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DISCLAIMER

"This report was prepared as an account of work asponsored by an agency
of the United States Government. Neither the United States Covcrnment nor
any agency thercof, nor any of thelr emrloyews, makes any warranty, express
or implied, or assumes any legal liabtlity or responsibility for the
accuracy, completeness, or usefulnerss of any information, apparatus,
product, or process disclosed, or represcnts that Lts use would not infringe
privately owned rights. Reference herein to any specific commerclal
product, process, or service by trade name, trademark, manufacturer, or
otherwise, does not necess;flly constitute or imply its enoruement,
recommendatin, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not
nezessarily atate or reflect those of the United States Covernment or any

agency thereof ."



ABSTRACT

A thermochemlcal conversion process to convert various bjiomasas
mate., 1als to dicsel Lype fuels has been under development at Arizona State
University {(ASU) since 1975. An Indirect liquefaction approach i3 used,
f.e., gasification to synthesis gas followed by liquefaction of the
aynthesis gas. The primary virtue of an indirect liquefaction approach for
cellulosic type fendstocks is that oxygen contalned In the materials {3
easily separated. Thus the hydrocarbon liquid product is free of oxygenated
compounds and can therefore be tallored to match transportation fuel
products currently derived r;om petroleum. Approximately 100 biomass
materials were studied as received from private industry, government
laboratories and other university laboratories. The fecdstock candidates
included industrial wastes, agricultural and forest residues and crops that
would be deliberately grown for energy conversion purposea, The product of
the process {3 a 1iquid hydrocarbon transportation grade fuel similar to
diesel, This can be upgraded to high octane gasoline via catalytic
reforming 1f deslred. The products should be compatible with existing
engine designs and fuel distribution and marketing systems, The major
virtue of the process is that a renewable, often low valued material I8 used
as the feedstock to produce a quality product. ‘

Thias final report consists of six volumes. This first volume contains
an overview of the project from inception. Volumes 2-6 report un tasks
completed and/or in progress in the reporting period from June 1, 1984
through May 31, 1985 that were at least partly funded by the Department of
Energy. The volume titles are as follows:

Volume 1: Projcect Overview




volume 2: Kinetic Study of the Modif!-d Fisher-Tropsch Synthesis over
an Alumina-Supported Cobalt Oxide Catal yst

Volume 3: Supervisory Cont.ol System Development for an Indirect
Liquefaction Process

Volume 4: Slurry Phase Synthesis of Liquid Hydrocarbon Fuels from
Biomass Pyrolysis Gas Using Iron Catalysts

Volume S: Mlcrowave leating of Fluidized Bed Reactors--Pyrolysis and
Calcination Applications

Volume 6: The Modelling and Design of a Staged Indirect Liquefaction
Reactor

The individual report volumes are intended to be self standing.
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PROJECT OVERVIEW

This volume will provide an overview of the project from the starting

date of
general
1
2)
3)
4)
5)
6}
7
8)

June 1, 1976 through the termination date of December 30, 1985, The
steps Lo be addreased for the project were as follows:

product quality

product yields

operational reliability

environmental compatibility

throughput

simplicity/actomation

scaleup

economi ca

Product Quality. It was decided at project fnception that the desired

product

would be a high quality, transportation grade liquid hydrocarbon

fuel equivalent to that derived from pztroleum. Thus, as opposed to the

flurry of alcchol fuel development projects popular at the time, erngine

modification and alterations in the fuel distribution syatem would not be

required.

A fundamental consideration in choosing a conversion path for

converting cellulosic type materials to liquid hydrocarbon fuels ic the

elemental compositions of the feedstock and product. Typlcal values are as

follows (wt%):

