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1 Introduction

1.1 Background

Recogrsing the limitations of many current biofuel production technologies, in terms of resource
potential, greenhouse gas savings and economic viability, there is considerable interest in second
generation routes. These offer the potential for a wider rangefeddstocks to be used, lower
greenhouse gas impacts, and lower costs. Gasification is an important component of several of the
proposed second generation routes, such as catalytic routes to diesel, gasoline, naphtha, methanol,
ethanol and other alcohols,nd syngas fermentation routes to ethanol. Many of the component
technologies for some of these routes, such as feedstock preparation, gasifiatiirischeff ropsch

or methanol synthesisire commercially viable or technically mature for other appligaioHowever,

the systems as a whole are at the early demonstration stage worldwide, with further development and
learning needed to achieve commercially viable fuel production. In biomass gasification itself, there is
greater experience with gasifiers fbeat and powempplicationghan for fuelsproduction

As a result, NNFCC commissioned E4tech to provide a review of current and emerging gasifier
technologies that are suitable for liquid fuel production from syngas, including their type,
characteristis, status, prospects and costs, together with their suitability for the UK, in terms of suitable
feedstocks and scales.

1.2 Approach

This project aims to provide a consistent comparison of gasification technologies suitable for liquid fuels
production in theUK.This is achieved through:

1 Assessing the needs of syngas using technologies (Sectiom ®yder to establish which gasifiers
could be suitable for liquid fuels production, we first established the requirements of the different
technologies that will se the syngas producedhis analysis is then used to narrow down the
generic gasifier types covered in the re$ the report

1 Providng a review of current and emerging specific gasifier technologi&ection 3).In this
section, we review gasifier techlugies that are currently commercially available, or planned to be
available inthe shortmedium term, for biomass feedstocks relevant to the UK. Further details on
each gasifier are given in the annex

1 Comparinggeneric types of gasifiefSection 4Xo as®sstheir status, feedstok requirements, scale
and costs

1 Drawing conclusiongSection 5)on which generic typesnight be most suitable for fuel production
in the UK

1.3 Introduction to gasification and fuel production

Gasification is a process in whichsaid material containing carbon, such as coal or biomass, is
converted into a gas. It is a thermochemical process, meaning that the feedstock is hedtegh
temperatures producing gases whicban undergo chemical reactions to form synthesis gasThis

1
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WyngaSmainly contains hydrogen and carbon monoxidaedcan then be used to produce energyar
range of chemicals, including liquid and gaseous transport.flialsgasification process followseveral
stepd, explained below for the full set of readon equationsseé:

1 Pyrolysis vaporises the volatimmponentof the feedstock (devatilisation) asit is heated The
volatile vapours arenainlyhydrogen, carbon monoxide, carbon dioxidegthane,hydrocarbon
gasestar, and water vapour. Since biomasgdstocks tend to have more volatile components
(70-86% on a dry basis) than coardqund 30%), pyrolysis plays a larger role in biomass
gasification than in coal gasificatiddolid tiar and ash aralso produced

1 Gasification further breaks down the mjysis productsvith the provision of additional heat

o Some of the tars and hydrocarbons in the vapoare thermally cracketb give smaller
molecules, with higher temperatures resulting in fewer remaining tars and
hydrocarbons

0 Steam gasification this reaction converts the char into gas through various reactions
with carbon dioxide and steam to produce carbon monoxide and hydrogen

o0 Higher temperatures favour hydrogen and carbon monoxide production, and higher
pressures favour hydrogen and carbon dioxideduction over carbon monoxide

1 The heat needed forall the abovereactions to occur is usually provided by the partial
combustion of a portion of the feedstock in the reactor with a controlled amount of air, oxygen,
or oxygen enriched dir Heat can alsde provided from external sources using superheated
steam, heated bed materialand by burning some of the chars or gassesparately This choice
depends on the gasifier technology

1 There are then furthereactions of the gases formed, with éhreversiblewater-gas shift
reaction changing the concentrations of carbon monoxide, steam, carbon dioxilbyainogen
within the gasifierThe result of the gasificatigprocess is a mixture of gases

There is considerable interest in routes to liquid biofuats/olving gasification often called
thermochemicaloutesor biomasso-liquids (BTL.)as a result of:

1 The potential for thermochemical routes to hal®v costs, high efficiency, and high wet-wheel
greenhouse gas saving$Jse of a range of low cost andteotially low greenhouse gas impact
feedstocks, coupled with an efficient conversion process, can give low cost and low greenhouse gas
emissions for te whole fuel production chain

1 The potential ability of gasifier®d accept awider range of biomassfeedgocks than biological
routes Thermochemical routes can use lignocellulosic (woody) feedstocks, and wastes, which
cannot be converted by current biofuel production technologies. The resource availability of these
feedstocks is very large compared with patiel resource for current biofuels feedstochdany of
these feedstocks are also lower cost than current biofuel feedstocks, with some even having
negative osts (gate fees) for their use

L2SNNAIGSNE | @ 9 wioLwh dOKG vayiamcdT aNSPES6FRFY o0A2YIaa ILAaATAOLGAZYEéS
hLIRFES ho! & 6HnncO &t NB RdzO (-Frapsth Frhests:eBiorase] GANjQizAoRME2 RAAYS AtSH Y RA AL S YA bCRKNSBN
University of Science and Technology thesis
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f The production of fuels witimproved fuel characteristicsomparedg A 4 K (2 Rl @ Q4 0 A 2 Tdz
some thermochemical routes produce the same fuel types as current biofuels routes, such as
ethanol, others can produce fuels with characteristics more similar to current fuelading higher
energy density

1 The potential abity of gasifiers to accepmixed and variable feedstockamixtures of feedstock
types, and feedstocks that vary in composition over time. Biological routes to fuels using
lignocellulosic feedstocks, such as hydrolysis and fermentation to ethanol, inpsesatment
steps and subsequent biological processes that are optimised for particular biomass types. As a
result, many of these routes have a limited ability to accept mixed or variable feedstocks such as
wastes, at least in the near term. The ability use mixed and variable feedstocks may be an
advantage of thermochemical routes, through the potential for use of low cost feedstocks, and the
ability to change feedstocks over time

1.4 Introduction to gasifier types

There are several different generic 8% of gasification technology that have been demonstrated or
developed for conversion of biomass feedstocks. Most of these have been developed and
commercialised for the production of heat and power from the syngas, rather than liquid fuel
production. Theprincipal types are shown in the figures belomith the main differences being:

1 How the biomass is fed into the gasifier and is moved around withgrbibmass is either fed into
the top of the gasifier, or into the side, and then is moved around eiblyegraviy or air flows

1 Whether oxygen, air or steam is used as an oxidaasingair dilutes the syngas with nitrogen,
which adds to the cost of downstream processidging oxygen avoids this, butespensive, and so
oxygen enriched air can also be dse

1 The temperature range in which the gasifier is operated

1 Whether the heat for the gasifier is provided pagrtially combusting some of theiomass in the
gasifier (directly heated), or from an external source (ieclly heated), such as circulation of an
inert materialor steam

1 Whether or not the gasifier is operated at above atmospheric presgupeessurised gasification
provides higher throughputs, with larger maximum capacit@emotes hydrogen productioand
leads to smaller, cheaper downstream ameip equipment. Furthermoresince no additional
compression is required, theyngagemperature can be kept high faownstream operations and
liquid fuelscatalysis. However, at pressures above¢Z®bar,costs quickly increase, singasifiers
need to be more robustly engineered and the required feeding mechanismsinvolve complex
pressurising steps
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Tablel: Gasifier types

Note that biomass particles are shown in green, and bed material in k

Updraft fixed bed

1 The biomass is feid at the top of thegasifier andthe air,
oxygenor steamintake s at the bottom hence the
biomass and gases move in opposite directions

1 Some of the resulting char falls and burns to providath

1 Themethane and tarrich gas leaves at the togf the
gasifier, and the sh falls from the gratéor collecton at
the bottom of thegasifier

Downdraft fixed bed

1 The biomass is feth at the topof the gasifierand the air,
andoxygen or steanntake is also at théop or from the
sides,hence thebiomassand gagssmove in the same
direction

1 Some of the biomass is burnt, lfag through the gasifier
throat to form a bed of hot charcoal which the gases hav
to pass througha reaction zone)

9 Thisensures a fairly high quality syngas, which leaves at
base of the gasifiekith ashcollected under the grate

Entrained flow(EF)

1 Powderedbiomasss fed intoa gasifier withpressurised Stoam . omass
oxygen and/or steam

1 A turbulent flameat the top of the gasifieburns some of
the biomass, providing large amounts of heat high
temperature (12001500°C)for fastconversiorof biomass
into veryhigh quality syngas

1 Theashmelts onto the gasifier walls, anisidischarged as Slag Syngas
molten slag

Oxygen

Bubbling fluidised bedBFB)

1 A bed of findnert material sits at thegasifierbottom, with
air, oxygenor steambeingblown upwards through the bed
just fast enough(1-3m/s)to agitate the material Biomass

1 Biomass is fed in from the side, mixaadcombusts or
forms syngas which leaves upwards 2

1 Operates at temperatures below 900°C to avoid ash ' Air/Oxygen
melting and stickingCan be pressurised Steam

Syngas
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Circulating fluidised bed@FB)

1 A bedof fine inert materiahasair, oxygen or stearhlown
upwardsthrough it fast enouglf5-10m/s)to suspend
material throughout the gasifier

9 Biomass is fed in from the side,suspendedandcombusts
providing heat, oreactsto form syngas

9 The mixture of syngas and particlese separated using a
cyclone, with material returned into the base of the gasif ATTOXygen

1 Operates at temperatures below 900°C to avoid ash Steam
melting and stickingCan be pressurised

Dualfluidised bed(DualFB)

9 Thissystemhas two chamberg; a gasifier and a combusto

1 Biomass is fed into thEFB BFBgasification chamber, and
converted to nitrogedree syngas and char using steam

9 The char iburnt in air inthe CFB BFBcombustion
chamber, heating the accompanyibgd particles

9 Thishot bed material ighen fed backinto the gasification
chamber, providing the indireceactionheat

1 Cyclones removany CFB chambeyngasr flue gas

1 Operates at temperatures below 900°C to avoid ash
melting andsticking. Could be pressurised

Syngas

Plasma
1 Untreated homass iglropped intothe gasifier, corimginto Biomass  gyngas
contact with an electrically generated plasniauallyat

atmospheric pressurandtemperatures of 1,506,000°C
1 Organic matter is converted intgery high qualitysyngas,
and inorganic matr is vitrifiedinto inert slag
1 Note that plasma gasification uses plasma torches. It is
possible to use plasma arcs is@sequent processtep Slag
for syngagleanup

Note on unitsand assumptionsised in this report

Throughout the report, oven ded tonnes(odt) of biomass inputare used as the principal unit fq
comparison Therefore, 6r someplantswe have had to make assumptions about thedstockmoisture
content in order to make direct comparisons, suchrafigure3. The Y I y dz¥ | QoiigizdlBricRra

givenalongside theodt conversionin the annexesinputs (in odt) can be converted to energy units

using the energy conterdf the biomass. For example, wood contaameund 18 GJ/odthence a gsifier
that takes ind8odt/day of wood has alOMW, input

Throudhout the report, unless specified, gasification plants @asumed taperateat 90% availability
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2 Syngasconversionto liquid fuels

2.1 Introduction
There are four principal uses of syngas thia currently being explored for production of liquid fuels:

9 FischefTropsch synthesis, a chemical catalytic process that has been used since the 1920s to
produce liquid fuels from coalerived syngas and natural gas

1 Methanol synthesis, also a chemical algitic process currently used to produce methanol from
syngas derived from steam reformed natural gasyngas from coal

1 Mixed alcohols synthesis, a chemical catalytic process that produces a mixture of methanol, ethanol,
propanol, butanol and smaller araats of heavier alcohols

1 Syngas fermentation, a biological pess that uses anaerobic microorganismé$aianent the syngas
to produce ethanobr other chemicals

Each process has different requirements in terms of the composition of syngas input toottesgrand

the scale of syngas throughput needed to allow the process to be commercially viable. In this section,
S RSAONAOGS SI OKeqgdrgmeritskabodeStablisiNihiorStgpés Sfgasifier might be able

to meet them.A summary of the requireents and their implications ig\wgn at the end of the section.

Note that allthe data in the text is given in the summary table, with references provid&eation?.

2.2 FischefTropsch synthesis

In FischeiTropsch (FT) synthesihie hydrogen B,) and carbon monoxide@Q in the syngas are reacted
over a catalyst to forna wide range ohydrocarbon chains of vinus lengths. The catalysts used are
generally iron or cobalt base@he reaction is performed at pressure of 2640 bar and a temperature
range of either 20k p n ¢ / -E2pNA boincatalyss are generally usedat the higher temperature
range to produce olefins for a lighter gasoline productCobalt catalyst are used atthe lower
temperature rangdo producewaxy, longchained producithat can be cracked to diesd@oth of these
catalysts can be used in a range of different reactor tyfiged bed, slurry reactor ett)q for example
CHOREN use a cobalt catalyst in a fixed bed reactor, developed by Shell, to piodigsF

The main requirements for syngas fargynthesis are:

9 Thecorrectratio between Hand CO When using cobalt catalysts, timaolarratio of H to CO must
be just above2. If the syngas produced by the gasifier has a lower raticgdditionalwater-gas shift
(WGSYeaction isthe standard methof adjusing the ratio, throughreacting part of the CO with
steam to form more K Iron catalysts have intrinsiWGSactivity, and sdahe H, to CCOratio need not
be as high Therequired ratiocan be letween 0.6 and 1.7 dependinan the presence of catalyst
promoters gas recycling and the reactor design

1 Very lowsulphur content (of the order of 000 ppb). Sulphur causegpermanentloss of catalyst
activity, and so reduces catalyst lifetimé&bere isa tradeoff here between the additional costs of
gas cleaimg, and the catalyst lifetimeln general, S, Cl, and N compounds are detrimental to

t o[ @ {LI}GK FYR 5®/ ® 5| & (T2T¥chrical and Edpnomic AsREsmeritiof/Jyritksis {GEsNI-6ejs and Bhemicals with
Emphasis on the Potential for Biom&S NA SR { ey 3l &é bw9]
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catalytic conversion; hence it is desirable to employ wet scrubbing to completely remove these
contaminants (obalt catalystshave higher activities than iron catalysts, but are more experaie
havelower contaminanttolerances

T wSY2@8Ltx (G2 02y OSy i NI (Ao whra with Hewdoibtsi Below thel ctalyst 1 Qa 2
operating temperature Theseheavier tarswould condense onto surfaces, reducing the catalyst
surface areaand lifdimes. While this is a serious problem with fixed bed catalysts, slurry bed
reactors can tolerate traces of aromatics without any serious problems

9 Low proportion of norreactive gasg, such as nitrogen and methane, which increase the aize
costof equipment needed

CHORENone of the leading developers of biomass to liquids via the FT route, estimate that the
minimum economic scale for an FT plant would be aroald of the scale dtheir Sigma plant, which
corresponds to 10000t/yr BTL fuel output, oaround 1520 od/day biomass input However, there

are also newer process technologies in development that could reduce this minimum economic scale.
For example, the Velocys tecHogy recently acquired by Oxford Catalysts has been estimatatiaw

FT catalysts tde viable atoutputs of 500 to 2000 barrelslay’, which would correspond tdiomass

inputs 0f300¢ 122000t/ day.

2.3 Methanol synthesis

Methanol production fromsyngas idolves reacting COldnda small amount of C@ver a coper-zinc
oxide catalystThe reaction proceeds via the water gas shift reaction, followed by hydrogenation.of CO
The process is carried out atH it n s/ -109b&r, withithe raw products fetto a distillation
plant to recycle unused syngas, volatiles, water and higher alcohols back to the reactor.

Methanol synthesihasa very high catalyst specificity, argihce the syngascO bond remains intact,
only involvesa few simple chemicafteactons compared tahe complex reactionsnian FT ormixed
alcoholsprocess The main requirements for sgas for methanol synthesis are:

1 Therelative quantitiesof H,, CO and COThe stoichiometricratio of (H-CQ) to (CO+Cgshould be
greater than 2 foigas reactions using alumina supported catalysts, anodnd0.68 for slurry based
reactors As anexample, 11 molecules of,lnd 4 molecules of CO tbmolecule of C@gives a
stoichiometric ratio of 2

f Removal(i2z O2y OSY (NI GA2Yya 2oFtardwlBridewpdinkslbglownhe @aalyse ¥ LILIO
operating temperature

1 Avoidanceof alkalis and trace metals, which can promatiher reactions, such as FT and mixed
alcoholssynthesis

Methanol synthesis hasimilar syngas cleanupequirements to FT synthesiand overall biomass to
methanol plant efficiencies are generally similar to FT pfafdteeminimum economic scalis also of

® pers. comm. CHOREN. Sigma plant scale take¥ifr YA SY SNE / ® ounny o af{dGF NI dz2Ld 2F GKS FANBG O2Y
biomass input of 1 Modt/yr at 90% plant availability, producing 200,000 t/yr of BTL fuel output, equivalent to 5000 kayrels/d

"¢2y120A0K Si OISR €£onBO2 yRIYXIONE > +Sf20840 /2yPBSNISR TNBY o NNBf &k Rl &
/1T hwo9bQa {A3AYl LIXFLyd pXnnn 6FNNBfakRIe 2dzildzis FyYyR oXZnnn2RikRIF& Ay Lk
E.NRSYS wd 6HnnclO awSySélofS CdzS5t & aifaN®World Gogiferdnged | YR a2NBés 9y 3IAYySSNE
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the order of a few hundred tons/dayutput’, i.e. around 1000t/year methanoloutput, equating toa
biomass input of 520 odt/ day. The new process technologies in developnfentFTwould also be
applicable to methanol catalysts.

2.4 Mixed alcoholssynthesis

Mixed alcohols synthesis|s® known as Higher Alcohol Synthesis (HASEry similar to both FT and
methanol synthesis. Itften uses catalysts modified from those processes, with added alkali metals to
promote the mixed alcohols reaction. The process produesixture of alcohols such as methanol,
ethanol, propanalbutanols andsome heavier alcohols. We have considered foacesses here; two
based on methanol catalysts, ahtlo based on FT catalysts (oneasalkalidoped sulphide cataly&).

The requirements for syngas are very similar to the parent processes, excephé¢hdf to CO ratio
must bel-1.2; hence the needdr awater-gas shift reactiomluring syngas conditionirig reducedAlso,

for the sulphidecatalyst,somesulphur(between 50100ppmv) is actually required in the syngas, rather
than needing to be removéd

Since the catalysts and reactors are based owrHfiethanol technology, andug to the very similar
requirements in syngas clean up to FT and methanol synthesis, the minimum economic scale for mixed
alcohols synthesis is expected to be similar to that of FT synthesis, corresponding to 100,000 t/yr BTL
fuel output, or 1520 od/day biomass input.

2.5 Syngas fermentation

A variety of microorganisms can use syngas as an energy and carbon source to produce witianol
some forming butanol, acetate, formate and butyraté These includeAcetobacterium woodii,
Butyribacterium methylotrophicum, Clostridium carboxidivoransERibacterium limosu, Moorella and
Peptostreptococcus productds Current syngas fermentatiorefforts are predominantly focused on
ethanol production. The process operates at low press(aawospheric to 2 bardndlow temperatures
(most usenear37°C, although some species can suramd growin temperaturesrangingfrom 5°C to
55°C) with theexact reactorconditionsand pHdepending on the type of microorganisised

The main requirement for syngas for fermentatiorthie avoidanceof tars or hydrocarbongo within a

similar level as for FT synthesiap theyinhibit fermentation andadversédy affect cell growth.The

biological process is not sensitive to many of tleher requirements for the chemical catalytic
processesand mostof the aboveorganisms grow better on CO than. lAs a resultthe syngagdi, to CO

ratio can be low, i.e. a wateyas shift reaction after gasification is needed However, nany of these
requirements, such as the tolerance to sulphwill depend on the particular type of organism used

° Pers. comm. Haldor Topsoe

Y PyYStEl {LIFGK FYR 5F@AR 5FL&i2y é6Hnnold 4&. A2LINBRdzOGA FTNBY {eéy3l aé
Yt o[ {LIGK YR 5®/ & 5| & {2Zgchncal and Boonomit AsddésrheritioySynthBsis H43 tal-delg ang Gherhicals wit
Emphasis on the Potential for Biom&S NA SR { ey 3l &é bw9]

2 Curt R. Fischera, Daniel Klait NDdza OKI YSNI FyR DNBI2NE {GSLKIy2Ll2df 24 o6Hnnyo a{ St SO
LINERdzOGA2y¢ aSilo2fA0 2¥3MYSSNAYIr 2t mnT La&ddS cz LI
BryyS a ISyYyadN: = Wy {ALIYES I NBSY wAyTSYlF FyR !'f¥F2ya LINR RAOWKEZ y&Hnn

doi:10.1016/j.copbio.2007.03.008
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The minimum economic scale for syngas fermentation is expected to be caisidsmaller than
conventional FT processes, at around0®Dt/yr ethanol output’, which correspods to 290 odt/day
biomass inpuf’.

2.6 Summary

As shown inTable2, the different syngas conversion routes have different efficienaésvhich there

are several measures:

1 Thermal &iciency: the energy content of the desired liquid@yided by the energy content of the
syngas input to the reactor

1 Syngas CO conversion: % of the CO in the syngas that is reacted in a single pass, or with recycling

1 Selectivitythe proportion of the poducts that are in the desired range

Table2: Syngas to liquids efficiendy

Name Th_e Tma' Syngas CO conversion Selectivity
efficiency
_ Able to achieve 580%conversion The ggs_,ollne product_fractlon has a maximun
Fischer . . . selectivity of 48% (using a Fe catalyalihough
17 of CO in the syngas with ngding " .
Tropsch ~60% : underactualprocess conditions is only ¥8%.
: of the offgas back into the catalys : o :
synthesis inout stream The maximum selectivityf the diesel product
P fractionis closer to 40% (using JCo
Per pass,ite maximum conversion
Methanol 18 is 25%, although actual values are -
; ~799 >99.5¢9
synthesis 79% only 4-7% Can convert 99% of the 99.5% selectivity for methanol
syngas to methanol with recycling
Mixed dngle pass conversioresse Selectivity tametharol, ethanol and higher
alcohok 62-68%"° generally 1040% but producing alcoholsvariesdue tohydrocarbonproduction
synthesis mainlymethanor20 but on a C@free basis isn the range 6©0%
Depends on the mass gdguid
Syngas Not stated transfer ratesmicroorgarism Given the correct microorganisrsglely
fermentation growth andactivity, andif recycling| ethanol can be produced (100% selectivity)
is used"

A summary of the syngas requirements for eaghgas conversioprocess is given ihable3.

