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PREFACE

In search for solutions to the urgent climate changes, theaise in global energy demaraisd
the fossil dependencdgevelopment efforts for biomasssed energy conversion technologies
have gradually been intensified throughout the last decade. In this struggle, gasification
technologies have an important role, especially considering productioradeanced
transportation fuels and chemicals from biomass. Still todagre are no biomadmsed
gasification altematives mature enough psovide completesolutions to the apparent problems.
Furthernore, an increased use of forbstsed biomass in seeof-the-art gasification concepts
would just partly (or regionally) npvide solutions to the globaroblem issues. However,
through the gained experiences and knowledge obtained withgoing R&D projects in
Sweden and Europe, pattsolutions baedon biomass gasification maye provided at full
industrial scale by 2020!

This report has been fosed on the key critical technology clalges for the biomadsased
gasification concepts mainly being considered in Sweden today: direct Fluidised Bed
Gasifcation (FBG); Entrained Flow Gasification (EFG); indirect Dual Fluidised Bed
Gasification (DFBG). The inputs to each of these three technology cemeepthecompiling

of information were mainly provided by Stefan Heyr{®octoral candidate at Chalmers),
Magnus Marklund (Managin®irector at ETG Pited, and Truls Liliedahl (Docenat KTH).

The synthesis work was performed by the institutes leading the three different nodiesheith
Swedish Gasification Centre and financially supported by the Swedistvi&aige Centre for
Renewable Transportation Fuels (f8ssil free fuels).

The authors are grateful for all the responses provided by the contacted experts and especially
for the total amount of answers finally collected.shiould be noted that the cheiof
individualsis by no means considered to be complete in terms of global coverage of the most
competent and experienced experts in the field. However, thercipessons ar bdieved to

well represent a soligxpertiseand experience with biomass gasdtion, both from industry

and academia. Finally, ex though this report should neith®r considered as strictly scientific

nor fully coveing in detail, the authors still see the report as a compatit-dpte compilation

of the major barriers, from tchnical perspective, for largeale industrial deployment. We

hope that the reading will be of great value for many parts of the ksdraasd gasification
community.

201304-08
Stefan Heyne
Truls Liliedahl
Magnus Marklund




EXECUTI VE SUMMARY

Thermal gasification at largescale forcogeneratiorof power and heaandbr production of
fuels and materialss a main pathwayfor a sustainable deployment of biomass resources
However, so far no such full scale production exists and biomass gasificatiectprajmain at
the pilot or demonstration scale.

This reportfocuses on the key critical technology challenges for the lesgale deployment of
the following biomassbased gasification concepts: directiilsed Bed Gasification (FBG),
Entrained Flow Gasication (EFG)andindirect Dual Fluidised Bed Gasification (DFBG).

The main content in this report is based on responses from a number of experts in biomass
gasification obtained from a questionnaire. The survey was composed of a raimime or

less spcific questbns on technical barriers as to theee gasification awepts considered. For
formalisng the questionnaire, the concept of Technology Readiness Level (BRlwds used

for grading the level of technical maturity of the different-pubceses within the three generic
biomass gasification technologies.

For direct fluidised bed gasification (FBG) it is mentioned that the techndko@lready
available at commercial scale asaliown technology and thus that-&ilown FBGgasification

may bereckoneda mature technologyrhe remaining technical challenge is the conversion to
operation on oxygen with the final goal of producing chemicatsaosport fuels. Tar reduction,

in particular and gas cleaning and upgrading in general are by famtis frequently named
technical issues considerpdoblematic. Other important aspects are problems that may occur
when operatingon low-grade fuelsi i.e. lowcost fuels. These problems include bed
agglomeration/ash sintering as well as alkali foulingeriethe preparation and feeding of these
low-grade fuels tend to be problematic and require further development to be used on a
commercial scale. Furthermore, efficient char conversion is mentioned by some as a main
technical barrier for direct fluidised @egasification. Finally, operation under pressurised
conditions and associated feeding problems areralgrded as potential difficultidsy more

than one expert.

The by far most stressed technical basrieerlargescale entrained flow gasification (EFGf
biomassarefuel pretreatmentand fuel feeding which aneot considered mature ah@ve not

yet been demonstrated commercialljhe costs for this treatment and associated energy losses
are also cosidered to bdvarriers. The cost aspect is also Higted for the overall system as
such and as EFG calls for largeale operation to reduo®sts the problems associated with
transport logisticare also considered problematim addition, omplete fuel conversion and
efficient use of excess heate mentioned as major barriers. Material problems, fuel and ash
behaviour, a well asuncertainties/lack of experience wheperating on lowgrade fuelsare
additional issues raised. Finally, particle and gas separation, gas upgrading, oxygen supply and
the fact that ash from EFG is not usable eiliser are also consider@assible major technical
barriers.

As for direct fluidised bed gasification, timeajor technical barrier in relation to indirect dual
fluidised bed (DFBG) technology is gas cleaning apdrading, including the associated tar
problems. The gas cleaning is seen as key to commercial applications atehtpginature gas




cleaning is a necessary technology not yet available at commercial scale. An additional issue is
the fact that indirect gdfication technology is limited in the level of pressurisation and in
consequence is limited in feasible size. The complexity of DFBG with two interconnected
fluidised beds may be considered problematic fesegding. Less frequentiyentionedbarriers

include gas cooling, heat recovery, fouling, limited availability of the system and limited
experience with lowgrade fuels, fuel flexibility and fuel conversion.

The estimations on maximum possible size of the three gasification concepts vary considerably,
but the general trend on a relative scale between the technologies are similar; the entrained flow
gasifier can be scaled up the most with s@wpertsestimating possible sizes even above
1000MWy, input. For direct fluidised bed gasification the maximsiges mentioned are in the
600700 MW, range and most experts consider indirect fluidised bed gasification maximum
sizes to be somewhat lower than those for F&&e that no pressurised DFBG concept is
currently available and unlikely will be in the nich term. Using the meamnf the
values/rangs indicated by the expertives a very rough approximation, but still represéms

general trendEFG has a maximum size of about 680 MWollowed by FBGat about
240MWy,, and finally DFBGat about 130 MW.

An additional aspect raised with resptxthe feasible maximum size of a biomass gasification
systemis the fact that the systemight be restricted by biomass logistics rather than the
technical limitations for wscaling. A range of 300 MW is mentoned as a maximum
conceivable size considering logistics basically making all three gasification technologies
applicable

In summary, ér EFG the aspects of preparation, feeding flexibility of the fuel are considered
not mature and thus in prindi not sdved. However, the tarelated problems are less for the
EFG design than for the other two conceptar.the DFBG design the aspects of pressation,
up-scalingand maxmum size are considered not mature and thus problematic. For both FBG
ard DFBG gasiftation conceptshe issue of tar generatigma main if not the main problem
area

The expert communityhowever is convinced that the technical barriersl Wwe overcome and

actually donot constitutethe critical barrier for biomass gasification dept@nt. The foremost

barrier for biomass gasification &ssociatedvith the economic riskTechnical solutions exist

for most of the problems, but are not demonstrated at large scale due to the associated economic
risks. As is evidenced by the answers tte survey, experts are convinced that biomass
gasification will be applied at large scale as soon as policy measures ensuring economic
viability of the project$ave been adopted
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1 I NTRODUCTI ON

The total world energy demand is estimated to increase by 40 % within the next couple of
decades and one of the fastest growing sectors is the transportation sector (World Energy
Council 2012).With biomass standing for about 10 % of the global primary energy supply in
201Q coupled with projected increases in the absolute use of biomass (IEA aAldfjicient

use of this resource is indispensammass gasification fohe prodiction of power and heat,

and in particulagrbiomassbased fuels and compounds oneof the main pathways for large

scale production in the near to medium term future (see e.g. Cheztibin2009, Kumaset al.

2009). In comparison with coal gasifigati the main differences for biomass can be
summarised in higher fuel reactivity; higherganic sulphur, chlorine and alkaline content;
higher content of produced tars; and more, @@ CH in the sypgas.However, so far no large

scale prodction has beedemonstrated ansiomass gasification projects remain at the pilot or
demonstration scale. this report the major barrieffspm a technical perspectivio largescale
deployment are presented with a critical discussion of the future prospects iiog $obm. The
considered general technology concegpés direct Fiidised Bed Gasification (FBGIEntrained

Flow Gasification (EFG); indirect Dual Fluidised Bed Gasification (DFBG).

Reports for estimatingand comparing costs for producing biomestiquid fuels (BtL)
following thedifferent gasification routes include the EUCARONCAWE-JRC 2007 report, as
well as those by Anegt al.(2010), Swansont al.(2010) andTrippeet al.(2011)

General reviews on thermleemical conversion of biomass are numerouliterature and the
authors of this report have therefore decided to focus on the key critical aspects for the
respective gasification technology. For a more general review of issues in biomass gasification
the reader is referred to reviews availablditerature (e.g. Held 2011, Kumat al 2009,and
Wang2008). Instead, the main content in the current report is basegponses from some of

the worldleading experts in biomass gasification obtained from an electronic questionnaire
performed in Jauary 2013 (seform usedin Appendix A).

The survey was composed of a number of generatigms on technical barriers karge scale
biomass gasificatiom order tohighlight the upto-date key aspects thatfrom the exper
viewpointsi still need b be resolved to enable a larger dissemination of biomass gasification at
large scaleThe expertsaasked to participate in the survey have long experience with biomass
gasification the surveywas aimed at contacting people both from industry and acadiiog.

of the people inquired are from Europet the survey also includasnumber of experts from

the United States. To our knowledge this survey on technical barriers in biomass gasification is
the first of its kind. In total, 37 chosen experts weretg/io respond anonymously.




2 BACKGROUND

There is a wide range of proses available for convertirgplid biomass and waste into more
valuable fuels or energy carrie®ne of them igartial oxidation or gasification in which a gas

is produced from a sdlifuel at elevated temperatures using oxidizing agents such as air,
oxygen, steam, carbon dioxide or a combination of thesahdrcase of gasification, the
temperatures are typically between 600 and E@00

The different steps when gasifying biomas®ther solid feedstock are graphlgaepresented
in Figure 1. Thefirst step in this thermzhemi@l conversion of the fuel is drying, followed by
pyrolysis to produce a solid residue (char) and volatiles, madé pgrmanent and condensable
gases.

Heat O, (air) Catalyst
H,O (steam)

Figure 1. Graphic representation exemplifying the processes during the thermochemical conversion of
biomass in a gasifier (modified from Knoef12).

The processes representgdphically maybe describedby the main chemical reactions R1 to
R6.

Feedstock Y ¢ hHO + CH, +1CA 1 1§ + (€, 1 CP+ impurities R1

C+%QY CO DH? =-109 kd/mol  (partial oxidation) R2
cC+Cgz 2cCO DH? = +172kJ/mol  (reverse Boudouard) R3
C+HO 2 CQ +DHM=+131kJ/mol (water gas reaction) R4
CH,+H,0 Z CO, DBH’ 34#159 kd/mol (steam reforming) R5
CO+HO 7 ,@8, DH®’=-42klJ/mol  (wate gas shift) R6

R1 describes the initial endothermic pyrolysis. For biomass this step is especially important due
to the large fraction of volatiles in biomass 80% dry basis). The subsequent reactions R2 to
R6 represent the gasification process. Heathe endothermic reactions can be supplied either




by direct partial oxidation, via R2, or from an indirect external heat source. Additional reactions
that may influence the product gas yield and composition include the therncattabytic
cracking ofthe tarsreactions R7 to R9:

pCHxz g€ +rH, (thermal conversion) R7
CHy+nHO 2z ( n#bnCQ ) H(catalytic steam reforming) R8
CHy+nCQz ( x 4+2nCD (catalytic dry reforminy R9

In the reactions R7 to R9,B; represersttar, and GH, a hydrocarbon witlthe carbon number
m<n. The thermal conversion reaction (R7) is a simplification as this decomposition is much
more complicated, as indicated by Devil. (20(2).

Over the years a number of generic reactor deshgng evolved as beig suitable for
gasification of biomass. These principal design concepts include fixedupttaf, downdraft

and crossdraft),fluidised beds and entrained flow reactofdthough eah of these reactor
concepts iscapable of carrying out the gasificatipmocess, each of them is a compromise
between technical aspects such as the product gas quality, conversion efficiency, suitability for
handling varying feedstocks coupleéd the complexity of the degn and operation, and
economicones such as investmeand running costs. Additionallyalthough pressurised
operation puts significant additional requirements on the design and operation of a gasifier, it is
often desirable.

It is generally believethatthe fluidised led reactor design concept complibe best with the
requirements for the production of ksgngas for the synthesis of liquid transportation fuels via
the thermochemical gasification rout&iedlecki2011) Additionally, the amount of experience
with the fluidised bed technology and its clwesistics make it a mature and reliable
technology However, consideringystem pressumion andresulting fuel conversion, the EFG
concept is advantageoudnce pressures up to 80 kmetechnically and economically feasible
today and the conversiamost often approaels 100 %, EFG in theory exhibits the highest
capacity of all gasifierased for biomass (Knoef 2012).

Tar in the product gas is@mmonly encountered problem when gasifying biomeasgecially

in fluidised bedconceps. It may affect ad clogthe downstream equipment, resulting in the
need for extensive downstream gas treatment and upgradmghe other handthe most
favourable result with EFGat optimal operatingonditions)is that the produced syngas has
very low tar contentStill, tar is historically the most cumbersome problem issue for biomass
gasification.Regarding the characteristics of thimmass the most problematic feedstocis
fluidised bedgasification tend to be those with high ash and alkali conteos$s of fludisation

due to bed sintering ian often encountered probleas well as slagging/material problems in
EFG




3 FLUI DI SED BEBTGASI FFBG)

The basis for the fluidised bed reactor configuration ispttirciple of fluidisation. Brcing a
gas stream (fluiisation medium) through a particle bed in a vesiselbedwill, if the flow
velocity is high enougHhift and behave like a fluid. Air, stegror steam/oxygen mixtures are
examples of commonly used fluidisation media. Silica sand is the most extenseelybed
material, but other bulk solids, preferably suicht may also exhibitatalytic activity, are also
employed.

Depending on the velocity of the fluidisation medium the fluidised bed gasifiers nuayidbed
into two categoriesbubbling fluidised kd gasifies (BFBG) andcirculating fluidised bed
gasifiels (CFBG). These basic reactor configurations are shiowfigure2.
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Figure 2. Configurations of fluidied bed reactors. Left: ibbling fluidisedbed(BFB), right: circulating
fluidised bed (CFB(Olofssonet al.2005)

These fluidised bed biomass gasification design concepts are targetedsatlmidapacities of
~10 MW, towards largescale exceeding 100 MW

In the CFBG, as in the BFBG, thaiiiflising gases are introduced into the bottom of the reactor
with such a high velocity that the solids are entrained with the gas s{redh®2 m/s).
However, incontrast to the BFBG, the cressctional area is in principle constant thrgbaut

the CFBGresulting in the solids beingntrained out of the reactor with the outgoing gas. The
entrained solids in the CFBG are subsequently separated from the gas in a cyclone and recycled
back into the gasifier. The high gas velocities- (B0 m/s) in the CBFG ampled with the
recycling results in the raw product gas havietatively high dust content. For larger CFB
gasifiers, it is often preferable to employ a few smatlgriones in parallel as compared to a
singlelarge cyclone.

In the BFBG, the gasificatioagent is, as mentioned, blown through the bed at a gas velocity
above the minimal fluidization velocity of the bed particles in the narrow bottom section of the




gasifier. In the upper padf the gasifier, i.e. the freead, the gas velocity wilbe 45 times
lower due to the larger cross sectional area. ;Tiusontrast to the CFBGn the BFBG the
char and bed particlasill fall back into bottom part of the reactor as the gas velocity in the
freeboard Wl be below the minimum fluidigtion velocity. Inthe BFBGthe major parbf the
gasification reactionwiill thereforetake place in the dense iffised bed part in the bottom. In
some reactions, especialljomogerows thermal tar cracking and reforming reactions, the
homogerous watergas shift reactionand theheterogeneougasification of entrainedgmall
char particles will, howevecontinue in the freeboard.

For fly ashdust renoval in both configurationa cyclone and patrticle filter are employed.

