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SUMMARY

The Pacific Northwest Laboratory (PNL) is conducting an ongoing project,
sponsored by the Biomass Energy Technology Division of the US Department of
Energy, on the gasification of biomass in the presence of catalysts. The pur-
pose of the project is to evaluate the technical and economic feasibility of
producing specific gas products via the catalytic gasification of biomass.
This report presents the results of research conducted from October 1980 to
November 1982.

The project was comprised of laboratory studies, process development, and
economic analyses. The laboratory studies were conducted to develop operating
conditions and catalyst systems for generating methane-rich gas, synthesis
gases, hydrogen, and carbon monoxide. The process development unit (PDU),
previously used for tests at atmospheric pressure, was modified for operation
at absolute pressures of up to 10 atm (1000 kPa). A program for use on a
microcomputer was written to determine the effect of yield changes at elevated
pressures on process economics.

In the laboratory scale studies, active catalysts were developed for gen-
eration of synthesis gases from wood by steam gasification. A trimetallic
catalyst, Ni-Co-Mo on silica-alumina doped with 2 wt% Na, was found to retain
activity indefinitely for generation of a methanol synthesis gas from wood at
1380°F (750°C) and 1 atm (100 kPa) absolute pressure. Catalysts for generation
of a methane-rich gas were deactivated rapidly and could not be regenerated as
required for economic application. Sodium carbonate and potassium carbonate
were effective as catalysts for conversion of wood to synthesis gases and
methane-rich gas and should be economically viable. Catalytic gasification
conditions were found to be suitable for processing of alternative feed-
stocks: bagasse, alfalfa, rice hulls, and almond hulls.

The PDU was operated successfully at absolute pressures of up to 10 atm
(1000 kPa) and temperatures of up to 1380°F (750°C). Yields of synthesis gases
at elevated pressure were greater than those used for previous economic evalua-
tions (Mudge et al. 1981). A trimetallic catalyst, Ni-Cu-Mo on silica-alumina,
did not display a long life as did the doped trimetallic catalyst used in



laboratory studies. The catalyst was active for a weight ratio of wood-to-
catalyst of about 6 compared to over 1400 in the laboratory. [Initial results
on the effects of various process variables (pressure, temperature, wood par-
ticle size) are inconclusive because of the limited number of tests that were
completed with active catalysts. No attempt was made to regenerate the
catalyst.

A computer program for a Radio Shack TRS-80 Model B microcomputer was
developed to evaluate rapidly the economics of producing either methane or
methanol from wood. The program is based on economic evaluations reported in
previous studies (Mudge et al 1981). Improved yields from the PDU studies were
found to result in a reduction of about 9 cents/gal in methanol cost.
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INTRODUCTION

The Pacific Northwest Laboratory (PNL) is conducting studies on steam
gasification of biomass in the presence of catalysts. These studies are spon-
sored by the Biomass Energy Technology Division of the US. Department of
Energy (DOE).

Gasification processes are commonly used to convert carbonaceous matter,
including biomass, into gases and some condensible liquids (Von Fredersdorff
et al. 1963, Fritz et al. 1979). Although there are exceptions with some
refractory carbonaceous materials, the residues from such gasification pro-
cesses comprise principally the inert mineral constituents of the feed mate-
rial. These residues are essentially devoid of significant quantities of
carbon or char. In contrast, the residues from many so-called pyrolysis pro-
cesses are classified as chars because they contain a substantial fraction of
the carbon from the original carbonaceous feed material.

Both gasification and pyrolysis of carboneous materials produce a mixture
of gaseous products as a result of the complex parallel, competitive, and
sequential chemical reactions. The preferred reactions, those that produce the
most desirable products, are limited and slow at conventional processing tem-
peratures. However, the rates can be enhanced by inclusion of certain cata-
lysts. Furthermore, a variety of catalysts are used industrially to promote
certain reactions to emphasize formation of desired products from other gas
mixtures. For example, methanation catalysts promote the formation of hydrogen
from water and carbon monoxide, and gasification catalysts promote the break-
down of carbonaceous matter to gases.

The state-of-the-art procedure for conversion of a carbonaceous material
to a synthesis gas involves several steps:

1 gasification with pure oxygen and steam to form a mixture of gases
(CO, Hy, COp, CHy, H,S)

2. shift conversion to yield the required H2-to-C0 ratio in the gas

mixture

3. acid gas removal



4. reforming hydrocarbons
5 moisture removal

6. further gas cleanup to remove traces of sulfur compounds that would
otherwise poison catalysts.

Partial combustion of the carbonaceous feed material with pure oxygen to
provide heat for the endothermic steam-carbon reaction is currently used to
produce the gas mixture. Such practice results in a relatively simple gasifier
design but requires an oxygen plant. Processes such as the C0s Acceptor (Fink
1973), Ash Agglomeration (Goodridge 1973), and Electrothermal (Oliveira 1980)
offer schemes that avoid use of an oxygen plant.

Use of catalysts for reaction of steam with wood to produce a synthesis
gas mixture allows operation at temperatures under 750°C with good carbon con-
version (Mudge et al. 1979, Mitchell et al. 1980, Mudge et al. 1981). The
required heat is provided indirectly with heat exchanger bundles in a fluid-bed

system. No pure oxygen is used.

The overall objective of the PNL studies is to evaluate the technical and
economic feasibility of producing specific gas products via the catalytic
gasification of biomass. Specific products that are being studied include:

1) methane, 2) synthesis gases for production of ammonia, methanol, and hydro-
carbons, 3) hydrogen, and 4) carbon monoxide. In the studies, yields of high-
value, gaseous products from a single-reaction stage are enhanced by the proper
choice of reactants, operating conditions, and catalyst combinations. Gaseous
products, successfully produced by the various steam gasification systems
employed to date, include synthesis gases for hydrocarbon, methanol, and
ammonia generation and a methane-rich gas.

Results of earlier studies (Mudge et al. 1981) show that catalytic pro-
cesses for conversion of wood to valuable products are technically and eco-
nomically feasible. Economic feasibility depends on favorable yields at a
pressure of 10 atm (1000 kPa). This report presents results of process devel-

opment unit (PDU) operations at 10 atm (1000 kPa) pressure and their effect on
economic feasibility. Also included are results of recent laboratory studies
on catalyst development.



CONCLUSIONS

PDU operations were completed at 10 atm (1000 kPa) absolute pressure, and
economic evaluations are based on yields at this pressure. The following con-
clusions are based on results of laboratory, PDU, and feasibility studies.

o A trimetallic catalyst (Ni-Co-Mo on silica-alumina doped with 2%
sodium) retained activity indefinitely in laboratory tests for gen-
eration of a methanol synthesis gas.

® Bagasse, alfalfa, rice straw, and almond hulls are potentially suit-
able alternative feedstocks for gasification in the presence of cata-
lysts. Laboratory tests conducted in the continuous flow reactor
with these feedstocks showed that yields increased with increasing
bulk density.

® Catalysts tested in the laboratory for generation of a methane-rich
gas were active but short-lived and could not be regenerated. Loss
of metal surface area (sintering) appeared to be a major cause of
deactivation.

e Gasification of wood with steam in a fluid bed at 10 atm (1000 kPa)
absolute pressure and 1380°F (750°C) was demonstrated. These condi-
tions with an active catalyst are suitable for generation of a
methanol synthesis gas.

e Gas cleaning at high temperature with a cyclone and a porous metal
filter was effective and reliable in PDU operations. This cleanup
system is recommended for any future PDU, or pilot scale, operations
since material accountability is good.

e An absolute pressure of 10 atm (1000 kPa) for wood gasification was
found to increase the methane concentration (6 vol% was the lowest
concentration with active catalyst) in the product gas and to reduce
the yield of condensible organics relative to operation at atmo-

spheric pressure.

® Potassium carbonate was an active primary catalyst for generation of
a methanol synthesis gas from wood in PDU tests. Sodium carbonate



did not show significant activity in PDU tests but was active in
laboratory-scale tests. Agglomeration was a problem when alkali
carbonates were used in the PDU but could perhaps be avoided with
cool down of the bed before gas flow is shut off.

A trimetallic catalyst (Ni-Co-Mo on silica-alumina) was active in PDU
tests for an exposure of 6 1b wood/1b catalyst, far below the life of
the catalyst in laboratory tests (1400 1b wood/1b catalyst). Cata-
lyst activity was depleted during the third test. Repeated tempera-
ture cycles and exposure to air may have contributed to catalyst
deactivation. Doping the catalyst with alkali carbonate may help
extend the exposure time before deactivation. Carbon deposition
appeared to be a major cause of loss in catalyst activity. No

attempt was made to regenerate the catalyst.

Synthesis gas yields at 10 atm (1000 kPa) absolute pressure and
1380°F (750°C) were greater than projected yields from operations at
atmospheric pressure. The methanol yield will, therefore, be greater
than previously reported (Mudge et al. 1981).

PDU operations at 10 atm (1000 kPa) absolute pressure showed
increased yields with increased wood particle size from 1/16 in.
(1.5 mm) to 1/4 in. (8 mm) average size. The increased yields
probably result from an increase in char residence time since the
finer particle size was partially entrained in the product gas.

The superficial linear velocity required for fluidization was above
1 ft/sec (0.3 m/sec) at all process conditions up to 10 atm
(1000 kPa).

Operations at 10 atm (1000 kPa) showed yields that could reduce ear-
lier reported methanol costs (Mudge et al. 1981) by about 9 cents/gal
with operations adjusted to give the proper Ho:CO ratio in the prod-
uct gas.



RECOMMENDATIONS

Conversion of wood to valuable chemical products by steam gasification in
the presence of catalysts appears to be technically and economically feasible.
Yields from gasification at 10 atm (1000 kPa) absolute pressure and 1380°F
(750°C) exceed the yields that were projected from atmospheric studies. These
results enhance the technical and economic feasibility of catalytic gasifica-
tion; however, further studies are recommended to reduce the risk for large-
scale, commercial use. Development of catalyst systems to define techniques
for catalyst handling to avoid losses in large-scale systems is needed. W
recommend studies to determine catalyst mechanisms, develop catalyst systems,
and evaluate the effect of variables on yields at elevated pressure. Updating

of process economics is also recommended.

Laboratory studies on development of catalyst systems for generation of
different gas products is needed. Catalytic mechanisms involved in conversion
of wood to specific products should be investigated. Understanding these
mechanisms would help develop secondary catalysts that are active and resistant
to deactivation. Development of methods for regeneration of secondary cata-
lysts would be aided with knowledge of catalytic mechanisms. Primary cata-
lysts, such as the alkali carbonates, should be studied to determine reaction
mechanisms. Required concentrations for use of primary catalysts and applica-
tion methods should be defined. Methods for separation and recovery of cata-
lysts from char should be developed.

Many problems were solved in completion of pressure operations in the
PDU. Operation at absolute pressures of up to 10 atm (1000 kPa) are now
trouble-free. The PDU should be operated to define fully the effect of
variables such as wood particle size, wood moisture content, and operating
temperature on gas yields. Conditions that use air or oxygen in the blast
should be studied to compare yields to steam-only operation and to develop
conditions for generation of ammonia synthesis gas. Energy requirements should
be determined by conducting long-term (5-day) tests. The effects of tempera-
ture cycling and exposure to air on catalyst life should be determined in long-
term tests. A trimetallic catalyst doped with alkali should be prepared for



testing in the PDU. An active catalyst resistant to poisoning is the major
need for continued process development. Alkali carbonates, a promising
alternative to trimetallic catalysts, should be tested to determine if fusion
in the fluid bed can be prevented.

Catalysts are effective for reforming and cracking volatile products from
biomass gasification. Schemes that employ catalysts in separate vessels should
be investigated. Bench-scale studies should be conducted to develop economic
systems for generation of valuable gas products. The studies should employ
fluid-bed reactors for simulation of single-vessel and dual-vessel operation.
These studies would effectively evaluate conditions and catalysts for gasifica-
tion of biomass to produce valuable gas products. Promising systems developed
in the bench-scale studies could be tested in the PDU.

A program to evaluate the effect of yield changes on process economics and
to update economics is available. New results should be used as they become
available to assess their impact on process economics. Methods for evaluation
of the economics of new plant configurations should be developed.



LABORATORY STUDIES

The primary objectives of the laboratory studies were to obtain a funda-
mental understanding of the catalytic gasification of biomass and develop long-
lived catalyst systems for use in the fluid-bed PDU and eventually in a full-
scale plant. Results of these studies, presented in the following sections,
serve as a basis for PDU operation and provide key technical inputs for process
economic evaluations.

EXPERIMENTAL EQUIPMENT A\D FEED MATERIALS

Experimental equipment used in the laboratory studies include the
laboratory-scale gasifiers and analytical systems for product and catalyst
analysis. Wood was the primary feed material used, although several agri-
cultural residues were also tested.

Laboratory Gasifiers

Laboratory studies were conducted primarily in two continuous-wood-feed
reactors. These reactors, constructed of quartz glass and operated at atmo-
spheric pressure, are shown in Figure L Wood is fed into the top of the
reactor and gasified in the presence of various reactants. Water, tars, and
water-soluble organics are condensed and collected before the gas is metered
and analyzed. Char and ash accumulate on a support just above the catalyst bed
and are vacuumed out periodicallya

The reactor system is flexible with respect to experimental variables
including: 1) wood feed rate, 8-12 g/hr; 2) steam rates, 3-60 g/hr; 3) cata-
lyst weight, 10-30 g/hr; 4) temperature, 500-850°C, and 5) addition of reactant
gases (air, oxygen, COp, recycle gas).

Despite the differences in gas/solid contacting between the laboratory-
scale reactors and fluid-bed PDU, similar results are obtained. The space
velocity of the hot gases over the catalyst in the laboratory reactors is
typically 1000-2000 cm3/g catalyst/hr with corresponding residence time of
1.5-3.0 sec. These are similar to the gas/catalyst contact times achieved in
the PDU and the composition of gases produced in both systems under similar
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conditions is nearly identical. Char residence time is significantly longer in
the laboratory gasifiers and total carbon conversion is correspondingly higher
than that achieved in the PDU.

Feed Materials

Three different types of wood were used in the laboratory studies. The
primary feedstock was a maple/alder headrig sawdust which has been the primary
feedstock for the PDU. Laboratory samples were obtained by screening the PDU
feedstock material and separating the -7 + 40 mesh fraction, Other wood
species that were used were maple and Douglas Fir. Wood was the feedstock for
all tests discussed unless otherwise indicated.

Tests were also performed on four agriculture residues. Bagasse pellets
were obtained from Davies Hamakau, Inc. in Hawaii and ground to the appropriate
size. Rice straw, alfalfa, and almond hulls were obtained as cubes from Warren
& Baerg, Inc., Dinuba, California. They were also ground to the appropriate
size. With the feed system on the laboratory gasifier we were unable to feed
agricultural residues that had not been densified.

The chemical and physical characteristics of these materials are shown in
Table 1, The elemental composition is determined with a Perkin-Elmer 240 ele-
mental analyzer. Ultimate analysis is based on ASTM D3175. The primary
differences between the materials are the ash content and the density. On a
moisture and ash-free basis the materials have nearly identical elemental
composition.

Product Analysis

Gases from the laboratory gasifiers are collected in plastic (Ted]ar)(a)
bags and analyzed with a Carle AGC-S gas chromatograph. Char is vacuumed from
the gasifiers, weighed, and then analyzed with the Perkin-Elmer 240. Tar is
separated from the water, weighed, and analyzed with the Perkin-Elmer 240. A
Dohrmann DC80 carbon analyzer is used to determine the carbon content of the
product water.

(a) Trademark of DBuPont.
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TABLE 1. Composition of Feedstocks

Maple/Alder
Headrig
Ana1ysis(a) Sawdust Maple Douglas Fir Bagasse Rice Straw Alfalfa Almond Hulls

Proximate Analysis

Volatile Matter 82.5 -- 85.7 64.6 59.5 67.3 68.5

Fixed Carbon 16.2 -- 14.2 22.1 20.6 21.7 24.9

Ash 1.3 -- 0.1 13.3 19.9 11.0 6.6
Ultimate Analysis

Carbon 46.5 48.7 48.6 43.0 39.0 45.0 43.6

Hydrogen 6.1 6.0 6.2 5.0 4.8 5.1 5.5

Oxygen 45.5 43.6 42.7 37.6 34.0 37.0 42.0

Nitrogen 0.1 0.1 0.1 0.3 0.1 2.8 0.8

Ash .3 0.2 0.1 13.3 19.9 11.0 6.6
Heating Value

kd/kg 19,300 19,900 19,800 18,100 16,900 20,600 19,700

Btu/1b 8,300 8,570 8,530 7,780 7,280 8,860 8,470
Physical Properties
as Processed

Moisture content, wt% 0-5 0-5 0-5 8.3 9.1 11.9 10.3

U.S. Screen s ze -7 + 40 -7 + 40 -7 + 20 -14 -14 -14 -7 + 20

Bulk Density g/ ci 0.15 0.12 - 0.20 0.14 0.25 0.61

(a) A11 analyses wt% on a dry basis except where indicated.



Catalyst Preparation and Analysis

Early studies primarily used commercial catalysts. It became apparent
that use of these catalysts was not ideal, particularly in the fluid-bed PDU.
W. R Grace, Inc. supplied several catalysts prepared to our specifications and
many other catalysts were prepared at PNL

Catalysts were prepared at PNL using two techniques: 1) metal impregna-
tion by the incipient wetness method on commercial support materials, and
2) coprecipitation of high-surface-area, highly-dispersed metal catalysts. All
supported metal catalysts were reduced for 18 hr at 450°C in hydrogen prior to
start-up of testing.

An Aminco-Dietz Sor-BET surface area meter was used to determine total
surface area. Metal surface area based on hydrogen chemisorption was deter-
mined using the apparatus shown in Figure 2 Surface area measurements were
made on both fresh and used catalysts. Used catalysts were also analyzed with
a Perkin-Elmer 240 to determine carbon deposition.

PRELIMINARY CATALYST SCREENING RESULTS

Early laboratory studies were'directed at gaining a basic understanding of
biomass gasification and selecting appropriate catalysts and operating condi-
tions for the production of specific gas products by steam gasification.
Results of these studies are included in the interim report "Investigations on
Catalyzed Steam Gasification of Biomass," PNL-3695 (Mudge et al. 1981) and will
only be summarized here.

Gasification of biomass with steam involves a combination of three types
of reactions:

1 Pyrolysis to produce gaseous products (Hp, CO, COp, CHz and some
heavier hydrocarbons), tar, water soluble organics (acetic acid,
methanol, acetone, esters, and aldehydes), and char

2 Reaction of char from 1 with H20, C02, and Hy to produce Hp, CO,
CH4, and C02

11
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3. Reforming and condensation of the products of 1L and 2 to produce
additional gas products, tars, and char.

In studying catalytic steam gasification we have used alkali carbonates impreg-
nated or mixed with the wood to enhance the steam char reaction. These were
referred to as primary catalysts. Supported metal catalysts were used to cata-

lyze the gas phase reactions and were referred to as secondary catalysts.

Primary Catalysts

The effectiveness of four different catalysts (potassium carbonate, sodium

carbonate, trona, and borax) was evaluated (Mudge et al. 1981). These cata-
lysts were chosen because: 1) experimental investigations showed them to be

12



effective catalysts for other materials (coal char), and 2) they are relatively
inexpensive. Two different catalyst concentrations, 3 x 1073 and 3 x

10-4 g-moles/g wood, were studied at 550°C, 650°C, and 750°C. These concen-
trations correspond to 0159 to 0.0159 g NayC03/g wood and 0207 to 0.0207 g
KoC03/g wood. The main conclusions of these studies on primary catalysts were:

e Alkali catalysts significantly increase the yield of gases from pyro-
lysis of biomass primarily at the expense of 1iquid yield.

e The order of catalyst effectiveness is K,C03, NapCO3, trona, borax.

e The char remaining after pyrolysis is more reactive with respect to
steam gasification at temperatures greater than 550°C,

e The steam-char reaction rate increases with increasing alkali
concentration.

e The catalyst appears to increase the steam-char reaction rate by

increasing the carbon surface area available for reaction.

