to be transferred to
the high pressure feed water systainthe power plantThis is taken into accouim the modé

ling.

The flue gas leaving the reactor at 8D@s cooled to 30fC in a countecurrent flow high prs-

sure feed water preeater. A pinch of abouwtith a temperature approa8b°C isassumeds a
reasonable value for a countirrent gasvater heat exchanger ths not toolargein size.
Therefore, given the temperature of the feed water of 265°C at the inlet of the heat exchanger,
the flue gas is cooled to about 300 The feed water is pfeeated in the heat exchanger to a
temperature of approximately 3@ The flue gas is subsequently cooled to 200°C witheut r
covering the remaining heat. A temperature of°208 the highest flue gas temperature the fa

ric filter can handle. Both the product gas (at ®X)0and the flue gas (at 200) are fed to the
burners dthe lowest burner level of the coal boiler.
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Table2.9 Resultsof the gasification calculations performed by ECN

Gasifier type Indirect Indirect
Fuel (gasification temperature) Straw pellets RDF
(690°C) (680°C)
Thermal input (LHV) [MW] 300 300
Moisture content fuel [wt% a.r.] 7.8 7.7
Product gas (incl. tar + remaining dust) [MW] 225 242
Sensible heat producer gas to boiler [MW] 23 20
Sensible heat flue gas to boiler [MW] 9 6
Steam opre-heated bder feed water from product gas + flue gas cooler [MW] 29 21
Heat loss [MW] 15 15
Totalboiler input (excl. steam) [MW] 257 268
Producer gas composition to boiler (wet basis)
co [vol%] 18.7 18.8
H, [vol%] 8.4 14.2
Cco, [vol%] 11.9 9.3
HO [vol9%e] 46.6 38.8
CH, [vol%] 8.1 7.6
N, [vol%s)] 1.2 1.2
CH, [vol%] 0.1 0.1
CoH4 [vol%] 2.6 4.2
CoHs [vol%] 0.6 1.1
CeHs [vol%] 0.2 1.1
C7Hs [vol%] 0.1 0.2
H.S [vol%] 0.0 0.3
COos [vol%] 0.0 0.0
NH3 [vol%] 0.3 1.0
Tar [vol%] 0.9 1.9
Producer gas flow todiler [Nm¥h] 71,694 56,031
Producer gas flow to boiler excl. dust [ka/h] 76,763 61,393
Heating value product gas (excl. dust) (LHV) [KI/Nm] 10,760 15,139
Temperature producer gas [°C] 6,00 600
Dust concentration product gas to boiler [mg/Nm?] 25673 33,727
Carbon content of dust to gasifier [wit%) 72 48
Charash in gas to boiler [ka/h] 1,841 1,890
Flue gas composition (wet basis)
(o [vol%] 4.6 4.7
CO, [vol%s] 12.3 12.0
N2 [vol%] 73.0 72.5
Ar [vol%] 0.9 0.9
H,0O [vol%] 9.1 9.5
Flue gas flow to biter [Nm3h] 120,460 80,947
Flue gas flow to boiler excl. dust [ka/h] 163,088 114,963
Temperature producer gas [°C] 200 200
Dust concentration flue gas to boiler (after bag house filter) [mg/Nm?] <5 <5

When injecting the product gas and flue gas ftbm gasifier into the boiler, the coal input is
reduced in such a way that the total gross generating output remains at a constant level of 685
MWS,. The coal input is reduced on all burner levels equally. The calculations include the pre
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heating of the fes water by the hot gasifier flue gas. The set point for life steam temperature is
540+ 0.5°C and for reheated steam temperature 568 %1.5

Table2.10 SPENCEcalculation results for straw pellets and RDF

Code Case A Case B Case C Case D
Process coalonly directco-firing direct direct
+ indirect + indirect
co-firing co-firing

Primary fuel coal coal coal coal
Secondary fuel for direct efiring - wood wood wood
Secondary fuel for gasifiefindirect co- - - straw pellets RDF
firing)
Gasifier temperature °C n/a n/a 690 680
Total fuel input (LHV) MWy 1465 1507 1554 1517

coal to boiler (LHV) MWy 1465 1214 961 924

biomass directly to boiler MW, 0 293 293 293

biomass to gasifier (LHV) MW¢, 0 0 300 300
Steam turbine gross power MW, 685 685 685 685
Loss of efficiency relative to CASE A %-pt - 1.3 2.7 1.6
Loss of efficiency relative to CASE B %-pt - - 14 0.3
HP steam production kals 550 546 535 539
HP steam temperature °C 540.1 540.6 540.3 540.4
IP steam to turbine kals 460 463 469 466
IP steam temperature °C 568.4 568.1 567.5 568.3
Furnace exit temperature °C 1423 1405 1366 1374
Flue gas flow kals 653 687 715 700
O, exit furnace mol-% 31 3.0 2.9 2.9
CO, exit furnace mol-% 14.7 147 14.6 14.4
H,0O exit furnace mol-% 7.2 9.0 115 111
LOI exit furnace wt-% 3.9 4.8 4.9 4.7
Sum HO + CQ 21.9 23.7 26.0 25.4
pH,0/(H0+COy) % 33 38 44 43
Secondary air temperature °C 350 350 368 364
Flue gas temperature exit air heater °C 123 136 154 148
Increasing FG temperature exit AH % - 10 25 20
Fly ash production kgls 5.53 4.68 4.01 3.79
Carbon in fly ash kals 0.21 0.23 0.19 0.18

The indirect cases @eC and @seD) include the use of 300 Myiomass via gasification,
293 MW, (about D% e/e) biomass via direct-€iming additional to 20% e/e direct doing of
A-wood and the matching coal amount such that a total generating output of 68atMNe
generator terminals is achieved. These are compared against the two referenceasages: C
with coal firing only, and @seB with 293 MW, (20% e/e) direct cdiring.

Also temperature and heat release profiles inside theficedlboiler combustion chamber for

the various cases are calculateidure2.19 presents the flue gas temperature (cooling curve) in
the furnace an&igure2.20 presents the heat release in the furnace.
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Table2.11

Corresponding level®r the boiler height values iRigure 2.22 and Figure
2.23

Height

[m] Boiler level

0 hopper + ' burner row

13 2" burner row

17 3 burner row

21 over fire air (OFA)

27 1%'freeboard

33 2" freeboard

41 exit furnace combustion chamber

1800

1700

1600

1500

1400

Flue gas temperature [°C]

1300

1200

5 10 15 20 25 30 35 40 45
Height in boiler [m]

‘ —+—Base —8— REF —+— Indirect 690 —— Indirect 680‘
Figure2.19  Flue gas temperature as function of the height in the furnace (B&sse A,
REF =Case B Indirect 690 = Case C, Indirect 690 = Case D)
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Figure2.20  Heat release as a function of the height in the furnace (BaSase A, REF =

Case B, Indiect 690 = Case C, Indirect 690 = Case D)

2.2.3.5 Conclusions and recommendations

In this study, the possibilities for increasing theficimg percentage for a pulverized coal fired
boiler through upstream fluidized bed gasification have been investigatedrebiffiomass
streams exist that are difficult to -€ioe directly, especially at higher percentages. Handling,
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combustion properties, corrosion, slagging and fouling and ash quality are identified as the most
important bottlenecks when it comes to direzfiing high amounts of biomass. Most biomass
streams are limited in direct €ming percentage by at least one of these bottlenecks. The price
and availability of biomass is another point of attention. The availabilityewéral biomass
streams is unctain, or prices are rising because of increasing demand.

Slagging, fouling and corrosion in the boiler, by introducing high alkali loads has been ident
fied as a potential bottleneck for high amounts of indiredirarg through fluidized bed gasif

cation. From an alkali point of view, the indirect-fioing approach is preferable over the direct
cofiring approach because the load of undesired components on the boiler can significantly be
reduced. If the flue gas is not send to the boiler but addelgtmte the flue gas cleaning of the
power plant this in effect can reduce the alkali and chlorine load to the boiler even further.

By reducing the operating temperature of the gasifier, a higher amoalitb$ can be retained

in the ashes. Standard CKBsification, indirect gasification (MILENA concept) and-CFB

have been assessed for low temperature operatiorfCjGhd the integration with a pulverized

coal fired boiler based on limited gas clewni

The results of ECN with respect to alkaliMaride distribution [Vreugdenhil, 2010] are indic

tive, but look promising. Verification on larger scale, longer experimental runs including rec
cling ash from the producer gas cyclone to the combustor is necdsslaigcale experiments

with RDF/beech amh straw indicate thatver 90% of the ashan beremoved from the product

gas before feeding it to the boiler. The slip of alkali metals, chloride, phosphorous and heavy
metal components to producer geess observed to bia the order of 180% for a fludized bed
gasifier operating at 85TC. It is concluded that thisieans a significant reduction with respect

to direct cefiring.

Fluidized bed gasification offers the advantage of feeding coarser secondary fuels compared to
direct cofiring. This advantge can be important for difficult to grind fuels with respect td-cap
tal investment and operating cost (maintenance as well as service load).

When the flue gas needs to be cooled feddsting and this sensible heat is transferred to the
high pressure &d water, the effect on total plant efficiency loss can be limited. For firing a
20% e/e of RDF (Case D) additional to 20% e/e diredirim (Case B) the loss of efficiency

is estimated at 0.3%, while the straw case (Case C) has an indicated 1486 téspectively.

The ash produced by the gasification needs to be evalifiiteziconsidered a costly waste or a
beneficial by product. This depends to a large extend on the fuel used.

A balanced evaluation of the overall economic viability of indigasification as a means to
achieve higher cfiring target, has not been done.

2.3 WAP3: Sustainable ash management and development of new utili-
sation options

2.3.1 Problem definition

Biomass ashes are physically and chemically different from coal ashes. Ftaheutilisation

routes exist. In the Netherlands, 100% of the ashes fromfioe@l plants are used in
construction, directly as building material or in cement and concrete products. For biomass
ashes, however, such utilisation options still have tadesloped. This applies primarily to
Opur ed as h-alane ihstalaton and iadimedt €oing, but also to mixed ashes from
direct cofiring with high biomass cdiring percentages. An important criterion is whether it is
possible and desirableom the point of view of sustainability to recycle ashes from imported
biomass as fertilizer. In other words, is it a-pequisite for sustainable biomass utilisation to
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recycle nutrients and minerals (P, K, Ca/Mg and trace elements) back to the sodsthehe
biomass was harvested in order to close nutrient and mineral cycles. So far, it has become clear
that possibilities depend on biomass type, handling/mixing and conversion technology. Also, it
is clear that recycling to soils is not possible for asfiem contaminated biomass fuels. In
short, a technical assessment is needed to investigate the possibilities for closing the nutrient
and mineral cycles and for the development of alternative utilisations options for those ashes
that cannot be recycleahé do not comply with existing utilization options.

2.3.2 Objectives

The longterm objectives are:

o Development of a databdSend associated prediction model for biomass ash quality as a
function of biomass fuel composition, conversion technology and procedgions.

e Assessment of the technical necessity and the possibilities for recycling (in orlesdo
nutrient and mineral cycles) of the ash from the main volumes of imported biomass fuels
(wood pellets and agnesidues).

e Development of specific alteative utilisationoptions for biomass ashes and ashes from
very high cecombustion percentages

2.3.3 Approach

2006

¢ Determination of the size, nature and characteristics of future biomass ashes.

¢ Simple modelling of ash characteristics from future biomass fuggy future conversion
techniques.

o Start of the analysis towards the necessity and the potential for closing nutrient and mineral
cycles by using biomass ashes and development of ash recycling products.

2007

e Continuation of the modelling of ash charaisties from future biomass fuels using future
conversion techniques, the analysis towards the necessity and the potential for closing
nutrient and mineral cycles by using biomass ashes and development of ash recycling
products.

¢ Identification and proof oprinciple of future highvalue niche applications and of large
scale bulk applications.

2008

e Process development of ash recycling products in-védiine and bulk applications. In bulk
application (lightweight aggregates) and in niche application (réngcbf ash fromcocoa
shells)

2009

e Finalizing research on bulk and niche applications and dissemination of results, in order to
facilitate the (public) discussion on utilisation of biomass ashes and the necessity to close
nutrient cycles.

2.3.4 Results 2006-2009 and discussion

The results are extensively described in a number of separate reports [Saraber, 2010; Cuperus,
2010; Saraber, 2009; Saraber, 2010a].

2 During the progct it was decided to not create a separate ash database but to include the information in the
BIODAT database (www.biodat.eu) on biomass fuels and ashes to have these data available in one joint database.
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Volumes and characteristics of future biomass ashes

A scenario study has been conducted to determiluenes and characteristics of biomass ashes

in the 20262040 timeframe. In this study, with the focus on ashes production, emphasis has
been put on biomass -fving and stanehlone biomass combustion/gasification. The results are
used as a guideline fortagelated research in the EQLF Programme.

Future scenarios for electricity and heat generation have been worked out by Delft University of
Technology. These scenarios have been extended for future analysis of ash volumes and origins.
Two scenarios arengironmental oriented and two are not. The two environmental oriented
scenarios show that the ash volume from central power generation will 4ie51Mtonne
ash/year in 2020, which will increase to -1.B Mtonne ash/year in 2030. The less
environmental pnented scenarios show that in 2020 and 2030 these volumes will be both
1.7-3.0 Mtonne ash/year. These numbers include all ashes.

It is expected that the main feedstock will be imported wood from different countries; the role of
domestic production and agultural residues will be limited. The bulk of the imported biomass
(clean wood) will be cdiring by the coaffired power plants. Géiring may be directly and
indirectly (using gasification). Domestic biomass (wood trimmings, poultry litter etc.will
mainly fired in dedicated Biomass Energy Plants (BEP). The biomass fuels which cause
corrosion, slagging, fouling and/or contamination of the generated ashes mayfited co
indirectly to separate mineral matter of these fuels from the main boiler.

The scenarios all point towards an increase efambustion. However, since wood has a low
ash content at average-fiong rates, the fraction of biomass ashes stays at a relatively low
level (1215 wt%). On the other hand, the variation inficmg rates and hence in ash
composition will increase, due to differences in fuel mix and to different capabilities of power
plants. This can lead to fly ashes that no longer comply with existing utilization routes in
concrete and cement, notably standard45N.

The ash compositions from iming have been calculated with an advanced KEMA TRACE
model. The model is validated for dry bottom boilers. It is presyrbaded on thermodynamic
calculations,that the relative enrichment factors will not change, which metdat the
concentrations of macro and trace elements will not change significantly due to USC conditions
in relation to current suband supercritical boiler conditions. Also the relative enrichment
factors are presumed to apply to elements from biomasgell. The composition of fly ash
from high cefiring rates in dry bottom boilers may have high concentrations of CaO and to a
less extent KO and BOs, which makes these less suitable for use in concrete. Especially free
lime may be a bottkaeck. The cmposition of ashes from fluidized bed boilers are basically
different from dry bottom boilers due to the lower boiler temperature and to the different
chemical composition (low ADs, high CaO, KO, P.Os).

Irrespective of the details of the scenarios @redabsolute amounts of ashes that are predicted,
it became clear that the focus in WP3 needed to be put on one handiramgdty ashes from

dry bottom boiler that no longer comply with the specifications of existing applications, notably
standard ENI50, and on the other hand fly ashes from fluidized bed combustion of selected
fuels in BEPs. Ashes from IGCC, gasification andgfinery are not included because of the
uncertain future. Following the scenarios, they may rise up-20% of all ashesrdm energy
production.
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Figure2.22  Predicted volumes of bes from smalscale biomass combustion according to
four scenarios

Identification of bulk and niche applications of cefiring and biomass ashes

Knowing what kinds of ashes can be expected to be produced in larger volumes in the coming
decades, the nexbjective was to make an overview of potential applications of ashes from
direct cofiring in coalfired power stations and staatbne processes and then to identify one

or more bulk and niche application for these ashes, which are attractive from adkchni
environmental and economical point of view.Tiable 2.12 an overview is given of potential
applications. It should be noted that well established applications for fly ashes are not included.
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Table2.12 Overview of potential applications for ashes (fly ashes and bottom ashes)

Application Function Sector

Binders alternative for standard cement Component

C-fix Filler

Conaete (products) low quality Reactive filler o .
Road Construction material Binderfaw material Ezg(ijr:ggerlirr]%usny and civil
Sandlime bricks Filler

Soil stabilisation Binder

Synthetic aggregates Raw material

Fuel Combustion Energy production
Backfilling Filler Mining

Polymers Filler

Metals Filler

Phosphor production Raw material

Zeolites Raw material Industry

Metals recovery Raw material

Mineral fibres Raw material

Soil improvement / fertiliser Productfaw material Agriculture and fishery
Neutralisation of waste ats Product

Adsorption material Raw material Environmental technology
Impermeable layer Raw material

For each potential application the following items have been asseekedf the ash in the
application (positive and negatiyetatus of technolgy, market and economy, regulations and
sustainabilitylt is important that a new utilisation option has the potential to create a significant
market (bulk application) or a smaller market with a high price (niche application). Bulk
application is espedig of interest for cefiring ashes. Niche markets appear most attractive for
biomass ashes with special chemical compositions.

The following trends are expected to apply to the Netherlands:

e There willbeno significant markef< 10 ktonne/year) for agphtions like: soil stabilisation,
fuel, fillers in polymers and metals, phosphor production, metal recovery, soil
improvement/fertilizer, neutralisation of waste acids, adsorption material.