The inert bed material will enhance the heat andsmexchange between the particles, and
therefore the fluidised beds will operate under almost isothermal conditions. For both
configurationsthe maximum operating ngperature is limited by the astduced melting point

of the bed material, which typicallyill lie between 800 and 908C. At these relatively low
temperatures, coupled with the prevailing relatively short gas residence times, the (slow),
especially heterogeneous, gasification reactisiisnormally not reach chemical equilibrium.
This is espcially true for the fast CFBG. Thusnethane concentrationfor exampletend to

be (much) higher than suggested by the chemical equilibrium.

3.1 GENERAL PERFORMANCE

Both the BFBG and the CFBG designs are relatively easy to operate. The intense mixing and
the gassolid contactallow good temperature conttadndthe reactarperforning well over a

broad fuel paitle size distribution, startalready with relatively fine particles. However,
particulates in the product gas are for baisign concepts highéran infixed bedsand the tar
concentrations tend to be between those of the downdraft and the updraft fixed bed gasifiers.

Due to the simple geometry and the excellent mixing properties fluidised beds may be scaled up
with confidence. However, fuel digtution may become problematic in large bedlthough
multiple feeding may partly solve the problem

The carbon conversion in the BFBG is normally well above®@ue to the long residence
time of the biomass particles andethesidual conversion whemey are entrained to the
freeboard this only,though if the carryover of fines is limited. Because of the relatively low
gas velocities in the BFBG freeboard elutriation is minimal and the addition of new bed material
limited. In contrast to the BFBG thed more sophisticatedatalytic processing is not possible

for the CFBG

The energy throughput per unit of reactor cresstional area is higher for the CFBG than for
the BFBG. Both configurations maye operated under pressurised conditions, which will
further increase the energy throughput. Furthermore, in contrast to rtiest eactor
configurations fluidised bed gasification allows the possibility of usadgitives, e.g., for in
situ removal of pollutants or primary measures to increase tar camvetia employment of
catalytically active bed materials.




Both concepts are available at commercial scale dsd@im technology amh in principle both
representmature technologies. However, there is a difference in maturity between the
atmospheric and pssurised design concepts.

Advantages of both fluidised bed concepts includetimpactconstruction due to the high heat
exchange and fast reaction rates caused by the intense mixing in the bed. Both gasification
designs also exhibit flexibility to chaeg in fuel properties, sizes and shapes implying
acceptance of fuel moisture contents up to 60 % and fuel ash contents of almosThi8 %.
includes the possibility oflealng with fluffy and finegrained materials that have high ash
content, low bulk derity or both.However, h general the CFBG is more flexible in operation
than the BFBG, since the circlitat rate of the bed material mhg used for additional control.

The drawbacks with both of these fluidised bed configurations may include high tdusind
contens in product gas and incomplete carbon burnduditionally, the operation may be
complexbecause of the need to control the supply of air, bed material and fuel simultaneously.
The productgas from especially the CFBG mdye (very) high in prticulates (from the
suspended bed material, ash and soot), and thed t@msport and circulation magsult in
equipment erosion.

3.2 CONCEPT REQUIREMENTS

For synthetic fuel applications (i.e. production of fuels and chemicals from the syngas) the
requirrments on product gas purification are very high to prevent poisoning of the catalysts.
Additional challenges for these applications include operation with oxygen at pressurised
conditions and associated fuéteding problems

Pressurisation ressltn lower volumetric gas flow rates, which measmaller size of the
reactor and downstream gas cleaning and upgrading equipment. Secondly, many downstream
processes require pressurised conditions (e.g., Fidehpsch process, gas turbines), and the

fact is that it is sometimes easier to pressurise the reactants separateljqjpek system for

the solids, compressors for the gases) than to compress the hot, combustible, moist hydrogen
and tafrich product gas compensates for the technical and operationgblicatons
(Beenackers andaw Swaaijl984) Compressiomf the product gas will require gas cooling and
removal of tar and moisture below their dew points to avoid condensation during compression.
However, process improvements are still needed, for iostemthe higkpressure fuel feeding,
although commercially available more or less reliable feeders €kist Energi 2013)
Pressurisation may also influence the gasification process. The equilibrium reactions that are not
equimolar will be driven towardghe condition with the lowest volume. This may in turn
influence the methane yield which niehigher at pressurised than at atmospheric conditions,
this at least at higher temperatures and long residence times.

Both the BFB and CFB gasification design cepts are well establishddr heat and power
applications.For biomass thouglbnly the CFBGis well established at larger scaleor the
biomass to liquid (BTL) applications¢aling up to larger systems is ongoiwgh pilot-plants
under constructianThe number of developers of the BTL route is limited, most of them being
small players.




3.3 INDUSTRIAL R&D ACTIVITIES

Technology developers and proeid for BFBG concept include Bter Wheeler and
Andritz/Carbona, bothwith gasification activities inFinland. An example of this design
configuration is theair blown gasifer in Skive, Denmark. It produces CHRrough three gas
engines (Jebacher) ands equipped with a tar crackeAndritz/Carbonahas provided the
technology and the plant is designed for a capaf 20 MW, and 6 MW, ( g= 32 %).

An example of the circulating fluidised bed concept is the ~12,M8KBG supplied by Foster
Wheeler in Varkaus, Finland for lime kiln applicatidrhe CFBgasifier at Vart Bruk, Sweden
with a capacity of 28 M\ was delivered by Gotaverkendfm Metso Power). The gasifier has
been in operation since 1987. Bark is used as feedatutkhe produced gas is used to replace
oil in the lime kiln.

3.4 GENERAL BARRIERS FOR BFBG AND CFBG

Two of the most important operational barriers for both the BFBGC&HRIG configurations are
the risk for defluidisation and the presence of tar in the product gas.

The loss of fluidisation due to particle agglomeration is an often encountered problem during
fluidised bed gasification of bioma@dordin 1994).This is espeally true for agricultural crops

and waste, whilst woody biomass tends to be less problemidiali, such as sodium and
potassium, fronbiomass aslmay form lowmelting eutectics with the silica in the sand, which

is the most often used bed materialisTmay result in sintering and particle agglomeration
which subsequently may ledd loss of fluidigition i.e. beddefluidisation The presence of
chlorine will amplify this problematic effect, as alkali and chlortead togo together.The
defluidisationduring fluidised bed operation may be seen as being triggered by the formation of
a thin sticky quartalkali coating around the bed particles. Once timiavourablecoating is
formed defluidisation may follow almost instantaneoudlfie choice of the e material is
important and the choice will normally be a compromise between mechanical stability,
agglomeration resistance, catat activity and price. Whenevex silicarich bed material is to

be used with alkaliich fuds the agglomeration problem gaat least partly, be counteractey

using inbed additives with alkalabstractingproperties Known such additives that are
supposed to ckice the agglomeration phenomenoclude kaolin, calcium oxide, calcium
carbonate and bauxite. Introduction ofiminarich compounds, such as kaolin, may result in
the formation of alkataluminium silicates, which have higher melting temperatures than the
alkali silicate formed otherwis@artelset al. 2008. With biomas of high ash/alkali conteiitt

may otherwi® be advisable to use alternative bed materials such as alumina or magnesite. The
maindrawback with these more sophisticated m@tural bed materials is that of cost.

An additional often encountered problem is the presencarsfin the product gas. Wihe
gasifying it is in principle impossible to avoid at least some production of tar. ditsecan be
toleratedthough if the gas is to be used agl andis closely coupled to the applicatipauch

asa boiler or a kiln However, in more demanding apgaltions tars in the product gases, even

at low concentrations, can create major handling problems. As soon as the temperature of the
producer gas drops below the dew point, tars will either form aerosols or directly condense on
the inner surfaces of they@pment, resulting in plugging and fouling of pipes, tubes, @her




components downstreathe gasifierThe most important consideration is often to maintain the
gas above the tar dew point (~ 400), thus avoiding condensation. Internal combustion (IC
engines and synthesis aigptions downstream requitbe gasto be cooled before final use
though.

Two basicapproaches may be identified for removiags from product gas streams, physical or
thermal and catalytic processes.

The physical methods ardilised for removing condensed tar aerosols, using technologies
similar to those used for particulate removal in wet scrubbers, electrostatic precipitators, etc.

The thermal and catalytic tar reduction methods have been studied extensively with the aim of
converting the tars to permanent gases. Thermal dexsstigm at high temperatures mead

to troublesome sodbrmation; howeverthis and thedifficulties of achieving complete thermal
cracking, in parallel with operatingnd economic considerations, aftmake thermal cracky

less attractive.

There are many technical and economic reasons, such as thermal efficiency, environmental
emissons complianceand tar effluentreatmentosts which may justify catalytic cracking and
reforming of the tars. Theatalytic methods for tar decomposition mag subdivided into two
different typesdependingon where in tie process theatalysts perforiprimary and secondary
catalysts. Primary catalysts are added and mixed with the biomass prior to gasjfighiisin

the secondary catalysts are placed in a secondary reactor downstream the Hasifiatalytic
materials most comprehensively studied are dolomites, both as primary and secondary catalysts,
nicketbased, mainly as secondary catalyst and alkali metaigly as primary catalyst.




4 ENTRAI NED FLMMATGAN H EFG)

The entrained flow gasificatiofEFG) concept is weltknown from direct coal gasification and
thoroughly presented in ¢hliterature, e.gby Higmanand van der Burgf2008. The main
advantges of using this concept in cebhsed applications are the flexibility in firing a wide
variety of coal feedstosk and the production o& clean, tafree product gas. However, the
main penalties (from an energy point of view) are relatively high oxggesumption anthe
needfor finely ground feedstock. Thentraned flow gasification reactor§see schematic
example inFigure 3) usually operate at pressures betweefY@bar and tengratures in the
range of 1R0-1800°C, depending on the type of fuel and applicaibigure 3) The fuel (in
form of solid, liquid, slurry or gas) is fed @urrently with the oxidanfeitherair or oxygen
with possible addition of steam and/or carbon dioxide) into #sfigatin reactor in a given
direction depending on the type of entrained flow procesg. (topfired, sidefired, or
tangentiaffired). Subsequently, the main part of the fueltle form of particles or liquid
droplets is entrained with the main flowistreanof gas in the reactor.
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Figure 3. Schematicof Siemens EFG gasifi€Higman and vaner Burgt,2008).

The EFG concept applied tbiomass is nicely reviewed in the handbookiliy BTG Biomass
Technology Group (Knoef 2012ven thaigh the temperatures in th#-G gasifiers generally

are high (compared to fluidised bed processes) and, hence, generate low concentrations of tars
and condensable gases when applied to biomass, there are always some amounts of higher
hydrocarbon species gsent in the product gas (mostly as methane). Disregarding these
amounts, the composition of the main species in the product gas at these high temperatures will
be close to those indicated by the chemical equilibrium, even though the bulk residence times

are short, i.e.in the order of seconsl Under proper conditionthe resulting fuelcarbon




conversion with the entrained flow concepts appreatB0% and exhibi the highest capacity

of all gasifiersusedfor biomass, at least in theory (Knoef 2012). idoer, the higiiemperature
operation creates problems, e.g. regarding materials selection and handling of slag (i.e. molten
ash).

After pretreatment of solid biomass feedstock (which is required and costly in general), the
prepared material enters the raimied flow gasifier as aelatively fine powder (~16 mm in
characteristic diameter) via either a pneumatic or mechinicased feeding system. In order

to obtain optimal gasification of the injected fuel particliéds important to apply suitable
bumer design, reactor shaped powder characteristics. A required achievemerat $sable
flame generated by the partial oxidation of initial conversion gases from pyrolysis of the fuel
particles and reirculated product gas formddn the reactor. Furthewne, maintained intels
heattransfer to the particles on entrance to the reactor as well as sufficient residence times of
the fuel particles imeeded. Adisadvantage of the under stimiometric fuel conversion taking
place at high temperaturas,soot brmationin the reactor. In ordeptminimisethe formation

of soot addition of steam (in a proportion of ~0.1 kg steam per kg supplied oxgganbe
utilised (Qin et al. 2012)

Entrained flow gasifiers may conceptually be found as slagging eslaggng. In the case of
slagging gasifiers, molten slag products (originating fromatie constituentsf the fuel) are
condensed and accumulate on the reactor wall, forming a viscous slag layer that will partly
solidify andprotect thensidewall from thehat and corrosiveatmosphere of gaand slag in the
reactor The outemost layer of flowing viscous slag will eventually reach the outlet of the
reactor, where it is important to maintain conditions for the slag to leave the reactor without
creating any slagdidification that eventually magause plugging. In order to obtain this so
called fluxing material must usually be addedhtaina liquid slag with the right viscosity at

the given temperature. In cebased power plants, limestone or otherriCh materials are

often added with the fuel. For the nslagging entrained flow gasifiers, slag formation is
unwanted and limited by operation at temperatures well below the ash melting temperatures
determined by the composition of minerals in the ashesidrtdisesomesootgenerated by the
gasification process mdye advantageouto obtain condensation surfaces in the gas bulk via
nucleation, preventing unwanted slag foulorgthe gasifierwall.

4.1 GENERAL PERFORMANCE

In general, the entrained flow gasificat concept can beustomiged for a variety of
applications based on filyefractionated biomass powders or fin@tomized bieoil at large
capacity, high pressures, high temperatures and short residence Ttheesiain advantages

with EFG arethe combind fueklloadproduct fexibility and the possibility of high system
pressuriation (up to 80 bar is technically and economically feasible todéyg. favarable

result, which is strived for at these conditions, is a syngas with very low tar content. However
depending on the end use of the produced syngas, the purification requirements and limitations
on methane content (and other lower HCs) may differ significantly. The drawbacks with
operating at high temperatures, and especially in slagging mode, afeeted durability of the
containment materials and, from a system efficiency point of view, increased need for efficient
recovery of sensible and latent heat in the hot oftensteamsaturated syngadlote thathe




latter aspect does not affect thddcgas efficiency (CGE) from gasifation, which is essential
when considering further synthesis of the syngas (CGE fror&B{® is generally aimed to fall
in the range 6@0%). In this casethe relatively complex technology of producing synthetic
fuels requires largescaleproductionin orderto enable economical operation

Considering generatriteria for biomas$ased EFG, the followingverall aspectshould be
optimized:

Maximiseprocess availability

Maximise CGE with respect to esidered application
Minimize thefuel pretreatment requirements

Minimize smt and tar formation in reactor

Maximize particulate separation from product gas
Minimize needs for handling process water in the plant
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4.2 CONCEPT REQUIREMENTS

Depending on the specific end applicat{oe. valie chai considered for biomadsased EFG,
different requirements have to be met in order to realiseeffesttive operation. Thenain
alternativesare: fuel gas production, power and heat generadioth synthetic fuel applications.
In generalthe level of syngas cleaning requiremémtthese alternatives increase the given
order of appearance (i.e. the highest syngas quality is required for the synthetic fuel
application). For all applications, the important biomasstiga&tment step nde proper and
thorough considerationsxcept for EFG of black liquaand other available liquid residues that
would only need préeating before gasification (Carlsseth al. 2010). Depending on the
specific EFG implementation and its system economiadu@ing possible logistics, feedstock
variations, feeding technology, and general integration possibilitié®, pretreatment
requirements on the solid biomad#fer. For direct use of the virgin biomass (i.e. not in
combination with other biorefineryrpcesses) théllowing pretreatment routeare discussed
today (Knoef 2012):

1 Drying + fine grinding

1 Torrefaction + fine grinding

1 Coarsening + liquefaction (i.e. pyrolysis oil and char production) + separation
1 Coarsening + liquefaction + mixing (i.e. bdd slurries)

In applications aimed to produce enenggh fuel gas the most important challenges are to limit

the extent of particulate matter in the gas and to efficiently reform the tars into fuel gases. In this
case, the fluidised bed alternatives amere often usedhan the EFG concept. However,
considering efficient power and hiageneration (preferably via salled Integrated Gasification
Combined Cycle, IGCC) the EFG is most suitable since e.g. the level of operating system
pressures is an impartt efficiency aspect and favourable for EFG. Regarding purification in
this case, the particulate matter in the syngas needs to be very low in order not to negatively
affect the operation of the gas turbine.