Feedstock ~ Product
C 47 85
H 6 15
0 47 0



Thus oxygen has to be eliminated and the H/C ratioc has to be enhanced. An
indlrect liquefaction goute was chasen to achieve this goal. The first step
was to consist of decomposing the leedstock to the basic reactive compounds
of h'drogen, carbon monoxide and ethylene., In addition, ca-bon dioxide and
methane were to be expected. To achleve efficient hezt transfer and thus
promote the formation of olefins, a fluidized bed system was selected for
the decomposition step (pyrolysis, gasification)., To avoid the probabla gas
scparation of combustlon products, a circulating bed mode was chosen
(separate fluidized bed combustor (regencrator) and pyrolyzer (gaszifier)).
The generated gases were passed through a cyelone {(to remove any
particulates) and scrubber (to cool the gas and remove any condensible
liquids}) before being compressed into a catalytloc liquefaction reactor.
Here, the carbon monoxide, hydrogen and ethylene were to be converted to a

paraffinic¢ hydrocarbon fuel by the following general stoichliometry,

C,Hy * (n-2) CO + {2n-u) Hy 2 an2n+2 + (n-2) H,0

%(n-1) CH, + €O + 3H, 3 C H H.0

4 2 + n 2n+2 ¥ 2

In addition, a cecondary reaction to produce normal propanol was expected,

Cqu + L0 + H2 : CZHSCHO

CQHSCHO - H2 b C3H70H

A fluidized bed system was initially selected for the catalytlc
liquaefaction step to control the temperature in the presence of the
significant exothermic heat of reaction. A slurry phase mode was later
tested with the primary objective of relieving the complexity of operating

fluldized bed systems in series.



The net result was that an oxygen free prcduct (Cnﬂzmz) could be
produced with product distribution dependent upon catalyst cholce and system
operating conditions. The !1/C ratio could be manipulated by addition of
steam to the gasification stop thus promoting the water-gas shift reaction,

CO + H,0 2 CO. + H,

The carly stages of the projcct also explored the concept of producing
a high octane gasoline product. This was achiaved by passing the paraffinie
fuel product through a fixed bed catalytic reformer using a commercially
avallable catalyst. Here, the deslred reactions to regulate molecular
weight and introduce structural complexity were {ntroduced. Octane rating
could be maniralated over a broad range with littie difficulty.

A schematic of the Integrated conversion system {(without the reforming
step) ‘s shown in Figure 1. This basic processing conflguration remained
essentially intact throughout the project, although numerous improvements
were implemented for the various steps., An indication of the product
quality attainable for this system (without product refining) is given in

Table 1, as compared with commercial materlals.

Product Yields. Caiculated elemental balances for the conversion system
incdicated a maximum product yleld (e.g. No., 2 diesel ) of about 100 gals. per
ton of feedstock {dry, ash free basis). Numerous factor studies were
performed over the ccuurse of the project to approach this limit. Much of
this experimentation was performed in scparate, smaller scale enqui pment (see
Tzble 2). A general llist of.t‘actor's is contained in Table 3. Details of

these studies have been reported (1-6,10-52). The status at the terrination
of the project is summarlzed in Tables N and 5. As indicated, a yield of

approximately 50 gals. of diesel fuel type product appears possible. Single

3
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Table

System

Large Scale Integrated Unit:

Small Scale Integrated Unit:

Microreactor System:

Slwrry Phase Fischer-Tropsch
Reaction System:

Liquefaction Catalyst Teating
Unit:

Process Control Equipment:

Simulator Equipment:

Feedstock Preparation:

Feedstook Analysis:

Catal yst Preparation:

Analytical Support:

Catalyst Characterization:

7. Experimental Systems

Description

10" pyrolyzer-regenerator clrculating solid
heating system with 6" liquefaction reactor.
SIHI compressor. Gas recycle from liquefaction
to gasification.

3" pyrolyzer staged with 6" liguefaction
reactor. Electrically heated. Intermediate
scrubber stage. Nash compressor for recycle,.

microscale fixed and fluidized bed reactors
with fluidized bath heater.

5" x 315" reactor with off gar and circulating
circulating catalysl slurry system.

2" fluidized bed reactors with common synthesia
gas feed system. Six units in parallel.
Addl tional reactor with recycle capability with
compressor.

electronic controilers, recorders, data
reduction equipment, ete, to monitor and
control the various conversion systems,

plastic model units -- cross riser transfer
loop, injector transfer loop, internal recycle
transfer loop, etc.

cutting, hammer and ball mills, pulverizer,
c¢hipper, screeners,

heating values, extraction analyses, ash
content, etc.

hot plate mixers, calcining furnace, dryling
equipment, etec.

gas chromatograpnhs, (%), gel permeation
chromatograph.

surface area, porosity, surface and bulk
composition, ete.