¢ On the long term themay exist some marker utilisation agaw material for e.g. €ix,
zeolites and mineral fibres. Market will grow in sdimde bricks, road construction material and
alternative binders for standard cement.

e The only utilisation options with significant market potentiain the long term areysthetic
aggregates and to a lesser extent utilisation asfiirak material in mining.Synthetic
aggregates will replace natural aggregates/gravel and the product provides extra value to
concreteBackfilling is not seen as real sustainable aginagenent.Also, the market for
backdfilling will be limited in the Netherlands and export to Germany will be reduced.

As long as cdiring rates are relatively lowgo-firing ashes have no specific (dis)advantage to

coal ash without cdiring. Components thatre present at elevated levels are not present in such
guantities that they make these ashes in any way special. These ashes have no specific added
value. The selling price for established applications dfrarg ashes will be negative to around

0 Oret on

The market for ashes from indirect-fiong and stanehlone combustion of biomass is limited,

but the limitation will probably be determined by the annual production. The following ash
market combinations will be attractive:
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e Ashes from combustion afeat and bone meal and some forms of manure or sewage sludge
will be (very) suitable for phosphorus production.

¢ Ashes from combustion of uncontaminated virgin wood for soil improvement or recycling to
forests.

¢ Ashesfrom combustion of virgin wood and aguitural residues for use as (raw material in)
fertilizer.

These applications may have a positive selling price and can be seen as niche applications.

In general, biomass gasification and combustion ashes of various kinds may be used for the
productionof synthetic aggregates. Other biomass gasification and combustion ashes have to be
treated as waste and have to be used for-fidioky (mining) and other longrade applications

with a negative selling price.

Assessment of nutrient and mineral recyclingptions
In Figure 2.23, the chain from cultivating biomass, via energy production to ash utilisation is
visualised. This chain has been used as a basis for the sustainability assessment study.

future scenarios

CULTIVATION ENVIRONMENT Woyrading CONVERSION ENVIRONMENT UTILIZATION ENVIRONMENT
cultivaion | —s  harvesting ransport storagel energy | ash separation —LM
e upgrading conversion
fransport

Figure2.23  Chain from cultivating biomass via energy production to ash utilisation

Sustainability is regarded as a prerequisite for the dscgée use of biomass for energy
production. One of the sustainability criteridhimevitably relate to the fertility of the soil, i.e.

to prevent depletion of nutrients and minerals. In order to get a clear answer on the question
which role ashes can play in sustainable biomass production, more precisely in closing nutrient
and mineal balances, one should focus on a few representative cases.

The objective of recycling of ashes is to close nutrient or mineral balancessamietthe soils

after harvesting of biomass to its original or natural state. This recycling looks similar to
utilisation as fertilizer, but they are fundamentally different. A fertilizeparesthe soil for the

growth of crops. In practice, recycling is limited to forestry, so it applies to wood ash. Recycled
wood ashes must be identical or similar to the afiloaes the trees that grew on that particular

piece of land. In agriculture ashes may be applied as fertilizer. When biomass ashes are used on
a different kind of soil it should be regarded as utilisation as a fertilizer.

The number of ash types, resultirgm the many biomassonversion combinations, is too
large for a comprehensive discussion. Five cases have been identified that represent the largest
predicted volumes of biomass ashes and their most attractive application:
e Case 1clean wood pellets ifiuidised-bedcombustion (FBC) or indirect efring and
recycling the ashes to forests,
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e Case 2residue from rape seed oil pressing in FBC and utilizing the ashes as fertilizer,

e Case 3cocoashells in FBC and recycling the ashesacoaplantations,

e Cas 4 biomass blend in entraindldw gasification (blend controlled by ash composition),
and

e Case 5various biomass types in directfiong in coakfired plants and utilizing the ash for
the production of lightveight aggregates.

Case 1, 3 and 5 havedn further investigated and further described in the sections below.

Case 1: Ash recycling in forestry

Wood ash recycling is becoming common practice in Sweden and is allowed in Finland and
other countries. The Netherlands have no regulations for wdodeagcling. The question is
whether the ashes from imported wood needs to be recycled.

The case study yielded the following conclusions:

a. Ash recycling may play a role in sustainable forestry and on sustainably managed energy
plantations, depending onetiorest management.

b. Biomass fuels from unknown sources may be suitable for recycling. When the ashes are
similar to wood ashes from a certain area, they may be applied (practice in Sweden).

The most important aspect of sustainable forestry with praguctf biofuels is the
management of forest residiled raditionally, forest residues are left on the site of the felling,
so-called stem extraction, which means instant recycling of the bulk of the nutrients.
Compensation from natural sources is sufficientestore the nutrient balance. On the other
hand, when forest residues are removed from the foresglsal whole tree harvesting (WTH),

too much nutrients are removed and artificial compensation is needed. Ideally, the combustion
ashes from forest s@ues should be recycled, so that depletion is avoided.

As long as the wood fuels that are imported in the Netherlands have a very low ash content,
which is the case for Awhited wood pellets wi
these askgis not needed. Ashes from these pellets contain almost no nutrients, mainly Ca and

Mg. These elements are in most cases not limiting elements for sustainable forestry. In nearly

all cases, the loss of these elements through export of the wood pedtatdler than the supply

from natural processes (wear of rocks and deposition). The balance is sufficiently restored when

the minerals in the forest residue are recycled. Nevertheless, wood pellet ashes may be used as a
soil improver to stop acidificationf dorests, but other materials, like lime can be applied as

well.

Clean wood ashes produced in the Netherlands may comply with foreign standards and be
exported. For this recycling to forest soils, export will be permitted since recycling of ashes to
forest soils can be regarded as a useful application.

Case 3: Nutrient recycling: ashes frontocoashells combustion

The potential of recycling of ashes from combustiorcadoaresidues to the original soil in

terms of kg fertilizer/ha were assessed. Theystealt with the fertilization of 1 hectare of land

in lvory Coast, on whiclecocoatrees are grown together with shadow trees.ctiueashells are

available from thecocoaindustry in the Netherlands and combusted in a circuldlindised

bed combustin installation in the Netherlands. Two scenarios have been compared:

e Scenario 1Ashes are transported to a sea port in the Netherlands, from where the ashes are
shipped to Ivory Coast. There, the ashes are transported by trudotoaplantation. The
ashes replace part of the artificial fertilizer, used to fertilize the soil of the plantation.

! Forest residue includetops, banches, leaveand needles, whichre removed osite when trees are cut for
harvesting. Forest residues contain the bulk of the nutrients. The bark contains also some nutrients, the stem
almost nothing.
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e Scenario 2 Ashes are transported to a mine in Germany, where they are used as filling
material. The fertilization of the soil of tlecoaplantation is takeware of by means of an
artificial fertilizer.

System boundaries are shown schematicallfFigure 2.24. The environmental effects have
been assessed by determining the certain emissions of the procegss. @®@of the main

causes of the greenhouse effect.,[d@d SQ contribute to acidification.

Using the P and K in the ashes, it is possible to replace a maximum of 3.84 kg/hectare of
artificial fertilizer. However to fertilize the soil properly anothed@® kgartificial fertilizer per

hectare is necessary (depending on the nutrient need). It is assumed that the availability/uptake
of the nutrient for plant growth is the same as for artificial fertilizer (best case approach). This
means that direct recycling ofie ashes will only avoid about 1.5 wt% of the total needed
amount of fertilizer in a best case approach. On the other hand, the avoided emissiops of CO
and SQ make clear that the ashes have a potential to be used for fertilizing.

Production cacao
in Ivory Coast

Production
fertilizer in Ivory
Coast

Transport cacao
from Ivory Coast
to Netherlands

Burn cacao shells
in stand alone
installation

Transport ashes
from NL to Ivory
Coast

\ 4

Transport fertilizer
in lvory Coast

Usage as a
nutrient at cacao
plantation

Production cacao
in lvory Coast

Production

Transport cacao
from Ivory Coast
to Netherlands

Burn cacao shells
in stand alone
installation

Transport ashes
from Netherlands
to Germany

Transport fertilizer

Filling of salt mine
in Germany

fertilizer in Ivory
Coast

in Ivory Coast

A 4

Figure2.24  Scenarios 1 (top) and 2 (bottom) with their system boundaries

The best solution turns out to be a combination of both scenarios. The P and K in the ashes
should be used as fertilizer, but the best Wwdsom anenvironmental point of view is to do

this close to the location where the ashes are used and not ship the ashes back to the plantations
where they originate. From the point of logistics and organisation it is more attractive to
compensate for the lossesthe ashes with a bit of extra fertilizer. And to use the ashes as
fertilizer near the combustion facility. In this way, the net reduction in fertilizer use is the same
and you lower the total transport.

Case 5: bulk utilisation, light-weight aggregategrom biomass ashes

The potential of producing lighteight aggregates (LWA) from ashes of-cambustion,
gasification and bienergy plants (BEP) was assessed. Firstly, an inventory has been made of
the important aspects of cold bond/hydrothermal basedsariered LWA. Based on this a
choice was made between these types of LWA. Further, the potential market for a new sintered
LWA produced from fly ash is assessed. Melting and -boldding techniques have been
dismissed in an early stage of the work.
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There are two basic principles: sintering with a rotary kiln and with a sintering band. Rotary
kilns are being used for LWA produced with clays (ARGEX) but also with secondary materials
(Trefoil process). Sintering bands are used for the production of Lyktegpduction process

of Lytag is presented iRigure2.25.

To substantiate the theoretical considerations, a batch LWA has been produced in a pilot scale
rotary kiln. The raw material consisted of fly ash witgthfree lime content. An addition of 8%

clay was added to get green pellets with sufficient strength. The processing time in the rotary
kiln was half an hour, which is comparable to that of Lytag. The sintering temperature was at its
maximum about 1200°Qr(easured in the free space of the rotary kiln using thermocouples).
The basic properties of the LWAs were determined. The results are preserabtei13.

Table2.13 Basic properties of Lytag and LWA produced within HOS

Measurement / test unit Lytag LWA -EQS-2
Loose bulk density kg/m® 760 945
Particle density kg/m® 1400 1630
Aggregate size mm 6-12 4-11,2
Water absorption 5 minutes % m/m n.d. 5.3
Water absgstion 30 minutes % m/m 15 6.0
Water absorption 24 hours % m/m 18 8.4
Crushing resistance N/mm? n.d. (3.79
Loss on ignition % m/m <5 0.3
Grain shape Spherical Spherical
Colour Light brown Brown

* Average of ten tests with a pin crusher with a ditenef 15 mm

The particle density of the LWWHEOS 2 is somewhat higher and the water absorption is lower
compared to regular Lytag LWAs, but it is still acceptable for replacing aggregate in concrete.
There are no harmful components found in the LWA, Wwidan influence the integrity of the
concrete when made with this LWA, like free lime, which may cause expansion and thereby u
soundness of the concrete. Theay diffraction analysis showed that the free lime (CaO) had
completely disappeared by formatiohnew amorphous phases.

The economical aspects are worked out for a production plant with a 200 ktonne/year capacity.

Important starting points for this economical assessment are lifetime 10 years, interest 6%,
minimum profit 7% and selling price LWA p&nne is equal to that of gravel.
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Figure2.25  Schematic of the production process of Lytag LWA

The following conclusions are drawn:

LWA production processes based on cold/hydrothermal bonding andrgjrtave specific
advantages and disadvantages. The choice of the type of production process depends on the
situation. The main differences concern investment and operational costs, carbon foot print
and concrete properties in relation to applicabilityhef LWA and thereby potential market
volume. In the Dutch situation, the balance is in favour of a production process based on si
tering because of the better market perspective of the product,

The main application in the Netherlands will be as substitit®arse aggregate in concrete.
Free (norbound) applications are less appealing due the leaching behaviour. The parket a
proach will be based on replacement of natural aggregate based on lower pricésger m
crete (concrete is sold per and not petonne).

Ashes other than dry bottom fly ashes, like biomass (gasification) ashes can be used to a li
ited extent, whereby the limitations will be based on content of organic matter and alkali
and/or fineness,

The cost price for the production of LWA usifig ash is about 385 U/tonne fly ash (gate

fee). Some variation in selling price of the LWA does not change significantly the outcome
of the cost price, and

LWA can be produced by a sinter process using fly ash with high free lime content. This fly
ash is typically from high grcentages of ecombustion of wood. The LWA and the LWA
concrete properties show that good performance of concrete chtabed.

EW _A3H 2

"3 a5 e 7890 1

Fiure2.26 L|ghtwe|ght aggregate (LWEOS), produced with pilot instation
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2.3.5 Conclusions and recommendations

At the closing of WP3 on sustainable ash management the following conclusions can be drawn:

e The volume of biomass ashes that will be generated will increase strongly up to 2020.
However there is a high level of untanty due to macr@economical developments and
national politics. Cdiring ashes will still play a dominant role. However, despite the high
co-combustion percentages in the boiler (w/w or e/e bases), the share of biomass ash
components will still remaiminor in comparison with the siliceous coal ash, due to the low
ash content of clean wood.

e Bottom ashes, both from doing and from BEPs, are expected to find an application as
construction material, primarily in large infrastructural works.

e Itis expeckd that most of the efring fly ashes will still fully fit in the current utilisation
schemes. A minor share of the ashes, which does not comply with the standa#s0(EN
etc.) need alternative forms of application. Recycling onto the land is thealtrastive
option, both from the economic as well as environmental points of view.

e The most attractive bulk application of biomassidag fly ash in the coming decades is the
production of lightweight aggregates (LWA). Experiments to produce lightweigh
aggregates with fly ashes from-fiobng make clear that a product can be obtained with
comparable properties to that of Lytag. For LWA, also the market allows placement of
several 100 ktonne per year. This application is also from an environmentabpuiatv
attractive. However, under current conditions the process is not economically attractive.

e For fly ashes from dedicated Biomass Energy Plants, there are several interesting niche
applications for ashes. These ashes have a specific chemical caonpegiich provides an
added value. The most attractive niche application is as raw material for production of
fertilizer (ashes from combustion of agricultural residues in BEPS).

e Exporting BEP wood ashes for recycling to forests may be an option, isunat strictly
necessary for sustainable forest management.

e The use of ashes from the combustioncotoaresidues from a BEP in direct nutrient
recycling on the plantation does not significant reduce the neadedal amount of
fertilizer. The best sotion, from an environmental point of view is to use is as raw material
for fertilizer production in the region of the BEP is located.

2.4 WP4: Biomass co-firing in oxy-fuel combustion

2.4.1 Problem definition

Combustion in an @CGO, mixture (oxyfuel) has been regmized as a promising technology for

CO, emissions reduction as it produces a high €ahcentration flue gas ready for capture and
storage. The combination of oxygen as oxidising agent and flue gas recirculation, excludes the
presence of Nin the flue ga which becomes rich in GQ@acilitating its capture. Furthermore,
extreme steam conditions (Ultra Super Critical, 700°C, 350 bar) can be applied by using
advanced materials for the heat exchanger sections (e-glloys) leading to high efficiencies
(>50%). Finally, it is known that biomass and biofuels in general contribute t@edQction in
comparison with fossil fuels as they are considered-i@Dtral, therefore biomass -iang

could even make the oxyfuel power plant effectively into a net<i.

Worldwide, several boiler manufacturers and power producers work on the development of the
oxyfuel conversion technology for coal combustion. Some of the development work takes place
in EU framework programmes and RFCS programmes, with ECN beintyéovin two coe
operative projects [BOFCOM, 2006; ECOSCRUB, 2006].

A first inventory has revealed that development work on-foey combustion has consisted
mainly of conceptual design and system assessments studies. Furthermore, sescal@ilot
testing fcilities are under construction (mainly comprising of modified existing rigs for pf
combustion testing). However, only limited attention has been given to the impact of process
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conditions such as the high g@bncentrations in the boiler or the high €ncentration in the

char combustion zone on combustion characteristics, including slagging/fouling and corrosion.
This holds even more for the case of biomasfiraw. Ash formation and deposition (surface
fouling) behavior of coal/biomass blends undefG®, combustion conditions still needs to be
studied.

Based on experience for biomass-ficmg under conventionaPFcombustion conditions,
further development of the detailed mechanistic understanding of combustion phenomena is
absolutely necessary tdlawv optimal and reliable operation. The EQ$ consortium on
biomass cdiring has unique facilities and knelow to help creating this understanding and
support the technology development with the insight gained.

2.4.2 Objectives

This work package is aimed atlvancing the knowledge base on the combustion characteristics
of coal and secondary (biomass) fuels underfoey combustion conditions by means of ¢lab
scale) experimental investigations and subsequent modelling and chemical equilibrium
calculations.

The focus of the present study is the ash formation and deposition mechanisms of solid fuel
combustion under oxfuel conditions. The oxjuel gas environment experienced by fuel
particles is thought to have an impact on the combustion processes incigditign,
combustion characteristics, char reactions and burnout, and subsequently, ash and pollutants
formation that differ from the conventional air combustion environment. Although significant
work exists on the ash formation and deposition mechanismthe interactions of the most
important ash elements (Si/K/CI/S) and their significance in fine ash and aerosol formation, so
far little work is reported on the possible effect of édgl combustion conditions on the
elemental composition and the ashklg of ash in comparison to conventional firing for pure

coal combustion and even lessamal/biomass blends combustion.

