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Abstract

The government wants to help realize an affordatdbable and clean energy economy, while fully
acknowledging the role the market ought to playhis development. The role of the Energy Research
Subsidy (in Dutch abbreviated as EOS) programmi@ isitiate and support the necessary innovation
processes. The biomass research has been divitedhiree main areas, bein@ biorefining, (ii)
electricity and heating, an@i) gasification, gas cleaning, conditioning and syngeduction. While the
EOS programme can thus offer support at each otidiges of the energy innovation trajectory, ibals
helps the supply of knowledge to better meet theathel of the market. In order to stimulate the syl
knowledge status reports are published by relestakieholders upon request from the Dutch Agency for
Innovation and Sustainability (SenterNovem). Thatust report on gas cleaning focuses on cleaning
technologies downstream biomass gasifiers to matwia clean gas, from which electricity and heat,
transport fuels, chemicals and ‘new gases’ (sucBNG and hydrogen) can be produced efficiently. It
provides an overview of the current status, the fdayers, the motives and challenges, and the aggoi
remaining R&D. Although upgrading of biogas or l&hdyas is not considered to be a R&D topic within
the EOS research area “gasification, gas cleanmglitioning and syngas production”, the statusregt
hand also provides information focused at thesstiagi upgrading technologies. The technologiesiis t
sector may also apply for gas obtained from thechm@mical conversion processes.

Samenvatting

Het ministerie van Economische Zaken heeft belaitivikkeld dat gericht is op het realiseren van een
betaalbare, betrouwbare en schone energievoorgieBen van de programma's die invulling geven aan
dit beleid is Energie Onderzoek Subsidie (EOS). plegramma Energie Onderzoek Subsidie (EOS) heeft
tot taak de benodigde innovatieprocessen op gargetegen en te ondersteunen. Het aandachtsgebied
Biomassa wordt opgedeeld in drie onderzoekstemeite weten(i) bioraffinage, (i) elektriciteit en
warmte, en(iii) vergassing, gasreiniging, conditionering en sypgauctie. Het EOS-programma biedt
ondersteuning in elk van de fasen van het enengieviatie traject en stimuleert de noodzakelijkerken
dissiminatie. Ter stimulering van kennis dissimiaatorden door relevante belanghebbenden op verzoek
van het Nederlandse agentschap voor duurzaamheidnrevate (SenterNovem) status rapporten
gepubliceerd. Het status rapport over gasreinigiolgt zich op nageschakelde reinigingstechnologieén
achter biomassa vergassers voor de productie vaooscgas, waaruit elektriciteit en warmte,
transportbrandstoffen, chemicalién en ‘nieuwe gas@mals SNG en waterstof) op een efficiénte wijze
geproduceerd kunnen worden. Het biedt een overzatde huidige status van de belangrijkste partije
de motieven en uitdagingen, en lopende R&D. Hoedeelopwaardering van biogas en stortgas niet
beschouwd wordt als een R&D onderwerp binnen hetS E@hderzoeksprogramma “vergassing,
gasreiniging, conditionering en syngas produci®in dit statusdocument ook aandacht besteed @zen d
bestaande reinigings en conditionering technolaogidde technologieén in deze sector zouden ook
toegepast kunnen worden op gas verkregen uit thehmmische conversie processen.
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Abbreviations and definitions

Ar As received MDEA Methyl di ethanol amine

Bara Bar absolute MEA Mono ethanol amine

BFB Bubbling fluidized bed MSW Municipal solid was

BTG Biomass technology group OLGA Oil gas washer

CAPEX Capital expenditures OPEX Operational expenditure

CCs Carbon capture and storage PAH Poly aromgtimbarbons

CFB Circulating fluidized bed PP Poly propylene

CGE Cold gas efficiency ppmv Parts per million on a volume basis
Daf Dry and ash free PSA Pressurized swing adsorption

Db Dry basis R&D Research and development

DEA Di ethanol amine RD&D Research, development and demonstration
ECN Energy research Centre of the Netherlands RDF Refused derived fuel

EOS Energy Research Subsidy RFTC Reverse-flowytiatear converter
ER Equivalence ratio (lambda) RME Rapeseed oihgietsther

ERS Energy research subsidy RPS Rotating paséparator

ESP Electrostatic precipitator SNG Substitute ratgas

FCC Fluid cat cracker TARWATC Tar water cleaning

FICFB Fast internally circulating fluidized bed TO Total organic carbon

FPumber European framework program TREC Tar reductiom whar

GHG Green house gas TSA Thermal swing adsorption

HC Hydrocarbons TUD Technical university of Delft

HDS Hydrodesulfurisation TUe Technical university of Eindhoven
HGF Hot gas filter TUV Technical university of Vienna
HHV Higher heating value (= Gross heating value) TU University of Twente

IGCC Integrated gasification combined cycle VPSA acMum pressure swing adsorption
LT Long term wit% Weight percent
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Summary

In order to stimulate the dissimination of knowledgtatus reports are published by relevant stédteiso
upon request from the Dutch Agency for Innovatiod &ustainability (SenterNovem). The status report
on gas cleaning focuses on cleaning technologiessioeam biomass gasifiers to manufacture clean gas
from which electricity and heat, transport fuelsemicals and ‘new gases’ (such as SNG and hydrogen)
can be produced efficiently. This report providescaerview of the current status, the key playérs,
motives and challenges, and the ongoing remain&p.RAlthough upgrading of biogas or landfill gas is
not considered to be a R&D topic within the EOSeegsh area “gasification, gas cleaning, conditignin
and syngas production”, the status report at hdsad provides information focused at these existing
upgrading technologies. The technologies in thigasemay also apply for gas obtained from thermo-
chemical conversion processes.

Gasification of biomass results in a producer gastaining numerous contaminants like dust, tar,
(organic) sulphur, nitrogen and chlorine compounass, well as alkali and heavy metals. Although
concentrations could be relatively low dependinghlenfeedstock used and the type of gasifier aghpéie
least some of these contaminants have to be destroc removed upstream the final application ef th
producer gas, whether it is a boiler, gas engintuuiine, fuel cell or synthetic application. Hengas
cleaning is inevitable in general, whether it istancomponents or non-tar components.

Still not many gasifiers are operating commercialty biomass feedstock, in particular when not gkin
into account those gasification systems (co-)firthg product straight into boilers. The need fos ga
cleaning, and in particular tar removal technoldgy,CHP or synthesis purposes is still the Achillesel

of biomass gasification and gas cleaning. Standectinology has proven to be insufficient for tar
destruction or removal and has lead to years iif gagoing) RD&D on thermal and catalytic tar ckamy

as well as (advanced) scrubbing technologies. R®rntoment, the latter ones seem to have made the
biggest progress, with operating biomass based flbifts ate.g.among others Harbogre and Gissing,
and water as well as organic liquid (RME, oil) lhgechnologies being commercially available.

A step by step approach could be considered inlwtaichnology is scaled up gradually. There has lbeen
tendency to construct large (demonstration) faedihoping that these are operated successfullglaado
scale are commercially attractive as well. Thegigke high though, as solving unexpected issuds wil
require enormous budgets. The risk that such & pleomes mothballed instead of a commercial sacces
has been proven to be relevant. Examples of tleistter 180 ton per day Battelle gasification plant i
Burlington, USA, and the 8 MMARBRE combined-cycle plant in Eggborough, UK.

Similar to tar removal technology, standard comiadlyc available technology for removal of non-tar
components up to now has also proven to be ingerfificin particular for critical applications ofeh
producer gas in fuel cells or synthesis applicatidtart of that has to do with upstream tar remtwvéle
either insufficient ite. to low efficiencies of the tar removal) or not ideed for the more stringent
producer gas specifications for these applicatifres trace tar components still present in the gas).
Another part of that is caused by the presenceasfogpntaminants previously not considered probliemat
for CHP applicationsd.g.organic sulfur, dioxins). As can be expected, litggest progress towards gas
cleaning for non-tar components is made by those avk skilful at tar removal.

Over the years there has been a tendency for bgogassfication and gas cleaning to apply conveation
technology or mimic coal gasification systems. Fw gasification process this philosophy already ha
been dropped. Also the need for pressurised biogasification seems to be abandoned, argued by the
complexity of biomass feeding. All commercially ning biomass based gasifiers operate at (near)
atmospheric pressure, not at the pressure leveB0dbars and higher, typical for coal and oil based
gasifiers.
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Concerning gas cleaning, whether it is removabod br non-tar components, the operating conditions
commercially available conventional technologs.g( coal based) will differ significantly from the
conditions downstream a biomass gasifier, hencéetimbility of conventional technology will have lbe
reconsidered or at least tested it in realisticddmns. It might well be that conventional techogy is not
suitable for biomass based processes.

One of the lessons learned most in RD&D of gasnihepis that conventional technology is not always
applicable without any problems in thermo chemiahversion of biomass. Not only will the producer
gas always contain unfamiliar (trace) componentsp dn many cases operating conditions like
temperature and in particular pressure will beedéht from the conventional operating conditionghef
technology just because it is not (yet) possiblegerate the thermo chemical conversion proceteae
conditions. For that reason, it makes sense todastventional technology first on realistic “biorsas
based” gases and conditions before installing tberdarge scale. It could be that due to the diffegases
and conditions (for the moment) thermo chemicairass conversion systems need different technologies
than bio chemical conversion systems or even thatmmical coal conversion systems and these have to
be developed step by step. A step by step apprbacbhmes even more important for systems with
multiple process steps, e.g. biomass gasificataset synthesis systems like the production of Butest
Natural Gas (SNG), DME and Fischer-Tropsch (FT)selie For the successful development of these
complex systems, slipstream testing of the critieaghlytic components in gas cleaning and synthesis
upscaled (demonstration) CHP plant consisting efupstream gasifier and tar removal could benledit t
RD&D of the whole system, as it enables long doratests with the critical components under realist
gas conditions.
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Samenvatting

Ter stimulering van kennis dissiminatie worden doelevante belanghebbenden op verzoek van het
Nederlandse agentschap voor duurzaamheid en irm@@a&interNovem) status rapporten gepubliceerd.
Het status rapport over gasreiniging richt zichnageschakelde reinigings technologieén achter lgsana
vergassers voor de productie van schoon gas, waglektriciteit en warmte, transportbrandstoffen,
chemicalién en ‘nieuwe gassen’ (zoals SNG en watgrep een efficiénte wijze geproduceerd kunnen
worden. Het biedt een overzicht van de huidigeustatan de belangrijkste partijen, de motieven en
uitdagingen, en lopende R&D. Hoewel de opwaardevang biogas en stortgas niet beschouwd wordt als
een R&D onderwerp binnen het EOS onderzoeksprogeafmergassing, gasreiniging, conditionering en
syngas productie”, is in dit statusdocument ookdaaht besteed aan deze bestaande reinigings en
conditionering technologieén. De technologieén ezedsector zouden ook toegepast kunnen worden op
gas verkregen uit thermo-chemische conversie pseoes

Vergassing van biomassa leidt tot de productie gas met tal van verontreinigingen zoals stof, teer,
(organisch) zwavel, stikstof en chloorverbindingezyenals alkali en zware metalen. Hoewel de
concentraties relatief gering kunnen zijn, afhaijiketan de gebruikte brandstof en de aard van de
vergasser toegepast, dient minimaal een aantaleae componenten omgezet of verwijderd te worden
voordat het gas ingezet kan worden, hetzij in estelkgasmotor of turbine, brandstofcel of syndutie
toepassing. Met andere woorden, normaliter is gagneg onvermijdelijk, of het nu verontreinigingém

de vorm van teer componenten of niet-teer compendnetreft.

Commercieel gezien worden er nog weinig vergassprdbiomassa bedreven, zeker wanneer geen
rekening wordt gehouden met de (co-)vergassingesyst waarbij het productgas rechtstreeks omgezet
wordt in ketels ten behoeve van warmte productie.gasreiniging, en met name het verwijderen van
teren, voor WKK of synthese doeleinden is nog stedd achilleshiel van biomassa vergassing.
Conventionele technologie heeft bewezen onvoldotzrg® om te zetten of te verwijderen en heeftidele
tot jaren van (nog steeds voortdurende) RD&D opdediied van thermisch en/of katalytisch kraken van
teer alsook op het gebied van (geavanveerde) wasitagieén. Vooralsnog is in de wastechnologieén de
grootste vooruitgang geboekt, met de werkende Wid{alllaties van onder andere Harbogre en Guissing
als voorbeeld. Wastechnologieén gebaseerd op \aiterede organische vloeistoffen (RME, olie) zijn
commercieel verkrijgbaar.

Voor de ontwikkeling en opschaling van technologidén een stapsgewijze benadering gehanteerd
worden. Het is een tijd lang de tendens geweestlivett grote (demonstratie) plants te bouwen in de
hoop dat deze direct succesvol bedreven kondenemoeth tevens commercieel gezien aantrekkelijk
konden zijn. De risico’s hierbij zijn echter groet) het oplossen van problemen vereist veel tijdedd.

Het risico bestaat dat een dergelijke installasegavolg hiervan wordt stilgelegd, in plaats vau loet een
commercieel succes wordt. Voorbeelden hiervandri80 ton per dag Battelle vergasser in Burlington
in de Verenigde Staten van Amerika en de 8 MMRBRE STEG in Eggborough in het Verenigd
Koninkrijk.

Vergelijkbaar met de teerverwijdering, is toepagsian conventionele gasreiniging voor de verwijagri

van niet-teer verontreinigingen tot nu toe onvoltte succesvol geblemen, met name daar waar het de
reiniging betreft voor de meer kritische toepassinggan het product gas, i.e. in brandstofcellen of
synthetische processen. Deels heeft dit te makereareonvoldoende functionerende teer verwijdering,
anderzijds met het altijd nog aanwezig zijn vanrepozan teercomponenten. Daarnaast bevat het groduc
gas vaak nog een aantal additionele verontreinggingoor WKK-toepassingen niet als een probleem
worden beschouwd (bv. organische zwavelverbindingkoxines), maar voor katalytische processen
schadelijk kunnen zijn. Zoals kan worden verwacbtdizde grootste vooruitgang in de reiniging varede
niet-teer componenten gemaakt door degenen di@ @paat zijn eerst in voldoende mate teren uit het
productgas te verwijderen.
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In de loop der jaren is er altijd een trend geweestvoor vergassing van biomassa en reiniging \&n h
productgas gebruik te maken van conventionele tdobieén en kolen gebaseerde systemen. Voor de
daadwerkelijke vergassing van biomassa lijkt delesdfie al te zijn vervallen. Ook de behoefte aan
drukvergassing van biomassa lijkt te zijn vervalldit ten gevolge van de complexiteit van de vogdin
van de biomassa. Alle commerciéle biomassa vergaggaken op (bijna) atmosferische druk, en niet op
een (voor kolen of olie vergassers typische) drak 80 bar en hoger. Met betrekking tot de gasreigjg

of het nu de teer of de niet-teer componenten telijgen de bedrijfscondities voor biomassa syst@
dusdanig te verschillen met die voor kolen systerdah de toepassing van conventionele technologieén
heroverwogen zou moeten worden of dat minimaal alesentionele technologie onder voor biomassa
systemen realistische omstandigheden getest zotemarden. Het kan goed zijn dat de conventionele
technologie uiteindelijk niet geschikt blijkt tgrzivoor biomassa gebaseerde processen.

Een van de grootste lessen in RD&D op het gebiedgasreiniging is wel dat conventionele technologie
niet altijd zonder problemen toegepast kan wordebiomassa gebaseerde thermochemische conversie
systemen. Niet alleen zal het productgas altijdespdevatten aan specifieke verontreiningingerveiel
gevallen zullen de bedrijfscondities zoals tempenaen druk afwijken van de bedrijfscondities wanv

de conventionele technologie was ontwikkeld en ompen, simpelweg omdat de thermochemische
conversie van biomassa onder andere conditiessphiadt dan de biochemische conversie of de
thermochemische conversie van kolen. Om die resldwt zinvol om conventionele technologie eerst te
testen op realistisch productgas voordat deze sgbalig geimplementeerd wordt. Het zou kunnendaijn

als gevolg van de afwijkende samenstelling en d¢mwdivan het productgas biomassa gebaseerde
thermochemische conversie systemen (in eerstentiegtaeen gasreiniging vergt die afwijkt van de
conventionele gasreiniging voor bio-chemische eosie systemen of zelfs thermo chemische omzetting
van kolen. Stapsgewijze ontwikkeling en opschaliag dergelijke nieuwe technologieé&n kan hierbij van
groot belang zijn, zeker voor systemen met meerdageschakelde processtappen, zoals synthetische
processen voor de productie van Substitute Nataal (SNG), DME en/of Fischer-Tropsch (FT) diesel.
Om tot een succesvolle ontwikkeling te komen vargelgke complexe systemen kan het verstandig zijn
om de kritische componenten in (katalytische) gagyeg en synthese te testen in een slipstreanmeesn
bestaande opgeschaalde (demonstratie) WKK-inge&lldestaande uit de juiste vergasser en basis
gasreiniging. De RD&D op het gebied van de noodgikenageschakelde processstappen kan op die
manier veel efficiénter plaatsvinden, aangezienmmbgelijkheid bestaat om de kritische processtappen
gedurende langere tijd onder realistische omstaedign te kunnen testen.
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1. Introduction

1.1 The Energy Research Subsidy (EOS) programme

The government wants to help realize an affordatdéable and clean energy economy, while fully
acknowledging the role the market ought to playhis development. The role of the Energy Research
Subsidy (EOS) programme is to initiate and supti@thecessary innovation processes. In some dases t
market itself is already moving fast. The only h#ipt may be needed then is with demonstratingna ne
technology. In other cases an idea may be in dy s@ge. Then the road to market introduction inay
long one and often help will be wanted. Biomass@neesearch is extremely important in achieving th
aforementioned objectives. This research has baéded into three main areas, beifijy biorefining,

(i) electricity and heating, an(@i) gasification, gas cleaning, conditioning and syngasluction. While
the EOS programme can thus offer support at eatteaftages of the energy innovation trajectorglsio
helps the supply of knowledge to better meet theathel of the market.