Continuous Extractor: Un diameter X 7" screw extractor with
continuous solids feeding and withdrawal and
solvent delivery system.

Microwave Heated Fluldized 915 MHZ, 0-30KW microwave source coupled to
Bed: fluidized bed system with related control
: equipment.



Table 3. Factor Studies

Casification:
1. Reactor system configuration
2. Feedstock characterlzatlon
3. Heat tranafer media/catalyst
4. Fluidization gas composition
5. Residence Time
6.
T.
8.

Temperature
Pressure
Recycle effects

Liquefaction:

1. Catalyst composition

2. Catalyst preparation method

3. Catalyst calecination, reduction, pretreatment
. Reactor system configuration

. Conversion temperature

Conversion pressure

Converaion residence time

Feedgas composition

Recycle effects

O o= T




Table 4: GASIFICATION SYSTEM PRESENT STATUS

Factors:

a,
b.
c.
d.
e.
g

sand, dolomite, catalyst heat transfer media

steam + lliquefaction reactor off gas fluldizing gas
=~ 1 psig pressure

~ 1500°F temperature

1-5 seca, residence time

no pyrolysis gas recycle

Responses:

b.

853 feedstock conversion to gas
gas composition, mole %:

15 olefins

30 hydrogen

30 carbon monoxide

15 paraffins

10 carbon dioxide



Table 5. LIQUEFACTION SYSTEM PRESENT STATUS

Factora: 1. Catalyst
a. CO/A1203
b. Impregnation (incipient wetness)
¢. No wash
d. Calcinatlon at 400°F, 4 hours

e. Hydrogen reduction (1 atm, 750°F, 3 hours)

f. No pretreatment

2. Conversaion
a. Fluidized ved, slurry reactors
b, Temperature = 500°F
¢. Pressure = 140 psig
d. Feed gas composition (mole %) = 15 olefins, 30 H,, 30
Co, 15 paraffins, 10 002
e. Reslidence time {single pass) = 15-30 secs.

f. Recycle = 3/1

Responses: 1. Product quality = No. 2 dlesel fuel

2. Product Yields = 40-50 gals. per ton of biomass feedstock
{dry ash free).

10




pass high octane gasoline ylelds would be less (“20 vol. % yield loss
through the reformer) but some of this could be recovered via off gas
recycling.

A large list of leedstocks were investigatecd over the course of the
project, (Table 6). These were supplied by private industry, government
laboratories {various nations), municipalities, other universities, etc.
Feedstock characteristics for Lhese materials are summarized in Table 7. A
range of ayntheais gas compositions possible for these materials (at various
operating conditions) {s given in Table 8. The adjustments are not
independent. Thus, for example, the H‘,:_,/COICO2 trends were normally dictated
by water-gas shift reaction effects.

The most promising areas for product yield improvement are:

1. Improvement of synthesis gas yields, (particularly with respect to
olefin content)}. The use of an appropriate catalyst in the fluldized bed
‘would appear to be the best approcach. Note that the conversion system is
already configured to continuously regenerate a fluidized catalyst.

2. Improvements in the liquefactlon catalyst, particularly with regard

to 3. ectivity away from noncondensible gasea (methane, ethane, etc.).

Operational Rellability. The system, as configured in Figure 1, would be

potentially sensitive to problems in the following primary areas: (1)
soli.. reedi‘ngs. (2) hot sclids transfer, (3) tar condensation, and (W)
catalyst activity maintenance. Problems were encountered and addressed in
all of these areas over thé course of the projact, particularly in the early
stages. All the s0lid handling steps were contalned in the gasificatlion
system, Solids feeding problems were minimized when sufficient funds were
available to purchase a reliable system. The system was operated to

ninimize tar formation and tranafer lines were maintained above condensatlon

11
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Table 7. Feedatook Characteristics (dry basis)

fanges

Heating value, Btu/lb 7,400 - 12,700
Ash, wtl 0,1 - 35.9
Protein, wt¥ 0.1 - 25.3
Pol yphenol, wt$ 0.1 - 20.2
oil, wt% 0.03 - 5,20
Hydrocarbons, wt% 0 - 10.4
Suberin, wt$ 0.5 - 26.6
Lignin, wt$% 7.8 - 28.8
Cellulose, Wt 17.7 - U6.7
Lipids, wt% 5.1 - 14.9
Elemental analysis, wt%

c 37.7 -~ 60.9
H 4.7 - 8.8
n 28.9 - SuU.4
N 0.3 - 1.7
s <0.0%

13



Table 8, Synthesis Gas Composition {mole %)