“Ppers. Comm. Ineos Bio

'* Calculated with 90% availability from 30,000 tifrethanol, 400 litres / odt of biomass input and an ethanol density of 0.789g/ml. From Rice,

D® 6HnnyoO daLb9h{ .A2 9ySNHeY ! ONBI]GKNRdIdAK (GSOKy2f23am F2NJ Of SI'y o0A:
*pamela Spath and David Daythri nno 0 & . A2 LINE RdzOG & FNRY {ey3al a¢

Ve KSNIXEE STFAOASYOe 2F {laz2fQa af dNNE LKIFAS C¢ LINE O fsithe réactants. N2 dzy R ¢ /%
Syngas CO conversion is 75%. Single pass FT always produces a wide rafigs,giashffins, and oxygenated products such as alcohols,

aldehydes, acids and ketones with water or,@® a byproduct. Product selectivity can also be improved using multiple step processes to

upgrade the FT products. P.L. Spath and D.C. Dayton @G0B f A Y A y | tNEechfical i Egohoyhid Assessment of Synthesis Gas to

Fuels and Chemicals with Emphasis on the Potential for Biebn&sslA @SR { @y 3l a¢ bw9]

¥pL2 SG Ffd 6HnnyO -batedipdblygareratibn sgsiem for pgeraaahketty 23 | AINB RdzOG A@¥®é 9y SNHE oo0X
Yl yadiAahddziS FT2NJ 9YySNHE FYR 9YOANRYYSY(l oRenewable Fudld forpAthvancet! avrifaing) |-
Deliverable D 5.3.7

 NREL (2007) "Thermochemical Ethanol via Indirect Gasification aed Wicohol Synthesis of Lignocellulosic Biomass”, S. Phillips, A. Aden, J.
Jechura, and D. Dayton, T. Eggeman, National Renewable Energy Laboratory

# pers. Comm. Ineos Bio use a single pass reactor, with tgasffombusted to produce power for intermadeds and export

QX
Qx
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Table3: Syngas requirements for FT, methanatixed alcohol synthess and syngasermentation. SeeSection7 for references

E4tech, June 2009

Conversion FischefTropsch Methanol Mixed Alcohol Fermentation
Products Olefins + CO | Paraffins + 0 | Methanol Methanol Mixture of ethanol and highealcohols Ethanol
Cu/ZnO/AIO; Cu/ZnO Alkali/Cu Alkali/’ZnO | Alkali/CuO . . .
Catalyst Fe Co (Gascontaci) (Liquidcontacy) 1ZnO(AIO;) | /Cr05 /CoO Alkali/MoS Biological
Temp (°C) 300-350 200-250 220-275 225265 275310 300425 260-340 260-350 20-40
Pressurgbar) 20-40 1040 50-100 50 50-100 125300 60-200 30-175 1-2
H,/CO ratio 0.6-1.7 Sightly >2 Unimportant 1-1.2 Not sensitive
(H-CQ)/ . . — . .
(CO+CQ) ratio Unimportant Slightly >2 Low ratios ~0.68 Unimportant | Unimportant
. . <5%(avoid
-80,
cQ <5% 48 /q(vgry SIO\.N reaction withouany CQ, but promotion of | Aids initial growth rates
also inhibited if too much present)
methano)
Low (slowly OX|d|sta_Iysts, Low(excessive amounts block active sites, Most reactors use an
HO verylarge amountsrihibit Fe reducing activity but increasing selectivity) aqueous solution
based FT synthesis) 9 Y 9 q
Recycle to produce smaller Recycle to produce smaller molecules (to
Hydrocarbons . . . L None
molecules (to improve effici@y) | improve efficiency)
GH, Low (inert) Low (inert) | <5ppmv Same as FT | Unknown
CH <2% (inert) Low (inert) (Co catalyst) | Low (inert)
N, Low (inert) Low (inert) Low (inert)
HCN <10ppb(poison) <10ppb(poison) Unknown
NH; <10ppb(poison) <10ppb(poison) Can help organism growth
NO <100pphb(poison) <100ppb(poison) Same as Same as Sameas FT _<4Qp_pmv, smc_:eﬂ»Oppmv
methanol methanol (Co inhibits bacterial enzymes
<100ppb <100ppb(poison, permanent activity loss) Resistant,
. A aseous aseous catalyst 9
Sulphur (most 560ppb(most COS only a poison in liquid phase @ us) | @ us) ysh 50-100ppmv T_olerant (up to Z/OB)’.
) important - S . ; since S can help certain
(COS, b5, C8 important : Zn can scavenge 0.4% of its weight in S while isactually < s
' poison) . L 2NBF yAataQ 3
poison) maintaining 70% activity needed
Halides <10ppb(poison, can lead to <lppb (poison leads | <10ppb(poison leads Should be removed, .
. : . ; ! although some organisms
(HCI, Br, F) structural changes in the catalyst to sintering to sintering
tolerant to Cl compounds
Alkalimetals <10ppb(promotes mixed alcohol | Low(avoid due to promotion of mixed alcohol Same as FT
: . Unknown
(Na, K) reaction) reaction) (Co catalyst)
Concentration belovdew point Concentratiorbelow dew point ¢therwise tars Must be removed; similar
Tars ) . )
(otherwisecondense on surfagg | will condense on catalysind reactorsurface) requirements to FT
Particulates <0.1ppm <0.1lppm <01 ppm Must be removed
Particulate size | <2um Unknown Low Must be removed
Avoid: As, PFPb (ower activity, as with other Co (beneficial
Other trface Unimportant hgavy metals), Co (fprmH, activity reduced), methanol to Must be removed
species: SiQ (promotes wadwith surface aredoss, free ethanol
ALO; (promotes DME) Ni and Fe(promote F) conversion)

Chemical &y: H, = Hydrogen, CO = Carbmwonoxide, C@= Carbon dioxide, 40 = Water, &+ = Acetylene, CH Methane CHOH = MethanolN, = Nitrogen, HCN = Hydrogen cyanidez N Ammonia, NO= Nitrousoxides,
COS = Carbonstllfide, BS = Hydrogesulphide, Cs= Carborbisulphide, HCI = Hydrogehloride, Br = Bromine, F = Fluoritda = Sodium, K = PotassiusiQ) = Silica, Co = Cobaliu =Copper Fe = Iron, Ni = Nickel,
As = Arsenic, P = PhosphordBb,= Lead, Zn = Zinc,;@J= Aluminium Oxide (Aluminafr = ChromiumCrO; = Chromium Oxide, M@$ Molybdenum Sulphide

10



Review of technology for the gasification of biomass and wastes
E4tech, June 2009

From the descriptions above aridble3, it is clearthat for all of the processes, there are alwamne
species present ithe raw syngas that must be removed through gas cleaniRegardless of the gasifier
technology,there are alway®lementspresent in biomass feedstocks, such as S@hdvhichproduee
gases that need to be removed after gasification. Neverthelssme types of gasifier are much less
suitable than others: updraft gasifiers produce very large quantities of tars in the synga®%il0y
weight?), which must be removed for any of the gsconversion processedhis level of tar removal

is technically challenging, and expensive. As a result, we have not considered updraft gasifiers further.

Most of the catalyticconversion processea®gquire a H rich syngashowever, nost gasifiers prodce a
CO rich syngas when using biomass feedstothkerefore,the syngas requires a degree of water gas
shift reaction to adjust the #CO ratio, adding to cost¥he exception isyngas fermentation, where
either CO or klcan be used by the organisnisften with a preference for CO), thereby avoiding the
need for a water gas shift reactiorHowever, as current developers are not selecting gasifier
technologies solely on this basis, we have not used this criterion to exclude any gasifier types.

For all of he processes, reduction in the volume of inert components in the syngas reduces the
requirements for the volume of downstream equipment, and so reduces costs. As a result, oxygen
blown or oxygen enriched gasification is being considered by many developeently working on

liquid fuel production from syngas. However, as several developers are considering steam blown
systems, and because many developers started with air blown systems before moving to oxygen and
steam, then this criterion has not been usiedexclude any gasifier types.

The minimum syngas throughput needed to make these processes economically viable does help to
determine which types of gasifier might be most suitabilggure 1l below shows the likely scale of
operaion of different gasifier types. At the minimum scale for conventional FT synthesis of 100,000

t/yr fuel output (1,520 odt/day biomass input in the graph units), only pressurised fluidised bed and
entrained flow systems would be appropriate. If the miomm scale is reduced to around 300 odt/day
biomass input, corresponding with the minimum scale of syngas fermentation or new FT process
technologies, atmospheric CFBs and plasma gasification systems might also have potential. As a result,
we will consider kentrained flow, fluidised bed and plasma gasification systems in this review.

22Lin, ¥ da® SdHnncy a5S8S@St2LIYSyd 2F |y dzLJRN} Fi FAESR 0SSR 3l &aAEseSNI 6AGK |
Institute of Engineers, Vol 29, No 3, pp 552

B RFLIWGSR FNRBY 9 wSyaxkStaNBG2Ft .a@hpa OfaRFSOREARY YR taNRf&ara ¢S«
WWW.ecotraffig.sg/svnbios/konferans/presentationer/lg mai/qasificatjon/synbimmsfelt ejik.pfifl- y R ) finteBhafional Status &

t N2alLlSOuda T2N . A2YIl aSBurdsh A Babu\(ZDD5), andl WestingtiNuseaPiagma ICarp\t@afies sizes
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Figurel: Gasifier technology capacity range

Given that some current project developers are considering using modular systems, with several
gasifers together, it is conceivable that smaller scale gasifiers could be used. However, we have
identified only one developer of a downdraft gasification technology (ZeroPoint Clean Tech) that
mentions that their modular process may be suitable for use widitriduted catalytic fuels production

in the future®. Given the large number of downdraft gasifiers that would be needed to achieve the
minimum economic scale within a modular system (at least thirty 2Midwvndraft gasifiers), we have

not considered fixethed gasifiers further.

The requirements of the different syngasing processes were also used to determine the information
collected for the different gasifiers regarding syngas composition, as shown in the Annex and
summarsged in Sectior#.2.

)P RFLIWGSR FNRBY 9 wSyafdsStd S Ft ovHnndNRWHAE S¢ @FKYKS2IMNTa LT . A2YFaa L

www.ecotraffic.se/synbios/konferans/presentationer/19 _maj/gasification/synbios _rensfelt_eriklpgf R~ Fir&Bnafiondl Status &

t NPALISOGA F2NJ . A2Vl aBurdshR Babi(ZDD5Y, Angl WeéstingiNBePighia ICdriit@ofies sizes

5188 BLENRPt2AYG [/ fSIly ¢SOKQa O2N1RN}GS 680aridsS FdY KOGLYKkKkos6 DT SNB LR A
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3 Gasifiers available and in development

In this section, we review gasifier technologies that may be suitable for liquid fuel produate or in
the future. We have included technologies that are:

1 Of a type likely to be suitable for ligls fuels productionas identified in Sectior? above. This
means that we have considered entrained flow, bubbling fluidised bed, circulating fluidised bed,
dual fluidised bed, and plasma gasifiers, and havduebed updraft and downdraft gasifiers.

1 Likely to be available in the shemtedium term. This means that we have included gasifier
technologies at or beyond pilot scale only. This excludes most university work aradiairatic
pilot plants

1 A commercialéchnology, or likely to become omgthis excludes developers that no longer exist or
are no longer active

9 Suitable for UK biomass feedstoakthis excludes thosasing only black liquor feedstock

For each technology, we present a summary of informatibout the developer, the technology, the
status of development and the feedstocks that have based andested. Further information on each
gasifier is given in the annex, with details about gasifieroperatingconditions,syngas characteristics,
feedstock requirements costs, andpast, current and future plants and their applicationhe
technologies covered in the tables in this section are then used in subsequent sections for comparison
of generic gasifier type&.or eachgasifiertype, we also listechnologies that have not been included in

our comparison, for the reasongiven above. This is useful to assess related technologies the
history of the sector.
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Table4 shows the principatleveloperswith entrained flowgasifiertechnologies designed faise with
biomass andat the pilotscale or beyond. Full details of their technologies are given in the annex

Table4: Entrained flow gadier technologies

Name Technology Status of development Feedstocks
CHOREN W/ | -NRidvolves low | TheirW! f LIK | Q 3adt/flag | Currently usemainly wood
temperature gasification| biomasswasbuilt in 1997,and has | (forest chips, sawmill co
to produce gases and | beenproducing FT diesel since 200} product, recyclell Plastics &
coke which arethenfed | ¢ KS W. S fi98o/ddyjfis- y (i| MSW have been testedoGld
separately into theEF being commissionedvith FT also usestraw briquettes
high temperature productiondue to start bythe end d | (max5¢10 % share),
gasifier.Pressurised, 2009 miscanthus, waste cereal
directly heated, oxyge | Afourmodule W{ A 3 Y | tQtallingf | products, energy crops.
blown EFSyngas sed 3,0400dt/day of biomas$ is planned | Mix needsdrying to <15%
for FTdieselsynthesis for 2012/2013 with four further moisture contentand milling
Sigma plants in Germany to follow | to less than 50mm
Range Fuels | WY qgis€paratereactors | Theird™ generation pilot plant in Timber and forestry residues
T 2 deolatilisatiort Denver, Colorado has been development plant currently
(low temperature operational sinceghe start 0f2008 using Georgia pine and
gasifcation)and (using5odt/day biomass). hardwoods.
& NB T 2 Kigh v 3 €| Thefirst phase of a commercial Plant acceptigh moisture
temperature 125o0dtday biomasdo ethanolplant | content biomass (480%), of
gasification. Indirectly near Soperton, Georgidggan varying sizesfor pre-
heated with steam. construction in 2007, and is on tracl treatment
Syngasused for to begin production in 2010.
ethanol/mixed alcohols | Further commercial units will use
625 orl,2500dtday
Karlsruhe WA 2 fprbdpsa FutureEnergyown al2odtday pilot | C dzii dzZNBX 9y SNH &
Institute of involvesdecentralised in Freiberg, Germanyand dso plants testedawide variety of
Technology | pyrolysis to produce a | supplied tre commercial300odt/day | biomass, and operated on
(FZKKIT), bio-oil (Lurgi) coaland wastea DI a 1 2 Y 0 A | coal andwastes

with Siemens/
Future Energy

transported to central
pressurised, directly

Schwarze PumpggGSPEFRgasifier
Future Energy and FZK areamno

bioliq process will usevood,
wheat and rice hays and

and Lurgi heated, oxygerblown EF| working on the bioliq proces$: dzNJ straws. Their focus isn more
gasifier (Future Energy) | pyrolysis stage of th&2odt/day difficult biomass, like straw,
Syngas sed forFT biomasspilot plant was completed in which have high ash contents
synthesis 2007. Presently being exterat! to Requires chopping before
include gasificatioty 2011 with gas | pyrolysis step
cleaning and=Tsynthesigo follow
Mitsubishi Biomass Gasification A 2odt/day pilot plantwas Have tested wood chips and
Heavy Methanol Synthesis constructed in the Kawagoe Power | waste wood Dried biomass is
Industries (BGMSY; slagging, Station of Chubu EPC@apan, with | pulverized to 1 mm before

atmospheric, directly
heated, oxygen & steam
blown EF gafier. Syngas
used formethanol
synthesis

testing started in 208.

A feasibility studyfor a 100odt/day
plant conductedbut there have
beenno recent developrants

gasification

14
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Pearson
Technology

Pearson Technology A4odt/day testriganda 26odt/day Drying and grinding required.

processEF gasifier pilot have beerconstructed in Have tested wate wood,
indirectlyheated using | Aberdeen, Mississippi. sawdust, rice straw and hulls
superheated steam They have aartnershipin Hawaii bagasse, manure, lignite and
reforming.Syngas sed | with ClearFuelsand a43odtday creosote. Could use MSW,
for mixed alcohols validation plant startd construction | and other waste biomass
production, primarily in 2006.Further Hawaii plants

ethanol planned atl00-3450dt/day.

They are also partnered witBulf
Coast Energywith a 5odt/day pilot
runningon woodsinceAug 2008 in
Livingston, Alabama, andtfue
scaleup plansinclude a
1,4000dtday plantin ClevelandTN

Severabther technology developers with related technologies have not been listed alas/éhey are
not focusing on biomass on UKbiomasdeedstocks

1 CHEMREC: Black liquor gasification. CHEMREC hasonadierableprogress inSwedenand the
USat 3 sites and is planning construction of a commercial scale plarthe US, along with DME
production inPited, Swedefi. However, the ¥ does not produce any black liquor, and the slurry
gasification technology CHEMREC uses cannot be easily adapted to take dry biomass

1 Current and potential technologies for-gasification of coal and biomass, for example:

(0]

Shell: might enter the BTL markeith its Shell Coal Gasification Process (SG@myerger

of KNHzLJL) lamdR&SG& f Qa &2t AR ¥ dzS$hellhhsdhded dadying due y
biomass ceagasification at the 250MWBuggenum plant in the Netherlands since 2008is

has usedup to a 30% share of biomagalthough 510% is a more usual shargnd the
main feedstocks tested amried sevage sludge, chicken manure, and sawdusedstock
requirementsare <lmmand 5% moisture Shellwill alsobe carrying ou#0% biomassco-
gasification in 4 SCGRjasifiers(to be built by Uhdegat the new NUON Magnum 1200MW
coalpower plantin the Netherlandsfrom 201%’, althoughhasrecentlyfaced delays due to
emissions permg application&

GE is currently ecgasifying 5% biomass with coal in fiexaco Gasifielat the 220MW,
Tampa Electric Polk Statiomthe USusing a slurry feed system

Uhde has also been amsifying 1€20% biomass with coal in its PRENFLO gasifier at its
320MW, Puertollano plant in Spaimjthough the plant has had poawailablity”
ConocoPhillipgde-gas gasifiermay also enter the market with their Bhulverised coal
technology

CHOREN also have EF coal technology, ca2H€REN Coal Gasificati@C$ CHORERay

use thissingle stage technologpr biomass directly, if theeedstock requirements could be
met®

% Corporate website009) Available onlinéttp:/www.chemrec.se/Chemrec%20home.aspx

Trrya [

AYKENRG o6wnnto a[! . FaAxy LD// tNR2SOG y2¢ bdz2y al @ydzyy

Available onlinehttp://www.glggroup.com/News/LABasirlGCEProjectnow-NuonMagnum10639.html
B pers. Comm. Shell

#pers. Comm. Uhde

*®pers. Comm. CHOREN
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3.2 Bubbling fluidised bedyasifiers

Table5 shows the principal developers with BFB technologies designed for use with biomass at the pilot

scale or beyond. Full details of theictewologies are given in the annex.

Table5: Bubbling fluidised bed technology developers

Name Technology type Status of development Feedstocks
Carbona RENUGAS: RENUGAS wasiginally developed by the Gas Plants use mainly
(a subsidiary of | Pressurised, Technology Instituteand has been tested in the | wood pellets or
Andritz) directly heated, Tampere, Finlangilot plant from 1993 usinga chips although

oxygen and stanm
blown BFB as part
of a iomass
gasification plant
with the syngas
used ingas engines
for CHP

variety of biomas wastesf{2odt/day) and
evaluatihg hot-gas filtration for IGCC applications
A84odt/day bagasse plarih Hawaiiclosed in 1997
after feedstock handling issues.

TheSkive plant100-1500dtday wood)has been
operatingwith 1 Jenbacheenginesince mid 2008,
andfully integrated plant operation with all 3
enginesshould start in early 2009.

Testingisalso currently occurring at th&s-
36od/day GTI facilityn Chicago, for a future FT
biodiesel plantatt® F2 NBa i NB a dzl
VTT is providingdt-gas tar reforming catalysts

widerange of
feedstocks tested
at GTI

Foster Wheeler
Energy

w9 023 &aQ
atmospheric,
directly heated, air
and steamblown
process with
syngas used in a
boiler

Process testig at VTWwas carried outn 1997,

then abrief250dtdayRSY2 G / 2 NB
plant, beforeafull commerciaB2odt/day plant
wasbuilt on the same site in 2001

I oS I taz2 G§SatSR a{?2 R
5odt/day pilot plant, with the technologypought
from Powest Oy and Vapo Oy. Their joint venture
planned to develop @74odt/day plant at
Martinlaaskso, buthe permit was denied in 2003

Plastics and
aluminium. MSW
RDF also tested

Energy
Products of
Idaho (EPI)

Presairised,
directly heated,
oxygenkteam
blown gasifier APP
hasintegrated this
into their

WYDF aLX I avy
process withsyngas
polishing using
Tetronicsplasma
converter. Syngas
used for heat and

power

EPlbzA €t G n LX Fyda Ay9iKS§S
134odtday for heat& power applicationsMost of
these havenow closed

Panda Ethanol started construction o1&
generation ethanol plant in Hereford, Texas in
2006, including 40400d{day cattle manure
gasifer to provideinternalheat & power, butthe
projecthas suffered delays

Advanced Risma Power (APQ)a6odt/day test
facility in Farringdon UK waselocated to Marston
Gate, Swindon, with upgrading of the plasma
converter and instadition of gas engines in 2008.

APP plan$o scak upto 164odt/day MSW

Past plants used
wood chips,
agricultural and
industrial waste
and sewage sludge
APP arrently use
RDF feedstock,
scale upwill use
MSW Hereford
plant will use cattle
manure if
completed
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Enerkem Y. A2{ ey Q | Adodt/day pilot plant has been in operation sincg 20feedstocks
pressurised 2003 in Sherbrooke, Quebec. tested in the pilot
directly heatedair | Construction of the Godt/day Westbury plant (mainly
& oxygen blown commercial scale plant was completed in Dec | wastes and woods)
BFB, witteyngas 2008, and is now in commissioning. Fuel Demo plant is using
used formodular production modules vl be added as the next stef treated wood from
methanol and Construction of a third plant taking B28adt/day | electricity poles.
ethanol production | MSW in Edmonton, Alberta will begin soamd Future plants will

other possibleprojects include ®13odtday plant | use MSW or RDF
in VarennesisingRDFanda 432odtday MSW
plantin Pontotoc, Mississippi

lowa State Biomass Energy Abodt/day inputpilot & . 9 / Wwas built in 2002. | Tested switch grass

University Conservation lowa are curently partnered with ConocoPhillips | discarded corn
Facility(BECON¢ for syngas catalytic ethanol production R&D and| seeds and wood
Indirect batch testing, along witHast decentralised pyrolysis, an| chips. Will test corn
heating forsteam replacement of natural gas burning. stover and other
atmosphericBFB Also partners with Frontline Bioenergy residues

ThermoChem | Pud & S 9 y K Iy Severablack liquor gasifierbave beerbuilt by Past plants only

Recovery technology is a MTCl:a 12od/day pilot in 1992ithe 30od/day used black liquor.

International atmosphericsteam | New Bern demo in 1998he 120odtday Big Island| New plants will use

(TRD,own blown gasifier, with| demo in2001(whichfailed); and their69odtday forestry residues

MTCI indirect heating (a | Trenton Normapac planvhich has been

Manufacturing
and Technology
Conversion
International
technology

small proportion of
the syngas is pulse
burnt to provide
the gasification
heat). Remaining
syngas currently
used for heat and
power, or FT diesel
in the future

operational from 2003

Partnership withRentechto test a Sodt/day

biomass gasifier, cleanup and FT synthesis at th

Southern Research Institute

Twoother proposed projectsvere awarded $30m

grantsfrom the US DQE

9 Flambeau River Biofudiaking in580odtday
wood to make 16,500t/yeanf FT diesefrom
2010(with possibleexpansiorto 1,9000dt/day)

9 New Page Corp, Wisconsin Rapalsng in

5000dtday biomassfrom 2012
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3.3 Circulating fluidised bedjasfiers

Table6 shows the principadleveloperswith CFB technologies designed for use with biomass at the pilot

scale or beyond. Full details of their technologies are given in the annex.