For synthetic fuel applications (i.e. productimf fuels and chemicals fronsyngas) the
requirements on syngas purification are very high. If not, the catalysts used in the synthesis of




the fuel product will be deactivated prematurely, which in turn will be costly. Basically, all
component®ther tharH, and CO need to be removed below ppm levels. The exceptionjs CO
which for some reactioris evenused at a small concentration. In some catalytic systems, inerts
such as B and CH will accumulate and will therefore have to be removed/limited.
Condermable hydrocarbons in the syngas also need to be removed. Although important results
can be obtaed in small benckscale test (Haggstromet al. 2012), pilotscale testing is
necessary befe commercial scale since letgrm testing and verification of gcess function

is crucial. Since nitrogen (as an inert) needs to be excluded in the synthesis prooaggea

plant is also required ancbnstitutes an important aspecttbe system analysis in order to
obtain proper economy of scale of the plant.

Consdering operating conditions for synthesis applications, increasing the operating pressure in
the gasifierdecreaseghe production costshe most This is due to the high pressures used in
conventional synthesis processes downstream thdéicgsisn plantand theenergy penalty
resulting from the nekto rmisethe syngas pressure. Therefore, the operating pressures for EFG
in synthesis applications are generally in the rang8@bar. Furthermore, the introduction of
additional stam asgasification agengienerally has negative effects on production costs in the
considered gasification facility (Trippet al. 2011). However, for cases including synthegis
upgrading andvhenevetthe inputfuel has properties enhanciegot formation andesultingin
unfavourably low H content (e.g. very low moisture content), addition of steam may still be
beneficial overall.

4.3 INDUSTRIAL R&D ACTIVITIES

There are a number of g@oing R&D initiatives around EE of biomass, both nationalgnd
around the world Most of the esearch is done in lagcale,but there are also pikgicale
research activities.g. the PEBG plant at ETC in Sweden (Weilahdl.2013).Below follows
recently updatel lists of biomassbased EFG demonstration/industrial plants gathered from
Landalv (D13), which are all based on the synthetic fuel application. Considering
industrialised demonstration scale plants -{51 MW,), the following plants/projects are
currently active gtartup year in parenthesis):

1 BLG-BioDME plant (2005/2011) at LTU Syng&sentre in Pited, Sweden
1 KIT-BioLiq DME/gasoline plant (2008/2013) in Karlsruhe, Germany
1 BioTfuelL FT-products plant (2014) in Venette, France

Regarding planned fyll industrial plants based on the EFG concept and synthetic fuel
production, the following piects should be mentioned:

I Forest BtL Project with Vapo in Ajos, Finlangroducing F-products from forest
residues

1 Woodspirit Project with BioMCN, Siemens, Linde, and Visser & Smit Hafwab
torrefied biomass in therovince of Groningerthe Netherland




4.4 GENERAL BARRIERS FOR EFG

Consideringthe pretreament requirements and subsequéding possibilities for virgin
biomass resources (excludiagailable bidliquids, e.g. black liquor), Svoboda (2009) show
thatthere is nddeal method and combinatido be used in pressurised EFG applications. As
mentioned above, a number of diffedlgntombined solutions for preeatment ad feeding
exist but these neewd be adjusted from a complete system point of vieamplete values
chain)rather than just fnrm the EFG tehnology concept point of view.

The choice of refractory lining in the gasifier is critical and Claybal. (2002) have identified
improved refactory materials as the number ang of top 20 research areas needed in order to
make gasificabn more economically viable. Severe attacks due to corrosive ashes have been
indicated (Scudeller 1990) and measuremeirts operating gasifiers and thestical
considerations indicate the same (Cetlal. 2007, Turret al.2007). Hence, controlling thesla
slagging properties is important in order to pdev fuekflexible EFGbased technology
concepts. This would in turn require process control instrumentation -®tuirslag buildup
identification and feedbaesontrolled adjustment cuitable fuel aditives.

The purification of synthetic gas has generally been masferedecadedor fossil based
feedstock However, the technology neetb be adapted and validated when produced from
biomasshased feedstockor examplehe effects frommpurities speiic to the rature of the
biomass needto be considered in more detail order forcomplete and successful concept
demonstration Especially for synthetic fuel applicatiomghere the requirements on syngas
purification are very high (sesction 4.2abowe).

The syngas produced in EFG is often cooled and separated from other gasification products in a
quench (following the hot gasification reactor) prior to further upgrading in a series of
downstream processes.thecase of water spray quenching, a riésglissue is proper handling

of the quench water. In commercial operation the quench water needs to be circulated and
reused without causing operational problems duactumulation of contaminanttn order to

choose the correct combination of water timgants (e.g. coagulation/flocculation, filtration and
sedimentation), thorough characterization of the process water is needed in order to tailor proper
cleanup techniques. Besides turbidity and acidity, the quench iwatefined by the dissolved
organic substances (e.g. aliphatics, benzene and polyaromatic hydrocarbons). Considering
suspended contaminants in the quench water, two general categories exist: Particulates that
readily sediment out of the watemd norpolar organic substancestheform of colloids.

Regarding economy of scale, the costs for the oxygen plant and the key performance parameter
in the form of product capacity per generated tonne of oxygen are of great importance.
However, the cost for the raw material in order to make biomassigation economically

viable is in the end the most important paramé&tersummarise, the prioritisé@i&D areas for

the EFG concept are considered to be (Landalv 2013):

Pretreatmentscaleup and related cost optimisation
The level and physical boungenf system pressurisation
Syngas purification technology and cost

Optimised overall integration
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SDUAL FLUI DI GEDICBIEDON ( DFBG)

A dual fluidised bed gasifigfDFBG) or indirect gasifer basically consists of two vedsgone
for gasification andanotherfor combustion providing the heat for gasification. The general
setup of twdFBG conceptghat have been built at pilot scale is illustrateéigure4.
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Figure 4. Dual bed fluidied steam gasifier concepteft: Fast internally circulating fluidised bed
(FICFB) gasifien(8 MWy,) (Pfeiferet al.2011), right: Chalmers gasifié2-4 MW,,) (Thunmanand
Seemann 2009).

A circulating fluidised bed combustion chamijgiser) supplied with air and fuel (no fuel
supply isneeded in case there is enough unconverted biomass char from the gasifier transported
back to the combustion uniiy heating up bed material that transfers heat to(tibebling)
fluidised bed gasification chamber. The two chambers are separated sebilspreventing
combustion air from entering the gasification uraisulting in a virtually nitrogefree product

gas with a lower heating value in the range 6fL40MJ/Nn? dry gas

The operating aaditions are similar to thoder direct gasificationn fluidisedbed reactors with

the constraint thatombustion tempature has to be highé¢nan the gasification temperature
(50-100 °C)in orderto enablesufficientheat transfewith the bed materialAnd the combustion
temperature in turn is limited Bsh melting and bed agglomeration limits. This implies that the
upper temperature limit of an indirect biomass gasifier is lower than the one for a direct gasifier
for aspecificcombination of biomasfiel and bed material

The major advantage ohandirect gasifier ighata nitrogerfree product gas mdye produced
without the need of using oxygen as gasification/combustion agent. As the two chambers are
separated by loop seals that are fluidised with e.g. stédenor no combustion gases enter the
gasification part of the system with the circulating bed material that provides the heat for
gasification.




4.5 GENERAL PERFORMANCE

As the indirect DFBG concepperats in the lowettemperaturgange (usually600-900°C), it
generate$ in a mannesimilar to the FBGtechnologyi tars in the product ga€n the other

hand, the product gas in consequence also contains high concentrations of methane and lower
hydrocarbons, making the DFBG of interest for production of bio#based synthetic natural

gas (bieSNG), also referred to as biomethane or biodag. the range of application ia ino

way limited to methaneary synthetic transportation fuel or biomésssed chemical malye
produced from DFBG.

Char conversion during gasification in DFBG is not that muchrofssue compared to FBG
where the unconverted char ends up in the fly ash. In DFBG concepts the unconverted char
serves as fuel in the combustion chamber. As the air supply tmthieustion chamber should

be at the lower limito avoid leakage of combtien gases (in particular GGnd N) to the
gasification chamber, some DFBG concepts use a-qoosbustion chamber tallow for
sufficient residence time of the particles for complete taffriProll et al.2007).

4.6 CONCEPT REQUIREMENTS

The fact that theres no needor production of oxygen when aiming at producing nitroffee
product gas makes DFBG an intgirg technology for the mediustale rang®f about 10 to

200 MW,;. In general the size dhdirect gasification plants malge in the same range as
biomass combustion units using fluidised bed technology. Given the similarities between the
technologies indirect biomass gasification units with a thermal capacity of around 50Q, MW
should not pose any problems from a technical viewpoint, with CFBrbdiking available in

this size range (Nevelainen 2012 course it might be favourable to pressurise the units at
very large scale in order to limit the size of equipment. Pressurisation is not a realistically
envisaged choice for DFBG even thoughnity be donein theory This would involve
pressurising both the gasification and combustion chanbeprder to keep the pressure
differential between the two reactors at the desired leVéks.recovery of the pressure energy
from the flue gases would becessary in aer to make the concept viable.

The fact that the DFBG concept basically iseaternally heatedasification unit coupled ta
combustion unit opens up for retrofitting existing carsition infrastructure extendingwith a
gasification proess. This habeen demonstrated at the pikmale plant at Chalmers (Thunman
and Seemann 2009) also indicating a rather large flexibibtyswitching the retrofitted unit
between operation in pure combustion modeiamgsification mode.

4.7 INDUSTRIAL R&D ACTIVITIES

The demonstrated scale for indirect gasification of biomass is at around }tdvkhal input.

The most prominent indirect gasifier is the fast internally circulating fluidised bed (FICFB)
gasifier in Gussing, Austria with a thermal input ofVBVy, (Hofbaueret al. 2002) that is
producing power and heat using the product gas in cogeneration ¢hgihaiso has been used
for demonstrating process chains to both synthetic Hajasa(SNG) and Fischdiropsch (FT)
diesel (BioSNG 2009, RipfeNitscheet al.2007).




Based on this gasification concept a number of cogeneration plants in the same size range have
been built. The largest project is being under construction in Gothenburg/Sweden where
Goteborg Energi AB is going to produce 20 MW of SNG based on indirect gasification
(GoBiGas 2010). Goteborg Energi AB is investigating possibilities to extend the production to
100 MW v sne in the future based on the experience from their first pkisb based on the

FICFB technology,an indirect gasi€ation concept with imsitu absorption of C@Ousing
limestoneas bed material was tested for generation gfi¢h product gagKoppatzet al.

2009) Plans existed for a 10 Mjemonstration plant for polygeneration of SNG, power, and
heat, but due to gh biomass prices the project was abortthrquardMollenstedtet al

2009)*

At the Energy Research Centre of the Netherlands (ECN) an indirect gasification technology
called MILENA has been developed that integrates the gasification and combustgoim @nit
single vessel. Plans are-gning to build a 10 M\ gasification unit based on thiechnology

for cogeneration of heat and power from waste woodhéncase of successful operation a
further increase in scale to 50 M\Whput with the aim of produng Bio-SNGis envisagedvan

der Meijdenet al 2009, van der Mgienet al 2010.

The RentectSilvagas(former FERCO Silvagadhdirect gasification process developed in the
United States is a DFBG gasification concept with two circulating fluidised tieat are
connectedthe process has been successfdéynonstrated in a CHP plant in Burlington at a
designscale of about 40 MWthatwasevenoperated with a thermal input of about 60 MWdh

a lower heating value basis (Paiskhyal 2004)?

4.8 GENERAL BARRIERS FOR DFBG

The major barrier for DFBG is the gas cleaning with tar conversion or removal in particular. A
number of scientific reviews address this topic (Richar@daal 2012, AnisandZainal 2011).
There are commercially availabtar removal ¢chnologiesbased on scrubbing technologies;
examples are the OLGA twatage scrubbing technology (Zwaet al 2009) and RME
scrubbingapplied in the Glssing plant (Rehlirg al 201) that will also be used in the
GoBiGas plant. In general the high omtimg costs (for RME scrubbing a considerable amount
of biodieselused for scrubbing is purged amdrnt in the combustion chambegetherwith the
scrubbedtars) are a drawback for these technologies. In addition they put constraints on the
opportunitiesfor heat recovery as the tlradal gas cannot be cooled down below the tar dew
point (at around 30@00°C) without the risk for equipment fouling. A soluti®o this problem
could be highemperature tar reforming technologies that are on the verdeeaiming
commercial Research activities focus on identifying suitable catalytic materials for tar
reforming depending on the desired product gas application (e.g.etiad 2011). As an
alternative to these secondaryaseres for reforming ahe tars geerated, primary measures
applied inside the gasifier aravailable Richardsonet al (2012) givean overview of gas

* According to a German newspaperide from 17" November 2011 the price of biomass increas:
than 100 4/dry tonne during the planning phas&anfredBminer i ng t he
2011-11-17, Sudwest Presdettp://www.swp.de/1216974ccessed 20132-12)

2 The Silvagas gasifier at Burlington was designed for 200 wet tons (182 dry tons) per day but was even operated abfeed rates
300 wet tons (274 dry tons) per day; assumel bfiwet biomass (96 moisture) isl6.5 MJ/kg wet.
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purification technologies and their intensification; catalytically active bed materials for
gasfication a filters in the fre@oard of tle gasifier are mentioned among process alternatives.

The tarloaded product gathus generateseveral problems for hdownstream operations that
may be onsidered technical barriers to largale operationAmong others efficient heat
recovery is not pssible at a safe level. For large scale preegshe integration of a steaytle
for co-generation of power and heat might help to improve the econmmspects of a given
concept.

Due to the limitation to operation at atmospheric conditidmes,staleup to very large sizeis

not obvious and no manufacturer offers fedt gasification at a scale 8100 MW,. Processes
involving a syntlesis step are usually very castensive and need to be operated at large scale
in order to lower the specific casiper energy unit of produced fuel. A largeceartainty
concerningthe feasibility of DFBG technology at large scale resulta liack of interest from
investors and therefore represents a considerable barrier for the deployment of this technology.

In condusion, theR&D focus areas for DFBG are considered tp be

9 Efficient and cost effective tar removal and gas cleaning

T In connection to gas cleaningfficient heat recovery and process integratamn
importantstepsto design economically viable process ogpts based on DFBG

T The scaleup limits for DFBG have to le defined in order toorsider optimum process
chains at the given scale




5 RESULTS OF THESORYENXW

In the following paragraphs the general results of the online survey conducted as a key elemen
of this report will be presented. In total 37 experts on biomass gasification were invited to
contribute with their answers on basically five questions on technical barriers within biomass
gasification, each classified for the three technologies coesideithin this work, namely
direct Fluidised Bed Gasification (FBG), Entrained Flow Gasification (EFG), and indirect Dual
Fluidised Bed Gasification (DFBG). The experts that were asked to participate in the survey
have long experienceitli biomass gasifideon and the survewas aimed at contacting people
both from industry and academia. Most of the people inquired are from Bombplee survey

also includes number of experts from the United States. With the ambitionrofaiizing the
guestionnaire tohie maximum possible extent, the concept of Technology Readiness Level
(TRL 1-9) as applied ilDOE (2009 was ugd for grading the level of technical maturitythé
different sulprocesses within the three biomass gasification technologiesidered. Notefor
technical reasons (limitations in the web form), the TRL gi@dised in the questionnaire was
limited to 5 levels (13; 5; 7; 9. The used TRL can basically be described by the following:

l="fbasic principles obserwedt/ nemthadore / exten

3=Aitechnol ogy concept formed / | ow degree of ma

5=Asubsystem validated in relevant environment
neededo

7=isubsystem demonstr at e dnature/ oddymptimisation i a | environ
devel opment needed?o

9=fisuccessfully proven commercially in full sca

neededo
The five taskin the surveywere basically the following:

1) To judge the Technology Readiness Level of difisresubprocesses within biomass
gasification

2) To identify the singlenost important technical barrier for each gasification technology

3) To assesthe maximum thermal scale each technology currently can deliver

4) To identify of possible noftechnical barriergor the three gasification technologies

5) Additional commentshe experts considered relevamnid/or missed in the survey

The complete questionnaire that was sent out to the considered experts is presented in Appendix
A (not presented as in the final web rf@t) and in total 3 responses wereollected. The

experts were free to choose to answely the questions related to the specific gasification
technologyin whichthey consider themselvés bemost competent, but the majority chdse
answerall questims. One experactively decline to answer the questions with the argument

that the formulation of the quéstnaire was too general and midgéad to misinterpretain of

the answers. The survey wasnducted anonymously and no individual answers will be
presented, neither wre x p e r t Gar hisiheraf@iation. In order to illustrate the broad
coverage of both countries and affiliations the reparation of the 32 experts who answered the
survey is represented Figure 5 Considering the affiliation ofhe interviewees the majority




has an academic background being associated to either a university or a research institute but
still a considerable umber of experts (about 22%) airevolved in industry, this category
coveringequipmenmanufacturers, techrmy developers and utility companies.
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Figure 5. Geographical distribution (left) and repédn of the affiliation (right)of the 32 experts who
answered the questionnaire.