Secondary Catalysts

The main gas phase reactions that occur during steam gasification are
shown in Table 2 The conditions and catalysts used for these reactions in the

hydrocarbon processing industries are also included. Using this and equilib-
rium data on the C-H-0 system as a basis we selected operating conditions and
catalysts for production of methane, methanol synthesis gas (2H,/C0), ammonia
synthesis gas (3H,/N,), and hydrogen.

Gasification of biomass with steam is endothermic. At temperatures above
about 500°C, heat must be added to the gasifier to maintain the reaction tem-
perature. While this is not a problem in laboratory studies, in a commercial-
scale unit the amount of heat that can be added economically is limited.
Experience with the PDU and economic evaluations of large gasifiers indicated
that 750°C is the maximum practical upper limit. W also set 550°C as the
minimum gasification temperature. Production of methane is thermodynamically
more favorable at lower temperatures; however, carbon conversion and the rate
of gas production are too low to be economically feasible.

13



TABLE 2. Gas Phase Reactions in Steam Gasification of Biomass
(Thomas 1970; Venuto 1979; Rostrup-Nielson 1975)

Temp (°C) Press (atm) Catalysts
1 Shift Reaction 315-485 1-20 Metal oxides: Fe,
(CO + H20 2 C02 + H2) Cr, CU, Zn
2 Methanation 230-450 1-300 Ni on a support
(CO + 3Hy 2Z CHy + Hy0) (silica, alumina,
refractory)
3. Hydrocarbon Reforming 550-1000 1-40 Ni on oxides
(CnHm + n Hy0 2 n CO + (alumina, magnesia)

(n + m/2)H2)

4. Cracking 250-500 2-200 Silica-alumina, Ni
and W on silica-

alumina

Table 3 shows typical results obtained for each case at the optimum con-
ditions determined by our studies. The gasification temperature was con-
strained to 550-750°C as previously indicated, and all tests were run at
atmospheric pressure. No tar or condensible organics were produced in any of
the cases as long as the catalyst was active; char was the only byproduct.

Gasification tests made using a combination of primary and secondary
catalysts showed little improvement over using secondary catalysts alone, so
primay catalysts were dropped from consideration. Subsequently, it was found
that alkali carbonates were as effective as secondary catalysts for production
of methanol synthesis gas, and they were used in this manner.

CATALYST LIFETIME STUDIES

An effective catalyst for the production of specific gases by catalytic
steam gasification of biomass will:

e have the right chemical and physical properties to promote the
desired reactions
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TABLE 3. Production of Specific Gases from Biomass by Steam Gasification

Product Gas

Methane-Rich Gas

Methanol
Synthesis Gas

Ammonia Synthesis Gas

Hydrogen

Secondary Catalyst Harshaw 3266

Ni/support
Gasification 540-560
Temperature, °C
<rtalyst 550-560
lemperature, °C
Steam/wood, g/g 0.33
Air/wood, g/g -
Carbon Co?v?rsion 68
to Gas, %'
Gas Composition,
vol%
H, 29.5
co, 34.3
co 10.8
CHy 25.4
C2+ tr
N, --

(a) No liquid products were formed when the catalysts were active.

Harshaw 3266
Ni/support

740-770

740-760

0.70

90

53.1
15.5
28.3
3.1
0.1

Girdler G-93 Co-Mo
Co—Mo/A1203

640-660
650-670

1.60
0.65
65

50.7
21.2
7.3
2.7
0.3
17.8

Girdler G-3,
Harshaw 1404
Fe-Cr, Ni/support

740-770

720-750

5.7

78

64.1
29.9

Char is the only other product.



e be resistant to deactivation or be easily regenerated
® Dbe physically durable in fluid bed operations.

Preliminary catalyst screening studies identified numerous active catalyst
systems for the production of methanol synthesis gas, methane-rich gas, ammonia
synthesis gas, and a hydrogen-rich gas. For the past 18 months laboratory
studies have concentrated on evaluating deactivation and regeneration of pro-
spective catalysts and studying their durability in fluid-bed systems. Cata-
lysts for a methanol synthesis gas and a methane-rich gas have been emphasized.
Because production of ammonia synthesis gas and a hydrogen-rich gas is similar
to production of methanol synthesis gas, catalyst lifetime information for
these systems can be extrapolated from the methanol synthesis gas case.

In all of the cases no tar was formed as long as the catalyst was active.
Appearance of tars in the reactor condenser (see Figure 1) was one of the first
signs of loss of catalyst activity. Some deterioration in the gas quality was
usually noted prior to the appearance of tars; however, once tars began appear-
ing in the product gas, gas quality deteriorated quite rapidly. W defined
catalyst lifetime as the weight of wood processed per unit weight of catalyst
prior to the appearance of tar in the product gas.

Early in the lifetime studies it became apparent that carbon deposition
was a serious problem with respect to catalyst deactivation. Reactions which
deposit carbon include:

1. 200 2

2. CHy 2 C + 2H,
3. CqHn — polymers ™ coke + XH,

4. Phenols —= coke + gases

Carbon is removed from the catalysts by the carbon-steam reaction:
5 C +H0 & Hp +CO

and by the reverse of reaction 1



Even though the equilibrated gas may show no affinity for carbon forma-
tion, in an open thermodynamic system carbon may be stable in a steady state,
and the accumulation of carbon may continue. The question of whether there is
a net buildup of carbon, and subsequent catalyst deactivation, is thus a
kinetic one and is influenced by the choice of catalysts (Rostrup-Nielsen 1974,
Wang 1982).

Another cause of loss of activity is thermal sintering. Sintering is the
loss of metal surface area due to growth in nickel particle size on the cata-
lyst. This is particularly troublesome with high-surface-area, dispersed-metal
catalysts such as those used for methanation (Reucroft 1980). Support mate-
rials can also lose their porosity and surface area when subjected to high
temperatures, particularly in the presence of steam. In general, support
stability increases in the following series: silica, alumina, silica-alumina,
ceramic supports.

Sulfur compounds are notorious for deactivation of Ni catalysts by forma-
tion by sulfides (Rostrup-Nielsen 1975). With wood as the feedstock, sulfur
was not a cause of catalyst deactivation as determined from analysis of the
catalyst for sulfur after exposure. With bagasse as a feedstock, poisoning of
the catalyst by sulfidation was noted.

Catalyst for Methanol Synthesis Gas (MSG)

Preliminary screening studies showed supported nickel catalysts to be the
most effective for production of methanol synthesis gas (MSG). During the
course of the lifetime studies we discovered that alkali carbonates are effec-
tive catalysts for the production of MSG. Table 4 shows typical results
obtained with several types of catalysts at 750°C and atmospheric pressure. W
determined the catalyst lifetime for many different catalyst systems and tried
to define the mechanism of catalyst deactivation. The catalysts listed in
Table 4 all show the potential for a long lifetime in laboratory studies.

The lifetimes of catalysts tested for methanol synthesis gas are shown in
Table 5  Catalysts with a high nickel loading and a high metal surface area
generally had lifetimes of less than 100. Examples are Harshaw Ni-3266,

17
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TABLE 4.

Methanol Synthesis Gas Production from Wood with Various Catalysts at 750°C, 1 atm

United, G-90C Ni-Co-Mo/ Impregnated Ni, Na,C05/ Na,C04/
Ni/Ceramic $10,-A1,04 on Wood Al,04 Al,04
Steamlwood, glg 1.2 0.9 1.0 0.9 1.0
Gas Composition, vol%
Hp 53.0 50.0 2.4 47.9 46.7
o, 21.3 19.2 21.8 21.6 24.2
CHy 5.5 5.8 3.2 6.4 7.9
co 19.7 24.7 21.4 22.9 10.7
c,’ 0.6 0.3 1.2 1.1 1.5
Carbon Conversion, wt%
To gas 93 93 90 98 97
To char 1 7 10 2 3
To liquids -- -- -- tr tr
Synthesis Gas Yield, nm3 1.27 1.26 1.23 1.17 1.05

(Ho + CO)/kg fe

ed

(a) Average of

four tests.

None(a)

1.0

42.7
24.6
8.7
21.8
2.4

87

tr

0.84



TABLE 5

Nickel Catalysts

Lifetime of Catalysts Tested for the Production
of Methanol Synthesis Gas at 750°C, 1 atm

Catalyst Lifetirne
g wood/g catalyst

Harshaw Ni/Support, Ni-1404 52, 100(a)
Ni/Support, Ni-3266 74, 23
Girdler(c) Ni/Refractory, C-13-3 17 .
United Catalysts Ni/Refractory, G-90C 60(2)
PNL Ni/Al 203 17, 50
Grace Ni/Al»03 70
Combination Nickel Catalysts and Cracking Catalysts
Harshaw Ni-1404 and Grace Si0,-A1503 16
Nickel Alloy Catalysts
Harshaw Ni-Cu-Mo/A1,03, Ni-XL-664A 188(a)
Grace Ni-Cu-Mo/A1,03, SMR-1 52
Ni-Cu-Mo/Si0,-A1503, SMR-2 100(a,b)
Ni-Co-Mo/A1,03, SMR-3 80,(2) ga(b)
Ni-Co-Mo/Si0,-A1,03, SMR4 1470(2,b)
PNL Ni-Cu-Mo/A1,04 30, 30(a)
Alkali Carbonate Catalyst
PNL Ni/NapCO3/AT,05 90(2)
PNL KoCO3/A1504 go(a)
Others
Girdler(c) Cu-Zn NA
Feo03 NA
Harshaw CoMo/A1,03 MT-40 NA
Strem rnordenite molecular sieve NA
type y rnolecular sieve NA
Grace Si07-A1503 NA

(a) Still active when test was terminated.
(b) Impregnated with 2% Na at PNL

(c) Now part of United Catalysts.

NA Not active.
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Ni-1404, and Girdler C-13-3. These catalysts are hydrogenation and methanation
catalysts and are generally not to be used above 500°C.

A series of trimetallic nickel alloy catalysts developed by PNL with the
aid of W R Grace had significantly longer lifetimes as shown in Table 5 One
of these catalysts, Ni-Co-Mo on a silica-alumina support. doped with 2 wt% Na,
ran for over a year in a laboratory reactor without deactivation. A lifetime
of 1470 g wood/g catalyst was achieved before the test was terminated with the
catalyst still active. Table 6 shows the progress of this test.

At the start of a test the trimetallic catalysts are not quite as active
as the high metal surface area catalysts in terms of the yield of synthesis gas
per gram of wood. The trimetallic alloy catalysts maintain their activity for

a much longer period of time, as shown in Figure 3

Several other supported catalysts which show potential for long life times
include: 1) United G-90C, a steam reforming catalyst for severe coking condi-
tions, 2) alkali carbonates supported on alumina or silica alumina, and 3) sup-
ported alkali carbonates doped with small quantities of nickela

Another option for production of MSG is the use of alkali carbonates
impregnated or dry mixed with the biomass. These catalysts were originally
tested for their catalytic effect on the carbon-steam reaction, but studies in
this and other projects at PNL indicate that they also catalyze gas phase reac-
tions (Hallen et al. 1982). Laboratory studies indicate these catalysts are as
effective as nickel catalysts for the production of methanol synthesis gas (see
Table 4). Recovery of these catalysts from the char has been demonstrated
(Mudge et ala 1981).

All supported metal catalysts tested were deactivated to some degree com-
pared to their activity at startup. Table 7 shows the BET and metal surface
areas of several catalysts tested. The metal surface area of the Harshaw
Ni-3266 was reduced from about 50 mz/g to 03 m2/g after a lifetime of 74. The
Grace SMR4 had only 4 m2/g of metal surface area originally, but still had
11 mz/g after a lifetime of 670 and 04 m2/g after a lifetime of 1470.

This loss of surface area is probably due to both thermal sintering and
carbon deposition. Both the Harshaw Ni-3266 and the Grace SMR4 lost over 50%
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TABLE 6. Lifetime Study with Ni-Co-Mo/Si0,-A1,05 Catalyst:*!

Date
4/2/81 5/8/81 8/13/81 11/17/81 2/22/82 3/17/82 4/8/82
Lifetime, g wood/ Start 100 580 816(2) 1197 1358 1469
g catalyst
Steam Rate, g¢/g wood 0.8 0.9 1.6 1.1 0.9 0.9 09
Gas Composition, vol%
Ho 51.5 49.6 47.1 43.6 45.9 51.7 50.9
002 16.3 19.4 25.9 23.6 22.2 18.8 19.4
CHy 4.0 6.8 7.6 8.2 8.0 5.3 5.0
co 28.0 24.0 18.1 23.6 23.1 24.1 24.4
CoHy 0.0 0.2 0.3 0.5 0.5 0.1 0.2
CoHg 0.0 0.04 0.5 0.5 0.4 0.1 0.1
Carbon Oor(w?rstion 91 90 95 98 98 95 90
to Gas, %'
Sygthesis Gas Yield, 141 1.24 1.09 1.08 1.10 1.33 1.21

m/kg wood

(a) Conversion to liquid is very small, less than 0.1%. The rest of the carbon is converted to char.
(b) At a lifetime of 802 the reactor plugged and the catalyst had to be removed from the reactor.
After being replaced in the reactor and reduced the catalyst had lost activity and a significant

quantity of tar was formed. The catalyst was regenerated with steam at 800°C and then reduced.
Activity was restored to the level prior to shutdown.
(c) Doped with 2 wt% Na as Va,C03.
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TABLE 7. Typical Surface Areas of Catalysts Used for Methanol Synthesis Gas
Fresh Used
BET Surface Metal Surface(a) BET Surface Metal Surface

Catalyst Area, m2/g Area, m2/g Area, m2/g Area, m2/g
Harshaw Ni-3266 150 58,48 75,47 0,0.3
United C-13-3 64 32 - --
Harshaw Ni-XL-6644 129 6 32 0.4
Harshaw Ni-1401 125 - - -
Grace Ni-Co-Mo/S105-A1,04 204,209 4 72,51 1.1,0.4
Grace Ni-Cu-Mo/A1,04 109,117 6 41 --
(a) For alloy catalysts, this is the equivalent Ni surface area.



of their metal surface area after steaming at 550°C for 48 hr. Both catalysts
also had carbon on them after their lifetime tests, as shown in Table 8 The
Harshaw Ni-3266 had 20 wt% carbon on the catalyst after a lifetime of 74. The
Grace SMR4 had 7 wt% after a lifetime of 100, 5 wt% after a lifetime of 670,
and 4 wt% after a lifetime of 1470. Interim report PNL-3695 (Mudge et al.
1981) represents scanning electron microscope micrographs, which show a gradual
buildup of carbon on the surface of the Ni-3266 catalyst during a lifetime
test.

We attempted to regenerate the Ni-3266 catalyst by passing steam over the
catalyst at 750-800° for 64 hr. Steam was continued until no more carbon
oxides were present in the off gas. The catalyst surface area after regenera-
tion was basically the same as the "coked" catalyst. This indicates that the

catalyst was sintered. The catalyst had a lifetime of only 4 g wood/g catalyst
after regeneration.

TABLE 8 Carbon Deposition on Catalysts Used for Methanol
Synthesis Gas at 750°C, 1 atm

Carbon on Used

Catalyst Catalyst, wt%
Harshaw Ni-3266 20
United C-13-3 21
Grace Ni-Co-Mo/Si02-A13, 2% Na 7,5,4
Ni-Cu-Mo/AT,03, 2% Na 7
Ni-Co-Mo/A1203 3
Ni-Co-Mo/A1,03, 2% Na 4
Ni-Cu-Mo/Si02-A1203 2
Ni-Cu-Mo/Si0,-A1,05(2) 13
United G-90C 0.1
PNL K»C03/S10-A1,03 0.4
PNL Ni/Na,C03/A1,05 0.4

(a) Tested at 650°C.

24



The Grace SMR4 catalyst had to be removed from the reactor after a life-
time of 800 due to a plug in the reactor. When the catalyst was replaced and
reduced, it was not active. W then passed steam over the catalyst at 750-
800°C for 72 hr until there were only small quantities of carbon oxides in the
off gas. After being reduced, the catalyst regained its original activity
prior to the shutdown and remained active until the test was terminated after a
lifetime of 1470 g wood/g catalyst.

This indicates that sintering is a severe problem for the highly loaded,
high metal surface area catalysts, but not as serious for the lower metal sur-
face area catalysts. Carbon deposition occurs on both catalysts but appears to
stabilize at 3-6 wt% on the SMR4. Bimetallic and trimetallic catalysts are
known to be more stable than nickel catalyst with respect to both sintering
(Cusumano 1978) and carbon deposition (Van Hook 1980, Araki 1976).

Two types of catalysts had little or no carbon deposited on them at the
end of a test. United Catalysts G-90C is a catalyst developed specifically for
difficult reforming conditions. It contains nickel on a ceramic support.
Catalysts containing 25 wt% alkali carbonate (K,CO3 or Na,C03) impregnated on
alumina also have little or no carbon on them at the end of a test. This is
probably due to the catalytic effect of the alkali on the carbon-steam reac-
tion. These catalysts are not as active as Ni catalysts with respect to the
yield of synthesis gas per gram of wood. W& doped one of these catalysts with
10 wt% Ni to increase its activity as shown in Table 4 The activity was
improved, but a longer test is needed to see if the activity is maintained.

The temperature in the reactor is significant with respect to deactivation
of supported catalysts. At 650°C the SMR-2 catalyst only had a lifetime of
59 g wood/g catalyst and had 15 wt% carbon on it at the end of the test. At
550°C the lifetime of the catalyst is only about 5 g wood/g catalyst.

Conclusions derived from studies on catalysts for production of methanol
synthesis gas are:
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e Highly loaded, high metal surface area nickel catalysts, such as
those used for hydrogenation and methanation, have short active life-
times. Loss of activity appears to be due to both sintering and
carbon deposition.

e Trimetallic nickel catalysts are more stable with respect to sinter-
ing and carbon deposition and have long active lifetimes in the
laboratorys

e Catalysts developed for severe steam applications such as United
G-90C also have the potential for long lifetimes.

e Catalyst lifetime is sensitive to gasifier operating temperature.

e Supported alkali carbonate catalysts have the potential for long
lifetimes but must be doped with Ni to increase their activity.

e Alkali carbonates impregnated on the biomass feedstock are nearly as
effective as nickel catalysts.

Catalysts for Methane-Rich Gas (MRG)

Results of the early catalyst screening studies indicated that the most
effective catalysts for production of a methane-rich gas (MRG) have the fol-
lowing properties:

e a nickel loading of 25 wt% or greater

m a BET surface area of 100 m2/g catalyst or greater

e a nickel surface area of 30 m2/g catalyst or greater.
The results obtained with these catalysts at 550°C and atmospheric pressure are
quite similar to those shown for Harshaw Ni-3266 in Table 3.

