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ABSTRACT

A project to convert various biomass materials to
diesel type transpertation fuel compatible with current
engipe designs and the existing distribution system 1is
described. A continuous thermochemical indirect ligue-
faction approach is used. The system consists of a
circulating solid fluidized bed gasification system to
produce 2 synthesis gas containing olefins, hydrogen and
carbon monoxide followed by a catalytic liquefaction step
to copvert the synthesis gas to liguid hydrocarbon fuel.

The major emphasis on the projeect at the present
time is to maximize produect yield. A level of 60 gals of
diesel type fuel per ton of feedstock (dry, ash free
basis) is expected. Numerous materisls have Dbeen
processed through the conversion system without any
significant change in product quality (essentially Cg-Cq7
paraffinic hydrocarbons with cetane indicies of EO+).
Dther tasks in progress include factor studies, process
simplification, process contrel and scaie-up to a 10
ton/day Engineering Test Facility.
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DIESEL FUEL FROM BIOMASS

INTRODUCTZION

Current forecasts indicate an increasing demand for
diesel fuel in future years with a corresponding percent-
age decline in high octane gasoline (1,2). One potentizl
feedstoueck for producing diesel Fuel is biomass, These
may consist of agricultural, forest, industrial and urban
wastes or crops daliberately grown for energy conversion
purposes. The contribution of these feedstocks would be
contingent upon the quantity of material available in 2
collection area =2nd the delivered feedstoek ecost to a
processing facility. Marketing conditions appear to be
robust, i.e., collection areas for biomass materizls
normally are heavily dependent upon diesel fuel for suck
applications as farm machinery, trucks, industrial equip-
ment, etc. Also biomass collection areas are often rural
and are subject To a low priority with regard to fuel
alloceations in times of scarcity. Thus self sufficiency
is a very real incentive in. many locations. It also
shenld be noted that many developing nations are rich in
bicmass mazterials but short on domestie supplies of
fossil feedstecks for the production of liquid hydro=
carbon fuels. Thus, with the development of commercizl
biomass conversion processses, the opportunity will beccome
available for these countries to decrease their deven-
dence upon foreign sources of liquid fuel.

The only commercial scale conversion faeility in the
worlé +to convert non-petroleum feedstocks to liguid
hydroecarbon fuels is the SASOL facility in South Afrjca
{3). There, cozl is gasified to a synthesis gas contain-
ing hydrogen and czrbcn monexide. After purification,
the gas is converted to 2 paraffinic mixture in a second
stage reactor vtilizing an irom catelyst. Following some
refining steps, 2 transportation grade fuel is produced.
The fundamental characterization differences that exist
between a coal feedstock znd biomass zare summarized in
Table 1. As dindicated, biomass contzins 2 higher
hydrogen/carbon and oxygen/ecarbon ratio but lower sulfur
and ash content. The heating value for biomass is lower
(due to the oxygen content) but the volatiXe matter is
greater. Thus, except for the oxygen content, biomass
exhibits more attractive characteristies than ¢oai for
producing a liguid hydrocarbon fuel (less hydrogen “source
addition, less sulfur and ash removal, milder operating
conditions). Coal,- of course, has the advantage of
densificaticn thus leading to 2 more favorable economy of
scale. Biomass, of course, is renewable and thus will be
the only available feedstock with the eventual depletion
of the fossil sources.



Table 1. COAL AND BIGMASS COMPOSITION (WEIGHT 2)

Coal Biomass
¢ 70 - 80 35 - 35
H 4-6 4.6
0 5 - 20 25 - 50
N 0.5-2 <0.5
s T-5- <0.5
ash 5 - 30 g - 10
Heating values (Btu/1b) 9500 - 15000 6500 - 9500

(dry basis) .

Volatile matter, wt. % 30 - 50 60 - 90
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Severzl options are under study to convert various
biomass materials to liguid hydrocarhon transportation
frels equivalent to that derived from petroleum. PFossi-
bie routes are indicated in Figore 1. A wmajor virtue of
these approaches (as compared with biological conversion
to ethanol) 1is compatibility with the present fuel
distribution system and engine designs.