Table6: Circulating fluidised bed technology developers

E4tech, June 2009

Name Technology type Status of development Feedstocks
Foster Air-blown, atmospheric | 4 commerciabasifierswere built in the 1980s| Have operated with
Wheeler directly heatedCFB, at PietarsaariNorrsundet, Karlsborg and wood chips, bark,
Energy with syngas used for eo| Rodadlime kilns.ranging in size frorii0O- sawdust, recyed
firing in lime kilns om 170odt/day of bark wood waste, RDF,
pulverized coaboilers The Lahti, Finland gasifier takes in up to plastics, railway
to produce heat and 3360dt/day biomass input, producing 7 sleepers and tyreill
power 23MW, at the Kymijarvi coal power plant for| also be using MSW.
the town since 1998A similar plant was builtf Able to handle 2@60%
for Electrabel in Ruien, Belgium moisture content
There are fans for new Lahti planwith 2
modules taking in~768od/day of waste
Vaxjo W. A2Ff 26 QX | The86odtday Varnamo IGCBemanstration | Wood chips, pellets,
Véarnamo betweenFoster washaltedin 2000,as it was uneconomic bark and straw tested.
Biomass Wheeler Energgnd The plant waseopened in 2005 fothe Dried, crushed, and
Gasification | Sydkraft built the CHRISGAS projeatming toupgradeto a pressurised with auger,
Center originalIGCC plantising | steam/oxygen blown system (rather than ail screws before fed into
(CHRISGAS) apressurisedair blown | with a hot gas filter, catalytic high gasifier
directly heatedCFB, temperature reformerand syngas conversio
with hot gas clean up, | to biofuels(instead of heat & power)
andgas turbine CHP Operation in2011isdependent on finding
further funding and futue plans for a
860odt/day plant could be realised by 2013
VTT Ultra-Clean Gas (UCG) | VTThas beerheavily involved in biomass Main focus forest
Technical project¢ pressurised, gasification R&D since the 1980sth several | industry residues and
Research directly heatedpxygen | pilots and ongoing research programs. by-products. Will also
Centre of & steam blown fluidised| A 2.5o0dtday input pilot development uit take bark.energy
Finland bed. Planned FT diesel | (first phase)ame online ir2006. crops refusederived
production NSE Biofuels, a Stora Enso/Neste Qil joint | fuelsand peat
venture, is demonstrating its BTL chain at th
Varkaus mill, Finland usings@odt/day Foster
2 KSSESNJ/C. 2 FYR #¢¢(
cleaning expertise. This second phasenpla
will verify operation during 2009/10.
A third phasel520odiday commercial scale
plant is planned fo2013,and furtherplants
from 20150nwards
CUTEC WI NI FdzSt Q L| Their plot isa400kW;, biomasscapacity Successfully tested
Institute atmospheric, directly (2.70d/day), and wascompletedin 2008. sawdust, wood pellets,

heated, oxygen & stear
blownbiomass CFB
gasifier, gas cleanup an
FT plant

Full process chaioperationhas just begun
testing feedstocks and ash removaéheir
future plansare a4-10MW, plant 27-
68odtday)

wood chips, and
chipboard residues
Plan to test straw
pellets, and sunflower
seed residue. Will also
look at energy crops
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Fraunhofer | Atmospheric, directly Their plot (taking in2.4odt/day of biomass) | Pilot uses clean
Institute heated, air blowrCFB | wascommissionedn Oberhausen, Germany| forestry wood chips.
gasifier with catalytic in 1996. Planned demavould
gas treatment Syngas | In 2002 Fraunhofelooked to establish a havetaken wood
used in an IC engine for| demonstration plant using53od{day chips, bark, coarse
heat & power biomassput this did not go ahead lumber shavings or
sawdust. Belt drying
Uhde High Temperature Previous coal pilotanddemonstrations were | Uhdeare mainly
Winkler (HTW) gasifier | operated before building thes76odtday focused on coal/lignite
from Uhde licensed peat plant in Oulu, Finland in 1988. but haveadaptedtheir
from Rheinbraun. ThePreCon proces@sing MsW)was gasifierdesigns for
Directly heated, licensed to Sumitomo Heavy Industries, wh( peat and MSW
pressurised, oxygen & | built al50dt/day MSW plant in Jsan. feedstocks.
steam blownSyngas TUBF (Technische Urersitat Bergakademie | TUBF will be using
used for heat & power, | Freiberg isdeveloping dargescaleBTL waste wood and straw
and inTUBF concept gasoline and diesel conceiut both the
will makemethanolfor | gasification and the synthesis processes
conversion to gasoline | still in the planning stages
and diesel using Lu@ia
MtSynfuel technology
Y.wQa ¢wLD (SOKy2f23& 06YStt 2 acelopaBith BouthenFCompany (i Q a

is a CFB designed for either air blown IGCC or ofstgam blown fuel applicationsysinglow rank coal
feedstockd’. KBR may enter the BTL market if it develops

% Corporate website (2009) Available onlirtetp:/www.kbr.com/technology/CoaiGasification/Default.aspx
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3.4 Dualfluidised bedgasifiers

The developerdn Table 7 have dual fluidised bedgasificationtechnologies designed for use with
biomassat the pilot scale or beyondndirect teating is provided by material exchange with a parallel

combustion chamberFull details of their technologies are given in the annex.

Table7: Dud fluidised bed technology developers

Name Technology type Status of development Feedstocks
REPOTHEC | Fast intenally FICFB technology created at TUV, with a testrig ang Only tested
TUV(Vienna | circulating fluidised 0.50dt/day pilot, now developed by REPOTEC wood chips and
University of | bed (FICFB) A4Oodt/day plant started operation in Nov 2001 in | wood working
Technology) | Atmosphericsteam Gussing, Austriaand has demonstrated high residues
BFBgasification with | availabilities TUV are testing es for the syngas (FT,
separateair blown methanol synthesis and iimel cell3, as well as further
CFB bar combustion | R&D for optimisation and tar cleanup.
chamber heang the | REPOTEdesigneda 53odt/day plant inOberwart,
sand(indirect Austrig but the projectwas handed over to BEGAS ir
heating) Used for 2004 althoughTUVhave remainednvolved Currently
District CHRind in commissioning
slipstreamfuels REPOTEC alsonclucteda feasibility study for a
testing 500o0dtday plant in Gothenburg
SilveGas SlvaGas process: A mmmercial scale demonstion plant (ising Tested clean
atmospheric, 3500dt/day of wood) was successfullgperatedin wood chips and
indirectly heated CFB | Burlington, Vermont from 1997 to 200%ith the pellets.
steamgasification syngas used in the wood boilé&yS DOE funding ende| Other possible
with parallelair blown | beforeanewgas turbinewasinstalled,and the plant | feedstocks are
CFB char combustion | wassaid to benot economicat theselow efficiencies. | straw, switch
chamber providing Biomass Gas & Electric now developartgiCodt/day grass, poultry
heated sandSyngas | wood wastegroject in Forsyth County, Georgia, and litter, MSW,
used forheat & two otherplantsare in an earlyplannng stagewith waste wood,
power, although will | Process Energy papermill
also produce FT liquid] Rentech announced in May 2009 that they will be | sludge
in the future using aSilvaGagasifier in their Rialto, California plan
to make FT liquisland power from ~8000dt/dayurban
waste wood in 2012
Taylor Taylor Gasification Taylor will be providing the 36800odt/day biomass | Will be using
Biomass Process: same gasifier in @0E fundeathanol project in Colwich, biodegradable
Energy technology as Kansas, propsed by Abengoa Bioenergy in 2007 wastes and
SilvaGasSyngas will | They dso plamedto build a waste gasification to waste wood.
be used for thanol power facility in Montgomery, NY in 200®8ith a Only drying
production orheat & | potential future bio-refinery upgrade required
power
ECN MILEM\:: Compact, A b scale 25kW (0.b2it/day) rig was built in 2004, | Testing of dry
indirectly heated, for automatic operatiortestingwith gas cleanig and | beech wood,
duatbed CFBteam methanation. grass and
gasifier andair blown | Their800kWpilot plant (taking in 3.8dt/day biomass) | sewage sludge
BFBcharcombustot started operationin Sep 2008and iscurrently in the | in the labscale.
Hot gascleaningthen | process of initial testing Pilotonly using
syngasnethanationto | ECN fansto licene al0MW (4&dt/day) demoin wood pellets.
producebio-SNG 2012-2015 with along term goal ofnstallinga1GW | <15mm size
plants (4,8000dt/day) fron2018 needed
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The developers iifable8 have plasma gasifition technologieslesigned for use with biomagmainly
in the form of wastesht the pilot scale or beyondNote that technologies using plasma for other
downstreamprocesses, e.gsyngasreforming, are included in the category for the gasifier techgglo

used. Full details of the plasma teclingies are given in the annex.

Table8: Plasma gasifier technology developers

Name

Technology type

Status of development

Feedstocks

Westinghouse

Plasma Gasification

WPC technology has been usedaveral waste to

MSW, paper and

PlasmaCorp | Vitrification Reactor | powerapplications, wittpilots built since 1990 plastic wastes.
(WPC)a (PGVRY, In 2002 built a150-2100d/day MSW plant in Also able to take
subsidiary of | combination of & Utashinai anch 18od/day plant in MihamaMikata, | sewage sldge,
Alter-NRG atmospheric Japan. oil, cod/water
pressure, moving SMS Infrastructure is currently constructing two | slurries,coal and
bed gasifier with 54od/day hazardous waste plants india. petroleum coke.
WPC plasmatorched DS 2 LI | &Yl Q& { {have deédlo®n- LI} No preparation
Syngas sed for scaled fron2,250to 1500dt/day of MSW required
electricity Othermodularplants are planned at up tscales of
generation Coskata | 1,900o0d{day usingMSW or hazardous waste
to use syngas Coskata is building it&/PQpilot plant in Madison,
fermentation to Pennsylvaniao producesyngador fermentation to
ethanol ethanol. The plot will usel.2odt/day of wood and
wastes from early 2009, with tlirefirst modular
1,5000dt/daycommercial plant planned for 2011
PlascoEnergy | Plasco Conversion | A3.5o0dt/day R&D facility in Castellgali, Spaias Use sorted MSW
Group Systenx; low constructed in1986 and plastics,
temperature A70odt/day MSW demastration plant has been providing high
gasification, with operational since Feb 2008 in Ottawa, Canada, enough calorific
plasmagasification | exporting4.2MW; of power. content and low
then vitrifying the Plasco fans to build a modula280odt/day plant in | mineral matter
solids and refining Ottawa, and a madular 140odt/day plant in Red (e.g. glass,
the syngasUsed for | Deer, Canada ceramics)
electricitygeneration
Startech Plasma Converter | Numerous small plantsave beerin operation since | MSW, industrial
Environmental| System (PCS8) 2001 using wastes &.8-7.50d/day scale with andhazardous
Corporation atmospheric, three plantsproducing methanol in Puerto Ric wastes,

extreme
temperaure plasma
converts waste into
syngas and vitrified
solid.Used for
electricity, hydrogen,
methanolor ethanol

Startech has extensiwegorldwide plans, with plants
up to 150o0d/day using specialised wasteBhis
includesa joint venture signedvith Future Fuels Inc
AY Hnnc (2 sperdrd NRE &6 S 8
plants

incinerator ash
and coal. Waste ig
shreddedfor
uniformity and
decreased
volume
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SolenaGroup

Plasma Gasification
and Vitrification
(PGV) reactog with
3 plasma torches.
Used for
atmospheric
Integrated Plasma
Gasification
Combined Cycle
(IPGCC) process,
plans for methanol
and FT aviation fuels

In the period 2002008, gants were planned at up
to 250o0dtday MSW, bunone of these projects
appear to have been bujlandvery little information
isavailable

Solenaclaim to have several ongoing projects:

1 March2008 discussionsvith Rentech to convert
waste irto FT liquidaircraftfuel inCalifornia A
plant wasplannedfor 2011 operationusing
1,1250d/day MSW, farm and wood wastes

1 Partnership with Bio Fuel Systems tovdiop
micro-algae as a feedstocks foraking FT liquids

1 March 2009: al0OMW, power plantfor the Port
Authority of Venicetaking in 360odt/day algae

Waste streams,
such as MSW or
industrial and
hospital wastes,
and tyres. Also
able to use coal,
coal wastes and
oil wastes

INEnTec

Plasma Enhared
Melter (PEMYX,
waste falls through
anatmospheric
gasification chamber
onto apool of
molten glassheated
with plasma torches.
Used for heat &
power, plans for
hydrogen, methanol
and ethanol
production

Severabmallplantshave beerbuilt since 1996t 1-
250dt/day scale howeveriit is reported thatmany
have had operational and emissions problems
Ly 9y ¢ &dnedpeojedts include:

1 526 /2NYyAy3aQa LAyl A
take in15adt/day of liquid hazardous waste.
Design of the facility began 2007 and was
expected to be online in mid 2008

9 July 208 announcement of Sierra BioFuels pla
(owned by Fulcrum BioEnergy) in Storey Coun
Nevada to conver218odtday of MSW into
~10.5m gallons of ethanol per year for cars an
trucks. Expected tstart operation in 2010

Operated on
radioactive,
hazardous,
industrial,
municipal, tyre,
incinerator ash
and medical
waste streams,
and have also
tested PCBs and
asbestos.
Shredded to 24
inches
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4 Comparison ofjasification technologies

This section copares the different gasifier types based on the review of gasification technologies in
Section0 and supplementary information from the literatur&ntrained flow, bubbling, circulating and
dual fluidised bed and plasma gagifiare compared in terms of:

1 Feedstock requirements; which gasifier types are most suitable for which feedstocks? What
feedstock preparatioms needed for each type?

1 Ability and potential to meet syngas quality requiremermgtsvhat quality of syngas is pduced?
Does this make particul@asifier types more suitable for particular syngasversion processes

1 Development status and operating experiengcdow advanced arehie developers of eachasifier
type? Have thex been failed projects, and if so, wh

1 Qurrent and future scaleg can the gasifier type meet the required scale now or in the future?

1 Costs¢ what data are available on the costs thie gasifier types? What conclusions can be drawn
from this?

The comparisorprovides the basis for the colusions to be drawn in sectids) on which of thegasifier

types might be suitable for lidd fuels productionin particularin the UK.

4.1 Feedstock requirements

4.1.1 Introduction

There are a large number of different biomass feedkttypes for use in a gasifier, each with different
characteristics, including size, shape, bulk density, moisture content, energy content, chemical
composition,ash fusion characteristicand homogeneity oéll theseproperties

Feedstock misture contats above 30% result in a lowgasificationthermal efficiency, as energy is
needed to evaporate the water, with the resulting steaiso affecting the gas compositiorHigher
moisture contents also reduce the temperatures that are achieumzteasing tle proportion ofsyngas
tars in the syngasdue toincomplete crackiny. However, drying feedstocks to less than 10% requires
ever increasing energy inpdfsand hence anoisture contensin the 1620% rangere preferablé®.

Ash is the inorganic material (onineral content) in biomass which cannot be gasified. It ranges from
less than 1%of adry massbasis) in wood to above 20% in some animal manures and herbaceous crops
(e.g. rice straw?. Lowash contentfeedstocks (<5%) angsually preferable to minimésdisposal issues.

Ash composition is also important, since feedstocks with low ash melting points can tatdiffigasify

in some reactorsThis igparticularlytrue for fluidised beds since nelting ash can make bed particles
adhere (agglomerate), cauA y 3 (G KS 0 § Rquiirg) a SHiEddBrSand cearout or major

2 attAlYa Sl tNRPRIOGRAY O FHI . A 2 YledtaTask KU.5 XeEhindogyii Asgessiants of Vehicle MEBIsSand
Technologies, PIER Program, California Energy Commission, prepare®ayitTS

BIEPNI2 IFYSEAYOl 6Hnnn0 dhdzif 221 F2NI ! RGFYOSR . A2¥FdsStaé¢ | (NB
B2 xtf Al YA S, PlodudbA Din@ixb ah2Yl a4 DFAATAOIGAZYES 19t tNR2SOU
Technologies, PIER Program, California Energy Commission, prepare®ayisTS

B2 xttALYa Sl tNBRIZOGIAY O GKI . A2 YLl & A4Tasb KA KeEhhdbhyiiAssessments of Vehicle MBS G
Technologies, PIER Program, California Energy Commission, prepare®ayisTS
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overhauf®. Catalyticbed additives, such as olivine or dolomite, can be usedptevent sand bed
agglomeratiori’, but this is aradditional expen. Whilst woody biomasdeedstocks usuly meet the
ashrequirements, crop residuesuch as straw and husks)ay have to be first screened for their ash
melting characteristics.

Besides feedstock moisture and ash properties, glze of the biomasted into the gasifiecan have a
large influence on thegasificationreaction ¢ the required sizing is mainly function of feedingate,
resicencetime, tar production,temperature and gasifier efficiency which need evaluation for each
individual gasifier and feedstock. Detailed testimjoimation is scarce;however, n general, it is
desirable to use a feedstock that is fairly uniform in sih@pe andlensity’”®. Loose crop residues should
usuallybe compacted to provide the desirable bulk density to facilitate solids ifbovthe gasifierand
avoid feeding problems.

Preparationof biomass, such as drying and/or sizing is needed to some extent for most combinations of
feedstock and gasifier type. Some gasifier type and feedstock combinations require mdregineent,

in the form of an additioal biomass conversion step, to nealkhe biomass suitable for us&his
approach is beinglsoconsideredn order to use a diverse and variable range of feedstocks, to mitigate
feedstock supply and price riskdaR economics can be greatly improved thghithe use of lower cost
feedstock, andn addition to this, achieving the potential bioenergy deployment cited in many studies
will require use of a wide range of feedstocks, not all of which will be the most suitable feedstocks for
gasification Pretreatment does, however, add to costs and energy requirements, which must be
compared with those of using alternative feedstocks.

The principal feedstock preparation steps for biomass gasification include:

1 Sizing:smaller particles have a larger surface ateavolume ratio, and the gasification reaction
occurs faster when there is a larger biomass surface area. Smaller particles can also be suspended in
gas flows more readily, and if very small, the particles may act like a fluid. Achieving the correct
feedgock sizing for the gasifier is important. Crude sizing operations include chipping, cutting and
chopping, but in order to get very small ground particles, pulverising milling equipment is needed
as shown irFigure2, this is an engy intensive process. A screening process is often used to ensure
any remaining larger particles and extraneous materials are removed

91 Drying: the removal of moisture contained within the biomass eyaporation, typically using
temperatures between 100°Che 120°CDrying requires a significant amount of energy in order to
evaporate the large mass of water. This heat can be provided externally, or extracted from the
gasifier syngas or other plant proceteps. Gasification efficiency increases with drienbass but
dryingcosts also increase quickly below 10% moisture

®2xtfALYAa SO fd 6HAnTO Gl v t NRRdZOGAZ2Y @Al . A2YlIad RIFGels®BAIOF GA2YEé S
Technologies, PIER Program, California Energy Commission, prepare®ayisTS
% Zevenhoverh Yy RSNB | i SNJ S Ffd o6unnam0d a¢KS | aK OKSYA&GNB Ay FfdARAASR o6SR
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1 Torrefaction:a mild thermal treatment (approximately 30 minutes at between 200°C and 300°C, in
the absence of oxygen) resulting in a towygen content, dry and relatively brittle produds
shown inFigure2, torrefied wood is much easier to grind than untreated wood, using 80% less
energy for a given sizing, and with a significant increase in milling plant c&pacity

1 Pyrolysis the thermal degradatiomf biomass in the absence of oxygen, whereby the volatile parts
of a feedstock are vaporised by heating. The reaction forms three products: a vapour that can be
condensed into a liquid (pyrolysis oil), other gases, and a residue consisting of char aR@sish
pyrolysis processes are designed and operated to maximise the liquid fraction (up to 75% by mass),
and require rapid heating to temperatures of 450°C to 600°C, and rapid quenching of the vapours to
minimiseundesirable secondameactiond®. The resliing liquids and solids can be ground together
to form a bioslurry for gasification

1 Low temperature gasification’ autothermal pyrolysis reducing the operating temperature of a
gasification reaction, in the presence of some oxygen, to arounes®00Cresults in a tarich gas,
and solid chars.An alternative description of this processasa pyrolysis reaction, bubnly with
enough oxygen to partially combust enough biomass to maintaiemperature between 400
500°C. The chacan then be ground anded into a higher temperature gasification reaction
chamber To avoid condensation of tars in the gé®tween these connected stepshe gas
temperature is not lowered, anthe low temperature gasifier and high temperature gasifier have to
be operated at he same pressuréhhilst high pressure gasifier technology is mature, there is little
SELISNASYOS 6AGK 2LISNFGAYy3 26 GSYLISNI GdzNB I+ &A T
will use rotary drums up to a maximum arfily 5 bar pressure).
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4.1.2 Entrainedflow gasifiers

Demonstration biomas<£F gasification plants have focused arsing wood (wood chips, forestry
residues, sawdust, waste wood, etc) as the prefereatiftock, although other materials tested include
plastics RDF pelletssorted MSWsewage sludgestraws and grasses. In general, EF gasifiers can accept

a mixture of feedstocks, but under the designepgerating conditions, this mixture should not change
significantly over time, hence feedstock storage is usually necessary to ensure the supply of quality
controlled biomass is achieved. The biomass received usually undergoes a process of drying, storage,
blending and sizing.

Due to the ash found in most dhass, the directly heated EF gasifiers (CHOREN, KIT and MHI) are
slagging reactorgneltingash flows down the reactor surfaces (forming a protective slag layer from the
heat) before being cooled into granules and easily removed from the s§stelmwever ash viscosity is

of critical importance to the reactor design, and changes in ash compositions can lead to changes in slag
removal rates, and hence changes in reactor temperature and perfornfihfiteés means that entrained

flow gasifiers can use feedstackuch as straw, but in loand constant proportionge.g.a maximum of
10%straw for CHOREN

Due to a short EF residence time, large feedstock particles would lead to unconverted biomass, and a
high feedstock moisture content would lower gasificationiaéicy”. EF gasifiers therefore have the
most stringent feedstock requirements of the gasifier types considered. A typical EF biomass gasifier
needs a fuel with about 15% moisture content. EF coal gasifiers need a particle sizanaf 50> Y X
however becaus biomass is much more reactive than coal, biomass particles can be sized as large as
1mn*®. However, due tahe fibrous nature of biomasiomass particles must be smaller than 200if

existing coabased pneumatic feeders are used, and grinding biordass to this size is highly energy
intensive.As shown irFigure?2, electricity consumption starts to rise significantly if wood is milled to
sizes below 1mm. Pulverisation of wood to particles ofr@@equires as mutas 10% of its contained
energy.