1.2 The status report gas cleaning

In order to stimulate the supply of knowledge stateports are published by relevant stakeholdeos up
request from the Dutch Agency for Innovation andt&umability (SenterNovem). The status report os ga
cleaning focuses on cleaning technologies downstrégomass gasifiers to manufacture gaseous
semi-manufactured products, whereby electricity aedt, transport fuels, chemicals and ‘new gases’
(such as SNG and hydrogen) can be produced eftigidinprovides an overview of:

» Current status

» Key players

» Motives and Challenges
» Required R & D work

Although upgrading of biogas or landfill gas is wonsidered to be a R&D topic within the EOS reslear
area “gasification, gas cleaning, conditioning asyhgas production”, the status report at hand also
provides information focused at these existing agiong technologies. The technologies in this setiay
also apply for gas obtained from thermo-chemicalession processes.

1.3 The distinction between tar and non-tar components

In the status report gas cleaning 2009, the abowgsare reported. The report is divided into twain
sections, one discussing the issues concerningptdaminants still being considered the Achilles!ia#
biomass gasification, and the other the issueseramy the remaining non-tar contaminants. For tlo¢h
tar and the non-tar components, the report inclualesoverview of the current state of research,
development and demonstration in the field of dearing, both in the Netherlands, Europe and glgbal

A description of(i) commercial facilities(ii) pilot and demonstration initiatives, afid) research and
development is the main part of the report. A didion is made between technologies focussing on ta
components (chapter 2) and non-tar components {@h&), with a description of tars and the main
associated issues included in the appendices.ifiiilarities with conventional technologies for upding
biogas or landfill gas are described in chapteiflde conclusions and recommendations are given in
chapter 5 of this status report.

An overview of who is who in the field of gas cléamis provided appendix C of this status repdran
update of this overview is considered to be necgsadime, the author will adjust the digital vens of
this report and will make it available via the pgabtions website of the Energy research Centréhef t
Netherlands (www.ecn.nl/publications).
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2. Tar components

Tars are still considered to be the major bottleregceven stumbling blocks in the application adrbass
gasification®%. This holds for fluidised as well as updraft fixedd based gasification performed at
temperatures well below 1000°C, as tar contenthénraw gas can be up to several tens of; g/
description of tars and the main associated issiemcluded in the appendices.

The cleaning from these organic species down taegthat are acceptable for different downstream
processes is of crucial importance for successfiplementation of biomass gasification technologgr T
reduction measures can be classified in three raii@gories, being) tar cracking and reformindgii)
mechanical tar removal an(di) physical tar removal. In the following paragraptisgese measures are
discussed and compared.

2.1 Tar cracking and reforming

2.1.1 Thermal cracking

On thermal tar cracking many studies have beenumad and reported in public literatd?&'*, These
studies are of limited value for gas from biomasasification plants as they are often conducted with
model tar components from pyrolysis of biomass @al.cThermal tar cracking however, is a proven
method to remove tars in large-scale thermal wastatment plants, for example in the process of
ThermoSelect, where the gas is treated at temperatures of 1800-°C for a residence time of seconds.
In these conditions, the synthesis gas from thekerawill only contain low amounts of methane;atter
thermodynamically unstable hydrocarbons are cracked

The application of thermal tar cracking by burnipeayt of the fuel has the disadvantage that theenigh
(gross) heating value (HHV) of producer gas is dased significantly, making it more complicatedise
this gas in conventional gas turbines or engineghErmore, the cold gas efficiency (CGE) of thegess
drops significantly by cracking all hydrocarbonsgluding interesting components like CHiseful for
producing substitute natural gas) angi&(a bulk chemical). This is illustrated in tabld 2n which an air
blown circulating fluidised bed gasifier operateaB&0°C is taken as a reference and where the peodu
gas is partially combusted with air in a thermalaier®.

Table 2.1 Effect of thermal tar cracking on the producer gasl the process efficiency

T gasier T cracker Required ER HHV producer gas CGE
(°C) (°C) () (MJ/m %) (%)
| 850 | - | 0.21 | 7.3 | 82
| 850 | 1100 | 0.28 | 6.0 | 76
| 850 | 1200 | 0.31 | 5.3 | 72
| 850 | 1300 | 0.34 | 4.8 | 69

Roughly, it can be said that every 100°C tempeeatise results in a decrease of the calorific valige
producer gas by 0.5 MJ/nor a decrease in cold gas efficiency of about 3.R¥search performed at
ECN showed that for thermal cracking of biomass tara level of below 100 mg/tthe temperature
should be raised to a minimum of 115¢*E resulting in a CGE loss of approximately 8%.

" The process is owned by the ThermoSelect compaww.thermoselect.cojrwith licensees provided to JFE and Daewoo
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At the Technical University of Eindhoven (TUe) icent years research also has been carried outd®wa
non-catalytic partial oxidation with the aim to ueg¢ biomass gasification gas tar conteft$?.
Experiments were performed within the temperataregge of 900-1150°C and a residence time varying
between 1 and 12 seconds. Braffdireports temperatures and residence times needE266fC and 0.5
seconds, respectively. In line with this resulthis study of non-catalytic partial oxidation at Karlsruhe
5453 This would lead to the disadvantages of the usexpensive alloys for the tar cracker and,
moreover, significant exergy losses in the sys#&iso, soot is reported to be produced in this taaming
method. Recently, the Nexterra compdhyannounced that they had been running such a syistem
slipstream of their pilot-plant updraft gasifier Kamloops and are aiming on installing a gas engine
downstream.

The research at the TUe now focuses on the workiaghanisms behind partial oxidation in order to
acquire the additional knowledge needed to optintiie technology*®. In tar conversion by partial
oxidation, observations are made indicating thaiSaant role of oxygen radicals. The objectivetbis
research is to map the influence of radicals orcterversion at high temperature immediately atber t
gasifier unit and to develop a novel technologyt tambines the benefits of existing technologidse T
basic idea behind the tar conversion by flame geadiradicals is presented in figure 2-1.

Oxidizer
Overall lambda=0.2
Hot producer gas Qlean producer gas
» | —— ——————»
+ Tars : ® I
|
I\
o M- - ————— - ====——c—c—o"
Oxidizer I Producer gas Mixing with Tars are converted |
| o — 5 adicals — into lighter |
| Tars (PAHs) hydrocarbons |
|
D N
| ®) |
I c1omHs |
| . » CO |
|
I 0:9014H10 d O C6H6 |
- —_— — > |
) Gasifier | OH |
Biomass | C18H12 HC=CH
—» =
| 0 o |
|
Oxidizer | OxidizerT :
—>
|
______________________ 4

Figure 2-1Tar conversion by flame generated radicals

2.1.2 Plasma enhanced cracking

Conventional gliding discharges are produced betwe® horn shaped electrodes placed in a relatively
fast gas flow in the direction of the flow. Thegputat the spot where the distance between theedes is
shortest, and spread by gliding progressively altvg electrodes in the direction of flow until they
disappear by themselves after a certain path. €igt gives a schematically presentation of the&t
process®”, with the gas flowing from the bottom (injectiomipt) to the top. In the gliding discharge,
highly energetic electrons are produced, which ltesm species like ions, secondary electrons, UV
radiation, radicals, excited molecules and molecwéh attached electrons. This reactive mediura, th
plasma, is in this project used for the conversibtar.

Arc
\ .

Injection Injection Injection

Figure 2-2 Start, life and disappearanrce of the GlidArc distjes

T Communication with Nesho Plavsic during the 200snieal IEA meeting for Bioenergy Task 33 on biongesification
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The GlidArc plasma is combined thermal and coldspia. About 20% of the energy is dissipated in the
thermal part and 80% in the cold p&ft The thermal part of the plasma is responsiblettier plasma
activity; in the cold part radicals are responsiiolethe removal of tars, similar as in the partaidation
process. The production of radicals in a plasmags® is facilitated by electrons in the plasma. The
energy level of the electrons must be high enongirder that molecular bonds can be broken andaksdi
be produced in the plasma. For the GlidArc protksesenergy level of the electrons in the cold pksm
revealed to be too low, as a result of which prdidacof radicals is restricted and in addition the
functionality for the removal of tars is too lowhd tar conversion in the GlidArc reactor was dutiests

at ECN at most 409%™ Another reason for the low conversion is that@ielArc plasma does not show
any selectivity towards hydrocarbons, not even withreasing temperature. As a result, tar-like
compounds as well as other hydrocarbons like methathane, ethylene and benzene are equally
converted®”, hence requiring significant amounts of energycimmversion of tars.

In contrast to the poor tar removal results in @emfuel gas, high conversions can be obtainethéor
removal of hydrocarbons like toluene and xylenaiif??. This can be explained by the fact that plasma in
air facilitates low-temperature oxidation. Oxygewlan particular nitrogen radicals play an impottasie

in this process, so the air is essential for thieiehcy of the plasma assisted hydrocarbon decaitipo.
Recent research at the TUe revealed that in abs#nuiérogen radicals, conversion is far less, fags
due to the fact that the oxygen radicals (unlikeogen radicals) can cause reformation of tars els ¥

the commercial plasma processes constructed.gythe Plasco Energy Grodfl the generated arc is
pushed into a furnace by means of air, hence agedtie right conditions. No results on the Plasemtp
are published though up till now. In producer ghs,hydrocarbons cannot be “ignited” as the reaatibe
with CO, or H,O is much lower than the reaction rate with airef|#fiore, the conversions are much lower
(109 An alternative to the GlidArc plasma is a thermlasma reactor, removing tars at high temperature.
An advantage of this plasma reactor in comparisith & thermal tar cracker is the fast and good
controllability of the temperature in the reactatheut diluting the gas with inert compounds like &hd
CO.,. Due to the high consumption of electric energwoke thermal plasma reactor, however, can not
compete energetically with a thermal tar cracker.

At the TUe research is done on fully non-thermaboo plasma for tar removal. The major advantage of
using non-thermal plasma is to do chemical conwarsf tars at low temperatures and solely relylen t
generation of high energy electrons which disseamplecules and thereby creates the necessarjwesact
environment. Experimental results have indicatedmete conversion of tar by pulsed plasma procgssin
at lower temperatuf®’. The investigations also indicate that the gaseousonment, e.g. the presence of
nitrogen, has strong influence on tar crackingtieas. As such, it can be expected that tar converis
producer gas becomes less, in particular for gasifproducing a gas with initial higher heatingueal
(figure 2-3).

Remaining fraction of C, H,

1.0
1\ 50%N +12%C0 +20%CO+17%H,+1%CH,
0.8
164 100%N,
044
0.2
0.0 L T T T !'_F T Tl T v
0 50 100 150 200 250 300 350
Input energy, J/1

Figure 2-3Naphthalene conversion as a function of energytifgnuthe corona

" The Plasco Energy Group completed a plasma-astevelemonstration plant in Ottawa, Canada at thié Roed Landfill, to
process 85 tonnes per day of municipal solid wisk3&V (www.plascoenergygroup.cgm
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The explanation for the conversion of tars beirsg lefficient in realistic producer gases mightdnfl in

the tar decomposition scheragy.that of naphthalene as presented in figuré®3-ahe H and OH radicals
can cause the desired decomposition of the nagiméahowever can also result in the reformation of
naphthalene from the intermediate tar radicals.ddethe more H and OH radicals one might expect
present in the producer gas, the less the tar csioveefficiency will be.

@i?
gg/

Figure 2-4Naphthalene radical decomposition scheme
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2.1.3 Catalytic cracking

Catalytic tar cleaning is potentially attractive ras additional energy input may be required andcéen
thermodynamic efficiency losses can be kept to mimim . Abu EI-Rub™ reviewed different tar
cracking catalysts (figure 2-5), with the advantaged disadvantages summarized in table 2.2 .

| Mineral | versus | Synthetic
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Figure 2-5 CIassificTation_an?types of catalysts used forréatuction
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In this paragraph three different systems for gétatar cracking are discussed, based on addition
catalytic materials to the bed material of the fj@rs(82.1.3.1) or application of catalytic bedspmoliths
or filters downstream the gasifier (§2.1.3.2 arid23).

Table 2.2 Summary of tar cracking catalysts advantages asddViantages

| Catalyst | Advantages | Disadvantages
Calcined Inexpensive and abundant Fragile materials and quickly eroded from
rocks Attain high tar conversion ~95% conversion withatoite | fluidized beds
Often used as guard beds for expensive catalysts
Most popular for tar reduction
Olivine Inexpensive Lower catalytic activity than dolomite
High attrition resistance
Clay Inexpensive and abundant Lower catalytic activity than dolomite
minerals Less disposal problems Most natural clays do not support the high
temperatures (>800°C) needed for tar
reduction (lose pore structure)
Iron ores Inexpensive Rapidly deactivated in absence of hydrogen
Abundant Lower catalytic activity than dolomite
Char Inexpensive Consumption because of gasification reactions
Natural production inside the gasifier Biomass char properties not fixed and depends
High tar conversion comparable to dolomite on biomass type and process conditions
FCC Relatively cheap but not cheaper than the above Quick deactivation by coke
More knowledge is known about it from the experi&nc Lower catalytic activity than dolomite
with FCC unit
Alkali Natural production in the gasifier Particle agglomeration at high temperatures
metals Reduce ash handling problem when used as a catalyst | Lower catalytic activity than dolomite
Activated High tar conversion comparable to dolomite Quicadliwation by coke
alumina
Transition Able to attain complete tar reduction at ~ 9002C Rapid deactivation because of sulfur and hich
metals Increase the yield of CO ang,H tar content in the feed
Ni-based 8 to 10 times more active than dolomite Relatively expensive
2.1.3.1 In bed materials

Natural minerals
Rock materials likedolomite and limestoneare well known as catalytically active bed materd, in
particular in their porous calcined form. Espegiathe dolomites are among the most active and most
widely used. They are comparatively active in @mwersion (up to 95%), cheap and are considerée to
disposable, which is surely advantageous and tptaims their popularity. The catalytic tar redocti

potential however strongly depends on morphologyofg (pore size, surface area) and content ofr othe
metals. Disadvantages are that the material isrdggaeous in nature (differing per region) and in
particular that it is soft and thus relatively higtirition rates can be observ&**!®” |eading to losses
and increased solids loads to the gas cleaninghé&unore, calcination is necessary for sufficient
reactivity which involves significant energy inpiteactivation of calcined rock material is attribdito(i)
carbon deposition an(i) re-carbonation when G@artial pressures are too high in the systeff. In

the 500 kW, air-blown CFB gasifier at Umsicht, Germany, opieigitat 910-920°C the use of fresh
dolomite led to tar concentrations in the gas afuak800 mg/r#, however used dolomite resulted in
values up to 2.5 g/, This in-time degradation effect is comparablehwite data published by Cutec
for their steam/@blown 400 kW, CFB gasifieP”. Here, also, it was indicated that compared tadesof
sand, dolomite showed the best reduction of tawéder, still values of 3.5 g/t were reported in the
raw gas, which is significantly higher than repdrtey Isingd®® concerning the Umsicht CFB gasifier.
Possibly this is an example of the heterogeneotgaaf the dolomite used; also the different caddi
could play an important role as an explanatiorttierdifference observed. Companies having usestjlbr
using the technology of in-bed use of calcined roekterial are TPS, Carbona Inc., Foster Wheeler and
Repotec (the latter at the Glssing plant in spetast campaigns).

ECN-E--08-078 17



Another naturally mineral with catalytic activitg dlivine sandwhich can be represented by the chemical
formula (Mg,Fe)SiO,. This mineral has also demonstrated tar converawivity at in-bed use, both in
atmospheric and pressurised fixed bed applicafiamsiomass and biomass-plastic mixtuf&s" 7l |t
appeared that giving a heat treatment to this ralmaaterial under oxidising conditions had a siigaifit
positive impact on its activit§®®*. Iron oxide, reduced and migrated to the outsfdmioeral particles is
believed to play an important role, although alsoi€considered to be important in this resf&ctThe
demonstration plant of Gissing uses olivine ascarbaterial, clearly showing catalytic activity,radugh
differences are observed in different batches aigihs of the materidl®. Research at ECR* revealed
that the mineral becomes more active after some tifroperation under reducing conditions, as wag al
observed by Rauch et!&. It was also observed that Austrian olivine isabatcally more active as a bed
material than for example Norwegian olivine. Thisshown in Figure 2-6, in which the carbon-in-tar t
carbon-in-wood ratio is presented at different fizetion temperatures. The difference between
Norwegian olivine and sand as bed material ondandtion is limited, whereas Austrian olivine (a2d
commercially at the 7000 hours per year runningsﬁir_l;sPlanﬂ%]) is active, not only for converting tars,
but also for converting methane, acetylene, angeig!%.

8

7

% x Sand
6 "y 33% steam

° = Austrian olivine

X u I 40% steam

» Norwegian olivine
30% steam

o Norwegian olivine
10% steam

(53]

Cintar/ C in wood
[wt-9%0]
w S
]

N
I

[y
I

700 750 800 850 900 950
Temperature
[T]
Figure 2-6 Effect of in-bed olivine on tar formation

The claimed advantage of olivine sand is its lowgrwhich is in the same order as of dolomite: eom
120 €/ton, in combination with a higher resistarzginst attritioff. Its claimed resistance against
attrition as compared to dolomite though is argeah$ the research at ECN showed that the activitye
olivine is strongly dependent on the porosity @& diivine and the migration of iron oxide to theside of
the mineral particle§®. High cracking activity might well be associateithMow resistance against
attrition, leading to losses and increased sotidgs to the gas cleaning.

Alternative minerals reported and tested to belytitally active includebauxite naturalaluming clay
minerals andron ore. One of the latter ones was tested at E&has well and showed comparable results
to Austrian olivine, although its catalytic actwitould be related to the associated oxygen trah&mon

the combustor to the gasification zone of the extigasifier via the circulating bed material. Ageneral
these alternative minerals show lower activity tiatomite and olivine or are prone to deactivatiena
result of coke formatiofd, they are not commonly applied as bed materials.