2.4.3 Approach

20062009

e Literature search on the staiBthe-art concerning oxjuel combustion system concepts,
process conditions toebexpected (e.g., temperature profiles, particle residence times) and
available data on coal/biomass combustion #CO,-rich atmospheres.

e Experiments in the Labcale Combustion Simulator (LCS) at ECN under simulateefaaly
combustion conditions focuwj on proper particle heating rate, temperature, gas
composition, particle residence time, defined as based on the literature search and
information from involvement in international ofyel development projects. Combustion
characteristics to be investiga are: ignition behaviour, fuel burnout, ash formation, ash
deposition and related slagging/fouling, fate of trace elements, fly ash quality. The
experiments are exploratory, aimed at identifying the combustion characteristics. The fuels
used were Russisand South African coal, and Greek lignite, either combusted separately or
in blends (20 wt%) biomass withea meal and olive kernel, as representatives of difficult
fuels. The tests were carried out in several testing periods: (1) first carryingtsuwii the
Russian and South African coals and their blends shga mealthen (2) the lignite with
olive kernel tests followed and (3) a final testing period firing only lignite and Russian coal
followed, in order to check and verify the observedliesu

e Utilisation of the experimental data from the tests performed under air anfueixy
conditions for chemical equilibrium calculations and ash deposition modelling study using
the Ash Deposition Predictor (ADP), developed and implemented by ECN,dntordbtain
insight to the observed results and gain knowledge on the parameters that affect mainly the
ash deposition under varying combustion conditions.
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The work was conducted in cooperation with pist students from the Section Energy
Technology (2partment Process and Energy) of the TU Delft in closgpenation with ECN.

2.4.4 Results 2006-2009 and discussion
The detailed results can be found in two separate reports [Glazer, 2010; Fryda, 2010].

Within the reporting period, an extensive series of garative experimentsn ash deposition

of coal and coabiomass blends was carried out in the Labscale Combustion Simulator

(LCS) of ECN under air (N,) and oxyfuel (/CO,) conditions. The experiments were

carried out employing the LCS equipped twi horizontal deposition probe equipped with

temperature and heat transfer sensors. The following phases can be identified:

a. The deposition ratio, deposition propensity and the fouling factor of the coals and blends
were measured, and are all presentdtiémext paragraphs.

b. Deposited ash samples and also fine ash (fly) ash santpkediner ash that did not fall on
the deposition sample but was captured further downstream on the fine ashviitiey
subjected to scanning electron microscopy/energypedied Xray spectrometry
(SEM/EDX) and inductively coupled plasma (ICP) analyses, which are standardised
analytical procedures in order to define the elemental composition of the ash samples.
Selected samples were also subjected to XRD analysis (crgstadloc analysis) in order
to search for possible phase variations between air and oxyfuel ashes. Finally, particle size
distribution (PSD) measurements were carried out on the ash samples.

c. Thermochemical equilibrium calculations using FACTSage® wereechait to study the
phase distribution of the ash and the behaviour of the most important inorganic elements
for slag/gas phase formation (Si, K, Cl, S) undgiC0, and air (Q/N,) conditions for the
coals and their blends.

d. Finally, calculations using anodel developed between ECN and TU Delfte Ash
Deposition Predictor (ADP)were carried out to facilitate the interpretation of the
measured datato obtain insight to the observed results and gain knowledge on the
operating parameters or physical pndigs of the involved material streams that mainly
affect the ash deposition behaviour under varying combustion conditions.

Ash deposition ratio and deposition propensity

First, all ash samples collected in the horizontal probe during the depositiohrejie as well

as the filter ash samples were weighed. In order to assess the deposition behaviour of the fuels,
the ash deposition ratidR is calculated, which is defined as the ratio of the ash collected in the
probemye, for the duration of the expenient, divided by the fuel fed on the deposit probe for

the same time framey,., both quantities measured directly:

rndep
m

DR=

fuel

In order to normalize the ash deposition in relation with the fuel ash content, the deposition
propensityDP is introduced, defined abe percentage of the ash collected on the deposit probe
Myep to the ash fed through the fuels,

Dpz%(%)

sh
This ash quantity is calculated though the ash w/w % given by the proximate analysis. The

deposition propensity, here expressed in %, provides mdghiriato the inherent deposition
characteristics of the different fuels as it accounts for variations in fuel ash content. Both
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experimentally derived parameters defined for the various test runs are presented in the figure
below:
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Figure2.27  Deposition ratios and propensities for several coals and coal blends under air
and oxyfuel conditions

As observed in the figure above, the deposition ratio and propensity were systematically higher
under oxyfuel caoditions. Unburnt carbon in ash was observed in all the samples however this
does not justify the systematic difference in the deposition behaviour. Another observation co
cerns the particle size distribution of the produced ash between air and oxyfdigboasn In

general, a larger PSD was observed under oxyfuel conditions, which could be linkednto the i
creased deposition rates under oxyfuel conditions, because it is expected that larger particles are
more prone to directly impact on the deposit surf&tmvever, there were several cases where

the particle size distribution was not clearly larger in the oxyfuel case, but the deposition ratio
and propensity under oxyfuel was still larger.

Therefore, the particle size is definitely a parameter to candidé does not seem to be the
only factor influencing the deposition behaviour. Also the viscous elastic properties of the ash
particles and the viscosity of flue gases are suspected to affect the deposition behaviour, and f
nally, the gaseous flow fielitself (velocity vectors affecting the particle trajectories).

Finally, the blends have shown a lower deposition tendency than the unblended coals. This can
be explained by the fact that biomass introduces elements that are more probable to enter the gas
phase and at the same time combine with the ash elements of the coal ash, therefore the total
available solids for deposition is becoming less. This is however a common observation in co
firing coals with biomass, independent of the oxyfuel process.

Fouling factor calculation

Based on the heat flux data measuredimm® the so called fouling factd® of the obtained
deposits can be estimated, which corresponds to the heat transfer resistance of the ash deposit.
The determined fouling factors of seletfeel blends are depicted in

Figure2.28 as an almost linear function of the cumulative ash feed rate. All the fuels and blends
showed the same trend.
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Figure2.28  Calculated fouling factors versus accumulated feed rate for some of the tested
blends (20 wt% biomass) under air and oxyfuel conditions. RC = Russian coal,
SA = South African coal

The sl opes of the curves plott eathcomentaie i nde
point at which fuel feeding started was considered the beginning of the heat flux measurement.
Steady state operation of the cooled deposition probe was established prior to that. In all cases
the heat flux, surface temperatures, coolaig flow rate and furnace temperatures were
established constant by the start of the deposition measurement.

It can be observed that the cehla meablends show a lower fouling factor than the coals,
which is also in accordance with the lower depasipropensity for the blends shown in

Figure 2.28. However, it has to be noted that a higher deposition propensity does not always
imply that the fuel has a higher specific fouling propensity (slope of the fpfdictor against
cumulative ash fed), since other parameters, as the thermal conductivity of the deposition layer
or the scattering of the deposit on the probe, might also play a role in the heat transfer properties
of the deposition layer.

Chemical andcrystallographic analyses

The chemical analyses of the ash samples as well as the electronic microscopy analyses did not
reveal significant changes in the ash chemistry in the oxyfuel case compared to the air case. The
effect of combusting coal/biomass btks under air and oxyfuel conditions is reflected in the ash
chemistry and can affect the subsequent sintering tendency; this seems to happen independent of
the combustion conditions and is a well known phenomenon when blending fuels with different
ash corposition. A slight depletion of potassium (K) was shown in the deposited ash for the
blends, probably due to the higher reactivity of the biomass bound potassium (K) and the
addition of increased chlorine (Cl) input due to #hea mealAlmost complete aence of Cl

and sulphur (S) was observed in the deposited ash.

A more detailed analysis of the fine ash using a cascade impactor implied some effect of the
oxyfuel combustion compared to the air case, apart from the effect of the biomass addition. In
sone of the oxyfuel cases the values of the refractory elements (Ca, Mg, Si, Al) seem slightly
higher than in the air case, while the volatile elements (K, NA, CI, S, P) show the opposite
trend. This could be explained by the effect of local char combusiopearatures, which can
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be higher in the oxyfuel case, as well as the varying@Q ratio in the char combustion area,
which affects the release of refractory vs. volatile elements, as suggested in the available
literature. However this was not observedteynatically. Therefore it can be concluded at this
stage that no significant differences were detected in the ash composition between air and
oxyfuel conditions, and the only variations in the ash composition is due to the fuels blending.

Evaluation of the experimental results and conclusions

It was observed that the deposition ratio is as expected increasing with the ash content of the
blends, and that the deposition ratios are lower under air combustion, for the same fuels, the
same fuel feed rates édithe same gaseous volume flows. The fouling factors are also higher in
the oxyfuel case. In order to evaluate these observations, first, slag (melt) formation has to be
excluded, which would increase the weight and density of the ash deposited, leaginggo
conclusions. Indeed, there was no melt observed. Secamburnt fuel particles falling on the
deposit probe would also increase artificially the mass of the deposit sample. The carbon in ash
was measured in the lab and the results do not showrninbarbon contribution to the
increased deposit formation, the combustion was satisfactory, not loading the deposited ash with
high loads of carbon particles or slag. The particle size of the sampled ash from oxyfuel tests
seems larger compared to theé ebmbustion cases, which can be a factor contributing to
increased deposition because large particles increase the impaction efficiency; however the size
shift into larger particles was not always the case when firing under oxyfuel. Therefore more
parametrs seem to affect the deposition behaviour of ash such as the gas physical properties,
e.g. the flue gas viscosities, the velocity vectors (in general the gas streamlines around the
probe), or the viscous elastic properties of the ash formed under thaesveonditions. These
parameters may contribute to varying deposition rates under air vuelxfiring. The ADP

(Ash Deposition Predictor) is a usefubdellingtool to assess the effect of these parameters on
the ash deposition process.

The coals stdied present lower deposition propensities when they are blended with biomass,
eithershea meabr olive, but the trend between air and oxyfuel does not change. This implies
interactions of the ash material of the fuels, but it does not seem to be liithatevoxyfuel
conditions in particularThere does not seem to be any additional effect of the oxyfuel
conditions on biomass addition in the coal/biomass blend. This was verified by chemical
equilibrium calculationsising FACTSage®hat took into accourthe ash compaosition of the
tested fuel blends and the combustion conditiofise calculations showed similar phase
distribution and behaviour for the most important inorganic elements for slag/gas phase
formation (K, Cl, S) under £CO, and air (Q/N,) conditions, for the coals and their blends.
Therefore the next paragraphs focus on the results from the ADP tool.

Ash deposition modelling of coal/biomass mixtures at air/oxygen combustion conditions

The Ash Deposition predictor code and Simulationregsti

In order to provide comparative data to the experimental deposition tests performed under the
oxy-fuel conditions ash deposition modelling study has been done using the Ash Deposition
Predictor (ADP) developed and implemented by ECN/Petten. The ARRasl which post
processes the data originating from the Computational Fluid Dynamics (CFD) based modelling
of the boiler. The predictor is an independent particle tracking code which includes inertial i
paction, thermophoretic attraction and dynamic tieacf particles on surfaces in order t@pr

dict the location of the deposited ash, and the growth of the deposit. The numerical calculations
have been performed in order to simulate the deposit formation observed during experiments on
a deposit probe imsted within the Laboratory Combustion Simulator (LCS) and to compare
with the experimental combustion tests.

The CFD modelling tool called CINAR has been used in order to perform the CFD calculations.
CINAR is a commercial code developed by the Collega/étsity London and has been used to

numerically model industrial combustion boilers. The CFD calculations have been performed
for two different operational conditions namely air based combustion environment and-the oxy
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fuel combustion environment. Forakaof these settings the process gases have been specified.
The parameters like oxygen, nitrogen, water content etc. have been specified in order to reflect
the conditions used during the LCS experiments.

As a result of the CFD simulations a flow fielddalculated, for which a set of characteristic

and describing parameters has been obtained: velocities, pressure, temperature distribution, etc.
within the numerical domain. This flow field has been used as input for ADP to perform the
numerical calculatios.

Input parameters for the CFD code (CINAR) and the Ash Deposition Predictor

The CFD calculations with the CINAR code have been performed for the two differentssombu
tion regi mes, namel y, the oxyfuel conibausti on
conditions mirror the LCS experiments in order to compare the results of the numericat simul

tions with the experimental findings and to assess and evaluate the differences in deposition
phenomena for these two varying combustions conditions. In aaldite experiments can help

in the interpretation of the numerical findings.

The fuels used for the simulations were Russian coal, lignite, and blends with biomass (20

wt%): Russian coal witkhea meallignite with olive stones. The simulation matrixsismna-
rized in theTable2.14.

Table2.14 Simulation matrix ADP

Experiment number/ Environment Fuel

ADP number

1 Air Russian coal

2 Oxyfuel Russian coal

3 Air Russian coal wittshea meal
4 Oxyfuel Russian coal witlshea meal
5 Air Lignite

6 Oxyfuel Lignite

7 Air Lignite with olive stone

8 Oxyfuel Lignite with olive stone

The particles are introduced to the ADP modeller. In total, the deposition behaviby000

particles was tracked. There are certain physical properties specified in the code, such as patrticle
size distribution (PSD) with the mean diameter, particle density & composition based on Si m

lar fraction, viscous elastic properties of ash, thatio of nonbridging oxygen to tetrahedral
oxygen (NBO/T). Particle viscouselastic properties and NBO/T have been specified based on

the formula proposed in literature. Some of the parameters have been assumed to be constant for
all the calculations@ne others were particle specific (PSD, NBO/T).

The following Table 2.15 shows the results of the main sets of ADP calculations, one using
Russian coal and blends, and the other using lignite and blends, foartebepsize distribution
values. The initial PSD values are called 060l
measurements. In the alternative calculation set, the PSD values were equalized (homogenized)

for the two fuels (Russian coal and ligg)i in order to eliminate the ash particle size influence.

This PSD values are called Onewbd.
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Table2.15 AOl do and fAnewd deposit rates for the Rus:
biomass). The PSD of therite coal and blends has been used as the input
parameters for the second set of ADP calculations
Test  Environment  Fuel PSD "old" PSD "new" Ash Ash
(set 1) (set 2) propensity propensity
[micron] [micron] old new
[kg/kg] [kg/kg]
Air Russian coal 46 39 0.35 0.31
Oxyfuel Russian coal 28 86 0.28 0.60
Air Russian coal witlshea 44 40 0.34 0.33
meal
4 Oxyfuel Russian coal witlshea 33 49 0.31 0.40
meal
5 Air Lignite 39 39 0.31 0.31
6 Oxyfuel Lignite 86 86 0.60 0.60
7 Air Lignite with olive 40 40 0.30 0.30
8 Oxyfuel Lignite with olive 49 49 0.35 0.35
With the PSD being replaced for the Russian coal
the 6ol ddé case. In the case of the homegeni sed |

vironment, mainly CQwith some Q, produces more deposited particles compared to the air
combustion environment, which is mainly &Bind some @ This trend is in agreement with the
experiments where the oxyfuel tests results to more deposition. Theanagtagph shows some

further results on the deposition behaviour relative to the gaseous environment.

Sensitivity of the code to the air/oxyfuel conditions

In order to test the sensitivity of the code to the given oxyfuel or air combustion conditions, the

following parameters were considered constant:
1. Particle size constant, but the viscous elastic properties (NBO/T) test specific
2. Particle size constant, as well as the NBO/T ratio

Especially the second case is expected to provide information ohexlile¢ oxyfuel conditions

(temperature, pressure, gas streamlines, velocity vectors) influence the deposition grocess a
suming ashes with a standard chemical composition (reflected in the NBO/T) and the isame pa

ticle size.

The first caseTable2.15) where the PSD values are equal but all the other parameterd-inclu
ing the NBO/T are test specific reveals and confirms the relationship between the lower NBO/T

(sticky ash) and the increased deposition rates. Freregbond case it is visible from table that

the deposits rates are slightly higher for the oxyfuel conditions where all the other parameters

are the same. This comes in agreement with the experimental findings.

Table2.16 ADP results ordeposition ratios for lignite calculated under oxyfuel and air

conditions

Test Environment Fuel PSD NBO/T Ash deposition ratio
(homogenised) [mole/mole] "new"
[micron] [kg/kg]
Case 1 air lignite 86 -0.085 0.55
oxyfuel lignite 86 -0.100 0.60
Case 2 air lignite 86 -0.092 0.55
oxyfuel lignite 86 -0.092 0.60
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Conclusions and recommendations on the ADP study

A set of numerical calculations was performed in order to evaluate the ash deposition during the
combustion of two cda and their biomass blends under oxyfuel and standard air conditions.
The code seems sensitive to the particle size (Particle Size Distribution) and the viscous elastic
properties of the ash. The sensitivity analysis of the code to the ash particledsihe &iscous

elastic properties of ash revealed large particles are more easily separated from the gas flow and
deposit more easily on surfaces, while stickier ash is also more prone to deposit than dry ash. If
these two parameters are kept constantrder to eliminate their influence, then the deposition
ratios are again clearly higher under oxyfuel combustion, which is finally in line withxthe e
perimental observations. These observations indicate the effect of the flow field (gas strea
lines) on thedeposition behavig.

The ADP is still missing the possibility to numerically model the condensation phenomena so at
this moment the code represents a simplification of the rehdigddition to particle formation

and the deposit formation processedir condensation of aerosols forming species on furnace
walls and in this case on the deposition probe must be considtredDP code should berfu

ther developed and equipped with additional functionality and validated for different fuels and
sets of coditions.