The lifetime of catalysts tested for production of MRG ranged from 1 to
78 g wood/g catalyst. Most of the commercial catalysts tested had lifetimes
under 10 g wood/g catalyst, as shown in Table 9. Catalysts with the longest
lifetimes were catalysts prepared at PNL by coprecipitation (see Table 10).
These generally contained 40-50 wt% nickel. This is the type of catalyst that
is being developed for methanation for production of SNG. Addition of about
10 wt% Fe to the catalyst increased the catalyst lifetime somewhat. Other



TABLE 9. Lifetime of Commercial Catalysts Tested for Production
of a Methane-Rich Gas at 550°, 1 atm

Nickel Catalysts

Catalyst Lifetime
g wood/g catalyst

Harshaw Ni/Support, Ni-3266 10, 52,(e) 2(a)
2,(b) 1(c)
Harshaw Ni/Support, Ni-1404 1
Harshaw Ni/Support, Ni-3210 1
Harshaw Ni/Support, Ni-5124 1
Harshaw Ni/Kieselguhr, Ni-0101 NA
Grace Ni/A1203 13
Girdler(d) Ni/Refractory, G-56B 2
United Catalyst Ni/Refractory + Ni/A1,03, 29
G-90C + C150-4-03
United Catalyst Ni/Refractory, G-90C NA
Nickel Alloy Catalysts
Grace Ni-Cu-Mo/A1203 4
Grace Ni-Cu-Mo/Si03-A1,04 6
Grace Ni-Co-Mo/A1,04 8
Harshaw Ni-Cu-Mo/A1203, Ni-XL-664A NA
Harshaw Ni-Mo/Al 203, HT-500 NA
Harshaw Ni-W/A1,03, Ni-4301 NA
Girdler(d) Ni-Co/Refractory, 6-87 NA
Others
Strem Ru/AT,03 NA
S trem Rh/A1203 2
Strem Pd/A1503 NA
Harshaw Co-Mo/A1203, HT-400 NA
Grace Si0,-A1203, 980-13 2
Harshaw Si02-A1,03 2
Union Carbide SiOZ-A‘|203, Zeolite, LZY-82 3

(a) Impregnated with 2% Na

(b) Impregnated with 2% K

(c) Impregnated with 2% Fe.

(d) Now part of United Catalyst.
(e) After regeneration.

NA Not active.



TABLE 10. Lifetime of Catalysts Prepared at PNL and Tested for
Production of a Methane-Rich Gas at 550°C, 1 atm

Catalyst Lifetime

Prepared by Impregnation on_a Commercial Support g wood/q catalyst
Ni/Si09-A1,03 5,3
Ni-Cu/Si05-A1,04 2,4
Ni-Co/Si05-A1,03 2
Ni-Mo/A1,04 1
Ni-Fe/Si02-A1903 5
Ni-Fe/A1503 3,3
Ni/5109 4,5

Prepared by Coprecipitation

Ni-Fe/A1,03 73,41,50,78
Ni-Fe-Mg/A1503 44 56
Ni-Co/A1,03 49
Ni-Cu=Fe/Al 203 20
Ni-Fe-Ca/A1,045 (impregnated with 2% K) 13
Ni-Fe/A1,03 (impregnated with 2% Pb) 60
Ni-Cu/A1203 8,10
Ni/A1,03 (impregnated with 1%Pt) 20,51
Ni/Si0, 53
Ni-Fe/Si@ 8
Ni-Fe/A1,03 (impregnated with 2% Na) 58
Ni-/A1,05 (impregnated with 0.5% Ru) 23
Ni/Si0p (impregnated with 1%Pt) 1

additives such as Co, Cu, Mg, Na, K Pt, Ru, and Pb had little or no effect.
The properties of the Ni-Fe/A1,04 catalyst which had the longest lifetime are
shown in Table 11

The active lifetime of the catalyst seems to be related primarily to the

amount of active metal surface area on the catalyst as shown in Figure 4  Work
at the University of Louisville indicates the maximum metal surface area that



TABLE 11 Properties of Ni-Fe/A1,03 Catalyst Used
for Production of Methane-Rich Gas

Composition BET Surface Area Metal Surface Area
52 wt% Ni 150 m2/g catalyst 59 mz/g catalyst
13 wt% Fe

35 wt% Alo04

can be achieved with coprecipitated nickel catalysts is in the range of 40-
60 mz/g (Reucroft 1980). Other methods of catalyst preparation result in even

less surface area.

Deactivation of high surface area, dispersed metal catalysts is a compli-
cated phenomenon in which chemical poisoning (carbon deposition in our case)
and thermal sintering may both be involved (Reucroft 1980). At temperatures
over 500°C, sintering (the loss of metal surface area due to growth in nickel
particle size on the catalyst) may be a significant cause of deactivation. Two
coprecipitated catalysts were steamed at 550°C for 48 hr and their surface area
was reduced by 50-70%. This rate of surface area loss corresponds approxi-
mately to the rate of loss of activity.

Deactivated catalysts generally had 15-30 wt% carbon on them, indicating
carbon deposition may also be a problem. Some catalysts were tested in both
the methane case and the methanol synthesis gas case at 750°C, and in all
instances had longer active lifetimes at 750°C where sintering should be more
severe than at 550°C. It is likely that both sintering and carbon deposition
contribute to catalyst deactivation at 550°C.

An attempt was made to regenerate the Ni-Fe/A1,03 catalyst by passing
steam over it at 550-600°C. It took over 240 hours before the amount of carbon
oxides in the off gas began to drop significantly indicating most of the carbon
had been removed. The regenerated catalyst only had a lifetime of 4 g wood/

g catalyst. Attempts were made to regenerate several other catalysts. The
best results were achieved with Ni-3266 which had a lifetime of 52 g wood/
g catalyst after regeneration compared to 10 g wood/g catalyst as a fresh
catalyst.
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The lifetimes achieved with even the best catalysts for production of MRG
are not economically attractive. In addition, regeneration is not very effec-
tive and takes a long time. Development of a long-lived catalyst system for
production of MRG directly from biomass will require a better understanding of
the mechanisn of deactivation, and probably a novel catalytic system.

Catalysts for Hydrogen-Rich Gas and Ammonia Synthesis Gas

Screening studies were conducted to identify catalysts to produce a
hydrogen-rich gas and ammonia synthesis gas (Table 3). No lifetime studies
were performed; however, based on the results of lifetime studies for methanol
synthesis gas it is unlikely that any of the catalyst systems suggested for
these cases (see Table 5) will have long lifetimes.

The trimetallic catalysts developed for methanol synthesis gas can be used
for production of hydrogen-rich gas and ammonia synthesis gas at 750°C and
1 atm, as shown in Table 12. Based on the methanol synthesis gas studies the
catalysts should have good lifetimes; however, the effect of oxygen on catalyst
l[ifetime in the ammonia case and the lifetime of the shift catalyst in the
hydrogen case are unknown. In the fixed-bed laboratory gasifier, little oxygen
reached the catalyst bed in the ammonia case. But in a fluidized bed unit the
catalyst would be exposed to some oxygen from air in the fluidizing gas.

Alkali carbonates impregnated on the wood are also effective catalysts for
production of hydrogen and ammonia synthesis gas, as shown in Table 12. Other
catalyst possibilities include supported alkali carbonates and steam reforming
catalysts such as United G-90C,

Catalyst Attrition

One problem encountered in operation of the fluidized bed PDU is catalyst
attrition. Most commercial catalytic fluid-bed reactors use a finer mesh cata-
lyst than is used in the PDU gasifier. With small catalyst particles, circu-
lation, flow and mixing are good and attrition is low. Although data are
limited, it appears that fluidization is not as good and attrition is appre-
ciably higher with large particles (Kono 1980, Wen 1977).



TABLE 12. Production of Hydrogen-Rich Gas and Ammonia Synthesis Gas
at 750°C, 1 atm

Catalyst
Product

Steam Rate, g/9 wood
Air Rate, g9/9 wood

Carbon Conversion(2)
to Gas, wt%

Gas Composition, vol %
Ha
0,
CHg
co
C2
N2

Potential Ny Yield(P)
kg/kg wood

Hydrggen Yield(c/b)
nm>/kg

Ni-Cu-Mo/Si0,-A1,04

Impregnated on Wood

NHy SynGas Ho
21 29
07 -
97 91
44,5 55.2
24,9 28.4
3.7 4,8
9.0 11.2
0.7 0.5
17.5 --
0.60 --

- 1.00/1.20

(a) The remainder is converted to char,
(b) Includes shifting CO to make additional Hy, no reforming.

(c) Without shifting.

NH, SynGas Ho
1.2 2.6
0.6 --
87 91

40.2 55.1
22.1 28.6
2.6 4,1
14.4 10.9
0.7 1.3
19.3 --
0.53 -

- 0097/1.16

no liquids were formed.

Two different laboratory fluidized beds were used to screen catalysts for

their resistance to attrition:

1) a 5-cm ID.
fluidized with air at ambient temperature,

lysts, shown in Table 13, were used for the tests.

catalysts are tested in the PDU at expected process conditions.

In most of the tests,

a lower steady-state rate within the first 24 hours.

model in which the catalyst was
and 2) a heated 2-cm ID.
which was fluidized with steam and hydrogen at 750°C.

model
Three different cata-
In the final evaluation

attrition was high at first and then leveled off to

The rate of attrition for

all of the catalysts was low at the lowest fluidization velocity tested, but

32




£e

TABLE 13. Results of Laboratory-Scale Catalyst Attrition Tests

Catalyst Grace Ni/A1,0, F-1081§?ﬁmina Grace Ni-Cu-Mo/A1,0, {SMR-2)
Reactor 1.D., cm 51 51 5. 5.1 51 51 51 51 2.1 2.1 2,0
Fluidizing Gas Air Air Air Air Air Air Air Air {b) (b) (‘
Temperature, °C 20 2) 20 20 20 20 20 20 750 750 750
Velocity, cm/sec 23 3 52 16 31 12 23 34 14 12 13
Velocity, ft/sec 0.75 1.0 1.7 0.53 1.0 0.40 0.75 1.1 0.47 0.41 0.43
Duration of Test, hr 120 132 168 144 96 216 144 90 168 408 153
Steady-State 0.007 0.012 0.033 0.004 0.009 0.006 0.025 0.12 0.008 0.007 0.020

Attrition, %/hr

(a) Used catalyst with 6 wt% carbon.
(b) 90% steam, 10% hydrogen.



increased quite rapidly as the velocity was increased. The steady-state rate
of attrition was found to be a function of velocity in the following manner:

K

010 V3 for Grace SVR-2

K

00076 V2+! for Grace Ni/A1,04

where K is the rate of attrition (percent of original catalyst charge reduced
to fines in one hour) and V is the gas velocity (ft/sec). Fines were defined
as catalyst particles smaller than 100 mesh.

The rate of attrition for the SMR-2 catalyst was higher than the rate of
attrition for a Ni/A1,03 catalyst and a plain alumina catalyst tested at simi-
lar velocities, and was much more sensitive to changes in velocity. However,
the SMR-2 catalyst has a lower bulk density than the other two catalysts (see
Table 14) so it can be fluidized at lower velocities where the rate of attri-
tion is similar to the other two catalysts.

An actual measurement of catalyst attrition in the PDU has not been made,
but it appears to be somewhat higher than that observed in the 5-cm model. A
review of the literature suggested two possible reasons for the increased
attrition in the PDU. 1) steam may reduce the strength of the catalyst sup-
port, and 2) formation of elemental carbon within the catalyst particle may
weaken it (Zenz 1960). To test these possibilities, tests were made in the
2-cm 1.0, heated model fluidized with steam and hydrogen. Tests used fresh
SMR-2 and "coked" SMR-2 (6% carbon on the catalyst) obtained from a laboratory
gasifier. The fresh catalyst showed no increase in attrition compared to tests
using air at ambient temperature. The rate of attrition increased somewhat

TABLE 14. Characteristics of Catalysts Used for Attrition Tests

Grace Alcoa F-100 Grace SMR-2
Catalyst Ni/A1904 Alumina Ni-Cu-Mo/Si05-A15013
Bulk Density, g/cm3 1.3 0.72 0.62
Particle Size, US. -36 + 70 -48 + 80 -40 + 80
Screen
Minimum Fluidization 18 14 11

Velocity, cm/sec



with the "coked" catalyst, but part of this was due to removal of carbon from
the catalyst. V& now believe that the feed screw causes most of the attrition
in the PDU by crushing the catalyst that falls back into it.

EVALUATION G- ALTERNATIVE FEEDSTOCKS

Bagasse, rice straw, alfalfa, and almond hulls were gasified in a continu-
ous laboratory reactor to evaluate the potential of alternative feedstocks for
production of synthesis gas. All samples used were obtained in pelleted or
cubed form and ground to about 14 mesh for use in the laboratory reactors.
Other materials that had not been densified could not be fed into the reactor.

Table 1 shows the composition of all four materials. The samples all con-
tained considerable ash (from 6-20%) and about 10% moisture. On a moisture and
ash-free basis the chemical composition of the alternative feedstocks is quite
similar to wood. The biggest difference between the feedstocks is their bulk
density, which ranges from 014 to 065 g/cc.

Table 15 shows the results obtained with the four feedstocks at about
750°C with 1 gram of steam per gram of feedstock, using a Ni-Cu-Mo/Si0-A1503
(SMR-2) catalyst. Almond hulls were the best feedstock with respect to both
carbon conversion and gas composition, followed by alfalfa. Carbon conversion
and gas quality appear to be related more to the bulk density of the material
than to any other property. This appears to be due to the design of the
laboratory reactor and would not necessarily be the case in a fluidized bed.
The materials with the lowest bulk densities have more stringy, fibrous pieces,
which cause channeling and bridging in the laboratory reactor. When this
occurs, carbon conversion and gas quality are adversely affected.

Overall, the results with the alternative feedstocks were quite similar to
those obtained with wood. The yield data shown in Table 15 are based on the
weight of the feed material as processed. When converted to a moisture and
ash-free basis, results are about the same as those achieved with wood.

Results in the case of almond hulls are greater than those with wood. With
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TABLE 15. Gasification of Alternative Feedstocks for the Production
of Methanol Synthesis Gas with Ni-Cu-Mo/SiOZ-A1203 Catalyst

Bagasse Rice Straw Alfalfa Almond Hulls

Reactor Temp., °C 760 780 760 760
Catalyst Temp., °C 750 730 740 740
Feed rate, g/min 0.20 0.17 0.18 0.22
Steam rate, g/g feed 1.3 ‘ 0.8 0.8 0.7
Gas Composition, vol%

Hop 51.8 50.4 50.4 52.9

002 24.3 23.9 20.8 18.8

CHy 5.5 6.7 5.5 3.8

co 17.8 18.3 22.2 24.2

C,* 0.7 0.7 1.1 0.3
Carbon Conversion, wtk

To gas 81 78 91 95

To char 18 23 --(c) 2
Carbon Balance, %(2) 99 101 91 97
Synthesis Gas Yield, nm 0.85 0.73 0.96 1.2
(Hy + CO)/kg feed
Potential Methanol Yie]d,(b) 0.40 0.34 0.45 0.55
wt/wt of feed
Bulk Density, g/cm 0.20 0.14 0.25 0.65

(a) The quantity of tar and oils produced was negligible for all tests.

(b) Without reforming CH, and C *.

(c) The char yield is determine% by subtracting the weight of ash in the feed material from the
weight of the residue remaining after the test; for alfalfa this resulted in a negative
number.



both alfalfa and bagasse, a slight sulfur odor was noticed. No HsS was
detected in the gas; however, the gas chromatograph used for analysis was not
sensitive to less than 100 ppm of H,S.



PROCESS DEVELOPMENT UNIT STUDIES

The main objectives of the process development unit (PDU) studies are to
determine the yields from gasification of wood with steam in the presence of
catalysts at 10 atm (1000 kPa) absolute pressure and to provide information on
equipment performance for scaling to pilot plant size. Previous studies (Mudge
et al. PNL-3695 1981) determined yields at atmospheric pressure which were
extrapolated to 10 atm (1000 kPa) absolute pressure for economic evaluations.

Equipment in the PDU was modified to allow operation at pressure condi-
tions. Equipment design and operating results are presented in the following
sections along with considerations necessary to allow operation.

DESIGN CONSIDERATIONS FOR PRESSURE OPERATION

Operation at 10 atm (1000 kPa) absolute pressure involves special proce-
dures to assure continued safety. Equipment must be designed to established
codes. Process gas flows change significantly with pressure. The resulting
reduction in equipment size is a prime incentive for pressure operation. The
following sections summarize considerations for pressure operation.

Equipment Design

Many PDU components that were used for atmospheric pressure operations
needed to be redesigned and replaced. The gasifier and the gas-fired heater
did not require replacement. The gas-fired heater had not been used previ-
ously. Design criterion for the pressurized PDU equipment were based on
ANSI B31.1 for the process piping and the ASME unfired pressure vessel code for
process vessels.

The gas-fired heater did not qualify under any of the standard codes. An
analysis of this heater was prepared and presented to the Washington State
Boiler Board. A special license allowing 3000 hr of operation at up to
170 psig (1170 kPa) was obtained for the heater.

Flow Requirements

The most critical design criterion is the flow in the gasifier. The
wood/steam mixture must fluidize in order to allow feed addition, catalyst gas



mixing, and heat transfer from the cartridge heaters. Constraints in the
design were (1) gasifier configuration, (2) cartridge heater capacity, and

(3) gas heater capacity. Specifically, the inside diameter of the gasifier is
775 in. (19.7 cm). The maximum capacity of the cartridge heaters is

119,000 Btu/hr (35 kW); however, heat transfer limits the design capacity for a
750°C bed temperature to 48,000 Btu/hr (14 kW). The gas heater has a

48,000 Btu/hr (14 kW) rating. Conversations with the manufacturer indicated
the gas heater duty could be increased by using a larger burner orifice.

Estimations of gasifier heat requirements were made from equilibrium cal-
culations. At 1380°F (750°C) bed temperature and 10 atm (1000 kPa) absolute
pressure with 075 |b steam/1b wood and 100% carbon conversion, the standard
heat of reaction is 400 to 600 Btu/1b (930 to 1400 kJ/kg) of wood. At 75%
conversion the reaction should be close to autothermal. Therefore, based on 5%
wood moisture and 0.75 weight ratio of steam to wood, 150 to 200 1b/hr (70 to
90 kg/hr) of wood is the maximum processing rate, and 50 1b/hr (23 kg/hr) would
be a reasonable design rate.

From atmospheric testing, a 07 weight ratio of steam to dry wood was
determined for methanol synthesis gas production. This value was reasonable
for the pressure design case, as higher steam rates would be less economical.
For the design basis, 38 1b/hr of steam would be used. This equals a bed
velocity of only 024 ft/sec (7 cm/sec) which is not high enough to fluidize a
wood/catalyst mixture. Unfortunately, the constraint of the existing
gasifier-cartridge combination could not be resolved. Therefore, we had to
consider higher steam rates, smaller catalyst particle size, and recycle of
product gas.

A catalyst of about 250 microns (-40 + 80 US. Screen) in size was ordered
for use in the PDU. This size should allow fluidization at about 05 ft/sec
(15 cm/sec) as compared to a velocity of 15 ft/sec (46 cm/sec) in the atmo-
spheric cases. Potential advantages would be less catalyst attrition and high
gas and char residence times. From fluidization tests in a cold model, a gas
velocity of 05 ft/sec (15 cm/sec) appeared to fluidize a bed of catalyst and
headrig sawdust.



A compressor was procured for recycle of product gas. Gas was recycled
for startups, catalyst reduction, and increasing velocities in the gasifier.

The gas heater was estimated to be overdesigned. It appeared that it
would handle the extra heat load for increased steam flow and product gas
recycle flow.

The rest of the equipment was designed based on a velocity of 05 ft/sec
(15 cm/sec) in the bed, a bed temperature of 1380°F (750°C), and a maximum wood
rate of 150 1b/hr (68 kg/hr).

Safety Systems

Pressure operation posed a number of different potential hazards compared
to atmospheric operation. Of primary concern were increased leak potential and

failure of pressure containment pipes and vessels.

An Operational Readiness Plan (ORP) was developed which called for an
Operational Safety Analysis Review (OSAR) discussing potential hazards, and
Safe Operating Procedures (SOP) for startup, shutdown, normal operation, and
emergencies. An Operational Readiness Review board was appointed to scrutinize
the ORP, OSAR, and SOP. When the board recommendations and the ORP were
completed, approval was granted to operate.

Safety features in the plant include rupture discs, relief valves, fixed
and portable carbon monoxide alarms, over-temperature controllers on critical
pieces of equipment, interlocks on lockhopper systems, backflow prevention
devices, interlocks between certain pieces of equipment, and continuous gas
monitors.

A reliable datalogging system was used to shut down the plant if pro-
grammed temperature limits on critical pieces of equipment were exceeded or
pressures exceed programmed limits. The plant was designed so operators are
not required to be on the structure during routine operation.