Metallic and metal oxide synthetic catalysts

Conventionalnickel steam reforming catalysts, designed for use iedfibed applications, have been
applied as in-bed tar converting catalysts. Howehey revealed not to be robust enough, as botk cok
formation and catalyst attrition led to rapid lagsactivity ™%, Coke formation is associated with acidity
of the catalyst surface and can be made less saiirehe help of (earth)alkali oxid€S. The catalysts
have been adjusted to cope with the abovementidisadivantages.g. by using nickel aluminates with
lanthanum and cobalt as promotéfs Test results of nickel-based in-bed measuresaforeduction are
not (yet) available, however up to 80% conversibtoluene as model tar component was achieved under
lab conditions. The Co/Ni molar ratio seriouslylirghced the conversion activity, showing the follogv
order: Ni-Al-La > Ni-Co-Al > Ni-Al®,
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Nickel has also been used to enrich the natura¢rairolivine, creating a hybrid between naturaleriat
and artificial catalyst, making it more stable thha conventional artificial catalysts. Using up4® wt%
of this material in an olivine bed led to about 78&crease of tar content in the gas. The cataysvead

no noticeable deactivation in two tests with adized bed biomass steam gasifier of 30 and 45 h,
respectively? 128I70l7s],

At the University of Tsukuba, Japanrwtheniumbased catalyst (Rh/CefSiO,) has been tested as an in
bed catalysf™PIeI"  The addition of the SiOprevented sintering of the catalyst, which washiggest
issue in tests with the Rh/Ce®ased predecessor. Although no long-term teste yerformed (yet), the
indications are positive for this catalyst as pcadly no coke formation is observed and tar cotredion

in the final producer gas is reported to be nelglai

2.1.3.2 Catalytic beds and monoliths

As with in-bed materials, natural minerals and rtietand metal oxide synthetic catalysts can baldee
tar conversion in downstream reactors. In this gra@h the progress made in tar conversion in
downstream catalytic beds and monoliths is summdris

Natural minerals

As described in 82.1.3.1 naturally occurring miteiae relatively cheap materials, and are disgesab
Their softness and attrition rate are downsidesoAthlorine present in the biomass fuel may resttt
CaO to produce Cagland thus reduce the catalytic activity A substantial amount of research on
downstream beds with dolomite and limestone has lseeried out worldwide by numerous companies
and research institutes. The Swedish Company TPl&aphis technology for tar reduction using cada
dolomite (together with oxygen) in a circulatingiflized bed situated downstream of the main aiwhlo
biomass CFB gasifiéf’. Other natural minerals applied for downstreanamiieg of tar components are
bauxite (ALOs/Fe0;), bentonite (CaO/ADy/Si0O;,) and other natural mixed oxidé¥. With inlet
concentrations of real tar of the 500 KWmsicht CFB gasifier, more than 95% conversiortan$ was
obtained with the dolomites and the bauxite, araliB5% with the bentonite.

Char

By using char as a catalyst for tar cracking a pheaterial is used that is already available igdar
quantities from the biomass fuel itself. At Twethiaiversity as well as Karlsruhe University testsreve
performed showing that naphthalene conversion®@t® were practically 100%. At 750°C with typical
air-blown gasification gas compositions conversidnmove 95% was obtained with only little char being
consumed’®®. Tests at ECN with the TRE® reactor showed though that although char was @ble
reduce tars (with approximately 75%) it was notyveglective for heavy tars. Performance could day
improved by applying more catalytically active bedterials like natural minerafg.

Metallic and metal oxide synthetic catalysts

Among the artificial catalysts of the transitiontaletype, applied in downstream beds, nickel basesbs
are the most popular. Most commercial steam refogneatalysts being supplied by for example BASF,
ICI, UCI, Haldor Topsge and Stidchemie all conthis €lement to a large extéht Corella et al®'tested
several commercial catalysts for the purpose ofmb&s gasification gas upgrading. They indicated
changes in the main gas constituents occurring thiéhformation and destruction of methane. When
applied at temperatures significantly lower thar0°@ sulfur species in the gasification gas had a
poisonous impact on the catalyst activity and aatieg effect on the required operating temperatfiteée
catalyst. Also, the commercial reforming catalysitenials are sensitive to other gasification gasetr
compounds, like alkali and chlorine species. Moegploss of material has been repoft8dFurthermore,
rapid deactivation due to coking has been mentitayettany researchers.

¥ TREC being the abbreviation of Tar REduction with ICha
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Worldwide a substantial amount of research work l@esn dedicated to investigation of conventional,
commercial nickel based catalysts, and only a speill will be mentioned in the report at hand.He t
Netherlands, at BTG commercial nickel based catsillgave been applied in a reverse-flow catalytic ta
converter (RETC) 4. Raw producer gas from a biomass gasifier is fethé reactor at a temperature
between 350 and 650°C, hence above the tar dewgihheated up at the entrance section to theedesir
reaction temperature of 900-950°C. The commerciatathlyst is placed in the centre section of the
reactor. Tar components, as well as light hydramastincluding methane, are converted into CO and H
Additionally, nearly all NH is removed. To counterbalance these endotherraatioms air is added to the
reactor (about 5% of the producer gas flow). Thialgat used has been tested for over 6000 hrs with
wood-derived producer gas. During this period nectable change in catalyst activity was obsereaty,
when extra sulfur was added. After stopping theitamiél sulfur supply the original catalyst activitvas
achieved again. In 2002, BTG implemented the deesloRETC together with a rotating particle
separator (RPS, §2.2.2) downstream a farm-scaltirpditter gasifier systen?®. The whole plant was
stopped in 2004 due to problems with the RBS

Research on monolith reactors with Ni-based codtagybeen performed at different locations in Eerop
Monoliths are ceramic blocks of parallel, straigh&innels on the wall of which a thin layer of cgtiaklly
active material is depositéd®". The honeycomb structure of these monoliths ttésrgas loaded with
particulate matter. Figure 2-7 shows a typical ntitmelement®*®?. Toledo et al®" concluded that with
coated monolith elements tar levels below 200 ifgfan be attained, but the lifetime of the monslith
very much dependent on the configuration that seh to ensure a temperature profile that prevésts
occurrence of too high or too low temperatureshat éntrance and exit of the monoliths. Also, the
feedstock should contain low alkali content, ofeatst the alkalis should be removed before reacthag
monoliths face, as stickiness problems can occertalthe presence of these trace metal species.

Figure 2-7 Tar reforming monolith and monolith reactor unit

At Umsicht the Ni-based monolith process was te$ted500 hours downstream the 500 kMZFB
gasifier, resulting in lower than 50 mg#mar levels, which were aimed &t. It showed no significant
deactivation, claimed to be also due to periodéacing of the monolith unit. The monolith catalysts
scheduled to be tested at the Giissing plintesults of these tests have not yet been publisheVTT
also a nickel based tar reformer is being developethe European FP6 project BIGPower the monolith
catalytic tar converter is positioned downstream 830 MW, Carbona (nowadays Andritz) pressurised
gasifier and upstream of a producer gas cooleraalogver temperature filter at the demonstratioa Bit
Skive, Denmark?. Slip stream testing at the Giissing plant in Aastevealed that almost complete tar
and considerable ammonia decomposition could béeweth over this catalyst at temperatures above
850°C. The initial tar content of the gas was hasveready relatively low, in the order of 1.5 ginThe
published information on methane conversf@rsuggest though that deactivation of the catalyst wu
sulfur poisoning was severe (within hours), and temperatures had to be kept high (above 900AT).
Skive, where similar low initial tar concentratiomsght be expected due to the application of doleras
bed material, commissioning of the plant with th&TVtar reformer has started, however the project is
delayed and the official opening is postponed 020 he delay reflects the inherent uncertaintgtesl to
large-scale demonstration of the new technofigy
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As an alternative to the nickel based catalysts) allot of R&D has focussed on catalysts baseidoor
palladium, ruthenium, cobalt, molybdenum, magnesiaride, zirconia or combinations of those.
Reported tar conversion efficiencies and catallfgimes up till now?*3 however do not suggest that
these catalysts are nearer to commercial implernentdnan the nickel coated monolith reactors.

2.1.3.3 Catalytic filtration

An alternative to catalytic in-bed materials or aaiveam catalytic beds is catalytic filtration. §hi
combination of ceramic gas filtration and catalytic cracking™ is being developed by among others Pall
(Schumacher) and Madison Filter (in cooperatiorhwitaldor Topsge) and is a method for particulate
removal from hot gases, as by using this methody#tseflow can maintain its sensible heat resuliting
higher thermal efficiency compared to the otherhods?. A filter to remove particles from fluidised bed
gasification processes is necessary, as cyclones (eultiple ones in series) are not good enough to
eliminate the smallest particulates, whereas fovrddream equipment this often is required (83.6.1).

In a two step approach of separated catalytic angcknd filtering, the disadvantage of placing thaéalyst
unit upstream the filter is the fast deactivatidrihe catalyst by particle deposition. The disadaga of
placing the catalyst unit downstream the filtethis necessity of having two (expensive) high terapge
process units as they should be operated abowartdewpoint. The catalytic filter combines the tissks

of tar cracking and solids filtration into a singdecess step. The (ceramic) filter candles areegmated
66]

with catalyst and can be compared to membraneaesa@ts shown in figure 2-By*147
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Figure 2-8Tar cracking catalytic filter and filter elements

The impregnation with catalyst is either done(Byapplying a catalytic coatindii) adding the catalytic
component to the ceramic grain and binder mixtur@ip by using a porous inner tube fixed at the head of
the candle to allow integration of a catalyst méetiayer®. Considerable success under the conditions
proposed, for ruthenium at above 900°C and forelitdetween 750 and 900°C, has been achieved, but
there is a fundamental limitation to the approattthat, at the temperatures required by the caslys
alkali metal compounds are mostly still volatile.s&cond, lower-temperature solids removal step will
therefore still be required after these componkat® condenséf’.

2.2 Physical tar removal

Physical tar removal is mainly done on the basiselettrostatic precipitators®?, rotating particle
separator§®, cyclone separators, filters (either baffle, fabor ceramic), or scrubbers (either water or
organic liquid basedj™". Many of these technologies are applied in contlinavith each other or with
catalytic tar removal technologies as often theyrat only removing tars, but also particulates likist
and non-tar components like NHas discussed in chapter 3). In the following geaphs, however,
mainly their application as physical separatorapo$ will be discussed.
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2.2.1 Electrostatic precipitators

Electrostatic precipitators (ESPs) are widely usedemove fine solids and liquid droplets from gas
streams. Although effective with liquid dropletisey prove inefficient when “tar” is in the gaseqimase.
This means that, when the target is the “tar” remholiigh-temperature operation should be avoided. |
such a case gas should be quenched before ESRguse 2-9). The basic principle of a wet ESP is ga
ionisation upon passing between a high voltagetrelde and an earthed (grounded) electrode. The ions
are produced in a corona discharge and attach #teessto dust particles or droplets of tar and wate
Particles and droplets become charged and aretatiréo the grounded electrode due to the eleibiit.

The precipitated dust and droplets flow to the dratbf the ESP where they are collect8d Only wet
ESP can be used to remove “tar” from biomass @gasifas, because “tar” condensation on dry ESPs
precipitation electrode would progressively inhittrticle removaf®.

NH
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QUENCH ESP SCRUBBER
Power
supp|y Watgr
Quench | from stripper Producer gas
water 3 T TO GAS ENGINE
- e =,
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I
Product gas |
T \T/ Water to stripper
Tar/water/dust
Condensate N
(water and tar)

Figure 2-9ESP based tar cleaning

Wet ESP has successfully been applied for elestrigtneration with gas engines downstream an updraf
gasifier in Harbogre (82.2.5), where the gas isigbed with water, and downstream a downdraft gasifi
in Wiener Neustadt, where the gas is quenched RME (82.2.6). At ECN, a wet ESP was installed
downstream a circulating fluidised bed gasifierhwivater quench and also here, the ESP efficiently
removed dust and condensable tar droplets fronpribducer ga&°”. The wet ESP at ECN therefore was
also integrated in the oil gas washer OLGA for reimg dust and tar aerosols downstream the collector
column (82.2.7). The wet ESP is often integratethéntar scrubbing technologies.

2.2.2 Rotating particle separators

The rotating particle separator (RPS) uses a ngtatylinder, which is centred in a single cyclofmae
RPS was successfully implemented for de-dustirfuefgas in combustion systems without associated t
and lead to research on tar removal via RPS as. Well tar removal research two methods were
considered, one based on condensation of tarsubsguently removing the droplets of condensed tars
from the gas and the other based on injectionsofieent and subsequently capturing saturated sofen

For cleaning of producer gas with the RPS operaitindry mode, useful practical experiences were
obtained at the ETH in Switzerland. The RPS watally tested as a dust filter operated at tempeest
above the tar dewpoint downstream a downdraft igasilthough the filter operated successfullydiit

not capture tars as the operating temperaturecoR®S was above the typical tar dewpoint of a doafhd
gasifier. During operation of the RPS in dry modethe removal of organic contaminalif§ separation

of heavy tars was observed to be better than éother components, however very limited with reiduc

of 30 to 70% reached at temperatures between 180 40fC. Research on tar removal with a (wet) RPS
at ECNP® operated at a low temperature, at which water fitvenproducer gas condensed, revealed that
the filter element of the RPS blocked by in patticineavy tars within hours after start of thegdfigure
2-10). Cleaning of the filter element by continuauster spray was not sufficient. Although RPS could
effectively remove dust, tar aerosols ands;Nthe fouling issue with heavy tars caused theareseon
RPS to be stopped.
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Figure 2-10  Rotating particle separator before and after tegtat ECN

BTG went on developing and implemented an RPS hegetith their own developed RFC (§2.1.3.2)
downstream a farm-scale poultry litter gasifierteys®. The whole plant was stopped in 2004 due to
problems with the RP&!

2.2.3 Cyclone separators

Cyclone filters or centrifugal force separators @s®m mechanical technologies that can potentimlysed

for tar removal. These technologies operate orséimee principles as those for particulate remoahgu
centrifugal force to separate solids and aerosols fjases. The technologies are best suited fovieg
larger particles, typically those with diameters Sfum or greater. In practice, cyclones and related
centrifugal separators are not used for tar removliomass gasification systems, although intehest
been expressed in the use these types of sy&difis The combination of particulates and sticky tar in
the gas stream, however, creates a deposition tfrialaon cyclone surfaces that is difficult to @ in
normal operation. Even if particulates were remopddr to tar condensation, cyclones are ineffecav
removing small-diameter tar aerosols that includeemal below 1 um size. As a result, cyclonesnatea
practical means of removing tars from raw biomassifigation product§”.

2.2.4 Filters

Over the years filters of various types have bessdun biomass gasification systems for tar remoMad
tars are captured by impingement of condensed aleras the filter surface. In contrast to solid
particulates like dust, tar is more difficult taweve from the filter surface as it exists in a higbcous
sticky liquid form. These differences in charadtics make many filters less suitable for tar reahdlran
for particulate removal. Up till now filters, inaing fabric bag filters and ceramic hot gas filtesse
generally inappropriate for tar remo¥4l, unless coated with a tar cracking catalyst (8221and 2.1.3.3).

Application of packed or granular bed filters haet more successful historically for tar removal an
even common practice in small scale gasificatiostesys constructed during thé® 2vorld war. The
packed or granular bed filters consist out of ggasuch as sand, (lignite) coal or activated carloon
sawdust. In some experiences with granular beerdilfor the removal of tars as well as particlesnfr
biomass fuel gases are presented (tabld®3.3)

Table 2.3 Experiences with granular bed filters for tar rerabfrom biomass fuel gases

| Filter material | Particles removal | Tarremoval | Tar definition
Sand 73.0-99.8 % 50-97 % Heavy tars
68 -98 % 16 EPA PAH
97 - 99 % Phenols
Sieved lignite coke Not determined 50 -97 % Heavy tars
100 % 16 EPA PAH
Saw dust 94.0 - 99.5 % 83-85% Condensables at 5°C
50-67 % Condensables at 5°C plus PAH
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While packed or granular bed filters provide adeéguiltration of tars, they still create operatibna
problems related to cleaning the filter as welt@svaste disposal. These filters may be appropfate
small systems operating in remote locations whegour is inexpensive, but they are not being
incorporated into designs for larger-scale comnaéffeicilities due to operational and cost consitlena,
unless as final guard b&d.

2.2.5 Water scrubber

A water based scrubber tar removal technology lea® Iin operation since 2000 at the Harbogre updraft
gasification plant in Denmark, operating on wooibsK®. The technology has also been licensed to the
Japanese company JFE and the German company ReiaeltiechniR. The producer gas from the
reactor contains about 80 gfof various tars and acids. The gas temperatuastoeam the reactor is
about 75°C. The producer gas is cooled seriallyutin two district heating shell and tube heat exgbes
in which a large amount of tar and water is separtdgether with most of the particles. Followihgstthe
gas is cleaned for remaining water/tar aerosolsdust in a wet ESP (82.2.1). After these procetses
contents of tar and dust are both below 25 mg/amd the gas is suitable for fuelling gas engines
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Figure 2-11  Process scheme of the Harbogre process with watsdtar scrubber and wet ESP

This water based scrubbing technology results ihuge amount of tar-contaminated water. At the
Harbogre plant every 1 kg of wood chips gasifieslilts in approximately 0.6 kg of waste wdt8rThis
water is separated in a coalescer ififtdheavy (high molecular) tars having a net calonfiue of about
27 MJ/kg (approximately 8% on a weight basis) &éijdwater contaminated with light (low molecular)
tars and acids. The heavy tar is stored in a 150emfed tank and part of this tar is used forididtieating
peak load firing in the oil/tar hot water boilethd bulk water fraction can not be discharged bexabgs
phenol, total organic carbon (TOC) and acid condéeat therefore cleaned in the tar water cleanistesy
(TARWATC).