To use particlesizedat 1mm orlarger, the feeding system needo be changed to acrew feeder. This
is asimpler and more efficienteeding mechanism, but with less responsive seebpdecond control
than a pneumatideeder’’. There is little experience with using screw feeders fog&sifiers:henceif
large biomass patrticles are to be used, amdngesn equipment and plant desigare to be avoided
pre-treatment conversion stepsave tobe usedinstead These pretreatment technologies are not yet
mature, butmost EF gasifier based projects are taking this approach
1 Inthe KIT/FZK bioliq process, decentralised pyrolysis plants first produce oil and char, which are
ground together to form an energy dense slurry fartsport. On arrival at the centralised plant,
this can then be pneumatically fed directly into a large EF gasifi

B 28NNAIGSNE | @ 3 wod whkdzOK 6nnncld awS@ASs 2F FLILX AOFGA2ya 2F 3l asSa
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1 In CHOREN plants, tfiest stagelow temperature gasification is used to produce a tar rich gas
which is fed directly into the EF gasifiand the char is easily ground and fed in separately

1 Range Fuels also usagievolatilisation(low temperature gasification) reactor as a first stage
before higler temperature steam gasificatioof the entrained gases and char particles

1 ECN and others armvestigating torrefaction to significantly redudeedstock moisture and
oxygencontent, along wittmilling energy requirement§ allowing very small particle sizes and
hence allow pneumatic feeding. CHOREN are also testing torrefaction as a feed poeparat
stage in order to be able to use a wider range of feedstocks directlyhigh temperature
gasification reactor, without the need for a low temperature gasification step dithis would
allow CHOREN to use their CCG coal gasification techrubfegity

4.1.3 Bubblingfluidisedbed gasifiers

Existing BFB biomass gasification plants have a wide variety of preferred feedstocks, with wood pellets
and chipswaste wood,plastics and aluminium, MSVRDF, agricultural and industrial wastes, sewage
sludge, swithgrass, discarded seed corn, corn stover and other crop residues all being used.

There is a significant danger of bed agglomeraiiototh BFB and CFB gasifietsen using feedstocks
with low ash melting temperature®.g. certain types of straavA slitable mix of feedstocks with higher

ash melting temperatures may allow safe operation even at high gasification temperatures, or
alternatively, nineral binding products such as dolomite can be added to the inert bed material to
counteractthe agglomeratiorproblent®.

As with CFBs, typical BFBs use storage and metering bins, lock hoppers and screwstcdechiatr ¢o
particle size and fluctuations in feed quantity and moistuidewever, the noticeable difference is in the
feedstock sizing BFBs can accephipped material with a maximum size of-880mm.Unlike EF, CFBs
are tolerant to fluctuations in feed quantity and moistugghe BFB gasifier considered can takieed
moisture contents of 1%5% although 1015% is optimal from a prgeatment energy \@wpoint™.

4.1.4 Circulatingfluidised bed gasifiers

Like EF, CFB biomass gasification has generally used woody feedstocks, although more unusual
feedstocks such as bark, peat and straw have also been the preferred choice for certain plants. Other
materialsbriefly testedinclude plastics, RDWaste woodand shreddedtyres.

In general, CFBs are fuel flex]deing able to change feedstocks when desired, and are able to accept
wastes (with some modifications to remove foreign objectg)pically the feedstock must be sized to
less thanapproximately 20mm Unlike EF, CFBs are tolerant to fluctuations in feed quantity and

®rly RSNIGNAFEG SO Ffd 6nunnand a9y iNFAYSR Cf2g DIAAFAOLGAZY 2F . A2YI| &3
* Zevenhoverh Y RSNB | (i SNJ S Ffd 6unnm0 dgaskidation af Kiom&sk fhiefsh Rait NuBAsh behavisur peidigtibora SR 6 SR
JSNEdza o0SYyOK &aO0ItS | 33aRM¥YSNF GA2y (Sadaé CcdSt ynz wmpno

LIFYSEAYOlE [/ db YR ! dtd/ d® CHIFAZ2 6HnnclO 6t NBRdAzOGAZY 2F YSGKIyYy2f FNRY
* Olofsson (2005) Indl Review and Evaluation of Process Technologies and Systems Suitable-fifidest MediumScale Gasification for

Biomass to Liquid Fuels, Umed University and Mid Swedish University
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moisture¢ the CFBgonsideredare able toaccept feedmoisture contents of 0%, although 145% is
optimal from a pretreatment energy vierpoint®2,

4.1.5 Dualfluidisedbed gasifiers

Dual FB biomass gasifiers mainly use woody feedstocks (chips, pellets, wood resithmsyh other
materials such as herbaceous crops, grasses and sewage sludge have been tested. Taylor Biomass
Energy will be soimg MSW onsite for use in their planned commercial plants.

Since a dual fluidised bed gasifier is based on a CFB or BFB gasification chamber, combined with a CFB or
BFB combustion chamber (s@@ble 9), the input feedstock requiremeatwill follow those of the
gasification chamber design discussed above

Table9: Dual fluidised bed gasifier designs

Gasifier Gasification chamber Combustion chamber
REPOTHEOUV BFB CFB
SilvaGas CFB CFB
Taylor Biomass Energy CFB CFB
ECN MILENA CFB BFB

4.1.6 Plasmagasifiers

Plasma gasification has almost exclusively focused on waste feedstocks, with existing plants gasifying
MSW, auteshredder residuge tyres incinerator ash,coal and hazardous medica) industrial and
radioactive wastes. Other feedstocks tested includBCBs, asbestosewage sludge, oil, coal/water
slurry, petroleum coke, paper, plastics and metals.

As plasma gasifiers can accept almost any material, the main feedstockhasedeenthose that

other processes camh use, and/or those with a gate fee (i.e. negative costs). This may include those
where it is too difficult or expensive to separate out further valuable recyclable material for sale. The
organic content is gasified, and the inorganic content is vitrifieaften needing to earn a eproduct

credit to justify economic viabilitydowever, plasma gasification may become economically viable with
non-waste feedstocks in the future.

The flexible operation of the plasma torches, by ramping up or down the inleatrécal power or the
rate of plasma flow, allows any variations in the feedstock quantitgistureand composition to be
accommodate¢ maintaining a constant gasifier temperattitePlasma gasifiers caherefore accept
feedstocks of variable particlezs, containing coarse lumps and fine powders, with minimal feed

2l YStAYyOls /®b YR | Ot d/ & CLIBAZYORARC) OORNRRAZOG A ZWBDKIY S YR IGHNHE A TRR Y

* pierre Carabin & JeanSy S DI 3y 2y o6unnn0d atfl aYl BEdvedian(df Ash iaty Gldigf Rrodtctsiamdh T A OF G A 2
{ey3alaé teNBDSySara LyoOz /Iyl R
*D2YS1 S Thdrmdal plasmatechdolégt F2NJ G KS GNBFGYSyd 2F staisSay | ONRG2a6OLt NBOGAS,
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preparation’® ¢ sizereductionand drying arenot usually required, and heterogeneous feedstocks are

acceptablé®. However, m general, feedstocks with higher average moisture or inorganic otelead
to lower gasificatiorreaction and syngas temperaturesnd lower efficiencyand feedstocks with lower
average carbon contents lead to a lower syngaality and/orheating valué’. The sorting of wastes to

remove glass, metals and inert matesiddefore input to the plasma reactor is therefore sometimes a
preferred feedstock preparatigras is the case for Plasco and InEnTec.

4.1.7 Summary

The requirements of different gasifier types vary considerably: from EF gasifiers requiring small particle
sizesan optimal moisture contenaind a consistent composition over time, to plasma gasification which
can accept nearly all biomass feedsteekith minimal or no prereatment. CFB and BFB, and Dual

systems have intermediate feedstock requiremertigjng able ¢® accept larger particle sizeand a

wider range of moisture contentthan EF, but also requmyg care over the use of feedstocks with low
ash melting temperatures, such as agricultural residdd® feedstock requirements for each gasifier
type are summadsed inTable 10.

Table 10: Summary of feedstock requirements

Gasifier Size Moisture Composition Other
' L Should not change over time
R . . . Pre-treatment
EF 5 15% Limited proportion ohigh- .
¢ e . . steps being used
<lmm ashagricultural residues
BFB * .o 8 4 & Can change over time
(and Dual with P _¢ ° 10-55% Care needed witlsome
BFB gasifier) ® 5 agricultural residues
<50-150mm
CFB . * i Can change over time
(and Dual with s 5-60% Care neded withsome
CFB gasifier) : <20mm agricultural residues
. © . .
o L EY Not Not important, can change Used fora variety
Plasma - . - . over time. Hgher energy of differentwastes
B important
) contentfeedstocks preferred | gate fees common
Not important
®2S40AYyK2dzaS tfLaYl [/ 2NlJ 6HnnHO G2SaltAy3IKz2dzasS tflavyl /2§,
Hershey, PA
*®The RecoveredEngrg { @ 4G SY o6Hnnd0y a5ArAa0dzaaArazy hy tflayl DIFIaAaAFTAOFIGARZY G
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4.2  Ability and potential toachieve syngas ality requirements

As stated in Sectior2.6, no gasifier technology is able to directly meet the strict syngas quality
requirements for liquid fuels production without gas clearmppowever, some gasifiers produséghtly

more suiable syngas than others. This can lead to decreased requirements for certain components in
the syngas cleanupnd conditioning with corresponding reduced or avoided costs. This section will
therefore examine the main trends in the syngas compositiorachegasifier type

As a reminder frongection 2, the ideal syngas foobaltFT synthesis would contain a ratio oftel CO

of around 2:1 with no methanetars, hydrocarbons, particles, impurities or inert gases such as nitrogen

As an illustration of tl variation in syngas compositions, the available datahferaw syngas produced

by each gasifier technology, using its main preferred feedstock, is showmable 11. These
compositions vary widely within the same gasifier typee tlu different feedstocks, sizings and moisture
contents, process temperatures, pressures, oxidants, residence times and presence of bed catalysts.
However, since the indirectly heated gasifiers (EF: Range, Pearson; BFB: lowa, TRI; and all of the Dual
gasfiers) all use steam, they will share certain similarities in syngas composition regardless of the
gasifier type, and hence are discussed separately.

4.2.1 Entrained flow gasifiers

Due to the high temperatures present within an EF gasifier, hydrogen and cartiooxide are strongly
favoured over methane within the gasification reactithsCQ yields are reduced at higher
temperatures, and tars and hydrocarbons are cracked into smaller components. Since most of the EFs
considered in this analysis are pressurisad oxygen blown, the syngas has low concentrations of inert
gases (e.g. nitrogen), and typically has high % volumegarfdHCO, with very low amounts of methane,
hydrocarbons and tar& The result is a high quality syngas that needs very little cleémingrs.

4.2.2 Bubbling fluidised bed gasifiers

BFBs operate at lower temperatures than g&isifiers;nence the main difference between the gasifier

types is the presence of methane, hydrocarbons and tars in the BFB syngas. Those gasifiers using oxygen
still have fairly high levels of,tand CO, but those using air always have at least 38% nitrogen difuution
leading to much reduced levels of 8hd CO. The use of oxygen therefore increases syngas quality, but

is expensive, requiring an air separation ufike syngas is high in particulates (from attrition of the
smaller pieces of bed material, ash and soot/fine coke partftleRarticle removal technology is mature

and inexpensive, but there are still some challenges in the removal of particles at highré&uonpe

BILEINEBFYGE2F SO Ffd 6nnndd 4! LANIRAY3I 2F adéy3dla RSNAGSR WM 0A2YIl &4
889
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Table11: Syngas composition of gasification technologi€ee Sectiof for references

Technology  Gasifier Gasifier  Oxidant H, CcO H,:CO (efe) H,O Methane  Hydro- Nitrogen ~ HCN, NK| Sulphur  Halides (HC Alkalines Tars Particulates
type heating ratio carbons (Np) NQ, (COS, 18, Br, F) (Na, K) (ash, soot)
(G C9)
CHOREN Direct 0, 37.2% 36.4% 1.02 18.9% 7.3% 0.06% 0.1% very low
HCN
EF
3.4mg/Nn?
KIT Direct O, 23% 43% 0.53 11% <0.1% 5% NE& 1,7mg/Nm3 "none”
0.4mg/Nn?
Carbona Direct O,/steam 20% 22% 0.91 ? 5%
BFB EPI Direct O, 37.5%  40% 0.94 15% 3% <1% 3%
Enerkem Direct Air 6-12% 14-15% 0.4-0.8 16-17% 3-4% 2.9-41%  36-58%
Foster — piect  Air 160% 215% 074  105% 2 46.5%
Wheeler
CHRISGAS Direct Air 11% 16% 0.69 10.5% 12%  Methane & G, 6.5% 44% <0.1ppm <5g/Nn? dust <2ppm
. GH, 0.6%,
CUTEC Direct OJ/steam 31.6% 22.0% 1.44 33.6% 7.9% GH, 1.2% 3% 9.5g/Nn? dust 12g/Nni
L, 1.
CFB Fraunhofer  Direct Air 18% 14% 1.29 16% 10% 3% 39%
Uhde Direct O,/steam 30.1% 33.1% 0.91 30.6% 5.7% 77%;';m 0.4% 90ppm NH  H,S 0.03% Oppm HCI
) . NH;2200mg H,S 150mg HCI 150mg
ECN BIVKIN Direct Air 18% 16% 1.13 16% 5.5% 2.38% 42% 3 3 3 0.12%
/Nm /Nm /Nm
EF Pearson Indirect Steam 51.5% 24.1% 2.14 17.8% 5.8% 0.5%
BFB lowa Indirect Steam 26% 39% 0.67 18% 11%
BFB TRI Indirect ~ Steam 43.3%  9.2% 4.71 28% 5.6% 4.7% 9% 0% low
GH, 2-3% 1000 HéS 40-
REPOTEC Indirect ~ Steam 38-45% 22-25% 1.6-1.8 20-23% o12% GHO5%,  23% o000 70::1‘2:” 2.3g/Nn?  5-10g /Nnf
0,
G: 0.5% 30ppm
pud SivaGas& | yect  Steam 229%  44.4% 050  12.2% 1560 CeS1%
Taylor ? S e B GH0.7%
1%, NH, 500-100C H,S 40-
ECN MILENA Indirect ~ Steam 180% 440% 041 11.0% 250% 150% 2627 4.0% H z 40g/Nn?
others 5% ppmv 100ppmv
westing- et None 159% 40.4% 039  3.6% 37.3% 2 none
house
Startech Direct None 52.0% 26.0% 2.00 <1% <0.5% 16%
Plasma
Solena Direct None 425% 453% 0.94 4.3% 0.01% ? CH,2.56%  5.2% H,S 0.11% HCI 0.05%
InEnTec Direct None 36.5% 46.8% 0.78 11.8% 1.5% ? 3.3%
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4.2.3 Circulatingfluidised bed gasifiers

CFBs also operate at lower temperatures than EF gasifiers, hen&¥F~Hs methane, hydrocarbons and
tars are all present in the syngdghe syngas quality can vary considerably, depending on the operating
conditions Again, using air as the gasification oxidant leads to heavy dilution by nitrogen, and only those
CFBs usingxygen have high levels of Bhd COCFBsre capable oproducingsimilarproportions of H

and CO in the syngas to BFBs, and also have higher rates of througaithwugh both are less than

EF2 The syngas is very high in particulates (from the sudpe bed material, ash and soognd their

rapid transport and circulation can result in equipment erosion.

4.2.4 Dual Fluidised Bed and other steam blowindirectly heated gasifiers

The presence of steam in the gasification reaction promotes the produdionydrogen, but also
promotes methane (which can often reach levels of 10% or higher). Once formed, methane is stable at
lower temperatures; thereby its production detracts from theand CQdn the syngas. Methane can be
reformed, but at an efficiency &s. However, by using steam, there is no nitrogen dilution in the syngas,
and the high levels of hydrogen reduce the need for a downstream water gas shift reaction. Depending
on the gasificatiomeactordesign (CFB or BFB), thyngas from Dudluidised ked gasifiers will be high

or very high in particulatéd

4.2.5 Plasmagasifiers

Plasma gasification usually takes place in the absence of a gasification oxidant, with some gas (e.g. air,
oxygen, nitrogen, noble gases) only presenptoducethe plasma in thegt or arc, for the provision of

heat. Extremely high temperatures (greater than 5,000°C) ensure that the feedstock is broken down into
its main component atoms of carbon, hydrogen and oxygen. These quiektynigine to form hydrogen

and carbon monoxide @gas, thereby producing a very high quality syngas, with no methane,
hydrocarbons or tafé. Other plasma gasifiers work at lower temperatures (from 1,500°C to 5,000¢C,

still well above EF conditions), producing some tars and hydrocarbons, which aréntherdiately
cracked. Plasma torches have highly adjustable power outputs, hence temperatures and syngas
components can be controlle&ince plasma gasification usually uses waste feedstocks, chlorides levels
can be high, which can lead to high levels opirities (such as dioxins and metals) in the syngas,
although many of the heavier elements are vitrified and hence safely removed.

4.2.6 Summary
In terms of the presence of methane, hydrocarbons and tars, the order of gasification temperatures

dictate that Plama gasifiers produce the best quality syngas, followed bwarieH{inallyDual, CFB and
BFBgasifiers The quality of thesyngas from a fluidised bed gfier is still significantly higher than that

“ht2FTaazys LPE b2NRAYEZ ! & FyR ! o
Medium{ OF £ S DI &AFAOFIGA2Y F2NJ . A2Yl
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of the updraft gasifiers excluded in Sectich6. Avoiding nitrogen dilution is another important
consideration, which is automatically achieved in an EF, Plasma ofllidisled bedgasifier, but only

occurs in a CFB or BFB gasifier if oxygen or steam is used as the gasifitdtioh 8team gasification

gives higher hydrogen syngas levels, but also higher levels of methane. Particulates are an issue for CFB,
BFB and Dual technologies, whereas impurities coming from the feedstock are an issue for all
technologies.

4.3 Development satus and operating experience

4.3.1 Entrained flowgasifiers

The two most advancedEFbiomassgasifier developerare two of the main players in thermochemical
biofuels routes, having received significant government funding and investor inteaéstg with
participation of major industrial partnersThese developerare constructing their demonstration plants
althoughboth have experienced delays

1 /1 h wRbdday pilot plant has been operational since 2003, an®@8odtday demonstration
plant isnow dueto start gasifier operation followed biT diesel production by the end of 200%e
plant has been delayed by a year due to modifications to meet the safety findings in the Baker
report®®, which would beincorporatedfrom the start in future plantsCHORENtill haveambitious
future plans for scaleip to 3,040od/day by 2012/2013 with wider deployment in Germany
CHOREN partners include Shell, Volkswagen and Daimler

1 Range Fuels built ao8t/day pilot in 2008, anda 125odt/day demonstration plant is due tbe
gasifying biomass for subsequerbdudion of ethanol and mixed alcohols in 20Ihe scale of this
plant has beerhalved fran the original plans of 20m gal/af production by late 2009with the
company statinghat this was a result of problems \itead times for equipment sourcingurther
commercial plantat 1 2500dtday input scalare planned, but with no clealimescale yet

In addition to this, there are threetber EF gasification technology developeosicentrating on biofuels
production, but are currentlyat a smaller orless developed stagén developing the key biomass
conversion process steffearson, FZK/KEAnd Mitsubishi Heavy IndustriesPearson and Mitsubishi

have pilot plants at <&dii Kk Rl @ £ g A GK 02y a i Ndziindodigay aleprogiessiNg 2 Y Q a
slowly. KITFZKare buildingand verifyingeach stage of their Igtit/day pilot plant ¢ the pyrolysis step

was completed in 2007, andhe 85barSiemens/Future Energyasdfier is expected to be integrated with

the pyrolysis sp by 2011 with gas cleaning and fuel synthesis staépsollow. Note that the gasifier

reactor is not a new technology:hias beerin commercial opeation usingup to 306odtday of coal and
wastesat the Schwarze &mpeplantin Germanysincel984 for methanol productionIn general, plants

based on EF technology should benefit from the extensive experience with coal to liquids EF gasification
routes, with their highly developed process integration.

Other successfuEFtechnology developers are investigey cogasification¢ Shell Uhdeand GE (and
possibly ConocoPhillipsHitach) could move inb biomass gasificatioif the future marketfor BTL

% pers. Comm CHER
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appearsto be commercialhattractive. CHOREN could also use their CCG coal gasification technology in
the future with biomass.

ARLIS Technology, a higtmperature, oxygesblown vertical vessel EF was jointly developed by TRE
Terra Recycling und Entsorgung GmbH, Wiesenburg and Power Plant GmbH, Freiberg. The technology
was going to be integrated into a waste wbtGCC plant of V.I.A. Biomass$eizkraftwerk GmbH & Co.
Kirchméser KG. The basic engineering started, but the project failed because of the insolvené& of TRE

4.3.2 Bubbling fluidised bedjasifiers

SeveraBFB gasifiers have been built for heat and power potion since the 1%0s, but only atmodest

scales. There are now plans for scale up to larger scales, antbalse of BFB gasifiers for liquid fuels
production.Experience to date has been based on both atmospheric and pressurised systems, but many
of these have been air blown, with current development focusing on the use of oxygen/steam oxidants
in pressurised system3here are a number of biomass BFB gasification technology providers,of

which have commercial heat and power plants, with plamdidel production:

T /I ND2yLl k! y RMRplahtstarted ih Mnig2B08, using100-1500diday wood. Support
research on gas conditioning also ongoing at GMith the goal of developinthe technologyfor a
future verylarge(1,4400d/day biomass inpuUtFT biodiesel plant witforestry supplietJPM

T 9ySN]lISYQa . A2{&y LINEOS a4 d0odiday We&bury glantOvaity @28t@ay A 2 y SR |
plant starting constructioin Edmontonin 2009, and plans for several other larggngas taethanol
plants using wastes BioSyn has the longest development history of any biomass gasifier, with
demonstration heat and poweplants built back in the 1970s

1 TRIhave received grants for two projects in the (Flambeau Rivers and Wisconsin Rapioishake
ethanol fromwood, andwill be carrying out pilot FT testing with Rentech

1 EPI have previous experience with small plants for heat and power, and are involvedrge a
project for cattle manuregasification¢ KS a&y3aF & LINRPRdzOSR gAff 0SS dza$s
1% generation ethanol plant (instead of gas or coal)t will not be directly converted to ethanol
However, construction iscurrently on hold, due to delays and costs overruns leading to a loan
default’, i.e. notas a result of problems not related to thgasifier. Advanced Plasma Power has
plans for a heat and power plant in the UK usit@7odik R &8 2F a{23>X AyO02NlJk
gasification technology followed by plaameforming to clean the syngas

BFB technologhassuffered someset-backsin the past.These include

1 Stein Industry/ASCAB: Basic gasifier research started in 1980 with a 2odt/day wood BFB gasifier. In
1983, the plant capacity was increased to 8.50dt/day. In 1986, a 51odt/day pressurized fluidized bed
system was installed in France. As of 208in has abandoned the proc&ss

®yS§8a 2@ Yglyd YR IFNNRS Yy2S8S¥ o6nnnn0 a{iGliGdA 2F DI amandBIGHA2Y Ay (
Netherlands

 A2S8SySNB& .daAySaa oHnndo at htpRiwwdideketgy 2 f A dzo AARALF NE 32854 o6y NHzLIG ¢
business.com/index.cfm?section=americas&action=view&id=11838
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for U.S. Department of Energy National Energy Technology Laboratofg by E
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9 The closure oD ¢ IRENUGA8&4odt/day bagasse plant in Hawaii in the mid 1990s due to feedstock
handling problem®¥

T ¢wLka¢/ LQa o°f atGdorgiét A ljCdk2FNU ONIaa A FAABSald &nd [bngeR operditingS NJ Y A
since the cost of upgrading the reformer aftepecificationproblems occurred was too great
Another MTClproject started with V.I.A. Biomassteizkraftwerk GmbH & Cdirchmodser KG to
burn symas in an existing waste wood combustiplant ran into serias difficulties with the
permitting authorities’

Enerkem were also due to supply2#72 Rk Rl @ w5 C 3 312V SoWér @adtNd b 2 @S NJ
Dagenham Londong although planning was granted 2006 Novera withdrew from the UR &lew
Technologies Demonstrat Programme andvere still looking for additional fundingThe project was

sold to Biossence in Apr 2069vho aredeveloping several waste to power projects in the'{&nd are

partnering with New Earth Enerfy However, little information regarding thisyrolysis + gasification

technology is available, and although large plants are planned, there do not appear to be any pilot scale
plants built to date.