2.4.5 Conclusions and recommendations

Based on the work performed, the following conclusions can be drawn:

e Ash deposition experiments of coal and eoamass blends were carried out in the LCS
facility under air (Q/N,) and oxyfuel (OJ/CQO,) conditins. The deposition ratio and
propensity are systematically higher under -fx® conditions; the blends have shown a
lower deposition tendency than the unblended coal. An attempt of results interpretation lead
to the conclusion that the altered flow fieldse difference in the ash particle sizes and the
different flue gas physical properties of the two combustion environments are the reasons for
the increased deposits observed underfarl conditions, excluding ash melt formation and
further change offeemistry in the oxyfuel case.

e The blending of coals with biomass in both combustion conditions affects the ash chemistry
and therefore the sintering tendency in a much greater way than the combustion
environment. Depletion of potassium (K) was observethéndeposited ash for the blends,
probably due to the increased chlorine input due tostlea mealCl and S were almost
completely absent from the deposited ash.

e The ADP code estimated that the deposition rate follows the trend of the experimeftsal resu
with an admissible error but has to be developed further in order to eliminate current
difficulties in using it. Thus, a thorough sensitivity analysis has to be carried out, followed
by further comparisons between test and model results in order étoplev useful design
tool for oxy-fuel firing installations.

e The use of FACTSage® software gives a good estimation of the expected ash composition
tendency and their phase (liquid, solid, gas). The FACTSage® software can be used
complementary with the expments in order to evaluate the ash chemical composition
results. In that case, it can be used as a predictive tool in the design phase ofumi oxy
application either in existing or new boilers.

2.5 WP5: Fouling monitoring/boiler diagnostics

2.5.1 Problem definition

High percentages biomass-iong (>5-10% on energy basis) require a more detailed process
monitoring and control to avoid excessive maintenance cost and unplanned outages. This holds
for existing coaffired power plants, but even more for new ubiégsed on advanced clean coal
technologies such as Ultra Super Critical (USC) boilers andfulycombustion. Particular
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points of attention are corrosion and boiler slagging and fouling, and related soot blowing.
There is a need for measurement systdaos) for periodic diagnostics and for continuous-(on
line) monitoring and control.

At ECN, the development of methods for-lome boiler fouling is being addressed already.
However, the coupling with soot blowing (salled intelligent soot blowing) hasonbeen
established yet. KEMA has available a method for corrosion monitoring (KEMCOPS).
Diagnosis en monitoring of other boiletharacteristics are not being addressed by the
consortium partners yet.

2.5.2 Objectives

The objectives of this work package are:

e Development of an advanced method for-liae fouling monitoring, which enables
intelligent soot blowing, and

e Determination of the staef-the-art with respect to boiler diagnostics and
monitoring/control, and identification of necessity/possibilities foe development of
advanced diagnostic and/or monitoring methods.

2.5.3 Approach

2007-2009
e Development of a measurement system for local diagnosis and early detection of fouling in
the convective part of boilers (fouling monitoring).

- This development is linkkdirectly to orgoing work at ECN and concerns an extension
to enable intelligent soot blowing. To achieve the final goal of a working prototype, the
following activities are foreseen:

- Calculations to determine the response of single and multiple stqms pn locally
reduced heat transfer,

- Inventory of existing measurement principles to determine the optimal combination for
this application,

- Conceptual design of the measurement system,

- Prototyping- engineering and construction.

e Inventory of existing méinds for boiler diagnostics and monitoring/control aimed at
determining the statef-the-art and identifying the necessity/possibilities for the
development of advanced diagnostic and/or monitoring methods.

The work was conducted by a pastc from the Setion Energy Technology (Department
Process & Energy) of the TU Delft in close-@peration with ECN.

2.5.4 Results 2007-2009 and discussion
The detailed results are described in a separate report [Dyjakon, 2010].

According to the WP5 work plan (which startaaly in January 2008 due to late appointment of

the postdocs), first the calculations have been performed to establish whether the additional
heat resistance from ash deposits could be a good indicator of the extent of fouling on steam
tubes in the convéiwe part of the boiler. It was concluded that this additional heat resistance
does form a good basis for a measurement system, however due to the rather local nature of the
measurement, it should be accompanied by a reliable measurement of the steanthiowbe

bundle in the vicinity of a heat flux sensor. This should be done because of the fact that the
decrease in heat flux may both be caused by a growing ash deposit, as well as a locally reduced
steam flow. This finding was further confirmed by theécome of the first fulscale application
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tri al of t he heat fl ux sensor i n the framewo
[Boiler Fouling, 2006].

Secondly, it was concluded that the sensitivity of the heat flux sensor, forming the doee of t
future measurement system, needed thorough examination in order to understand all the
physical phenomena that may influence the measurement. To this purpose, an experimental set
up for heat flux sensor calibration was constructed and extensive calibtasts were
conducted as described in more detail below.

Heat flux sensor calibration

The horizontal deposition probes, developed by ECN for the application in lab aisdaiell
deposition tests can be used forlime visual observation of the depbgrowth process, estan

tion of the deposition rate, direct heat flux measurements and naturally for collecting the depo
its for off-line analyses. Both lakand industrialscale instruments are equipped with a 1ing
shaped heat flux sensor consisting airfcndependent thermo resistance/temperature sensors
(Figure2.29).

However, the application of the deposition probe in the wide range of the operation conditions,
typical for the labscale as well as fulicaleinvestigations, requires thorough sensor calibration,

since many physical parameters can influence the sensor senkitarnty, as a result, the qua

titative and qualitative measurements of the heat flux. Thus the aim of the described work was
thequanfii cati on of the par amet er skbto enable fouteemc e on
subsequent application in the heat flux formdla.obtain the necessary data for the heat flux

sensor calibration, measurements were performed by means of the gurttosgperimental

test rig, shown schematically Figure2.29.
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Figure2.29  Schematics of the experimentalgptfor heat flux sensors calibration:
17 Transforner, 21 Separation transformer, BRegulator, 4 Multi meter (PM 300), 5 Heda-
ing wire, 61 Thermocouple, 7 Air pre-heater, 8 Thermal insulation, 9 Deposition probe
with 4 heat flux sensors, 10Flow meter controller, 11 Heat flux sensor (S125S3, S4) inside
the deposition probe, I2Thermocouple for estimation of the deposition probe surface temper
ture, T1, T2, T3 Thermocouple inside the deposition probe

The deposition probe (9) is externally heated by an electric heating wire (5)oWee supply

is provided by regulated, stabilised and electrically separated transformers (1) and (2n-The te
perature on the surface of the heating wire is measured<by@e thermocouple (6) and o

trolled by a soliestate rely based regulator (3). Thewer supply parameters (voltage and i
tensity) of the heating wire are measured by a multi meter (4). In order to minimise heat losses
the instrument has been thermally insulated (8). The deposition probe is cooled by cooling air,
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which simulates steam ithe described system. Cooling air parameters, such as the temperature
and the mass flow, are controlled by a thermocouple (6) and a flow meter controller (10). The
temperature of the air can be increased by an electric alreter (7). Heat transfeddrom

the heating wire to the deposition probe is measured by a fourfold of heat flux/tempenature se
sors (11) installed inside the wall of the deposition probe. Measured values of the heat flux and
temperature are registered b¥?@. The deposition probsurface temperature is measured by a
thermocouple (12) integrated into the heat flux se®oiCooling air temperatures inside the
deposition probe (near the heat flux sensors location) are measured by thermoEhuf2e$3

that are located alongsitlge cross section axis of the deposition probe.

Depending on the simulated combustion conditions, the deposition probe can operate with a su
face temperature of up to 750°C, which entails different settings of the probe operating-param
ters (air coolingtemperature/stream). To cover this broad range of settings, the experiments
were performed under the several sets of conditions, varying the deposition probe temperature
(100-750°C), the cooling air temperature {260°C) and the cooling air flow {5000 |/min)

Exemplified detailed results for labscale probe

The experimental tests revealed that the main parameters influencing the sensor sénaigvity
deposition probe temperature and cooling air flow. The influence of other parameters is neglig
ble. Taking into account the nearly logarithmic influence of the said parameters on the sensor
sensitivityk;, an equation has been proposed that enable to recalculate and determine the current
value of the sensor sensitivity for given operation conditionbenfleposition probe (deposition

probe temperature and cooling air flow).

The calculated values of the sensor sensitiifgr a given thermal sensor based on the segre

sion equations from the above mentioned tests are showigune 2.29. For comparison, the
measured sensitivity for the probe temperature of 150°C is presented, a point which was orig
nally used as a fixed reference for the whole measurement range. As can be seen the values
range widely, which mes clear indeed how important proper calibration is for a reliable-mea
urement at any temperature or flow conditions applied during sampling by means of both the
lab- as well as industrisdcale deposition probes.

Finally, the equations have been inamgied into the slagging/fouling measurement sssy
tem/software, which is an integral part of the-scale Combustion Simulat@rCS). Similarly
the data obtained for thedustrial deposition probdave incorporated in its data handling-sy
tem.

Sensor 1
14

12 A

10 A

Sensor sensitivity, uV/(KW-rif)
[oe]

4 4 —e— Probe temperature 100 °C —e— Probe temperature 200 °C
—e— Probe temperature 300 °C Probe temperature 400 °C
2m —a— Probe temperature 500 °C Probe temperature 638 °C

—m— Probe temperature 728 °C <& Sensitivity (t = 150 °C)
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Figure2.30  Determination of the sensor sensitivity value in dependence on the cooling air
flow and deposition probe temperature
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High-temperature non-invasive steam flow meter

As the third part of the work, a rew of the existing methods for the novasive mass flow
measurement has been performed. After the completion of this survey, a few industrial parties
developing such systems have been contacted to start discussions on the potential incorporation
of ther system into the cfine fouling monitoring system to be developétbwever, upon
contacting commercial/industrial parties, it was found out that the existing methods are not
directly applicable for measurements in the harsh environment of the SC/USC jplawe

(where temperatures in the penthouse abowe diperheater tube headers can reach
temperatures above 400°C). Also, the hard and thick materials used for the manufacture of high
pressure/higltemperature steam tubes are highly problematic for taiade ultrasonithased
measurements techniques. Furthermore, none of the parties was prepared to share the exact
details of the commercial systems and discuss possibilities for further development. Therefore,
it was decided to design an -akkw system, &#sed on a measurement principle which was
discovered during the earlier mentioned heat flux sensor calibration work.

Lab-scale high temperature steam flow meter prototype

The general design of the said tool is based on a direct measurement of thehes@tex
changes transferred from the steam flowing in the super heater pipe to a sensor installed on the
steam pipeRout! Verwijzingsbron niet gevonden). It should be noted here, that due tolinte
lectual propest issues parts of the design have been made confidential.

The sensor is enclosed in a small chamber, through which a small reference medium flow is
passed. The reference medium flow through the chamber is controlled in such a way as to obtain
sufficientsignalto-noise ratio and response time, while minimising the medium use. The output
of the sensor, a microvoltage signal, is measured by an electronic device and can be directly
transmitted and registered-tine by a computer.

To explore the operatiorharacteristics (overall sensitivity, signal/noise ratio, response time) of

the labscale flow meter, an exhaustive series of tests has been performed. To do so, the appar
tus has been integrated with the ECN-dahle Horizontal Deposition Probe which lnstseries

of tests was used basically as a source of high temperature steam. A photograph of the apparatus
mounted onto the probe is givenRigure2.31

Figur2.31 Photograph of the lailscale high temperature steam flow meter integrated with
the ECN Horizontal Deposition Probe

Throughout this series of tests ambient temperature air was used as a cooling reference medium,
whil e the hot envu g éthemsgaopetin theboildr Where stqama tubetbw
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dles headers are located and which is the target location for the developed floiv nast&een
simulated by simply insulating the whole assembly and thus allowing it to heat up during the
test to relevat temperatures.

From the results of the preliminary labale tests of the flow meter, the following conclusions
can be drawn:
e The response of the sensor is sensitive enough in all regimes (i.e. the combination of the
lowest reference medium flow and ate temperature results in sufficient sensitivity),
The higher the flow of steam the higher the sensor response,
Increase of the steam temperature results in an increase of sensor sensitivity,
Increase of the reference medium flow also increases the semsuivity,
Relatively small changes in the steam velocity are clearly detectable
The static response time (the time after which signal fully stabilises after small change of the
steam flow) of the system is ca. 5 minutes, whereas the dynamic respomgafter a major
change in the steam velocity) adds up to approx. 15 min, yet the main part of the response is
clearly measurable within-2 minutes.
e With regard to the application in the power plants the determined response time and
sensitivity appearot be more than satisfactory for the application in the fouling monitoring
of the super heater panels.

Pilot-/full -scale high temperature steam flow meter prototype

In-line with the project plan, based on the promising experimental results describediabove,

was decided to adapt the {abale prototype of the flow meter for further testing in agalile

power plant. This was done by changing the design of the flow meter chamber from a closed

tubul ar Aweld ind type, whraughlandreplacing arpartsofthenst al | a't
steam pipe, to an open fAclamp ond design, whi ch
existing steam tube

Conceptual design of an integrated fouling monitoring system

After the completion of the fouling sensollibeation tests and the subsequent development of

the high temperature flow meter, in the last part of the project a conceptual design of an
integrated fouling monitoring system has been developed. Schematics of the said system are
detailed inFigure2.32.
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Flow meter ‘
Tﬁgﬁn’;gig;ple}; FOULING MEASUREMENT
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¢ 5,
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Slagging sensor
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Figure2.32  Schematics of the integrated boiler slagging/fouling control system
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The foreseen slagging/fouling monitoring system relies on the installation bé#tdlux se-

sors in the evaporator walls and a combination of thermocouples and high temperature steam
flow meters on the steam pipes (close to the headers) of the super heaters. The application of the

sl agging sensors on t kadorthevbailpropeetoroon thedfollewad | s y i
aspects of the combustion process:

Uniformity of heat distribution and heat flux in combustion chamber,

Location of the slagging areas on the evapor
Temperature profile near the walls, and

Flame disbcation during the combustion.

The fouling sensors clamped on the steam superheater pipe (at the inlet and outlet ta-the supe
heater) may bring the following information:

e Location of the fouling areas on the superheater panels,

e (Local and global) disturlmes in steam temperature, and

e (Local and global) fluctuations in steam flow.

The number and the location of the sensors depends on many factors: both engineering, such as
the furnace design (walbr tangentially fired), or the desired system sensitiffiey the number

of bundles to be monitored or a possible extension of the system into the convective boiler part),
as well as the investment capacity, of the boiler owner, related to the economics of the boiler
operation but also its age.

Ultimately the proposed integrated slagging/fouling monitoring system should also include
automated data analysis functionality, which should translate the observed boiler characteristics
in directions/alerts for the boiler operator on the necessary actions needeel dgtimization

of the boiler operation. Furthermore the said data analyses system may further be integrated
with the soot blowing system (water cannons, steam blowers, acoustic blowers etc.) installed in
the boiler. Conclusions and recommendations

Basedon the extensive experimental calibration of the heat flux sensor constituting the heart of
the fouling diagnostic probe as well as of the foreseen integrated fouling monitoring system, an
algorithm has been proposed describing the-lim@war behaviour ofthe heat flux signal
response as a function of cooling medium mass flow and temperature, and flue gas and surface
temperatures. The algorithm developed thusly has been incorporated intolithe lab and
industriatscale deposition probe measurementesys allowing for very accurate measurements

of the fouling propensity. In particular in the lower measuring range, the accuracy has improved
by one order of magnitude.

The developed labcale prototype of the nanvasive high temperature steam flow nndtas

proven quite successful. It was verified that the instrument is indeed capable of measuring small
changes in the flow of steam inside the steam tube under conditions relevant for the application
in the fulkscale power plant. After redesigning thestmment, allowing for clampn
application on the existing steam tubes, the apparatus is ready for further testing in a power
plant. At the end of the project, contacts have been made with the EPZ Borssele power plant to
proceed with further testing.

A conceptual design of an integrated slagging/fouling monitoring system has been proposed,
based on the sensors and instruments developed in this work package. The design includes both
the suggestions of the location of the measurement equipment as wellvesytthe produced

data can be interpreted and translated in action alerts for the boiler operator or further integrated
with the existing soot blowing system.
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Summarizing, the work within this work package has been fruitful. The gained experience
forms asolid base for further (commercial) development and the application of both the fouling
diagnostic probes as well as the conceptual integrated slagging/fouling monitoring system.

2.6 WP6: Wet biomass processing and heat utilisation

2.6.1 Problem definition

A large fraction of the biomass potential consists of wet biomass with a moisture content of
typically more than 50 wt%. Because of the high moisture content and the often high @ncentr
tions of alkalis (mainly K) and halogens (Cl), these types of biomass aselitadile for direct
co-firing. Generally, conventional washing and drying is not attractive because of high energy
requirements. Therefore, these types of biomass are typically used in wet, biochemical conve
sion processes like digestion and enzymatiarath production. Not all types of biomass are
suitable for these wet processes, since they yield large residue fractions and they often require
considerable heat input as well.

Most coaffired power stations currently produce only electricity. Although électrical eff
ciency in itself is high, the overall efficiency could be raised substantially (up to >80%) by
combining electricity supply with heat supply. This might become crucial, wheregllations

will be adopted with minimum efficiency requiremie for sustainable biomass use. One of the
main challenges will be how to combine the (base load) heat supply of-Bredgower sh-

tion with activities that have a similar heat demand.