Range Typlecal
Hydrogen 10 - 53 30
Carbon Monoxide 6 -~ 60 30
Olefins £ - 39 10
Paraffins 6 - 33 15
Carbon Dioxide § - 26 15

14



temperatures up to the inlet of the scrubber. Clinker format{on problems
were ecsentially eliminated with proper cholice of fluidized solid and proper
fluidization control. At the termination of the contract, the integrated
aystem was essentially an unattended operation with the exception of loading
of the feed hopper and dumping of the product tank. Centinuous run lennths

were never scheduled, however, for more than a five day period. Long ternm
effects (erosion, tar buildup, catalyst activity etc.) remain for future

work,

Environmental Compatibility. The areas to consider in the process with

regard to compliance with envirommental regulations are as follows:

(1) particulates (from feedstock preparation and storage, ash removal).

(2) air emissions (from regenerator vent and liquid product storage),

(3) 1iquid effluents (from scrubber water processing), and

{4} noise control. |
At the laboratory scale, none of the aSove were studied in depth other than
to achieve a safe working environment for operating personnel. Thus, the
scrubber systems were considered to be well oversized to achieve sufficlent
dilution before disposal, the laboratory was continuously vented during runs
with an exhaust system, appropriate masks were worn when handling
feedstocks, etc. Compatibility with environmental regulatlons is not
considered to be a major hurdle, however. Pyrolysis type technology lends
itself to minimal air emissions control problems. The major strcam of
concern is the scrubber effluent. On a commercial scale, separation of
organie condensibles from the water strcam would probably be implemented
with disposal of the organics in the gasification regenerator and recyle of
the water to the process distributi{on system, Scrubber effluent samples

were retained for all documented runs performed in the laboratory. Analysis

15



were performed on selected samples (5,6). The project was terminated before
any detajled correlation of feedstock type and processing conditions vs,

effluent compoaition could be developed.

Throughput. The continuous, integrated laboratory system was considered to
be commercially realistic with regard to processing steps, operating mcdes
and procedures. Hcwever, the configuration at the end of the contract
period was limited with regard to throughput (defined as quantity of
feedstock processed/volume of equipment) by the regenerator size and/or
efficiency. Thus, as feedstock flow rates were increased, eventually it
would be imposaible to maintain d:.-sir'ed pyrolysis temperatures. Equipment
- height In the laboratory was limited by the laboratory roof. Recognizing
that a taller regenerator would be required to optimize throughput, a major
renovation was funded in the laboratory to accommodate the planned

throughput study. Unfortunately, although the renovation was completed, so0

was the project budget. Thus, thils acpect remains for future atudy.

Simplicity/Automation, It is recognized that the process technoclogy is

analogous to Lhat utilized in a typical chemical plant or refinery. As
limited by delivered feedstock costs, any facllity processing cellulosic
wastes will be relatively small, however, thus limiting the advantages of
economy of scale with respect to operating labor requirements., Thus,
process simplicity and/or reliable, vendor supported automation ia
considered an absolute necessity for commerclial implementation of the
technology. This was addressed throughout the projeet. A thorough
discussion regarding automation of the process can be found elsewhere (10,

19, 28, 38). A major effort to simplify the process via a staged converslon

16




system design was alsoc performed (11), but not implemented Dy the project

termination date.

Scaleup. A detailed design of a nominal 10 ton/day pilot plant was
performed based on data supplied by the project laboratory. This study has

been reported separately (9).

Economics. Several economic studies were performed externally on the
process (7-9). Cost figures for the 10 ton/day design were based on vendor
quotations, Using the pilot plant numbers as a base, an economic model
using a chemical plent simulator package was under development at the end of
the contract pericd. The intent of the model 18 to acourately project
process costs at various scales based on individual units rather than
overall scale factors. The model will also enable one to tallor the design

to specific site and fecdstock requirements,

17
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