4.3.3 Circulating fluidised bedjasifiers

CFBtechnology has been used annumber of commercial biomass gjfication plantssince the 1980s

As with BFB, most of the experience is withbdiwn, atmospheric gasifiers for heat and power, with

development only now focusing on pressurised oxygen blown systEBowter Wheelelis the main

player, through the dired offerings of their commercialgasification equipmenin heat and power

applications backed up bytheir participation and technology provision withinternational research

projects

f C2aiSN 2 KSSdE SN EYWS NeH @Fak&thaofbdiPhasOuenommercial and using
0A2YlFaa airyOS GKS YAR wmdgiuel dshlacemerttin liedt damtikpowerl A y t &
applications. New, larger plants are planned, such as the +vig&8odt/dayMSW gasificationplant
in Lahti, Finland

1 VTT, Finland are runningedhUltraClean Gas project with the aim of developing a pressurised,
2E&3SyxkaisSry oftz2sy [/ C. I aAFAOFGA2Y (GSOKyz2f238
history of CFB pilots and testing, the second phase of the project is the 12MWth (609d&tias
Enso/Neste Oil joint venture at the Varkaus mill, with the gasifier supplied by Foster Wheeler. Full
plant operation is expected in 2010, and construction is progressing well. Futureugcplans are a
1,5220dt/day BTL plant by 2013

®f dz2NB a K . |Biodms®Gasificatian Far Hydrogen ProductionNE2 OSaa 584 ONXR LIG A 254 THewh& Gagificatibni THSOK b SSRa
Leader Ga3echnology Institute

°TRI website (2009) Available onlitetp://www.tri -inc.net/plants.htm|

"Y§8a 2 Yglyld FYR I FENNRS YY28F 6nunnno a{iGl (tedi2F ODAPBATRSI HRDBYAY y@Z
Netherlands

 A2SySNHe 9 2| ba@SNBsaSOGANDFTAALAATAOIGAZY LINR2SOG (G2 F20dza 2y &Ay
http://www.newenergyfocus.com/do/ecco.py/view_item?listid=1&listcatid=119&listitemid=2512

" Biossence: The Process (2009) Available ortiig//www.biossence.com/process

" Bioenergy & Waste News (20005 260NBE S 6+ 3838 TFANY &S04 dzJ NBySsl ot S SySNHe odaiySasé
http://www.newenergyfocus.com/do/ecco.py/view item?listid=1&listcatid=1058itemid=1753
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f Theoriginay c 2 Rk Rl & + Bibfivié )6idt ventlré with Sydkraft was in operation from
19931999, but was unviable after this testing perfadOperation was halted until ownership
passed to the Véaxjo Varnamo Biomass Gasification Center in 2003. As part Bif) tidHRISGAS
project, fundingwas provided foroxygen/steam upgrading, gas cleanitgsts and FT fuels
production¢ however, only some of the tests were completedhin the project timeframe A new
rebuilding plan and consortium structure has recently beleawn up,and Swedish Energy Agency
funding has been provided for ongoing codtsit they are still looking for additional fundirng
complete the conversion of the plant for BTL production

There are alsother pre-commercial CFB gasifier developmeimglving biofuels productiomt several
Europearresearchnstitutions,but which appear to only be progressing slowly

9 CUTEC recently builtza7od/day full BTL chain pilot, witfuture scaleup to 100t/daymentioned
1 Fraunhofer Umsichg.4odt/day pilot hashad little development since 1996
f TUBC LX Fy (2 O2YO0AYS [ dzZNHA QA a (i Higheingesature WBKieK | y 2 £ (
(HTW gasifier to produce a full BTL chain, but so far only feasibility studies of the basic engineering
and costs have beetonducted TheHTWgasifier was developed for coal gasificat{gvith several
plants buil), and some MSW €efiring tests were conductedt Berrenrath In 1998, &76odt/day
peat HTW was built in Oulu, Finlaridr ammonia production althoughthe peatinhomogeneity
hightar content of the syngas amgipe blockages all causeditial problems

Several otherCFB gasifigeechnology developers are no longer active in the as&gasificationhaving
shelved, merged or transferredtheir technology or licence wnership and marketing efforts. The
examples belovgive an indication of the past development of tB€&Bsector:

T 9/b W.L+xYLbQ 3IFAAFASNY 9/b A& y2¢6 RSOSt2LAY3
development of the air blown 500kWth (2.4 odt/day bibnrda a 0 W. LxYLbQ / Cin AY HAN
research focusccurred because of the rise in interest in Dual gasifiers for producingN®.

Valuable experience with feedstock testing has been carried’dver
' Lurgi: has thre@perationalcommercialscale atmopheric, airblown CFB plant§
o0 100MW;, waste in Ruedersdorf, Germany
o 85MW, for cofiring in the AMER plant in Geertruidenberg, Netherlands was started up in
2000, and rebuilt for 2005, but still suffers cooler fouling problems

0 29MW, plant in Lahden, Nettrlands has been operational since 2002

0 0[dzNBAQa LI Fyd odZAfd Ay Myt Ay t2fax ! dza i NA
However, Lurgi is no longer developing this biomass CFB technology, having sold the rights to
Envirotherm. Envirotherm advertise the technojodput have not sold or planned any projects using
the CFB technology to ddfe Lurgi were acquired by Air Liquide in 2007, and are still involved in BTL
via their involvement in the decentralised pyrolysis and syngas conversion stages of the KIT process

Lo .l odz 6Hnncy G22N)] {K2LI b2d® mY tSNALISOGAGBSE 2y . A2idfBidmas®l &A FA Ol G A
®/ dad Gy RSNI aSA2RSYy:Z | oWd +SNAYy3AlLZI | & Gl yi ORGNI[SNALThA!d {. ODWP LELNB dr3 K
ECN

"Babuetal (2000CANEG aSSiGAy3a 2F L9! LYGSNYFdGAZ2ylf 9y SNHE TechhifayubwersityK SNXY I f D!
Dresden, Available online dtttp://media.godashboard.com/gti/IEA/IEADresden1l 21 01.pdf

" Corporate website (2009) Available onlihép://envirotherm.de/content/e39/e137/index_eng.html
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9 Despite successful pilot plant operation, TP&miska Processor AB (Studsvik Energitekmég
unable to commercialise its CFB technolobyS had several plants constructed ompkd, which
were not successf(it

0 The Elbponsored IGCC ARBRE project canstd in Eggborough in the UK faildde to

technical difficulties in commissioning leading to continual delagd,the bankruptcy ofhe
plant owners

o0 Alack of funding led to th&/orld BanksponsoredBIGGT Brazil project never starting
o Two TPS MW, CB gasifiers were installed in the Aerimpianti plant located in Greve, Italy
in 1992, processing refuse derived fuel (RDF) and using the syngas for cement Kilns.
However, the plant suffered from slag accumulation on the boiler tubes leading to
prolonged ouages, and also a shortage of operating funds, and is no longer operating
There have been no other recent developments, and the main technical leads of TPS are now
members of the CHRISGAS project team
1 Babcock Borsig Power GmbH in Germany was one of thestamasteto-energy equipment
suppliers, with a substantial incineration and combustion experience. Their subsidiary, Austrian
9y SNH& odzAfd + mna2 K / C. Fd %StieS3s 1 dzAIGNRIF A
but the coal station shut in@1. After Babcock declared insolvency in 2002, their CFB process was
then marketed under Austrian Energy & Environment, who now only focus on biomass comBustion
T YOFSNYSNY | /C. 3FaAFTFASNI gl & Ayadaltf SRSwedén YJI SNJ
in 1987. The plant was fuelled by 30MWth of bark and wood wastes, with the syngas used for co
firing in a lime kiln. Enriched air tests were conducted in 2003, increasing capacity. However, the
gasifier is seen as a owdf, since Kvaerner never tuany further plants due to low oil prices, and
sold off their pulping and power division to Metso Corporation. Metso still operate the Varo gasifier,
and installed a slipstream gas cleaning test rig at the site in 2008, but seem to be more focused on
large scale demonstration of syngas cleaning than actual gasifier develofiment

4.3.4 Dualfluidised bedgasifiers

AlthoughDual fluidised bedgasifiers utilise CFB and/or BFB techni@gghe combined process #ill
considered to be at the development stageympared to the commercial individual CFB or BFB
technologies.There is current interest in Dual fluidised bed systems due to the avoidance of nitrogen
dilution in the syngaswithout the cost ofusingpure oxygen.Dualsystems havdeen testedsincethe
1980sat pilot scale followed bythe largerheat and powedemonstrationplants

T w9t h¢ 9/ 40odidayQ@HP plant has beensuccessfullyoperating at high availabilitiesin
GussingAustria since 20Q1sing the Fast Internally CFB technology created &t They havelso
conducted small slipstream studies, converting syngas to liquid fuels

1 A similarCHP planin Oberwart, Austria was designed REPOTHE®Gr 53odt/day, but after contract
availability negotiations broke down, the project waended overto the utility BEGAS in 200ho

®Junipery $8& 2 ® Yglyd YR I FNNARS Yy2S8SF éunnno a{idliddza 2F DI imkafA Ol A2y A
BTG, Netherlands
Ogunipeo H nnTO G/ 2YYSNDALE 1 aas
Bt 811F {FFNRGANILIFI oéHANyoO &5
Malmd, Sweden

aaySydy ! RglIyOSRa /t2NRESNBAREY TN KRyt 2186 (69
SPSt2LI¥Sy i YR SELISNASYOS 2Htonia2YlF&a DI
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still continued towork with TUV Constructionwas completedin 2007,and the commissioning
processstartedin Nov 2008

1 The SilvaGas (previobBERCYprocessat 350odtday of wood was operatedat the McNeil site in
Burlingtan, Vermont from 1997 with the syngas successfully -ficed in the wood combustion
boiler. Further US DOHEunding in support of full IGCC implementation (includijag cleaning and
new high efficiency gas turbine to replace the boiler) did not occur th@eéxistingplant proved to
be uneconomicfor electricity production and wasshut downin 2001 FERCO also failed to raise
further capital with disputes between investorand filed for bankruptcin Nov 2002

Several drger ommercial plantshave beenplannedfor some time (again only for heat and power
production) but constructiornisyet to commence

1 Biomass Gas & Electrie5400d/day SilvaGasvaste woodplant in Forsyth Georgias stillthought
to bein an advanced stage pfanning*

1 Biomass Gas E&lectric has planned 730odt/day SilvaGas plant in Tallahassee, Florida for distributing
syngas via the gas network, baithdrew their enviremental permit applicationn Feb 2009 under
strong local opposition, and are no longer pursuing the préject

9 Taybr Biomas® d@70od/day MSW and construction waste wogdant in Montgomery, New York
was due to start construction in 2007 foperationin 2010 with possible upgrading to ethanol
productiorf®

One encouraging announcement malg Rentech in May 2009 isein intention to build a largeBTL
plant in Rialto, California. This will be usin@ilvaGagjasifier to convertan estimated 800odt/day of
urban waste wood into 600barrels of FT liquids/day, and export 35MWpower, with operation
starting in 2012,

The group ofDualtechnologies also have several other possible projewationed(such as Silvaas for
Process Energy, TaylBiomasdor Abengoa), andhe ECN MILENA ®@/day pilot plant, operational
since 2008, has fairly ambitious scale goals (486dt/day by 2015) Dual fluidised bed gasifiers have
had a sporadiadevelopmentin the past but recent successful demonstrations and interest in BTL
applications argromising

4.3.5 Plasmagasifiers

Plasma gasification plants have been built on a small scaledmmercialwaste treatment andoower
applicationsin the past decadebut are yet to reach a large scaleeverablevelopersare alreadyusing

or planningto usemodular systemén the future The two largest developers, Westinghouse Plasma and
Plasco, ee active in the waste to electricity sector

I SNYIYY 12F6F dzZSNE wSAYKINR wl dzQikd (ONdA ey OL 96 DlodoA TA O GA 2y { dzZNBS& / 2 dzy G N
Bwz a SLIK / IBIOMASS ELEGTRIC FACILITY IN TALLAHISTORE: OF BIOMASS DEVELOPMENT IN BURLINGTON CERMONT

Committee on Public Affairs, Tallahassee Scientific Society

BWdzy ALISNI 6 HnnTO0 &4/ 2YYSNOAGA2Y 44SAAYSYAaTe! RDFFOBROV @YPHEOI C2NI . A2Y a4
B NHzOS WwWAGOKAS oS6unndd ac¢lfftFKFaasSs hip/rucdrithie.bldgpot.goin/20@00T1ialiahhgsed vy ¢ | O A f
biomassplantwithdrawn.html

% Taylor Biomass Energy (2009) Available onlitt://www.taylorbiomassenergy.com/

8 Rentech, In F2Q09 Earnings Tedinscript (2009) Available onlinetp://seekingalpha.com/article/137259entechinc-f2q09-qtr-end-03-31-
09-earningscalttranscrig?page=1
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1 Westinghouse Plasma Corp was the earliglstsmadeveloper,and has several years operating
experience with its commerciddSWpower plants in JaparWPC aréuildingtwo hazardous wastes
plants in India. Was®&Tricity, its UK licensee, has plans fdrdodtday MSWplant

1 Plasco has developed #odt/day MSW plasma gasifier module that has been operational since
2008 in Ottawa, Canada, with plans 1@0-280odt/day modular plants for power applications

Other developers have technologies at a much smaller scale, and have primarily focused on waste
destruction in the pastinEnTecave built manyplants but only at the 10-250dt/day scalge and these
appear to bebased on a batch process rather than continuous fegdStartech has built sever8l.8-
7.50d/day units forprocessinghazardous or medical wastesnd larger power units are being planned

for Panama and Polan8omeof these smaller plants have faced serious operational diffic8fties

T Ly9yc¢SOQaoackve Bnfl RazakibuR waste gasifier in Richland, Washington closed in 2001
due to operational problems with the plasma arc equipment as well as financial difficulties

T Ly9yeSoOoQa | gl AA aSRAOFE +AGNRARTAOI (B yindalsoOA Tt A G &
was down for 8 months due to damage of the arc equipment

9 Brightstar Environmental, a joint venture between Energy Developments Limited and Brightstar
Synfuels, had an MSW pilacility in Wollongong, Australiarhis closed in April 2004 bersz of
financial and technical problemgijth material handling issues and high levels of char particles. The
company was planning 2 projects in Australia and had planning permission for UK plants in Derby
and Kent, buho longer exists

There are a fewlasma gasifiereperationalasfuel synthesigilots, with aninterestingemergingtrend
for plasmagasifier technologieto be used in conjunction witldevelopers ofnovel feedstocks(e.g.
algae, tyresbr syngaaises(e.g.syngas fermentatiop

1 Three Staich units (totding 19odt/day) are reported to be operational in Puerto Rico, producing
methanol since 2008 A joint venture has also been set up with Future Fuels to lpladma
gasificatiorto ethanol plantsusing tyres

1 Coskata is building its syngaasrmhentation to ethanol pilot in Madison, Pennsylvaniasing a
Westinghouse Plasmgasifier. @eration is expected in 2009 taking ih.2od/day of biomass, and
commerciaimodularplants are plannedfrom 2011taking in1,5000dt/day

1 Solenaare considering panering with Rentech to convert waste into Hét fuel. A Californian
facility was proposed for peration by2011, taking in1,1250d/day of MSW, farm and wood wastges
although discussions are still ongoiigplena have alstonsidered algae gasification

9 Fulcrum BioEnergwill be using aninEnTedaasifierin its Sierra BioFuels planNevadato convert
218odtday of MSW into ~10.5m gal/year of ethanol for cars and trucks from 2010

Many proposed projectdhave not materialised due to failure to secure emissis permits, sufficiently
large waste streams and revenue agreements, or funding for the initial high capital costs.
1 Solena planned plants for Rome, Puerto Rico and Galicia, thing@ppeasto have been buiff

BDNBSYyl OliAz2zy F2NIISIHEGK YR 9YGBANRYYSyYyillf WdzaiAOS | useBase ol f ! ff Al yC
studies of Gasification, Pyrolysis and Plasma in Europe, Asia and the United States. Available online:
http://www.greenaction.org/incinerators/documents/IncineratorsinDisquiseReportJune2006.pdf

¥l 28yl DNRBdzZL) éHnncO 6Ly i NddRarBrogkatfor Rio22 avSNI SAeyF otf d2S Nly2S NBERO 2 ENB LINB A Sy il G
Turabo
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f DS2LX FaYlIQa {4 [ dzOA Be bulf ih ¢010,witht 68 WPCIgasifiefsd&kiRg inii 2
2,2%0o0dt/day of MSW. Howeverin Oct 2008it was announcel that a lower risk strategy will be
pursued with only a 150-4500dt/day demd”, without any mining of the adjacent landfill

1 In 2001, Waste to EnergyLC proposed building a $192millioB60odtday plant to produce
12.5MW, and 38n gallyearethanolin Oahu, Hawaii. However, the project was abandoned in 2008
after failure to negotiatea supply of MSW, anlick of interesfrom the County Counéfl

1 Wheelabator TechnologieQproposal for a $125mwasteto-energy plant forHilo, Hawaii was
rejectedin 2008because the full cost would have had to be borne by the County C8uncil

91 Pollution permitsfor an InEnTec gasifier in Red Bluff, Califowdee cancelledn Dec2005"

4.3.6 Summary

Bubbling fluidised bed, circulating fluidised bed and plasma gasifiers are established technologies for
heat and power production from biomass or wast8ame projects have failed in the past, often as a
result of a lack of sustained wnitment of adequate resources by the stakeholders involved to fully
resolve issues associated with bringing large scale plants online.

Most of the BFB and CFB plants built to date are atmospheric and air blown, and so not optimal for
liquid fuel productiom, with work ongoing on pressurised oxygen orasteblown systemsFor all
technologies, there are now several technology developers working on gasifiers for liquid fuel
applications, but these vary considerably in sinel experienceEntrained Flow and il fluidised bed
gasifiers are the only gasifier types with any pilot or field operating data regarding the production of
high quality syngas suitable for liquid fuelfie development status for each gasifier type is summarised

in Table12.

PONRO t FIKESNI 6m hOG wnnyo aDS2LI L aYF LyO YIEée a0FtS ol 01 2y {0 [ dzOA ¢
http://lwww.tcpalm.com/news/2008/oct/01/geoplasmeroposescuts-on-vaporizingtrash/

“NaneaKalarti | OATAO . dzaAy8ada HWiR6d Fddh maKedz &N 4K FAT T EAy3 2dzié | OFAtloftsS 2y
http://www.bizjournals.com/pacific/stories/2008/10/20/story3.html

PW2R ¢K2Yazy O6HAN08ySNEESLIE T yiE AttpHadhivkSstardulefin.canyZ00840508/news/story09.html

St w bSsas A MNENTeo Maticay Services LLC Cancels Permits to Build a Waste Recycle and Power Production Facility Near Red Bluff,

/ I £ A T ARvilllble lodhe: http://www.bio -medicine.org/medicinenews1/InEnTeeMedicatServiced L GCanceldPermitsto-Build-a-Waste
Recycleand-PowerProductionFacilityNearRedBluff--California218541/

40


http://www.bizjournals.com/search/results.html?Ntt=%22Nanea%20Kalani%22&Ntk=All&Ntx=mode%20matchallpartial
http://www.bizjournals.com/pacific/stories/2008/10/20/story3.html
http://archives.starbulletin.com/2008/05/08/news/story09.html
http://www.bio-medicine.org/medicine-news-1/InEnTec-Medical-Services-LLC-Cancels-Permits-to-Build-a-Waste-Recycle-and-Power-Production-Facility-Near-Red-Bluff--California-21854-1/
http://www.bio-medicine.org/medicine-news-1/InEnTec-Medical-Services-LLC-Cancels-Permits-to-Build-a-Waste-Recycle-and-Power-Production-Facility-Near-Red-Bluff--California-21854-1/

Review of technology for the gasification of biomass and wastes

Table12: Stage of development of gasifier technology types
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Gasifier type | Heat & power applications | BTL applications Developers
Construction 6biomass BTL Several developers, with
demonstration plants ongoing.| differing company sizes, and
No past commercial heat | Most significant experience so| some large playersaving
EF and power applications far in integrating biomass established designs based on
using dedicated biomass | gasification with fuel fossil feedstocks. Participation
production, as a result afoal by large industrial players in
to liquid fuelsexperience several projects
Well established heat and .
o Currently scaling up to larger | Technology developers are
power applications, but only o . .
BFB . systemsand BT applications, | smaller companies, with only &
to modest scales using . . ! :
. with plants under construction | few interested in BTL
biomass
Well established heat and | Early days of BTL applications, Limited number of developers,
power applications, good | currently undergoing testingt | one dominant (strong research
CFB . ) . ) : . ;
experience in scaling up CH pilot plants base, with large industrial
for biomass players onboard), others small
Earlier stage of technology Early days of BTL applications,| Few and small technology
development, heat and . . .
Dual C carrying outslipstream testing | developersput some
power applications ) .
at a CHP plant interested inBTL
successfully @monstrated
Established power .
o Very early days of scaling up tc
applications, but focused or| larger systemssomevery small Several technology developers
Plasma MSW and waste feedstocks 2 9" > ; Y of different sizesand many
. . . waste destruction plants also | . .
Limited experience ith L . interested in BTL
: testing liquid fuels production
other biomass

4.4 Current and future plant scale

Biomass gasifiers of widely varying scales have been built and operated over the past few decades.
Figure3 plots the plant size versus the date of first operation for each of the developers mentioned in
the tables aboe, as a representation of their scale, and the scale of the future planned plants. The
gasifiers included are those that predominately utilise biomass or MSW feedstocks, and are those used
for heat and power applications as well as those currently targéie@&TL.