The first apprecach showrn in Figure 1 consists of
extraction of crude oil or latex from sppreprizte species
(e.g., o0il seed crops, euphorbiz plants, ete.) folliowed
by some degree of refining to achieve the proper compound
types and molecular weight rznge. Of particular concern
is the removal of oxyvgenated compounds present in the
crude materizl which may result in a higk viscosity,
acidic product. The present status of seed o0ils for
diesel fuel use has been recently described (4). Prelim-
inary work oo refining .ef extracted materizls has also
been reported (8). In general, the degree of refining
necessary to produce a high guality marketable fuel freom
these materials has not yet been estzblished. Alsc, as
indicated in Figure 1, & large portion of the plant will
remain as 2 cellulosic waste after the oil or latex is
extracted. The processing economics will be directly
affected by the utilization of these porticns of the
plant. )

Direet liquefaction has been studied as a possible
route %to preoduce ligquid hydroezrbon transpertation fuel.
These approaches consist of a pyrolysis or incomplete
combustion step to maximize liquid production followed by
some degree of refining to eliminate the oxygenated
compounds and zchieve the desired commersial fuel proper-
ties. Some investigators have attempted to minimize the
oxygenated compounds via the use of reducing agents
{(e.g., hydrogen, carbon monoxide) "in the pyreolysis/
incomplete combustion step (£L) while others have left
this task for a sequence of refining steps (Z,8). In
both cases, demonstration of =z process to produce a
guality product has not yet emergsad.

L study has been reported to convert thé unseparated
glecohol=water mixture from a nydrolysis-fermentation step
tc 2 high octane gasoline via a catalytie {zeolite)
second stage (8). The incentives are to produce a liquid
hydrocarbon fuel and avoid the energy intemnsive distilla-
tion step +to separate the ethancl-water mixture. This
work currently is =2t the microresactor scale. Inherent
constraints are the long processing times assceisted with
the fermentation -step and demonstration of the hydrolysis
step on 2z commercial scele in order to utilize low cost
{cellulosic) feedstocks.

Mobil 0©0il has developed 2a catalytie (zeolite;
process to convert methanol te high ocetame gaseline (103).

4
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The potentizl synthesis gas socurces promoted for
producing the methancl have included cosl, natural gas
and biomass. 4 modification of this process to cocnvert
synthesis gas containing hydrogen =and carbon monoxide
directiy to high octane fuel using a blended zeolite-iron
catalyst system has zalso been reported at the laboratory
scale {11). In general, the methanol-to—gasoline process
appears to be at an advanced stage of development. An
integrated system usirg 2 biomass feedstock has not been
demenstrated.

The preocess under development at Arizonz State
Baiversity (ASOD) is the final option shown in Figure 1.
Here, biomzss is gasified to 3 synthesis gas containing
the reactive components hydrogen, carbon monoxide anrd
olefins ip the presence of .paraffins, earbon dioxide and
water. The unseparzted gas stream is passed -Through a
second stage catalytic reactor from which =z paraffinic
iiguid hydrocarbon fuel is condensed. Compared to the
glternative options indicated in Figure 1, this approzch
cffers the potential of producing z diesel type transpor-
tation fuel from various biomass materiagls with fewer
processing steps and at relatively atfractive operzsting
conditions. The present status and future plans of the
ASU project is described in this paper.

EXPERIMENTAL SISTEMS

A schematic of the ASU indirect liguefactioz system
is shown in Figure 2. The existing system is laboratory
sczle with a capacity of approximately 25 1bs/hr of feed-
stock. Target product vields are in the 50-100 gals. of
diesel type fuel per ton of feedstock (dry, ash free).
Continuous processing is employed. VWhile the unit is of
small secazle, the processing steps and procedures are
commercizlly realistic. Thus designed experiments can be
sometimes tediocus €5 accomplish but the resulting data
should be highly reliable for scale up purposes. The
gasification system is comprised of two fluidized beds
with connecting circulating solid transfer Ilocops. One
fluidized bed is used as a feedstock pyrolyzer while the
second bed (regenerator) opersates in a combustion mode to
heat the circulating solids media. Both inert solids
(sand) =and catalytic materials are under ZInvestigation.
The fluidized bed approach &llows for efficient heat
transfer, continuous solids recirculztion and elimination
of a combustion zone in the pyreolyzer {and thus avoid gas
clean up steps). Ceilulesic (biomass) feedstocks are
gcontinuously fed to the pyrolyzer and flashed to a
synthesis gas consisting of paraffins, olefins, carbon
monoxide, hydérogen and carbon diczxide. The gas passes
through a cyclone-serubber system to a2 compressor. From
the compressor, the gas c¢an be distributed to the
pyrolyzer and/or liguefacticen rezctor. Additional gas
candidates for fluidizing the pyrolyzer are steam and off
gas from +the downstream reactors. Studies to date
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indicate that the use of recycle pyrolyzer gas is not
desirable for fluidizing the pyrelyzer due to the
increased effective residenmce time with respect to the
reactive gas components. The regenerator is fluidized by
2ir and recycle gas from the pyrolyzer and/or downstream
reactors. The off gas from the regenerator is passed
through a cyclcne-scrubber system before being vented.