The TARWATC uses hot water from the engine exhaogers to evaporate the contaminated water and
to separate the light tars (having a net calovifiie about 14 MJ/kg). The slightly contaminatezhst is
heated in counter-flow with clean steam from theRMAATC reactor to a high temperature before
entering the reactor. The temperature is furtheneimsed by burning part of the light tars insidergmactor.
The clean steam is condensed in a district heatomed condenser and fulfils the environmental
regulations for discharge into municipal systéfhs

Although the water based scrubbing technology isabke of cleaning the gas sufficiently for some

applications® and the Harbogre plant operated 8000 hours in B80the scrubbing technology shifts
the tar problem to (expensive) treatment of waster/d.
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2.2.6 RME scrubber

As an alternative to water based scrubbers oil wastbe applied as well. This has been done suatigss
downstream both the indirect gasification proces&iissind“®! and the downdraft gasifier in Wiener
Neustadt, with the latter one having a wet ESRullest as well to capture tar aerosols (82.2.6) hdtit an

ESP installed, filters would be required for renmayithese aerosols before the gas can be appliggt in

gas engines.
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Figure 2-12  Process scheme of the FICFB process with RME basesdtrubber

The tar is almost completely removed by the scruhisng rapeseed oil methyl esther (RME) as a
medium. After phase-separation of the condenséie, RME saturated with tar is recycled to the
combustor of the indirect gasifier, which meang tiwliquid waste stream is produced. In orderda@ble

to apply RME as scrubbing liquid, though, the alittar concentration in the producer gas has to be
relatively low, as otherwise the required amounRME would be too large. At the Glssing plant, tre
concentration of the producer gas therefore is qeduo approximately 2.5 g/fnby using olivine as
catalytic bed materidf®. Furthermore, the RME contributes significantlytiie total ecological impact of
the gasification proce&¥!. Application of the oil based OLGA tar removaltieoclogy (§2.2.7) instead of
the RME scrubbing technology reduces this negatifert of scrubbing liquid consumption, as hardiy a

oil is consumed during operation.

2.2.7 OLGA

The oil gas washing technology OLGA developed byNE&Bd Dahlimaff”®® is based on a multiple stage
scrubber in which the producer gas is cleaned lgiapscrubbing oil. In the first section of OLGHé¢
collector, figure 2-13) the gas is gently cooledvddoy the scrubbing oil. Heavy tars condense aed ar
collected, after which they are separated fronmstirebbing oil and can be recycled to the gasifiesrder
to serve as feedstock of the gasifier. As only &aes recycled to the gasifier, the amount of scndpb
liquid used is not limited like in the RME scrubbitechnology (82.2.6) and hence higher tar loadken
producer gas are acceptable. In the second stage®A (the absorber / stripper), lighter gaseous taie
absorbed by the scrubbing oil. The tar-laden oileigenerated in a stripper. In case of an air @arst
blown gasifier hot air is used to strip the tarsthé scrubbing oil. This air loaded with light $acan be
used as the gasifying medium in the gasifier. Hetiwestripper column design is not only basedhentar
removal capacity but also on the amount of air tiaait be used by the gasifier. All heavy and ligi$ tan
be recycled to the gasifier where they are destcliand contribute to the energy efficieHéy Tar waste
streams are efficiently recycled this wa.

The OLGA technology has been demonstrated dowmstdifferent gasifiers operated on a variety of
fuels at ECN and in Moissannes, FraffteDahlman is realising an OLGA tar removal systemn d
gasification plant which will use 1 tonne per hofirchicken litter and/or forest residues as feetstéit

this moment, the plant is in the engineering phésis. scheduled to be started in the autumn 0f9200
Furthermore, Biomass Gas & Electric, SilvaGas, Bam and Solar announced that they are working
towards the realization of an advanced biomassicaison plant, scheduled for completion in 2d1.0

V' The gasifiers at ECN include CFB, BFB and indirectifiagion processes, whereas the plant in Moissansdased on a
special updraft gasifiét’. Feedstocks used for testing include wood, grage and more recently fluff. More information can
be obtained from the Dahlman OLGA technology weehaiww.olgatechnology.com.
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Figure 2-13  Process scheme of the OLGA tar removal technology

ECN operated and tested two aqueous systems andildn@sed system, OLGA, downstream their 500
kWi, air blown circulating fluidized bed gasifier, praging a producer gas with an initial tar load oft@0
20 g/m3 on dry basi¥!. In figure 2-14 the tar removal efficiency of teee tested gas cleaning systems is
compared®.
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Figure 2-14  Comparison of scrubbing based tar removal techrielog

In the aqueous scrubber the gas was not on smficfor a gas engine. With the addition of a W&P

the heavy tars were almost completely removed lb@adar dew point decreased to 60°C. The producer ga
could be applied in a gas engine, but the systdfarsd from wastewater problems. The OLGA removed
the tars almost completely. The tar dew point veiced well below a temperature of 10°C. The water
condensate did not contain phenols and the gad teuhpplied in a gas engine.

26 ECN-E--08-078



3. Non-tar components

Whereas tar formation is mainly caused by the djpgraconditions of the gasifier and less by the
composition of the biomass feedstock, for non-tangonents the situation is reversed. The elemental
composition of the feedstock therefore determihesbasic requirements for gas cleaning downstréam t
gasifier.. Table 3.1 shows an indicative compositd several biomass feedstocks taken from theliBhyl
databas&"® and shows for example that for non-woody biomekkrine, sulfur and ash fractions are
much higher than for woody biomass. The use of guels will therefore most likely require additidna
gas cleaning measures to overcome either emisgioblems, corrosion issues or contamination of
downstream processas( catalyst deactivation, oil degradation, ...).

Table 3.1 Composition of several biomass feedstocks

‘ ‘ H ‘ ‘ ‘ ‘ Ash H,O
(Wt%qa (Wt%qa (Wt%qa (Wt%qa) (Wt%qa) (Wto/odaf) (Wt%qb) (Wt%y)

[ Untreated wood [ 488 | 6,0 || 446 | 04| 0,03 0,07 1,4 12,8
| Treated wood [ 50,7 | 6,1 | 41,7 | 1,2 | 0,11 0,04 2,7 17,8
| » Demolition [ 494 | 59 | 431 | 0,9 | 0,08 | 0,05 | 43| 18,9
| « Impregnated [ 525 | 6,2 | 40,4 | 0,6 | 0,17 0,11 1,5 23,5
| « Particle board [ 501 | 6,2 | 41,6 | 2,2 | 0,08 0,03 2,3 111

| Grass [ 49,2 | 6,0 | 435 | 0,9 | 0,16 | 0,38 3,6 15,4
| Straw [ 505 | 61 | 41,3 | 11 | 0,15 | 0,48 10,9 6,1
| Manure [ 518 | 64 | 342 | 4,4 | 0,85 | 1,41] 32,9 45,7
| « Poultry | 482 | 56 | 348 | 6,2 | 0,74 | 0,73| 19,6 30,1
[ »Cow [ 831 | 68 | 349 | 2,6 | 0,95 | 1,66 | 437 14,9
[« Pig [ 541 | 68 || 330 | 43 | - 1,84 | 354 92,1
[ Sludge [ 502 | 72 | 397 | 2,9 | 1,00 | 0,30 25,3 25,3
| » Food industry [ 528 | 8,1 | 39,9 | 1,0 | 0,77 0,04 9,3 7,8
| « Paper [ 492 | 6,0 [ 431 | 1,1 | 0,45 0,43 33,3 36,8
| *+ Sewage [ 485 | 75 | 36,2 | 6,7 | 1,87 0,53 334 31,2
| Refuse Derived Fuel | 51,8 | 7.2 | 39,3 1,1 0,40 0,39 150 25,0

| Municipal Solid Waste | 56,0 | 51 | 26,6 | 1,2 | 0,50 1,13 9,63 | 34,8

In this chapter, the different gas cleaning tecbgigs for non-tar components are discussed. Aldaded

is a paragraph on unsaturated hydrocarbons séiemt in the producer gas after tar removal, asethe
components have a significant influence on dowastreynthesis processes, for example on methanation
towards Substitute Natural Gas (SN®)

3.1 Chlorine

Chlorine compounds are present in most biomasssteeks, though sometimes chlorine concentrations
are extremely low (table 3.1). When present in doation with ammonia, it can form ammonium
chloride (NHCI), which at high temperatures is in the vapousga but below 250-280°C becomes solid
and presents a fouling risk for downstream proséesyzs. When dissolved in (condensed) water it besom
highly corrosive. Similar problems occur in comiiioa with metals present in the feedstoekg.
potassium and sodium. Although not part of the gaaning, it is mentioned that chlorine can play a
significant role in bed agglomeration issues arat its concentration in the producer gas increasts
increasing temperatures of gasificaffdh

¥ The Phyllis database: www.phyllis.nl
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3.1.1 HCI

HCI removal processes can be categorised in twopgradry and wet process®s In the dry process, the
chlorine is removed with an adsorbent, in the wet@ss with a scrubbing liquid. Fdry removalof HCI,
two types of adsorbents are commercially availatdesodium carbonate (N&O;, NaHCQ) and calcium
oxide (CaOY*®.. For the cleaning of producer gas, CaO is ledsisiei as it reacts with GOThe CQ does
not influence the performance of Na-sorbents whaptied in the temperature range of 300 to 600°& Th
optimum temperature for the reaction was found ¢obetween 400 and 5009, at which HCI
concentrations in the producer gas can be redackelow 1 ppm¥?*.,

The wet scrubbingprocess is usually based on either water or aticawater solution. The amount of
water normally present in the producer gas shoeldlide to remove 500 ppmv of HCI from the gas when
condensing. If it is not allowed to dispose thedmsate onto surface water, additional water treatm
(e.g.an ionic exchanger) has to be implemented, whizhidcmake the cleaning system rather expensive
M The alternative would be to use a caustic scrubitiés will not only remove HCI effectively, butsa
other components present in the producer gas liRg COS and K5 ®®. The products formed are all
stable salts:

HCI + NaOH-~> NaCl+ H,0O (eq. 1)
CGO, + 2NaOH~»> N&CO; + H,O (eq. 2)
H,S + NaOH-> NaHS+ H,O (eq. 3)
H,S + 2NaOH~> NaS+ 2H,0 (eq. 4)
COS+ 2NaOH~> NaS+ H,CO, (eq. 5)

The reaction with C®should be avoided, as the formed carbonate salaHaw solubility. By having
limited residence times, this reaction is avoidEde reactions between NaOH and HCI as well 88 H
occur relatively fast; hence it is possible to aghia high selectivity towards HCI and3Hwhile limiting

the CQ removal from the producer g&3. For CQ removal a more optimal removal technology may be
applied.

3.1.2 Dioxins and furans

Dioxins and furans are emitted in all thermal psses, where the combination of an inadequate @oces
temperature (<850°C), the presence of chlorine ai as insufficient concentration of oxygen and
residence time (<2s) allows aromatics to form andlavive®. Dioxins, or officially polychlorinated
dibenzodioxins (PCDD, figure 3-1), are a group ofyghalogenated compounds which are significant
because they act as highly toxic environmentalupatits.

0
Clin Y -Cl
N 0 Z

Figure 3-1General structure of polychlorinated dibenzodioXiR€DD)

Dioxins can be removed from gases through absafatiisorption in a polymer material. The ADIOX®
technology developed by the Forschungszentrum Kemsand Gotaverken Miljé uses polypropylene
(PP) doped with carbon particles. The processsgdban the high affinity of dioxins to carbon - wiha
contact, the bond between dioxins and carbon ig steong. By dispersing small particles of carborfPP

a dioxin molecule present in the flue gas is fabsorbed into the PP, where it migrates to a carbon
particle, on which it is very strongly adsorbedrected to its surface). The plastic material asta
selective filter with a preference for moleculdeldioxin!**.

An alternative for the removal of dioxins is the lbased scrubbing technology OLGA, as discussed in
§2.2.7. Duration tests with OLGA for the fuel caifid gas engine application revealed that dioxingwe
removed together with tars to a sufficiently lowde (below 0.1 ng/m3¥°. Considering the general
structure of dioxins (figure 3-1) this does not @oas a surprise. The OLGA is designed for cleattieg
producer gas, however might be applied for cleadingins from gases as well.
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A third alternative for the technology based onboar adsorption is catalytic destruction of dioxin
compounds. For flue gases, this is a commerciaijlable technology. The CRI system for examplesuse
a specially developed catalyst to convert dioxmghe presence of oxygen to a mixture gOHCG, and
HCI. The specific CRI dioxin destruction catalygieoates at temperatures around 160*!C Dioxin
removal straight from the producer gas (with nogety present) is not possible with this catalyst.

3.2 Sulfur

The sulfur in the biomass is mainly released # &hd COS, and only in small amounts as organfarsul
(mercaptanes and thiophenes). The operating tetoperaf the gasifier mainly determines the exatibra
between the sulfur components. The organic components, in particular mercaptaaes unstable at
high temperatures, however presence of organicirsaliould not be forgotten as it results in issines
downstream processes (emissions, catalyst deactiyaind often is not removed by conventiongbtnd
COS removal technologies. Table 3.2 provides amrvese of the pros and cons of different sulfur
removal processes. In paragraphs 83.2.1 to 3.8sgthre discussed in more detalil.

Table 3.2 Pros and cons of sulphur removal processes

| Technology | Pros | Cons | Effecton organic|S  EffecCon
Dry sorption / | Limited effect of Waste production, Also effective for High H,S selectivity
reaction pressure, wide variety | regeneration results in | thiol compounds,
of absorbens available | sulphur rich waste gas | unsure for thiophenes
Physical Commonly used, High pressures Removes all organic Removes also CO
absorption solvent regenerable, required, removes HC | sulphur compounds
removes HCN and Hg | as well, high OPEX
Absorption in | Relatively simple, Corrosion, high heat Partially effective with | High H,S selectivity,
alkali solution | commonly used consumption for amines, with KCO; amines however also
regeneration only traces remove CQ
Liquid Results in elementary | Large equipment, low | Also effective for High H,S selectivity
oxidation sulphur quality sulphur thiols, not for COS
Adsorption Regeneration results in Also effective for some | High H,S selectivity,
sulphur rich waste gas | organic sulphur can however also
compounds remove CQ
Biological Mild conditions, Functionality unsure for| Unknown High HS selectivity
removal limited CAPEX HC containing gas
3.2.1 H»S

The removal of KBS is often coupled to GOemoval. Koh*® gives general guidelines for a preliminary
screening for a k& and CQ removal process, grouping theSdremoval processes into six types. Table
3.3 gives the list and also suggests the prefeareds of application for each process type. This is
particular of interest as conventionalSHremoval technologies might be less interestimgH& removal
from biomass based producer gases due to thevedyasimall amount of k6 present.

Table 3.3 Guideline for HS removal processes

| Plant size Partial pressure Sulfur removal capacity
| Absorption in alkali solution > 25,000,/ <7 bara > 10 ton/day
| Physical absorption > 25,000,3n > 7 bara > 10 ton/day

| | |
| | |
| | |
| Liquid oxidation | > 25,000 gh | < 7 bara | < 10 ton/day
| | |
| | |
| | |

| Dry sorption / reaction < 25,000,#h <7 bara < 10 ton/day
| Adsorption < 25,000 gh <7 bara < 10 ton/day
| Membrane permeation < 25,00Q%h > 7 bara < 10 ton/day

Vi CRI catalysts: www.cricatalyst.com
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Both absorption in an alkaline solution (chemisiampty e. g. aqueous diethanolamine, NaOH solution)
and in a physical sorbeng.§. poly ethylene glycol) are suitable for treatingtiivolume gas streams
containing HS and/or CQ to below 1 ppmv. However, physical absorption psses are not
economically competitive when the partial presssriew as the capacity of physical solvents israrsj
function of partial pressur€®. The boundary line between physical and chemiadlests is
approximately 7 bar&’.

Solid sorption is applicable to low quantities ofS1 Suitable adsorbents are oxides of Fe (~1 ppkin),
(~5), Zn (<0.3), Cu (<1) and Ca (~50), with theafirH,S concentration achievable reported between
brackets. Operating temperatures are between 356G0fC, except for Ca and Mn (up to 1000°C). Most
sorbents cannot be regenerated and must be dispfieetbeing used, although regenerative processes
under development. Adsorption with molecular sigges viable option when the amount of sulfur isyve
low and the gas contains heavier S compounds @sichercaptane and COS) that must also be removed
9 The effect on thiophenes, however, is limited.

Membrane permeation involves the separation ofviddal compounds on the basis of the difference in
their rates of permeation through a thin membraagidr. In general membranes for,SH4removal

(< 1ppmv) are applied for small-scale plants wids&s containing a high,8 concentration. The capacity

is accomplished by using proportionately increasinghber of modules. Therefore, the process does not
realize the economy of scale and becomes econdynieas competitive with absorption processes as th
plant size is increaséd.

In general HS can be recovered as elemental sulfur, S, by wsibiglogical process or by the reaction
with SQ, %, The standard technology for recovery of concéstra}S to elemental sulfur is the Claus
process. Normally this process is operated partl@hysical or chemical absorption/desorption pssc
like the Rectisol process or alkanol amine procestke Rectisol or alkaline amine process remaves t
H,S from a diluted gas stream. The gas from the g@é&sarstep is concentrated with,$ and can be
applied in the Claus process for the conversiohl/& to elemental sulfur. In general the Claus process
will be too expensive on the small scales assatimtdiomass applications. Even for large scalenbiss
gasification facilities the amounts of sulfur aireited, unless typical feedstocks like MSW, RDF nunge

or sludge are applied. Alternatively to the Clauscpss, HS can be easily and economically converted to
elemental sulfur by biological processes, usingragmganism to convert’Sto elemental S. The 43 can

be removed in an alkaline scrubber from the gas.cffemically absorbed,H can consequently be fed to
the biological reactor where the,;&lin the solution is converted into elemental sulfith the bacteria
present in the reactor. The THIOPAQ process by &gffliis an example of such a biological process.

3.2.2 COS

Carbonyl sulphide (COS) is an organic sulfur conrmghuhat can not be removed efficiently by physical
or chemical removal processes. ThermodynamicalyS@vill shift towards formation of §$ though as
the gas is cooled down to a low temperature. Aasatgmperature of 200 °C, thermodynamically there i
no COS present. This implies that it is possiblecemvert COS to bE. Catalysts applied for this
conversion include activated alumina, titania ammaha and Mo/Co catalyst. The ZnS product from the
absorption of HS with ZnO also catalyzes the COS conversion weahydrogenation reaction. So, when
the ZnO bed contains ZnS, COS can be convertedHsgowhich is, subsequently, adsorbed by the ZnO.
As such, an upstream catalyst for the removal 0B@@uld not be necessaty.