It should be noted that:

1 All future plants (shaded in grey figure3) have been plotted if they are given in company
literature, including those contingent on the performance of smaller, earlier plants

1 Where no date is gen for plants to be built in the future, they have been plotted at the right hand
side of the graph as 2015 or beyond

1 Where plants are currently under construction now but with no end date given, they have been
plotted as 2010

1 Some of the plants shown hewor will have modular systems with several gasifieteose plants
1y26y (G2 0S Y2RdZ FNJFNB /1 hw9bQa {A3IYlI LXIyGax
and Red Deer plants, and Westinghouse Pl&3@lants at Utashinai, St Lucie, New Orleaarg] for
/ 2 a1 koinmerdial plant.
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Figure3: Biomass gasification plant size and year of first operation. The size given is for the whole plant biomass input (theftalladasifier modules)
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Figure3 shows that:
1 There have been three main waves in biomass gasification development: the first plants were

AyairttSR Ay (GKS YAR mMpynQa TF2N KSIdG yR LR2sS

around the turn ofthis century to produe syngas with little or no nitrogen, and the recent wave
of construction for BTL applicatioaad subsequent expected ramyp

1 There are no commercial biomass gasification plants currently operating at or above the
required minimum economic scale for catiédyfuels synthesis of 1,520odt/day

1 Very few plants have been built at the same size. Plants tend to be individually sized according
to syngas application and individual site demands or constraints, along with the type and
guantity of available feedstiks

1 CFB biomass gasifiers have been commercially mature for heat and power applications since the

Mpy nQazx odzi KIFI@S Fa @Sié y2d LINBINBaaSR (2 @SN

lack of commercial development is probably due to unfavourable ecic®end competition
from conventional fuels, and the fact that Foster Wheeler Energy is how focused on R&D of its
pressurised, oxygen/steam blown CFB gasifier for BTL applications with VTT and Stora
Enso/Neste Oil

9 The historical picture is similar for BRBomass gasifiers, although with earlier initial
RS@PSt2LYSyd Ay GKS wmptrnQaz FyR G  atA3akafte
BFB plants are currently in construction

9 Dual fluidised beds have been developed at small scales over a oagaind are expected to
be moving to larger scales in the near future. Despite the relatively few developers, the
REPOTEDUV Gussing demonstration has been successful, and there are a number of planned
projects including a SilvaGas/Rentech BTL plant

1 EFbiomass gasification is the newest technology type, having only been developed recently for
BTL applications. It is currently at a small scale, but will be progressing very rapidly to much
larger scales in the next few years, and benefits from experienteagal feedstocks and eo
firing

1 Plasma gasification plants have mainly been at a small scale in the past, but several much larger
plants are planned in the near future, Witonsideration of use for BTL

Bearing in mind the minimum economic scales forgggfermentation of 290odt/day biomass input, or
Velocys FT synthesis of 300odt/day, all the technology types are expected to be capable of scaling up to
reach the minimum economic scale using a single gasifier in the near future. If the scaling doen of th
catalytic technologies using a Velocys type approach were not viable, the minimum scale for these
syngas conversion processesuld be 1,520odt/day biomass input. All technologies excBpal

fluidised bed and®asma have a plant planned using a singsifier at around this scale (the larger
plasma plants are modular). Note that the CFB and BFB technologies at this scale would be pressurised
systems; operation of atmospheric CFBs, BFBs and Dual FBs is thought to be technically feasible up to
300-400MW, (1,5002,0000dt/day§*, but this upper limit has never been explorecev@lopers have

“e2AYSyaz2ys a O6HAAN0  GENESLIEIONKE RidZOjideRRE 21Fy RCALFDKSMNI G KNB dzZAK 6A2Yl a4
Netherlands
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been wary of building these large plants due to project’fjskith high capital costs and a lack of large,
stable feedstock supply markéts

However, as several planngthnts use modular systems, all technologies could be used to achieve the
minimum economic scale. Most of the very large planned plants will actually use multiple gasifiers as

part of a modular system, rather than a single large gasifier. For exampley @HOQ & { A3 Yl LI I y
in a total of 3,0400dt/day biomass, is designed to use 4 parallel lines, each with 1 high temperature EF
gasifier fed by 4 first stage low temperature gasifiers taking in 190odt/day biomass.

The advantages of a modular system are:
1 A plant can add extra units in order to scale up its capacity as the process is proven
1 Plant availability will be higher since it is possible to still operate the other gasifiers whilst
carrying out maintenance or repairs on an individual gasifieiweve, the redundancy concept
also dependsg, as with many other aspectson conditions such as the type of feedstock, plant
scale, process stability needed by the syngas demand, and performance guarantees
1 Different gasifiers can be optimized for different éistocks in order to use a mix of resources

The feedstock préreatment and syngas processing for a modular plant will be the same as that for a
single gasifier plant, and will therefore have the same economies of scale, but a disadvantage of using
smallergasifiers is the increase in gasifier capital costs, due to the loss of economies of scale.

45 Costs

In this section, we review the availability of data on gasifier costs, and assess how this can be used to
compare the gasifier types.

We reviewed the litesiture on costs of gasifier technologies, including academic papers and theses,
company presentationsand a number of broader EU and US studies. As comparing the costs of
different technologies involves making common assumptions about technologies witbredif
configurations at different stages of development, we focused on a small number of reputable published
reports, which have attempted to reconcile these differences. These are:

T RENEWAG{ OASYUGAFAO wSLERNILY /h{¢ ! {{ dénpescbdaddt¢he O2 YLI S
Institute for Energy and Environment, for the Renewable Fuels for Advanced PoweRrajast.
This aimed to give the typical costs for each step of a BTL fuel chain, and discover which technology
concepts and EU regions hold the mpsbmise. They covered biomass, capital, consumption and
operation related costs, along with expectedpduct revenues, and used Sankey diagrams of the
energy flows and process efficiencies within the BTL plant. Behind this, individual cost, sizes and
scale factors for the major system components were explicitly given, based on academic references
mainly from the period 200@003

Bl YStEAYOl SO Ffd 6nwnnnd 6t NBRd2OGAZY 2F C¢ GNI}yaLRNItoriAzy FdzS8f & FNEBY
F'yR RS@St2LIYSyd LRESWNIAITE 9YSNHE H®MZI mMTRoO
®DK2&a&K SO Ftd 6unnco &{ Ol fcatigrd LIRIO AGF M DFHeigf PNV IOEKIHBEENI dza SY |y | LILX A
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f at NERdAzOUGA2Y 2F C¢ GNIYaALRNIFGAZ2Y FdzSta FNRY oA
optimisation, and development pty G A I £ ¢ = & NA ( G S yet ak af Utnecht/Upiversiy | | Y S§
and ECN. This aimed to assess oxygen and pressure blown gasification, along with various FT
options, and covered capital costs (based on cost, scale and scale factors for major system
compaents) along with operation related costs andypduct revenues

f aCdzidzNB® LINRPaLISOGa F2N LINPRdAzOGA2Y 2F YSUKFy2ft |y
Hamelinck and Faaij attrecht University. This aimed to assess various plant concepts withetitfer
levels of power and methanol or hydrogen production, and covered capital costs (based on cost,
scale and scale factors for major system components) along with operation related costs-and by
product revenues

From these reports, we can draw out information

1 The costs of some of the gasifier types when used for BTL applications; such as low temperature
gasification followed by EF, decentralised pyrolysis followed by EF, atmospheric CFB and Dual
gasifiers, and pressurised BFB, CFB and Dual gasifigssfdC@asma gasifiers or atmospheric BFBs
were not available in the literature to the same level of detail, but estimates using heat and power
application data have been made

1 The relative capital costs of different components, from each of the varionseps steps of
biomass preareatment, gasification, syngas cleanup and conditioning, fuel synthesis and upgrading,
along with plant utilities

1 The effect of changing some of the process parameters, e.g. pressure, gasification oxidant used

However, the extento which we can directly compare the costs of gasification plants either within or

between these references is limited, for several reasons:

9 Each gasifier hasdifferent system concepin terms of feedstock preparation, scale, fuel synthesis
and plant ntegration, and many analyses do not fully state all underlying assumptions. Some
concepts use a different feedstock and in a different form, one concept imports oxygen, concepts
also vary in the amount of power they choose to export instead of fuel prtgmiycand in their use
of different fuel synthesis reactors and catalysts, along with different feedback loops back into the
earlier stages of the plant (for syngas recycling or using heat for feedstock drying or power
generation)

1 Each of the systems comygal is at adifferent stage of developmentfrom those where detailed
engineering designs for a plant at large scale have been completed, to early stage concepts which
combine data from different systems, and sometimes use related technologies as pibxisse
earlier concepts often have poor efficiencies due to poor system integration, and may
underestimate the true project costs or be overly optimistic regarding which components (and their
size and number) can achieve successful, reliable, clean syrgghsciion, due to a lack of project
experience

1 Theuncertainty in the costs given in these references is around plus or minus 30%, due to the
application of the Study estimate or Factored estimate method, which is based on the knowledge of
major items of guipment

1 Many of the costs given in these references for the major system components are bagedten
from different years and hence these quotes are based on material costs from that time, and
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furthermore, the components may well be at an earlier gad development or at a smaller scale
compared to what is available today

1 The analyses give economic results ddferent plant scales It is therefore necessary to use scale
factors for each component in order to-seale the whole plant to the requirdsiomass input size.
Although most of the plants given are of a similar scale, thiscading process (usually to a smaller
plant scale) may be an approximation if the maximum sizes of components mean that instead of
downsizing, fewer replicated componenare used instead

1 The assumptions regarding the BTL plasdociated costs vary consideraldbgtween analyses. The
non-equipment costs such as site preparation, services, insurance, contingency etc can have a large
impact on biofuel project costs. Enginew®y project costs have risen dramatically since the cost data
referenced by the three reports were publishedhe increase from 200to 2008 was almost by a
factor of 2. Recent falls in engineering project costs due to the global recession have only been
modest (around 10% in the last year), although they mayicoa to fall in the short term

Despite these limitations, there are some overall conclusions that can be drawn from the data:

1. Total capital costs for a gasification plant at the minimum econonscale for FT synthesis
(1,5200dt/day or 320MW, biomass input) are estimated to range from £12®7m, including
feedstock pretreatment but excluding syngas conversion to the final fudbual andsome EF
gasifier plant concepts are likely to be at the lavemd of this range, whereas Plasma gasifiers are
very likely to be at the top of this range. Within the total capital cost of a gasification plant, the
installed cost of the gasification step is estimated to be between35ta.

2. Operating costs for gasifation plants are estimated to be of the order 8t5 ¢ 5.7%of capex, per
year, excluding biomass cost$hese vary according to particular labour and consumption related
costs (e.g. chemicals, bed material®ther costs not included within this rangeeamsurance,
admin, and contingencies (estimated to total 3.3% of capex). Furthermeieg imported oxygen
instead of onsite production has a major impact on operating costs, incredwng Wwell above the
range givenln most cases, biomass costs wél dignificantly larger than the above operating costs
For examplefor a low temperature gasification followed by EF concdQENEW calculates that
biomass costéwood chips)O 2 y (i NM@GIbIFT diesetompared to operating & other costs of
€ 7/GJ. Biomass costsill be higher still for lower efficiency systems, which have to take in more
biomass to produce the same syngas output

3. Offsite pretreatment can add considerdly to the system capital costAs an example of the effect
of offsite pretreatment, the RENEW project modelled the bioliq process, with 5 decentralised
pyrolysis plants producing a b&urry for a central EF gasification plant. In this process, theysysol
plants are the only préreatment steps required, but their £68m forms 36% of the total system
capital costs. Other gasification plants considered at this scale with onsite drying, chipping/grinding
and handling only have piteeatment costs of around30m, or 1622% of the total capital cost.

The other gasifier concepts considered include the feedstock preparation that is required in order to
achieve a form suitable for the particular gasifier. However, it may be the case thatptment
technologes are used in addition to this, in order to benefit from the reduced transport costs of

densified biomass. There are three main options for feedstocknesgment before arrival at the
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gasifier site: pelletisation, torrefaction and fast pyrolysis. Tharacteristics and costs of a facility
are presented for individual prgeatment densifying technologies in Table 15, to show what impact
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they would have on overall gasification costs. These costs are taken from the 2008 report on

densification technologis by NNFCC adjusted to 2009 costs and scaled; we have not reviewed

these technologies as part of this study, and transport costs are not included. Note that these costs
only refer to offsite prereatment; the costs of onsite prgeatment for more dificult feedstocks
would be much lower as a result of economies of scale, and the potential for process integration e.g.

use of process heat.

Tablel13: Costs of offsite feedstock prreatment (2009£m)*

Pelletisation Torrefaction Fast pyrolysis
Product Biomass pellets | Torrefied pellets Bio-oll
Net energy efficiency 89% 86% 66%
Capital cost at 2000dt/day biomass inpu 3.1 5.6 9.6

Pressursed systems significantly reduce the costs of syngas clean up and overall capitafcosts

Capital costs decrease for a large part because of decreasing gas volume in the cleaning section. The
extra costs for air or oxygen compression are more than outveglghy smaller syngas cleanup
equipment and redued compression costs downstream, and hence pressurised systems have a
lower total capital cost than atmospheric systems.

5. System efficiency has a major impact on the costs of clean syngas produ@immceptsvhich use

a gasifier with a high cold syngas efficiency, anccessfullyntegrate heat recovery and use in the

syngas cleanup and feedstock drying steps will produce more clean syngas for every odt of biomass
input than concepts with inefficient componenor poor heat integrationln general, the plant
efficiency increases as the gasification pressure increases, because of lower internal power needs
(per unit clean syngas output), leading to cheaper syngas production delstsma gasifiers use a
consideable amount of electrity in their plasma torchesadding considerably to the other parasitic
plant loads. The total internal power requirement isually generatedusing a proportion of the

syngasoutput. Therefore, plasma gasifieese likely tohave amarkedly lower biomass to syngas
efficiency compared to the other gasifier types.

6. Cleanup cost estimates vary considerablifrom the examination of components within tharious
concepts considered, the main steps that are likely to be found in a gdisificplant include
cracking, reforming or removal of tars and other hydrocarbon gases, dust and particle filtering,
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scrubbing or catalytic absorption of contaminants such as sulphur, nitrogen and fluoride
compounds, adjustment of the MO ratio via a Wat-GasShift reaction, and COremoval.
However, he data seen in the literature for gas clean up costs does not match the information
found about the relative syngas quality of the different gasifier types. This is likely to primarily be a
result of the dfferent level of detail in which systems have been modelled, the different plant
concepts, and becauséde required syngas cleanup and conditioning is dependent on the syngas
produced from the gasifier, which in turn is dependent on the feedstock, thdieyas/pe and
operating conditions. Syngas cooling via heat exchangers and pressurisation also needs to occur at
various stages in the process. A detailed analysis of the costs of gas cleaning for each of the syngas
uses is beyond the scope of this revigwwever, a few interesting points to note &t

T

The energy efficiency of clean up systems where the gas is dry (e.g. hot gas cleaning) is

slightly higher than wet cleaning systems (e.g. water scrubbers), since temperatures can
remain higher throughouthte whole clean up chain, and less steam is needed. However, this
is balanced by a slightly higher capital investment, such that the resulting syngas production
costs are roughly the same

A water gas shift reactor can cost up to an estimated £10m for thet@cale considered,
although the need for this step is reduced in most of the stddown Dual systems, and
when using the syngas for mixed alcohols production, dvd3=d FT synthesis

Removing the CQraction of the syngas prior to FT fuel synthegiprioves both selectivity

and efficiency, but due to the accompanying increase in investment, this does not result in
lower product costs. Achieving the correct O@oportion (48%) is more important for
methanol synthesis, hence cleanup costs will belylike be higher, since the raw syngas
usually has at least 10% £@xcept for plasma gasification)

Overall, the costs data available does not point to a clear winner, in terms of the gasifier with the lowest
costs of production of clean syngas. This feeoted by the industry activity, with development activity
ongoing in each of the technologies and gasifier types.
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5 Conclusions

5.1 Suitable gasifier technologies for liquid fuels production

The information on individual gasification technologies, and campa of the generic types of gasifier
given above enables us to make a judgement on their suitability for liquid fuels production, their
relative merits and time to marketf ablel4 brings together the information from the predis sections,

to give an approximate ranking of each gasifier type in terms of feedstock flexibility, syngas quality,
status of development, potential for scale up, and cost. This considers the best options within each

gasifier type i.e. pressurised andygen/steam blown systems for fluidised bed gasifiers.

Table14: Gasifier type comparison, with each type ranked from (poor) to, , , , (good)
Gasifier . Scale u
Feedstock tolerance Syngas quality Development status . P Costs
type potential
Preparation to <lmm, Very low CH G, Constructing BTL demog ~ Very lage High efficiency
EF 15% moisture, low | and tars, high b integration and large gasifiers and Expensive pre
ash %, composition and CO scale experience, large| plants possible treatment if
unchanging over time industrial players decentralised
<50-150mm,10-55% C,,and tars Past heat & power Many large Possible fgher
BFB moisture, care with present, high ki applicationsmodest projects gasifier capital
ash and CO only if 02 scale up, some BTL planned costsandlower
blown. Particles interest efficiency
<20mm,5-60% C,,and tars Extensive heat & power| Many large Possible gher
CEB moisture, care with present, high ki expertise, research & projects gasifier capital
ash and CO only if 02 scale up, but few planned costs
blown. Particles developers, particularly
for BTL
<75mm, 10-50% C,,and tars Few and small Some projects| Potential for bw
Dual moisture, care with present,high H,, developers, early stages| planned, but | syngas production
ash but high CH only very recent interest| only modest costs
4 .
. BTL I
Particles n scale up
Plasma No specific No CH, G, and tars | Several developers, man| ~ Only small Very high capital
requirements High Hand CO power applications, early| scale, modular costs, low
stage of scaleip systems efficiency

All of the technology types considered have the potental liquid fuels production from biomass,
although within the fluidised bed technologies, this is likely to be limited to the pressurised, and oxygen
or steam blown systems. As none of the developers have a plant in commercial operation with liquid
fuels poduction, no single developer or technology type is a clear winner at this stage.
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For several of the criteria above, all of the technologies have the potential to meet the requirements of
liquid fuels production:

1

From the table above, feedstock requments vary considerably between gasifiers, with plasma
being the most tolerant, down to entrained flow with very stringent requirements. However, the
cost estimates show that the costs of additional onsite-peatment needed for EF do not result in
highe total plant costs than the other technologies. Similarly, the costs of achieving the sizing and
moisture requirements for CFB and BFB do not have a large impact on the syngas production costs.
There is not enough data available on the cost of plasmdicgt#n to compare the benefits of
increased feedstock tolerance with cost. Feedstock tolerance is unlikely to be a determining factor
in the choice of gasifier technology, as all types can ultimately accept a range of feedstocks with
little implicaion on overall production cost

All of the gasifiers can achieve the required syngas quality for fuels production, albeit with varying
levels of syngas clean up and conditioning. The effect on clean up and conditioning costs of varying
syngas qualities is malear from the data available

Despite the different levels of development of the gasifier types, all types have developers actively
working on the commercialisation of systems suitable for liquid fuels producsibor beyond the

pilot stage

All of the gaifiers can be scaled up to achieve the minimum economic scale for FT synthesis, either
as a single gasifier, or combining a small number of gasifier modules. Modular systems may not have
the same economies of scale as single systems, but could havetbenaéirms of use of different
feedstocks, and of availability

Based on the data available on gasification plant costs, and the uncertainty in this data, it is not
possible to differentiate clearly between the gasifier types on the basis of syngas porduoosts.

We estimate from an approximate comparison of these data that the costs of syngas production
from each type is similar, within the uncertainty of the studies reviewed. For all gasifier types, more
detailed analysis of a particular system cortcepuld be needed to give a accurate comparison of

the economics, paying particular attention to pmeatment costs, plant efficiency (as this has an
impact on biomassasts) and syngas clean up steps

However if we take into account all of the criterian particular the status of development and
experience of the developers, we can draw some conclusamngthe likelihood of success of each
technology in the near term:

1

Entrained flow gasification is the most advanced towards commercialisation, with gevelbaving

pilot plants in operation for fuels production, and larger scale demonstration plants operating
currently or planned to operate in the very near term (CHOREN, Range Fuels and Pearson). The
developers involved in entrained flow gasification aheir partners have significant commercial

and technical experience in gasification and liquid fuels production. Despite having high pre
treatment costs in some cases, entrained flow has the greatest potential for scale up to very large
plants, and therefee potentially low osts, due to economies of scale

BFB gasification benefits from a longer history of biomass gasification than entrainediere.are

several commercially focused playerim BFB gasificatignwith pressurised and oxygen blown
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systems i developmen (Carbona, EPI, Enerkem). These areed at fuels production, and the
developers have planned biofugémonstrationprojects, either alone or with biofuels companies. It
is anticipated that these should provide the fipgrformance data fotarge scale BFB process

1 CFB gasificatioalso has a relatively lortgstory of biomass gasification, but much of the experience
is not with the pressurised and oxygen blown systems needed for fuels production. Nevertheless,
there are several players inwed in CFB gasificatidar fuels including the strong VTT and Foster
Wheeler collaboration, used in the NSE Biofuels (Stora Enso/Neste Oil joint venture) project

1 Dual FB gasification benefits from the experience gained with BFB and CFB, althoughdarbta
stage of development than EF, BFB and CFB. Dual FB systems are only currently operating in small
scale heat & power applications, and they still need to be demonstrated at pregduwrevever, if
developed, these pressurised systems have the ipidéto producelow cost, nitrogen free syngas
The players involved have a shorter track record of experienae,have successfully operated
plants at high availabilitie@nd ®me have plans for liquid fuels production in the future

1 Plasma gasifiers arvery promising in terms of good syngas quality, along with the additional
benefits of feedstock flexibility without prreatment. However, the technology has so far only
been developed for the thermal destruction of wastes with power production, anéldpers have
little experience in projects for liquid fuel production. The lack of public domain data on economics,
and lack of consideration in other studies means that this option has been given less consideration
to date for application to a broader rge of biomass feedstocks. However, ngaste feedstocks
are now being considered by Coskata in their pilot uaiNgestinghouse Plasma gasifier

There remains a clear need for the biomass to liquids sector to reduce technical risk through
demonstration anddevelop a better understanding of the economics of biomass to liquids systems. This
will be crucial to attracting project developer and investment interest.

5.2 Gasifiers for the UK

Liquid fuel production in the UK via gasification is likely to use the danmnologies that are most
successful for this application worldwide, with few factors making particular technology types more
favourable for the UK. The reasons for this are given below:

1 Scaleg the UK is likely to use the same scale of plants as thoséher countries, at the minimum
economic scale or above, rather than the smaller plants sometimes proposed on the grounds of
lower UK resource availability. Plants may achieve the required input scale through use of UK or
imported feedstocks, use of offe pre-treatment options, and may be based on modular systems to
allow use of separate gasifiers tuned to different feedstock inputs. Note that the use of densification
technologies does not necessarily imply entrained flow gasification must be used: daomaified
feedstocks can be used in the other gasifier types. If the minimum economic scale of liquid fuels
production can be reduced, for example through FT process development, the technology would
likely find wider use in the UK, a®ll as in other contries

1 Feedstocks; UK biomass resources are limited compared with many other countries, but there is
still a large existing waste resource, and potential for significant energy crop resources in the future.
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Current wastes availability, combined with ieasing landfill taxes, may encourage projects based
on wastes, which may favour plasma gasification (althougbkratitchnologies could be used)

1 Fuel market; currentdiesel demand and production levels in the EU could favour the production of
a biofuel fordiesel blending/replacement rather than for gasolirsthough this may change in the
future. As a result, FT routes could be consideiredhe near termrather than mixed alcohols,
ethanol or methanol routes for UK plants. However, therEusopeanactiity in developing syngas
to ethanol routes throgh the activities of Ineos Bio

1 Existing activity¢ none of the leading developers of gasification technology, and few biofuels
companies planning to use the technology are based in the UK. As a resultistiadikely to be a
particular technology that would be used because of existing experience. However, there is some
recent UK activity in using these gasifier types for waste to heat and power, such as the APP/EPI
pilot, which could give experience in piaular technologies in the future

Given that the majority of thébiomass gasificatioactivity described in this report is outside the Ui

terms of developer location and announced plaritds likely that the next few years of development

will not be UK based. During this time, it is likely that some developers and technologies will prove more
successful than others, narrowing the range of technologies available, and giving more information
about economics and performance in operation. This will makesier for UK developers to see which
technologies have proved successful, and are best suited to the particular requirements of their project.