The 1liguefaction system consists of a eataliytie
reactor to produce paraffinic liquid fuel. Both
fluidized =and slurry phase systems are under study.
These reactor types allow for effective temperature
control in the presence of the significant exothermic
heat of reaction that is evolved and also offer the
possibility .of contirnnous regeneration viz externsl
circulation if necessary. The fluidized bed is a simpler
system than the slurry phase type. The slurry phase
system however offers the potential advantages of better
temperature control, longer eatalyst life, residence time
flexibility and improved gas~solid contactiiog. In both
reactor types, the rezaetive components in the synthesis
gas (olefins, carben monoxide, hydrogen) are converted to
2 primary paraffinic hydrocarbor phase and a secondary
2lecochol-water phase. The off gas froem this reactor
gccumulates an appreciable amount of normal paraffiins
plus carbon dioxide and exrhibits 2n enhanced hesating
value zs compzared to the synthesis gas (due to hydrogen
and carbon monoxide depletionl}.

Work also has Dbeen performed on the system to
produce a2 high octane gasoline via catalytic referming of
the paraffirie liguid phase in a conventionz]l fixed bed
systen using commersial catalysts. To achilieve 2 com-
mercial octane range, a liquid yield loss of about 20%
occurs in the reforming step. The off gas is of high
heatirg wvalue (72300 Btu/5CF) due to the presence of
Ci-Cy normal paraffins and thus some of the yield loss
could be recovered via reecyeling of this gas in the
averall process.

Photographs of the laboratory scale indireet lique-
faction system and associated contreol room are shown in
Figures 3 a2nd 4. Typical operating conditions for the
processing steps are as follows:

Fiuid Bed/$lurry Phzse

Pyrolvzer _Liquefaefion Reactor RBelormep
Temperature, °C 500-800 250-300 490
Pressure psig 0-1 140 400
Residence Time,
sec . 2 18 11

A large array of additicnal experimental eguipment
exists in the ASU laboratory to support the project.
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Included are systems for catalyst preparaticn, character-
izaztion amd testing; simulators (ecold model) for reactor
design studies; feedstock preparation and analysis equip-
ment, and analytiecal instrumentation. These eguipment
items have been described elsewhere (12).

PROCESS CEIMISTRY

The basic objective of the project is to mzximize
produet yields of quality, oxygen free liquid bhydrocarbon
fuel suitable for tracsportation use in existing engines.
The oxyger in the biocmass is converted to carbon
monoxide, carbon dioxide ard water in the gasification
step. In the liguefactior -step, the carbon monoxide is
converted to paraffinic hvurocarbons, water, and normzl
propanol via the following possible reactiouns:

6234+(n—2)C0+(2n—4)H2 = FnH2n+a+(n-2)HZD

1/2{n-1)C2Hu+CO+3H2 - an2n+2+Hzo
i

C234+CO+62 - 62H5CHO
& .

C2H50H0+H2 < CBH?DH

With proper manipulation of the above reactions, the
oxygen in the biomass will end up in water, carben
dioxide and normsl propaneol. Carbon dioxide and water
will be vented from the gasification system regenerator
and an immiscible alcchol-water phase will be separated
from an oxygen free paraffinic hydrocarbon phase, Past
and present efforts on the  projesct have been aimed at
optimizing the implementation of this scheme via feed-
stock assessment, factor stodies and operational
reliability/control improvements.