Potentially, interesting options lie in combining coal/biorAased power stations with upgia

ing of wet biomass feed stocks to biomass fuel. On one hand, heat from the power plant is then
used for biomass conversion processes or drying. On the other hand, the biomass fuei-can be d
rectly cofired in the main boiler.nteresting biomass conversion processes might include not
only digestion and bichemical ethanol production, but also innovativergfinery concepts.

One of the interesting upgrading options for integration with a-foeal plant is the
TORWASH concet, currently under development at ECN. According to this concept, washing
and torrefaction are conducted simultaneously at elevated temperature and pressure, followed by
a drying step. The TORWASH principle leads to high washing efficiencies and rgldtvel
energy requirements. In the EQS consortium on cdiring, the potential for combining
TORWASH with a coafired plant is investigated. The technical development for the stand
alone application of the TORWASH technology is the subject of a sef@@&¢.T proposal
(acronym ETAP) and is outside the scope of this project. Both initiatives are complimentary.
ETAP aims at smakcale, stan@lone application, while in the doing consortium, a large

scale TORWASH application is investigated focussimgtbe opportunities for combining
TORWASH with pulverized fuel combustion.

2.6.2 Objectives

The main objective othis work packagés a screening to identify and assess concepts for the
integration of coafired power generation and wet biomass upgrading/geicg, aimed aink
creased overall efficiency of the plant and cost reduction through optimal heat integrafen. It a
pearedhot easyto compare mature technology such as anaerobic digestion with innovative new
technologies such as HTU (pilot plant scalesapercritical Water Gasification (bench scale).

An additional objective is to assess the tecBoonomic feasibility of thenost promising co-
cepts.The objective of the TORWASH experiment&rea) to verify whether promising results
previously found on amall labscale can be reproduced a larger benehcale (from & to 20

litre autoclave)and b) to determine the combustion reactivity of TORWASHed material and
therefore its suitability for cdiring.
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2.6.3 Approach

A desk study has been performed to idgmdiftractive biomass streams and to do a screening to
assess the most promising technologies suitable for integration with a power plant. Fer a nu
ber of configurations of technology and wet biomass typhesasnecessary to prepare mass

and energy balaes based on best available experimental data. Also investment cost (CapEx)
and operational cost (OpEx) estimatemre determined tassess the economic viabilifijech-

nology developerand hardware suppliers were contaced experimental facilitieaerevis-

ited. Process simulation studies with the SPENCE power plant nifadedbeen performed in

order to assess how these technologies can be integrated with existinguaedcoalfired

plant for optimal efficiency of electricity production from low calfic value, difficult to use

wet biomass streams.

A TORWASH experiment was performed in 20 litre autoclave (bench scale). A feedstock was
selected that emerged from the desk study and that was previously tested on smalbsizale (0
tre autoclave). Massn energy balances were determireed also the degree to which problem
elements (K, CI, etc.) are removed. The potential for mechanical dewaterirgyjrttiability

and reactivity are determined as well

2.6.4 Results 2008-2009 and discussion

A desk study habeen performed in project year 2009 (Phase 1) to identify the most promising
concepts and a techhazonomicevaluation has been performed of the most promising concepts

in 2010. A KEMAECN report has been written that presents the selection of applliable

mass types, and a first evaluation of wet biomass processing concepts. For details, especially of
the different technologies, the reader is referred to this report [Magneschi, 2010]. Additionally,

a second KEMAECN report has been written that presdahtstechneeconomic evaluation of

the most promising concepteeferring to [Magneschi, 2010a] while for the results of the
TORWASH experiments is referred to [Pels, 2011].

Biomass selection

In the phase 1 study candidate biomass types were selecteskl@ttion of candidate biomass

types was based on the following criteria:

e Biomass must be considered as a wet biomass, i.e. a biomass type that consists of a high
moisture content, such that it is dikely to be feasible as a normal-fiang fuel (evenwith
normal air drying) without significant dewatering,

e Biomass types must be mentioned in existing (environmental) permits of the Ddidhgo
plants (available to the WR§roup) or it must be easy to include them in permits. Obtaining
a permit for cefiring biomass types can be a difficult and theensuming task. Therefore,
attention wild/l go to biomass types that are
biomass types that are part of thecatled White List [Infomil, 2010], togetherithi the ones
that are currently permitted,

e Biomass must be available within 100 km of the power station (basically in therldetis).
Transporting wet biomass over more than 100 km is in most cases considered to be econo
ically unattractive, and

e The wetbiomass types must be available for electricity and heat generation on theriong

Sincethis work packageegards possible loAgrm innovative developments (> 5 years) from a
techneeconomic point of view, currently applicable subsidy schemes s@rirgdirect criteria
for selection of certain biomass types.

In a first assessment according to the defined criteria, the following biomasses were identified
as most promising biomass types:

¢ (Road shoulder) grass,

¢ Organic wet/compostable fraction (GET)
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Digestates from the anaerobic digestion of agricultural residues and manures,
Animal manures, and
Sewage sludge

It is concluded on the suitability of certain feedstocks for this application that:

e Mosteligible biomass types are the wet biomass tyipaisare on the White List, avable in
the Netherlands, and currently permitted agirdog fuel in one or more of the coal fired
units,

o Lesseligible biomass types are the wet biomass types that are on the Yellow Listhlavai
in the Netherlands, arairrently permitted as efixing fuel in one or more of the coal fired
units,

o Lesseligible biomass types are the wet biomass types that are on the White Ligblavail
the Netherlands, and currently not permitted afrawg fuel in one or more ofhie coal fired
units,

e Leasteligible biomass types are the wet biomass types that are on the Yellow List, available
in the Netherlands, and currently not permitted afrawg fuel in one or more of the coal
fired units, and

¢ Noteligible are all other bioass types.

Heat availability

In general, a combined heat and power plant can achieve a higher overall efficiency, if steam is
extracted at a low pressure level and can be converted effectively for example for district hea
ing. Extracting steam results limss of electricity. Therefore, the often used power loss factor is
known as the loss of power (net) divided by the resulting heat that is extracted from the system,
and that can be used effectively. The lower the power loss factor, the more effestiteet-i

tract heat from the plant for example for district heating. As a result, the overall efficiency of the
power plant increases. Extracting heat at apoassure level results in a limited loss ofcele

trical load, while the extracted steam has gtill ability of condensing and consequently $ran

fer heat to the cooling water system or district heating system. One of the aims of this project
was to determine the penalty when this heat is used for biomass processing.

It was concluded that extraction lofw-pressure steam from the power plant for externa-hea
ing, as in district heating, increases the overall plant efficiency. Furthermore, from an exergy
point of view, extracting steam at temperatures close to that of the hot water in the digtrict hea
ing system is optimal. However, district heating is costly, mainly due to the high investment
costs of a distribution network. It needs to be investigated what the effect is of using (part of)
this heat for wet biomass processing. Therefore, specific wetasi® processing technologies
were evaluated and selected, which is done in the next section.

Technology assessment

Preprocessing of the selected biomass types is considered by using waste heat fromgpower st
tions. If waste heat is not available or itpdpi cati on not economically
stacko power pl ant s-pressunesteamtisicensidened In geoetral, @xtna o f
tion of low-pressure steam from the power plant for external heating, as in district haating, i
creases theverall plant efficiency. However, it is concluded from this study that using the low
pressure steam in integrated concepts is exergitically less economic at temperatures in excess of
100°C compared to exporting heat for district heating. On the othet, ltmmpared to (stand

alone) drying techniques, integrated concepts are in general exergitically more economic. The
effect on the overall plant efficiency of using this lpwessure steam for wet biomass-pre
processing is dependent on the biomasgpoeessing concept.

The following technologies have been surveyed:

¢ Anaerobic Digestion (biochemical process),
e MixAlco process (biochemical process),
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TORWASH (thermal préreatment process),

SWG- Supercritical Gasification (hydrothermal process),

HTU - Hydrothermal Upgrading (hydrothermal process),

SCWO- Supercritical Wet Oxidation (hydrothermal process),

IBUS - Integrated Biomass Utilization System (biochemical & hydrothermal process), and
RWE WTA - Integrated drying concept for very wet lignite coal (intdgd drying).

- =3 , _“’,_.‘—1 ”
Figure2.33  The largest anaerobic digestion plant in the world, built in Germany at Penkun,
15 hectare plant, producing 20 MW [Source: renewable energy focus]

The features of each procesvé®een evaluated and the most suitable and promising teehnol
gies have been selected according to the objectives of this study:
e The concept is or can be aimed at using of wet biomass streams that are available in the
Netherlands within a distance of 1k from the utilization point, and
e The concept can be integrated with a coal fired power station such that:
— heat of the power station could be used in the drying concept
— the main dry product is primarily applicable asficimg fuel, and not as a commibyg for
industrial use.

The major aspects considered in the selection are the convenience of the technologyfor oper

tions with wet biomass, the scale, the maturity and the integration with fossil fired power plants.
The results of this preliminary selamt are summarized in
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Table2.17 together with relevaninformation. Most concepts considered have few lsage
applications. Furthermore, many concepts are still in the testing/demonstration phase.
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Table2.17 Evaluation summary of concepts for wet biomass utilization-firiog
applications with heat integratiofas presented in the Phase 2 report)

Qualifications
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Integration to a fossil fired plant seems
Anaer(_)blc Yes + + - - + + ) _be feasite. Low_ p_roducthlty; the footprint
Digestion is very large. Difficult process control. Th
concept in itself is commercially available
The output of the process is a mix ofald
MixAlco™ No - + ) - - ) ) hols, which so far has never been used

cofiring purposes.Difficult process co-
trol. Hydrogen is needed.

Relatively simple préreatment process
TORWASH Yes - + + +/- +/- +/- + Possibly flexible on feedstock typkarge
scale applications must be proven.

Still at early stage of development. Bt i
sues with salts dissolutions that limi

SuperCritical feedstock types. High pe
Water No - + - - - - +-
o sures/temperatures. Not expected econo

Gasification . L .

for cofiring applications, more intended fo

niche applications.

Heavy Fuel Oil like product is interestin|
Hydro for cofiring applications. HTU is suitablg
Thermal Yes +/- +/- +/- - - - +/- | for wet biomass feedstock. Integration wi
Upgrading power plants can be possibBome issueg

(as fouling resistance) must be proven.

This process is used for waste water ttre
ment. Energy released as steam is to@in
No + - - - - - +/- | nificant to integrate with power plant. 8o
cept is currently available in small size
Oxygen is required.

Super Critical
Water
Oxidation
SCWO

Seems promising and medium scale is ¢
rently demonstrated. Has been develoy
for ethanol production integrated withygo
er plantsNot aim here.

IBUS No +- +- +- - +- +- +-

Being developed on a large scale and i
number of lignite fired powerstations.
WTA Yes + - + +/- +/- +/- + | Well-integrated, using waste heat. T
question is how to get it applicable foiobi
mass.

The four technologies that can be marked as most promising are:

e Reference drying

e Anaerobic digestion because it represents a commercial and provenagghnol

e TORWASH for its relative simplicity and efficiency in drying and washing,

e HTU® for its potential in extracting bituels from low grade biomass at relaty mild
process conditions.

The potential of these technologies hasrbeeviewed techreconomeally in the phase 2

(2010).
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Combinations of biomass types and-precessing technologies were chosen, and mentioned as
configurations, based on the suitability of grass, GFT, manure and sewage sludge for with the
abovementioned prgrocessing technologg. Belt drying has been clews as the reference
technology.

Table2.18 Suitability of preprocessing technologies with pselected wet biomass types

Technology Grass GFT Manure Sewage Sludge

Belt drying

Anaerobic digestion

TORWASH

WTA

HTU

Jgreen = suitable, gllow = notknown or limited suitability,ed = not suitable

Initially, WTA was also considered as a promising technology. However, there is no experience
with biomass fuetypes, and although the concept seems a promising concept for certain gran
lar types of wet biomass, the abovementioned biomass types are likely to be of limitea- applic
bility. Therefore, this concept was not taken into account in the remainder of the stud

The configurations presentedTiable2.19 assessed both technically and economically.

Table2.19 Configurations for techneconomic evaluation

Pre-processing concept Biomass tye Feed (wet) Feed LHV
[ktonnely] [PJly]
Configuration 1 Belt drying Grass 80 0.43
Configuration 2 TORWASH Grass 80 0.43
Configuration 3 Anaerobic digestion GFT 80 0.42
Configuration 4 Hydrothermal upgrading GFT 80 0,42

It was not the aim to rank the configurations but more to discuss them individually, as the
state of development of these technologies and their applicability to various wet biomass types
are very different.

The assessment was based on literature, interviews and site visits. Tyreamuadcalculations

have been performed with the KEMA SPENCEbftware. Cost calculations adee to lack of
detailed datdased on very rough estimates of capital costs, operations and maintenance costs
as a fixed percentage of the capital costs, andolioskectricity generation due to the steam that

is extracted fronthe steam cycle for the process

Logistics and feedstock costs and their subsidies are not included in the cost analysis, and the
feed is in all cases kan equal to 10 tonne/(on a wet bsis) with a yearly availabilityf the
processesf 8,000 hours.

The cost of the entire process is th&l of the several cost items within the battery limits as
given inTable2.20.
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Table2.20 Battery limits for economic calculations
Included Excluded

Wet biomass - Feedstock
- Logistics of feedstock

- Onsite receipt

Capital costs - Reactor - Ground costs (faprint)
- Pretreatment equipment - Civil works (limited)
- Waste water treatment - Modifications of the DCS
- Intermediate storage - Fuel injection into the boiler
- Conveying - Steam integration costs as steam pi}

valves (limited)

- Reducing stations

Operational costs Operations and maintenance - Waste water treatme

- Steam for the process (heat)

Steam extracted from the steam cycle for thepgpoeessing of the wet biomass results in a loss
of net generation of the power plant & accounted against an electricity purchasing price of 51
a/ MWh

Integration of a belt dryer following the layt as presented in this report is expected to e tec
nically feasible with some minor chatiges. The belt dryer has with an estimated costof 4.
EUR/GJ of dried grass (LHV of the dried grass adirwog fuel) the lowest specific costs, but
this figurewill be significantly higher when drying gas treatment would be required. Efficiency
can be further improved by installing a clodedp dryer, but contains higher capital costs.

The TORWASH concept is currently in a pramfprinciple phase, working inatch mode. It

has the advantage that it removes the salts out of the grass by washing. Integration of the
TORWASH reactor following the layout asedin this report may be technically feasible but to

t he aut h oconvehienpfarifram optimadoluion for this application In its labscale
approach, the TORWASH concept has estimatechigh specific cost of 25.7 EUR/GJ (on a

LHV basis of the TORWASHed grass), which mainly results from the high steam deménds. A
ter optimization, applying energy raa@ry from the TORWASH process, it is expected that the
specific cost will be reducedsignificantly.

Full scale commercial application of HTU does not exist yet. The main resulting product is a
crude that would be applicable to several appliances imgdygplilverized fuel fired powerast

tions, but may have a have a higher value in other industries. Integration of the HTU rdactor fo
l owing the | ayout as presented in this repor
opinion is not logical to docs The HTU concephas an estimated high specific cost ofl116.
EUR/GJ (i.e. per LHV of the crude that leaves the HTU process). There may be some room for
further optimizing the thermodynamic cycle and thus reducing the specific cost.

Anaerobic digestionsi a mature technology that does not require a significant heat source in
terms of amount and temperature level. The biggest challenges are the large footprint of the
complete digestion installation and the treatment of the digestate. Integration of esbignae
digestor following the layout as presented in this report is expected to be technically feasible
with some challenges. The specific cobthe anaerobic digestor is estimated afl IR2UR/GJ

(per LHV of the biogas, digestate not taken into accodiis mainly originates from the high
capital costs, due to the large facility that is needed. Furthermore, abeitirivof the calorf-

ic value is in the digestate and not in the-g&s. As the digestate is not accounted as a fuel for
co-firing here, arelatively high specific capital and overall costs for thedas exists
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TORWASH experiments and analysis

Feedstocks selected in the project period 2009 were compared to the list of feedstocks that were
tested previously at ECN for TORWASH ansmall scke (05 | autoclave). Hay (dried grass)

that cannot be used as cattle feed was on both lists. It is locally available in large quantities and
attractive from an economic perspective. A quick scan of TORWASH conditions indicated that
190-200°C is the optimacondition. In a 20 litre autoclave a TORWASH experiment was ca

ried out with 12 kg hay (dry basis, corresponding to 2.5 kg of freshly mowed grass). The
mass yield after TORWASH was 54%, lower than the expected 70%, from earlier tests. As a
result ofthe lower mass vyield, the energy yield is also lower, 66% instead of 85%. This is a
tributed to suspension of small particles that were not collected in the solid fraction. Another
reason can be the long heating and cooling time that effectively resuldethore severe heat
treatment in the large facility. This is an important observation for-sgal&he more realistic
conditions in the larger autoclave suggest that atsfidle lower temperatures and/or shorter
residence times at maximum temperatcge lead to the desired product: easy to dewater bi
mass fuel.

The TORWASHed hay was subject to a grindability test and it behaves similar to dry torrefied
wood. The powder made from TORWASHed fuel consists mainly of short brittle fibers. By
means of simlg mechanical dewatering it is possible to make TORWASHed fuel with 65% dry
matter content, which means that thgemrters of the moisture originally present in the feed
stock is removed and only a small amount of heat is needed to dry the fuel toithe ides!

of >85% dry matter content. The degree of salt removal was estimated te98e%80dor the
easily dissolved ions like K, Na, and ClI, elements known to cause probleméring.oSimple
washing will result in only 6070% salt removal and a soag wet fuel.