Quality Assurance

A quality assurance program was developed for the PDU that scheduled per-
iodic instrument calibration and machinery maintenance.



Description of the Pressurized PDU

The process flow diagram for the PDU is shown in Figure 5  Steam is
superheated in the gas heater and contacts wood in the gasifier. Product gas
and char exiting the gasifier are separated by a cyclone and filter. A heat
exchanger condenses steam and organic compounds which are then separated from
the gas in the demister. The gas can be recycled to the gas heater via the
recycle compressor. Product gas is released through a letdown valve. A par-
allel off-gas system employs a venturi scrubber; however, it was never required
and will not be discussed. All other components are discussed in detail.

Gasifier

The gasifier is the same vessel used for previous atmospheric tests, with
a modified gas inlet, distributor plate, and cover. The gasifier is a 24-in.
(0.61 m) carbon steel pipe, 10 ft (3 m) long, with blind flanges at each end
and a flanged connection near the middle of the vessel. A schematic is shown
in Figure 6. The gasifier has ceramic fiber insulation [approximately 2 in.
(5 cm) thick] and a cast refractory lining 15 in. (425 cm) thick. The reac-
tion zone (bed) is in an 8 in. (20 cm) diameter tube of stainless steel. The
bed is 3 ft (0.91 m) deep when stagnant and 4 ft (1.21 m) deep when fluidized.

The reaction-zone liner has heaters strapped on its exterior. These ele-
ments provide energy to maintain the bed temperature during idle periods. How-

ever, these elements failed before tests were complete. Failure was probably
due to moisture accumulation where terminals are connected to the electrical
glands on the gasifier vessels« Carbon accumulation is another possible expla-
nation. Although these heaters are a desirable feature needed to maintain
temperatures between tests, they are not essential for successful operation of
the PDU. Six cartridge elements [0.75 in. (1.9 cm) diameter] are inserted into
the reaction zone. Their heated length is 4 ft (1.21 m) and they are capable
of maintaining 1600°F (870°C) skin temperature. Total capacity was

100,000 Btu/hr (30 kW). These elements provide energy to heat reactants (wood)
to the bed temperature and energy for the heat of reaction. Energy consumption
by these elements is measured by a watt-hour meter. A seventh cartridge heater
element was added during the testing period, which increased the capacity to
120,000 Btu/hr (35 kW) total. Our experience showed that the heat transfer
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from the elements to the bed limited the output from the cartridge heater ele-
ments to about 75,000 Btu/hr (22 kW) output. The effective heat transfer coef-
ficient is about 80 Btu/hr-ft2°F (1600 kJ/hr-m2-°C).

Gas enters the gasifier through a refractory lined pipe tee. A distribu-
tor plate made of Incoloy 800H (trade name of Huntington Steel Corp.) is placed
just below the wood feed inlet. The distributor plate has 144 holes of
005 in. (1.3 mm) diameter.

A freeboard disentraining area 6 ft (1.3 m) long is above the fluid bed.
The diameter was 14 in. (36 cm); however, during testing a 12 in. (30 cm)
diameter stainless steel liner was added to (1) prevent spalling refractory
from falling into the bed and destroying the fluidization and (2) to inhibit
steam diffusion to the gasifier wall.

Thermocouples and pressure probes are inserted via a 025 in. (6.4 mm)
tubing from the reactor top to the desired level in the gasifier.

Biomass Lockhopper and Feeder

The fuel feeding system is shown in Figure 7. The design is basically the
same as the design used for atmospheric tests; however, the feeder is enlarged
to handle a variety of feedstocks and is designed for high pressure. The
lockhopper valves are self-cleaning-knife gate valves. The lockhopper is a
12 in. (0.3 m) diameter pipe, 4 ft (1.22 m) long.

The live binis 2 ft (0.61 m) in diameter and about 6 ft (1.8 m) tall. It
contains three metering screws of 6 in. (15 cm) diameter. These metering
screws push biomass into an injector screw 35 in. (89 cm) diameter which
rapidly conveys the fuel into the fluid bed. The injector screw typically
operates at 150 rpm.

Levels of wood in the live bin are indicated by two types of sensors: a
vibrating plate device and an energy transmission device. The antenna for the
energy transmission devices needed to be vertically oriented in the wood bin
before satisfactory calibration and operation were attained.



CHARGE

OPPE
CYLINDER .
LOCK
HOPPER
AIR L
CYLINDER X
| I
I
METER GASIFIER{
BIN m
U
METERING [
SCREWS Il
|
1
|
i
¢

FIGURE 7. Wood Feeder and Lockhopper

A nitrogen purge in the feeder is used during all tests to attempt to pre-
vent any flow of steam from the gasifier into the live bin. This technique
apparently was successful because wood removed from the live bin at the end of
tests was never moist.

Calibration of the feeder with headrig sawdust showed that dry headrig
sawdust bypassed the metering screws and fell onto the injector screw. This

resulted in intermittently high wood feed rates which were responsible for many



of the difficulties observed in the shakedown tests. Addition of a baffle to
the live bin area eliminated this feeder problem when using headrig sawdust.
When dense wood flakes were used, the bypassing problem appeared again and the
baffle was extended to remedy the problem.

The feeder is driven hydraulically with manual controls for injector and
metering screw speeds. The injector screw can be moved in and out while in
operation. The 6 in. (15 cm) travel on the injector is useful during startup
when stagnant catalyst has settled on the screw and in the injector shaft.

The metering screws are electrically interlocked with the injector so they
cannot operate without the injector. The feeder is interlocked with the data-
logger to stop feeding in alarm conditions.

The lockhopper is manually operated with elecrical interlocks which pre-
vent both hopper valves from opening at the same time. Interlocks also prevent
the top valve from opening without the pressure vent line open. A differential

pressure switch prevents opening the bottom hopper valve until pressures in the
live bin and the hopper are equalized.

Wood is conveyed from ground level to the lockhopper charge bin with a
pneumatic conveying system. Besides easing the operator work load, this system
is essential in minimizing operator time on the PDU structure.

Gas Preheater

The gas preheater function is to heat steam and/or recycle gas to the
desired bed temperature (or higher if possible). The preheater was designed to
heat steam (60 1b per hr) at 2 psig from 212°F (100°C) to 1800°F (980°C). This
is a duty of 48,000 Btu/hr (50,000 kd/hr). The heater is a propane fired,
annular finned tube made of stainless steel and a cast chrome-nickel alloy.

After a thorough stress analysis, a permit was issued by the Washington
State Boiler Board allowing operation at 170 psig (1200 kPa) for 3000 hr. Heat
transfer calculations showed that the convective heat transfer coefficient
remains nearly constant for equal mass flow rates at different pressures. The
needed maximum steam temperature is only 1380°F (750°C), so the duty is
decreased for the design mass flow rate, or the steam/recycle rate can be
increased. The steam/recycle rates needed to be increased at 10 atm (1000 kPa)
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to provide sufficient fluidization velocity in the bed. In actual operation
the gas heater never performed to design conditions during atmospheric or pres-
sure operation,

The gas heater and the line between the heater and the reactor [3 in.
(75 cm) 316 stainless steel] were both heavily insulated and waterproofed.
Heat loss in the line causes extremely slow heatups, so high temperature heat
tapes were eventually installed, effectively eliminating heat losses in the
line,

Controls on the gas heater include a three-mode temperature controller
which activates a propane valve positioner. A high-temperature controller
shuts down the heater if the finned tube temperature exceeds 1490°F (810°C).
High and low pressure switches on the propane supply are additional safety
features.

Product Gas Cleaning

Gas scrubbing was always a problem in atmospheric tests. Poor scrubbing
caused some uncertainty in the mass and energy balances and also caused opera-
tional problems. Scrubbing systems used in atmospheric tests included a
cyclone followed by either a venturi scrubber or electrostatic precipitator.
The problems with these systems centered around char contacting water and con-
densed organic liquids. When this happened, a sticky mass developed and grew,
eventually plugging lines and decreasing scrubber efficiency even further.

The problem was successfully eliminated in the design of the pressurized
PDU., Most of the char is separated from the gas in an efficient 3 in. (7.5 cm)
diameter high temperature cyclone. The char which passes through the cyclone
i s separated using seven high-temperature sintered stainless steel Fiters
26 in. [6.5 cm) outside diameter by 33 ft (1 m) long. Filter pore size is
10 microns. The filter vessel houses the filters and is equipped with a dif-
ferential pressure gauge to measure pressure drop across the filter elements.
A nitrogen pulse backflush system is used to remove the char cake from the
elements. The cyclone and filter vessel are insulated and are operable at
1000°F (540°C). Gas leaving the filters passes through a heat exchanger where
steam and any organic compounds condense. The condensate is collected in a
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demister column with a 4 in. (10 cm) diameter teflon packed demister. Clean
gas passing through the demister screen is either recycled or released to a
flare via a pneumatically controlled letdown valve.

The cyclone hopper system is the biggest operational problem in the off=-
gas system. The bottom hopper valve had a tendency to leak, thereby allowing
steam to condense in the hopper forming a muddy mixture of char or inhibiting
the flow of the char during hopper draining activities. This was eliminated to
some extent by purging the hopper with nitrogen. Pressure sensing and vent
lines also had a tendency to plug with char. It is recommended that future
vent systems be carefully sized to prevent entrainment of char when depres-
surizing the hopper and sensing lines be equipped with filters to prevent char
from entering. Another potential improvement would be self-cleaning knife gate
valves instead of ball valves on both ends of the hopper. Heat tracing may be
required to prevent moisture condensation.

The cyclone hopper was drained, and the discharge weighed, at hourly
intervals during tests. Samples were taken and analyzed for moisture, ash,
carbon, hydrogen, nitrogen, heat of combustion, and potassium or sodium when
carbonate catalysts were used. The filter vessel was emptied only after com-
pletion of a test. Similar sample analyses were performed on filter vessel
sampl es.

The demister was equipped with two thermal conductivity type level indica-
tors which activated a drain valve leading to a condensate receiver. The
liquid in the receiver was drained and weighed at 20 minute intervals. Samples
were taken and analyzed for organic carbon. The condensates were saved in
steel drums and decanted after settling overnight. The tar (if any) at the
bottom of the drum was weighed and sampled, and analyzed for carbon, hydrogen,
and nitrogen.

Product Gas Recycle System

Gas is recycled during startup, catalyst reduction, and operation by a
piston type recycle compressor. Initially a 120 gal (450 a) surge tank was
used to dampen piston pulses; however, this tank was removed to eliminate the
large amount of gas needed to pressurize the plant and to decrease time
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required to reach steady state gas compositions when recycling product gas
during operation. The recycle flow is measured with an orifice meter and is
manually controlled by a variable speed drive. When required recycle flow
rates are below the compressor's minimum capacity, a valve in a bypass loop is
manually opened and adjusted.

Control Instrumentation

System pressure is controlled with a proportional pneumatic controller. A
stainless steel diaphragm transmits pressure to a Bourdon tube via a glycerin

filled line. A remote set point for the controller is located in the labora-
tory. The controller drives a pneumatically-operated 2 in. (5 cm) pressure
letdown valve with stainless steel trim and a maximum orifice of 0.38 in.

(096 cm). On loss of air, the valve fails to the open position.

Steam flow is measured by differential pressure across an orifice meter.
The differential pressure is converted to a signal by a pneumatic differential
pressure cell. The signal feeds a pneumatic, three-mode controller inside the
laboratory. The controller operates a 1 in. (25 cm) pneumatic control valve

which fails to a closed position on loss of signal.

Temperature controllers are used on the in-bed, cartridge heaters. The
heater elements contain internal thermocouples which measure the skin tempera-
ture. A high-temperature [imit control is used on this circuitry. To maximize
heater life and to provide steady energy input, silicon control rectifiers are
used.

Other heating circuitry (heat tapes) are controlled manually with
rheostats.

Steam Generation

Packaged electric boilers are used for steam supply. Originally, two
parallel generators, each with 50 1b/hr (23 kg/hr) capacity, were used. How-
ever, they could not generate a steady 100 1b/hr (45 kg/hr) steam flow. A
300 1b/hr generator was procured, and steady steam flow was attained.



Gas Sampling

Gas samples can be drawn from the filter vessel outlet or from the demis-
ter (see Figure 5). The gas is cooled in a small heat exchanger and filtered.

Gas pressure is reduced to 2 psig (14 kPa). The low pressure lines convey gas
to the laboratory gas analysis equipment.

The gas sample flow is continuous (about 0.1% of product flow) during PDU
operation. Readings from continuous CO, C02, H2, 02, and CH4 analyzers are
recorded by operators every 20 minutes. A gas chromatograph with a thermal
conductivity detector is used for gas analysis. This unit determines concen-
trations of Ny, CoHy, CoHg, C3Hg, acetylene and normal-butane as well as the
gases monitored by the continuous analyzers. Samples are automatically

injected into the gas chromatograph for analysis on 20 minute intervals.

Product gas flow rate is measured with a differential pressure gauge and
an electronic differential pressure transducer connected with an orifice meter.

Data Acauisition

On 30 minute intervals operators take readings of controller indicators,
meters, pressure gauges and differential pressure gauges. In addition, the
datalogger continuously monitors 32 thermocouples, 4 pressure transducers, and
the product gas differential pressure transducer. The datalogger prints on
15 minute intervals and plots important points on 2 minute intervals. Impor-
tant data points are recorded on magnetic tape on 2 minute intervals.

Data Analysis

After a PDU test, preliminary results are determined using estimated com-
positions (moisture, ash, C, H 0, and total organic content). Then, when
chemical analyses are complete, a final analysis of the test is made using
measured values. This analysis is programmed on a microcomputer. The calcu-
lated results include elemental mass balances, energy balances, conversions,
and efficiencies. Summaries of data from all tests except shakedowns are
included in the appendix.
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OPERATION CF THE PRESSURIZED PDU

Operation at elevated pressures is described in the following sections.
Many shakedown tests were made before usable data were obtained. The PDU is
now operable at 10 atm (1000 kPa) absolute pressure and 1380°F (750°C) tempera-
ture on a routine basis. Time and funds for operation and preparation of this
report expired before all variables could be investigated thoroughly.

Safe Operating Procedure

A Safe Operating Procedure (SOP) covering startup, normal operation, shut-
down, and maintenance was developed. The startup and shutdown procedures were
placed in each test data book in checklist form to assure that they were
followed.

Operations typically consisted of about 5 hr of heatup, followed by 3 to
5 hr of operation and 1 hr for plant shutdown. Three operators were used to
conduct the tests.

Nickel catalysts required about 12 hr of reduction in a hydrogen-nitrogen
atmosphere at 750°F (400°C). This was performed with a two-man crew.

Feedstock Description

Two types of feedstock were used in the pressurized PDU testing program:
alder headrig sawdust and softwood densified flakes. These feedstocks are
shown in Figure 8 along with whole tree chips which were to be tested. The
densified flakes are made with broken pellets from a wood pelleting operation.
These rejects are attrited on a disk mill.

Average wood compositions are shown in Table 16 along with results of
screen tests. For PDU tests wood is dried to less than 5% moisture on a dry
basisa

Corrosion

Although the PDU has only limited hours of operation, it is worthwhile
noting that during maintenance on the plant, no corrosion has been observed.
The places with the most severe conditions are the gas heater (Duralloy HP-40Q},
the hot feed line (316 stainless steel), the distributor plate (Incoloy 800H),
the reactor liner (310 stainless steel), and Incoloy sheathed cartridge
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TABLE 16. Typical Wood Compositions and Size Distributions

Dense Flakes Headrig Sawdust Whole Tree Chips
(Pine) (Alder) (Poplar)

Wt fraction C 0.503 0.450 0.469

Wt fraction H 0.064 0.058 0.063

Wt fraction 0(a) 0.427 0.492 0.458

Wt fraction Ash 0.006 0.009 0.010

HHV, Btu/1b 8770 8235 -

US Screen wt% US Screen wt% US. Screen wt%

+8 8.29 +4 27.41 +3/4 32.4
-8+16 37.85 -4+8 41,64 -3/4+,53 30,37
-16+40 42,74 -8+16 19,39 .- -
-40+100 10.50 -16+40 10,01 -.b3+8 37.06
-100 0.63 -40 1.55 -8 0.17

(a) By difference.

heaters. The cyclone (304 stainless steel) operating at up to 1000°F (540°C)
showed no signs of corrosion or erosion.

Operating Results

Tests P1 through P11 were shakedown tests and little information can be
drawn from them. Tests P12 through P21 generated useful data. Summaries of
data from Tests P12 to P21 are included in the appendix.

Effect of Pressure on Yields

Operating Results at 5 and 10 atm (500 and 1000 kPa) absolute pressure are
compared with those at atmospheric pressure in Table 17. When comparing these
data, differences in operation need to be considered. Tests at atmospheric
pressure used only steam as a feed gas whereas at elevated pressure, tests used
steam and recycle gas. Kinetic data show that steam is more reactive than
hydrogen and carbon dioxide for conversion of carbonaceous solids and vapors.
Methane and carbon monoxide are non-reacting species with negative effects on
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TABLE 17.

Pressure, atm absolute
Wood
T, °C
Steam-to-Wood Wt. Ratio

Normalized Carbon Conver-
sion, wt%

To Gas
To Solid
To Liquid
Gas Composition, vol%
i
o,
CHy
co
CotC3tCy

Effect of Pressure in Tests with Spent Catalyst

Test No.

P14A P14B P15 P19 P12 P13 P18
1 1 51 5.8 10 10 10
headrig headrig headrig headrig headrig headrig headrig

745 743 740 740 735 730 740
11 0.53 15 1.2 35 1.6 14
76 75 73 76 72 71 65
17 18 18 21 26 22 33
7 6 9 3 2 7 2
35.6 27.2 44.2 32.3 26.5 33.2 42.3
23.0 23.0 28.6 28.6 38.8 32.7 21.2
12.7 14.8 13.5 18.1 21.7 20.6 17.2
25.9 31.0 11.9 18.4 11.2 11.9 18.2
0.7 4.0 1.9 2.5 1.7 1.6 1.1
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carbon conversion as a result of equilibrium and kinetics. Because the steam
was diluted with recycle gas at elevated pressure, one might expect the atmo-
spheric pressure results to be more favorable for carbon conversion to gas. We
measure more carbon conversion to gas and less tar at pressure conditions.

The explanation is that the gasification rate is proportional to steam
partial pressure to some power. Even though the steam is diluted with recycle
gas in the high pressure tests, the partial pressure usually is about 2 to
3 atm (200 to 300 kPa) compared to 1 atm (100 kPa) during atmospheric tests.

From the data, we can conclude that pressure operation:
a decreases conversion of carbon to liquids
a increases carbon conversion to gas to as high as 86%

a causes an increase in methane concentration to 7% in catalyzed tests
and to 20% in uncatalyzed tests

a decreases the standard heat of reaction and decreases reactor energy
requirements.

It is expected that carbon conversion will be further increased if the use
of recycle gas is eliminated.

Feedstock Size Versus Yield

Yields from dense flakes and headrig sawdust in the presence of sodium
carbonate catalyst are shown in Table 18, Tests P20 and P2l1. Gas Yield
decreases and char yield increases with the smaller, dense flakes. The char
residence time for the large headrig sawdust was about 16 min. The char resi-
dence time for dense flakes was lower than 16 min since the char inventory in
the fluid bed decreased. Data were insufficient to calculate a char residence
time for dense flakes. A time of less than 1 min is probable.

The gas yield increases with the larger feedstock probably because of
increased char residence time. More testing of the effect of feedstock size is

needed before a definite conclusion can be made.



Effect of Primary Catalysts

Primary catalyst refers to an alkali carbonate fed with the wood, either
dry mixed or impregnated into the wood. Tests have been performed with sodium

and potassium carbonates at 13 and 16 wt% concentrations respectively.

Wet wood can be mixed with anhydrous potassium carbonate. If the wood is
moist enough (>20 wt%), the wood particles will absorb the carbonate. W did
not see this effect with sodium carbonate. This salt was dry mixed with wood
and then water was added to enhance its absorption into wood particles. The

wood-carbonate mixtures were dried before use in a test.