In the following suBectionsa summary of theespnsedo the online survey will be presented.

For the first question covering specific issues, quantifiable results in form of the mean TRL
obt ai ned f r canswershas welh aspneastresiivd spread and variation of the
answers are presented. Rbee remaining more informal questions and specific comments,
compiled overall notions for each of the specific issue are summarised. Detailed responses from
the individual experts are found in Appendix B where all answers are collected and represented
asreceived (except for obvious typographic errors).




5.1 TECHNOLOGY READINESS LEVEL OF THE DIFFERENT TECHNOLOGIES

In Figure6 the average scador the Technology Readiness Level for different technical issues
related to biomass gasification gyeesented.
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Figure 6. Average values for Technology Readiness Level (TRL) for the different technical issues for the
three gasification technologies. Error bars indictéémdard deviatioas measure dhe spread of the
answers.

It has to bepointed out that the resaslin 6 are not considered guideline for ranking the three
gasification technologiebut rather as an indicator for the areas of research & development that
should be focused owhen trying to promote a givetechnology. In thefollowing a more
detailed review of the questionnaire answers and comments given by the experts will be
presented for each of the 11 considered technical issues.

5.1.1 Fuel preparation

Table 1. Technology readiness level considerifugel preparation for the three gasification technologies.

FBG EFG DFBG

Mean TRL value 7.6 4.8 7.5
Total answers 32 28 31
Standard deviation 146 199 141

The fuel preparation for both fluidised bed technologies (FBG and DFBG) is considered mature
as these technologies can handle a number of different feedstocks. Necessary development




issues within fluidised bed gasification fuel preparation might be the handling of waste and low
grade biomass fuels. For entrained flow gasification there is a lprgadsin the judgement of

TRL among the experts. It is stated that pyrolysis and torrefaction as pgasiieatment
technologies still need to be further developed for EFG. The level of TRL also heavily depends
on the nature of the fuel, black liquoagification being rather mature whilst other biomass
technologies with e.g. pyrolysis gwetreatmentstill need substantial development for
deployment at large scale.

5.1.2 Fuel feeding

Table 2. Technology readiness level consiaeyifuel feeding for the three gasification technologies.

FBG EFG DFBG

Mean TRL value 7.0 4.6 6.9
Total answers 32 27 31
Standard deviation 152 1.78 1.63

Similar to the fuel preparation issyuéise feeding of the fuel is considered rather maturehier

two fluidised bed gasification technologies. A number of successful demonstration glahts

as theGussing plant in Austria artie Varnamo plant in Swedgsre mentioned. Pressurisation

of fluidised bed reactors is highlighted as possible probnthie fuel feeding. For EFG the
average TRL value is lower and the answers are more widesprefebddug with coal or coke

is mentioned as a mature technology for entrained flow gasification that has been demonstrated
as well as the feeding of liquiddis (e.g. black liquor).

5.1.3 Fuel flexibility

Table 3. Technology readiness level considering filexibility for the three gasification technologies.

FBG EFG DFBG

Mean TRL value 6.4 4.3 6.1
Total answers 32 27 31
Standard devation 1.56 2.08 1.35

Even though fuel flexibility strictly speaking cannot be judgdidectly by Technology
Readiness Levels pointed out by one intervieweegethrading gives an impression thfe
current capability of the three gasification techn@sedgo handle different kindsf fuels and in
particular lowgrade fuels on a large scale. Compared to fuel preparation and feeding, the fuel
flexibility is considered less mature for all three technologies. Fluidised bed gasification
technologies have beedemonstrated for a number of different fuels, but more work is
necessary to prove operability omg. waste fuels.The fuel flexibility also is considered
different for atmospheric and pressurised conditidie clear definition of the fuel properties

IS an important aspect to ensure safe operation of the plants. Faneshtflow gasification,




groundbiomass needs to be provided, making the grindability of the material a crucial aspect
for large scale application.

5.1.4 Up-scaling to large scale

Table 4. Technology readiness level consideringagaling aspects for the three gasification
technologies.

FBG EFG DFBG

Mean TRL value 6.9 6.7 4.1
Total answers 32 29 31
Standard deviation 1.72 193 1.70

Considering the scal@p tolarge scale in the several 100 MW rangeth FBG and EFG are
considered scalabl® the maximum projectable scale for biomass production units. EFG is
mentioned as already being sold as 500 MW units as coal technology and existing large scale
air-blown gaifiers operating on biomass in Finland are given as examples. DFBG on the
contrary gets a lower score TRL and-sgqaling to large scale is considered a significant
challenge for this technology necessary differentiation between pressurised and atmisphe
technologies is highlighted with pressurised technologies being scalable to larger sizes.

5.1.5 Bed material

Table 5. Technology readiness level considering bed material for the three gasification technologies.

FBG DFBG
Mean TRL value 6.0 5.5
Total answers 31 31
Standard deviation 1.54 1.34

The bed material question only applies to the tlwwlised bed technologies as EFG does not

use any bed material. The TRL given by the experts for both fluidised bed gasification
technologies is in the average range, having been demonstrated at several plants, but still with a
considerable need for further development. Issues mentioneé.gréne task of finding
environmentally aceptable bed materials that mbg used at largecale or the ability of
catalytically adive bed materials to handle legvade fuels and to reduce the tar level in the
product gas. One expert sees slight advantages for FBG over DFBG as problems with
recalcination of the bed material are less probabiedtar.




5.1.6 Pressurisation

Table 6. Technology readiness level considerprgssurisatioffor the three gasification technologies.

FBG EFG DFBG

Mean TRL value 6.0 7.5 3.2
Total answers 31 26 29
Standard deviation 1.2 200 2.02

EFG clearly has the highest ranking fimessurisatiomRL with plants being operated at high
pressure level by default. The positive effect of pressurisation also is pointed out as being most
pronounced for EFG as the size reduction effect with isangapressure is largest due to the
design of the technology. FBG is consilfibeing more or less mature at moderate pressures of
up to 10 bar but higher pressures comparable to EFG are congiddredachallenge. Fuel
preparation for and feeding to peairised units is also mentioned as a critical issue in this
context by the experts. DFBG technology is the one considered least ready for pressurisation.
While the concept is considered feasibleven though challengirighy some experts there also

are nterviewees that consider DFBG awrilable for pressurisatioat large scald€at least not

higher pressures in the > 20 bar range).

5.1.7 Product gas cleanup

Table 7. Technology readiness level considerprgduct gas cleanupr thethree gasification
technologies.

FBG EFG DFBG

Mean TRL value 6.0 6.3 5.8
Total answers 32 29 31
Standard deviation 1.68 195 1.76

The product gas cleanugRL for all three technologies lies at around 6, with EFG obigitte
highest score. Gas claap is stated by the experts to be proveracommecial scale but still
having aneed for further development to improve process efficieamuy lower costs. Low
temperature cleaning is the mositare alternative but even higamperature cleaning withge
ceramic filters is on the edge of being fully commercial with hot gas filters being installed in
commercial gasification plantdgain the rich experience from cebhsed gasification in EFG

is a mairreason for the higher scorethre TRL ranking.




5.1.8 Tar removal

Table 8. Technology readiness level considertagremovafor the three gasification technologies.

FBG EFG DFBG

Mean TRL value 53 6.7 5.3
Total answers 31 25 30
Standard deviation 1.47 2.43 1.49

The tars areonsidered by a number of expeatsnot being an issue for EFG. Both fluidised

bed technologies get average TRL ranking in the rangewitf scrubbing technologies being
available for tar removal mentioned in the comments. These scrubbing techndiogieser,

put penalties on the energy efficiency and operating costs. Alternative processes such as thermal
or catalytic cracking are to be preferred but have not yet reached commercial scale. It is also
pointed out that the taroblemsare heavily depafent on the way the gasifier is operated and

that general ranking is therefore difficult.

5.1.9 Soot handling

Table 9. Technology readiness level considergmgpt handlindgor the three gasification technologies.

FBG EFG DFBG

Mean TRL value 6.2 6.3 6.4
Total answers 26 23 25
Standard deviation 1.80 1.66 1.78

The TRL value for all three gasification technologies considering soot handling is in the range
of 6. Some experts state that soot is not an issue at all. Soot (or dyaash)fis assumed to be
removed with the fly ashresulting in energy losseandthe problem in coreqjuence is reduced

to an optimigtion task improving char conversion in the gasifier, according to one expert.

5.1.10 Refractory lining

Table 10. Technology readiness level consideriefractory liningfor the three gasification technologies.

FBG EFG DFBG

Mean TRL value 7.2 6.1 7.1
Total answers 29 27 28
Standard deviation 1.35 1.87 1.39

Refractory lining issues are more relet/for EFG with a TRL mean value of36 while the two
fluidised bed technologies ajest above a TRL fo7. Coal experience for EFG is a positive




aspect, but differences in the mineral matter between biomassoahash make it difficult to

directly tranger that knowledge. According to one expesdfractory liningis ues A wi | | nev .
become how tostiare dong lifetime are two parameters that alwaydesitl to astrive

for improvament in this matter Another expert points out that EFG might netre use

refractory lining but rely on a cooled molten ash layer for equipment protection in§tead

using a secalled cooling screen)

5.1.11 Heat recovery/steam cycle integration

Table 11. Technology readiness level considerivat recovery and steam cycle integration asgects
the three gasification technologies.

FBG EFG DFBG

Mean TRL value 6.0 5.6 6.1
Total answers 30 27 29
Standard deviation 1.36 2.21 1.65

The TRL values for all three technologies are moderatdicaing a further need for
development oheat recovery and steam cycle integration issues. But the nature of the question
was also considered too general to be judged properlgnieyexpert, the integration being
highly dependent on the specific applicatiamd éboundary conditions. Hot gas cleaning at
commercial scale is an important milestone for the two fluidised bed gasification technologies
in order to enable safe high temperature heat recovery. EFG with a steam quench and
subsequent heat recovery steamegator on the other hand is commercial technology.

5.2 SINGLE FOREMOST TECHNICAL BARRIER OF EACH TECHNOLOGY FOR
LARGE SCALE DEPLOYMENT

5.2.1 Direct Fluidised Bed Gasification (FBG)

For direct fluidised bed gasification (FBG) a number of expadtually mention thathe
technology already is availab& commercial scalas airblown technology anthatair-blown

FBG gasifiers are mature technology. is considered important to distinguish between
atmospheric and pressurised technologies as there are considéfal®aads inthe level of
maturity. The remaining challenge from their viewpoint is the conversion to operation on
oxygen with the final goal of producing chemicals or transport fuels. This is also where the most
often mentioned major technological barsieome ino playi tar reduction in partidar and

gas cleaning and upgradiog a general level are by far the most frequently naomes The
respondent&dentify development needsthin primary (in the gasifiere.g. by using catalytic

bed materialsand secondary measures (e.g. tar reforming or removal) for tar reduction, as well
as hot gas filters for efficient particle removal as important hurdles to overcome. Other aspects
mentioned by several experts are potential probtdaismay occur in fluided bed gasification
when operating on lowgrade fuels (e.g. agricultural wastes). These problems include bed
agglomeration/ash sintering as well as alkali fouling. Even the yatpa and feeding of these
low-grade fuels are problematic and reqdirgher development to be used on a commercial




scale. Furthermore, efficient char conversion to avoid problems with char in the fly ash is
mentioned by some experts as the main technical barrier for direct fluidised bed gasification.
The need for efficientd® recovery andisks for foulng of heat recovery equipment aso

taken up by somef the respondents. Finally, operation ungeessurised conditions and
associated feeding problems are other issues mentioned by more than one expert. The least
frequentissues that werenly mentioned specifically by one of the experts (not all ara of

purely technical natureactually) include the total costs of the system, risks for low plant
availability, transport logisticspxygen demand in syngas applicatioasd the unknown
fuel/ash behaviour in oxygdsiown gasification.

5.2.2 Entrained Flow Gasification (EFG)

The comments given on question 2 for EFG represent well the trend in the TRL grading asked
for in question 1. The by far most frequent answer on the fmsetechnical barrier for large

scale entrained flow gasification of biomass given by the experts is opr&tebatmentand on
feeding into the reactom.he pretreatmentand feeding aract yet considerednature and have

not yet been demonstrated commergialut even the costs for tipee-treatmentand associated
energy losses are often mentioned as barriers. Even the cost for the overall system of EFG is
mentioned by a number of experts, and in relation to that the size of EFG is simply considered
too large (as it needs to be large to be economic) for biomamstgni problems associated

with transport logistics are taken up by a number of respondentaddition, one expert
mentions little experience with operation on biomass only as an issue forAsBGtiated to
efficiency issues, complete fuel conversion and efficiesgt of excess hearealso named as
major barriers. Material problems, fuesh behaviour and uncertaintieslack of experience

when operating on lowgrade fuels in generahre oher issues taken up by several experts.
Finaly, particle and gas separatioggas upgradingoxygen supplyand the fact that ashadim

EFG is not usable as fertdisareeach considereithe major techical barrier by one expert

5.2.3 Indirect Dual Fluidised Bed Gasification (DFBG)

As for direct fluidised bed gasification, the technical barrier in relation to indirect dual fluidised
bed (DFBG) technology mentioned most frequently by the experts is gas cleaning and
upgrading, wth a number of experts referringiore specifially to tar problers. The gas
cleaning is seen akey to @mmercial applications and higbmperature gas cleagina
necessary technologgot yet avaible at commercial scale. Less expengjas cleaning
technologies to make the process viabterf an economic perspective are also identified being
necessary. The send most frequent issuaken up by the respondents is the fact that indirect
gasification technology is limited in the level of pressurisation and in consequence is limited in
feasibk size. Another expert selsits in scale due to excess healy beingused for district
heating while the complexity of DFBG with two interconnected fluidised beds is considered an
issue for upscaling by another oné@he less frequent barriersenticned as beingforemost
include gas cooling and heat recovery equipment fouling issues, limited availability of the
system,methane reforming issues for syngas applicatilittie, experience with lowgrade fuel
resulting in low levels of maturity considegirfuel flexibility, and fuel conversion issues related

to the integration between the two reactors in DFBG. Finally, barriers only mentioned by one
expert each include, feeding issues, alkali fouling (could be related to heat recovery equipment
fouling), transport logistics, and problems of designing an economically viable process, in




particular fa CHP applications where less expensilternatives exist even though they might
be less efficient from a thermodynamic viewpoint.

5.3 MAXIMUM THERMAL INPUT SCALE THE GASIFICATION TECHNOLOGIES
CAN BE BUILT AT AS OF TODAY

The estimations on maximum possible scdlgéhe three gasification units vary considerably
between the different experts in absolute numbers, but the general treadlative scale
between the thnologies are similathe entrained flow gasifiecan be scaled up mostith

some experts estimating possible scales even above 10QQinit. For direct fluidised bed
gasification the maximum sizesentioned are in the 6600 MW, range and most exgse
considelindirect fluidised bed gasification maximum scales to be somewhat loweliothBBG

due to the fact that no pressurised concemuisently available and unlikely will be in the
medium term. Using the mean value by counting all numbers diyetie experts (average

scale used when a range is indicated) gives a very rough approximation but still represents the
general trend of EFG being the technology possible at large scale (average maximum scale at
about 80 MWy,), followed by FBG (about40 MWy,), and finally DFBG (about3 MWy,). As

pointed out by one experhd question of maximum scale mbg considered not thatlegant

as it always is possiblend to some extent evelesirable (plant availability}p install parallel

units. This wold theoretically allow scaling up all three technologies to any desired capacity,
even though economic benefits of scale are lost when using a modular approach. Another
important aspect raised by some respondents is the fact that the maximum scalemadsa bio
gasification system might be restricted by biomass logistiteerthan the technical limitations

for up-scaling. A range of 300 MWis mentioned as a maximum conceivable size considering
logistics basically making all three gasification technolsgaailable (maybe in a modular
approach for DFBG and FBG).