A combusti on e x p e rscalmeCombustiom Sintiatdr 6showet ahbt RFO
WASHed hay is highly reactive, better than highatile coal. It is expected that TORWASHed
material will perform similarly to torrefied wood.

2.6.5 Conclusions and recommendations

Eight technologies that can be used to effectively process wet biomass have been evaluated for
their potential integration with power plants. Most concepts considered have fevsdatgep-
plications. Mast of the technologies are concemas are still at the testing/demonstration phase.

The evaluation resulted in a preliminary selection of four potential technologies and ane refe
ence:

¢ Anaerobic digestion because it represents a commercial and proven technology,
TORWAGSH for its simpliciy and efficiency in drying and washing,

HTU® for its potential in extracting bifuels from low grade biomass at relatively mild
process conditions,

Thermal drying as the reference technology (belt drying).

Combinations of technologies and biomagseswere formed. These include twechnologies
associated with grass and two technologies associated with TBETconfigurations assessed
are:

Configuration 1grass preprocessing by belt drying;

Configuration 2grass preprocessing by TORWASH,;

Configuraton 3: GFT preprocessing by hydrothermal upgrading;

Configuration 4: GFT prprocessing by anaerobic digestion.

The configurations have been subject to further teg@memomic evaluation individually. It was
not the aim to rank them, as they differ sigrahtly in terms of e.g. maturity. Furthermore, it
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shall be emphasized that the configurations are assessed when they are integrated with a coal
fired power plant.

Conventional drying techniques are calculated to be feasible at moderate cost by destricte
steam consumption. The more innovatieehnologiesas HTU and newest TORWASH tec
nologies are more expensive in terms of steammsumption However, especially the
TORWASHtechnology may have significant process optimization, leading to a reduced speci
iCc cost.

TORWASH material was successfully produced in a 20 litre autoclave using hay as a feedstock.
The yields of mass and energy are relatively low compared to earlier tests. The primery obje
tives of TORWASH: mechanical dewatering, salt removal angrérred grindability have all

been accomplished. The test in the 20 litre autoclave confirmed earlier results obtained in the
smaller (0.5 litre) autoclave. The quality of TORWASH fuel related tbrow looks proms-

ing based on the chemical compositidine LCS combustion test showed that TORWASHed
hay is a highly reactive fuel, which exceeds higiatile coal. Combined with the low ashreo

tent and near absence of problem elements makes TORWASHed hay an attractive fuel. As ar
sult of this work, the TOR/ASH operation is one step closer commercialization, a proeess d
sign and verification at pilot plant level are the next challenges.

2.7 WP7: Pneumatic transport of biomass and coal/biomass blends

2.7.1 Problem definition

A typical cofiring installation includes wdifications to the fuehandling and storage systems

and possibly the burner to accommodate biomass. Costs can increase significantly if wood
needs to be dried, size needs to be reduced, or the boiler requires a separate feederr-One impo
tant consideratio is the milling system and its components.

Ground biomass patrticles are very different from coal particles, not only in density and size but
also in shape. Coal particles have a shape that can be approximated by a spherical or-even cubi
cal shape. Biomasparticles tend to have a fibrous structure. The difference in hydrodynamic
behaviour is related to density and size, but especially the shape difference will have a large in
fluence. In a cdired power plant the biomass particles are often fed intcdlad stream at a
position downstream of the coal mill. Even in the hypothetical case that at a certain downstream
position the biomass and coal streams are fully mixed it is possible that due to geonfetrical e
fects or due to hydrodynamic forcesmiéxing of the biomass/coal stream occurs. For instance

the biomass could accumulate in the near wall regions and the coal particles in the core regions.
This is why in this WP a study of the hydrodynamic transport of biomass particlescand bi
mass/coal mixtures ithe transport system between the coal grinder and the burners is unde
taken.

This section describes an approach to evaluate the airflow and particle distributions irr-a pulve
ized fuel transport duct in EPZ (Borssele) popkant as a case studf¥hecurrent design was
evaluated with regard to air and particle flow dynamics, pressure drop and particle distribution.
The modelling results are discussed in detail.

2.7.2 Objectives

In this WP the hydrodynamic transport of biomass particles and biomass/coal nmxthes
transport system between the coal grinder and the burners is studi@zmmputational Fluid
Dynamic (CFD) model was developed. This model quantifies the behaviour of differant part
cles in the transport system. An important goal of the sub pisjeztevaluate the flow dyna
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ics, the particle distribution of the mixture and the deposition phenomena in the pipe reonside
ing the size and the shape of the particles.

2.7.3 Approach

A CFD model for the transport system was develppaeded on given a rougtestimation for

the patrticle size. The application CFD in this process allows engineers to get a better unde
standing about the physical processes like fluid flow, heat transfer andlgidiohteraction.

2.7.4 Results 2010 and discussion

The computational fid dynamics (CFD)modellingwas conducted on a fughnsportduct of

the EPZ plant (seEigure 2.34). Details can be found in [Fantini, 2011; Fantini, 201 Tdje

tube selected is the RrRWOmMberdi ¥ 2duckdsrees fomtthe ¢ heu mb e r
mi | | /30 0 ,"canerefithe bailer redacheng thE Rvel.

-

Figure2.34  Lay-out of the cfiring plant

Figure2.35 shows the drawing of the pipe done with the code Gambit and setting and geometry
data are sumanized in the table. The figure also indicates the foaations (circlesput at the

inlet of the pipe to simulate the injection of coal and biomassn&ss and coal enten four
locationsdue to symmetry reasonghe properties of coal are taken from the ANSY SeRtu

data base. The particles selected are inert. This means that they have associated medels for d
scribing the heating and cooling or heatnsfer between the particle phase and the continuous
phase.
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Figure2.35  Gambit drawing of the pipe 32 (left) and detail of the inlet of the fuel transport

duct (right)

Table2.21 Setting and geometry data of fuel transport duct 32

Property Units Value
Number of cells - 38,844
z M 11.4
X M 10.87
Y M 35
Diameter Mm 489

The flow rate of air, coal and biomass as well as the values of temperature sudepaes real
values of the pipe measured during experiments conductel ny52009. The particle size of

wood pellet fuels is dependent on jpedletization processing of the constituent wood products.
The particle size ranging in this case is ~BDfam, hence the particles are approximatelyan o

der of magnitude larger in size than coal particles needed for the coal combustion. The table
summarizes the operating conditions of the fuel pipe simulation.

Table2.22 Operating conditions of the pipe simulation

Parameters Units Value
Air flow rate kals 2.3542
Coal particle flow rate kals 1.88
Wood particle flow rate kals 0.12
Coal particle size range um 6~ 132
Wood particle size range mm 05~2
Temperture °C 70~80
Pressure at outlet atm 1

Numerical results

Both oneway and tweway coupling were performed. Here is worth to provide the results of the
two-way coupling as more representative. The fluid influences the particles via drag, turbulence
and nomentum transfer. The particulate phase influences the fluid phase via source terms of
mass, momentum and energy. The simulation was conducted giving a particular attention also to
wall interaction and deposition phenomena.

Figure2.36 andFigure 2.37 show the particle traces coloured by density and by the particle d
ameter. Compared to the results obtained in thewayecoupling case, it is obvious that the
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biomass gets squashed downward at the outl#teopipe. Centrifugal forces and shape of the
tube are not influenced by the mutual interaction of the motion field.
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Figure2.36  Particle tracks colored by particle density [kgjm |
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Figure2.37  Particle tracks colored by particle diameter [m]

The fate of the particles once injected in fact is an important point to discuss. Particles that are
travelling through the domain will inevitably find aaland there is a number of different ways

to model the interaction of particles with walls. The particle can escape, reflect on the wall or it
can be trapped. When the particle strikes the wall in the context of the trapped option whatever
volatile fracton is contained in the particle, it will be instantaneously converted to vapour. The
dispersion of particles in a turbulent flow is due to turbulent fluctuations. The DPM model has
associated a finite number of injections for any mass loading thataductd in the system. So

each individual injection does not represent an individual particle but an individual mass loa
ing, divided equally amongst N number of tracks. FLUENT models the turbulent dispersion in
two ways: the discrete random walk trackinglahe particle cloud tracking. The discreta-ra

dom walk tracking works by tracking each patrticle injection individually through the domain.
Each injection is repeatedly tracked in order to generate a statistically meaningful sampling. The
user specifiedie number of attempts.

The cloud tracking is the second method and uses a statistical method to trace the dispersion of

a particle about a mean trajectory. The cloud tracking calculates the mean trajectory from the
ensemble average of the equations ofiomofor the particles represented in the cloud. Tlse di
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tribution of particles in this cloud is represented by a Gaussian probability density function. The
stochastic tracking approach accounts for local variations of flow properties like temperature or
corcentration. Each particle trajectory that is released from a stochastic tracking point of view
traverses the domain independently and counters the fluid flow properties of each cell as it
tracks through. A large numbef trailsis needed to achieve a sséitally significant sampling.
Without enoughtrails there are convergence problems. Cloud tracking on the other hand, ave
ages out local variations in the flow properties, like temperature. All the properties of the part
cles get distributed over thatocld diameter resulting in a smooth distribution of particle-co
centrations. One aspect of cloud tracking is that there is only one particle diameter per cloud.
So, to model a distribution the introduction of a large number of clouds is necessary. For all
these reasons the first approach was chosen and the result is that basically the particles at the
wall result tracked or escape.

As regarding the particle deposition in the pipe, a model available in FLUENT 6.0 was used.
The model solves continuity and menmtum equations for the mixture amdlume fraction
equations for the secondary phadeatticle deposition in walbound flows has received o
siderable attention for more than four decades due to its practical relevance to many industrial
applications. @e of the earliest models of deposition is the one by Friedlander and Johnstone
who proposed the swalled freeflight theory. The essence of this model is that particles are
transported by turbulent motions to within atep-distanceof the wall, wherehey acquire du

ficient inertia to coast through the viscous ayer and deposit. This pioneering model was fu

ther improvedy the work of many researchers

As shown inFigure2.36, the deposition phenomenon is not significdatrticles withsmall a-
dii, approachingery close to the wall without depositing, are rarely lifted up by wall ejections.

To go deep in the deposition phenomena, a view of the particle tracks after the beweds is pr
sented irFigure2.38, Figure2.39, Figure2.40, Figure2.41 andFigure2.42. The motion of p&
ticlesis intimately related to the action of the vortices poputatine neawall regionand e-

lated to the shape of the tube. Thatjzle transfer mechanisms due to strong, colteserep

and ejection eventspecifically point out the effect of small streavise vortices very close to

the wall in promoting particle aamulation under the lowpeed streaks

Figure2.38  Particle tracks coloured by particle density and indication of the sections
analyzed
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Figure2.39  Particle tracks colored by  Figure2.40 Particle tracks colored by
particle density after the firs particle density after the
bend (sectiom) second bend (section b)

Figure2.41  Particle tracks colored by  Figure2.42 Particle tracks colored by
particle densityafter the particle density at the
third bend (sectior) outlet (section d)

At any instanonly a small fraction of particles have a high enough velocity to execute a free
flight to the wall and to deposid majorityof the particles near the wall are trapped in a region
of very small wallnormal velocity fluctuationsVery close tahe wall, he distance requirealy

a particle to deposit is very small, but the probability of having large enough momentum to
carry the particle across that distance is also extremely.small

Finally, a norspherical particles analysis was conducted.-blamerical prticles are more 8

ficult to treat than spheres because of the influence of particle orientation and the ladk-of a si
gle unambiguous dimension upon which to base dimensionless group. The motion modeled is
the motion of cylinders particles with a sphiyidactor of 0.7. In the motion at high Reynolds
number (>300,000), cylinders have a secondary oscillatory motion superimposed on their steady
fall or rise. With a ratio of L/d>1 (this is the case), the axis oscillates in a vertical plane about
the horizatal orientation and the trajectory oscillates about the mean path in the same plane as
the cylinder HAsidesl i ps o reshltsmFigure243andFigee i s not
2.44 show that the trajectories of the particles slightly change from the spherical simulation. The
shape of the particles in fact influence the drag force and thdah@ginfluence the trajeat

ries.
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2.7.5 Conclusions and recommendations

In the fuel tansport duct model the wood particles are effectively transported by primary air
without significant circulation and deposition observed. However wood and coal pargieles a
pear to mix poorly with air with particles segregation in the fuel pipe but batheway and in
twoway coupling no firopingd phenomena ogEcur.
tion of heavier particles was found to be higher at lower velocities and lower at highér veloc
ties. The lighter particles were found to remain mostigpended with homogeneous distrib

tion. The larger particles clearly showed deposition near the bottom of the wall and this depos
tion was found to be pronouncednigher velocitydue to a higher inertia

In the future it will be important to performsensitive analysis of the rate flows (air, biomass
and coal) and working on a CFD model of the mill as also the grinding and the thernal limit
tions control the capacity of the entire system.

2.8 WP8: Optimisation of numerical models for slagging/fouling

2.8.1 Problem definition

The existing park of thpulverized fuel (PF) boilers is basically designed to operate on coals of

a fairly narrow quality range. Applying biomass to replace coals, results in a numberaf oper
tional issues, both in the combustion zoneyeak as further downstream. One of the mainbpro

lems is the increase in the slagging (Aeamer) and fouling of the boiler heat transfer surfaces,

due to the altered fuel ash chemistry. In particular, the higher shares of volatile ash components,
such asalkali metals, cause a number of undesired phenomena to occur both in the radiant as
well as in the convective part of the boiler. These processes include both chemical interactions
between conservative components of the coal and biomass ash (i.e. theagtans with
aluminosilicates), as well as physical processes (condensation of {pleagasalkali salts) lela

ing to the formation of fine aerosols and coatings on the ash particles. The said processes have
long been recognized as playing a key roléoiler fouling as well as emission issuesw-o

ever, the exact details of each of these phenomena and the interaction of several processes are
still insufficiently well understood, let alone integrated into predictive numerical modets. D
velopment for théong term of reliable caombustion models is considered to be highly impo

tant to successfully expand the technology making use of a broad variety of green sources. This
is the reason why a new, short and targeted study imthls packages presented.
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2.8.2 Objectives

The objective of the investigation in this work package is to obtain further insight intorand fo
mulate a reduced chemical kinetizased sumodel. This is aimed at the estimation of the pa
tial pressures of free alkali components in the fiae at the furnace exit, as a function of fuel
quality (mineralogy, sulphur and chlorine contents) and operating conditions (air staging, te
peratures etc.).

2.8.3 Approach

To understand the deposition behaviour inside the boiler, a model investigation esl heed

cause measurements in a real boiler are often not possible or too challenging. The Ash Depos
tion Predictor (ADP) is a tool developed by ECN and TU Delft to model the main physical
processes leading to deposition. So far, the ADP only considershflyaascle deposition via

inertial impaction, turbulent diffusion and thermophoretic attraction. For the future development
of ADP the condensation mechanism of deposition will have to be included and added up. The
aim of this study is to provide@ncentation poolof gaseous inorganics species, for the future
development of ADP, which are suspected as the main species released and are considered as
the species with the highest impact if it condensed and deposited in the heat exchanging surface
of the boler during coal and biomass (oombustion. Thizoncentration poolead to respe

tive values of gaseous inorganics partial pressure owing to the global gaseous composition
known from the CFD result.

Six types of fuel (blends) are used in this study Whice lignite, Russian coal, olive residue

and the mixing between lignite and olive residue with mole ratio 70% : 30%, 50% : 50% and
30% : 70%, respectively. Lignite, Russian coal and olive residue will be used to model pure fuel
combustion. The mixing fue will be used to model the doing combustion between coal and
biomass. The ultimate analyses of the fuels are processed and then used as an inputto the co
bustion model in the FACTSAGEsoftware. The considered gaseous inorganics resulting from
the mmbustion model are then used as input to the evolution model of gaseous inorganics as
temperature decrease in CHEMKiNoftware.

2.8.4 Results 2010 and discussion

Increased slagging (on walisd tube surfacean the radiant part) and fouling (on heat exaan
ers in the convective section) during operatadrPF boilers is observed wheo-firing higher
percentages of biomass with conventional fuBksposit formation is a complex function of the
fuel properties and operating conditions. Deposition mechanismadvéninertial impaction,
turbulent diffusion, thermophoretic attraction, vapor condensation and heterogeneous reaction
between ash particles and deposition surfadgiamson andWigley, 1993] In previous years
the AshDeposition Predictor (a peprocessor for CFD) was set up by ECN in a joint effort
with TU Delft andused to model the main physical processes leading to deposition:

¢ inertial impaction,

e turbulent diffusionand

o thermophoretic attraction.