Results are summarized in Table 18. The potassium carbonate promotes the

water-gas shift reaction and reduces methane formation (Sealock et al. 1982);

TABLE 18. Comparison of Alkali Carbonate Catalysts With No Catalysts

Test Number

P16 P20 P21 P12 P13
Pressure, atm absolute 10 10 10 10 10
Wood dense dense
flakes headrig flakes headrig headrig

Catalyst KoCO3 NaC03 NasCO3 None None
T, °C 745 730 750 735 730
Steam-to-Wood Wt Ratio 1.2 0.8 12 34 16
Normalized Carbon Conversion,
wt%:

To Gas 74 74 64 72 71

To Solid 26 20 33 26 22

To Liquid 05 6 3 2 7
Gas Composition, vol%

Ho 52.6 33,0 34,3 26.5 33.2

C02 24,9 33.1 30,6 38.8 32.7

CHg 7.8 18.3 18,7 21.7 20.6

€0 14,2 13,3 14.3 11,2 11.9



however, sodium carbonate had only a small effect on methane content.
Increased yields of tars and water-soluble organics occurs when sodium car-
bonate is used in place of potassium carbonate. The ineffectiveness of the
sodium carbonate may be due to the fact that it did not absorb into the wood
particles completely. Sodium carbonate forms hydrated solids (Na2C03-10 H,0)
requiring much more water to get them into a solution that could permeate the
wood particles.

During the first potassium carbonate test, a superficial gas velocity at
conditions of less than 1 ft/sec (30 cm/sec) was used, resulting in appreciable
accumulation of the salt in the bed in the form of fritted chunks, which began
to interfere with fluidization as can be seen in the temperature profile shown
in Figure 9. A loss of isothermal conditions was evident as the test pro-
ceeded. Some agglomeration of char was noted at the end of these tests. More
testing is needed to see if operation without agglomeration can be sustained.

Secondary Catalyst Tests

Secondary catalysts are those catalysts supported on porous ceramic
spheres in the fluid bed. The laboratory catalyst development studies showed
that nickel alloy catalysts on silica-alumina supports potentially have an
active lifetime sufficient to be economically feasible in a commercial process.
A nickel-copper-molybdenum alloy (12% Ni0, 45% CuO, 9%Mo03) on a proprietary
silica-alumina substrate was used in PDU tests.

Two potential problems arise when using secondary catalysts: attrition
and deactivation. Laboratory-scale tests at PNL confirmed that attrition was a
function of superficial gas velocity to the third power and that attrition was
minimal at the minimum fluidization velocity. Zenz (1982) states that fluid
catalytic cracking (FCC) catalysts' physical strength decreases as the carbon
content increases. In the PDU, secondary catalyst losses are large; however,
this may be due to the catalyst continually grinding at the tip of the wood-
feed auger.

Catalyst deactivation may occur by carbon buildup, thermal cycling, metal
migration, and loss of surface area. Catalysts in the PDU showed relatively



rapid deactivation compared to the laboratory-scale tests. The catalyst is
exposed to much more thermal cycling in the PDU than the small scale systems.
W have seen a large buildup of carbon (about 20 wt%) on deactivated catalyst
samples.

Results from one test using the alloy catalyst are tabulated in Table 19.
The alloy catalyst has similar effects as the potassium carbonate. Gas yields
are essentially the same. Slightly lower methane concentrations are seen with
the alloy catalyst. Note that both catalysts decrease the conversion of carbon
to liquids.

One potential improvement on the alloy catalyst may be a solution to the
deactivation problem. This is to impregnate the catalyst with an alkali
carbonate to help reduce carbon deposition.

TABLE 19. Comparison of an Alloy Catalyst Test with an Alkali
Carbonate Test and an Uncatalyzed Test

P17 P16 P18

Catalyst NiCuMo 16% KoCO3 None
Pressure, atm absolute 10 10 10
T, °C 730 745 740
Steam-to-Wood Wt« Ratio 22 12 14
Wood dense flakes dense flakes headrig
Normalized Carbon Conversion,
wth:

Gas 80 74 65

Solid 20 26 33

Liquid 0.1 <0.5 2
Gas Composition, vol%:

Ho 56.9 52.6 42.3

€0, 24,2 24.9 21.2

CHy 5.7 7.8 17.2

co 13.1 14,2 18.2

02+C3+C4 0.1 0.5 1.1
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Temperature Effect

The tests were restricted to 1380°F (750°C) primarily because carbon con-
version to gas decreases with temperature. Higher temperatures are difficult
to achieve by indirect heating. High carbon conversion is an important eco-
nomic factor. Also, alloy catalyst deactivation is more rapid at lower tem-
peratures, as illustrated in some shakedown tests. Methane content increases
with lower temperatures, which is undesirable for a methanol synthesis gas.

Steam-to-Wood Ratio

Increasing the steam-to-wood ratio should promote the carbon-steam reac-
tion, the shift reaction, and the steam reforming and cracking reactions. The
desired hydrogen to carbon-monoxide ratio is slightly greater than two for
methanol synthesis gas. |f methane is steam reformed, this stream will provide
a HZ:CO ratio of three, so an even smaller ratio would be acceptable from the
gasifier.

Atmospheric PDU tests showed that a 07 steam-to-wood ratio produced
proper product gas compositions. At 10 atm (1000 kPa) absolute pressure the
PDU requires excessively high steam rates to fluidize the bed. Therefore,
steam-to-wood ratios are usually greater than one and the steam is still
diluted with recycle gas. Predictably high Ho:CO ratios are observed. Fig-
ure 10 shows the effect of the steam-to-wood ratios in uncatalyzed tests. The

effect is probably even greater in catalyzed cases.

Gasifier Energy Requirements

In a physical sense, energy must be supplied to the gasifier to heat the
reactants (wood and steam) to the reaction temperature, compensate for heat
losses, and sustain the endothermic reactions. Thermodynamically, the process
is a state function. Therefore, the heat requirement can be calculated from
the standard heat of reaction at 77°F (25°C) and the mass and specific heat of
the reaction products. The calculation procedure theoretically involves taking
credit for the sensible heat above 77°F (25°C) in the reactants and adding the
standard heat of reaction at 77°F (25°C), the heat losses, and the sensible
heat needed to heat the products to the gasifier operating temperature.
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The standard heat of reaction at 77°F (25°C) is the difference between the
heats of combustion of reactants and products. The higher the potential energy
in the products, the more endothermic the reaction. High carbon conversion,
high gas yield, and low hydrocarbon yield give a highly endothermic reaction.
The reaction is usually endothermic for generation of synthesis gas but can be
exothermic for generation of a methane-rich gas. The standard heat of reaction
at 77°F (25°C) is positive for an endothermic reaction and negative for an
exothermic reaction.

The energy flow for the gasifier is shown schematically in Figure 11. The
direction of energy flow for the standard heat of reaction, AH®°, is from the
gasifier for an endothermic reaction and into the gasifier for an exothermic
reaction. The required heat input, Q; (provided by electrical cartridge
heaters in the PDU gasifier), is calculated from the following equation:

= OF - OF - 0
Qi mSCps (779F Ts) + mfcpf (779F Tf) + mfAH

+ +mC (T -770F) + m C_ (T -770F
O+ mCy (g T70F) +m G, (Tg-770F)

[e]
QQ’ AH
if ji
STEAM PRODUCT GAS
d ﬁ
TS
WOOD CHAR
T GASIFIER
Q.

FIGURE 11. Gasifier Energy Flow
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where mg = mass flow rate of steam, 1b/hr
mg = mass flow rate of dry wood, 1b/hr
My = mass flow rate of product gas, 1b/hr
m. = mass flow rate of char, 1b/hr
CpS = specific heat of steam, Btu/1b °F

Cpf = specific heat of wood, Btu/1b °F
Cp = average specific heat of product gas, Btu/1b °F
p
Cp =specific heat of char, Btu/1b °F
c
T,5 = inlet steam temperature, °F
Tf = inlet wood temperature, °F
Tg = gasifier operating temperature, °F
AH® = standard heat of reaction at 77°F (25°C) per unit mass of wood,
Btu/1b

Q1 = heat loss from gasifier surface, Btu/hr,

Recycle gas is used to increase bed velocity. The amount of steam that
reacts varies from test to test. W assume no steam reacts, wood enters the
gasifier at 77°F (25°C), and wood moisture must be heated to the gasifier
operating temperature. Although steam does react in the gasifier, we assume no
reaction to get a high estimate of the heat requirement. The equation becomes:

= - - 0
0 =y (TgTg) +mCy (Te=T ) + meah

+ Q] + mpCp (Tg-770F) + m AHV

p
where mg, = mass flow rate of wood moisture into the gasifier, 1b/hr
AH, = enthalpy change for water between inlet and outlet conditions,
Btu/1b
Cp = heat capacity of recycle gas, Btu/1b °F
r
T. = recycle gas temperature, °F.

The heat loss, Q, is calculated from gasifier surface and ambient temperatures
using standard heat loss correlations.



Examination of the above equation shows that the gasifier energy require-
ment, Q;, can be reduced by several methods. Increasing the inlet steam tem-
perature, Tg, above the gasifier operating temperature, Tg, will produce a net
heat input. W were unable to do this with the gas-fired preheater. Also, the
wood moisture content should be as low as possible. In a commercial system
some energy could be saved by using hot wood at 210°F (100°C) from the wood
dryer to feed the gasifier.

The equation is used to find AH® for tests P12 to P17. Results are com-
pared with AH® calculated by the difference in heats of combustion of reactants
and products in Table 20. There is relatively poor correlation in the heat of
reaction by the two methods due to the sensitivity of the heat of reaction to
heat losses by the first method and to the carbon conversion by the second
method. The relative magnitude of the terms in Equation 2 for two catalyzed
tests is shown in Table 21. Energy balance results are important design con-
siderations. The required heat input for large gasifier will decrease as a

result of lower heat loss per unit weight of wood.

TABLE 20. Standard Heat of Reaction

AH®, Btu/1b Wood

Test No. Catalyst Pressure Method 1 Method 2
P12 None 10 418 -944
P13 None 10 340 687
P14A None 1 1305 -444
P148 None 1 -411 -751
P15 None 5 621 -246
P16 K2C03 10 1039 294
P17 Trimetallic 10 1294 451

Method 1 - calculated from Equation 2
Method 2 = difference between heat of combustion of reactants
and products.



TABLE 21. Value of Terms in Energy Balance Equation

Btu/1b
Term P16 P17
Qi/mf 2539 2470
[mSCpS(Tg-TS) + erpr(Tg-Tr)]/mf 33 0
01/mf 610 458
mpCpp(Tg-77)/mf 702 1039
M AHV/mf 52 21

Heat Transfer Considerations

Electrical cartridge heaters (7 cartridges) are immersed in the fluid bed
to provide energy for the PDU gasifier (see Figure 6). A watt-hour meter is
used to measure the energy input to the gasifier during a test. Each cartridge
heater is 075 in. (1.9 cm) in diameter by 11 ft (3.4 m) long with the lower
4 ft (1.2 m) heated by resistance elements.

Overall heat transfer coefficients from the surface of the cartridge
heaters to the fluid bed are calculated by the following equation:

where Uyy = overall heat transfer coefficient, Btu/hr-ft2-°F
Q; = energy input to the gasifier, Btu/hr (3413 times the kilowatt
input)
Ao = heated surface area of seven elements (5.5 ft2)
To = average surface temperature of the elements, °F
Ty = solids temperature in the fluid bed, °F.

All data needed to calculate U,, are recorded for each test. Values
obtained for Tests P12 through P22 are plotted against the superficial linear
velocity of gases in Figure 12.



The coefficient includes convective, conductive, and radiant heat transfer
from the interior element metal surface to the bed solids and gases. These
data indicate that a coefficient of 80 Btu/hr-ft2-°F (1600 kJ/hr-m2-°K) may be
a reasonable, conservative design value for a gasifier operating at similar
velocities and temperatures with vertical heater orientation.

ECONOMIC EVALUATIONS

The economics of producing either methane or methanol can be evaluated
rapidly for small or large plants. A computer program to do the evaluations
was developed for a Radio Shack TRS-80 Model B microcomputer, using a commer-
cially-available software package, visicalc.(@) visicalc basically generates
an electronic sheet of paper containing a grid of columns and rows. The inter-
secting lines of the columns and rows define position addresses. At each
position one can enter an alphabetic title, a number, or a formula to be cal-
culated. The power of VisiCalc is that the computer remembers formulas and
calculations used as a problem is solved. If one number on the sheet is
changed, VisiCalc automatically recalculates all related numbers from specified
formulas. This recalculation feature makes VisiCalc a powerful forecasting
tool.

The programs for methane production and methanol production are based on
data from the Davy McKee studies for 2000 ton-per-day dry wood plants. Refer-
ence data for construction costs of the methane and methanol plants are shown
in Tables 22 and 23, respectively. These tables remain as fixed constants for
each analysis. The scale factors for each plant segment are those recommended
by Davy McKee in their analysis of 200 ton-per-day facilities (Mudge et al.
1981). They are the exponents used in the cost/capacity relationships.

Another set of fixed constants also exists for each program. These are
the base case annual raw material and utility requirements for the 2000 ton-
per-day facilities. The $/unit values are input items which should be changed

with each run to reflect true costs at the time of the analysis.

(a) VisiCalc is a registered trademark of Visicorp Software, Inc. It is
available for other microcomputers, also.
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TABLE 22.

Capacity (Daily)

Reference Case for Methane Production

2,000 dry tons Gas Btu Yield = 6,810,000 MMBtu/yr

CE Plant CST Index = 266 (Sept. 1980) Labor Index = 208.7
2,000 TPD Wood to Methane Direct FO Subcontract
Newport, Oregon Material Material , Labor Grand Direct Hire Labor Grand Exp. Scale
Code Description Total, $ $ Man-hours Rate Total $ Total, $§ Man-hours Rate Total'$ Total, $ Factors
26.96 12.84

201 Wood Storage & Sizing 1,239 9,598 156.4 4,217 13,815 206.5 2,651 17,705 0.9
202 Wood Drying 0.001 4,730 7.6 2,092 6,822 0.0001 0 6,822 0.6
203 Gasification 8,606 460 30.1 811 1,211 164.2 2,108 11,986 0.75
204 Compression 1,610 22 1.5 40 62 19.8 254 1,927 0.7
205 Shift Conversion 2,309 52 4.1 111 163 41.2 529 3,001 0.65
206 Primary Methanation 1,749 26 1.9 51 77 28.5 366 2,192 0.65
207 Acid Gas Removal 0.0001 1,322 30.5 822 2,144 0.0001 0 2,144 0.5
208 Final Mthn & Gas Drying 2,198 114 3.6 97 211 43.2 555 2,964 0.65
209 Catalyst Regeneration 1,220 17 1.2 32 49 19 244 1,513 0.5
210 Waste Water Treating 463 649 17.3 466 1,115 17.3 222 1,801 0.6

) 211 Raw Water & Cooling WM. 941 1217 16.1 434 1,161 29.7 381 2,483 0.6
212 Boilers & BFW System 2,049 3,222 42.3 1,140 4,362 68.2 876 7,287 0.6
213 Misc. Utility Systems 1,219 52 2 54 106 46.9 602 1,927 0.65

TOTAL 23,603 20.991 384.6 10,369 31,360 684.50 8,789 63,752
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TABLE 23.

Capacity (Daily)
CE Plant CST Index

Reference Case for Methanol

= 2.000 dry tons

Production

MeOH Yield = 98,810,000
Labor Index = 208.7

gal/yr
= 266 (Sept. 1980)

2.000 TPD Wood to Methanol Direct PO Subcontract

Newport, Oregon Material Material , Labor Grand Direct Hire Labor Grand Exp. Scale

Code Description Total, $ $ Man-hours Rate Total $§ Total, $ Man-hours Rate Total $ Total, $ Factors
26.96 12.84

101 Wood Storage ¥ Sizing 1,239 9,598 156.4 4,216 13,814 206.5 2,651 17,704 0.9
102 Wood Drying 0.001 4,730 77.6 2,091 6,821 0.0001 0 6,821 0.99
103 Gasification 12,090 1,322 56 1.509 2.831 231.2 2.968 17,889 0.85
104 Shift Conversion 651 15 1.3 34 49 117 150 850 0.65
105 Acid Gas Removal 0.001 2,914 60.3 1,625 4,539 0.0001 0 4,539 0.6
106 Compression 4,459 58 38 102 160 61.8 793 5,412 0.7
107 MeOH Syn. & Distillation 15,038 0.0001 0.0001 0 0 16,038 0.42
108 Purge Gas Reforming 766 25 22 59 84 8.6 109 959 0.6
109 Waste Water Treating 642 1,255 17.6 475 1,730 28.1 361 2,733 0.6
110 Raw Water Treatment 1,072 587 10.9 293 880 28.4 364 2,316 0.6

& Cooling Water
111 Boilers & BAW System 1,154 2,275 30.8 830 3,105 44.3 569 4,828 0.6
112 Misc. Utility Systems 891 29 1.4 38 67 34.7 447 1,405 0.65
113 Storing and Loading-Product 175 935 12 323 1,258 9.2 118 1,551 0.6

& Utilities

TOTAL 38,177 23,743 430.3001 11,595 35,338 664.5 8,530 82,045



Several kinds of analyses can be done with these programs:
a Simple scaling to another plant capacity
® Scaling to another plant capacity and updated dollars
o Scaling, but changing base-case constants also

a Estimating capital for different plant configurations (standalone
versus coupled to existing facilities).

The base-case data (2000 ton/day) are considered accurate to #25%. Addi-
tional uncertainties in some of the scaling factors would reduce the accuracy
of estimates from these programs to 1£30-40%.

An explanation of typical input requirements and examples of selected
outputs follows.

Simple Scaling to Another Plant Capacity

Only one data item needs to be changed. A new plant capacity is entered,
then all costs are scaled accordingly and a price for methanol (or methane) is
computed. The costs remain in September 1980 dollars, which is the base case
month and year. This provides a rapid way of seeing relative trends in price
of product as a function of plant capacity. Actual costs for any given
capacity will, of course, be low.

Scaling to Another Plant Capacity and Update Dollars

Input data required here are: (a) new plant capacity, (b) Chemical Engi-
neering plant cost index for month of interest, (c) Chemical Engineering labor
cost index for month of interest, and (d) current utility and raw material unit
costs. The program then scales costs based on size, but also escalates equip-
ment and labor costs using plant and labor index ratios from Chemical Engineer-

ing magazine. The index values for September 1980 are part of the fixed
constants tables.

For this option, the dollar figures generated are realistic and should
provide a basis for decision making. The first time this option is selected,



items (a) through (d) must be entered. After that, only item (a) need be
changed to calculate and observe the effect of plant capacity on product cost
in today's dollars.

Scaling, But Changing Base Constants Also

This option allows a great deal of flexibility in analysis of the plants.
Normally, all the data inputs shown in Option 2 are also required here. Other
input changes provide additional economic information. The approximate effect
of high yields is estimated by simply changing the base yield figure. [If the
yield (or gas composition change) affects equipment sizing significantly, new
base cost figures in appropriate plant sections are required.] If only one
section of the plant is to take on a new configuration, its cost is estimated
for the size plant of interest and inserted in the Grand Total column of the
worksheet.

Default values for rate of return and interest on debt are 15% and 10%for
utility financing. These can be changed easily to reflect current money

values.

Estimating Capital for Different Plant Configurations

When a biomass gasification facility is to be built as an addition to
another wood processing facility, savings will result in both capital and
operating expenses. Actual amounts are very site-specific. The programs
developed here are useful in comparing relative merits of several options. As
the plant configuration deviates more and more from the base-case, the absolute
numbers generated become less and less reliable. Still, the program quickly
shows sensitivity of product costs to changes either in capital, operating
costs, or both.