3.2.3 Other organic sulphur compounds

The principal organic sulfur compounds that ares@né in the producer gas are carbonyl sulfide (COS,
83.2.2), carbon disulfide (G mercaptans (RSH), thiols (G8&, GHsSH), thiophenols (§HsS), and
thiophenes (aromatic sulfue.g. C,H;S). The organic sulfur compounds are much lessicadhthn
hydrogen sulfide (58) and are therefore not effectively removed byeotional alkaline solution based
H,S removal technologies. Physical solvents, howeayengrally show a very high solubility for organic

Vil The THIOPAQ process by Paques: www.paques.nl
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sulfur compound§®. The absorbed organic sulfur compounds end upénseparated acid gas stream.
Although effective for contaminant removal, thedeygical solvents often also remove considerable
amounts of valuable hydrocarbons, among which @lis@ll) amounts of CiH As such, they are often not
preferred.

For high-efficient processes,g.the synthesis of ammonia, substitute natural gethanol, and other
chemicals, catalytic conversion of the organic wulfompounds is more interestiftf. In catalytic

conversion, the organic sulfur is hydrodesulfuriagostream the $$ removal into HS via either

hydrogenationd.g.equation 1 to 4) or hydrolysigs.g.equation 5 and 6):

CS+2H, > C+H,S (eq. 1)
COS+ H2 > CO+ st (eq. 2)
RCH,SH+ H, > RCH; + H,S (eq. 3)
C4H4S + 4H2 > C4H10 + HZS (eq. 4)
CSZ + ZHZO > COZ + 2H28 (eq. 5)
COS+ Hzo > COZ + HzS (eq. 6)

The first hydrogenation reaction (equation 1) desti@ates the risk of carbon formation. The firstabaits
used commercially for hydrodesulfurisation at thegihning of 1900 were based on nickel sulfide
catalysts, followed in the mid 1900’s by coppeonir zinc, cobalt, or nickel thiomolybdates. All wer
operated at temperatures between 300 and 450°CtdCthe deposition of carbon the catalysts haveeto
regenerated on a regular ba$is

Nowadays, most hydrodesulfurisation (HDS) catalgsts based on cobalt and nickel and molybdenum
oxides on an active (possibly titanium enhanceainala base (Al-Co-Mo and Al-Ni-Mo). These catalysts
are effective at decreased volumes of catalystgelsaasis well as at sudden change of sulfur contehige
operated at temperatures between 250 and 400°@tagldvated pressure (up to 40 bar). Prior to tiee,
oxidised catalyst has to be sulfid® as the active phase in the operating catalytsteisCo-Mo-S or Ni-
Mo-S phase. This sulfidation will normally take géaby exposing the catalyst as delivered to thenabr
operating conditions in the plante. the sulfur for sulfidation is supplied by the feedd at the
concentration at which it is availabfd. The CoMo and NiMo catalysts are mainly develofedfossil
based technologies and are commercially availatdm fthe leading catalyst suppliers such as Haldor
Topsge, Sud Chemie and Johnson Matthey. Applicatidhese catalysts for biomass based processes, as
done by ECNPOIT4ONI0S gng pg|I4SEIIe] jn - their SNG development, might cause some issues
concerning the sulfur and olefins concentrationghi@ producer gas and the relatively low operating
pressures.

If the sulfur content in the feed is constant and low, the stablieir concentration in the catalyst and thus
the activity will be low. Although normally not potematic, the catalyst may not convert organicwsulf
sufficiently during a short period if the concetiva suddenly increases. The catalyst will havbadully
sulfided before the slip of organic sulfur will gmwn agairt®®. If the olefinsare hydrogenated as well,
this exothermic reaction will cause a significagmiperature increase over the HDS reactor. As stich,
might be necessary to lower the inlet temperatfirde HDS reactor; however this will have a negativ
effect on the HDS of the organic sulfur compoulifls The low operating pressuresompared to the
normal operating conditions for which the HDS optd are designed (10 and 40 bar) also has a
significant influence on the HDS catalyst activigxperiments with a Ni-Mo/SiQOcatalyst at different
temperatures and partial pressures showed a sgmifeffect of both parameters on the catalytio/iagt

as is illustrated in figure 31211061

ECN-E--08-078 31



Thiophene Conversion
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Figure 3-2Catalytic activity for thiophene HDS versus thiopadpartial) pressure

3.3 Nitrogen

Nitrogen present in the producer gas originatdseifrom the feedstock (typically ending up in fhem

of HCN and NH, partially as pyridine, in the producer gas) anfrthe gasifying agent (in the form of N
in case of air-blown gasification, HCN and Nkésulting from molecular nitrogen can be neglectét
Compared to coal based gasification, the HCN cdnagons in the biomass producer gas are rougldy th
same (~20 ppmv), the NHoncentration, however, can be significantly higlup to thousands of ppmv
compared to up to 40 ppmv for coaff*”.

The presence of NHas well as chlorine in the producer gas might ltaauthe formation of NHCI, a
chemical that becomes solid below 250-280°C andemts a fouling risk”. Ammonia in the presence of
H,S can result in formation of ammonium(poly)sulphiddich solidifies at temperatures below 150°C.
HCN is reported to be a potential contributor te tkeactivation of for example FT catalysts When hot
producer gas is used to generate electricity igirdted gasification combined cycle (IGCC) poweants,
both NH; and HCN will partly be converted to nitrogen ox8d&Q,) which are difficult to remove and are
highly undesirable as atmospheric pollutants. RexthovNH; and HCN is therefore often required.

For NH; removal either catalytic destruction or wet scinblzan be applied. Catalytic destruction of ;NH
is possible using catalysts similar to those useddr cracking or hydrocarbon reforming. Dolomité;
based steam reforming catalysts as well as Fe-lzzdatysts have all been reported to be able tvazdn
NH; at temperatures of approximately 900%#4%] Using these catalysts, destruction of >99% of the
NHs is possiblé®. Although this combined tar and NiFemoval has the potential to remove both tars and
NH; from the producer gas while maintaining the hefathe producer gas, commercial tar cracking
systems at this temperature are still under devedop (82.1.3).

Ammonia may also be removed from the producer gasvdt scrubbing. The main problem with wet
scrubbing is the presence of tars in the produasy which end up in the water as well. At the Harlo
plant the tar and NHcontaminated waste water is treated in the taem@eaning system (TARWATC)
78] (§2.2.5). More ideally tars and Nldre removed separately in order to avoid contaisimaf the water
with tars. However, this requires the removal oftefore the wet scrubber to such a level thataheew
point is well below the operating temperature & tater scrubberi,e. well below approximately 30°C.
The oil scrubbing technology OLGA (82.2.7) is cdpabf doing this and therefore allows downstream
implementation of a “conventional” water scrubbsygten®. The NH is soluble in water and can either
be neutralised with acids to form ammonia salts)\veaed biologically into M or stripped from the
scrubbing water.
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In the latter case, the stripper air containing ity can be recycled to the gasifier to be converte,to
and HO. This conversion requires a temperature abové@@0Dorder to reach over 50% conversion and
is nearly complete (>90%) at 850F¢&. The presence of oxygen or air at the injectiomtpwill lead to a
much higher rate of NHdestruction than observed for pure thermal cracKirests at ECN also revealed
hardly any NH was converted to NO

When applying a biological process to clean theilstming water e.g. via the ANAMMOX® process,

bacteria convert NHinto N, via a combination of nitrification and de-nitriéiton reactions (figure 3-3).
In 2002 the first full-scale plant was started nphie Netherlands and at this moment four instafiatare

operational™.The process can be used for the removal of ammonmiith a relatively high ammonium
concentration (>100 mg/l), however the bacteriggliad are sensitive for hydrocarbon pollution.

Denitrification

CH,OH N,
NO, NH,*
Anammox”®
NO.
02 02
Nitrification

Figure 3-3Biological ammonia removal

3.4 Carbon dioxide

Removal of CQ from the producer gas may be necessary for vareasons. In combination with water,
it is for example highly corrosive and rapidly degs pipelines and equipment unless it is partially
removed or exotic and expensive construction naltedre used. Furthermore, for specific proceskes |
methanol and FT diesel synthesis the inert @f@sent in the gas will require higher overall rapiag
pressures. Within the framework of the EOS-LT cotigm project “Biomass gasification and gas
cleaning” though, the removal of G& mainly done for the purpose of producing (sitil&t natural) gas
with a high enough heating value to comply with stendards of the conventional application of tas g
and (to a lesser extent) the purpose of carborucaphd storage (CCS).

For CQ removal a wide variety of technologies are comma#lyc available, including conventional
absorption processes, such as the Berffefsrocess based on hot potassium carbonate solugioss
amine scrubbing processes based on formulatedrésiveg. MEA, DEA, MDEA ). However, also
cryogenic as well as adsorption processeg. PSA, TSA™) and membranes are commercially available.
For a detailed description of all these 4@moving technologies reference is made td3he purification
handbook by Kohl and NielséH.

In the status report at hand, the focus for, @noval is on upgrading the quality of the produgaes. This

is comparable with the upgrading of biogas or ldhdfas. Overviews of these existing upgrading
technologies by André de Boer and Mathieu DumorBeriterNovent®¥ are included in chapter 4 of
this status report. Possible issues when applyieget conventional upgrading technologies in thermo-
chemical systems are provided in chapter 4 as well.

X The Paques ANAMMOX process: www.pagques.nl
X_ MEA = Mono Ethanol Amine; DEA Di Ethanol Amine; MDEA= Methyl Di Ethanol Amine
¥ PSA= Pressure Swing Adsorption; TSAThermal Swing Adsorption
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3.5 Unsaturated hydrocarbons

The existence of unsaturated hydrocarbons in theéyser gas varies widely and does not only inctade

for which the removal technologies are describechiapter 2, but also light unsaturated hydrocarbons
like acetylene (gH,), ethylene (gH4) and benzene (B). Unlike tars, these components do not create a
high fouling risk due to straight condensation. téeer, they can react with and deactivate synthesis
catalysts through carbon deposition or form gummlymers that subsequently can plug downstream
equipment due to condensation. The removal of urei@d hydrocarbons can be done via physical
separation €.g. amine scrubbing, though with regards to selegtieityogenics or selective adsorption
makes more sense). Selective catalytic hydrogematibowever usually the preferred technifitie

Platinum or palladium based catalysts typically banused for the hydrogenation ofHz and GH, at
relatively low temperatures. The NiMo and CoMo badts applied for HDS (83.2.3) also demonstrated
hydrogenation activity for unsaturated hydrocarbang are unlike the Pt or Pd catalysts not seesitv
sulfur deactivation. From the hydrocarbon compositbefore and after the HDS it is clear that the
compounds are actually hydrogenated towards @&htl GHe, and not cracked into CO and, & .
Experiments at PSI, however, also reveal that eafeer HDS not all unsaturated hydrocarbons are
removed from the gé’é]. The components still preseint( CsHe, as well as gHg and GHg not completely
removed in the tar removal stéP) cause a significant risk of soot formation on thethanation catalysts
applied at ECN and P&#*. When using a fluid bed methanation process,sihig formation might not
be problematic and the catalyst might continuobslyegenerated.

R&D on removal of these components via scrubbiygrdgenation or reforming is ongoiftgf??# and

is crucial for long-term operation of catalytic fiyesis processes downstream tar producing gasifiers
Although conventional (amine or methanol based)isting technology™ can easily solve this specific
problem, severe scrubbing of the producer gas ticosidered to be economically attractive duehto t
efficiency penalty associated with it and the cawjl of cleaning the scrubbing medium. Maintaining
the hydrocarbons in the producer gas, either ablét saturated light hydrocarboriee (CH, or even
better GHgs and GHg) or if necessary converted to synthesis interntegige. CO and H), will result in
significantly higher production efficiencies, anenice ultimately an economically more attractivecpss.

3.6 Particles and alkalis

The need for particulate and alkali removal siguaifitly depends on the use of the producer gasg&or
engines, particulate levels must be reduced towb8&@ mg/m3, whereas for turbines (< 15 mgfnand
catalytic processes (<0.02 mg#inthe requirements are even more strin§énfrhese particulates do not
only include char and ash present in the initi@doicer gas of the gasifier, but also alkalis. Theenal
matter in biomass contains high levels of alkallissgarticularlye.g.grass, straw and other fast growing
biomass, which contain large amounts of potassitnemperatures of around 800°C, the alkali sadiis ¢
vaporize and create problems by depositing on cauldaces downstream. The alkali will remain ie th
vapour phase until it condenses due to coolingvib@loout 650°C, typically forming small particula(@®
pim) or condensing straight on surrounding surfdi&esother particulates or the process equipment. |
gasification, alkali vapours are removed by coolthg hot producer gas below 600°C to allow for
condensation of the material into solid partici8&t® The solids are then removed using various dry or
wet particle removal systems. These particle remsystems not only have to be designed taking into
account the chemical behaviour of the condensedliadialt, but also the effect of tar condensation
(appendix A). As such, particle removal is normaliysely linked to and installed together with sdsirel

of tar removal technology, as became already c¢te&2.1 and 2.2 of the status report at hand. is th
paragraph, the main particle removal technologiesdéscussed briefly, emphasising in particulartiom
issues that occur when applying these “conventideahnologies in a tar loaded producer gas stream.

X' A well accepted definition states that tars ar@@anic compounds with a molecular weight higthem benzene. A better and

~more detailed tar description is given by thesifastion of tars as described in appendices ABnd

X process like the methanol based Re@igobcess or alkanol amine processes are knowiédr combined removal of sulphur,
nitrogen and hydrocarbon contaminants howeverhardly selective and require significant strippiagd/or distillation to
regenerate the scrubbing medium applied.
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3.6.1 Cyclones

In a cyclone, the particles containing producerigastroduced tangentially into a cylinder. Thes geits
the cyclone at the top while the particles, separfiiom the gas via centrifugal forces, slide altregwall

of the cylinder to a dust collection chamber at iogtom of the cyclone (figure 3-£f. Cyclones are
particularly effective (>90%) at removing particlesger than a few micrometers with minimum pressur
drop®. Smaller particles however are not caught.

clean gas

__-gas exit tube

feed gas i_|—intet chamber

—vortex chamber

| —dust collection
chamber

dust
withdrawal

Figure 3-4The mechanical principie ur a cyclone

Cyclones are commonly used, also in biomass gasit systems, and are commercially available from
many vendors. Typically they are operated at haghperature to avoid condensation of tars in théoogc
and often they are used as multiple units in sefiasrculating fluidised bed gasifier will in gera have

an initial cyclone operated at the temperaturdnefdasifier, in which the bulk of unconverted chad ash

is separated from the producer gas in order tarbalated to the bottom of the gasifier. Downstreiuns
cyclone, multiple (colder) cyclones can be placeddilect particles with different sizes as well.

The positioning of a cyclone in a gasification systcan determine the success of the system. Die to
particle vortex it is possible to operate a cyclataemperatures (slightly) below the tar dewpoihg
particles can remove some condensed tars from #tis @s long as condensation is not too significant
Without the presence of these particles, the cyclaill not be cleaned. For this reason it is also
recommended not to position a (final) cyclone wgzstr gas coolers, as in that case no particlesresent
capable of removing tars in the difficult produges cooling step as well.

3.6.2 Barrier filters

Barrier filters are based on porous materialg.(metal or ceramic candles, bag filters, packedflheals)
that allow gases to pass, while blocking the pagi¢figure 3-4). They effectively remove small+teter
particulates in the range of 0.5 to 1J0®. Removal of smaller particles is also possibteigh associated
with high pressure drops over the filters. The ipke$ can be removed from the filter material by
periodically pulsing clean gas through the filterthe reverse direction of normal gas fl6% To reduce
the overall particulate load, these filters aradslly placed downstream cyclones.

Figure 3-5The mechanical principle of a barrier filter
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Although barrier filters are effective for removidgy particulates, they are less suitable for wettimky
contaminants such as tars. Tars cling to the féteface and can undergo subsequent carbonization
reactions that lead to fouling and pluggiff§j Hence, in biomass producer gases, these baittées fare
applied either in gases where tars are alreadyfisigntly removed €.g. at Gussing, §2.1.3.1 and Skive,
§2.1.3.2) or operated at high temperature, abavedwvpoint of tar.

These high temperature gas filters (HGF) were deste the commercial demonstration facility at
varnamo, Swedefi¥! and more recently at the pilot facility at EGRE. At both sites, the filters were
operated at 350 to 400°C, hence above the tar detvgda Varnamo, the ceramic candle elements broke
repeatedly due to the frequent thermal cyclingisndemonstration facility that operated intermitiei*.

This has been solved by using metal fibre filtdiise tests at ECN were not successful. Fouling ef th
HGF upstream the OLGA tar removal led to a serioasease of the pressure drop over the HGF (Figure
3-6). The HGF upstream the OLGA system was suagigsseplaced by an electrostatic precipitator
within OLGA (82.2.7).

A00 40

375 135
350 —Ir\\w,. 30
325 25
5
. @ _FILT TIS101
& E
£ 300 20 = FILT_TIS102
@ o
= % ——FILT_DPI111
a
275 15
II‘ /
250 —— 10
!
f
225 J.”' i ! 5
£
[ ‘
|
200 ' il

4:00
6:00
8.00
10:00
12:00 A
14:00
16:00
18:00

Figure 3-6 Temperature (blue line) and pressure drop (pink)liaf the hot gas filter at ECN

HGF research now mainly focuses on the combineantiergas filtration and catalytic tar crackifijas
being developed by Pall (Schumacher) and MadisdterFin cooperation with Haldor Topsge) as
discussed in 82.1.3.3. These filters operate apeeatures of around 750 to 900°C, and as a rerallt a
relatively large and expensive units. Operationbafrier filters at lower temperatures however often
resulted in tar fouling, hence making the filterdyoapplicable downstream some kind of tar remawvat

or downstream gasifiers with an initially low teewipoint.