Some simulations were made for pure coal faeld blendsHere, only the reactor configaw
tion of the LCS was modelled under alown combustiorconditions(Table 2.23) using the
commercially available software CINAR Unstructutdgtiockwood et al., 2002]The compu-

tional domain describing the LasdcaleCombustion Simulat¢kCS) at the level of the depes
tion probeis shown inBertrand et al., 2010]
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Table2.23 Ideal combustion gas composition formed in the LCS reactoruober air
tested operating conditien

Deposit environment Mass fractions
air combustion [Kg/kGwed
0, 0.0300
N, 0.7438
CO, 0.1244
H,O 0.1018

In the experiments as well as in the model, the probe temperature was kegiCatAs601e-
lated data aresed as ADP specific input. These may be obtained from experiments or from the
ash formation modelandcorrespond to the physical properties of the already sampled lash pa
ticles after combustion. These are:

e Mean patrticle igze (and standard deviation)

Particle density

Particle composition based on Si@ole fraction

The CaO/(CaO+AD;) mole ratio

Particle visceelastic properties based on the NBO/T ratio (ratio of-lmdaging oxygen to
tetrahedral oxygen oxidg&enior andSrinivasachar1995 Srinivasachaet al.,1992] and
given by the generaquation(1):

FeO+ CaO+ MgO+ K,0+ Na,0 — AlLO, — FeQ,
(SiQ, + TiO,)/ 2+ AlO, + Fe,0,

NBO/T =
(Eq.1)

where each term correspanobthe given oxide mole fraction in the formed fly ash.
e Young modulus: E (Pa) used in the expression of the restitution coefficients avhigiart
of the complete energy balance on the particle when it reaches aogaltdo, 200P

Deposition modelling for Russian coal, Russian sb&é meablend, lignite and lignite/olive
residue blend has been performed under air operating combusefiditions prevailing in the
LCS experiments as outlined above. The conditions are summariZedla?.24, more details
have been presented[f@lazer et al., 2010].

Table2.24 Ash characteristics obtained from the combustion osRuscoal, Russian
coal/shea mealjdnite and lignite/olive residue blend for étown combustion

Ash characteristics Russian Coal Russian Coal / Lignite Lignite /
Shea meal Olive residue

Mean dianeter {tm) 46.5 43.8 38.6 39.4

Density (kg/m) 1900

SiO, mole fraction 0.699 0.671 0.320

Ca_O/(CaO+AQO3) mole 0.1801 0.2091 0.2208 0.3203

ratio

NBO/T ratio -0.1811 -0.1058 -0.0845 -0.0058

E (Pa @ 30K) 70410°

The deposition propensity is definad the ratio of the ash collected on a deposit pnaggto

the ash content in the fuel femh,sy as given by the proximate analysis of the fuel. The depos
tion propensity represents the capture efficiency on the @oberovides insight into theni
herent deposition characteristics of the different fuels, as it normalizes the ash deposigon in r
lation to the fuel ash content.
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pp = M x990 (Eq.2)

sh

The measured and calated values of the depositiongpensityDP, calculated fronEquatbn
(1) are compiled iMable2.25.

Table2.25 Deposition propensitieOP) in kg/kgfor the various experimental and
modelled case

Fuel Experiments Simulations
Russian coal 0.20 0.4
Russian coal shea meal 0.16 0.33
Lignite 0.32 0.3
Lignite + olive residue 0.12 0.30

The full analysis of the results as well as a parametric study of the performance of the depos
tion model in the ADP has been carried outfGiazer et al.2010] So far, this is the highest
difference encountered between measured and modelled deposition. As a matter of fact, the use
of the LCSset upand ADP were coupled in many tests which revealed a minimum difference of
-0.02 between the experimental and sibedl deposition propensity while the maximubt o

served difference was of +0.06&4dgorskj 200§.

A number of improvements for the ADP simulating tool have been identified:

o Particle trackingthe program spends ~76% of tb&lculation time on particle lotan. An
enhancemenhere could allowmodelling oflarge systems with a large number of tracked
particles.

e Visco-elastic properties set up per defined group of particles: the assignment edlaistio
properties per defined group of particles would betélect the reality. It could also allow a
better description of liquid coalescence into-subron droplets. On the longer term, the
system could be further improved desénigthe viscosity of biomass ashes in the SEa0
K,0 system.

e The fly ash partile position and temperature could be read directly from the results of the
CFD computations as it is done for the flow field variables.

The primary modifications mentioned above have a numerical aspect and are more related to
programming issues whichmcéde dealt with accordingly:

e Ifthe knowledge andknowow of ABDmteaerge atreedd i n an existing
o If the ADP is simply still used as pastocessor and further developed into a user tool.

On the contrary, condensation phenomena are dapogitocesselated improvements that are

of particular importance in the case of biomass){iting and could be integrated into thercu

rent ADP. With a simpler programming of the condensation phenomena, the resulting adapted
program can also be used aport for the further developments related to coal firing and/or
biomass cdiring slagging and fouling.

So far, the following actions were performed toward full implementation, which itself is outside

the scope of this work and would require a four y&&D student project:

e The calculation of condensation has been activated in the General Input Condition file. It
implies that Unsteady Particle Tracking option is selected for the calculations. An &ppropr
ate integration time step is also required. A&kiag in a part of the domain only is advised.

e An input condensation file containing the required information on constant gaseous and
inorganics species concentration (mol/s) and molecular weight (kg/mol) has been prepared
and is provided to the main cofte reading information that is processed and transmitted to
the ACondensation Modul eo.
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e A modul e fAiCondensationo has been coded and i
sation onto particles according to the relationship of [Seinfeld&Pandis,1998appinepr-
ate calls from/into the core program P3 and the other modules to the catimhesigbroutine
have been made.

e The Areal 06 number of particles i s eperties mat ed
at every AParti cllefinbrgapiesavailaerfar heterogemeous dovide p o o
sation is readjusted to suit the new particl

e The particle size, density and composition are expressed in terms,oh&8li& ratio and are
adjusted according tihe condensation taking place, the inorganic species condensing being
transformed into KO and NaO equivalent.

Further in this worlpackage a survey of the literature was made concerning a simplified chem
cal reaction scheme for alkali inorganics in teseous phase as combustion flue gas cools
down. As a resulta detailed mechanism proposed by [Glarborg&Marshall,2005] was selected
that comprises the formation of gaseous alkali sulphates based on the formationscidHi$O
termediate species. They gisbased on a literature search or estimatiba complete set ofik
netic reaction constants for the mechanisms including M/O/H/CI/S containing basic elements.
This was the first time that the authors encountered the treatment of both Na and K together.
The reaction structure is extensive and will not be recalled here but the authors decided to model
the sulphation reaction according to their proposed sclivégoee 2.45 although no differences
of opinion among theesearchers can be found for the sulphation reaction:
e Either KCl reacts with SE&S0; in the gas phase; two mechanisms are then suggested:
— Overall sulphation reaction of MCI in the gaseous phase although MCI species are rather
stable
— Detailed theory anghroposed mechanism of [Glarborg and Marshall,2005] withrihe i
termediate species Hg@n the different M/O/H/CI/S systems.

Or heterogeneous sulphation of MCI deposit on tubes as an earlier assdroptioesearchers.
However, liquid/solid phase reaatis are taking place at a much slower pace.

+50,
(KCI), KO ---»KSO;
Hr +OH |
+H,0 !

KCl ————— KOH

+50;

.
L7 +OH

HKHSO, +S0;
KSO5CI
w‘ﬁ
K,S0, —l KHSO,

Figure2.45  Potential pathway diagram for potassium transformation [Glaborg and
Marshall, 2005

The literature revievperformed in the framework of this worlagkageallowed the authors to

devise a strategy for the determination of:

¢ the species formed from the elements released during combustion;

e a reduced scheme for the reaction taking place among a limited number of gageeus co
pounds as the temperature of thie gas decreases.

It was decided to carry out the study with Russian coal (RC), lignite (L), olive residues (OR)
and blendsrbm lignite and olive residud.he focus vason ideal and typical pulverized fuel
(PF) combustion, considering the species cortibusfield for the mentioned fuels at atsio
pheric pressure at 1900K with 3vé O, in dry flue gasA reduced number of elements and
speciewill be considered:
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e For the flow field: HO, CGO, O,, Nb,, NO,, SO, SO

e For the inorganics: (Ca, Mg,) Na, K, CI, S

e For the compounds: hydroxideKOH, NaOH, (carbonates) , chloridé&Cl, NaCl, HC},
sulphates, (oxalates), and alumisiticates (A}O3.2Si0,)i KAISI, NaAlSi.

The authors have formulated a model structure that links inorganics formation duringseombu
tion to their depositiowithin the chamber as depictedrigure2.46.

SYSTEM : ideal pf com PATH 1
b_ustion _of RC, lignite, Shah's correlations :
olive residue and blends >| Elements formed just in
1900K — 3v%dry O2 in post- combustion : S, Cl,
flue gas Ca, Mg, K, Na
+
Thermodynamic A iflyes statement sequence
equilibrium for ideal CO2, N2, NO2, H20,
combustion - S02/803, HCI, KCI,NaCl,
Factsage® (same KOH, NaOH
species) 1
A 4
Species formed

/ during combustion

Matrix : species formed ouT
and disappearing during Simplified Potential ECONOMISERS :
the cooling process from = reaction scheme + —» condensation = o) :
L - : 670K - 3v%dry O2
1700 to 900K (Glaborg et sensitivity analysis of species :
. in flue gas
al) - Chemkin®

Figure2.46  Pre-model structure

The first challenge consists of finding out which speaiesformed during combustion. Two

ways can be devised to reach the results:

e Path 1:knowing the fuelé composition, the amount of elements formed after typrfal
combustion is deduced from Sliaftorrelation(Shah et al, 2010aY hen, their comimation
into compounds is deduced from a series of rules mentioned by researchers in the literature
review above. Path 1 is a very empirical approach.

e Path 2:the species formed after combustion are calculated using the thermal equilibrium
software FACTSAGE®R. The conditions set for the reaction are atmospheric pressure and
190K with 3 vol% O, in the flue gaswet, very typical forPF boilers). It is assumed here
that the high temperature within the combustion zone allows equilibrium to be reached in a
very short esidence time. This may not be true for particles for which heterogeneaus rea
tion is an order of magnitude slower. Here the main interest lays in the gaseous piase co
ponents.

Some dfferences were observed in bapproacksand it was decided to furtheontinue with

the equilibrium model data as combustion input. In this way a fraction of the results (gaseous
species) is used as input@EMKIN®, a kineticmodellingsoftware that reliesn a number of

known species, species concentration, reactionspatd reaction rates to calculate the frm

tion and disappearance of compounds as function of residence time and temperature. A matrix,
residence timie temperature, can then be created to study the behaviour HfS&E) HCI,

KOH, NaOH, KCI, NaCl, KSO,, Na&SC, as flue gas temperature decreases from 1700 t& 900

in a slightly over 2 s. A simplified reaction scheme can then be proposed,; it constitutes the se
ond challenge in the study. By knowing which species form where and when, condensation
mechanismsfadeposition can be studied and in turn modelled.

Correlationshave beerleduced from the results of tRACTSAGE® calculations. Thepave
beenderived for 100y of fuels and were established from Russian coal, lignite, olive residues
and twoblends (7080 and 30/70 lignite/olive residue) for a typical ide& flame at 162%C

with 3 vol% O, in the flue gases. The number of moles of elements such as S, Cl, K, Na present
in 1009 of fuel are depicted on the horizontal axes. From use of the curve, thalhsews will
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give the corresponding gaseous species formed for a fuel. The curve may have to be adjusted in
the vicinity of the origin. The sequence is:
1. From S in the fuel (horizontal axis), one obtains the number of molessah$@ flue gas

from Figure2.47. SQ, is then deducted according t80, = Sye - SO;

3,00E-05
Yy =0,0013x
RZ=1

2,50E-05 /
2,00E-05 /
1,50E-05 # SO3fromS
B 503 from S adjusted
——Linear (SO3 from S adjusted)

fuel

1,00E-05

3,00E-06
o

0,00E+00 . : . . ; :
0,00E+00 5,00E-03 1,00E-02 1,50E-02 2,00E-02 2,50E-02 3,00E-02

Moles of SO3 in the flue gas for the combustion of 100g of

moles of $ in 100g of fuel

*

Figure2.47 Correlation for SQformation: (moles of S{n the flue gases) =f (moles
of S in 10Qy of fuel)

2. Neglect Fe and O species; the product not is yet sulghatgdCl and $, (HCOsand -
alates not considered);

3. If the number of moles of (Na + K) << the number of moles of Cl in the fuel then Na and K
combine as chlorides

4. If the number of mals of (Na + K) >> the number of moles of Cl in the fuel then:
e  From the number of moles of Cl in 1§®f fuel and
e Figure2.48 obtain the amount of the number of moles of HCI in the flue gagtiresul

from the comhstion of 10Qy of fuel.

8,00E-04

7,00E-04

6,00E-04

5,00E-04

4,00E-04 & HCLfrom CL
y =0,042x+ 5E-05
R?=0,9418

3,00E-04 /

2,00E-04
n

1,00E-04 ./

0,00E+00 -+ T T T T T 1 Moles of Clin 100g of fuel
0,00E+00 1,00E-03 2,00E-03 3,00E-03 4,00E-03 5,00E-03 6,00E-03

M HCl from Cl adjusted

Linear (HCI from Cl adjusted)

Moles of HCl in the flue gas for the combustion of 100g of fuel

Figure2.48 Correlation for HCI: (moles of HCI in the flue gases)=f (moles of Cl in
100g of fue)

e From the number of moles of Cl in the fuel dfidure2.49 obtain the amount of mole
of KCl in the flue gas resulting from the combustion of §08f fuel.NaCl is obtained
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from deducting the number of moles of HCI and KCI from the original fuel Cl as :

NaCl = Cl, 7 HCIT KCI

Moles of KCl in the flue gas for the combustion of 100g of fuel

5,00E-03

4,50E-03

y= 71004,(1,4293
R? = 0,965
4,00£-03

3,50E-03

3,00E-03 =

2,50E-03 4 KCLfromCl

B KCLfrom Cl adjusted
2,00E-03

1,50E-03

1,00E-03

[ ]
5,00E-04

/ .
0,00E+00 T

0,00E+00 1,00E-03 2,00E-03 3,00E-03 4,00E-03 5,00E-03 6,00E-03

Moles of Clin 100g of fuel

—— Power (KCL from Cl adjusted)

Figure2.49 Correlation for KCI: (moles of KCl in the flue gases)=f (moles of Cl in
100g of fuel)
e Combine the Al and Si in 100 of fuel to form a number of moles of 8,.2Si0,

(minimum of the number of moles of & Al). From this aluminosilicates in the fuels
andFigure2.50 deduce the number of mole§K,s;. Deducethe number of moles of
KOH in the gas phase for the combustion of g§0@iel according to: KOH = g i

KAISi I KCI
2,50E-02
T
£
s 2,00£02
g *
3
ki
é y =-2,0196x2 + 0,3629x + 0,001
2. P
2 1,508-02 RE=09996 -
5 ’.,/'
£ e + KAISias fof ALSI
5 e B KALSI from ALSI adjusted
- e
g 1,00-02 ' — Poly. (K ALSI from ALSI adjusted)
2 S
a d
%
x //'
B y
3 5,00E-03 e
[-] e
= /
/-
|
0,00E+00 + Moles of Al203.5i02 in 100g of fuel

0,00E+00 1,00E-02 2,00E-02 3,00E-02 4,00E-02 5,00E-02 6,00E-02 7,00E-02

named

Figure2.50 Correlation for potassium aluminosilicates: (moles eAlSi formed) =
f(moles of AlO;.2SiQ in 1009 of fuel)

e Almost noNays; is formed;

e Determine from the moles of Na in@@ of fuel andFigure2.51 which species other
t han NaOH and NacCl are for med;
moles of NaOH in the flue gas by subtracting the moles of NaCl previouslyatatt
andi Re mai ni niga®H o MakeRem.s NaCl
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3,00£-03

2,50E-03

2,006-03

1,50E-03 ¢ Rem.NA from NA

y=0,0861x+0,0002 B Rem. Nafrom Na adjusted
R?=0,9398
1,00E-03

/D)l/.
5,006-04

./

0,00E+00 Moles of Nain 100g of fuel
0,00e+00  2,00e03 40003 6,00e-03  800E-03 1,00E-02

——Linear (Rem. Na from Na adjusted)

Moles of Na species other than NaOH and Nacl from the
combustion of 100g of fuel

Figure2.51 Correlation for Na species other than NaOH and NaCl: (moles of Na
species formed other than NaOH and NaCl) = f (moles of Na irg1d0
fuel)

A sgquence of use of various correlations was proposed to determine empirically which species
form during combustion. Please note that close to origin the correlations are undefined. This is a
first attempt which would need to be complementedrBZ TSAGE® calaulations on otheru-

els and blends and, if possible, validated from experimental test or full scale measurements and
observation.

The results from the calculation of the gaseous species formed during a typical PF combustion
as obtained in FACTSAGEare ugd as input for the simulation of the behaviour of these-co
ponents as temperature decreases in the hehamging section of boilers. The silations
havebeen realized with the software CHEMKINvith main input concerning residence time

and temperatureélhe thermodynamic properties of the components considered the reaetions b
tween gaseous products and their respective reaction rates are also required as an input to the
software. The thermodynamics properties were searched in literature andi@uaed and
implemented in the code. The mechanism of sulphation of [Glarborg and Marshall, 2005] was
selected and also implemented in the cddehis respect, the study was carried out between
temperatures ranging from 1700K to 900K under atmospheric peesthis represents a res

dence time of over 2 s. At 700K the results were judged as physicaliealistic. The eval-

tion of the flue gas was determined within the frame of a series of fivestiredid reactors
(1700K, 1500K, 1300K1100K and 900K) vih the output of the first high temperature reactor
used as input to the next one in sequence. Russian coal, lignite, olive residue and thegblends li
nite olive residue were studied in the simulation. The full results are given in [Bertrand et al.,
2010]. The evolution of the species as temperature decreases from 1700 to 900K after-the co
bustion of lignite and olive residue are now extracted Bgare2.52 andFigure2.53, respe-

tively).
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Figure2.52  Evolution of gaseous components formed from lignite combustion as
temperature decreases from 1700K to 900K and for the residence time quoted
on each graph. Please note that condensation is not modelled at this stage
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Figure2.53  Evdution of gaseous components formed from olive residue combustion as
temperature decreases from 1700K to 900K and for the residence time quoted
on each graph. Please note that condensation is not modelled at this stage

The trends representing the speaegslutionwere in line with the findings ofChristensen et

al., 2000] except for HCI. In our case, condensatieas not simulated. For the blends, thé ca
culated trends of the various gaseous compo@entdution display a behaviour in between
lignite and olive residueThe impact of reactor type for the chemical reactor model could-be i
vestigated as now a series of ideally stirred tank reactors was chosen. CFD simulations of a
typical chosen PF boiler could help identify which mixing model combinatearid be most
appropriate.