FEEDSTOCK ASSESSMENT

4 1isting of feedstocks under stud; in the labora-
tory appears in Table 2. These materials may be grouped
into the categories of industrizl, urban, agricultural
and forest wastes znd crops deliberately grown for energy
conversion purposes. 4lso ineluded are some non-biocmass
materials (e.g., cozl, synthetic polymers). The materi-
als are received freom private industry, municipalicties,
government laboratories (U.S. and foreign) and other
university lzborztories. L range of characterization
data for the biomass feedstocks 1listed is given 1In
Table 3. Performance date is detailed elsewhere (14).
In generzl, all the feedstoecks will produce a guality
preduct. Yields will be dependent on the synthesis gas
composition potential of the feedstoecks. Some varizstions
have been observed. Thus, for example, cork materials
produce a high olefin content while Euphorbia Jlathvris
gives a high H»/CO ratio. A fairly wide variation in ash

m
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Table 3. FEEDSTOCK CHARACTERISTICS

(dry basis}

Heating value, Btu/l1b
Ash, wt?

~ Protein, wt%
Poiyphenol, wti

041, wiZ

Hydrocarbons, wtZ
Suberin, wth

Lignin, wtd

Celluiose, wti

Lipids, wtZ _
Elemental analysis, wt%:
c

" =2 O 5

0.03

0.5
7.8
17.7
5.1

37.7
4.7
28.9
0.3

12,700
35.9
25.3
20.2
8.20
10.4
26.6
28.8
46.7
14.9

6C.8
B.8
54_4
1.7
<0.01
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content andé composition has alsc been observed. This has
ramifications with regard to necessary ash handling
facilities, possible catalytie effects and disposal
options. :

Eiomass feedstocks will vary considerably in
moisture content, depending primarily on the nature of
the feedstock, location and the season. Thus industrial
and urban wastes are typically gquite wet whereas forest
residues in certain lozations and sezsons can be qQuite
dry. The process chemistry is not significantly affected
by the moisture content, i.e., steam is used for gasifie
cation &nd water is sprayed inte the gasification
serubbar and removed. Thus the prime cconsiderations are

the feeder design and energy balance penalties. In

general, dry materials and those ir slurry form are
easier to feed than wet cakes. Pre drying versus
aceepting a gasification system energy balance penalty
will be dependent on site conditiens. Thus, for example,
Wgplar drying® may be tractable in some areas but not in
cthers, etc.

FACTOR STUDIES

Numarous factor studies have been performed in the
laboratory. Details are available elsewhere (12,13,15,
16,). & listing of factors is given in Table 4. Present
status of selected factors and corresponding system
responses are given in Tzbles 5 and 5. Synthesis gas
compositions experienced in the laboratory for a wide
range of feedstocks and operating conditions are listed
in Table 7 with typiecal. produet characteristies (as
compared with commercial fuel oils) shown in Table B,

Factor studies in the gasification system_ indicate
that low pressure and residence time, ~1500°F and a
combination of steam (hydrogen sourece) and liquefaction
reactor off gas (paraffin source for cracking to olefins
and hydrogen) for fluidization are {avarable. The
filuidized solid candidates are still under Investigation
to satisfy the criteria of operational reliability and
selectivity (catalysts). For the liguefaction system, an
impregnated cobalt catalyst is the current champion with
conversion conditions eof S00°F, 1740 psig, 15-30 seconds
single pass residence time with 3/1 recycle (weight
basis). The Hp/CO mole ratic in the synthesis gas can be
manipulated oveér a broad range for a given feedstoek (say
0.5~8.) but the olefin composition is heavily feedstock
dependent. Typical synthesis gas compositions considered
achievable for virtnzlly any biomass feedstock are
indicated in Table 7.