3.6.3 Electrostatic filters / scrubbing technology

Electrostatic filters are based on separating @thpgarticles in an electrostatic field. The paeticare
collected on so called plate curtains (figure 3where the formed particle layer is removed viaaryet
method$*!. The dry methods are based on mechanical cleafitige surface area and can operate at high
temperatures (up to 500°C), whereas in wet metlhloegarticle layer is removed with a thin film of
flowing liquid, usually water. As such the wet EB&s a typical operating temperature below 100°Gt or
least below the condensation temperature of thedigpplied. With the ESP being relatively expeasm

a small scale, the technology is attractive onhldoge-scale operatidi{'.
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Figure 3-7The mechanical principle of an electrostatic filter

As good charging of particles would require a mialirparticle size of 0.am, an ESP is in general less
efficient for small particles. Often though, ESBteyns are applied downstream a cooling and scrgbbin
system, in which small particles present in the (gmg. ash, aerosols) grow in particle size due to
condensation of a liquid on the particle, beinpeitwater, RME or oil. As such, an ESP becomesilsiait
as well for small particles and hence very highasaiion efficiencies can be obtained.

The ESP has been applied successfully in sevaraldsis gasification systems and has therefore beaome
commercially proven and available technology farthal biomass conversion systems as well. Thesssue
with tar are dealt with by having a scrubber insthupstream the ESP. At Harbogre (82.2.5), thiches
(including tar aerosols) grow by condensation ofewan the particle and as such are separatedvatex
based wet ESP. In the RME (82.2.6) as well as thbased OLGA (82.2.7) scrubbing technology the
principle is the same, however in stead of watélERor oil is used. As such, the (wet) ESP not only
operates as a filter for particles (e.g. ash, dukalis), but also as a tar aerosol filter.
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4.  Biogas upgrading technologies

Although upgrading of biogas or landfill gas is wonsidered to be a R&D topic within the EOS reslear
area “gasification, gas cleaning, conditioning ayhgas production”, an overview of these existing
upgrading technologies by André de Boer of Senteelo®* is included in this chapter, and formed the
basis of a leaflet by Mathieu Dumont of SenterNoV&mThe technologies in this sector may also apply
for gas obtained from thermo-chemical conversimtesses, in particular when aiming for the produncti
of SNG.

Due to the differences between thermo-chemicalbémathemical processes, some comments on possible
issues when applying these conventional upgradicignologies in thermo-chemical systems are included
at the end of this chapter.

4.1 Conventional upgrading technologies

The new trend in biogas production is the upgradihthe biogas to natural gas quality and injectimg
upgraded biogas in the natural gas distributiod.dfive existing upgrading technologies currenttise
on a commercial basis. This memo tries to provideraparative overview of these five technologies.

Vacuum Pressure Swing Adsorption

This batch-wise operated process uses activatdrcanolecular sieves to filter the pressurised &éog
The sieves mainly adsorb GQvhile letting the Cli pass. The coal is regenerated by lowing the pressu
to levels well below 1 bara. In these vacuum cooilt the CQ is released and the carbon can be used
again for CQ adsorbtion at elevated pressure.

Membranes

In this continues process compressed biogas flovesigth a membrane with high selectivity for £4and
low selectivity for CH. As a result, two gas streams are obtained, oniicing the C@and the other the
CH,. Due to limitations in the membrane selectivitytbetreams are slightly contaminated by the other
component.

Water wash

In this continues process, the biogas flows thatigtulated cold water, dissolving hardly any {Hough
significant amounts of CO The remaining gas however still contains some.dbe CQ is removed
from the saturated water at elevated temperatifes. re-cooling, the water can be used again.

LP Cooab

This continues low-pressure g@bsorption process operates in a similar way esvéter wash process.
In stead of water, an amine solution is used thougtn higher CQ and lower CH absorption
performance. As a result, the separation of €@m CH, is significantly improved.

Cryogenic

This process can be operated both batch-wise amthaously. The biogas is cooled to temperatures at
which the CQ becomes liquid, while the GHs still present in a gaseous phase. The eagigrated CQ

is sold either as liquid or re-vaporised after wahitcmight be injected in CQOgrids.

For biogas upgrading technologies, the followingapgeters play a crucial role:

» Electric efficiency:The electric efficiency is mainly influenced byethequired compression steps
(if applicable). A smart design can reduce the ale&lectricity consumption of compression and
decompression significantly.

» Thermal efficiency:The thermal efficiency is mainly influenced by thequired heat for the
recovery of the absorbent or the adsorbent anehgng after adiabatic expansion.

ECN-E--08-078 39



» Energetic efficiencyThe energetic efficiency is a combination of bothctic and thermal
efficiency, and is based on the assumption thatré¢leired process energy is generated by the
initial biogas.

» Methane slip:CH, is inevitably partially removed from the biogas wsll together with the
undesired components like GO 'his GHG CH hence ends up in the waste gas stream or even
worse is vented off. In the later case, the negagiffect of methane slip might be limited by
sending this gas to the air-inlet of a CHP plainggiplicable).

In table 4.1 some characteristics of conventionafjds upgrading technologies are listed. The figure

presented are all base don upgrading 1 mn3 bioghdnitial methane content of 65% and on injectain
the upgraded biogas in a natural gas grid opeedtétara.

Table 4.1 Characteristics of conventional biogas upgradinghigologies

| | VPSA | Membrane | Water wash LP Cooab|  Cryogen

| Operating pressufé’ [ ~5 bar [ >8bar [ >8bar [ ~8bar [ 10-18B%
Energy consumption

| Energy P | | | | |

| - electric (kwh) ™ [ 0.25 [ 0.14 [ 0.40 [ 012 | ~0.22

[ - thermal (kv ™ [0 [0 [0 [ 0.4 [ 0.04

| - methane slip (%) | 3% | 18% | 3% | 0.1% | Limited

[ Simplified efficiency®™T | | | | |

| - without heat recovery (%) 93 | 80 | 91 [ 92 | ~95

| -with heat recovery (%) | 93 | 96 | 91 | 98 | ~96

| Methane in final gals” | max. 98% [ max.90% | max.98% | max. 99.5% | max. 99.59

4.2 Issues in relation to thermo-chemical systems

It has to be mentioned that possible issues exisnvapplying these conventional upgrading technesog
in thermo-chemical systems. In general, the findiGSwill have a similar composition compared to
biogas, though the pressure level at the end idirhigher due to the methanation at an elevatedpres
This will influence the presented figures signifidg. For example, the low pressure LP Cooab pmces
would make less sense, as the inlet pressuresoptbcess is near atmospheric.

Within the thermo-chemical SNG production the ;C@moval might however also be placed more
upstream in the process, where pressure levelstifireelatively low, even near atmospheric. Thi#l w
also influence the presented figures significaritlythat case, the low pressure LP Cooab processgowo
make more sense, as it is the only process bengffitom a low initial pressure. A final more geakr
comment is that for most biogas plants, low valesidual heat is not at hand, hence upgrading
technologies with low thermal energy consumptioghhibe preferredi.e. VPSA, membranes and water
washes). In a thermo-chemical SNG production psgmificant amounts of low value residual heat ar
available, hence upgrading technologies with hlggrrhal energy consumption might be acceptable and
the focus would be on reducing the electric eneansumptioni(e. LP Cooab).

* Highest pressure level reached within the system

* Electric energy as required from the grid, not the primary energy requirement is 2.5 timespifesented figure

* Thermal energy as required, note that this caendlfie obtained from low value heat as it is assetiaith recovery of the
_absorbens (LP Cooab) or re-heating after seveskngo(cryogene)

*'Ratio between the amount of gas energy injectelddgtid and the original energy in the initial kisg
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5. Conclusions and recommendations

Gasification of biomass results in a producer gastaining numerous contaminants like dust, tar,
(organic) sulfur, nitrogen and chlorine compounds, well as alkali and heavy metals. Although
concentrations could be relatively low dependinghlenfeedstock used and the type of gasifier aghpéie
least some of these contaminants have to be destroc removed upstream the final application ef th
producer gas, whether it is a boiler, gas engintuuiine, fuel cell or synthetic application. Hengas
cleaning in general is inevitable.

5.1 Conclusions

Still not many gasifiers are operating commercialty biomass feedstock, in particular when not gkin
into account those gasification systems (co-)firthg product straight into boilers. The need fos ga
cleaning, and in particular tar removal technoldgy, CHP or synthesis purposes is the Achilles loéel
biomass gasificatioli”. Standard technology has proven to be insufficientar destruction or removal
and led to years of RD&D on thermal and catalyac tracking as well as (advanced) scrubbing
technologies. For the moment, the latter ones seehmave made the biggest progress, with operating
biomass based CHP plantseat). Harbogre and Gussing, and water as well as ordigpic (RME, oil)
based technologies being commercially available.

Similar to tar removal technology, standard comiadlyc available technology for removal of non-tar
components up to now has also proven to be ingerfificin particular for critical applications ofeh
producer gas in fuel cells or chemical synthesgst Bf that has to do with upstream tar removahgei
either insufficient ite. to low efficiencies of the tar removal) or not igeed for the more stringent
producer gas specifications for these applicatifres trace tar components still present in the gas).
Another part of that is caused by the presenceasfopntaminants previously not considered probliemat
for CHP applicationse(.g. organic sulfur, dioxins). As can be expected, Itigggest progress towards
integrated gas cleaning for non-tar componentsaidenby those who are skilful at tar removal as.well

One of the lessons learned in RD&D of gas cleanghat conventional technology is not always
applicable as such in thermo chemical conversiobiahass. Not only will producer gas always contain
unfamiliar (trace) components, also in many cagesating conditions like temperature and in palgicu
pressure will be different from the conventionakgiing conditions of the technology just becaass i
not (yet) possible to operate the thermo chemigcaversion process at these conditions.

For that reason, it makes sense to test convelhtectanology first on realistic “biomass based” emand
conditions before installing them on large scaleould be that due to the different gases anditond

(for the moment) thermo chemical biomass conversgstems need different technologies than bio
chemical conversion systems or even thermo chemizdlconversion systems.

5.2 R&D issues left

Over the years there has been a tendency for bfgasfication and gas cleaning to apply conveation
technology or mimic coal gasification systems. thar gasification process this philosophy alreadgtigo
has been dropped. Also the need for pressuriseddsi® gasification seems to be more or less abaddone
or at least postponed, argued by the complexithiaiass feeding. All commercially operating biomass
based gasifiers operate at (near) atmosphericyyeeg®ot at the pressure levels of 30 bars andehighat

are typical for coal and oil based gasifiers. Conicgy gas cleaning, whether it is removal of tarsion-

tar components, the operating conditions for consraly available conventional technology will diffe
significantly from the conditions downstream a baw® gasifier. Hence, the feasibility of conventiona
technology will have to be reconsidred or at Idast it in realistic conditions. It might well béat
conventional technology is not suitable for biombased processes.
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Furthermore, a step by step approach is advisedhioh technology is scaled up gradually. There has
been a tendency to construct large (demonstratamiljities hoping that these are operated succhgsfu
and due to scale are commercially attractive as$. wak risks are high though, as solving unexpected
issues will require enormous budgets. The risk thath a plant becomes mothballed instead of a
commercial success has been proven to be relelzaamples of this are the 180 ton per day Battelle
gasification plant in Burlington, USA, and the 8 MWRBRE combined-cycle plant in Eggborough, UK.

The step by step approach becomes even more impdolasystems with multiple process steps, e.g.
biomass gasification based synthesis systemsHhikgtoduction of Substitute Natural Gas (SNG), DME
and Fischer-Tropsch (FT) diesel. In these proceksrss is not only required on the two main process
steps of gasification and tar removal, but alsdusther gas cleaning (e.g. the removal of organiptsur,
unsaturated hydrocarbons, chlorine and ammonia)tlaadcontinuous long-term operation of synthesis
units that often are not able to handle even samtlunts of trace contaminafifg.

For the successful development of these completemsygs slipstream testing of the critical catalytic
components in gas cleaning and synthesis in analggk¢demonstration) CHP plant consisting of the
upstream gasifier and tar removal could benefitRm®D of the whole systefi®”] as it enables long
duration tests with the critical components unéatistic gas conditions.
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Appendix A Tar definition and related issues

A.1 Definition of tars

The presence of tars in the producer gas is arbiggm in the commercial utilisation of biomassduroer
gas as source of sustainable energy. Tar is form#k gasifier and comprises a wide spectrum gic
compounds, generally consisting of several aronratiigs. A well accepted definition states that tars

all organic compounds with a molecular weight highlean benzene. A better and more detailed tar
description is given by the classification of tét@ble A.1, more detailed information on individuat
components is given in appendix B).

Table A.1 Description of the tar classes with a focus onttreproperties and typical components

GC undetectable tars:
Class 1 | This class includes the heaviest tars that condainse | gravimetric tars
high temperature even at very low concentrations.

Heterocyclic components:
Class 2 | These are components that generally exhibit higiemwa pyridine, phenol, cresol, quinoline
solubility, due to their polarity.

Aromatic components:
Light hydrqcarbons that are not |mportant in | xylene, styrene, toluene
condensation, however might cause issues concerang

Class 3

their solubility in water

Light polyaromatic hydrocarbons (2-3 rings PAH's): | naphthalene; methyl-naphthalene; biphenyl;
Class 4 | These components condense at relatively high ethenylnaphtalene; acenaphtylene; acenaphteneeffier
concentrations and intermediate temperatures. phenanthrene; anthracene

Heavy polyaromatic hydrocarbons (4-5 rings PAH's) | fluoranthene; pyrene; benzo-anthracene; chrysene;
Class 5 | These components condense at relatively high benzo-fluoranthene; benzo-pyrene; perylene;
temperature at low concentrations. indeno-pyrene; dibenzo-anthracene; benzo-perylene

Simplified tars can be distinguished in heavy tansgl light tars. Heavy tars condense out as the gas
temperature drops and cause major fouling, effayidnss and unscheduled plant stops (figure A4, th
two pictures on the left). The tar dew point igitical factor for heavy tars and related issues.

T,

Light tars like phenol or naphthalene have limiiefluence on the tar dew point, but are not less
problematic. Light tars like phenol chemically poé the bleed water of downstream condensers and
aqueous scrubbers. Naphthalene is important akitawn to crystallise at the inlet of gas engiiegire

A.1, the picture on the right) causing a high ssdemand.

ECN-E--08-078 49



A.2 The tar dewpoint

The lowest temperature in the process is deternmyedbwnstream equipment and the application of the
producer gas. As typical tar dew points are betw#B@ °C and 350 °C, and the lowest process
temperature is typically 30 °C (compressed gas/énemore critical), massive tar condensation and ta
problems are inevitable. It is important to realizat the actual tar concentration is not the nmopbrtant
parameter. It is the tar dew point which definespbint at which tars start to be problematic.

The tar dewpoint is the temperature at which tre tetal partial pressure of tar equals the saturat
pressure of tar. Once the actual process temperbagomes lower than the thermodynamic tar dewpoint
tar can condense out. The gas is called over-gatyjralthough it does not mean that condensatidin wi
always happen, as kinetics might be slow. In figdr2, the relation between the tar dewpoint and the
concentration of the different tar classes is presk
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Figure A.2Relation between the tar dewpoint and the concénotraf the different tar classes

ECN developed a dewpoint model for the calculatba tar dewpoint from a measured tar composition.
The model includes vapour/liquid equilibrium data the tar compounds in the producer gas from a
downdraft or fluidized bed gasifier. The calculatis based on ideal gas behaviour. Raoult's law is
applied for the calculation of a mixture of hydrdmans, using the vapour pressure data of individual
compounds. The model has been validated at atmospheessure with real producer gas from our
laboratory scale BFB gasifier (WOB). The model dopitedict the tar dewpoint with an accuracy of €2 °

in the temperature range of 100-175°C. In on go@sgarch the model will be validated in the temipeea
range of 20-100°C.