Nevertheless, the UK may be an influential player in the future development of the area because of
activities of companies such as Oxford Catalysts (Velocys) and Ineos Bio, and pyrolysis activity, for
example through the Carbon Trust Pyrolysis Challenge. The gasification and pyrolysis pilots would
provide general project development related skills that mightapplicable to biomass to liquids, and

bring to bear UK strengths in engineering and pethemicals. We also have strengths in supporting
research, such as in pyrolysis, and in process intensification.

Given the cluster of activities that is emerging the UK in this area, there may be economic
opportunities to be gained from the UK developing a more strategic position in the sector and investing
in supporting the development of technologies and skills in pilot or demonstration activities
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6.1 Entrained flow gasifiers

6.1.1 CHOREN

Basic information

Technology provider

CHOREN Industries GmbH

Location

Freiburg, Germany

Information sources

http://www.choren.com/en/

Background and links

Set up in 190 as UET Umwelt und Energietaik Freiberg GmhHbefore merging with an
engineering firm to form CRG Kohlenstoffrecycling GmbH in 1993, then biomass suppliers to fo
CHORENCooperation partnersow includeDaimler AG, Volkswagen AG &ltkell provides the FT
technology

Gasifier type

Technology type

Entrained Flow

Technology name

CarbaV

HTG: High Temp. Gasifier 160 MWth
German: Hochtemperatur Vergaser (HTV)

. - Raw
Tar rich LTG gas, g
O,, recycle ash ﬁ_ﬁﬂ@as
and biocoke
LTG: Low Temperature Gasifier (4x) 40 MWth
German: Niedertemperatur Vergaser (NTV)
Biomass Heat
T (Steam
\ e,
‘ j”’%” b LTG
g S\ \Tar rich Biocoke
e TG gas i —
LTG
¥, Biocoke
9 TO:x Steam JAN y

Technology overview

3 stage process:

1 Preconditioning of biomassmixing and drying to 15% moisture content, then low temperatu
gasificationwith rotary stirringto produce volatile gasesgntaining tar) and ché#siocoke

1 Partial oxidation gasescombustedwith a calculated amount of oxygext the top of the
gasificationchamberat high temperaturesabovethe ash melting pointThis section of the
reactor is wéer-cooled,and slag prote@d

1 Chemical quenchingchar is pulverized and blown into the middle of the entrairfiesv
gasification chamber, creating syngasan endothermic reactiofcausing a temperature drop)
The remaining char in the form of dust is removed from the syngasfemhiack into the high
temperature section of the gasifier where the contained ash melts to form a layer of protect
slag on the inner walls of the combustion chamber

Method of heat provision

to the gasifier Direct

Oxidant Oxygen

Gasifier operatingdata

Temperature 1st stage 406600°C, 2nd 200-1500°C, 3rd@00-900°C
Pressure 5bar

Scale and output

1 Alpha plant is 1,000 odt/yr biomass input (=3odt/day biom&ts80% availability, although
because pilot, likely to be lowpg known that LMW, input capacity
i Beta plant is 65,000 odt/yr biomass inputl@8odtday biomass), or 45 MWinput. Enough to
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produce 13,000tons/yr of FT biodiesel "SunDiesel", i.e. 21.8MW diesel output
1 Sigma plant will take 1,000,000 odt/year biomass inp@t@44odfday biomas), or 640MVWy,

Efficiency (%) Cold gas efficiency is high at 81.4%, overall thermal efficiency of 90.5% (some heat used for dr

Reliability issues Not disclosed

Development and commercial status

Alphapilot plant constructed 197, 17000hrs operation by 2004. Fitted with methanol synthesis ir
Pilot scale plants 2002, then FT in 2003. Oct 2003 saw commissioning efdke 1st stageAlpha plant is no longer in
operation

Beta plant built in 2007, commissioned on"1&pril 2008- however, due to the Baker report safety
Commercial scale plants | recommendationsCHORERNave been set back a year in completely refitting the beta plant Bite
production should commence in the second half of 2009

1 Gamma plant using 4 multiple lines of 160M\8apacity is planned for Schwedt, to produce

200,000t/yr of BTL fuels from 2013 onwards (needingdt§r biomass input). FivSigma

plants will be built in Germany in total

CHOREHIso state that Carb¥ couldalso be commercialised for Cldpplications

Carrying out tests on torrefaction (instead of ltemperaturegasification), which would enable

them to use the resulting material directly in the EF combustion chamber (no 3taggiired),

and would open up feedstock choice significantly

1 In Nov 2008, BOREN Industries and Norske Skog entered into an agreement for collabora
the evaluation of second generation biofuel production in Norway

= =4

Future plans

Time to commercialisation | Expect SunDiesel production by the end of 2009

Target applications Onsite FBynthesis(integrated BTL plant)
Syngas characteristics and cleanup
Temperature Halides (HCI, Br, F)
Pressure Alkalines (Na, K)
. 37.2% H, 364% CO, Extremelylow due to high
0,
Hp, CO (% by vol), ratio ratio 1.02 Tars gasification temperatures
Hydrocarbons (methane ,8,,
0, 0, 0,
CQ (% byvol) 18.9% and higher) methane 0.06%
Particulates (ppm and size, e.g.
0 0,
H.O (% by vol) 7.3% Ash, soot)
Sulphur (COS,,H, Cg Other inerts (e.g. Bed material)
Nitrogen (N, HCN, NH 0
NQ) 0.1% N Others

Important that syngas is homogeneous/accurately specified in order to optimise the several syn
cleanup steps:

Selexo cleanup (provided by Linde)

Scrubber with water, and soda

Remove S with hydrogen peroxide

Pressurise gas

Carry out WGS using catalyst

Remove C@using a scrubber

Pass syngas over active carbon or charcoal, to reduce any remaining heavy metals and S
compounds down to ppblevels

Syngas cleanpu

= =4 =8 -4 -8 -8

Feedstock requirements

Mainly wood: wood chips from forest timber and plantations, saweairoduct, recycled wood

The Sigma plant will initially be operated with recycled wood and wood energy crop, some of w
will be imported. CHOREN has decided to set itself strict sustainability criteria right from the sta
It is planned to gradualiycrease the share of short rotation coppice in feedstock to at least 50%

Main feedstocks

Other possible feedstocKer the CarbeV processre straw briquettes (straw max®0 % share),
whole plant briquettes, miscanthus, waste cereal proguenergy crops

Other potential feedstocks | Other materials tested in the EF chamber in the Alpha pilot plant (before the GatBistage added)
AyOfdzRS LXFaGAO0aE GRNEB &Gl oAflGS¢é ORNASRE
lignite and black coal

Ability to accepta mixture | Yes
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of feedstocks

Ability to accept feedstocks

varying over time No, feedstocks are stored in order to provide raarying supply

Only waste wood, not the organic fraction of MSBHORENave successful tested plastierived
RDF pellets, and if they were to introduce torrefaction as stage 1, they should be able to use wzé

Ability to accept wastes Theoretically, this makes sense for torrefied wood, but may add to processatepsostsf need to

sort MSW or industriavastesto firstfoNY | G RNE &l oAt | (5S¢
Pretreatment required Drying, storage, mixing, shredding in stage 1
1 Target 15% moisture content. In practice the typical biomass composition may compri
Feedstock properties fresh lumber(35-50% moisture) or woody energy crops (willows or poplars), wood resig
(energy content, moisture (15-45% moisture) or recycled/waste wood ¢18% moisture) or dried straw
content, size etc) M  Size of initial received feedstock must be < 120x50x30 amu must be milled to less than

50mm before atering the first stage

Capital and operating costs

Capital costs: EUR 25,300,000 for 30{/8/10MW, output plant
Operational costs: EUR 5,387,000 for 30/&/10MW, plant, does not include revenues from heat
and electricity as German specific

Costs Investment costs: EUR 3,000 to 3,500 /KW output

Goldman Sachs forecasts costs to be $2000 / tonne of FT capacity

BetaplantotalA y @Sa G YSy (i O2aida | 062dzi emnn YAfEAZY
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6.1.2 Range Fuels

Basic information

Technology provider Range Fuels Inc
Location Broomfield, Colorado, USA
Information sources http://www.rangefuels.com

FormerlyGreen Energy, formerkergy Inc, founded by Khosla Ventures

Ron Klepper, now an advisor at Range, had run his ewpany, called BioConversidachnology
(BCT)and targeted the gasification technology at coal as well as biomass feedstocks. Range F
technology is based on BioConversions' designs

Georgia plant participants: Merrick and Company, PRAJ IndustriesMastern Research Institute,
Georgia Forestry Commission, Yeomans Wood and Timber; Truetlen County Development Aut
BioConversion Technology; Khosla Ventures; CH2MHill, Gillis Ag and Timber. Also conducting
trials of switchgrass cultivars anégh-biomass sorghum hybrids with Ceres

Background and links

Gasifier type

Technology type Entrained Flow

"K2" modular system

STEAM CORL '"m
ﬂ‘:
e
Technology name E
=
=]
= 2
prrererrreess o | 135
TEILTLRR A || =
DEVOLITIZATION REACTOR i
REFORMING REACTOR ~ "eqraee LI0UD PRODUCTS

Based on a gasifier and ethanol reactor developed by Robert (Bud) Klepper, originally called th
Klepper Pyrtytic Steam Reforming Gasifier (PSRG) with a Staged Temperature Reaction Proce
(STRP) and the Klepper Ethanol Reactor. Entrained flow principle, but features two separate re
adevolatilisationreactor (low temperature gasificatiorand a reformingeactor (gasification)

Gas entrained biomass passes through the devolatisation reactor which raises the temperature
incoming materials up to 230°C. At this temperature, a substantial portion of the oxygen is cong
as the more reactive fractioof the biomass undergoes devolatisation. The temperature of the feg
continues to increase until it combines with steam supeated to approximately 815°C. The resul
Technology overview the production of syngas with substantial fractions of CO andrtbrder to optimée the calorific

value of the syngas, the process steam and syngas are used to entrain additional feedstock. Fi
the syngas passes over a proprietary catalyst and produces a mix of alcohols including ethanol
methanol, propanol and butanol. The prods@re processed to maximise the ethanol yield and th
separated. The ideal moisture content of the feedstock i5@%

Another unique feature specific to the Klepper system is that the cyclones and water condense
integrated and contained within theiomass gasification chamber. This design conserves space
reduces the loss of heat energy. Very high conversion efficiency, while at the same time, keep
tar content in the produced gas extremely low (and no slagging)

Method of heat provision

to the gasifier Indirect

Supercritical steam and some of the produced syngas are used to propel the feedstock through
segregated steam reforming reactor. This technique raises the calorific value of the syngas by

Oxidant diluting the product sygas:‘with nitrogen or carbon dioxide, nor does it require a costly separate
ddzlJLX & 2F 2Ee3ISy 2N GKS- &8 861 LBR2E & ¥wIWENIA & dz
oxygen

Gasifier operating data

Temperature Thedevolatilisationreactor slowly raise feed material temp to 230°C (below combustion) until a
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substantial portion of the contained oxygen has reacted with more reactive material in the feed.
feed material temperature is then raised to e.g. 340°C, prior to combination with super heatad s
(815°C) and a subsequent rise in temperature to react with the carbonaceous feed material ang
produce syngas

Pressure

Pressurised, but exact valueknown

Scale and output

Demonstration plant under construction will produce 10m gallons of methanokéimehol each
year, using 125odt/day of wood

Efficiency (%)

75% thermal on average, the highest of any steedlle system

Reliability issues

First phase was scaled back from the original projections of 20m gals of production by late 200
lead time br equipment was longer than we had been given indications of early on". Latest loan
guarantee will ensure construction is finally completed

Development and commercial status

Pilot scale plants

Range Fuels continues to optimize the conversion techndlibgy will be used in their first
commercial cellulosic ethanol plant near Soperton, Georgia) using a 4th generation pilot plant if
Denver, Colorado that has been operational since the first quarter of 2008. This pilot has
demonstrated a 5odt/day partiallintegrated process, and 2.50dt/day lotgrm integrated
operation.

The pilot PSRG+STRP system was ordered by Rentech Inc in Dec 2005, for its FT CoalTL pilo
Sand Creek facility in Commerce City, Colorado, for operation by the end of 2006c & are

10-15 barrels/day of FT diesel, naphtha and jet fuel, using a K2 gasifier capable of proce&fing 2
tons/day of coal. However, there is no public knowledge of the K2 process, no published data g
biomass testing (only coal), and no salesipscaling of the Keppler Ethanol Reactor reported to d

Commercial scale plants

First phase of a commercial cellulosic ethanol plant near Soperton, Treutlen County, Geangékeri
construction (started in No2007) and on track to begin production2010. This is expected to
produce 113,000 tonnes of ethanol and methanol each year (or 10m gallons), using 125odt/day
the nearby timber industry

Future plans

Second phase plans to use 625odt/day feedstock to produce < 30m gal/yr, with engineerkigpwg
start in early 2009. Around ~40 million gallons/year of ethanol and about 9 million gallons/year
methanol expected from future commercial units. The planned third phase is expected to use 2
t/day (1,2500dt/day)to make 100 million gallons/yeal he Georgia facility is expected to be the fir
2F aASOSNIfxX fFNBHSNE FIFIOAtAGASA Ay llienh$alendear

Time to commercialisation

Soperton, Georgia plant expected to be mechanically ready in theyfiester of 2010, with volume
production to begin in the second quarter of 2010

Target applications

Integrated catalytic ethanol production onsite

Syngas characteristics and

cleanup

Temperature

Halides (HCI, Br, F)

Pressure

Alkalines (Na, K)

H,, CO (% by vol), ratio

Tars

CQ (% by vol)

Hydrocarbons (methane,
GH,, and higher)

H,O (% by vol)

Particulates (ppm and
size, e.g. Ash, soot)

Sulphur (COS,,H, Cg

Other inerts (e.g. Bed
material)

Nitrogen (N, HCN, Nk
NQ)

Others

Syngaglean up

Feedstock requirements

Main feedstocks

Waste timber and forest residuesievelopment plant currently using Georgia pine and hardwood
as well as Colorado beetléll pine
New Soperton plant can take wood chips, switchgrass, olive pitsicamgaand cornstalks

Other potential feedstocks

Ability to accept a mixture
of feedstocks

Has been testing the technology using a single feedstock at a time, but plans to look at using v
feedstocks, such as municipal solid waste

Ability to accet feedstocks
varying over time

See above

Ability to accept wastes

See above
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Pretreatment required Drying and crushing

Feedstock properties
(energy content, moisture
content, size etc)

Feedstock deliveries to the plant can have a relatively high nreiséwel, in the neighbourhood of
40% to 50%. Can also accept feedstock of varying sizes

Capital and operating costs

28 Feb 2007: $76m Technology Investment Agreement (grant) from the US DOE (1 of 6 cellulg
ethanol awards)

Costs Soperton plant alsauihnded with $170m venture capital

20 Jan 2009: Secured a conditional commitment for an $80m loan guarantee from the U.S.
Department of Agriculture allowing completion of plant construction

59



Review of technology for the gasification of biomass and wastes

E4tech, June 2009

6.1.3 Karlsruhe Institute of Technology

Basic information

Technolog provider

Karlsruhe Institute of Technology (KIT)

Location

Forschungszentrum Karlsruhe and Freiburg, Germany

Information sources

http://www.lurgi.com http://www.future -energyde http://www.fzk.de

Background and links

Joint project withLurgi AG and Future Energy GmbH, ruthieyKarlsrule Institute of Technology
(KIT). KITounded by University of Karlsruhe (Technical University) and Fargshentrum Karlsruhe
GmbH (FZKJuture Energy and Lurgi have a cooperation agreement with Forschungszentrum
Karlsruhe to develop a novel technology for the production of BTL incorporating pyrolysis, the
establishedt DI 81 2 Y0 Ayl (G { OK gdsifithtién ptocs kil £T sgnihésts 0

Lurgi originally founded in Feb 1897, acquired by Air Liquide Group in July 2007. Acquired the
Purpose Gasification (MPG) process in 1998 from SVZ Schwarze, Ruogqoperation with Future
Energy GmbH

Future Eergy GmbH bought it6 SP EF procelssowledge from Babcock Borsig Power (formerly
NoellkKRC), an&uture Energyas acquired by Siemens Power Generation Group in May 2006

Gasifier type

Technology type

Entrained Flow

Technology name

bioliq (decentralisd pyrolysis, followed by centralised gasification and fuel synthesis)

Straw, wood, ....
pilot | flame

fuel___ oxygen

;\ ’; SS\P::?:%I.IE shell
Ay
v Chopper

Heater,
Heat carrier loop

Pyrolysis gas
4 !

&
Pyrolysis oil

5| Cooler
Slurry

Y water cooled
g radiation screen

mel}s paddoyo pjon
0,056 pues 104

O 5 ~1300 °C ~ 50 bar
Pyrolysis char T
b oy
ioe ° Nkl
raw syngas
Twin screw mixer reactor maolten slag

Technology Overview

1 decentralized stage: Flash pyrolysis technology, originally developed by Lurgi and Ruhrgas
mixer reactor) operates at 500°C to turn biomass into pyrslggdiand coke in dualscrew mixing

reactor. The oil and ground coke are mixed to form a liquid suspension whose energy density ig
comparable to that of crude oil. This bioligSynCrude can then be transported much longer dista
to central largescale gsifiers
2" centralized stage: the gasification stage will create syngas from the bioligSynCrude. The Mu
Purpose GaBer (MPG) developed frorRuture Energy's GSP gasifieElFs oxygeiblown, and
equipped with a castablned cooling screen cooled thipressurized water whose internal surface
is protected from corrosion and erosion by means of a slag layer. The crude syngas and the slg
drawn off via a quench at the bottom end of the reactor

3% G138y {@y3la LldzNRA T ArdPuras@ pfocatmes $yAgaq atebldy At Qigh
pressure, so no costly compression step will be needed before fuel synthesis
Method of heat provision .
e Direct
to the gasifier
Oxidant Oxygen

Gasifier operating data

Temperature

Testing: 1204L600°C,
Planred pilot: >1400°C

Pressure

Testing: 26bar,
Planned pilot: 8685bar

Scale and output

Testing: BHEMW,
Planned integrated pilot plant will take biomass input ofdditshr (12odt/day), i.e.up to5 MW,
capacity
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Efficiency (%)

Reliability issues

Devebpment and commercial status

Lurgi AG and FZK signed a cooperation contract for the first stage (fast pyrolysis) of a pilot plan
Aug 2006. The research project was sponsored by the German government. The first stage of t
pilot plant completed in 2007 was successful
Lurgi and KIT signed the contract for the realisation of the second stage (gasification) in June 2
Future Energy GmbH is also in an alliance with FZK, and closely cooperating with Lurgi to build
new 85bar gasifie With the project now entering this second stage, the pilot plant is being exten
by the process steps for synthesis gas generation (with Future Energy), gas cleaning and fuel
Pilot scale plants synthesis. tq demonstrate the technical viability of the overall process,awnepit and prepare its
commercialization.
Testing of gasifying the bioliqSynCrude under different conditions has already been carried out
Future Energy-BMW, pilot plant in FreiburgSiemens Power acquired the Future Energy gasifie
technologyDl 8 A FAOLF GA2Yy {OKgl NI S tdzyYLlS 2NJ aD{t t
acquisition included a statef-the-art pilot scale gasification test facility at Freiburg where potenti
feedstocks can be tested to better characterize designattaristics for a specific project.

The200MW;, Schwarze Pumpsite has a capacity of 700 t/day of lignite and wastes,\aas the
source of town gas in the former east Germaown. The GSP gasifimstalled onsite has a capac
of 15t/hr (3060dt/day at 15% moisturgand sits alongside two other gasifiers (FDV and British G
Commercial scale plants | slagging Lurgi designs). The plenturrently used to gasifyoal andwage (in the ratio 4:1) from
older gasifiers at the plant, with theyngasrom the integrated operation of these 3 gasifidysing
used forcommercialco-production of methanol and power

The next part of the joint KIT project covers the engineering, construction, supply, installation a
commissioning of the gasifidah step by Lurgi and Future Energy. Commissioning is planned for
autumn 2011. Final steps after 2011 will be gas conditioning and fuel synthesis

Future plans
FZK is also testing a hydrothermal BMG process, operating at about 600°C and 350 bar, in the
kag/hr (2.4od/day) Verena pilot test unit. The tdree product gas consists of mostly H2 and; @¢
CQ contained in these gases can be easily separated.

Time to commercialisation

Integrated onsite biofuels plant, alongside the centralisesifger unit FZK have recently settled on

Target applications using methanol synthesis, then MTG technology to produce transport fuels, as their preferred fy
end-use.

Syngas characteristics and cleanup

Temperature Halides (HCI, Br, F) 1.7mg/Nm?

Pressure Alkalines (4, K)

H,, CO (% by vol), ratio 23% H, 43% CO, ratio 0.53 Tars None

CQ (% by vol) 11% Hydrocarbons (methane, | o, ne <0.106

GH,, and higher)

Particulates (ppm and size

H.0 (% by vol) e.g. Ash, soot)

Other inerts €.g. Bed

0,
Sulphur (COS,H, C§ 0.2% S@ material)
Nitrogen (N, HCN, Nk 5% N, 3.4mg/Nmi HCN,
Others
NQ) 0.4mg/Nn? NH;

Syngas clean up

Feedstock requirements

bioliq process usesdech wood, what straw, rice straw, hay, wheat ¢chajth a bcus on more
"difiOdzf G & o6 A 2 Yithese hdvelldsScoriiéndhtess more ash (solids)

Schwarze Pumpe plant usesinly lignite, along withvaste materials including demolition wood,
used plastics, sewage sludge, afitdf, MSW, contaminated waste oil, paint and vamsludge,
mixed solvents, tars, and esite process waste streams. The waste materials are blended with c(
a ratio of 4:1

Main feedstocks

Other potential feedstocks | Depends on the pyrolysis step as well as the gasification step
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Ability to accept a mixture

of feedstocks GasifierYes

Ability to accept feedstocks
varying over time

Ability to accept wastes GasifierYes

Decentralised pyrolysis densificatiobecause the organic feed materials have low energy densiti
their transport wouldonly be economically feasible over short distances. Hence a first pyrolysis
makes a higher energy density intermediate product in decentralized plants, so that feedstock

suppliers only have to travel 25km.