Additional (beyond that required for Option 2) input data for this option
could be as little as changing one figure in the base constants. It could also
be as complicated as changing nearly all the direct cost entries for the vari-
ous plant sections. Getting the new cost figures for completely new plant con-
figurations is beyond the capability of these programs. The totally revised
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figures would have to come from other cost estimating sources. |If that amount

of effort is required, the real utility of these programs is questionable.
Effect of Yield Changes

The justification for writing this program was to be able to compare real
experimental data taken at 10 atm (1000 kPa) absolute pressure with that used
by Davy McKee in their economic studies. The data used by Davy McKee were
really extrapolated from atmospheric tests using equilibrium data to predict
the high pressure yields. Now real experimental data exist, and yields look
better than those predicted earlier.

Using the VisiCalc program and experimental data from Test P17 (shown in
Table 24 with data used by Davy McKee), we projected new methanol costs for

three different assumptions:

1 Methanol yields were 20% higher than those used by Davy McKee but
capital requirements remained the same. (This figure was chosen
because dry gas yields really were about 20% higher than those given
to Davy McKee. Compositions differed some, as shown in Table 24))

2. Methanol yields were 50% higher than those used by Davy McKee but
equipment costs were significantly higher.

3. Methanol yields were 50% higher than those used by Davy McKee but
equipment costs remained the same.

The primary change in the economic picture for all the cases is due to
increased revenue from the additional methanol. The 50% figure for Cases 2 and
3 was arrived at by assuming all the carbon in the gases could be converted to
methanol by suitable shifting and reforming. As a practical matter this is
unrealistic, but does place a lower bound on the methanol price. Case 3 was
simple to run but is the least realistic of the three. In Case 2 new equipment
costs were estimated because of the additional shifting and reforming required.
Appropriate operating costs were also adjusted. The total capital required
increased by 25% and total gross operating costs increased by 15%. All three



TABLE 24. Plant Design Bases

Davy McKee PDU Data (Test P17)
Temperature, °C 750 730
Pressure, atm absolute 10 10
Steam Rate, wt/wt Dry Wood 0.75 2.2(a)
Char Yield, wt/wt MAF Wood 0.15(b) 0.1
Char Heating Value, Btu/l1b 14,000 13,200
Wet Gas Yield, wt/wt MAF Wood 1.6 3.1
Cold Gas Efficiency, %(c) 88 95
Gas Composition, vol%
28.7 56.4

Ho 36.6 24.8

CHg 4.0 2.5

€O, 12.4 10.6

co 18.3 5.7
Lb moles (H»+C0)/ton MAF Wood 103(d) 109(d)
Wood Composition, wt%

C 46,50 50.3

H 5.87 6.6

0 41.99 42.5

Ash 5.64 0.6
Btu/1b 8,710 8,770

(a) Extra steam needed to maintain fluidization.

(b) Includes ash from high ash feed.

(c) Combustible energy in a unit of product gas divided by the energy in the
wood needed to generate that unit of gas times 100.

(d) Does not include CHg, which is slightly higher in PDU data.



cases still used September 1980 dollars and assumed a $20/dry ton cost for
wood, as did Davy McKee. For comparison, the methanol costs ($/gal) were:

Utility Equity

Financing Financing
Davy McKee Base Case 0.55 0.69
Case 1 047 0.60
Case 2 0.42 0.54
Case 3 0.37 0.46

All comparisons used the same assumptions for cost of borrowed capital and
required rate of return (Mudge et al. 1981).

A similar comparison was to be completed for methane production. Unfor-
tunately, none of the high pressure tests were completed with the goal of
producing high methane. Some uncatalyzed tests gave high methane product
gases, but potential methane yields were slightly lower than those used by
Davy McKee. A good methane-forming catalyst with long life was not found, so
it could not be tested.
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APPENDIX

TEST SUMMARIES

Following are summaries of Tests P12 through P21, Three sheets of infor-
mation and one page of temperature profiles are generated for each test. Most
of the terms from the computer output need no further explanation. The follow-
ing list is a key to terms that may need further definition.

BED - solids from the reactor

BED GAS VELOCITY - superficial linear velocity in ft/sec at reactor
conditions

BURNER TRAP - condensate liquid collected from the product gas down-
stream from the demister

CART HEAT COEFE = overall heat transfer coefficient from heaters in
Btu/hr-ft<-°F

CCHAR = char from the cyclone, also called CYCLONE SOLIDS
DRY MOL W - molecular weight of the dry product gas
FCHAR = char from the filter; also called FILTER SOLIDS

METHANOL #/# WAD - total possible yield in 1b methanol/1b dry wood
if (1) all Hp+CO were converted and (2) if all Hy+CO+CHy were
converted

N2-02 FREE MW - molecular weight of dry, 0,-N, free product gas
RECYCLE - refers to the recycle gas stream
STANDARD HT G RX - standard heat of reaction in Btu/1b dry wood

STEAM - refers to steam from generator; heated to reactor inlet tem-
perature in the gas preheater

TAR = tars from the demister

TOC-DEMISTER (PPM) - total organic carbon in the demister liquid
(aqueous) in ppm by weight

WET MOL W - molecular weight of product gas saturated with water
(used to calculate flow rate)

W FRAC CAT-CCHAR - weight fraction of catalyst in the cyclone char
W FRAC CAT-FCHAR - weight fraction of catalyst in the filter char

YH20 = mole fraction of water determined by assuming saturation in
the gas stream

A.1l



RUN#: F12 TIME: 1500
DATE: 020182 TOTAL RUN TIME(HRE) :4.2
WOOD TYFE: HEADRIG CATALYST: DEACTIVATED MNEICUMO

% ¥FRODUCT GAS COMFOSITIONSH X
(MOLE FRACS)
NZ,0Z FREE

Ha - 2O
e . 249 . 228
T2H4 « D07  OOT
CZ2H4& 013 014
a2 - 04 Cra QOO
e . 095 Qe QOO0
CH4 173 217
=0 101 112
Z3HG « QOO0 w OO0
oIHS QOO0 « OO0
YH20 . 0489 « 069
FETEMFERATURESX %
(DEG ©)

REACTOR INLET hO8
CATALYST EED 735
REACTOR OUTLET &9
STEAM 183
CARTRIDGE HTRS 815
FRODUCT METER 39

DEMISTER 59

#X¥DIFFERENTIAL FRESSURESKX
FRODUCT 4.8 IN H20

STEAM 55 1IN H2O
RECYCLE & IM HZO

*¥ORIFICE SIZES AND CONSTANMTSXX

ORIFICE k S51ZE
SRODUCT 11 . .50
STEAM I2.0 - 30
RECYCLE 116.0 . SO
$FRESSURES: ¥
(FSIG)

STEAM 145
DEMISTER 145
REACTOR 135
PRODUCT O

#/HR CYCLONE
#/HR FILTER
#/HR TAR W1

e



ES § SOLIDS XX
IS COMPOSITIONS %X

CARBON HYDROGEN OXYGEN ASH MOISTURE
#00D LA72 . DS9 L4456 013 « 042
ZOHAR . 305 .16 . 149 « 030 .59
TCHAR 710 016 . 044 « OT0 010
BED . 820 - OO0 130 - Q20 Oe QOO
'TAR . 840 « O30 . 130 O OO0 Q= 000

LXHEATS OF COMBUSTIONXX

WOOD 8300
SYCLONE CHAR 124630
FILTER CHAR 13460

BE 10000
TAR 15000

b 282020008032 02 0000020020820
X%k INPUT STREAMS b 9
2200022030 02202 002828020020 ¢ P!

TOTAL CARBON HYDROGEN OXYGEN ASH
#400D (DRY? T0. 36 14,33 1.79 13.84 . 39
«WO0D MOISTURE 1.54 Qe Q0 .15 1.1% D 00
STEAM 104.64 Q. Q0 11.65 e300 O 6
TOTAL INPUTS 176,34 14,323 13.57 148,05 . 30

KEKXKEKEKEKKEKREAREREKRKREARRKKR A KKK X
XX OUTPUT STREAMS L8 R
KEKEKKKKEKRKKKRKEKKRKKXRKRRKRKRK KKK

TOTAL CARBON HYDROGEN OXYGEN ASH
DREYGASES 26. 04 9.52 1.59 15. 0% Cra Q0
MOISTURE I N PRODUCT 1.56 O e OO A7 1.39 w0
CYCLONE SOLIDS 1.20 1.34 03 « 29 o 05
FILTER SOLIDS 1.30 i.02 02 .05 O3
ZED BUILDUP 1.41 1.04 . 04 17 .17
DEMEISTER LIGQUIDS 5. 00 23 10.56 84.44 0. 00
DEMISTER TAR 10O .08 . D0 01 Qw00
BURKNER TRA&F 4.22 ek .49 3.81 Ow 0

TOTAL UUTPUTS 131.50 13.25 12. 87 105. 21 .25



ERXKERRERRKE XK KRR RA KKK Rk Rk X
¥%¥ FPRODUCT GAS (NZ-0Z FREE) %X
ERERR Rk kR Rk kR KRRk k ok k¥

SCFM(DRY) 7.27
LE GAS/LE DRY WDOD .86
INST SCF/# DRY WOOD 1%.12
AYG SCF/# DRY WDOD 1Z.44
TOTAL FLOW(SCF) 1711.464
TOTAW WOOD FED 127.Z27
+HZ20 AT PRODUCT .07
YH20 AT REOCTOR OUT .84
BTO/SCF I71.96

EXEHRIKKIRKE KA KRN KKK KKK
¥AMISCELLANEOUS TIDBITSXX
ERREKRKEKHRX KR KK H K IO KK KX

WT FRACD CAT-~-CCHAR .13
wWT FRAC CAT-FCHAR .07
#CAT LOSS THIS RUN 52
TOC-DEMISTER (FFM) 24466.00
STEAM/WOOD RATIO 2.45
DRY MOL WT 25.10
WET MOL WT 24.61
NZ-02 FREE MW 24,77
ELEC INPUT (EW) 21.86
{based on 7 elements)

FWHR/LLE DRY WOQOD A2

ELECTRIC BTU/LE DRY 2106.87

¥ ¥CONVERSIONS 0 SE0LANCESX*
HEQT GAS/HEQT wWooD .59
GAS BTUS/LE WOOD 4882

CAREON CONMVERSION

TO GAS (X &&. 43
TO SOLID L) 23,73
TO LIGUIDW 2.30
sUM CONVERSIONS .47

METHANOL #/#W0O0D .14251817247 TO .I274742001%2

¥¥DESIGN INFORMATIONXX

BED GAS VELOCITY 1.132
CART EEAT COEFF ?4.731
STANDORD _T OF <X -Q44.70C
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RUN#: F173 TIME: 13300
DATE: 0%0982 TOTAL RUN TIME(HRS) 3.3
WOOD TYPE: HEADRIG CATALYST: Deactivated NICUMO

% ¥FRODUCT GAS UOMPOSITIONSYX
(MOLE FRACS)

NZ. 02 FREE

] . 219 ' deem
202 314 . 327
Z2H4  OO3 « 003
D2H& 013 013
ne « Q04 0w QOO0
AR L0OES Ow QOO0
ZH4 .198 « 206
o .114 .119
LIoHA « QOO0 « OO0
o3HS Ow OO0 Ow QOO0
YH20 017 017

LXTEMPERATURESX* X
(DEG C»

REACTOR INLET 531
CATALYST BED T30
KEACTOR OUTLET 700
STEAM 182
CARTRIDBE HTRS 830
PEODUCT METER 15

DEMLSTER 17

fXDIFFERENTIAL FRESSURESXX
PRODUCT 5 IN H20

STEAM 15 IN HZ0
EECYCLE 10 I N H20

#¥0RIFICE SIZES AND CONSTANTSXX

ORIFICE [ SIZE
PRODUCT 11 (I%. LS50
STEAM 32. 0 . Z0
FECYCLE 11&6.0 . S0
¥AFRESSURES XX

iFsSIG)
STEAM 140

DEMISTER 140
REACTOR 135
PRODUCT o

#/HR CYCLONE 2.5
#/HR FILTER 5
#/HR TAR .14



k¢ SOLID

S X%

¥%X COMPOSITIONS %%

. 100
Cra QOO
0w QOO0
Qe OO0

CARBON HYDROGEN OXYGEN ASH
WOOD « 450 - D60 . 480 ,010
CCHAR « 820 - OT0 . 048 O30
FCHAR - 820 O30 075 030
BED - 820 020 130 . Q20
TAR « 840 OT0 . 130 0. 000

+¥HEATS OF COMBUSTIONXX
wWooD 8300
CYCLOME CHAR 12300
FILTER CHAR 12500
BED 10000
TAR 15000

Q. 000

AXEKKKEEXXKKARKKERKRAK KRR KK KK KK KKK
INFUT STREAMS
AEKEKKKXKKKEXKKKRIKRRKHKKR KK KKK E R KKK

XXX

XXX

TOTAL CARBON HYDROGEN OXYGEN ASH
WO0D (DRY) 34.65 15.59 2.08 16.63 ]
WOOD MOISTURE z. 85 Ou OO0 43 .42 0, 00
STEAM 53.84 0w 00 5.98 47.86 s PEele)
TOTAL INFUTS 92.34 15.59 8.4% &7 .72 e
KKKEXKRKKKKKKRKKKKRKKKKKAKKKEKKXK
b3 & OUTPUT STREAMS XXX
KKKKKKKKKKEKKEARRKR KKK R KKK KKKk X%
TOTAL CARBON HYDROGEN OXYGEN ASH
DRYGASES 29.29 10.86 2.09 16.50 0.00
MOISTURE |IN PRODUCT .42 Q.00 . 0T .8 Q.00
CYCLONE SOLIDS 2.30 1.95 .07 .11 LO7
FILTER SOLIDS 1] .41 01 .04 .01
EED BUILDUP 1.25 93 0T 15 .15
DEMISTER LIQUIDS &0 .00 .15 b.hT SI3.33 O, 00
DEMISTER TAR .14 .12 ety 02 G.00
BURNER TRAF Q.00 0. 00 Q. 00 0,00 0,00
TOTAL OUTPUTS 04.11 14.41 8.93 705 .



EREKERIRKRKEARKK KRR KR KKK KKK

¥*¥ PRODUCT GAS (NZ-02 FREE)

EERRRKKERRRKERARR KKK KRR KRR KKK X

SCFM(DRY) a. &5
LE GAS/LLE DRY WOOD .83
INST SCF/# DRY WOOD 14.46
AVG SCF/7# DRY WOOD 12. 97
'TOTAL FLOW (SCF) 1674, 37
TOTAL WOOD FED 124.00
YH20 AT PRODUCT . 02
YHZ0 AT REACTOR OUT .72
BTU/SCF =80, 99

FRRRKORR KKK KRR KRR KRk K Xk
*¥MISCELLANEOUS TIDBITSXX
30K 0K KOR KKKk K KKK KOKR Ok KKk ok ok K

WT FRAC CAT-CCHAR .05
WT FRAC CAT-FCHAR 01
#CAT LOSS THIS RUN L3
TOC~DEMISTER (FFM) 2500.00
STEAM/WOOD RATIO 1.35
DRY MOL WT 22.40
WET NOL WT 22,73
NZ2-02 FREE MV 22.16
ELEC INPUT (KW} 26. 02
(based on 7 el enments)

FWHR/LLE DRY WOOD .64

ELECTRIC BTU/LEB DRY 2197.18

£XCONVERSIONS & BALANCESXX
HEAT GAS/HEAT WOOD b6
GAS BTUS/LE WOQOD 307

CARBON CONVERSION

TO GAS) 67.64
TO SOLID L) 21.03
TO LIGUID (% 1.72
SUM CONVERSIONS ?2.3

METHANOL #/#WOOD .164517764576 TO

X¥DESIGN INFORMATIONXX

BRED GAS VELOCITY 1.08
CART HEAT COEFF 74.83
STANDARD HT OF RX -686.74

« 3TA41TOT7T72439
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RUN#: F144A TIME: 13:00
DATE: 0Z1&8A TOTAL RUN TIME(HRS) :2.3Z
WOOD TYPE: HEADRIG CATALYST: DEACT NICUMO

¥¥FRODUCT GAS COMFOSITIONS®X
(MOLE FRACS)
N2,0Z FREE

-2 . 544 =t

233 « 230
C2H4 021 - 022
CZHG « QOO4 - Q04
a2 - O04 0O« 000
N2 028 0w Q00
CH4 1273 127
] 250 . 259
CIHE 0. 000 0w Q00
ZZH8 - QO3 « QO3
YHZO 020 « 020
¥XTEMPERATURES X

(DEG )

REACTOR INLET 713
CATALYST BED 745
KEACTOR OUTLET 652
STEAM 111
CARTRIDGE HTRS 810
PRODUCT METER 18

DEMEISTER =8

¥¥DIFFERENTIAL FRESSURESXX
FRODUCT 2.8 IM HZ0

STEAM 26 IN HZ0
RECYCLE © IN HzZ0

¥X%0ORIFICE SIZES AND CONSTANTSXX

ORIFICE k SIZE

PRODUCT 11¢.9 « S0
STEAM Te.0 « IO
RECYCLE 116.0 . S0

#RPRESSURES k%
(FSIG)

STEAM

DEMISTER
REACTOR
PRODUCT ¢

PR

'

#/HR CYCLONE 1.59
#/HE FILTER - Sh
#/HR TAR .61



¥ ¥ SOLI DS XX
¥x COVPOSI| TI ONS xx

CARFON HYDROGEN OXYGEN ASH MO STURE
WOCD LA70 052 462 . 006 . 048
CCHAR . B76 SO . 087 L OT0 0u 000
FCHAR .887 018 06T OIS LOZ1
BED . B20 QIO « 130 - O20 e OO0
TAR . 840 O30 L 130 001 0. 000

¥XHEATS OF COMBUSTIONYXX

WOOD 8425
CYCLONE CHAR 1z%14
FILTER CHAR 14100
EED 1 QOO0
TAR 15000

L2 S22 22 8020220220200 00000 Y
XXX [ NPUT STREAMS XX
EXKEKREREARKERRE KKK I K RK AR KK

TOTAL CARBON HYDROGEN OXYGEN ASH
WOOD DRY 23.14 10.87 1.44 10.6% .14
WOOD MO STURE 1.16 0. 00 13 1.07 G OO0
STEAM 24.58 Oa OO0 2.73 21.85 0. 00
TOTAL | NPUTS 48.88 10.87 4. 30 IT.58 .14

ST ET IS ETEI TS ESTTEIIEIS
AKX OUTPUT STREAMS XXk
AXEKRKKKKKERRRKRRK R R KRN KA RKKK KK

TOTAL CARBON HYDROGEN OXYGEN ASH
DRYGASES 21.26 .23 1.38 11.78 Cra QO
MOl STURE | N PRODUCT LI O« OO0 .04 L35 OO0
CYCLONE SOLI DS 1.59 1.32 02 .12 .05
FILTER SOLI DS .56 .50 L0l L OF L 02
EED BUI LDUP 0w OO0 0w 00 0. 00 O a 00 000
DEMISTER LIQUIDS Zl.60 .21 .51 28.0% Ca OO
DEM STEH TAR Sl .51 .02 . 05 O DO
BURNER TRAP 1. 00 .01 11 .89 Qw00

TOTAL OUTPUTS 57. O 10.79 5. 0% 41.35 .06



FRERRKXKKAR KK KKIKKEK KKK KKK KAk
¥%X PRODUCT GAS (N2-02 FREE) %%
ES 2220220220000 20020000 S0

SCFM (DRY) b.59
LE GAS/LE DRY WOOD .52
INST SCF/# DRY WOOD 16.62
AVG SCF/# DRY WOOD 16.42
TOTAL FLOW (SCF) 1016.37
TOTAL WOOD FED 61.89
YHZ2O AT PRODUCT ey
YH20 AT REACTOR OUT .65
BETU/SCF 375. 40