More information on the definition of tars, theatgld issues to tars and the tar dewpoint can bedfon

the Dahlman OLGA technology website www.olgatecbgglcom and the ECN tar dewpoint website
www.thersites.nl. On the latter website, an onliaesion of the dewpoint model is made available.
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Appendix B Names and structures of tar compounds

Table B.1 Names and structures of tar compounds

(Trivial) Name Tar Structure Elementary | Molecular | Boiling
class composition weight point
(g/mol) (°C)
Acenaphtene 4 CioHip 154.21 279
Acenaphtylene 4 CiHs 152.19 265-
:
Anthracene 4 ‘ ‘ ‘ CuH1o 178.23 340
Anthanthrene = 5 CyH1o 276.33
Dibenzo(def,
mno)chrysene =
Dibenzo(cd,jk)pyrene e
Benzene CsHs 78.11 80
Benzo(b)fluoranthene 5 5 CyoH1o 252.31
3,4-Benzofluoranthene }P
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Benzo(j)fluoranthene = CyoH1o 252.31
10,11-
Benzofluoranthene Q
Benzo(k)fluoranthene = CooH12 252.31 480
11,12-
Benzofluoranthene ’
Benzofurane : CgHgO 118.13 174
o
Benzo(ghi)perylene Q CooHio 276.33
Benzo(c)phenanthrene CigH1o 228.29
3,4-Benzophenanthrene
Benzo(a)pyrene = CooH12 252.31 310-
1,2-Benzopyrene 312
Benzo(e)pyrene = CooH1z 252.31 310-
3,4-Benzopyrene l 312
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Benzoquinoline Ci3HoN 179.22 338-
o
Q 350
Benzothiophene : CgHeS 134.19 221
)
Blphenyl . . CioHig 154.21 256
Catechol = OH CeHeO, 110.11 245
1,2-Dihydroxybenzene @:
OH
Cellulose OH (CeH110s)n
i
—i i
1
HO OH
Chrysene = CigH1o 228.29 448
1,2-Benzophenanthrene
Coniferyl alcohol CiogH1203 180.20 163-
165
HO QCH:CH_CHEOH
H,C -0
Coronene = CosH1o 300.35 525
Hexabenzobenzene ‘
Coumaryl alcohol CoH140, 150.17
HOD 4@7CH:CH—CH2—OH
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o-Cresol = 0 I OH C/HgO 108.13 191
2-Hydroxytoluenem- 202
Cresol = 202
3-Hydroxytoluenep- CHE@
Cresol =
4-Hydroxytoluene
Dibenzo(a,f)anthraceng CyoHia 278.35
1,2:7,8-
Dibenzanthracene
Dibenzo(a,h)anthracene CieH1o 278.35
1,2:5,6
Dibenzanthracene
Dibenzo(f,h)anthracens CooH1a 278.35
1,2:3,4
Dibenzanthracene
Dibenzofurane C,HgO 168.19 285-
. :0 l 287
Dibenzothiophene Cy.HgS 184.26 332.5
S
Fluoranthene = CigH1o 202.25 375
1,2 Benzacenaphtene O
Fluorene Ci3Hyo 166.22 293-
”
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Furane U C,H,0 68.07 31
o
Guiaicol = C/Hg0, 124.13 206
Catechol monomethyl O—CH,
ether =
3-Methoxyphenol
ethoxypheno 0O
Indene I CgHg 116.16 183
Indeno(1,2,3-cd)pyrene CooHio 276.33
Indole CgH-N 117.15 254
: IH
Isokinoline = CgH;N 129.16 242
Isoquinoline T
N
Levoglucosan O— CHZ CsH105 162.14
o
HO OH
OH
Naphtacene = CgHg 228.29 sub
2,3 Benzanthracene “
Naphthalene I I CioHs 128.17 218
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Naphtanthracene = CigHyro 228.29 435
1,2 Benzanthracene r (sub)
Perylene = CyoH1o 252.31
Per-dinaphthalene Q Q
Phenanthrene CiaH1o 178.23 340
Phenol CsHgO 94.11 182
{: :}—DH
a-Picoline = 4 CHs CgH-N 93.12 129
2-Methylpyridineb- o 3 144
Picoline = | 145
3-Methylpyridineg- - 5
Picoline = Y
4-Methylpyridine
Pyrene = CieH1o 202.25 393
Benzo(d,e,f)phenanthre
”e &)
Pyridine CsHsN 79.10 116
| T
—
M
Pyrrole m C;HsN 67.09 130-
131
MH
Quinoline = CoH/N 129.16 238
Benzo(b)pyridine T
-
I
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Styrene CgHsg 104.15 145
\
: ZH-
Sinapyl alcohol = H.C—0) CH140, 210.22
Syringenin 3
HO—GCH‘CHCHIDH
H,C -0
Thiophene @ C,H4S 84.13 84
=
Toluene C;Hg 92.14 111
Triphenyleen = CigH1o 228.29 425
9,10
Benzophenanthreen
o-Xylene = 0 I . CgH1o 106.16 144
1,2 Dimethylbenzenem % 139
Xylene = 138
1,3 Dimethylbenzenep- CHE@
Xylene =
1,4 Dimethylbenzene
57
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Appendix C Who is who

In this appendix a list of companies or RD&D ing#s working on gas cleaning technologies is prexlid
This is considered to be relevant as in the stajosrt itself it is difficult to refer to all plays active in the
field of gas cleaning. As such, the main reportutad on describing the different technologies dmed t
development status, while in this appendix an dptieally ordered overview is given of the companie
active in the field of gas cleaning with the tedlmgy worked on (8C.1) and the specific technologies
being developed or patented by different compaf§€s2). The section of the status report in whioh t
specific technology (hence not the company) is utised as well as the status of the technology
development at the end of 2008, is mentioned ab et the status of the technology developmerd, th
following indices are used:

commercially available

commercially available, though not (yet demonsttpfer

biomass related thermochemical technologies

demonstration phase (pilot or larger)

demonstration phase, though not for
biomass related thermochemical technologies

lab-scale testing phase

lab-scale testing phase, though not for
biomass related thermochemical technologies

current status unknown or unsure

The author of the status report at hand is awartheffact that this “who is who” list will never be
complete. Companies who find their technology depelent missing may therefore send a brief e-mail
with information on their company, the technologweloped and some information on this technoloigy. |
an update of this “who is who” is considered toreeessary in time, the author will adjust the digit
version of this report and will make it available the publications website of the Energy rese&ehtre

of the Netherlands (www.ecn.nl/publications).

C.1 Companies working on...

Company Technology aimed at | Detailed information ‘ Status ‘ Status

removal of ... 2008 report
[ Andritz [ Tars (cracking/reforming) ||  Catalytic cracgiand reforming (see VTT) [ oo [ 821
[B [ Tars (cracking/reforming) ||  Reverse-flow catalytir converter RETC [ oor?2 | §2.1
[ cutec [ Tars (cracking/reforming) || Catalytic crackidgwnstream pilot gasifier) [ oor2 §2.1
| Ebara Corp [ Tars (cracking/reforming) || Catalytic refing [ ? [ s21
[ ECN | Tars (cracking/reforming) ||  Plasma cracking (tia GlidArc process) [ oo §2.1
[ ECN | Tars (cracking/reforming) ||  Catalytic crackinga(the TREC process) [ oo §2.1
[ Enviropower | Tars (cracking/reforming) ||  Catalytic cking [ ? [ s21
| Europlasma [ Tars (cracking/reforming) || Plasma cragkin [ ? [ s21
[ Fzk [ Tars (cracking/reforming) ||  Partial oxidation [ oo [ 821
[ Fzk [ Tars (cracking/reforming) || Catalytic crackingi{vchar) [ oor2 | §2.1
[ PP [ Tars (cracking/reforming) ||  Catalytic crackinglaeforming [ ? [ §2.1
[ Krupp Koppers [ Tars (cracking/reforming) || Partialdation [ ? [ 821
[ Madison [ Tars (cracking/reforming) ||  Catalytic filters [ oo §2.1
[ Neste Qil [ Tars (cracking/reforming) || Catalytic cramkand reforming (see VTT) [ oo [ 821
[ Nexterra [ Tars (cracking/reforming) || Partial oxidatio [ oo [ 821
[ Plasco [ Tars (cracking/reforming) || Plasma cracking [ .o [ 821
| stora Enso [ Tars (cracking/reforming) || Catalytic kiag and reforming (see VTT) [ oo [ 821
[ Technical University of Delft [ Tars (cracking/refoing) [ Catalytic cracking and reforming [ oo [ s21
[ Technical University of Eindhover | Tars (crackinfgrening) || Partial oxidation | o [ 821
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Company Technology aimed at | Detailed information ‘ Status ‘ Status
removal of ... 2008 report

[ Technical University of Eindhover |  Tars (crackinggrening) | Plasma cracking [ o | §2.1
[ TPS [ Tars (cracking/reforming) ||  Thermal as well aslysic tar cracking [ oor2 | §2.1
[ Twente University [ Tars (cracking/reforming) || Catidytracking (with char) [ oo §2.1
[ Umsicht [ Tars (cracking/reforming) |  Catalytic crackiownstream pilot gasifier) [ oor?2 §2.1
[ UPM Kymene [ Tars (cracking/reforming) || Catalytic demg and reforming (see VTT) [ oo [ s21
[ Valtion Teknillinen [ Tars (cracking/reforming) || Cattit cracking [ ? [ s21
[vrT | Tars (cracking/reforming) ||  Catalytic crackingcareforming [ oo [ s21
[ Babcock & Wilcox Vglund [ Tars (physicalremoval) |  Wabased scrubbing incl. TARWATC [ oo [ s22
[ Beth [ Tars (physical removal) |  Wet ESP filter [ oo [ 822
[ BTG [ Tars (physical removal) [ Rotating particle segian [ oor?2 | §2.2
[ cTu [ Tars (physical removal) [ RME based scrubbingnetogy (see TUV) [ oo [ 822
| Dahlman [ Tars (physicalremoval) |  Oil based scrubdngGA [ .o [ 822
[ ECN [ Tars (physical removal) [ Oil based scrubbing @LGee Dahlman) [ oo [ s22
[ ECN [ Tars (physicalremoval) |  Sawdust filter [ oor? ][ 822
[ ECN [ Tars (physical removal) [ Rotating particle safmr [oor? ] §2.2
[ ECN [ Tars (physicalremoval) |  Water scrubbing [ oor? ]| 822
[ EnergyProcessechnologies [ Tars (physical removal) | Oil scrubber [ ? [ 822
[ Envitec [ Tars (physicalremoval) || Wet scrubbing tedbgy [ ? | §2.2
[ ETH [ Tars (physical removal) [ Rotating particle segian [ oor?2 | §2.2
[ Host [ Tars (physical removal) |  Water scrubbing [ oor? | 822
[ Host [ Tars (physical removal) | Sawdust filter [ oor? ]| 822
[ JFE engineering [ Tars (physical removal) | Water baseabbing (see Babcock & Wilcox) [ oo [ s22
[ Pall [ Tars (physicalremoval) |  Catalytic filter [ oo [ s22
| Relax Umwelttechnik GmbH | Tars (physical removal) | téVdased scrubbing (see Babcock & Wilcox) | oo | §2.2
[ Repotec [ Tars (physical removal) ||  RME based scrubbing [ oo [ 822
[ Schumacher [ Tars (physical removal) | Catalytic filter [ oor2 | §2.2
[ Dahlman [ Chlorine [ Oil based OLGA scrubbing (in partar dioxins) [ oo [ 8§31
[ ECN [ Chlorine | Sodium as well as calcium based adisorp [ oo [ 831
[ ECN [ chlorine [ Oil based OLGA scrubbing (in partigutioxins) [ .o [ 831
[ Fzk [ Chlorine [ carbon doped PP based absorption (ADI0 [ oor? ]| 831
[ Gotaverken Miljo [ Chlorine [ carbon doped PP basedmtisn (ADIOX) [ oor? ][ 831
[ Basf [ sulfur [ Amine scrubber [ . [ 832
[ Bayer [ sulfur [ catalytic removal [ . [ 832
[ catalysts & Chem Ind Co [ sulfur [ catalytic removal [ o/? [ §3.2
[ Clearwater International Lic [ sulfur [ Amine scrubber [ °/? [ §3.2
[ Comprimo [ sulfur | Hydrogenation, absorption and adsorption [ °/? [ §3.2
| Dorchak Mary Anne [ sulfur [ catalytic removal [ ? [ 832
[ Dow [ sulfur [ Amine scrubber [ . [ 832
[ ECN [ sulfur [ Fixed bed HDS as well as ZnO based absorption | oo [ 832
[ Eif aquitaine [ sulfur [ Regenerative absorption (in particular mercaptans) ' | ? [ 832
[ Enviropower Inc [ sulfur | Regenerative absorption [ [ 832
[ Envirotherm [ sulfur [ Dry and wet desulfurisation [ oo [ 832
[ Envitec [ sulfur [~ Amine scrubber [ ? [ 832
| Gastec NV [ sulfur | Hydrogenation, absorption and absorption [ o/? [ §3.2
[ Haldor Topsge [ sulfur | catalytic hydrogenation and absorption [ . [ 832
[ JGC Corp [ suilfur [ Catalytic hydrogenation (in particular COS) [ 2 §3.2
[ Johnson Matthey [ sulfur [ Catalytic hydrogenation [ [ 832
[ Kellogg [ sulfur | Regenerative absorption [ ? [ 832
[ Kema [ sulfur [ Catalytic conversion and adsorption [ ? | §3.2
[ Krupp Koppers [ sulfur [ Amine scrubbing [ [ 832
[ Leuna Raffineriegesellschaft [ sulfur | Regenerative adsorption [ ? [ 832
[ Linde [ sulfur [ Methanol scrubbing (Rectisol) [ . [ 832
[ Lurgi [ sulfur [ Methanol scrubbing (Rectisol) [ . [ 832
[ McDermott Technology Inc [ sulfur | Regenerative adsorption [ ? [ 832
[ Mitsubishi Heavy Industries [ sulfur [ High-temperature adsorption [ ) [ 832
[ Paques [ sulfur [ Biological (THIOPAQ) [ . [ 832
[ Psi [ sulfur [ Fixed bed HDS as well as absorption [ oo [ 832
['Rcs [ sulfur [ Regenerative adsorption [ ? [ 832
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Company Technology aimed at | Detailed information ‘ Status Status
removal of ... 2008 report