5.4 NON-TECHNICAL BARRIERS FOR LARE-SCALE DEPLOYMENT OF
BIOMASS GASIFICATION

For all three gasification technologies the major-teahnical barrier mentioned by the experts

is of economic nature. Otfie one hand there are high investment costs to be expected for the
first generation of biomass gasification plants, and on the other hand market prices are subject to
large fluctuations with biomass prices being high in relation to fossil alternativissleges

little to no margin for profit and therefore decreases theastef private investors. Lorgrm

policy measures (e.g. GQax relief) for biofuels andnvestment support areonsidered
necessary by the expetrtis enable large scale deploymefbiomass gasification. As the size of
plants needs to be large in order to gain on economies of scale, the biomass supply also is a
large barrier. Iimight bedifficult to fix a longterm supply contract for biomass at these scales.
Competition with otkbr biomass applications that have lower specific cost®.@biomass

CHP), is also mentioned as serious barrierOne expert mentions the lack of suppliers of
technology that can build tukey plants with guarantees as a large barrier for all three
technologies. More specific barriers for each of the three technologies mentioned by the experts
are presented in the following.




5.4.1 Direct Fluidised Bed Gasification

For direct fluidised be gasification the lack of lonterm experiencevith plants and several
negative examples of mothballed plants may have lead to a negative public perception of the
technology, now representing a considerable-technical barrier for this technology. The need

for efficient system integration and usage of the excess heatld@ditam the process also
figure among barriers mentioned. Finally, risks fire hazard from the carbecontaining ash

and problems meeting emission regulations when using the product gas in enginé®rare ot
barriers mentioned by one expert each

5.4.2 Entrained Flow Gasification

Uncertainties with EFG technology and possibly negative public perception are among-the non
technical barriers for entrained flow gasification that are taken up. Grinding of the fuel (actually
being a technical barrier) and meetingission regulations are two more barriers that are
mentioned by single respondents. Finally, the efficiency penalty of the high temperature process
for EFG is referred to as ndachnical barrier by another expert.

5.4.3 Indirect Dual Fluidised Bed Gasification

For indirect dual fluidised bed gasification negative public perception (possibly caused by
mixing up FBG and DFBG) is mentioned by one expert as a barrier geobnical nature. In a
similar way lack of publicknowledge may hinder the largeale deploymnt of DFBG
according to another interviewee. Lack of incentives for cogeneration from bijoarads
difficulties meeting engine emission regulations when using product gas from ,CF8@&vo

more bariers mentioned. A lack of lontgprm experience with diérent fuels and the
competition with other biomass technologies with lower capital costs are two more barriers,
according to the expert survey.

5.5 FURTHER COMMENTS AND REFLECTIONS

The general commerdiven by the experten aspectdacking in the surveyis basically a
summary of the answers condengedhe preceding paragraphs. Lack of léagn experience

with large scale units, uncertain economic boundary conditions in combination with high
investment costs, negative experienaesd public perception of dimass gasificatigrare all
mentioned among the comments. A need for reducing the compléxiity systemsn order to
decreasecosts is identified and mainly feeding and tar cleaning/product gas cleaning are
pointed out as the bottlenecks in biomassifgaation that still need further development. Again,
competition with other biomadsased applications that already are commercial and perform
well is pointedout as a barrier for the largeale deployment of biomass gasification. As
gasification technlogies already have been demonstrated for coal, a difficult task for biomass
gasification is the choice between trying to adapt the fuel to coal properties (e.g. by torrefaction
or pyrolysis) or modifyingthe technology itself to fibiomass feedstock witall its differing

fuel properties compared to coal. The general consensus is that there are humerous technical
solutions available but due to high costs thayehnot yet been demonstrated in the long term at
large scale.Given economic profitability, eperts consider all technical barrieegher easy to
overcome ancrealso optimistic concernintarge scale deployment as there layenow three

large companies offering biomass gasification technology concéjdist h t odayds f ocu




thermal efficiency massgasification is still outperformed by conventional technologies such
as combined heat and power technology. Howewglvanced conceptir energycarrier
generatione.g.CH, production by addition of pHfrom electrolysis for complete methanation of
biomassbased syngas (10% carbon conversiondm biomass to product possibl€)early
offer advantages for biomaggsification in comparison toonventional biomass applications
considering the value chain.




6 DI SCUSSI ON A N5 | COONSC L

A general quesn that partly arose from the commentsvgn by the expertsconcernsthe
conceptualthinking when planning biomadmsed production ofuels and chemicals. The
common approach is to start fraime processes that initiallyese developed for fosdilased
feedstock and to try to adapt biomass geaiion to fit considering the requirements on the
product gas. A problematic issue with this approach isitivabrder to design an economically
viable proces$ processes usually need to be&ery large sca. For examplga petroleunoil
refinery thermal throughpugxceeds byar what can be exgeted of biomass gasificatidrased
systens.® In consequengat is difficult to develop processes that are economically feasible.
Another approach is to try to ddup processes specifically adapted for biorrdessved
product gas. This couldmply developing catgbts with a better resistance agaimistce
componerg, reducing the needs for pnact gas cleaning. An example afprocess specifidsl
adapted for bionss is the methnation technologydevelopedin connection withthe
methanation testin Gussing (Seemann 2800 In general technologies that allow economic
operaton even at small scaleomparedo fossitbased refining processeseed to be aimed for.

Economic aspectare also taken up by most of the experts to represent the majteatomcal
barrier. A consensus among the expés that technology for larggcale gasificatiomasically
exists but thahigh price levels of biomass fuels in comparisothecompetingfossil fuels do
not result in incentives for compias to actually invest in larggcale processes. Cleand long
term policymeasures are necess#oyensure production of biomabkased transportation fuels
from gasification in the mediumerm.

Independeny of type of gasification concept, Tom Reed (Mileeal 1998) summarisethe

main hurdle for success @&Whi | e a great deal of time and mor
gasification in the last two decades, there are very few trulymeonial gasifiers, operating

without government support or subsidies, day in, day out, generating useful gas from biomass.

The typical project starts with new ideas, announcements at meetings, construction of the new
gasifier. Then it is found that the gesntains 0.410% 0 t. The resb of the time and money is

spent trying to solve this problem. Most of the gasifier projects then quietly disappear. In some
cases the cost of <cleaning up the experi mental
can be considered the Achillasel of biomass gasificatioin the gasification of coal, a more

mature technology, the O6tarsd6 (benzene, toluen
The oxygenated o6tarsé fr om duireotneavsonmeited and onl y
health concerns, we can no | onger afford to rel

In the following, conclusions specific to the three gasification technologies that can be drawn
from this report are summarised.

3 ThePreem refinery in Gothenburg, Sweden (one of the smaller refineries in Europe) is refining about 6 million tonnes of crude oi
(assumedbwer heating valuef 42.7 GJ/tper year, corresponding to a thermal input of VW




6.1 FLUIDISED BED GASIFICATION

The presencef tarin the product gaposes a great probleemd challegefor the FBG process
concept. There is still not a robust, economic method for handtia tarsgenerated;a
combination of primary and secondary measures isauked

Bed agglomeratiomand defluidisation especially when operated on oxyggmoblematic, this
though, in principleonly with nonrwoody biomasses.

Gas cleaning, espially hot gas particle removails animportantaspectand not fully solved
today. If for syn@s application and upgradingcambinationof particleremoval tar removal
CO shift, cooling and methane reformings needed. If for fuel gas application (power
generationfhoughafocus on particle removal and tar remosaffices

For pressuried synthesis gas productian separat®xygensupplyis needd, which calls for
(very) largescale applications?roblems with pressuasion include fuel feeding and oxygen
blown operation. Presgged applications for synthesis gaggradinghave been drorstrated
at pilot scale, but not onlarger scale. It is important to findlass costlysolution to feeihg
biomass into mssurised gasifiethan pelletisation.

Additional aspects of importance include the expensive pelletisation of bigmgesers the
transport logistics of duel with low energy densityguch as biomass arah efficient char
conversion/burn out.

6.2 ENTRAINED FLOW GASIFICATON

Besides all the economic aspects related to the price of the bidtriasdear that, in order to
make furher shorterm progress for biomass based EFG applications, successful commercial
demonstrations are needed. Thisefpecially motivatedy the relatively low TRL scoring
presented for upstream processing of the biomass (i-&rgatenent, feeding andettibility) for

EFG and the need for positive public perception of the technology concept. Hoiveweder

to achieve this, longerm policy measures for biofuels and investment support are needed (e.g.
NER 300 initiativesand tax policies For more ecammically viable implementations ilong-

term, simple technology solutions should be sought for in order to make the scale of plant a
secondary issue and theretwden the rangeof scales forpossible installationsThe main
apparent challenges in this cage to obtain: Eicient use of excess heatsteffective syngas
upgrading;andlow-costoxygen generatian

In order toachievelongterm developmenof the EFG conceptuccessful demonstration of
feeding of different biomass feedstock is of most ingrmee since this is often a cause
operational failure. Furthermoretesearch should be fomasl on further technology
improvement for complete fuel conversion (including soot and higher HCs) and nsaterial
science related to fuelfasefractory behaviour, epecially fora wide range oflow-grade
biomass feedstocht is believed thatow cost and long lifetime are two parameters that always
will strive for improvemenof the refractory material in EFG.




6.3 DUAL FLUIDISED BED GASIFICATION

For indirect DFBG techrogy the major technological barries related to the amount of tars
generatecndtreatmenineededas well ago the gas cleaning in general. Aiming at production
of transportation fuels or chemisah synthesis step is necessary and these synthesss step
require avery clean product gas. Techniques for performing the tasks sémoval and gas
cleaningexist, but atthe current state of developmehey penali® the process in several ways:
First of all they limit opportunities for heat recovery anficefnt cogeneration of heandi at
larger scalei power (via a Rankine cycle). Secondly, currently available tar scrubbing
technologies lead to increased operating ¢astiucing the economicompetitiveness of the
process.

For largescale productionf biofuels and chemicals DFBG is the technology that currently has
the smallest available scale on a commercial basis. But even though pressurisation for scaling
up to the maximum ranges of >500 MW an unlikely development due to the complexity of

the system, scaling up DFBG to about 2800 MW, should not pose any technical problems.
Therefore the sizeof DFBG is not considere serious barriein the future modular
approaches will allow for large plants, while it actually is questionable whdikesize of
biomasshased plants will pass the range of 300 Mie to limits in biomass logistics.

Fuel flexibility, including the capability to use legrade fuelsis another issue that still needs
attention. Fuel size and mechanical properties areanatoblem, but trae elements in for
instancethe ashof the fue| may lead to serious problems in operating fluidised lzedbed
material sintering and ascansequence complete gasifier tgimwn is a potential hazard. Also
gas cleaningvill have to beadaptedo make sure the downstream processes caratgsafely
without for catalysts being poisoned.




/ REFERENCES

Anex RP, Aden A, Kazi FK, Fortman J, Swanson R, Wright M M Satrio JA, Brown RC,
Daugaard, DE, Platon A, Kothandaraman G, Hsu DD, Dutta A2010) Techneeconomic
comparison of biomag®-transportation fuels via pyrolysis, gasification, and biochemical
pathwaysFuel 89 (Suppl 3:S29-S35.

Anis S, Zainal ZA (2011)Tar reduction in biomass producer gas via mechanical, catalytic and
thermal methodsA review.Renewable and Sustainable Energy ReviEw):23552377.

Bartels M, Lin W, Nijenhuis J, Kapteijn F, van OmmenRJ (2008)Agglomeration in
fluidized beds at high temperatures: Mechanisms, detection and preventigress in Energy
and Combusbn Science34 (5):633-666.

Beenackers, A A C M, Van Swaaij, W M (1984)Gasification of biomass, a state of the art
review(keynote paper). tnrhermoclemical Processing of Biomass, ABfidgwater E£d),
Butterworthspp.91-136.

Bio-SNG (2009)Bio-SNG- Demonstration of the production and utilization of synthetic
natural gas (SNG) from solid biofudld=inal report Bio-SNG project, Project No
TREN/O5/FP6EN/S07.56632/01989%8tp://www.biosng.com(201212-10).

Carlsson P, Wiinikka H, Marklund M, Groénberg C, Pettersson E, Lidman M, Gebart R
(2010)Experimental investigation of an industrial scale black liquor gasifier. 1. The effect of
reactor operation parameters on product gas compogfi@h89 (12):4025 4034.

Cherubini F, Jungmeier G, Wellisch M, Willke T, Skiadas |, Van Ree R, de Jong E (2009)
Toward a common classification approach for biorefinery systBiofuels, Bioproductand
Biorefining3 (5):534546.

Clayton SJ, Stiegel GJ, Wirner, JG(2002)Gasificaton Markets and TechnologiésPresent
and Future National Energy Technology LaboratoReport DOE/FED447.

Coda B, Cieplik MK, de Wild PJ, Kiel JHA (2007)Slaggingbehaviourof wood ash under
entrainedflow gasification conditionsEnergyandFuels21 (6):36443652.

Devi L, Ptasinski KJ, Janssen FJJG (2002 review of the primary measures for tar
elimination in biomass gasification procesd&ismass and Bioenerd@4 (2):125140.

DOE (2009)Technology Readiness Assessment Gulde Department of EnergRReport G
413.34 onhttps://www.directives.doe.gov/directives/041-EGuide04/view (201302-20).

EUCAR-CONCAWE -JRC (2007)Welkto-wheels analysis of future automotive fueatsl
powertrans in the european conteXtECi Joint Research CentlBUCAR-CONCAWE
collaborationReport Version 2c.
http://les.jrc.ec.europa.eu/uploads/media/WTW_Report_01p80(201212-20).

GoBiGas (2012, Gothenburg Biomass Gasificatidmtp://gobigas.goteborgenergi&H1212-
14).



http://www.bio-sng.com/
https://www.directives.doe.gov/directives/0413.3-EGuide-04/view
http://ies.jrc.ec.europa.eu/uploads/media/WTW_Report_010307.pdf
http://gobigas.goteborgenergi.se/

Higman C, van der Burgt M (2008)Gasification,2nd Edition Oxford: Gulf Professional
Publighing.

Haggstrom C, Ohrman O, Rownaghi A, Hedlund J, Gebart R (2012Fatalytic methanol
synthesis via black liquor gasificatidfuel Processing Technolo@y (1):10-15.

IEA (2011) World Energy Outlook 2011nternational Energy Agency, Paris Cedex.

H Knoef (Ed.) et al (2012)Handbook Biomass Gasificationd Ed Enschede: BTG Biomass
Technology GrouplSBN: 97890-8193850-1.

TK Energi (2013) TK Energi AS.http://www.tke.dk(201301-31).

Koppatz S, Pfeifer C, Rauch R, Hobauer H, Marquard-Mdéllenstedt T, Specht M (2009)
H, rich product gas by steam gasification of biomass with in situa®&orption in a dual
fluidized bed system of BIW fuel input Fuel Processing Technolo@p (7-8):914921.

Kumar A, Jones D, Hanna M (20®@) Thermochemical Biomass Gasification: A Review of the
Current Status of the Technolodgnergies2 (3):556581.

Landalv | (2013) Status report on Demonstration Plants for Advances Biofuels Prodiiction
Thermochemical Pathwayh Stakeholder Plenary Méag, February &, 2013, Brussels.
Available athttp://www.biofuelstp.eu/spm5/spm5_prog.hiirebruary 2013)

Lind F, Seemann M, Thunman H (2011)Continuous catalytic tar reforming of biomass
deiived raw gas with simultaneous catalyst regeneratimustrial and Engineering Chemistry
Researclb0 (20):1155311562.