XK KK KOK KK K KR KK KK KK KO KOk K K X
¥XMISCELLANEQUS TIDEITSXX
FRRKKKAIAKRKK R KKK KE KKK KKK KX

WI' FRAC CAT-CCHAR - 05
WI' FRAC CAT-FCHAR OO0
#CAT LOSS THIS RUN « 08
TOC~-DEMISTER (FFM) 6800.00
STEAM/WOOD RATIO 1. G4
DRY MOL WrT 21.20
WET MOL Wr 21.13
NZ~02 FREE MWV 20.96
ELEC INPUT (EW) 17. S0
{based on 7 el enents)

HWHR/LE DRY WOOD .65

ELECTREC EBTU/LE DRY 2213.20

#RCONVERSIONS % BALANCESXX
HEAT G&AS/HEAT WOOD .74
GAS EBETUS/LEB WOOD L2730

CARBON CONVERSION

TO GAS (%) 75.78
TO SOLID (W) 16.73
TO LIGQUID(%) . 6.76
SUM CONVERSIONS ?9.2%9

METHANOL ##WOOD .2878%3321577 TO .416494275051

¥AXDESIGN INFORMATIONXX

BED GAS VELOCITY 1.47
CART HEAT COEFF R2.93
STANDARD HT* OF RX —444.38



RUN#: F14E TIME: 15:00
DATE: O91&68F TOTAL RUN TIME(HRS) :1.42
WOOD TYPE: HEADRIG CATALYST: DEAC NICUMO

*¥FRODUCT GAS COMPOSITIONSSS
(MOLE FRACS)
NZ,0Z FREE

HZ - 270 .272
L0z .228 « 230
C2H4 025 - 025
CZHE - D04 . 004G
oz - 001 Ou 000
N2 - 004 O OO0
CH4 . 147 . 148
Cco . 308 310
FHé .004 . 004
ZIH8 OO0 - QOS5
YHZO D20 020
¥X¥TEMPERATURES X %
(DEG O

REACTOR INLET 716
CATALYST BED 743
REACTOR OUTLET 652
STEAM 111
CARTRIDGE HTRS 810
PRODUCT METER 18

DEMISTER =8

X*DIFFERENTIAL FRESSURESXX
PRODUCT 7.2 IN HZ0

STEAM 26 IN HZOD
RECYCLE © IN H20

¥*%0RIFICE SIZES AND CONSTANTSXX

ORIFICE k SIZE

FRODUCT 110.9 - S0
STEAM I2.0 - D0
RECYCLE 116.0 S0

#AFPRESSURESX X
(FSIG)

STEAM 1
DEMISTER 1
REACTOR 1
FRODUCT 0

#/HR CYCLONE 3.18
#/HR FILTER 1.12
#/HR TAR i.22

» e



Xk SOLIDS
¥¥ COMPOSITION

XX
S XX

CARBON HYDROGEN OXYGEN ASH MOISTURE
WOOD LA70 - DE2 462 D06 . 048
CCHAR .B876 012 =082 « Q0 = 050
FCHAR . 387 . 015 06T O3S 021
BED - 820 Q0 130 - Q20 e QOO
TAR « 840 «O3I0 « 130 =001 O OO0

¥XHEATS OF COMBUSTIONXX

WOQOD 8425
CYCLONE CHAR 13914
FILTER CHAR 14100
BED 10000
TAR 15000

EXEKKKKKKKKKKEKRKKKKKKKKKK KKK KK KX

XXX INPUT STREAMS axa

XK KKK K Kk R R KoK K Kok R okoR Kk kR Kk kK kKKK X

TOTAL CAREBON HYDROGEN OXYGEN ASH

WOOD (DRY) 46.37 21.78 2.88 21.43 .28
WOOD MOISTURE D Oa - 24 2.07 4.0
STEAM 24.58 0. 00 2.7 21.85 O« 00
TOTAL INPUTS TI.2 21.78 5.87 45.35 28

KEEKKAKKE R R KKK KRR KKK KRR KKK kK%

XXX OUTPUT STREAMS XXX

KEKKEKKEEKKKKXRERKKR R KKK XKk X ¥

TOTAL CARBON HYDROGEN OXYGEN ASH

DEYGASES 36.81 14. 3= 2.14 19.81 000
MOISTURE I N PRODUCT Ol 0,00 L 07 T 0L Q0
CYCLONE SOLIDS 3.18 255 . 04 L 25 .09
FILTER SOLIDS 1.12 .27 .02 .07 .04
BED ERUILDUP w0 0«0 Q.00 0,00 0. 00
DEMISTER LIGUIDS 31«60 .24 Z.391 28.09 Q.00
CEMISTER TAR I 1.02 .04 14 O.00
BURNER TRAF 1.00 01 11 . B 0. 00
TOTAL OUTPUTS 75.54 19.84 5.92 432,80 13




HOOK K KOK K 0K KK RO KRR MOk kR ok Rk ok okok X
¥X PRODUCT GAS (MN2-02 FREE) xx%
KEKKKKKKRKAXKKKR KKK AR KKK KRR KX

SCFMI!DRY 1} 10.19
LB BGAS/LE DRY WOOD .79
INST SCF/# DRY WOOD 13.10
AVG SCF/# DRY WOOD 1Z2.62
TOTAL FLOW (5CF?» 972.92
TOTAL WORD FED 71.42
YHZ20 AT PRODUCT 02
YHZ0 AT REACTOR OUT .54
BTU/SCF 408,22

KKKAK KKK KA AR KKK KKK KKKk
¥XMISCELLANEOUS TIDEBITSXX
LRSS0 0002020200280 12

WT FRAC CAT-CCHAR - 05
WT FRAC CAT-FCHAR 00
#CAT LOSS THIS RUN .16
TOC-DEMESTER (FFM? 7S77 .00
STEAM/WOOD RATIO LS3
DRY MOL WT 23.01
WET MOL WT 22.91
N2-0Z2 FREE MW 22.97
ELEC INPUT (EW) 21.00
(hased on 7 el enments)

FWHR/LE DRY WOOD .39

ELECTRIC BTU/LE DRY 1325.1%

*XCONVERSIONS 2 BALANCES*X
HEAT GAS/HEAT WOOD - 63
548 BTUS/LE WOOD 5347

CARBON CONVERSHEON

T0 GRS () 6£8.57
TG SOLIDA) 16.71
TO LIGUID W 5.84
SUM CONVERSIONS PL.1Z

METHANOL #/7#W0O0D (223270922747 TO (I851I35385%4671

¥¥DESIGN INFORMATION®X

BED GAS VELOCITY 1.47
CART HEAT COEFF 108.19
STANDARD HT OF R¥X -737.40
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0011
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wn
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RUINE: ris TIME 14: 00
DATE 091762 TOTAL RUN TIME(HRS) :2.3
WOCD TYPE: HEADRIG SAWDUST CATALYST: DEACTI VATED GRACE

¥¥FRODUCT GAS COMFOSITIONSk*

(MOLE FRACS)
NZ, 02 FREE
H2 L4526 - 442
Coz2 274 . 28é
C2H4 D07 relals
C2HE - 009 L0100
a2 « QO3 QOO0
N2 053 Ow OO0
CH4 « 130 . 135
Co . 114 . 119
C3Hé 001 001
C3H8 « GO0 - QOO
YHZ0 035 O3S
¥XTEMFERATURESX X
(DEG O

REACTOR | NLET 740
CATALYST BED 740
REACTOR QUTLET 670
STEAM 156
CARTRI DGE HTRS gzo
PRODUCT METER 28

DEM STER 55

¥XDIFFERENTIAL FRESSURESX*

FRODUCT 8 IN HZzO
STEAM 26 |IN HzO
RECYCLE 4 | N H=20

¥%0RIFICE S| ZES aND CONSTANTSXX

PRODUCT 11} @ .50
STEAM IT2L0 . 30
RECYCLE 116.0 . 50

¥ ¥FPRESSBURESY X
(FS1IG)
STEAM 65
DEM STER &=
REACTOR &0
PRODUCT 1

#/HR CYCLONE 2. 17
#/HR FI LTER . 65
#/HR TAR 1.52



X SOLIDS X
¥ COMPOSITIONS XX

CARBON
WOOD 470
CCHAR . Q20
=CHAR 220
BED . 820
'TAR =Ny

*¥HEATS OF COMBUSTIONXX

HYDROGEN OXYGEN
J oso LA70
017 . 047
LOL7 . 04T
OO0 - 130
O30 « 130

001
Q20
D20
Q20

001

0873
. 161
0. 000
Qe QOO0

0. 000

wWOooD 8379
CYCLONE CHAR 12500
FILTER CHAR 12500
BED 10000
TAR 15000

KEKKRKK KKK KKK R AR KKK K KKK

XXX INPUT STREAMS XXX

KEKKEKKKKEKRKKERKKK KK KKKKKK K KKK XK

TOTAL CARBON HYDROGEN OXYGEN ASH

WooD (DRY) 35. 89 16. 87 2.15 16. 87 .04
WOOD MOISTURE 3.24 O 00 .36 2. 88 Qa0
STEAM 52,40 0. 00 5. 82 46. 58 0w Q0
TOTAL INPUTS 91. 53 16. 87 8. .34 66. 32 . 04

KKKEKKKEKKKKKEKKKE KK KKK KKK KKK KX

XXX OUTPUT STREAMS XXX

KK KK K K KK KR KK R K K KK K K Rk kK KOk K Kk

TOTAL CARBON HYDROGEN OXYGEN ASH

DRYGASES 34. 49 12. 24 2. 68 19. 75 G, Q0
MOISTURE IN PRODUCT 1.20 Qw0 13 1.06 [ Nals]
CYCLONE SOLIDS 2.17 1.88 O3 L O9 . 04
FILTER SOLIDS Y=Y} T .01 « O3 01
BED BUILDUP . 67 . S50 . 2 .08 .08
DEMISTER LIGQUIDS 47 .60 .19 9. 29 42, = Ou OO0
DEMISTER TAR 1. 52 128 « 05 . 20 Oe 00
FURNER TRAF 3.91 .02 .43 3.48 O 00
TOTAL OUTPUTS 9 20 16. 65 8. 65 66. 99 « L3



L2222 20202022200 0200000200
X% PRODUCT GAS (NZ2-02 FREE) %%
FORNOK K KKK KKK ROK KK KRR Kk KK KKKk kKX

SCFM (DRY) 11.55
LE GAS/LE DRY WOOD .96
INST SCF/# DRY WOOD 18.67
AVG SCF/# DRY WOOD 16.82
TOTAL FLOW (SCF) 1388.45
TOTAL WOOD FED 82.56
YHZ0 AT FRODUCT .04
YH20 AT REACTOR OUT .63
ETU/SCF I47.27

EXXKKEKKRKKKKKK KKK KKK KKK KX
¥XMISCELLANEQUS TIDEBITSXX
ES 2002002022028 02 8000200 ¢

WI' FRAC CAT-CCHAR « Ob
WI' FRAC CAT-FCHAR .06
#CAT LOSS THIS RUN .17
TOC-DEMISTER (FFM) I899.00
S5TEAM/WOOD RATIO 1.46
DRY MOL WT 19.82
WET MOL WT 192.76
N2-02 FREE MV 19.50
ELEC INPUT (W) 12.45
I based on 7 el enments)

FWHR/LE DRY WOOD « 0

ELECTRIC EBTU/LE DRY 1014.86

¥*CONVERSIONS % BALANCESX X
HEAT GAS/HEAT WOOD 77
GAS BTUS/LE WOOD 6484

CARBON CONVERSION

TO GAS (W) 72.56
TO S0OLID %) 17. 40
TO LIQUID (W) €3.76
SUM CONVERSEONS 98.72

METHANOL #/#W0O0D .2654540392107 TO .40%18%811347

#¥DESIGN INFORMATIOMNXX

BED GAS VELOCITY 1.33
CART HEAT COEFF 53.71
STANDARD HT OF RX -246.08



RUN NUMBER--P15: T
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HUN#: F1é TIME: 16: 18
DGTE: 1003582 TOTAL RUN TIME(HRS) :3.43
wWOo0oD TYPE: DENSE FLAKES-FZ2C0Z CATALYST: DEACT NICUMO

¥XFRODUCT GAS COMFOSITIONSkX
(MOLE FRACS)
N2, 02 FREE

|
HZ . S08 . o2 :
) - 240 . 247 \
CZH4 « OO0 - OO0 .
C2Hs . 005 - GO5
o2 Q04 Q. 000
N2 O79 Qw000
CH4 . 075 .078
o . 138 . 142
CIEHG Qe OO0 O QOO0
TEHS Qe OO0 Qe QOO0
YH20 028 028
*XTEMPERATURESk X
(DEG )

AEACTOR INLET 737
CATALYST BED 745
KEACTOR OUTLET 687
STEAM 187
CARTRIDGE HTRS 825
FRODUCT METER 23

DEMISTER ot

#¥DIFFERENTIAL FRESSURESXX
FRODUCT 7 IN H20O

STEAM 10 IN HZ20
RECYCLE 1¢© IN HZ0

¥¥ORIFICE SIZES AND CONSTANTS¥X

ORIFICE k. SIZE
PRODUCT 11). 2 - 50
STEAM 2.0 « 30
RECYCLE 116.0 - 50
X ¥FRESSURES X X

(FSIG)
STEAM 1328

OEMISTER 135
REACTOR 130
F'RODUCT 0

#/HR CYCLONE 1.13
#/HR FILTER 1.45
#/HR TAR ]



¥k SOLIDS ¥ X
¥%X COMPOSITIONS %x

CARBON HYDROGEN OXYGEN ASH MOISTURE
~w0O0D LA4Z22 036 L365 026
ZCHAR Y v4 - 001 . 089 . 106
FCHAR 565 011 076 Q. 000
EED 40 . 009 - 130 0w OO0
TAR « 840 O30 130 0, 000

¥*XHEATS OF COMBUSTIONXX

woaobD 7550
CYCLONE CHAR 9526
FILTER CHAR FS2é
EED 1400
TAR 15000

KAKKKKKKRKKKKKKKK KKK KK KKKKKKKKKXXK

XXX INPUT STREAMS XX¥%

KKKEKKKEKKKKKKKKRKAKKKRKKEKKKKKK KX

TOTAL CARBON HYDROGEN OXYGEN ASH

WOOD (DRY) T5.01 14. 77 1. 96 12. 78 5.50
WOOD MOISTURE L3 e OO0 .10 .83 O« 00
STEAM 47,20 Ou QOO0 4. g0 Z8.40 0.00
TOTAL INPUTS 72. 14 14. 77 6. 86 s2.(11 5.50

KXKKEREERKKKKKKKEKKKKKERR KA KKK XX

XXX OUTPUT STREAMS XX

KAKKKKKKRKRKRRKRKRKKKKRKKKKKKKK R KKK

TOTAL CARBON HYDROGEN OXYGEN ASH

DRYGASES 27.8%9 9. 89 2,40 17.82 SPRNIS
Md ISTURE 1IN PRODUCT .92 0w QOO 10 .81 Oa OO0
CYCLONE SOLIDS 1. 13 s . OO0 1 . 26
FILTER SOLIDS 1.45 .82 07 C .51
BED BUILDUP 29 2.47 .05 .74 .02
DEMISTER LIGUIDS T0e 00 .02 T.33 26. 67 O 00
DEMISTER TA&AF [SIET] OeG Ow OO Qw30 e OO0
BURNER TRAF 270 - OO0 « 30 Da 40 Qw0
TOTAL OUTPUTS 72.58 13. 92 . 20 48. 65 3.79



KXRKKRKREKKKER KRR KEXKARKER KKK KK
*¥ PRODUCT GAS (N2-0ZX FREE) X¥

SCFM (DRY) 11. 20
LB GA&S/LE DRY WOOD .85
INST SCF/# DRY WOOD 16.62
AVG SCF/# DRY WOOD 18.98
TUTAL FLOW (SCF) 1933.3

TOTAL WODD FED 101.88
YHZO AT FRODUCT LOT
YH20 AT REACTOR OUT .57
ETU/SCF I0O2.52

3K KKK KO KRR ROk K XK K KOk Xk X k% X
*E¥MISCELLANEQUS TIDBITSXX
KKEKERKKEKIKXKERKR KKK KKK KX

WT FRAC CAT-CCHAR Oe OO0
WT FRAC CAT-FCHAR 0«00
#CAT LOSS THIS RUN Qe Q0
TOC~-DEMISTER (FFM) 720,00
STEAM/WOOD RATIO 23
DRY NOL WT 17.75
WET MOL WT 17.76
NZ2-02 FREE MWV 17.38
ELEC ENPUT (kW) o A
'based on 7 elements)

FWHR/LE DRY WOOD .62

ELECTRIC BTU/LE DRY 2113.42

¥*CONVERSIONS 2 BALAMNCESX X
HEAT GAS/HEAT WOOD =
GAS BTUS/LE WOOD H5&IT

CARBON CONVERSION

TO GAS (XL} 66.96
TO SOLID!%) 2713
TO LIGQUID W) .16
SUM CONVERSIONS 94.25

METHANOL ##WOOD .3I5&6%745829463 TO 45051853795

¥X¥DESIGN INFORMATIONXX

BED GAS VELOCITY 1.14
CART HEAT COEFF 10%.08
STANDARD HT OF RX -712.66
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RUN#: P17 TIME: 15: 00
DGTE: 101482 TOTAL RUN T IME (HRS) :2.95
w00D TYPE: DENSE FLAKES CATALYST: GOOD NICUMO

%¥FRODUCT GAS COMPOSITIONSk
(MOLE FRACS)
NZ, 02 FREE

-2 . o28 . D69
02 224 . 242
Z2H4 O 000 Ca QOO
L2HA 001 001
ao 204 0w 000
N2 . 068 O, OO0
CH4 P O53E 057
0 L1731
CTHS G, 000 Ou QOO0
CIHB O. 000 Ox QOO0
YHZ0 023 LO2T
¥XTEMFERATURES X X
(DEG O©)

REACTOR INLET 0
CATALYST BED 730
REACTOR OUTLET &80
STEAM 183
CARTRIDGE HTRS 825
FRODUCT METER 20

DEMISTER 30

%#DIFFERENTIAL PRESSURESXI
FRODUCT & IN H20

STEAM 16 IN HZ20
RECYCLE 8 IN H2Z0

#¥0ORIFICE SIZES AND CONSTANTSXX

ORIFICE K SIZE
PRODUCT 110.9 . S0
STEAM I2.0 .30
RECYCLE 116.0 - 30
¥ XPRESSURES® ¥

(PSIG)
STEAM 138

DEMISTER 136
REACTOR 132
PRODUCT O

#/HR CYCLONE 1

FT AN L) /™ T hodan)



/M r i ren 0

#/HR TAR O

XX SOLIDS Xk
X% COMPOSITIONS xx*

WOOD 50x . 066
CCHAR . 850 L0173
FCHAR &S0 L0173
BED . P20 . 019
TAR . 840 « O30

*¥HEATS OF COMBUSTIONXX¥

wWooD 8774
CYCLONE CHAR 1Z=240
FILTER CHAR 8854
EBEED 1 Q000
TAR 13000

425
Qu QOO
Oe OO0

« OT0

- 130

Q06
. 140
. 250
- O30

001

013
 QF0
. 088
Ca QOO
0« Q00

HREARKERRKRKA KKK KKK K KKK KKK KKK KKK
INPUT STREAMS
L2022 2225220320320 2 000283080500

XXX

X K%

TOTAL CARBON HYDROGEN OXYGEN A8H
WOOoD (DRY? 24. 87 12. 51 1.4 10.57 .15
WOOD MOISTURE - 33 OO . 04 .29 Oe 00
STEAM 5519 Ou OO 6. 13 43. 06 OO0
TOTAL INPUTS 80.39 12. 51 7.81 52.92 15
KKKEKERE KKK EAA R KUK KKK KRR AR RXKR
Xx¥ OUTPUT STREAMS XXX
EEREXKKRKKEEXEERKRKEKERKKEKKKKEKKRKKXK
TOTAL CARBON HYDROGEN OXYGEN ASH
DRYGASES 25. 65 6.11 2.15 15. 61 0. 00
MOISTURE I N PRODUCT . T e OO .08 .64 0w Q0
ZYCLONE SOLIDS 1.00 85 - Ol G OO .14
FILTER SOLIDS .38 .25 - Q0 Qe OO0 .13
BED BUILDUP 1.40 1. 16 W 07 .04 .16
DEMISTER LIQUIDS 48, 20 .01 534 42. 64 OO0
DENISTER TAR Ga Q0 Ou Q0 0w Q0 Ca QD 0w QO
BURNER TRAP .15 ele} .o 2,80 e D0
TOTAL OUTPUTS 80.50 10.38 7.98 &1.24 .45