The produect quality, without any post reactor
refining, is most similar to JP-4 Jjet fuel due €to the
presence of materials in the Cy-Cqp razage. A simple

"distillation will produce a2 product in the No. 2 diesel

14




Table 4. FACTOR STUDIES

Basification:
1. Reactor system configuration
"2. Feedstock characterization
3. Heat transfer media/catalyst
4. Fluidization gas composition
5. Residence time
6. Temperature
_ 7. Pressure
8. Recycie effects

Ligquefaction:

Catalyst composition

Catalyst preparation method

Catalyst calcination, reduction, pretreztment
Reactor system configuraiton

Conversion temperature

Conversion pressure

Conversion residence time

Feedgas composition

Recycle effects

15
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Table 5. GASIFICATION SYSTEM PRESENT STATUS

Factors:

a. sand, dolomite, catalyst heat transfer media

b. steam + liquefaction reactor off gas fluidizing gas
c. 1 psig pressure

d. = 1500°F temperature

e. T1-5 secs. residence {ime,

f. no pyrolysis gas recycie

Responses:

a. 85% feedstock conversion tc gas
b. gas composition, mole %:
15 vlefins
30 hydrogen
© 30 carbon monoxide
15 paraftfins
10 carbon dioxide

18



Table 6. LIQUEFACTION SYSTEM PRESENT STATUS

Factors: 1. Gatalyst
a. -CofA1203

b. Impregnation (imcipient wetness)

c. Ko wash

d. Calcination at 400°F, & houre

e. Hydrogen.reduction {1 atm, 750°F, 3 houzs)

f. No pretreatment

2. Conversion

a. Fluidized bed, slurry reactors
t. Temperature = 500°F
¢. Pressure = 14D psig

d. Teed gas compositior (mole Z) = 15 olefims,
30 Ez, 30 CO, 15 paraffins, 10O CO2

e. Residence time {single pass]) = 15-30 secs.
£. Recyele = 3/1
Responses: L. Product quality = No. 2 diesel fuel

2. Producr vields = 40-50 gals. per tom of bicmass
feedstock (dry ash free).

17



Bydrogen

Carbon Momoxide
Olefins
 Paraffins

Carbon Dioxide

Table 7.

(mole %)

18

SYNTEESIS GAS COMPOSITION

Range
10 - 53
6 « 60
5-139
6 - 33
& — 26

Iypical
30
30

15
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fuel range. Further "tuning"® of process conditioms is
expected to establish the flexibility to manipulate the
product gquality without the necessity of a separation
step.

OPERATIONAL RELIABILITY/PRCCESS CONTROL

The major operational réliability sensitive areas
for the process are as follows:

sificati SYS : &olids feeding, hot solids
transfer, elinker formation,
tar removal.

iguefact] : eatalyst activity.

Splids feeding is not considered a major problem, il.e., a
feeder and/or feedstock can be tailored to perform. Hot
solids %ransfer and clinker problems can occur, usually
as a2 result of other control problems in the system. The
system is operated to minimize tar formation and to
isolate the removal of such material in the gasification
scrubbers, Of prime concern in the liguefaction system
is long term catealyst activity stzbility. This 1is
difficult to study under current laboratory operating
constraints, i.e., & series of relatively short runs
(18-40 hours) are performed on a weekly basis. Continu-
ous regeneration to remove carbon (say oxidation followed
by reduction) may be complex.

A primary process control considerztion is the
distribution of liquefaction reactor off gas. Three
destination candidates exist: liquefaction reactor
inlet, pyrolysis reactor and gasifilcation regenerator.
The decision is based on compositien. Thus, with =
sufficient amount of unreacted olefins, carbon monoxide
and hydrogen, recyecle to the liguefaction reactor inlet
is_ appropriate. With sgccumunlation of noncondensable
paraffins (Cp+), a returr to pyrolysis for cracking is
indicated. For removal of methane and COn, recycle to
the regenerator is logical.- The priority limits are
currently under study in the laboratory.

Development of "user friendly¥, reliable automation
devices for the process is considered z virtue, particu-
larly for small scale, remdte operations. Thus on-site
hignly skilled staff would not be necessary 1f a vendor
service function is available in the event of component
failure.

MASS/ENZRGY BALANCES AND ECONOMIC STUDIES
Mass and energy balaneces for the process have been

presented elsewhere (J13). For the mass balances, some
streams are directly measured, some are calculated and
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some are obtained by difference. The energy balance is
largely = function of the mass balance. Thermal effi-
ciencies (energy in product/(energy in feedstock «+ energy
added to the system)) is estimated to be in the range of
50-55%. This is considered important primarily as an
ingredient of economic studles. Detaiied environmental
analysis has received a secondary priority in favor of
achieving attractive product yields and will be escalated
as the project develops. In general, the primary stream
of concern is the scrubber effluent with the eventual
goal of separation of combustible materials and burning
in the regenerator zccompanied by recyele of water to the
process. iny transfer of effluent fto 2 municipal sewage
treatment facility will have to satisfy flammability and
toxicity constraints,