Milne T A, Evans R J, Abatzoglou N (1998Bi omass Gasi fier ATarso: The
Formation, and ConversioNational Renewable Energyaboratory. RepoflREL/TP-570-
25357

Marquard -Mdllenstedt T, Specht M, Brellochs J, Zuberblhler U, Naab P, M. B, Graf F
(2009)Lighthouse Project: 10 MWth demonstration plant for biomass conversion to SNG and
power via AER17th European Biomass Conferemeel Exhibition, Hamburgzermany 2008
2012.

Nevelainen T, Jantti T, Nuortimo K (2012)Advanced CFB Technology for Large Scale
Biomass Firing Power Plant®resented at the Bioenergy from Forest Conference, Jyvaskyla,
Finland, 29August2012

Nordin A (1994) Chemical elemental characteristics of biomass flBsnass and Bioenergy
6 (5):339347.

Olofsson I, Nordin A, Soderlind U (2005)nitial Review and Evaluation of Process
Technologies and Systems Suitable for E&btient MediuraScale Gasificationdr Biomass to
Liquid Fuels University of Umea / Mid Sweden University. ETPC Report, ISSN A8l



http://www.tke.dk/
http://www.biofuelstp.eu/spm5/spm5_prog.html

Paisley MA, Overend RP, Welch MJ, Igoe BM (2004FERCO'S Silvagas Biomass

Gasification Process Commercialization Opportunities for Power, Fuels, andiCilsn2nd

World Conference on Biomass for Energy, Industry and Climate Protection, Rome, Italy, 1675
1678

Pfeifer C, Koppatz S, Hofbauer H (2011)5team gasification of various feedstocks at a dual
fluidised bed gasifier: Impacts of operation conditiond bed material8iomass Conversion
and Biorefineryl (1):3953.

Proll T, Aichernig C, Rauch R, Hofbauer H (2007)Fluidized bed steam gasification of solid
biomass Performance characteristics of an 8 MWth combined heat and power plant.
International Jounal of Chemical ReactdEngineeringb (1):A54.

Qin K, Lin W, Jensen P A, Jensen A D (2012ligh-temperature entrained flow gasification
of biomassFuel 93:589-600.

Rehling B, Hofbauer H, Rauch R, Aichernig C (2011BioSNG3 process simulation and
comparisa with first results from a-MW demonstration planBiomass Conversion and
Biorefineryl (2):11%1109.

Richardson Y, Blin J, Julbe A (2012)A short overview on purification and conditioning of
syngas produced by biomass gasification: Catalytic stratgymsess intensification and new
conceptsProgress in Energy and Combustion ScieB8€6):765781.

Ripfel-Nitsche K, Hofbauer H, Rauch R, Goritschnig M (2007BTL - Biomass to liquid
(Fischer Tropsch Process at the biomass gasifier in Glisgtngyentect the 15th European
Biomass Conference & Exhibition, Berlin, Germami I’ May.

Scudeller LAM, Longo E, Varela JA (1990)Potassium vapour attack in raftories of the
aluminasilica systemJournal of the American Ceramic Soci&g/(5): 14131416.

Seermann M (2006)Methanation of biosyngas in a fluidized bed reacRD thesis, Swiss
Federal Institute of Technology, Zirich, Switzerland.

Siedlecki M (2011)On the gasification of biomass in a stearygen blown CFB gasifier with
the focus on gas qualitypgrading: technology background, experiments and mathematical
modelling.PhD thesis, Technical University of Delfthe Netherlands.

Svoboda K, PohoSell M, H®mwrteaimentniieediMef t i nec
biomass for pressurized entrained flowifieation. Fuel Processing Technolo® (5): 629
635.

Swanson RM, Platon A, Satrio JA, Brown RC (2010Techneeconomic analysis of biomass
to-liquids production based on gasificatidiuel 89 (Suppl 1): S11S19.

Thunman H, Seemann MC (2009First experierces with the new Chalmers gasifier.
Proceedings of theOth International Conference on Fluidized Bed CombusKam, Chinag
659663.

J

NS



Trippe F, Frohling M, Schultmann F, Stahl R, Henrich E (2011)Techneeconomic
assessment of gasification as a process \sithin biomasso-liquid (BtL) fuel and chemicals
production Fuel Processing Technology, 921):21692184.

Turn S (2007)Chemical equilibrium prediction of potassium, sodium, and chlorine
concentrations in the product gas from biomass gasificdtidnstrialand Engineering
Chemistry Researcib6 (26):8928 8937.

Weiland F, Hedman H, Marklund M, Wiinikka H, Ohrman O, Gebart R (2013)
Pressurized oxygen blown entrairibalv gasification of wood powdeEnergyand Fuels27
(2): 932941.

World Energy Council (2012) Policies for the future2011 assessment of country energy and
climate policies;

http://www.worldenergy.org/documents/wec_ 2011 assesswoferinergy and_climate policie
s.pdf(201212-10).

van der Meijden CM, Veringa HJ, Vreugdenhil BJ, van der Drift B (2009)Bioenergy Il
ScaleUp of the Milena Biomass Gasification Procdagernational Journal of Chemical
Reactor Engineerin@ (1)A53.

van der Meijden CM, Bergman PCA, van der Drift A, Vreugdenhil BJ (2010) Preparations
for a 10 MWth BieCHP Demonstration based on the MILENA Gasification Technolgf
European Biomass Conference and Exhibition, Lyon, France, Ma303.0. 608513.

Zwart RWR, van der Drift A, Bos A, Visser HIM, Cieplik MK, Kénemann HWJ (2009)
Oil-Based gas washinflexible tar removal for higtefficient production of clean heat and
power as well as sustainable fuels and ChemiEalgironmental Progress and Sustainable
Enegy 28 (3):324335.



http://www.worldenergy.org/documents/wec_2011_assessment_of_energy_and_climate_policies.pdf
http://www.worldenergy.org/documents/wec_2011_assessment_of_energy_and_climate_policies.pdf

APPENDFQURBRSTI ONNAI RE

Questionnaire

Biomass gasification a synthesis of technical barriers and current research issues for

deployment at large scale

This simple questionnaire focuses on the key critical tdobggochallenges fo the biomas$ased
gasification concepts mainly being considered in Sweden today: direct Fluidised Bed Gasifia@n (
Entrained Flow GasificatiorBFG); indirect Dual Fluidised Bed GasificatioBFBG). The purpose is to
provide the most upo-date irput from some of the experts in the field (approx. 35 international experts)

as a common (anonymous) compiled part of a synthesis report work being carried out by researchers
within the Swedish Gasification Centre and financially supported by the Swed®klédge Centre for

Renewable Transportation Fuel3) (f

Name:

Affiliation:

1) From your best and most objective point of view, please rate the appropriate Technology
Readiness Level for each of the listed technical issues and technologies below orfrarachle

observed/ | ow

rel evani

to 9 (where 1 = HfAbasic principles
needed?o; 6 = fAsubsystem demonstrated
neededod and 9 = fsuccessfully

to provide a number aralda comment if needed:

Technical issue

FBG

EFG

DFBG

Short comment

Fuel preparation

Fuel feeding

Fuelflexibility

Up-scaling to large scale (>100 MW range)

Bed material

Pressurisation

Product gas cleanup (general)

Tars in product gas

Soot handling

Refractory lining

Heat recovery/steam cycle integration

matuweyne furthe o mmer ci a
devel opment n taeddsh{lioplaces Nrere gou fing itidifficult or not applicable




2) From you viewpoint, what is thesingle foremost technical barrier for large scale
deployment of the following biomas gasification technologies ¢pa dash 4 for the ones you
find it difficult to give an answer to):

a. direct Fluidised Bed GasificatiofrBG)

b. Entrained Flow GasificatioreFG)

c. indirect Dual Fluidised Bed GasificatioBDFBG)

3) As of today, what do you consider to be thaximum thermal input scale that the following
gasification technologies can be built for?
a. direct Fluidised Bed GasificatiofrBG)

b. Entrained Flow GasificatiorHFG)

c. indirect Dual Fluidised Bed GasificatioBDFBG)

4) Are there anynon-technical barriers for largescale technology deployment that need &dec
attention for eackechnology?
a. direct Fluidised Bed GasificatiofrBG)

b. Entrained FlonwGasification EFG)

c. indirect Dual Fluidised Bed GasificatioBDFBG)

5) Based on your expertise and reflection ba tuestions above, would like to add any further
comments on technical barriers, specific or in general?




APPENDIN BOEBI LED QUESTI ONNAI RE
RESULTS

In the following the results of the online survey cocieéd are presented in their original form. Expert
comments on the different questions are listed and the data for the grading of the technology readiness
level (TRL) for thedifferent technology aspects thife three gasification technologies given byekperts

are presented. FordtTRL data, severahdicators are given in tables that are defined in the following:

Total answers: The total number of expert$that answered the question
Mean value: The average TRL valuERLqeancalculated from all answe
Range: Range of TRL between minimum and maxim value

(e.g. answers in themge of TRL = 3 to TRL = 9 => Range = 6)

Absolute deviation: Absolute deviation according to

10
de abszﬁa |(TRLr - TRLmean)|
i=1

Variance: Variance according to

1 N 2
=— TRL - TR
var=-—=—8 (TRL - TRL,,)

i=1

Standard deviation: Standard deviation according ® =&/ var




B 1-1. TRLT FUEL PREPATATION

Fuel preparation FBG Fuel preparation EFG Fuel preparation- DFBG
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Figure B-1. Technology readiness level judgementfoel preparation aspects for FBG (blue), EFG
(red), and DFBG (greerf).

Table B-1. Data for the TRL ansers collected considering fuel preparation.

FBG EFG DFBG

Total answers 32 28 31

Mean value 7.6 4.8 7.5

Range 5 8 4

Absolute deviation 1.23 154 1.22

Variance 212 397 199

Standard deviation s 146 199 141

Comments:

1 EFG: torrefaction or pyrolysiassumed as processes

1 Responses different for nemoody biomasss which are less mature.
1 EFG pyrolysis/milling/torrrefaction development and demonstration needed
91 Further development needed to handle low rank fuels and.waste
1 EFG may have a 5Bioliq® process or a 9 Chemfec

1 Depends otype of pretreatment assumed

1 Including also pyrolysis oil as feed to EFG

4 The scale of the Technology Readiness Level was refined for this question (whole scal®@frasnahe expert asked for that in a
comment.

® Biomass to Liquid the bioliq Procesttp://www.biolig.de/english/55.ph201302-05

¢ Chemrec a gasification technology inherently more efficidtttp://www.chemrec.se201302-05
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B 1-2. TRLT FUEL FEEDING

Fuel feeding FBG Fuel feeding EFG Fuel feeding DFBG
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Figure B-2. Technology readiness level judgementfoal feeding aspects for FBG (blue), EFG (red),
and DFBG (green).

Table B-2. Data for the TRL answers collected considering faetling

FBG EFG DFBG

Total answers 32 27 31

Mean value 7.0 4.6 6.9

Range 6 6 6

Absolute deviation 1.00 145 1.10

Variance 232 318 265

Standard deviation s 152 178 1.63

Comments:

1 Cofeeding with coal/coke in EFG demonstrated commercially.

1 Promising for EEG, but still after existing FBystems

1 FBG: atmospheric operation
EFG: liquids easier than solid powders

1 Depends on reactor pressure

1 FBG, DFBG successful demos in e g Varnamo/Swedskive/Denmark Giissing/Austriaetc

1 EFG: For liquid fuels (black liquor, pyrolysis oil and similar ilel feeding is mature (TRL: 8.

1 FBG for pressurised

1 For liquid biomass fuels it works nicely. For solid fuels OK for atmospheric, but mifieuldifor
pressurized systems

1 Note that FBG and EFG are considered HP while DFBG LP

1  Different numbes for atmospheric and pressurized technologies would be re§uired

"Vaxjd Varnamo Biomass Gasification Cenftitép://www.vvbgc.sefIn Swedish), 201-82-05
8 Firstof-its-kind at Skivehttp://spectrum.andritz.com/index/iss_20/art_20_16,201302-05

® FICFB-Reactor Thermal Gasificationhttp://www.guessingrenewable.com/htcms/en/waswie-wo-wann/wie/thermische
vergasundficfereaktor.htm| 201202-05

1 The expert has rated EFG Fuel feeding TRL to 3 in the questionnaire
" The expert only rated FBG (TRL: 5)
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B 1-3. TRLT FUEL FLEXIBILITY

Fuel flexibility- FBG Fuel flexibility- EFG Fuel flexibility-DFBG
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Figure B-3. Technology readiness level judgementfoal flexibility aspects for FBG (blue), EFG (red),
and DFBG (green).

Table B-3. Data for the TRL answers collected considering fieibility .

FBG EFG DFBG

Total answers 32 27 31

Mean value 6.4 4.3 6.1

Range 6 8 6

Absolute deviation 1.33 168 1.19

Variance 244 431 182

Standard deviation s 1.56 2.08 1.35

Comments:

1 Depending largely on grindability for EEG

1 All types of processes sensitive to ash behaviour, but in different ways, still need extensive work

1 Fuel properties an important variable whereendevelopment is needed

1 Different types of biomass neadclear definition

1 To my knowledge there is no DFBG plant operating on waste as fuel, the EFfinegdground
biomass

1 Pressurized oxygen blown gasification

1 FBG- extensiveests performed iWarnamo & GTI. Outcome generally positive but still need for

further mapping of fuel envelope and practical measures.
DFBG/Repotec still very limited fuel envelope demonstrated
This topic may not baudgedby TRL?
1  Different numbes for atmospheric andrpssurized technologies would be requitfed

2The epert only rated FBG (TRL: 7)




B 1-4. TRLT UP-SCALING TO LARGE SCALE
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Figure B-4. Technology readiness level judgementuprscaling aspects for FBG (blue), EFG (red), and
DFBG (green).

Table B-4. Data for the TRL answers collected considenipescaling to large scale

FBG EFG DFBG

Total answers 32 29 31

Mean value 6.9 6.7 4.1

Range 6 6 6

Absolute deviation 1.34 156 144

Variance 296 3.73 289

Standard deviation s 1.72 193 1.70

Comments:

1 FBG, for oxygen steam blownpif air blown it isa 9

1 EFG system typically already sold as 500MW gasifiers (for coal)

1 DFBG-up-scalingsignificant challenge. Viable concept still missing.

1 The EFG principle is scalable to very large scalasfuel feeding of dry solidsbwders needs
further development

1 Atmospheric CFBsleeady exist in Finland

1 FBG and EFG havthe capability but not LP DFBG
Different numbes for atmospheric and pressurized technologies would be redflired.

3 The expert rated the TRL for FBG-spaling to 5
4 The expert only rated FBG (TRL: 5)




B 1-5. TRLT BED MATERIAL

Bed materia- FBG Bed material EFG Bed material DFBG
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Figure B-5. Technolog readiness level judgement oedmaterial aspects for FBG (blue), EF@d)y) i
not relevantand DFBG (greeny’

Table B-5. Data for the TRL answers collected considetieg material

FBG DFBG
Total answers 31 31
Mean value 6.0 55
Range 6 6
Absolute deviation 1.32 1.03
Variance 2.37 1.79
Standard deviation s 1.54 1.34
Comments:
1 Environmentally acceptable bed material is also an issue.
1 No bed material in EFG
1 EFG also neegskcontrol of ash behaviour
1 Does not apply to EFG
1 Question not relevant for ERFG
1 EFG does not need bed material
1 Not relevant for EFG
1 Not an issue for EFG, room for improvement for FBG and DFBG
1 EFG has no bed materi#BG and DFBG are operated on commercial basis. However, development

needed for improved operation (e.g. catabiticactive bed material to reduce tar levels)

EFG irrelevant here

In EFG bedmaterial is not needed

EFG n aFBG several demos and also less prone to problems with recalcination than DFBG
Not relevant in EFG

EFG: Question is not relevant.
EFG has anothéssue running in slagging mode. Experiences limited (except for Bigdk

= -4 -4 -—Aa -—a -—a

®As pointed out by the g@ert, entrained flow gasification units operate without bed material and the question therefore is not
relevant for EFG.




B 1-6. TRLT PRESSURISATION

Pressurisation FBG Pressurisation EFG Pressurisation DFBG
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Figure B-6. Technology readiness level judgementpoessurisation aspects for FBG (blue), EFG (red),
and DFBG (green).