Pretreatment required

Feedstock properties Because any bioil that can be pumped and pneumatically atomised withisksuitable, the biail
(energy content, moistre quality and yield requirements are lower. All that is required is adflivith 0-39% solids and <3%
content, size etc) ash, with a calorific value ofbveen 1625 MJ/kg, and a density of around 1250k§/m

Capital and operating costs

An example scenario for the biolig process has 40 pyrolysis plants (at EUR 20m each taking in
0.2Mt/yr straw), and 1 central gasifier (EUR 500m, producing 1Mt/yfubis)

Estimated production cost breakdown: straw 32%, straw transport 18%, fast pyrolysis 18%, staj
slurry transport 8%, oxygen 5%, gasification and FT synthesis 14%

Costs ¢KS oA2Ylaa LINRPOSaaay3a OzadGa G2 2ofthe bioyhasd xS
to be added which is currently in the same order of magnitude. This means that the price per lit
g2dAZ R 6S tSaa GKIYy em

Rough estimate is Diesel directly from#ioA f e ndnk1 33X C¢ o0A2adyTdzS
A more recent study by FZK statedtla 1 Mt/year(2588 odt/day)input plant can produce FT
0A2aey¥FdzsSt F2NJ Fo2dzi e mdnn LISqMbisiwauld aeed ol pridey
above $100/barrel to be competitive with neaxed conventional motor fuels
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6.1.4 Mitsubishi Heavy ldustries

Basic information

Technology provider Mitsubishi Heavy Industries Inc (MHI)
Location Japan
Information sources http://www.mhi.co.jp/en/power/technology/biomass/
) Originally founded as Mitsubishi Shipyard and Building Works in 1884, broken up afterdtfwIl
Background ad links reconsolidated in 1964. Car manufacturing split off in 1970
Gasifier type
Technology type Entrained Flow

Biomass gasification medinol synthesis system (BGMSS)

Water .
Biomass Ij l Methanol synthesis reactor
feedstock b —
i Raw material
o=
|
'I .
Lo R

ing unit
*
<

OV

Scrubber

Du: é‘[grern

Technology name

Volumetric
feeder

Oxygen |
e f—| | A

Biomass
prepar%thon ‘Gasiﬂer| |Ga5 purification unit | | Methanol synthesis unit |
uni

Booster

Slagging entrained flow gasifier manufactugghe "once through" plant consists of a biomass
pulverizer, gasifier, gas clean up and methanol synthesis

Methanol is synthesized after pulverized biomassadnverted into syngas. Heat recovery from the
syngas gives rise to the required gasifying steam

Technology overview

Method of heat provision

to the gasifier Direct

Oxidant Oxygen and steam
Gasifier operating data

Temperature 800-1100°C
Pressure Atmospheric

Scale anautput

Pilot: Cold gas efficiency was-68% and methanol synthesis yield was about 20% by biomass w
It is expected that for a commercial scale plant with heat loss restricted to less than 1%, the en
conversion ratio and methanglynthesis yield will be able to be increased to more than 75% and
40wt%, respectively

Efficiency (%)

Reliability issues

Development and commercial status

Initial testing was witlD.24odt/day test rig

As the final phase before commercializationfFebruary 2002, MHI, Chubu EPCO, and the Nation
Pilot scale plants Institute of Advanced Industrial Society and Technology (AIST), supported by the New Energy
Industrial Technology Development Organization (NEDO), jointly startedtaddy BGMS test plant
project at he Kawagoe Power Station

Commercial scale plants

A feasibility study for a commercial plant, profitability and plant scale was conducted for sites w|
different biomass in Japan. It would be feasible to establish one or two sets of commhpants
capable of processing a potential biomass target ofot@ay in each prefecture. A plant this size
can economically supply 19m litres of fieethanol, or 9,000 tons of DME per year, and it was
determined that there is sufficient potential famdustrialization. However, there have been no
recent developments

Future plans

Time to commercialisation

Target applications Methanol synthesis

Syngas characteristics and cleanup

Temperature Halides (HCI, Br, F)
Pressure Alkalines (Na, K)
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H,, CO (% by voljatio Tars
Hydrocarbons (methane,8,,
CQ (% by vol) and higher)

H,O (% by vol)

Particulates (ppm and size,
e.g. Ash, soot)

Sulphur (COS,,8, C§

Other inerts (e.g. Bed
material)

Nitrogen (N, HCN, NK
NQ)

Others

Syngas clean up

Renoval of ash and surplus steam by gas clapn

Feedstock requirements

Main feedstocks

Test rig: cedar, broadleaf tree wood chips, cedar bark, lumbered wood chips, driftwood, refuse
and Italian ryegrass tested
Will also be using woody biomass in hitot

Other potential feedstocks

Ability to accept a mixture
of feedstocks

Ability to accept feedstocks
varying over time

Ability to accept wastes

Yes

Pretreatment required

Drying and pulverising

Feedstock properties
(energy content, moisture
content, size etc)

Dried biomass is pulverized to 1 mm

Capital and operating costs

Costs |
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6.1.5 Pearson Technology

Basic information

Technology provider

Pearson Technology Inc

Location

Hawaii (originally Aberdeen, Mississippi)

Information sources

http://www.gulfcoastenergy.net/

Background and links

PTI founder, inventor and patent holder is Stanley R. Pearson

PTI were acquired by Ethxx International Inc in 2000

Partnership since 2002 with ClearFuels Inc to develop, optimize, and commercializesdstain
biorefineries in Hawaii.

Ddzt ¥ /2Fad 9ySNH& TF2NN¥SR Ay |-RBhsdnjoined their bdagd
Dec 2008

Gasifier type

Technology type Entrained Flow

Technology name

Pearson Technology

Technology Overview

Multisstad ST Sy (N} Ay SR TFréadbiomaSiF fedNaoSgNEhdsuperhERted steam,
into a gadfired primary reformer. The reformer is externally heated, so that the product gas is ng
diluted by nitrogen from the combustion air. Air is also removedfthe injected rice straw to
minimize dilution of the syngas product with nitrogen. The organic material in the feedstock is
efficiently gasified, leaving only the inorganic materials (ash)

Method of heat provision

to the gasifier Indirect

Oxidant Steam

Gasifier operating data

Temperature Unknown, however EF gasifier, so likely to be in the range-1200°C
Pressure Unknown

Scale and output

Efficiency (%)

Cold gas efficiency 81%, with >98% biomass conversion efficiency

Gasifier 70.5% thermalfficiency, heat recovery 25.9% thermal efficiency

Claim that en produce 215 gallons of ethanol per dry ton of waste wood (het 140 if used to sup
parasitic plant fuel and power requirementd)his yield of 66% by mass is very high compared to
other gadiication processes, e.g. BRI 23% by mass yields.

Reliability issues

Shutte hammer mill issues taking in wet feedstocks, switched to Marathon Equipment

Development and commercial status

Pilot scale plants

5t/day pilot (4odt/day)operated between 20022004 in Gridly, Californifor NREL feasibility study
and testing

30t/day facility(26odt/day)constructed in Aberdeen, Mississippi

50t/day technology validation plarfd3odt/day)under development in Hawaii with ClearFuels,
construction started in 200Gxpected to be finished at the end of 2008

Fully operational demonstration plant has been running since Aug 2008 at the Gulf Coast Ener
facility in Livingston, Alabanggecan produce 350,00@00,000gallons/year of ethanol at a ratio of
215 gallons of eth@ol per odt wood (henc&.3odt/day waste wood)

Commercial scale plants

Future plans

ClearFuels have plans to build a 7Mgallon year plant (would38&dtday of wood), then develop
25 Mgallon/year ethanol facilities in rural areas of Hawaii (would &8&odtday of wood)

PTI also conducted feasibility studies for a 20M gallon/year ethanol plant in Gridley, California
rice straw in 2004

Gulf Coast Energy have plans for 5 more sites in and around Alabama

Time to commercialisation

Target applicabns

Onsite FT production of ethanol (recycling loop for other compounds)

Syngas characteristics and cleanup
Temperature Halides (HCI, Br, F)
Pressure Alkalines (Na, K)
H,, CO (% by vol), ratio 51.5% H, 24.1% CO (ratio 2.14) | Tars
Hydrocarbons (methane,8,,
0, 0, 0,
CQ (% by vol) 17.8% and higher) 5.8% methane

H,O (% by vol)

Particulates (ppm and size,
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e.g. Ash, soot)

Sulphur (COS,,8, C§

Other inerts (e.g. Bed
material)

Nitrogen (N, HCN, NK
NQ)

0.5% N Others

Syngas clean up

5 gas cleaups stages, to remove any ash or tars and CO

Feedstocks

Main feedstocks

Have tested waste wood, sawdust, rice straw, bagasse, rice hulls, animal manure, lignite and
creosote. Could use other feedstocks as switchgrass

Other potential feedstocks

Could e MSW, and other waste biomass feedstocks

Ability to accept a mixture

of feedstocks vYes
Ability to accept feedstocks
varying over time

Ability to accept wastes Yes

Pretreatment required

Drying and grinding required

Feedstock properties
(energy catent, moisture
content, size etc)

SNEAYI G2 | mMpE: Y2AaGdNB O2yGSyidz FyYyR INAY

Capital and operating costs

Costs

In 2004, ClearFuels closed a $thiflion Series A round of venture capital funding. Investors inclug
angel investors, Hawaiian Electric Industries, Metropolitan Energy Systems, National Mortgage
Finance, Garage Ventures, Alexander and Baldwin, PacifiCap

In 2006, entered MOU's with the owners of both local sugar cane companies, Maui's HC&S anc
Robinson on Kauai

¢KS aey3dra A& LINRPRdAzOSR Fd | O024ai
in lower capital costsClaim that cost of ethanol is US$009/gallon

2F F LILINR E
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6.2 Bubbling fluidisedbed gasifiers

6.2.1 Carbona

Basic information

Technology provider Carbona
Location Skive, Denmark
Information sources www.renewableenergyworld.com/rea/magazine/story?id=5434b corporate website)

Enviropower (75% owned by Tampella Power a major Finnish boiler supplieby2Etienfall) was
established in 1989 to develop gasification technologies, and acquired the RENUGAS license f
(now Gas Technology Institute, GTI) in 1992. These gdisifidknowhow rights and projects were
boughtout by management, forming Carbona Inc in Helsinki in 1996.

Andritz Oy acquired minority ownershi Carbonan 2006.

Background and links Gasification tech for the Skive plant is provided by Carbona, scope of contractfeefliab,
gasification, gas cleaning, cooling and distribution. GTI involved in supporting Carbona's comm
applications. GE Jenbacjer AG/Austria supplied 3 IMS620GS engines for low calorific combust
Technical research centre of Finland (VTT) abeatractor licensed its tar reforming tech to
Carbona, and participated in design and testing

Skive plant owned by Skive Fjernvarme

Gasifier type

Technology type Bubbling Fluidised Bed

RENUGAS

HOT PRODUCT GAS

GASIFICATION
REACTOR

Technology nhame

FLUIDIZED BED

CARRONA ANDRITL

Biomass feed by sews into gasifier, with dolomite used as the bedding material. Air is blown in f
below in fast enough to just fluidise the bednd dry ash is removed from the base of the gasifier
Syngas is drawn off at the top of the gasifier, and any entrainetitpates removed with a cyclone
and fed back into the bed

Technology Overview

Method of heat provision

e Direct

to the gasifier

Oxidant Skive: Air and steam, although oxygen and steam also possible

Gasifier operating data

Temperature 850°C

Pressure 2-30bar
Skive plant has aominal 20MW, capacity (5.5MWand 11.5 MW, district heat). In fact, able to

Scale and aput operate between 30% and 140% load. Biomass input 4(Bt/fodt/hr at 9.5% moisturegt its
nominal rating, or 165t/dayl(60odt/day or28MW,, input) at maiimum 140% rating

Efficiency (%) Overall plant performance using wood pellets gives a max 87%, and electrical efficiency of 289

Reliability issues

Development and commercial status

Pilots at the GTI

1974: UGAS® Pilot Plant, 3 ba€Chicaga; 24 t/day coal. 125+ tests conducted, 11,000 hours of
operating time, with 3000+ tons of different coal feedstocks processed

1983: UGAS® PDU, Chicafd/day coal, high pressure up to 35 bar. 39 tests conducted, 2000+ |

Pilot scale plants
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of operating time,80+ tons of different coal feedstocks processed

1985: RENUGAS® PDU, 25 Hahicaga; 10 t/day (9odt/day)biomass. 22 gasification tests, 1800
hours of operating time. Various biomass feedstocks (bagasse, wood chips, whole tree chips, r
straw, alfafa), RDF and Autofluff; moistwsep to 27%ested Gas treatment for IGCC applications

1992:15MW;, high pressureup to 2(bar) gasification pilot plant in Tampere, Finlag@.tests
conducted, 3850 hours of operating timéth a variety of biomass wasteand mixed fuels such as
wood & straw (700+ tons coal, 5300 tons biomass processed)ewddoated hotgas filtration for
IGCC applicatiordsed 80t/day biomag§2odt/day) or 30t/day coal

2003: kielflex test facitility, Des Plaines, lllinoi®mpleed shake down in Jan 2005. Can operated
BFB or CFB, up to 27bar, and ugiigon/daybiomass with oxyge(86odt/day)and 24t/day biomass
with air (or 20 ton/day coal with oxygen and 12t/day coal with air)

I/S Skive Fjernvarmae,local district heating company in Skive/Denmark decided to implement a
biomass fuelledup to 1490dt/day wood pelletsjombined heat and power (CHP) plant based on
Carbona's biomass gasification. The Biomass Gasification Gas Engine (BGGE) plesegasp
engines to produce electricity (5.5 MyWrom wood derived syngas. The heat produced in the
process is recovered as district heat (11.5 MW he plant construction started in spring 2005, ang
was operation was due to start in 20@&lthoughplant commissioning and cold testiagtually
started in the autumn of 2007, performance testing in spring 2008, with 104ipesationto June.
Optimised integrated plant systenmsave already been operatedgether for one enginethe process
of adding theother 2engines isinderwayc plant should be fully operationah early 2009

A second demo project was under discussion with IBIL (a Madras boiler manufacturer): RR Bio|
Commercial scale plants | process design basis for Andra Pradesh, India. Fuel woody biomass and cBigsmb&ture, LHV
dry 17.5 MJ/kg, feed rate 210t/dg¢68odt/day) Output net powemwould have beeri2.5MWL, with
anelectrical efficiencyof 37%. However, no developments seem to have occurred

The Institute of Gas Technology (now RENUGA&asifier wasoriginally demonstrated in 1988 at
GKS 1 FgFAALY [/ 2YYSNODALIE 3 {dAIFIN/2YLIl y&Qa
100tonne/day (84odt/day)of bagasse (the biomass remaining after sugarcane stalks are crushe
extract their juice) ase feedstockHowever, the project demonstrated limited success with air
blown gasification at about 20 bar and hgas filtration to remove carrgver dust. Serious problem
were encountered in handling and feeding the-density, shredded biomass inteet gasifier. The
project was terminated in 1997

Global forestry company UPM, international technology group Andritz and its associated compa
Carbona intend to start the joint testing project of Carbona's gasification technology at the Gas
¢ SOKy 2t 2 3 FuelFgé(lphoiBaadtSdy Aiomass inppilpt plant near Chicago, USA. Lab
testing and modification would start in July 2007, finishing at the end of 2008, with estimated to
costs are EURBOm. This support research on gas cdiahing is undergoing at GTI.

The ceoperation also covers the design and supply of a commercial scale biomass gasification
initial targets are pulp&paper industry and gas for boilers, future targee biorefinerieand
biomass IGCC plantUPMwishes to be larg&Tbiodiesel producerwith plans for itdirst plantto be
based in Europgroducingroughly 50@barrels/day, needing 1Mdt/year wood(3,0440dt/day)
Future plans input

Other recent activities at GTI include:

> Patent applications in place for UsleEU

> Techneeconomic analyses underway

> Carrying out internal investigations of Tl as an appropriate method for producing active Fisch
Tropsch catalysts

> |nvestigation of GTI higgnergy glass melting technology as a way to manufacture these
catalysts in bulk

> |nvestigation of other areas of application for this approach to preparing catalysts

Time to commercialisation

Target applications Biomass gasification gas engine (BGGE) plartedicated reciprocating engine CHP for district
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heating

Syngas characteristics and cleanup

Temperature

Halides (HCI, Br, F) to engine: 0.003% HCI

Pressure

Alkalines (Na, K)

H,, CO (% by vol), ratio

raw: 22% CO, 20%,Htatio 0.91
to engine: 23.41% CO, 20.71% H
ratio of 0.88

Tars

CQ (% by vol)

produced: methane 5%

to engine: methane 0.93%,
GH, 0.001%, other higher
0.001%

Hydrocarbons (methane,,8,,

ire: 0
to engire: 9.9% and higher)

H,O (% by vol)

Particulates (ppm and size,

o 0
to engine: 3.32% e.g. Ash, s00t)

Sulphur (COS,H, Cg§

Other inerts (e.g. Bed

o 0
to engine: 0.008% 4% +COS material)

Nitrogen (N, HCN, N
NG)

to engine: 41.72% N0.005% N

+ HCN Others

Syngas clean up

A novel Ni catalytic cracker reforms tar compounds to H and CO, and ammonia at 900°C. Next
gas is cooled and passeddlgh bag filters to remove dust, then scrubbed with water where it co
to 30°C while the water content decreases. The heat from the gas removed in the scrubber is &
used to generate district heat. Gas heater adjusts relative humidity to 80% befeia gas engines

Feedstock requirements

Main feedstocks

Wood pellets mainly, or chipalthough huge range of feedstocks tested

Other potential feedstocks

Ability to accept a mixture
of feedstocks

Ability to accept feedstocks
varying over time

Ability to accept wastes

Pretreatment required

Feed through lock hopper system, and screws

Feedstock properties
(energy content, moisture
content, size etc)

Wood pellets less than 10% moisture, wood chips up to 30% moisture (the wood pellets used h
higher heating value of 20.2MJ/kQ)

Capital and operating costs

Costs

Skive financed on commercial basis, but as-fifst-kind demo receivessubsidies. Funded with
Public Service Obligation of DK 130MM. The project also receives funding suppottiér&BA, EC
and USDOE

Expected plant lifetime of 15 years
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6.2.2 Foster Wheeler (BFB)

Basic information

Technology provider Foster Wheeler Energia Oy
Location Espoo, Finland
Information sources http://www.fwc.com/GlobalPowerGroup/EnvironmentalProductstBiassGCS.cfm

Foster Wheeler is an international engineering, construction and project management contractg
power equipment supplie¢ Foster Wheeler Energia Oy, part of the Global Power Group, is Fost
2 KSSt SNDRA @ry. W achuired dhdzdoder geheration business of Alhstrom Pyropowe
(API) in 1995, which included their fluidised bed technology and plants

Corenso United Oy Ltd (a subsidiary of Stora Enso andKyvhene) opened a liquid packaging
boardrecyclingp I Yy Ay mdoddp G GKSANI O2NBo62F NR YAf
plant separated used liquid packages and wrappings into their components: separated wood fil
used for coreboard production and, formerly, the remaining mixture ofgtblylene plastics and
aluminium would be incinerated in a boiler. However, incineration of this mixture in a normal bo
proved to be very problematic due to the aluminium forming deposits on the heat transfer surfa
and on the grid of the boiler. Tke layers had to be removed at regular intervals, which caused
interruptions in the power production and decreased the availability. In order to solve this problg
C2aiGSNI 2KSStSNRa . Cc. G(SOKyz2ft238 ¢4Fa RS@St?2

Background and links

Gasifier type

Technology type Bubbling Flidised Bed

C2a40S8N) 2 KSSEtSNJ . C. wo9023IFaQ LINROSaa

BFB GASIFIER + GAS/OIL FIRED BOILER

@ FOSTER WHEGLER 40 MW (PRODUCT GAS), 68 MW (OIL)

Technology name

This gasifier utilises reject material from the recycling process for used liquid cartons, which co
Technology Overview plastics andL.0-15%aluminiumfoil. The aluminium is removeddm the produced gas (for recovereq
aluminium processes), whilst the syngas from the plastic material is combusted in a steam boilg

Method of heat provision

to the gasifier Direct

Oxidant Air and steam

Gasifier operating data

Temperature 600-1000°C

Pressure Atmospheric

Scale and output 40MW;, output, with 5.7 ton/day of recyclable neoxidised aluminium
Efficiency (%) Potential for net electrical efficiencies of up to 40%

Reliability issues High availability

Development and commercial status

In order to overcome the boiler deposit problems, a new concept based on BFB gasification
technology capable of generating power from plastics and recovered aluminium was developed
FW and VTT, with Corenso United Oy Ltd. The procesé deNalY Sy i ¢ 2 NJ &G+ NI
Pibt scale plants laboratory in 1997, followed by a 15 My25odt/day of packaging wasteggmonstrationscale
gasification plant built by FW at the Varkaus mill, Finland. During the tests this demonstration p
was operated for a totadf 1,400 hours
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BFB gasification technology has also been developeddod andMSW derived RDF by FWE and
Powest Oy (a subsidiary of Pohjolan Voima Qy). The gasification and gas cleaning process has
extensively tested at a IMpilot plant at VTT4.8odt/day)

Commercial scale plants

The Corenso development work resulted in construction of esftdle BFB gasification plant at the
Varkaus mill by FW in 200thking in 82odt/day of packaging wastde plant has an output of 40
MW, generating 16 GWh of syngas energy from the plastics, and recovering and recycling of !
tonnes of metallic, noxidized aluminium out of the syngas each y&éis was increased to
50MW,;, and about 2,500tonnes of recycled Aluminium.

Future plans

The first MSW bsed FWE/VTT demonstration plant was planned jointly in 2002 by Powest Oy a
Vapo Oy to be located at the Martinlasskso power plant, owned by Vantaan Energia Oy. 4 80M
BFB for solid ROB74odt/day)s | & RS&aA3Iy SR G2 NBLI I OStcbab 2 dzi
consumption. Both Powest and Vapo agreed in March 2003 to transfer the technology to FWE,
C29 (2 LINRBOARS GKS 3IFaATAOFLGAZ2Y LXIFydGa F2N
environmental permit was overturned in Dec 2003, and nothing dieveloped from this date

Time to commercialisation

Target applications

Syngas is combusted in a steam boiler

Syngas characteristics and cleanup
Temperature 200:500°C Halides (HCI, Br, F)
Pressure Alkalines (Na, K)
H,, CO (% by vol), ratio Tars
Hydrocarbons (methane,8,,
0,
CQ (% by vol) and higher)

H,O (% by vol)

Particulates (ppm and size,
e.g. Ash, soot)

Sulphur (COS,,H, Cg

Other inerts (e.g. Bed
material)

Nitrogen (N, HCN, N
NQ)

Others

Syngas clean up

Unlike the diretuse of syngas in the Lahti CFB plant, using-alikgti fuels like straw, or SRF with
higher chlorine or heavy metal contents requires dry gas cleaning prior to the boiler (gas coolin
cyclone and filtering systentawith an optional catalyst unit)

Feedstock requirements

Main feedstocks

Corenso plant uses aluminium and plastics in the reject material
FWE testing at VTT has used demolition wood, MSW based fuels and wood residues

Other potential feedstocks

Ability to accept a mixture
of feedstocks

Ability to accept feedstocks
varying over time

Ability to accept wastes

Yes

Pretreatment required

Crushing

Feedstock properties
(energy content, moisture
content, size etc)

Necessary to obtain particle size of L+H+W <150mm

Capital and operating csts

Costs |

$10million for the 40MWy, Corenso gasifier unit
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