2.8.5 Conclusions and recommendations

The results obtained with the ADP are promising. One of the condensation modes has been i
plemented in the current ADP: heterogeneous condensation onto particles. It shoutd-be co
plemented by thethers: heterogeneous condensation onto walls and homogeneous nucleation
of inorganics speciéSA number of inputs are required for the ADP. Experiments carried out

12 ADP including the development with condensation is the sole fixopeECN.
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usng the Labscale Combustion Simulator of ECN provide information such as fly ashcehara
teristics and inorganicompound formed. Models developed by Shah andvookers[Shah et
al.,2010;Korbee et al., 2010fom LCS experimental tesaind based on the Particle Population
Model of Mitchel are now available.

One of the crucial questiomsmainingon the ADP is: which inorganic salts are actually gene

ated duing combustion andn which amour? The sequence of gaseous phase reactions, in
which these inorganics are actually taking place as the flow cools down through the complete
heat exchangig section of the boiler, is also of importance. This issue is particularly relevant
whenwidely varyingbiomass is (cgfired with coal in pulverized fuels systems. The topic was
first tackled by[Shah et al.2010a/b] who determined the partitioning oélscted elementser

leased during?’Fcombustion.

Overall, whether the BP is used as such or its knowledge incorporated in existing CED sof
ware, a lot questions were raised, some answered, highlighting a further field of research and
development as fongtance the determination from experiments of the Young Modulus of ashes
resulting from the combustion of many fuels and blends.

New correlations were proposed to define the species formed during ideal andR¥xoai-
bustion from the elemental fuelsroposition. Pure fuels and blends were studied. The species
of interest are: SE60;, HCI, KOH, NaOH, KCI, NaCl, KAISi. Their molar concentrations, for
the combustion of 100g of initial fuel(s), were also predicteds ififiormation will be used as
input o determine, from a balance, the fate of species as temperature of the fisegases
Indeed, a simplified reaction scheme simulating the evolution/combination of the components
as temperature decreases was also proptspdovements of the proposagecies formation
and species evolution pattern are foreseen, i.e:
e The species formation correlations would need to be complemented with:
— as many calculations of relevantiiong fuels combustion as possible;
— a detailed study of the gaseous calcium aadmasium elements combining with cambo
ates and oxalates at lower flue gas temperature.
e For the reduced reaction scheme:
— A complete sensitivity analysis would need to be carried out.
— The reaction rates corresponding to the different reaction would néedstpressed.
— The results obtained would need to be compared and validated towards real boiler data,
using an appropriate experimental set up.

This work is acrucial step towards implementation in a predictive tool e.g. the ADP. The work
would allow to nodel not only the physicgihenomena leading to deposition such as inertial
impaction, turbulent diffusion and thermophoresis, but also, to consider deposition due to var
ous condensation modes. The methodokygyliedwas retained as a good compromiseneen
simplicity, realism of predictions and equivalent calculation burden. A future model is proposed
in Figure2.54.
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SYSTEM : pf com-
bustion of solid fuel(s)

PREPROCESSOR I

Shah's correlations :

Elements form_ed justin Species formed during
post- combustion : S: Cl, combustion — Express
Ca. Mg, K, Na, (A1Si) [SPeCies] or Pypecies

A iflyes statement sequence
CO,, Ny, NO,, H,0,
S0,/SO,, HCI, KCI,NaCl,
KOH, NaOH or

New direct correlations
A

For the first residence time (boiler section):
e From each [specie] (Or pgpecies ), €Xpress Ke (or Kp) at a given T and Daterriiiie
e Calculate equilibrium Kc (or Kp) values at T and P condensation of
e Compare calculated value to equilibrium ones for all set of simplified species, KCI, NaCl

reactions : select which reactions proceed K s'o Na SOV
e From kinetic approach, determine new [specy] for the first residence e S

time ouT
e Update [species] (Or Pspecies ) @nd go to top for 27 residence time...etc ECONOMISERS

Figure2.54  The futue: a potential full caxdensation model
The work reinforces the capabilities of the ADP as a step to predidntheence ofcondena-

tion mechanismsrooverall depositionbehaviour The realization of a full condensation model
and its coding in the ADB advised tde carried out withinthe scope of a future PhD project.
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3. General conclusions and discussion

The following overall conclusions and observations of this study are made:

¢ New/deeperrisights have been obtained in the behaviour of (trace) elements. The vaatilis
tion behaviour ofsomeelements in coal was found to be different than the volatisagen b
haviour of the same elements from biomass. Results frorsdale measurements indicate
that an SCR installation can play a significant role, e.g. by increasing thersmv(oxic-
tion) and therefore the removal of metallic merciyrthermore the obtained resulttave
also show that operational conditions affect speciation and behaviour of elements, like the
oxidising conditions in the boiler as well as in the F&Bsults of a detailed analytical study
on the deactivation of the SCR catalyst have indicated thfiticg may indeed lead tani
creased deactivation rates and hence may limfiricg potential. However, for the pge
ently used biomass (mainly wood), thiect is relatively small. Finally, in order to make all
data and knowledge on speciation andidng conditions agound in the project available a
speciation knowledgebase has been built.

¢ In the field of technology development for indirectfaing, the results of the technical
economic evaluation did not reveal clear advantages of the TORBED gasification concept
over circulatingfluidised-bed (CFB) gasification, whereas the uncertainties in technical
performance and costs are much larger. Conseguémtconsultation with the IAG it has
been decided in 2008 to focus this work package on fluidized bed gasification. For low
temperature gasification (<700°C) for difficult fuels as afidng option, the LFCFB,
Silvagas, Milena and FICFB concepts wergsessed and selected as possible concepts.
There is limited experience with operating biomass fluidized bed gasifiers at low
temperature. To determine the actual potential for alkali load reduction, conversion
efficiency and general operability of any thie fluidized bed gasifiers at low temperature,
there is a need for experimental validation as no (public) experimental/ practical data could
be retrieved/isavailable Taking Hemweg 8 power station as a case study, it is concluded
that 20 % (e/e) cfiring reduces the overall efficiency with 1.3 percent points. With respect
to indirect cefiring, the Hemweg case studiydicatesan additional efficiency reduction of
1.4 percent points for straw and 0.3 percent points for RIDIS results are based data
obtained fromaboratoryscale gasification experiments of straw and RDF performed in the
25 kW, indirect gasifier at ECN. These experiments also showed that indirect gasification
can roughly reduce the alkali and chlorine load to the boiler £8586.

¢ Onthe ash recycling the overall conclusion is that recycling is in principle possible when the
ashes are separately collected (not mixed with coal ashes). In forestry, heavy metal contents
of wood ash may prevent recycling. In agriculture, ashes can eeplaly part of the
fertilizer used. Recycling has less environmental impact than land fill. A remarkable
conclusion is that the best option is to use ashes as a raw material in local production of
fertilizer. The reason is that it eliminates the envirort@eimpact of long distance
transportation. Finally, for biomass ashes mixed with coal ash, production efvigitit
aggregates (LWA) was identified as the most promising bulk utilization. LWA test batches
were produced and material properties were deted. LWA from cefiring ashes were
found to be suitable for replacing gravel in concrete applications. The market is large enough
to accommodate bulk production of LWA from-iong ashes and the LWA have the lowest
production cost of all feasible bul&pplications, except for established applications in
cement or concrete.

o Under oxyfuel firing conditions, an increase in the fouling propensities of coamdsises
as well as their blends will occur.

e With respect to the aim of fouling monitoringpetprototype of the noimvasive steam flow
meter has been designed, built and extensively tested acdddy whereupon it was r©o
cluded that the sensitivity under the relevant high temperature conditions are more shan sati
factory. It was verified that thestrument is indeed capable of measuring small changes in
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the flow of steam inside the steam tube under conditions relevant for the application in the
full-scale power plant. After redesigning the instrument, allowing for clamapplication
on the exing steam tubes, the apparatus is ready fohéu testing in a power plant.

e On the study on the processing of wet biomass and heat utilisation of a powess plaogt
promising fuels, road side grass, organic wet/compostable fraction, digestatesgistiod
of agricultural residues and manures, animal manures and sewage sludge were identified.
Anaerobic digestion, TORWASH, HFUNVTA and thermal drying as the reference te¢hno
ogy were selectedMost studied technologgoncepts considered have howefer large
scale applicationand areat the testing/demonstration phase. Belt drying and TORWASH
with grass and HTU and anaerobic digestion with GFT have been assessed both technically
and economically. Conventional drying techniques are calculatedfeabible at moderate
cost by restricted steam consumption. The more innovative technologies as HTU and newest
TORWASH technologies are more expensive in terms of steam use. However, especially the
TORWASH technology may have significant process optimingtimssibilities leading to a
reduced specific cost.

The TORWASH experiments in a 20 | autoclave with hay indicate thatoimposition and

characteristics of the product compare well with those of the material produced previously

on a smakscale (0.5 lite autoclave) . Mechanical dewatering to a product with 65% dry

matter content was achievetihe dssoluble salts (K, CI, etc) are removid more than

90%. The mass and energy yigddre somewhat lower than on the small scale, but this can

improve with gtimization towards milder conditions. The grindability of the materialgs si
nificantly i mproved compar elLdbstcaleCombustionSi-eedst ock.
mulator (LCS) showed that TORWASHed hay is highly reactbadter than high volatile

coal,and therefore a suitable fuel for-fidng.

¢ On the modelling of the pneumatic behaviour of coal/biomass blends, the evaluation of the
mill system in fact, led to the conclusion that mill capacity is not controlled by grinding or
thermal limitations imposkby the wood pellet fuel or the mill itself. Mill capacity is most
likely controlled by transport limitations within the mill and fuel duct. The results obtained
show that in the fuel pipe transport model the wood particles are effectively transported by
primary air without significant circulation and depositidrserved. However wood and coal
particles appear to mix poorly with pir with p
ingd phenomena does not occur . osiien offh@eavieras conce
particles was found to be higher at lower velocities and lower at higher velocities. The
lighter particles were found to remain mostly suspended with homogeneous distribution. The
larger particles clearly showed defims near the botm of the wall and this deposition was
found to be pronounced at higher velocity due to a higher inertia.

e New correlations were proposed to define the species formed during ideal and Rgpical
combustion from the elemental fuels composition. Pure fueldkmdis were studied. The
species of interest are: §60;, HCI, KOH, NaOH, KCI, NaCl, KAISi. Moreover,a simpl-
fied reaction scheme simulating the evolution/combination of the componentspesdture
decreases was also proposEhis work is a step toards theémplementation ira predictive
tool e.g. the ADP. The work wtniallow to model not only the physicphenanena leading
to deposition such as inertial impaction, wldmt diffusion and thermophoresis, but also, to
consider deposition due to vau® condensation modes (heterogeneous onto wallsland a
ready existing particles as well as homogeneous nucleation). The methodology abae was r
tained as a good compromise between simplicity, realism of predictions and equivalent ca
culation burden.

e Numeraus results and insights have been generated in this project, resulting in a targe nu
ber of dissemination activities, in the form of (confidential) reports, contributions toreonfe
ences and symposia, articles and book contributions. A dedicated sympodiomass co
firing, attended by 60 people, was organised to present the results of the past four years. This
symposium was well received by the audience. Besides a website has been set up to facilitate
the knowledge dissemination.

e Overall, itis concludedthat significant progress has been made and valuable insights have
been obtained in the field of €wing biomass in coalfired power plants to reach and facil
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tate the longerm targets of the EGST programme.Among others, the programme has
contributal to a better, more realistic and more positive view at the technologyfisfncp
biomass, both from the public and from politicialibe combined knowledge and exper

ence of the partners were experienced as valuable, where ECN has the emphasis-of her a
tivities on fundamental knowledge, experimental facilities and analytical faGiliHEMA

in the field of consultancy for and modelling of power plaarid TUD on the fundamental
knowhow.
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4.  Joint valorisation and knowledge dissemination

4.1 Joint valorisation

In the third consortium year, discussions were held on the possible joint valorisation of the
results generated by common effort of both partners. After a brainstorm session a number of
possi ble candidates fjoint commerci al product so

One such product stems from theagmeration within the WP 1 on the trace elements fate and

speciation under biomass-tiang. It has been advanced that the jointly generated additional

data on the specific influence of the SCR/DeNOx installationshenwtill be included in a

knowl edge base, which in future wild!/l form a sep
from within the TRACE tool, or used as a standalone piece of software. Extension of the

database with results from new and additional measents is the joint task of the consortium

members the third consortium year, discussions were on the possible joint valorisation of the

results generated by common effort of both partners. After a brainstorm session a number of

possi bl e camadmmertxisalAijpricdduct sd have been identi
from the ceoperation within the Work Package 1 on the trace elements fate and speciation

under biomass ebiring. It has been advanced that the jointly generated additional data on the

spedfic influence of the SCR/DeNOx installations on the speciation and further the emission of

trace elements can possibly be integrated within the existing KEMA TRACE predictive tool.

Finally it was agreed to develop a knowledge base, which forms a sefpaaaed on o modul e,
which can be accessed from within the TRACE tool, or used as a standalone piece of software.

In other work packages, the valorisation will have per definition a much less commercial
character and will be basically limited to joint (pubdiclimited) dissemination of knowledge.

An example of such coperation area is work package 3 on the utilization of biomagisirg
ashes.

4.2 Knowledge dissemination

Biomass cefiring symposium

On Maythe 27", 2010 a symposium was held in Amsterdandisseminate and discuss the
knowledge gained by the research consortium. Around 60 people attended this event, mainly
consisting of people related to the power industry. In the morning general back ground and
issues of biomass diring were presented, wiai in the afternoon the results of the consortium
were presented in separate presentations. The symposium was well received. All presentations
are publicly available from the consortiumfiong website.

Biomass cefiring website

In order to facilitatehie knowledge dissemination and to form an advertising platform for both

the ECN/KEMA consortium as well as for the biomassfigng as a sustainable energy

generation option, a consortium website has been established. The chosen domain name

iBi omasgoohiasi been registered by ECN (domain owl
development and maintenance of this website) for the extensioms.eu, .org and.nl. Upon

consultations with all partners and the IAG members, the website structure andajrdesign

(seeFigure4.1) has been agreed on.

As of September 2009, the first components of the website, including a general description of
the consortium as well as the-fiong principles, have been put dime. Further fuctionalities,

including secure member access gate to confidential data generated within the project, but also a
dedicated sub webpage for students and general public, have been successively added within the
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fourth consortium year. To advertise the exiseeatthe website to the broad public, it has also
been used as the registration gate for the Biomas$ir@m Symposium. Furthermore
presentations from the said event have also made available online via the consortium website.

Figure4.1 Graphical design of the consortiwvebsitevww.biomasscofiring.nl

Publications

There have been numerous publications generated by the consortium within the reporting
period, ly means of which the (public) results obtained within consortium have been
disseminated. These are:

Reports

e Bertrand, C., Pasaribu, L. and de Jong, WP81 Optimization of numerical models for
slagging/fouling Report ET2450, confidential, TU Delft, O#&, The Netherlands, March
2010.

e Beek, R.S. vaninfluence of S@in a SCR unit of a biomass-ficed power plant Conficen-
tial eport 55108003 OS/HSM 104947, KEMA Arnhem, November 2010.

e Cieplik, M.K., et al.:.Description of labscale equipment and ledzale investigations dline.
Confidential report ECRK--089, ECN, Petten, The Netherlands, September 2008.

e Cuperus, M.A.T., J. van Wingerden, A.J. Saraber, J.R. Retgs from combustion adicao
residues for nutrient recycling: a case studgeport 5080586.616TOS/ECC 089256,
KEMA Arnhem, January 272010

e Dyjakon, AK, 0 Foul i ng immomnilteor idigagnostics ,€Camir coal
dential report, TU Delft Registration number 2424, TU Delft, Delft, 2010

e Eijk, R.J.van and te Winkel, BHG Fat e of trace effing.mResnltsef i n bi
ful-scal e measur ement campai gn . @onfideMigl 2epogo we r :
50980611TOS/ECC 104835. KEMA, Arnhem, 2010

e Fantini, M. and Boersma, B.Bpherical and nospherical particles ahigh Reynolds ma-
bers.Report EF2451, confidential, TU Delft, Delft, The Netherlands, April 2011

e Fantini, M. and Boersma, B.JCFD investigation of hydrodynamic transport of coal and
biomass in a cdired power plant to improve the performance of nyitem components for
biomass application®Report EF2452, confidential, TU Delft, Delft, The Netherlands, April
2011

e Eijk, R.J. van.: Concentrations of trace elements in biomasses of the-fatlol#gional data
and analysis. Confidential report 5078058BS/ECC 089175, KEMA Arnhem, Septaber
2008
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