Table B-6. Data for the TRL answeillected consideringressurisation

FBG EFG DFBG

Total answers 31 27 29
Mean value 6.0 7.4 3.2
Range 6 6 6
Absolute deviation 164 169 1.65
Variance 3.70 463 4.10
Standard deviation s 192 215 202
Comments:

1 DFGB needto include a compresséor the combustion air and a turbine on the flue gas stream,
which makes it more suitable to operate the gasifier at atmosjpinesisureand compress the low
amount of dry product gas. Thechnical solution for pressuing is, however, available.g.in
Vartar'®,

1 Most likely not an issue for DFBG

1 FBG up to ~610 bar semimature, higher pressure is a challenge. EFG conditioned fuel preparation
succesful should not pose signidant problems. DFBGsee above.

1 EFG except fuel feeding

1 DFBG: Questionable it will ever be possible to operate at >20 bar. EFG vs FBG: Size reduction
with increasing pressure more rapid with EFG. Fuel residence time in flight is the design parameter
for EFG while for FBG it is dictated by the fuel residence time in the bedhési tnot affected by
pressure. Only the freeboard residence time is affected by pressure.

1 EFG: If PO (pyrolysis oil) then pressure >20 bar OK (TRL: 4). Dry feed syeether development
(TRL: 2); DFBG not suited for HP

6 Two pressurised fluidised bed combustors (PFBC) with a total thermal effect of about 4508t&lled at Vartaverket in
Stockholm/Sveden operating on coal with-¢eeding of crushed olive pitgartaverket CHRplant,
http://www.fortum.com/en/energproduction/combinedheatand
power/sweden/Documents/Download%20V%C3%A4rta%20CHP%20power%20plant%20broch @1 360-08.

Miljérapport 20117 Vartaverket (Environmental report in Swedish),
http://www.fortum.com/countries/se/SiteCollectionDocuments/vartavenilgirapport2011.pdf 201302-08.
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B 1-7. TRLT PRODUCT GAS CLEANUP

Product gas cleanupFBG Product gas cleanupEFG Product gas cleanupDFBG
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Figure B-7. Technology readiness level judgementoooduct gas cleanup aspects for FBG (blue), EFG
(red), and DFBG (green).

Table B-7. Data for the TRL answers collected considepngduct gas cleanup

FBG EFG DFBG

Total answers 32 29 31
Mean value 6.0 6.3 5.8
Range 6 6 6
Absolute deviation 144 164 149
Variance 284 379 311
Standard deviation s 168 195 1.76
Comments:

1 Depends on process layotis the mrticle removal made below 450 C it is 4’9

Reduce costs, plenty of experience from doRG.
1 Maybe | am ignorant but | am not aware of any EFG operating on biomass (except the Black Liquor
gasification pilot in Pited) | put a lower value on that one. The FBG and DFBG are operated on
commercial basis so the clean up works but it can of courss/sle improved, e.g. development of
high temperature filtration in combination with catalytic tar conver&fon
Rating based on working gasifiersee abové®
You need to define purity of gas
Assuming clean up for synthesis (tars and sulphur compourtids ppb levelf°
Low temperature filters with preoat arevorking nicely but less experience for higher temperature
with ceramic filters, although now full scale implemented in Lahti for €FB
1 For generation of syngas

= —a —a A

" The comment refers to both FBG and DFBG that the expert rated to 7 on the TRL scale.
8 The experts rating on TRL for gas cleanup is: FBG: 9, EFG: 7, DFBG: 9.

19 The experts rating on TRL for gas cleanup is: FBG: 5, EFG: 7, DFBG: 3.

2 The experts rating on TRL for gas cleanup is: FBG: 5, EFG: 9, DFBG: 5.

21| ahti CHP gasification planhttp://www.lahtigasification.com/201302-10.
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B 1-8. TRLT TAR REMOVAL
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Figure B-8. Technology readiness level judgementtanremoval aspects for FBG (blue), EFG (red), and
DFBG (green).

Table B-8. Data for the TRL answers collected considetergremoval

FBG EFG DFBG

Total answers 31 25 30

Mean value 5.3 6.7 5.3

Range 6 8 6

Absolute deviation 1.02 201 1.13

Variance 216 589 223

Standard deviation s 1.47 243 149

Comments:

1 Scrubbing technologies are commercially available, however catalytic cracking is preferredefrom
viewpointof energy efficiency and this is still notgyen commercially.

1 Different types of tar removal in commercial practice for each ofmmsifier.

1 This question (like 1.7) is not dependent on the gasifier design

1 Notrelevant to EFG

1 Not an issue for EFG, room for improvement for FBG and DFBG depenpditige application of the
syngas

1 It's not easy to answer since it depeadat which tempetare the gasifier is operateHFG is
normally operated at high temperatures and shouldn't suffer from tars, FBG is normally operated at
higher temperatures th@FBG. There are tar removal techniques for DFBG but they are costly so
further development is needed to increase efficiency and lower the gas cleaning cost.

1 Itis not always needed to remove the tars

1 DFBG rely on tar scrubbing by RMEa very primitive €chnique (adaptable to FBG as wdlBG
more developed concepts demonstrated to some ekte@tfull conversion part of concept

1 EFG: less relevant

1 For EFG perhaps not relevant

1 Exist for coal, but haven’t heard that there is commercially for biomass??




B 1-9. TRLT SOOT HANDLING
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Figure B-9. Technology readiness level judgementsoat handling aspects for FBG (blue), EFG (red),
and DFBG (green).

Table B-9. Data for the TRL answers collected considesngt handling

FBG EFG DFBG

Total answers 26 23 25
Mean value 6.2 6.3 6.4
Range 6 6 6
Absolute deviation 155 142 147
Variance 326 277 3.17
Standard deviation s 180 166 1.78
Comments:

1 Notanissue

1 Noclue

1 Soot normally not converted but removed

1 Question a bit oddassume char in flgsh is theelevant one. Techniques exist®ainly an

optimizationtask.
For EFG perhaps not relevant
1 FBG and DFBG not relevant
Imagine FBG and DFBG hawgiite a lot experience through operations. Not the case with EFG.

=




B 1-10. TRLT REFRACTORY LINING
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Figure B-10. Technology readiness level judgementfael flexibility aspects for FBG (blue), EFG (red),
and DFBG (green).

Table B-10. Data for the TRL answers collected considerigfjactory lining

FBG EFG DFBG

Total answers 29 27 28
Mean value 7.2 6.1 7.1
Range 4 8 4
Absolute deviation 099 151 0.96
Variance 1.81 349 192
Standard deviation s 135 187 1.39
Comments:

Refractory on EFG with low biomass mineral matter is not known.

Utilising coal experience is beneficial for EFG, but on the other hand maie érmironment

EFG normally not refractory lined but with cooled molten ash layer

Sufficiently demonstrated for FBG/DFBG. Situation more unclear for EFG considering chemical

activity of ash at elevated temperatures

1 Thisis an issue that will never becemmature. Price is an important parameter, lifetime another and
the ultimate goal is zero price and infinite life time which will never occur.

1 FBG for pressurised CEB

= —a -4 A




B1-11. TRLiT HEAT RECOVERY/STEAM CYCLE INTEGRATION
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Figure B-11. Technology readiness levieldgement orheat recovery/steam cycle integration aspects for
FBG (blue), EFG (red), and DFBG (green).

Table B-11.Data for the TRL answers collected considering fuel preparation.

FBG EFG DFBG
Total answers 30 27 29
Mean value 6.0 5.6 6.1
Range 6 8 8
Absolute deviation 120 184 134
Variance 1.86 487 274
Standard deviation s 136 221 1.65

Comments:

1 A very general questionhard to set a fair ratingmany conditions to include
High temperature filters are very important for fluidised bedfigasion. This is challenging due to
the high amount of tars and particles in the raw gas. For EFG the design often incorporates a quench
and a heat recovery steam generator which is mature technology.




B-2. FROM YOUR VIEWPOINT, WHAT IS THE SINGLE FOREMOST TECHNICAL BARRIER FOR LARGE SCALE DEPLOYMENT OF
THE FOLLOWING BIOMASS GASIFICATION TECHNOLOGIES?

Expert | Direct Fluidised Bed Gasification (FBG) Entrained Flow Gasification (EFG) Indirect Dual Fluidised Bed Gasification (DFBG)

1 Oxygen blown gasification, éfient char conversion and Cost and energy efficient fuel pteeatment. Efficient primary and secondary measures to cony
an efficient combination of primary and secondary tars.
measures to reduce tars.

2 Conversion / carbon in ash; low heating value i Feeding the fuel. FICFB: fuel flexibility (but related to gas cleaning)
combination with engine or oxygen demand; MILENA: tar / gas cooling.
agglomeration, especially when operated on oxygen.

3 Gas cleaning and upgrading. - Gas cleaning and upgrading

4 Feed chemistry from agricultural residugweparation, | Economical feed preparation. Limited pressure, ablown operation.
feeding, and bed agglomeration.

5 For cofiring in coal boilers almost commercial, for CHF Commercial for coal gasification, so the development goey Successful operation in Gussing, Oberwart, no
applications not economic and for dyesis gas torrefaction, to make from biomass something similar to cq technical barrier, but the economic barrier @HP
production oxygen is needed, so only very large scale| But conversion of biomass so that it can be fed intG &~ are the high investment costs, so optimisation is
applications. not demonstrated yet in larger scale. Main technical barrig needed; for synthesis gas only demonstration in s

that no demonstration plant is in operation, so no investmq scale is available and actually no money to scale
in any commercial plant is done. except GoBiGas.

6 Total costs. Total costs due to the technical status, and the lackkef ris | Immature.

taking investors (senrtechnical); Not demonstrated with
sufficient hours; Actually there is not a single foremost ban
- it is the total uncertainties and costs

7 There is still not a robust, economic method for handlin Fuel preprocessing/feeding/injecting into a pressurized Integration between the two reactors and associat]
of tars produced. environment. fuel conversion.

8 Tar removal; Methane reforming; Alkali fouling and heq The cost and energy losses associated withpieareatment; | Tar removal; Methane reforming; Alkali foulingna
recovery. Pressurised feeding complexity for biomassived powders.| heat recovery

Efficiency issues (high oxygen consumption, low cold gas
efficiency rel. other technologies, limited heat recovery aft
guenching).
9 Reliable feeding and fouling of heat recovery equipme| Scale of operation, which might be too large for biomass | Reliable feeding and fouling of heat recovery

conversion

equipment




Expert | Direct Fluidised Bed Gasification (FBG) Entrai ned Flow Gasification (EFG) Indirect Dual Fluidised Bed Gasification (DFBG)
10 Limited size due to the use of excess heat of syngas f¢ Availability of biomass due to the necessity for big plants | Limited size due to the use of excess heat of syng
e.g. district heat. >100 MW for e.g. district heat.
Use of excess heat of syngas éag. district heat if no steam
cycle for electricity generation is added (e.g. IGEE)
11 Gas cleaning. Fuel pretreatment and feeding Up-scaling and pressurisation
12 Full conversion of biomass in gasification process. fuel feeding, full conversion in gasification process cost efficient scale up
13 - - The technical barriers are interlinked with the
economy. There is a need for more efficient and
cheaper gas cleaning to make technology
economically more feasible.
14 Air-blown atmospheric pressure: available technology| Oxygen blown pressurized: as above Overall process technology, availability etc.
woody biomasses, for other biomasses ash/bed behay
technical barrier.
Oxygen blown pressurized gasification. Fuel/ash
behaviour unknown and unprave
15 It's ready. - Scaling to large scale.
16 -Fuel feeding into a high pressure vessel. - Fuel haulling. - Big size of the gasifier because of low pressure
-Oxygen production at site. - Transport logistics with high volume fuel. - transport logistics.
- Transport logistics with high volume fuel. - High costs for préreatment of fuel.
17 -Hot gas filtering at temperatures in range 7000 C- is | -Fuel preparation is the major one. -Pressurization is major one
close to commercializatinso maybe not a barrier but re| -Impact of biomass composition still a factbat might cause| -Gas cleaning still very "primitive* better concepts
challenge and also some potential problems must be | problems (ash behaviour, corrosion etc.). needed in order to exploit potential advantages
addressed. -No major developer has yet undertaken the task
-Pressurization and oxygen blowingromising demos up-scaling
exists but more is needed.
18 Sintering and slagging. Feed preparation. Carbon conversion.
Gas clean up. Gas clean up.
19 - Fuel flexibility - Economy of scale. - Fuel flexibility.
- Pressurized system - Feed logistics. -Pressurised system.
20 Sensitivity of pressurised oxygdalown gasification to Suitable only to liquid feedstock and fine pulverized selid | Scalingup to the size required in syngas

ash sintering with all higlalkali fuels like agro biomasse|

fuel pretreatment and feeding into pressure with solid fuel

applicatbns.




Expert | Direct Fluidised Bed Gasification (FBG) Entrained Flow Gasification (EFG) Indirect Dual Fluidised Bed Gasification (DFBG)

21 Tar reforming and gas cleaning. Fuel feeding and materials in contact with slag and hot ga| Pressurisation, tar r@fming, gas cleaning and scalg

up.

22 Particle and gas separation. Tar cleaning. Particle and gas separation. Particle and gas separation. Tar cleaning.

23 Availability. - Availability.

24 High temperature gas cleaning. Fuel feeding and materials probie High temperature gas cleaning.

25 The gas upgrading is the key to commercial applicatio| The gas upgrading is the key to commercial applications, | The gas upgrading is the key to commercial
Operations with oxygen enrichment and/or steam wou| also experience with $s good fuels than pellets. applications, but also experience with less good fU
be interesting as well. than pellets.

26 Hot gas clean up, especially dust removal. Milling and feeding of biomass. -

27 Demonstration at larger scale. Milling of fuel. - Up-scaling for large scale.

- Conversion of methane for synthesis gas.

28 Depends on product! At the current stage it is not obvious where the most Do not see this technology for any other use than
If for syngas: problematic area aatlly is. concepts already in operation in Austria and
- Combination of (1) particle removal, (2) tar removal, ( Compared to CFB for syngas Germany and soon in GiBas. Only realistic for
CO shift, (4) cooling and (5) methane reformation. - Combination of cooling, particle removal and tar smaller plants e.g. with gas engines or maybe, as
- If for fuel gas (power generation): handling/removal downstream an EFG gasifier. Gothenburg, for SNG (but this plant | see as just t
Focus on (1) and (2) makes it considerably simpler. Lg small for such a complicated scheme).
stringent demands For larger SNG plants (as planned for GoBiGas,
If to SNG: Phase 2 and by E.ON.) | think the ceptthen will
Similar to syngas but without the CH4 reformer which go for CFB.
makes it simpler.

29 Biomass pelletisation is quite expensive and energy | Commercial feasibility is the foremost barrier; technology ii No largescale experience available. We don't kno

intensive. It is important to find a solution to feed biom
into pressurised gasifiers with cheaper solutions than

pelletisation. Everything from entrance to the gasifier t
the final product is proven and commercialised from cg
gasification for decades.

highly developed. Feeding of torrefied biomass is smaller
challenge, but still to be fully commercialised filomass
gasification applications.

what we don't know yet.




Expert | Direct Fluidised Bed Gasification (FBG) Entrained Flow Gasification (EFG) Indirect Dual Fluidised Bed Gasification (DFBG)
30 From my pdnt of view in general this questionnaire Fuel handling and fuel preparation. Furthermore, experien| Complexity of the process when considering the
should have been split into two parts. a) Atmospheriq on 100% biomass gasification in EFG is very limited. scalability issues.
applications aiming at power and heat production an
b) pressurized applications for IGCC and future
synthesis applications.
Atmospheric applications can be glipd in large
scale today. Raw gas applications with commercial
guarantees and clean gas applications with limited
guarantees due to the first of a kind, demonstration
type of plants.
Pressurized applications for IGCC plants were
demonstrated in 1990's@ésome challenges (mainly
mechanical) remained for further development.
Pressurized applications for future synthesis have be
demonstrated in pilot scale, but the size of the first
commercial scale plant is very big in all discussions.
So, the big sizef the first commercial scale plant
causes question marks since the technology is
demonstrated only in pilot scale. The size of the first
commercial scale demonstration plant vs. risks shoul
be evaluated very carefully and considered if some
kind of mid-size plant would be the next step in
demonstrating this technology.
31 Tars,pressurization. Pneumatic biomass feeding requirespeatment such as Tars, pressurization.
torrefaction or HTC.
32 Oxygen demand for syngas generation. Biomas ash not usable as fertilizeoxygen demand. Ash/attrition of bed material not usablefasilizer

(olivine use).