Economic studiezs of the process have been prepared
externzlly {17,18). Example commercizl scale projections
are given in Table 9., These rcumbers indicate z realistic
scale in the 300-1000 tons of feedstock per day range.
Larger facilities (to achieve economy of scale) are
limited by delivered feedstock cest. Smaller facilities
{for isolated <feedstock availability) are limited by
process complexity. ’

CONTINUING RESEARCH

The lahoratory secale research will address tasks to
improve product vields, optimize system throughput, sim- -
plify the process and assess long term operation effects.
Irn addition, alternative feedstock evaluation, alterna-
tive product potential and environmental compatibility
will be addressed. Finally, the design of an Engineering
Test Faeility (10 tons/day) will be implemented.

Produet Yield Improvemehnt

The current product yields are in the range of 20-50
gallons of diesel type fuel per tom of feedstock (dry,
ash free basis). The theorestical maximum pessible yield
is about 100 gallons/ton. Improvement in product yields
nas eveolved over the length cf the project. The most
promising factors for further enhancement is improvement
in ecatalyst performance (gasification and liquefzction)
and optimization of liquefaction reactor off-gas recycle
distribution {to 1liquefaction reactor, pyreolyzer and
regenerator}. The effeet of these factors on product
vields will be studied. ;

I hput Optimizati

The emphzsis on the project to date has been to
maximize yields of high guzality product. Eguipment has
been sized for convenience and stzbility of operation znd-
thus in many cases is not of optimal size, i.e., minimum
capacity to achieve desired product yields and quality.
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PLANT
SIZE

500 TFD

1000 TPD

Tzabhle 9.

2™

41M

assumptions:

COMMERCIATIZATION ECONOMICS

(1983 Dollars)

ANNUAL ANNUAT, PRODUCT
CAPITAT  OPERATING COSTS  FEEDSTOCK COSIS  _PRICE
3M 2.4M 93¢/ gal.
&M : 4 .5M 73¢/gal.
1. §15/ton delivered feedstock c:::st
2. yie_lds = 80 gals./ten
3. operariomal reliability = 90%
15% returnm on invested capital
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At the present time the combustor (regenerstor) in the
gasification system is undersized compared tO the
pyrolyzer and the liquefaetion reactor 1is undersized
compared to the gasification sysiem at present ligquefac~
tion reactor off gas recyele rates., Compatible eguipment
sizes ard meximization of throughput will be addressed.

P Simplificiati

External economic studies on the preoeess indicate
that the breakeven scale is approximately 300 tons/day of
feedstoek. With z reduetion of this number, the number
of ©potential commercizl applications will grow as
dictated primarily by delivered feedstock cost. Work
will be continued on the projeet in this area with
emphasis on reduced liquefaction system pressure {(and
thus reduced compression ¢osts) and staged conversion
system development without interstage gas compression.
Liquefaction catalyst development will be the key factor.

Long Term Operstion Assessment

The long term operational reliability amd stability
of the conversion system will - be monitored. Of primary
importance is accumulation of wmaterial (e.g., ash
components) in the gasification system fluidized solid
media, liquefaection catalyst astivity/regeneration
characteristics ‘and liguefaction rezetor slurry liguic
stability. These potential problems will be zddressed in
the context of multiple short rums, i.e., the project is
not budgeted for long term continuous operation.

1V edsto vets

Alternative feedstocks will be evaluated for the
process as appropriate. Alsc 2 feasibility assessment of
producing chemicals other than diesel fuel {e.E.,
aromatics, specialty chemicals) with the synthesis gas
obtained from cellulosic waste will be continued.

ental Co ibilit

Compatibility of the process with project emission
standards will be monitored.

Engi \ng Test Facility (ETF) Desien

& larger scale (30 tons/day) facility will be
designed with the primary purpose of producing = suffi-
cient amount of produet for long term engine testirg and
+o minimize the risk to a commercial scale. It is
anticipated that this effort will be performed by 2n
engineering firm subject to ipteractions with the ASU
lazboratory effort. It is expected that private industry
will participate in the eventual construetion and
cperation of this facility.
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