[RTI [sulfur [ Regenerative adsorption [ o [ 832
[ sud chemie [ sulfur | Catalytic decomposition (in particular COS) [ . [ 832
| Sulphcatch [ sulfur | Adsorption of organic sulfur compounds [ . [ 832
[ Teco Energy Inc [ sulfur [ Wet scrubbing as well as hydrolysis (in partic@®s) | ? [ §3.2
[ Texaco [ sulfur | Hydrogenation, absorption and absorption [ . [ 832
[ Tokyo Gas [ sulfur | Regenerative zeolite ion based desulfurisation YK [ 832
[ uhde [ sulfur [ Amine scrubber | . [ 832
[ Union Carbide Chem Plastic [ sulfur [ Glycol based scrubber | . [ 832
[ University of Birmingham [ sulfur | Regenerative absorption [ ? [ 832
[uop [ sulfur | Dimethylether & PE-glycol adsorption (Selexol) [ . [ 832
[ Air Liquide [ NH; and HCN | water scrubbing [ . [ 833
[ Basf [ NH and HCN | catalytic conversion [ . [ 833
[ cCatalysts & Chem Ind Co [ Nyand HCN | catalytic conversion [ o2 [ 833
[ Dahiman [ NHand HCN [ water scrubbing | .o [ s33
[ ECN [ 'NHs and HCN [ water scrubbing [ oo/? [ 833
[ Envirotherm [ NHand HCN | catalytic reforming | .o [ &33
[ Exxon [ "NH and HCN [ catalytic conversion (in particular HCN) [ ? | 833
[ Exxon [""NH and HCN [ water scrubbing [ ? [ 833
[ Host [ NHyand HCN | water scrubbing [ .o [ 833
| Huels Chemische Werke [ NHnd HCN | Catalytic conversion (in particular HCN) | ? | 833
["3GC corp [ NHand HCN [ catalytic conversion [ ? [ 833
[ Krupp Koppers [ NHand HCN [ Amine scrubbing [ ? [ 833
[ Linde [ 'NHs and HCN [ Amine based scrubbing | . [ s33
[ Linde [ 'NHs and HCN [ Methanol based scrubbing (Rectisol) [ . [ s33
[Lurgi [ "NHs; and HCN [ Methanol based scrubbing (Rectisol) [ [ 833
[ Mitsubishi Heavy Industries [ Nrand HCN [ water scrubbing [ ? [ 833
[ Nippon Kokan [ "NHand HCN [ catalytic conversion [ ? [ 833
[ Pagues [ Neand HCN [ Biological (ANAMMOX) [ [ 833
[ Shell [ "NH;and HCN [ water based scrubbing | ? [ 833
[ stid Chemie [ Nbland HCN [ catalytic decomposition (in particular HCN [ . [ s33
[ valtion Teknillinen [ NH and HCN [ catalytic conversion (in particular §H [ ? [ &33
[ Air Liquide [ carbon dioxide [ Pressure swing based &@orption [ . [ 834
[ Basf [ carbon dioxide [ Amine scrubber | . [ s34
[ cirmac [ carbon dioxide [ Amine based Cabsorption [ . [ 834
[ cirmac [ carbon dioxide [ Pressure swing based &Borption [ . [ 834
[ cirmac [ carbon dioxide [ Membrane based,@€paration [ . [ 834
[ D™mT [ carbon dioxide [ Amine based G@bsorption [ . [ 834
[ GTs [ carbon dioxide [ Cryogenic separation of,CO | . [ s34
[ Linde [ carbon dioxide [ Amine based g@absorption | . [ s34
[ Linde [ carbon dioxide [ Methanol based scrubbing (Rebt [ . [ s34
[ Lurgi [ carbon dioxide [ Methanol based scrubbing (Rett | . [ &34
[ Process Systems Int [ carbon dioxide [ Cryogenic asasehembrane separation of CO [ ? [ 834
[ Purac [ carbon dioxide [ Amine based Gsorption [ . [ 834
[ RWE [ carbon dioxide [ Pressure swing based &forption [ ? [ §3.4
["TnO [ carbon dioxide [ Regenerative gébsorption | ? [ §3.4
[ uhde [ carbon dioxide [ Amine scrubber | . [ s34
[ Union Carbide Chem Plastic [ carbon dioxide [ Glycalduhscrubber | . [ s34
[ University of California [ carbon dioxide [ Selectiveparation using Cthydrate promoters [ ? [ §3.4
["uor [ carbon dioxide [ Dimethylether & PE-glycol adstp (Selexol) [ . [ s34
[ ECN | Unsaturated hydrocarbons | | Hydrogenation and ey [ oo [ 835
| Engelhard [ Unsaturated hydrocarbons | Water basebksiog [ ? [ 835
[ Haldor Topsge | unsaturated hydrocarbons | Hydrogematid reforming catalyst [ . [ 835
[ Johnson Matthey [ Unsaturated hydrocarbons | Hydroigenand reforming catalyst [ . [ 835
[ Linde | Unsaturated hydrocarbons || Methanol based birgt{Rectisol) [ . [ &35
[ Lurgi [ Unsaturated hydrocarbons || Methanol based &imgh(Rectisol) [ . [ &35
[ Psi | Unsaturated hydrocarbons || Scrubbing, hydrogematid reforming | 0o [ &35
[ stid Chemie [ Unsaturated hydrocarbons| | Hydrogenatidmeforming catalyst [ . [ &35
[ Alhstrom [ Particles and alkalis [ Hot gas filters [ .o [ s36
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Company Technology aimed at | Detailed information ‘ Status ‘ Status
removal of ... 2008 report
[ Alstom Power [ Particles and alkalis [ EsPfilters [ oo [ s36
[ Babcock & Wilcox Vglund [ Particles and alkalis [ ESieefs as well as water based scrubbers [ oo [ §3.6
[ BETH [ Particles and alkalis [ ESPfilters [ oo [ s36
| Dahlman [ Particles and alkalis [ Hot gas filters [ e/oo 1| 836
| Destec Energy Inc [ Particles and alkalis [ Filters [ ? [ 836
[ DmT [ Particles and alkalis [ EsPfilter [ ? [ 836
[ ECN [ Particles and alkalis [ Hot gas filters [ oo/oor?2 ][ 836
[ ECN [ Particles and alkalis [ ESP filter (part of OLGA) [ oo [ s36
[ ECN [ Particles and alkalis [ Rotating particle semarat [ oor?2 | §3.6
[ ECN [ Particles and alkalis [ Cyclones [ oo [ s36
[ EnergyProcessechnologies [ Particles and alkalis [ oil scrubber [ ? [ 836
[ Envitec [ Particles and alkalis [ ESP filters and versterubbers [ ? | §3.6
[ EWK [ Particles and alkalis [ ESP filters (in partiauiar oil) [ oor? | &36
[ Foster wheeler [ Particles and alkalis [ Hot gas filter [ oo [ s36
[ Host [ Particles and alkalis [ Cyclones [ oo [ s36
[ Host [ Particles and alkalis [ Barrier filters [ oo [ s36
[1IFP [ Particles and alkalis [ Cyclones [ ? [ 836
[ McGill Air Clean [ Particles and alkalis [ ESP filters [ oo [ s36
[ Michaelis [ Particles and alkalis [ ESP filters (intimadar for oil and tar mist) [ . [ 836
[ MikroPul GmbH [ Particles and alkalis [ ESP filters garticular for oil and tar mist) [ . [ 8386
[ Norsk Hydro [ Particles and alkalis [ water based smuincluding water filtration [ ? [ §3.6
[ Pall [ Particles and alkalis [ Hot gas filter [ oo [ s36
[ PPC [ Particles and alkalis [ EsPfilters [ oo [ s36
[ schumacher [ Particles and alkalis [ Hot gas filter [ oo [ s36
[ shell [ Particles and alkalis [ Sulfide based gas biiis [ ? | §3.6
| siemens westinghouse [ Particles and alkalis [ Memtaaneell as ESP filters for sticky dust [ oo [ 836
[ Superior Micropowders [ Particles and alkalis [ Demiste [ ? [ 836
[ Texaco [ Particles and alkalis [ water based scrubkmigench) [ ? | §3.6
[ Tri-mer | Particles and alkalis [ Cloud chamber scrubber [ . [ 8386
[ TurboSonic [ Particles and alkalis [ EsPfilters [ . [ s36
[ westinghouse [ Particles and alkalis [ High-temperaadsrption and ceramic filtering [ ? §3.6
C.2 Technologies developed by...
Company Technology aimed at | Detailed information ‘ Status ‘ Status
removal of ... 2008 report
[ Air Liquide [ NH; and HCN [ water scrubbing [ . [ 833
[ Air Liquide [ carbon dioxide [ Pressure swing based @@orption [ . [ 834
[ Alhstrom [ Particles and alkalis [ Hot gas filters [ oo [ s36
[ Alstom Power [ Particles and alkalis [ EsPfilters [ oo [ s36
[ Andritz [ Tars (cracking/reforming) ||  Catalytic cracgiand reforming (see VTT) [ oo [ s21
[ Babcock & Wilcox Vglund [ Tars (physicalremoval) |  Wabased scrubbing incl. TARWATC [ oo [ s22
| Babcock & Wilcox Vglund [ Particles and alkalis [ ESIRefs as well as water based scrubbers [ oo [ §3.6
[ Basf [ sulfur [ Amine scrubber [ . [ 832
[ Basf [ NH and HCN [ catalytic conversion [ . [ 833
[ Basf [ carbon dioxide [ Amine scrubber [ . [ 834
[ Bayer [ sulfur [ catalytic removal [ . [ 832
[ Beth [ Tars (physical removal) | Wet ESP filter [ oo [ s22
[ BETH [ Particles and alkalis [ ESPfilters [ oo [ s36
[ BTG [ Tars (cracking/reforming) |  Reverse-flow catadytir converter RFTC [ oor? [ 821
[ BTG [ Tars (physical removal) [ Rotating particle seian [oor2 ] §2.2
[ catalysts & Chem Ind Co [ sulfur [ catalytic removal [ °/? [ §3.2
[ catalysts & Chem Ind Co [ Nrand HCN [ catalytic conversion [ o/? [ §3.3
[ cirmac [ carbon dioxide [ Amine based Cabsorption [ . [ 834
[ Cirmac [ carbon dioxide [ Pressure swing based &f3orption [ . [ 834
[ Cirmac [ carbon dioxide [ Membrane based,@éparation [ . [ s34
| Clearwater International Lic [ sulfur [ Amine scrubber [ o2 [ 832
[ cComprimo [ sulfur [ Hydrogenation, absorption and adsorption YK [ 832
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Company Technology aimed at | Detailed information ‘ Status Status
removal of ... 2008 report
[cTu [ Tars (physical removal) [ RME based scrubbingnetogy (see TUV) [ .o [ 822
[ cutec | Tars (cracking/reforming) ||  Catalytic crack{dgwnstream pilot gasifier) [ oor2 | §2.1
| Dahiman [ Tars (physical removal) || Oil based scrubl@GA [ .o [ 822
| Dahiman [ chlorine | Oil based OLGA scrubbing (in parar dioxins) | .o [ 831
[ Dahiman [ NHand HCN [ water scrubbing [ .o [ s33
[ Dahiman [ Particles and alkalis [ Hot gas filters [ e/om [ 836
| Destec Energy Inc [ Particles and alkalis [ Filters [ ? [ s36
[ D™mT [ carbon dioxide [ Amine based G@bsorption [ . [ s34
[ DmT [ Particles and alkalis [ ESP filter [ ? [ 836
| Dorchak Mary Anne [ sulfur [ catalytic removal [ ? [ 832
| Dow [ sulfur [ Amine scrubber [ . [ 832
[ Ebara Corp | Tars (cracking/reforming) || Catalytic refing [ ? [ s21
[ ECN [ Tars (cracking/reforming) || Plasma cracking (ia GlidArc process) [ oo/ §2.1
[ ECN [ Tars (cracking/reforming) ||  Catalytic crackinga(the TREC process) [ oo/ §2.1
[ ECN [ Tars (physical removal) [ Oil based scrubbing @LGee Dahiman) [ .o [ 822
[ ECN [ Tars (physical removal) ||  Sawdust filter [ oor?2 | 822
[ ECN | Tars (physical removal) | Rotating particle safmar [ oor2 | §2.2
[ ECN | Tars (physical removal) [ water scrubbing [ oor2 | §2.2
[ ECN [ Chlorine [ Sodium as well as calcium based adisorp [ oo [ 831
[ ECN [ Chlorine | Oil based OLGA scrubbing (in partiaukioxins) | .o [ 831
[ ECN [ sulfur [ Fixed bed HDS as well as ZnO based absorption | oo [ 832
[ ECN [ 'NHs and HCN [ water scrubbing [ oo/? [ 833
[ ECN [ Unsaturated hydrocarbons || Hydrogenation andmefay [ oo [ &35
[ ECN [ Particles and alkalis [ Hot gas filters [ oo/oor/? | 836
[ ECN [ Particles and alkalis [ ESP filter (part of OLGA) [ oo [ s36
[ ECN [ Particles and alkalis [ Rotating particle semarat [ oor2 | §3.6
[ ECN [ Particles and alkalis [ Cyclones [ oo [ s36
[ Elf aquitaine [ sulfur | Regenerative absorption (in particular mercaptans) | ? [ 832
| EnergyProcesgechnologies [ Tars (physicalremoval) ||  Oil scrubber [ ? [ 822
| EnergyProcesgechnologies [ Particles and alkalis [ Oil scrubber [ ? [ s36
[ Engelhard [ Unsaturated hydrocarbons' | Water basettsing [ ? [ &35
[ Enviropower [ Tars (cracking/reforming) ||  Catalytic cking [ ? [ s21
[ Enviropower Inc [ sulfur | Regenerative absorption [ ? [ 832
| Envirotherm [ sulfur | Dry and wet desulfurisation [ .o [ 832
[ Envirotherm [ 'NHand HCN | Catalytic reforming [ .o [ 833
[ Envitec [ Tars (physical removal) || Wet scrubbing tedbgy [ ? [ §2.2
[ Envitec [ suifur [ Amine scrubber | ? [ 832
[ Envitec [ Particles and alkalis [ ESP filters and vergerubbers [ ? [ §3.6
[ ETH [ Tars (physical removal) [ Rotating particle segian [ oor2 | §2.2
[ Europlasma [ Tars (cracking/reforming) || Plasma cragkin [ ? [ s21
[ EwWkK [ Particles and alkalis [ ESP filters (in partiaular oil) [ oor? | 836
[ Exxon [ "NH and HCN [ catalytic conversion (in particular HCN) [ ? | 833
[ Exxon [ "NH and HCN [ water scrubbing [ ? [ 833
[ Foster wheeler [ Particles and alkalis [ Hot gas filter [ .o [ s36
[ Fzk | Tars (cracking/reforming) ||  Partial oxidation | oo [ 821
[ Fzk | Tars (cracking/reforming) ||  Catalytic crackingifvchar) [ oor2 | §2.1
[ Fzk [ Chlorine | carbon doped PP based absorption (ADI0 [ oor?2 [ 831
[ Gastec NV [ sulfur | Hydrogenation, absorption and absorption YK [ 832
[ Gétaverken Miljo [ Chlorine [ carbon doped PP basedrabisn (ADIOX) [ oor?2 [ 831
[ GTS [ carbon dioxide [ Cryogenic separation of,CO [ . [ 834
[ Haldor Topsge [ sulfur | cCatalytic hydrogenation and absorption [ . [ 832
[ Haldor Topsge | unsaturated hydrocarbons | Hydrogematid reforming catalyst [ . [ 835
[ Host [ Tars (physical removal) ||  Water scrubbing [ oor? | 822
[ Host [ Tars (physical removal) ||  Sawdust filter [ oor? | 822
[ Host [ NH; and HCN [ water scrubbing [ .o [ s33
[ Host [ Particles and alkalis [ Cyclones [ 0o [ s36
[ Host [ Particles and alkalis [ Barrier filters [ oo [ s36
| Huels Chemische Werke [ NHnd HCN [ catalytic conversion (in particular HCN) [ ? | 833
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[ 1FP [ Tars (cracking/reforming) |  Catalytic crackinglaeforming [ ? | §2.1
[1IFP [ Particles and alkalis [ Cyclones [ ? [ 836
[ JFE engineering [ Tars (physical removal) | Water baseabbing (see Babcock & Wilcox) [ oo [ 822
[ 3GC Corp [ sulfur [ catalytic hydrogenation (in particular COS) [ ? §3.2
[ JGC Corp [ "NHand HCN [ catalytic conversion [ ? [ 833
[ Johnson Matthey [ sulfur | catalytic hydrogenation [ . [ 832
| Johnson Matthey | Unsaturated hydrocarbons.| Hydrogenahd reforming catalyst | . | 83.5
[ Kellogg [ sulfur | Regenerative absorption [ ? [ 832
[ Kema [ sulfur | catalytic conversion and adsorption [ ? | §3.2
[ Krupp Koppers [ Tars (cracking/reforming) | Partialdation [ ? [ 821
[ Krupp Koppers [ sulfur [ Amine scrubbing [ ? [ 832
[ Krupp Koppers [ NHand HCN [ Amine scrubbing [ ? [ 833
[ Leuna Raffineriegesellschaft [ sulfur | Regenerative adsorption [ ? [ 832
[ Linde [ sulfur [ Methanol scrubbing (Rectisol) [ . [ 832
[ Linde [ NHsand HCN [ Amine based scrubbing [ . [ s&33
[ Linde [ NHsand HCN [ Methanol based scrubbing (Rectisol) [ . [ 833
[ Linde [ carbon dioxide [ Amine based g@bsorption [ . [ s34
[ Linde [ carbon dioxide [ Methanol based scrubbing (Bebt [ . [ 834
[ Linde [ Unsaturated hydrocarbons || Methanol based batgl{Rectisol) [ . [ 835
[ Lurgi [ sulfur [ Methanol scrubbing (Rectisol) [ . [ 832
[ Lurgi [ 'NHs;and HCN [ Methanol based scrubbing (Rectisol) [ . [ s33
[ Lurgi [ carbon dioxide [ Methanol based scrubbing (Rebt [ . [ s34
[ Lurgi [ Unsaturated hydrocarbons | Methanol based simgh(Rectisol) [ . [ &35
[ Madison | Tars (cracking/reforming) || Catalytic filters [ oo/ ][ 821
[ McDermott Technology Inc [ sulfur | Regenerative adsorption [ ? [ 832
[ McGill Air Clean [ Particles and alkalis [ ESPfilters [ oo [ 836
[ Michaelis [ Particles and alkalis [ ESP filters (intimadar for oil and tar mist) [ . [ 836
[ MikroPul GmbH [ Particles and alkalis [ ESP filters fgarticular for oil and tar mist) [ . [ 836
| Mitsubishi Heavy Industries [ sulfur [ High-temperature adsorption [ [ 832
[ Mitsubishi Heavy Industries [ NHand HCN [ water scrubbing [ [ 833
[ Neste Oil [ Tars (cracking/reforming) || Catalytic crakand reforming (see VTT) [ oo [ s21
[ Nexterra [ Tars (cracking/reforming) || Partial oxidatio [ oo [ s21
[ Nippon Kokan [ NHand HCN [ catalytic conversion [ ? [ 833
[ Norsk Hydro [ Particles and alkalis [ water based dmuincluding water filtration [ ? [ §3.6
[ Pall [ Tars (physical removal) [ catalytic filter [ oo [ 822
[ Pall [ Particles and alkalis [ Hot gas filter [ oo [ s36
[ Paques [ sulfur [ Biological (THIOPAQ) [ . [ 832
[ Paques [ Ngand HCN [ Biological (ANAMMOX) [ . [ s&33
[ Plasco [ Tars (cracking/reforming) | Plasma cracking [ oo [ s21
[ PPC [ Particles and alkalis [ ESPfilters [ oo [ s36
[ Process Systems Int [ carbon dioxide [ Cryogenic asasehembrane separation of CO | ? [ s34
[ PsI [ sulfur | Fixed bed HDS as well as absorption [ oo [ 832
[ PsI [ Unsaturated hydrocarbons | Scrubbing, hydrogematid reforming [ oo [ 835
[ Purac [ carbon dioxide [ Amine based Gsorption [ [ 834
[ rRCs [ sulfur [ Regenerative adsorption [ ? [ 832
| Relax Umwelttechnik GmbH | Tars (physical removal) | téVdased scrubbing (see Babcock & Wilcox) | oo | §2.2
| Repotec [ Tars (physicalremoval) [ RME based scrubbing [ oo [ s22
[ RTI [ sulfur | Regenerative adsorption [ ) [ 832
[ RWE [ carbon dioxide [ Pressure swing based &forption [ ? [ §3.4
[ Schumacher [ Tars (physical removal) | Catalytic filter [ oor?2 | §2.2
[ Schumacher [ Particles and alkalis [ Hot gas filter [ oo [ 836
[ shell [ "NH and HCN [ water based scrubbing [ ? [ 833
[ shell [ Particles and alkalis [ sulfide based gas pioigs [ ? [ 836
| siemens Westinghouse | Particles and alkalis [ Membaaneell as ESP filters for sticky dust [ oo [ §3.6
| stora Enso [ Tars (cracking/reforming) | Catalytic kimg and reforming (see VTT) [ oo [ s21
[ std Chemie [ sulfur | catalytic decomposition (in particular COS) [ . [ 832
[ std Chemie [ Neand HCN | catalytic decomposition (in particular HCN [ . [ 833
[ sid chemie [ Unsaturated hydrocarbons | Hydrogenatidneforming catalyst [ . [ 835
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| Sulphcatch [ sulfur [ Adsorption of organic sulfur compounds [ [ 832
| Superior Micropowders [ Particles and alkalis [ Dermiste [ ? [ 836
| Technical University of Delft [ Tars (cracking/refaing) | catalytic cracking and reforming [ oo [ s21
[ Technical University of Eindhover | Tars (crackinggrening) || Partial oxidation | o [ 821
[ Technical University of Eindhover | Tars (crackinsrening) [ Plasma cracking [ o [ 821
[ Teco Energy Inc [ sulfur [ Wet scrubbing as well as hydrolysis (in partic\@®S) | ? [ §3.2
[ Texaco [ sulfur | Hydrogenation, absorption and absorption [ . [ 832
[ Texaco [ Particles and alkalis [ water based scrubieeg(iench) | ? [ §3.6
["TnO [ carbon dioxide [ Regenerative gabsorption [ ? [ §3.4
| Tokyo Gas [ sulfur | Regenerative zealite ion based desulfurisation [ °/? [ §3.2
[ TPs | Tars (cracking/reforming) || Thermal as well aslgtic tar cracking [ oor2 | §2.1
[ Tri-mer [ Particles and alkalis [ Cloud chamber scrubber [ . [ 836
[ TurboSonic [ Particles and alkalis [ EsPfiters | . [ s36
[ Twente University [ Tars (cracking/reforming) || Catadytracking (with char) [ oo/ §2.1
[ uhde [ sulfur [ Amine scrubber | . [ 832
[ uhde [ carbon dioxide [ Amine scrubber | . [ s34
[ Umsicht | Tars (cracking/reforming) ||  Catalytic craakifownstream pilot gasifier) [ oor2 | §2.1
[ Union Carbide Chem Plastic [ sulfur | Glycol based scrubber [ . [ 832
[ Union Carbide Chem Plastic [ carbon dioxide [ Glycalashscrubber [ [ 834
[ University of Birmingham [ sulfur | Regenerative absorption | ? [ 832
[ University of California [ carbon dioxide [ Selectiveparation using Cthydrate promoters [ ? [ §3.4
["uor [ sulfur | Dimethylether & PE-glycol adsorption (Selexol) [ . [ 832
[ uor [ carbon dioxide [ Dimethylether & PE-glycol adstp (Selexol) [ . [ s34
[ UPM Kymene [ Tars (cracking/reforming) ||  Catalytic demg and reforming (see VTT) | oo [ 821
[ Valtion Teknillinen [ Tars (cracking/reforming) ||  Cattit cracking [ ? [ s21
[ Valtion Teknillinen [ NHand HCN [ catalytic conversion (in particular yH [ ? [ 833
[vTT | Tars (cracking/reforming) ||  Catalytic crackingdareforming [ oo [ 821
[ Westinghouse [ Particles and alkalis [ High-temperaads®rption and ceramic filtering | 2 8§3.6
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