B-3. AS OF TODAY, WHAT DO YOU CONSIDER TO BE THE MAXIMUM THERMAL INPUT SCALE THAT THE FOLLOWING

GASIFICATION TECHNOLOGIES CAN BE BUILT FOR?

Expert | Direct Fluidised Bed Gasification (FBG) Entrained Flow Gasification (EFG) Indirect D ual Fluidised Bed Gasification (DFBG)
1 600-800 MW 2000 MW 600-800 MW
2 100200 MW for single train 1000 MW for single train gasifier, pteeatment | 100-200 MW single train
scale may have much smaller scale!
4 250 MW today with raw feed, but QMW with 1000 MW 25 MW
pretreated feed
5 ~ 100200 MW, as the largest FBG is about 80 M| any scale of commercial coal EFG, if biomass| Actual about 100 MW, with hew concepts also >300 MW possible,
in Lahti. terrified for new concepts R&D time is nessary.
6 Limited. Done already for 1000 MW Even more limited
7 30 MW 100 MW 100 MW
8 Atmospheric: 150 MWth, approx 30 ton/hr >400 MWth. Multiburner systems can Atmospheric: < 100 MWth. Geometrical constraints for
Pressurised: 30@00 MWth. Different for BFB and| overcome feed system limitations. interconnections between gasifier and combustor due to large diam
CFB+ constraints of need for multiple feed points of cyclones and reactors. Multiple feed pointd Wé required.
and maximum capacity oféel systems. Pressurised operation: Not feasible due to need for exact pressure
control of moving bed sealing between gasifier and combustor, the
differential pressure cannot be increased while absolute pressure
increases significantly.
9 For me, thiss not a very relevant question. To be more flexible, | would recommend multiple units instead of one large capacitgyawgsifiean shut down one unit in case
there is for instance no heat demand or malfunctioning of equipment.
10 200 MW 500 MW 100 MW
11 300 MW 500 MW 100MW
12 - 250- 500 MWth 50 MW
13 Several hundreds of MW >1000 MWth. With pretreated biomass (e.g. | 100 MWth for atmospheric gasificatiolimoderately pressurized a fe
torrefaction) it should be possible to build plan hundreds of MWth. However, pressurization is not that obvious sing
in the same size as for coal gasification. both reactors (combustor and gasifier) have to be pressurized.
14 Air-blown: up to 100+ MWth. Oxygehlown, - -

pressurized: not commercially available.




Expert | Direct Fluidised Bed Gasification (FBG) Entrained Flow Gasification (EFG) Indirect Dual Fluidised Bed Gasification (DFBG)
15 500 MW fuel input - 300 MW
16 2-300 MW 3-400 MW 1-200 MW
17 In the region of 300 MWth ( ~150 MWth is in Lower threshold in the region ~200 MWth In the region 50 MWth as long as a concept for pressurization is
principle offeredby Foster Wheeler and Carbona { Upper in the region 6001000 MWth and missing.
present). mainly related to fuel supply. A modular approach is of course applicable but probably not
For all three alternatives the fuel logistics is economically viable.
probably the real limiting factor. Plants larger thai
300 MWith are not very likely considering this
18 10 t/h biomass dry basis 200 t/h biomass 10 t/h bomass dry basis.
19 50 MW 50 MW 50 MW
20 200400 MW with single gasifier train depending | ? 70 MW
whether BFB or CFB
21 >100 MW App. 500 MW <100 MW
22 200 MW 200MW 40MW
23 for single line: appr. 100 MW - For single line: appr. 100 MW
24 > 500- 600 MW > 1000 MW <100 MW
25 some 3400 MW Some 3400 MW some 3400 MW
26 150 MWth - 40 MWth
27 200MW - 50 MW
28 Somewhere around 150 MW. Somewhere around 150 MW 20-30 MW
29 500600 MWth per gasifier (proven from coal 1200 MWth per gasiér (proven from coal Don't know.
gasification side). gasification side).
30 Atmospheric raw gas applications ~150 MW. - -
31 Atmospheric clean gas applications ~100 MW. 1000 MW 200 MW
32 Pressurized air blown applications ~ 200...300 M| 500 MW 50 MW

(First of a kind, limited guarantsg Pressurized
oxygensteam blown applications ~300...400 MW
(First of a kind, limited guarantees).




B-4. ARE THERE ANY NON-TECHNICAL BARRIERS FOR LARGE-SCALE TECHNOLOGY DEPLOYMENT THAT NEEDS SPECIAL

ATTENTION FOR THE RESPECTIVE TECHNOLOGY?

Expert | Direct Fluidised Bed Gasification (FBG) Entrained Flow Gasification (EFG) Indirect Dual Fluidised Bed Gasification (DFBG)

1 Manufacture that offer the technology with guarantees.

2 Fire hazard of carbon containing ash - Engine emissios.
engine emissions.

3 - - -

4 - Efficiency penalty for high temperature, slagging | -

operation.

5 Availability of biomass at reasonable price Risk money for large scale demonstrati®n Availability of biomass at reasonable price
risk money for large scale demonstration is necessary, go fr{ necessary, go from R&D to commercial scale. risk money for large scale demonstration is necessg
R&D to commercial scale. go from R&D to commercial scale.

6 Cost reduction, investment support. Total cost reduction, investment suop Total cost reduction, investment support.

7 At this point, perhaps FBG's reputation as a viable technolod Lack of operating experience and too many In my opinion, DFBG is superior to FBG. It may be
hurting. FBG processes have been under development for | unknowns with the technologB-EFG is inthe that DFBG is confused withBG by some, and the
several decades, but there are still no systems operating lon middle of its development history, and things seen] many unsuccessful experiences with FBG is harmin
term, day in, day outl'm not sure if special attention can solv{ be progressing well, so perhaps these issues will ¢ the reputation of DFBG.
this, but if there are indeed successful lasgale systems in theg addressed as development progresses to demo af
world, advertising that success would help the reputation. commercial scale.

8 General problem of demonstrating new technology with initig Deployment limited to synthesis gas. General problem of demonstrating new technology
high costs and high technical and commercial risks. Product| General problem of demonstrating new technology with initial high costs and high technical and
competitiveness relative to fossidsed products or alternative | with initial high costs and high technical and commercial risks. Product competitiveness relative {
biomass technologies for CHP. commercial risks. Product competitiveness relativeg fossikbased products or alternative biomass

fossitbase products. technologies for CHP.

9 1. Availability of biomas in terms of price level, contracting, sustainability and quantity
2. Public perception
3. Meeting emission regulation
4. Gasification is often by permitting authorities considered being combustion or incineration.

10 Fuel price, fuel availability, andxeess heat usage.




Expert

Direct Fluidised Bed Gasification (FBG)

Entrained Flow Gasification (EFG)

Indirect Dual Fluidised Bed Gasification (DFBG)

11

Stable market conditions and incentives to replace oil and
increase share of renewables in theteilgty sector.

Long term incentives for replacing fossil fuel in the
chemical industry.

Indirect gasification is mainly applicable in smaller
scale making in suitable for cogeneration. Better
incentives for small scale biomass based cogenerat
would thus provide more incentives for DFBG.

12

Investment & operation costs (without fuel cost).

13

For Swedish conditions fuels for the transportation sector is
major interest. This implies large plants (>> 100 MWth) and
hence a huge investment cost (anl)ris

The problem is that the revenue for the comingd@@/ears that
the plant will be operated depend on political decisions, the
development of the price for the fossil fuels that will be repla]
(petrol, diesel, natural gas) and competing renewable
alternatives (e.g. ethanol through fermentation, rape seed oil
biogas through anaerobic digestion etcetera).

For Swedish conditions fuels for the transportation
sector is of major interest. This implies large plantg
(>> 100 MWth) and hence a huge investmergtc
(and risk).

The problem is that the revenue for the coming3@0
years that the plant will be operated depend on
political decisions, the development of the price fo
the fossil fuels that will be replaced (petrol, diesel
and competing renewable altatives (e.g. ethanol
through fermentation, rape seed oil, etcetera). | dq
see EFG as a good candidate for bioSNG product
since there normally is no or very low levels of
methane present in the gas.

For Swedish conditions bioSN@oduction using
DFBG seems promising. The plant can be built in
small and medium scale (<100 MWth) with a lower
economical risk, better possibility to secure the
feedstock needed to operate the plant and to integrg
excess process heat with the local heat demand.
However, tle knowledge of indirect gasification and
opportunities are not very well known. There is a hu
need of information about the technology. This is eV
more pronounced due to the fact that most of the
development has taken place the last decade amd a|
increasing speed.

14

Gas cleaning requirements differ from application to application:
- gas for burning in kilns/other furnacesimple cleaning available
- gas for gas turbine combustieneramic/metal filters not proven

- gas for synthesisnot proven, not available

Biomass gasification always competes with combustion in high steam pressure-ogérgiality and local conditions decide who wins.

15

General for all gasification technologies: In order for the produced gas or liquid eonipetitive with fossil ditto it is needed that the biomass based fuels are relieved from
taxes and that fossil ones have CO2 taxes. The rules have to be long term, e.g. compare with the green certificateityftinad] st

16

Acceptance of retreated fuel from long distance.

17

General (all alternatives):

-Financial risks are high and need to be reduced with e g support/incentives (investment/operations) for first plants.
-Market outlook not clear and potential barrier for plant ownersedisas developers/suppliers to dedicate necessary resources and take on risks.

-Fuel price market also major uncertainty

-Lack of clear policies from EU, Swedish Gov etc underline uncertainties in risk and cwnketerations.

18

High investments




Expert | Direct Fluidised Bed Gasification (FBG) Entrained Flow Gasification (EFG) Indirect Dual Fluidised Bed Gasification (DFBG)
19 - Feed supply contraetong term. - large scale (> 100MW) required => feed logistics| - feed supply cotnact- long term
supply contacts
20 High capital cost of first largecale demo units. Limited feedstock basis and high cost for-pre High cost in fuel gas applications and limited capaci
treatment in syngas applications
21 - - -
22 Cost for first generation. Cost fa first generation. -
23 Overall costs and negative examples. - Overall costs and immaturity.
24 Lack of public funding to reduce the risks of introduction of untested technology.
25 Need good system integration as combined with combustorg Grinding of fuel to make it suitable. Gas upgrading| Long term operations of system for different fuels. G
upgrading ofjas to CH4 and other fuels and flexibility for upgrading
polygeneration systems (CHP+chemicals).
26 - - -
27 - - -
28 In general risk mitigatio for the first installations. In general risk mitigation for the first installations | No comment.
29 project financeable, as long as similarity to coal gasification | project financeable, as long as similarity to coal Non-proven technologies are usually not financeablé
be clearly outlined. gasification can be clearly outlined. non-recourse project financing.
in general: biomass gasification only works within very in general: biomass gasification only works within
extraordnary project situations, usually only with significant | very extraordinary piect situations, usually only
subsidies or high political pressure. with significant subsidies or high political pressure
30 With regard to the atmospheric applications there are not - -
necessarily any spefnontechnical barriers at the moment.
Concerning the applications aiming at the future synthesis e
the subsidies are always a topic of discussion. Furthermore,
target value (timeline and share/amount) for various biomas:
based products (transpatibn sector fuels, etc) is not always
very clear and can vary in discussions. Generally, what is thy
real biomass potential available for different applications is g
one of the discussion topics. The size of the first demo plant|
technical risks ign issue to be optimized.
31 Costs No Costs
32 Economic efficiency




B-5.

BASED ON YOUR EXPERTISE AND REFLECTION ON THE QUESTIONS
ABOVE, WOULD LIKE TO ADD ANY FURTHER COMMENTS ON TECHNICAL
BARRIERS, SPECIFIC OR IN GENERAL?

Expert

General comment

1

In gereral the problem is mainly to gain experience from building large units that is lacking.
For all technologies the biggest problem is the overall cost for biomass to biofuel that makes it har
motivate a compay to build one of these units.

Questionglo generally hava simple answer. Technical problems of FBG and DFBG depend on the
application of the gas. If that is direct coupled boiler, nothing really is a problem. In CHP/engine
application, tar is an issue, engine emission limits may be hard tofeedFG, the general perception
is the use for biofuels production. That means that oxygen/steam is needed. FBG can also be use
oxygen, then it will become a big challenge to control temperatures and avoid agglomeration whe
using certain fuels.

So, opinions are based on certain assumptions on fuel type, scalep p | i c at i o that hagea
not been mentioned explicitly.

The answers will vary some based on feed material and on the product to be produced from the s

There wee in the past some failures in gasification, like Choren, Range Fuels and others. This ma
difficult to get the necessary money for demonstration and first commercial plants.

The results from the questionnaire might well be appended with a sotrswiilar questionnaire sent
to the main commercial suppliers of the specific systems. What are their opinions, and what are t|
costs of some three different sized systems of the three different kind?

Generally speaking, the big issues to addresstifirusl feeding, tars management, affordable syngas
cleaning and demonstration of leteym, efficient operation.

10

Scaleup form existing size plants difficult due to lagktechnical and economic data.
Economic calculations difficult due ta lack of data regarding operating hours, down times
maintenance times.

Fluctuation or difficultly assesble fuel price in the future.

11

The main barriers for biomass gasification are-temhnicaland more of a structural character.
Commercial biomss gasification plants have been built since the 80's but fluctuating oil prices and
of consequent long term incentives have stopped gasification from a break through.

12

- cost reduction of gasification/gas cleaning system
- reduce complexity of thgasification/gas cleaning system

13

Some of technologies (EFG and FBG) are already commercial with coal as feedstock. Then there
two options; to adopt the biomass fteresemble coal or coal slusige.g. torrefaction and pyrolysis
oil) or to adop the commercial coal plants to biomass. However, since there is no real market (egg
hen situation) for large scale biomass gasifiers the development takesmplabeand pilot plant scale,
which leaves us with the tgraling problem. There is no temotivation to build EFG or FBG for
production of transportation fuel (Swedish focus) in the medium scale since it's already on forehar
bad investment. So still we are awaiting the first large scale biomass based plant for production of
transportatioriuel.

The DFBG is not developed for coal gasification andsthot face the same tgraling problem since it
can be built in the medium size scale. On the other hand the development has to rely entirely on t
biomass community and the need for strong &tidal stakeholdrs and suppliers is evident.

14

15

16

It is very important that Gasification technology and gas clearictgnologies can be demoraded in
large scale to overcome the difficulties with the technology




Expert

General comment

17 Rating %9 is a relatively rough approach and should be considered more as a relative ranking of t
alternatives and not necessarily a measure of an absolute position.

18 -

19 -

20 -

21 -

22 -

23 -

24 -

25 We have several options:

1) produce gas esl in a combined cycle with GT + ST

2) combine a gasifier with production of CH4 whiis separated to inject in N§ystem and combust
rest in combustor

3) combine gasifier with catalyst which gives products like CH4, DME andibgel

Not clear which a#trnative will be the winner. Maybe all three in parallel for different applications

26 For Nordic applications where district heating is common the overall low efficiency of gasification
systems (40 60 %) is a barrier for generation of vehicle fuelst EbIP plants combustion with
condensation scrubbers for heat recovery give8®% efficiency. This technology is also proven in
hundreds of plants for different fuels.

27 -

28 -

29 Technical barriers will all only be overcome, if the commercial bardee lifted. This can only occur
by specific subsidy programs or political requirements.

30 With regard to the fluidized bed technology applications in large scale, hopefully the situation in ge
gets better since nowadays there are three big cdegpaffiering that technology. Hopefully, the
product gets known better and better and more interested customers as well as executed projects
come up. In general the number of commercial scale FB gasifiers is very small compared to the n
of FB bdlers. The gasifiers have been a hot topic in conferences for a long time, but commercial
success stories have been missing.

31 EFG is competitive to FB even includipge-treatment

32 main advantage of biomass gasification 8% conversion of carbein-biomass to carbeim-fuel;

the addition of (electrolytic) H2 allows a more than two times higher amount of secondary energy
carriers (e.g. CH4); this principal advantage is not focus of biomass utilisation today