FRRRIOKR KR KA R KRR K KRR KRR KRR AKX
*% PRODUCT GAS (NZ-02 FREE) XX
RERKKKKKAOR KA KKK RRA KKK KKK KK KKK

FCFM(DRY) 10.59
LE GAS/LE DRY WOOD 1.03F
INST SCF/# DRY WOOD 23.86
&Y6 8CF/# DRY WOOD 22,41
TOTAL FLOW({SCF) 1670.01
TOTAL WOOD FED 74.52
YH20 AT PRODUCT - 02
¥YH20 AT REACTOR OUT .66
BTU/SC 284.56

HORKR KRR KKK RKKKR KKK KKK KX X
FX¥MISCELLANEQUS TIDEBITSXX
ERERKKKKKAKKKKRKK KKK KKK KKK

WT FRAC CAT-CCHAR O QOO0
AT FRAC CAT-FCHAR O Q0
#CAT LOSS THIS RUN O OO0
TOC~-DEMISTER (FFM) 289.00
STEAM/WODD RATIO 2 an
DRY MOL WT 17.24
WET MOL WT 17.26
NZ-02 FREE MWV 1t.38
ELEC INPUT (kW) 21 .00
(based on 7 elements)

FWHRALE DRY WDOD .72

ELECTRIC BTU/LE DRY 2470.69

#¥COMVERSIONS 2 BALANCESXX
HEAT GAS/HEAT WOOD 77
Bas BTUS/LEB WOOD 6789

CARHON CONVERSION

70 GAS(%) &4.83
TO SOLIDCH) 18. 04
TO LIRUID(% L 12
5UM CONVERS | ONS 32.99

METHANOL #/#W0OOD .441648712838 TO .S23Z246627474

¥ADESIGN INFORMATIONY %

BED GAS VELOCITY 1.10
CART HEAT COEFF 76420
STANDARD HT OF RX 451.43
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RURN#: F18 TIME: 15: 00
DATE: 110182 TOTAL RUN TIME(HRS) :3.0
WOOD TYFE: HEADRIG CATALYST: NICUMO-DEAD

%*¥FRODUCT GAS COMFOSITIONSK%
(MOLE FRACS)
NZ, 02 FREE

. 371 LAZT
202 1948 212
CoOHa 001 001
C2HG - OO L0100
oz 010 Oa OO0
W2 « 067 O OO0
CH4 . 158 172
Cco . 168 . 182
HNRY =T Oe 000 0Oe QG0
-3H8 QW 000 Oa QOO
YH20 023 ORE
¥R TEMFERATURES X X

(DEG £

REACTOR INLET 600
CATALYST BED 740
REACTOR OUTLET 720
STEAM 183
CARTRIDGE HTRS 840
FRODUCT METER 21

DEMISTER B

#*DIFFERENT IAL FRESSURESX X
FRODUCT 5 IN HZO

STEAM 10 IN HZO
RECYCLE 16 IN HZ20

$X¥0RIFICE SIZES AND CONSTANTSXX

ORIFICE b SIZE

PRODUCT 110.9 1)
STEAM 2.0 . 20
RECYCLE 116.0 . 30

¥ RFRESSURESX
(FSIG)

S5TEAM 135
DEMISTER 135
REACTOR 123
FRODICT 1

#/HR CYCLONE 2.93
#/HR FILTER 1.17
#/HE TAR «» 16



% % SOLI DS %%
¥x COVPOSI Tl ONS xx

CARBON HYDROGEN OXYGEN ASH MJ STURE

WoQoD . 478 . 058 . 438 026 088
ZCHAR . 3864 012 0. 000 100 O30
FCHAR . 805 013 0. 000 190 146
PED . 8320 . OO0 130 - 020 O Q00
TAR . 840 « OI0 , 130 001 0. QOO0
$xHEATS CF COVBUSTI ONxx
WOOD 8342
CYCLONE cHAR 13500
FI LTER CHAR 11900
BED 10000
TAR 15000

KEKKKKEKKKEXKEKKKKRRKAKE KK KKK KKK XK

X kX | NPUT STREANMS K ¥

KEKKKKKKKKKAKRKKKKKARKK KKK KK KX X

TOTAL CARBON HYDROGEN OXYGEN ASH
DRY) IT0.7 14. 68 1.78 13. 45 . BO

WOOD MO STURE "1 96 0w QO I3 2463 Ou 00
STEAM 43. 20 0. 00 4.80 I8.40 e 00
TOTAL | NPUTS 76. 87 14. 68 & 71 54. 48 .80

KEXKKEEEEKKKE KKK KKK KKK AR KKK

¥ %% OUTPUT STREAMS kX

KEKKKEKKKEKKEKKKERKR KKK KKKKKKXKKKKXK

TOTAL CARBON HYDROGEN OXYGEN ASH

DRYGGSES 25. 59 O.84 2,23 17.99 Cra 00
MJ STURE |IN PRODUCT . b4 0. 00 .07 57 O OO
CYCLONE SOLI DS 2,93 2. 60 .04 0w OO . 20
FI LTER SOLI DS 117 .94 .07 OuOO 22
EED BUI LDUP 1.98 1. 46 .05 .o 2%
CEM STER LI QUI DS 52,30 W15 5. 81 445,49 G OO0
DEMISTER TAR 16 .13 . OO0 L 07 e 00
BURNER ' TRAP .83 01 .4z I.40 Ga 00
TOTAL QUTPUTS 88. &0 15. 13 3, &4 64. 71 7S



ERKKKEKKKRRKRKKRKKRAKRF KRR KKK X
¥X¥ PRODUCT GAS (NZ2-0Z FREE) X%
AXKEKKKRKRKKREKRKERRKK KKK KKK KR KKK

SCFM (DRY) 9.46
LB GAS/LE DRY WOOD .83
INST SCF/# DRY WOOD 17.21
AVG SCF/# DRY WOOD 21.79
TOTAL FLOW (SCF) 2007 26
TOTAL WOOD FED 92.11
YHZO0 AT PRODUCT .02
YHZ20 AT REACTOR OUT .70
BTU/SCF I87.01

FRX KKK KKK KKK KKK K KKK KK KX
XXMISCELLANEQUS TIDBITSXX
KEERKEKKKKKEXKKKKK KX KKK XK XK

WI' FRAC CAT-CCHAR Ca OO
WI' FRAC CAT-FCHAR O« 00
#CAT LOSS THIS RUN Q.00
TOC-DEMISTER (FFM) 2890. 00
STEAM/WOOD RATIO 1.41
DRY MOL Wr 19.17%
WET MOL WT 19.11
NZ-02 FREE MWV 18.735
ELEC INPUT (W) 25,28
Ibased on 7 el enments)

KWHR/LE DRY WOOD .71

ELECTRIC BTU/LE DRY 2409.26

¥¥CONVERSIONS % BALANCESXX
HEAT GAS/HEAT WOOD . 80
GAS BTUS/LEB WOOD bbb1

CARBON CONVERSION

TO GAS(%) 67.03%
TO SOLID(Y) 4. 06
TO LIQUID (%) 2.0
SUM CONVERSIONS 103,11

METHANOL ##WOOD .Z708262768351 TO

¥ X¥DESIGN INFORMATIONXX

BED GAS VELOCITY 1.26
CART HEAT COEFF 87.26
STANDARD HT OF RX 207.72
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RUN#: F1° TIME: 13:35
DATE: 110282 TOTAL RUN TIME(HRS) :3.0
wO0D TYFE: HEADRIG CATALYST: NICUMO-DEAD

¥%PRODUCT GAS COMFOSITIONSK*
(MOLE FRACS)
NZ, 02 FREE

HZ 315 . e
co2 - 280 . 286
C2H4 L O0E 006
C2H& . 018 - 019
= , 001 Ge QOO0
N2 232 0w OO0
CH4 177 . 181
(6{0] . 179 . 184
C3H6e . OO0 - OO0
CZH8 QOO0 Melalsl
YH20 016 « 016
¥AXTEMFERATURES X X
(DEG O)

REACTOR INLET 740
CATALYST RED 740
REACTOR OUTLET 680
STEAM 160
CARTRIDGE HTRS 820
PRODUCT METER 15

DEMISTER 20

¥ADIFFERENTIAL FRESSURESkX
F'RODUCT 4 | N H20

STEAM 15 IN H20
RECYCLE 1.3 I N HZ0

¥¥0ORIFICE SIZES AND CONSTANTSXX

ORIFICE b SIZE
PRODUCT 110.3 - S0
STEAM 2.0 « 30
RECYCLE 116.0 « S0
¥XFRESSURES®

(FSIG)
STEAM 75

DEMI STER 70
REACTOR 70
FRODUCT 1

#/HR CYCLONE 2.42
#/HR FILTER -5
#/HR TAR .16



XX SOLIDS XX
¥%X COMF'OSITIONS %%

CARBON
MOOD 473
CCHAR . 867
FCHAR . 861
BED 517
TAR . 840

¥*XHEATS OF COMBUSTI

WOOD 8500
CYCLONE CHAR 12500
FILTER CHAR 12500
BED 10000
TAR 15000

- O8

011
012
- OO7

OO0

ONX X

. 455
0w QOO0
0w QOO0
Oe OO0

. 130

L0l2
127
127
. 480
001

027
044
. 130
Qe 000
Oa OO0

FRR KR KRR R KRR R R KRRk ok ok X

XXX

INPUT STREAMS

LS B

L2222 0220220382280 3302202202280

TOTAL CARBON HYDROGEN OXYGEN ASH
WOOD (DRY) 36. 98 17. 49 =, 272 16. 82 .44
WOOD MOISTURE . 07 e OO N -1 Ou OO
STEAM 42,07 0. 00 4. 67 37.36 0«00
TOTAL INPUTS B0O. 03 17. 49 7.00 55.09 .44
EEXEKEEKEXREKRERE R KR KKK K KK KA KKK KKK
XK K QUTFUT STREAMS XK X
EXXKEKKERKKEEEKEXKREKKKERKK KKK KKK KX
TOTAL CARBON HYDROGEN OXYGEN ASH
DRYGABES 27.51 10.52 1 89 15. 16 O OO
MOISTURE IN FRODUCT 37 QOO0 . 04 I3 Qe 00
CYCLONE SOLIDS 2,47 1.88 « 02 0w OO . 28
FILTER SOLIDS . S0 .41 =01 0w OO0 . 06
EED RUILDUF 1. 46 . 68 L1 0w QO .78
DEMISTER LIQUIDS 9. 00 .= 4, 33 34,467 OO0
DEMISTER TAR . 16 .13 - 00 e 0w DO
BURNER TRAF &7 0 « 30 2,37 OO0
TOTAL OUTFUTS 74.09 13.88 &H. AD 52.585 1.12



EXEKEKEKKKRKKKRKRKKRKKKAR KK KKK KKK XK
¥%¥ PRODUCT GAS (N2-02 FREE) XX
HRRERKKKKRRKKRRKK KRR RKKKKR KA KK

SCFM (DRY? 8. 05
B GAS/LE DRY WOOD .74
INST SCF/# DRY WOOD 12.78
&VE SCF/# DRY WOOD 12.01
TOTAL FLOW (SCF) IT2. 64
TOTAL WOOD FED 110,93
¥HZ0 AT PRODUCT L O2
YHZ20 AT REACTOR OUT et
BTU/SCF 389.85

FORRKRRORR R KRR R KK KRR KKKk kKX
*XMISCELLANEQUS TIDEITSXX
33K 33K KK K KK KKK R KK KKk KOk Kk Kk X

WI' FRAC CAT-CCHAR =10
WI' FRAC CAT-FCHAR - 05
#HCAT LOSS THIS RUN .27
TOC~-DEMISTER (FFM) &O00.00
STEAM/WOOD RATIO 1.14
DRY MOL Wr 22.20
WET MOL WI 22,13
NZ-02 FREE NV 22.08
ELEC INFUT (KW} 19.83
(based on 7 elenents)

FWHR/LE DRY WOOD .44

ELECTRIC ETU/LE DRY 135&%.54

#*¥CONVERBIONS 2% BALANCES*&
HEAT GAS/HEAT WOOD « o7
BAS BTUS/LE WOOD 4984

CARBON CONVERSION

TO GAS (%) 60. 18
T SOLID (%) 16,98
TO LIQUID (% .20
SUM CONVERSIONS 77,56

METHANOL ##WOOD .171ZZ21Z019%2 TO

*XDESIGN INFORMATIONXX

BED GAS VELOCITY 1.59
CART HEAT COEFF 85.57
STANDARD H i OF RX -Z8%.63

-

055838310
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RUN NUMBER--P19: T
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1500
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17:00 L

16:00 L




RUN#:. F20 TIME:
DATE: 110882 TOTAL
WOOD TYFE: HEADRIG W/NACOZ

¥ %FRODUCT GAS COMFOSITIONSXX
(MULE FRACS)
NZ,02 FREE

HZ - 202
-0z - O3
o244 , QO3 003
C2Hé& 017 019
o2 00T 0w OO0
T . 081 0w OO0
CH4 « 168 . 1873
=0 .12z L1133
maH& « QOO0 . OO0
ZIEH8 - OO0 « OO0
YH20 013 013
FEATEMPERATURES X X

(DEG C»

AEACTOR INLET 607
CATALYST EBED 730
REACTOR OUTLET 700
STEAM 187
CARTRIDGE HTRS 840
FRODUCT METER 12

DEMISTER o5

*¥DIFFERENTIAL FRESSURESXX
FRODUCT 4 IN HZ0

STEAM g I N HZ20
RECYCLE 14 I N HZO

¥X0ORIFICE SIZES AND CONSTANTSXX

ORIFICE [ SIZE
FRODUCT 110.9 - 50
STEAM 2.0 « 50
RECYCLE 116. © . 50
YAFRESSURESX X

(FOIG)
STEAM 140G

DEMISTER 135
REACTOR 120
FRODUCT 1

#/HR CYCLONE 3.67
#/HR FILTER 1.6
#/HR TAR ' .7

14: 30

RUN TIME(HRE) :3

CATALYST:

DEAD NE-CU-MO



L § SOLIDS

b 3 §

XX COMPOSITIONS xx

CARBON HYDROGEN OXYGEN ASH MOISTURE
WwOooD 240 042 - S05 114 . 084
ZCHAR LH1E 010 QT2 R . 089
CHAR IR 011 024 : 006
EED « 820 « OTO 130 . 20 e QOO0
TAR . 840 O30 « 130 001 0. 000

Y¥HEATS OF COMBUSTIONXX
WOCD 7350
CYCLONE CHAR 10030
FILTER CHAR 11038
BED 10000
TAR 15000

KEKEREKEKERKE KKK RAK KRR KKK KKK X

XXX INPUT STREAMS XXX

AEKKKEKKKKKKKKEKKEKKKKKKRKKKKEK K%

TOTAL CARBON HYDROGEN OXYGEN ASH

WOOD | DRY ) 44. Q0 15.24 1.89 22,67 5.1()
WO0OD MOISTURE 4,10 0. Q0 .46 3.65 Ow Q0
STEAM I5.28 sTRsle 4,36 5491 0O.00
TOTAL INPUTS 88.25 15.24 6.71 51.2% 5,10

KXEKKKEKKERRKKKE KKK KEKRRKKEKK KKK

kxk OUTPUT STREAMS Xk X

FEKEKKERERARKRREEKKRERK KRR KKK KK XK

TOTAL CARBON HYDROGEN OXYGEN ASH

DRYGASES 26.12 3. 62 1.76 14.86 0w O
{0ISTURE I N PRODUCT . 0 oI ()] «OF .27 (Ve
CYCLONE SOLIDS 3.67 2. 24 04 12 1.26
FILTER SOLIDS 1.60 1.01 . 02 . 04 .53
BED EUILDUP =L 60 =.44 - 02 -.07 -. 07
OEMISTER LIQUIDS 55 00 .18 6.11 48. 8% QOO0
DEMISTER TAR . 70 .59 02 .04 Dw OO
RURNER TRAP 5a Q0 .02 .54 4.44 Cia OO
TOTAL OUTPUTS $1.78 T.23 a. 52 68.64 1.72



EEEKEKKRKEKKKKERRK KKK KR KKK KKRKRKR
¥X F'RODUCT GAS (NZ2-02 FREE) XX
HRERKXKKKK KK KKK KRR KKK R KKK KKK

SCFM (DRY) 7. 90
LB GAS'LB DRY WOOD .S58
INST SCF/# DRY WOOD 3.77
AVG SCF/# DRY WOOD 10.20
TOTAL FLOW (5CF) 1373.564
TOTAL WOOD FED 174,70
¥H20 AT PRODUCT .01
YHZ0 AT REACTOR OUT .75
ETU/SCF I72.74

2202022023222 02020208008 ]
¥¥MISCELLANEOUS TIDBITSXI
(22020220 P 02200000000

WI' FRAC CAT-CCHAR Q.00
WI' FRAC CAT-FCHAR Qe 00
#CAT LOSS THIS RUN Qu OO0
TOC-DEMISTER {(FFM) IT54 00
STEAM/WOOD RATIO .87
DRY MOL Wr 2T.03
WET MOL WT 22.946
NZ-0Z2 FREE MWV a0 55
ELEC INPUT {(KW) 25.67
(based on 7 el enents)

FWHR/LE DRY WOOD . 4%

ELECTRIC ETU/LE DRY 1672.83

#R¥CONVERSIQNS 2 BALANCES* %
HEAT GAS5/HEAT WOOD .48
GAS BTUS/LE WOOD 3644

CARBON CONVERSION

TO GAS(%) LT, 1T
TO SOLID (%) 18.52
TO LIGUID (% 5.18
SUM CONVERSIONS 86. 82

METHANOL #/#W0O0D . 132930228201 70 2915514185464

¥¥DESIGN INFORMATIOMKX

BED GAS VELOCITY 1.12
CART HEAT COEFF 80.54
STANDARD HT OF RX -1984.23
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150041
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RUN#: 21 TIME: 14:30
DATE: 110982 TOTAL RUN TIME(HRS) :3
WOOD TYFE: DENSE FLAKES CATALYST: 13% NACOZ

#FXRFRODUCT GAS COMFOSITIONSk*
IMOLE FRACS!
N2, 02 FREE

ey

Tl « 320 . 543
902 . 289 . 206
-2H4 « 003 Q03
~2H6 017 016
oz - OO2 Qu OO0
N2 . D6E Cw QOO
ZH4 174 . 187
30 133 « 143
TIHGE 0. 000 Ow QOO
TIEHE (s sluls 0w QOO0
YHZ0 014 014

FEXTEMFERATURES X X
(DEG C)

REACTOR INLET 600
CATALYST BED 750
REACTOR OUTLET 740
STEAM 184
CARTRIDGE HTRS 840
FRODUCT METER 13
DEMISTER et

¥¥DIFFERENTIAL PRESSURESIX
~RODUCT 2 IN HZ0O

STEAM 3 IN H20
RECYCLE 13 IN HZ20

#%0RIFICE S| ZES aND CONSTANTSXX

ORIFICE B SIZE
FRODUCT 110.9 . o0
STEAM L0 « 30
RECYCLE 116.0 - 50
¥XPRESSURESX X

IPSIG)
s+EAM 1420

DEMISTER IS
REACTOR 1Z0
PRODUCT 1

#/HRE CYCLONE 6.67
#/HF FILTER 1
#/HR TAR 1.17
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