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ABSTRACT

Gasification of biomass (wood, wood waste, agricultural residues, etec.) is an
often=discussed option that may permit utilities to cbtain a portion of their fuel
tequiremencs from renewable resources. However, tha techanical state of this
option ies unclear at present, and this étudy wag Initiated to provide documented
performance information of commercial bicmass gasifiers to the electric utility
industry.

Biomass gasification was to be assessed in terms of operability and technical
performance by investigating installed commercial gasifiers. Only one gasifier
inatallation, the Omnifuel gasifier at Hearst, Onktaric met the criteria selected
to identify commercial installations able to provide operating data for
engineering analysis. Although the data contained gaps and inconsistencies, a
reasonably consistent plcture of gasifier operatlon was derived. The gasifier was
observed to be responsive to controls, but no long-term cperating and maintenance
data were available. Thus, biomass gasification is an emerging technology with
potential zpplications, but the technical performance of large-scale gasifiers is
not yet fully defined.
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EFRI PERSPECTIVE

PROJECT DESCRIPTION

This final report under RP986-10, Technical Evaluation of Wood Gasificationm,

presents an analysis of the early commercial pexformance of the Ommifuel biomass
gasifier installed at the Levesque Plywood plant at Hearst, Ontario, Canads,
Omnifuel Gasification Systems, Ltd,, the technology developer and licemsor, provided
field data for the technical analysis and hosted 2 visit by the project team members
to the plant site.

The Ownifuel installation is a single=trein, fluid bed, atmospheric pressure, air-
blown gasifior feeding mill residues generated at the plant. It is designed zo feed

156 shoxt tons per day of a 27% moisture content feedstock varying in size frem
2-inch chips to sanderdust. '

4s a result of past and ongoing EPRI studies (e.g., EPRI Final Report AP-2320, Small
System Generstion Requirements: Fuels and Technologies; EPRI Special Report
AP-1713-8R, Electric Utility Solar Energy Activities: 1930 Survey), a small but

growing interest in biomass gasification on the part of some U.S. electric utilities
was perceived, The First step was to define the state of the art of biomass pasi-
fication. Fred C. Hart Associates, Inc., (RP986-8) is preparing a worldwide state-
of-the-art review of biomass gesification, emphasizing commarcial applications in
North America. Using preliminary informgtion frem their study and applying a series
of agreed upon screening criteria, Synthetie Fuels Asscciates {SFA) recommended and °
EPRI agreed that the Omnifuel pasifier would be able to furnish the most complete
information base for a technicel gasifier performance analysis.

PROJECT OBJECTIVE

4 principal objective of this study is to provide the utility industry with docu-
mented technical performance information for a biomass gasifier used in a commercial
setting. Field data from the biomass gasifier were to be analyzed from & che;nical

engineering perspective, and comments were to be prepared on the adequacy and relia-
bility of the data base.



PROJECT RESULTS
The key findings of this study are as follows:

» As is often the case where field data are concernsd, SFA cbserved
several gaps or inconsistencies in' the data provided by Cmnifuel.
Consequently, several as-umptions had to be made in the course of the
analysis, and the calculated performance results could not be com
pletely confirmed by direct experimental measurements.

® Regarding performance measures using a 5% moisture content woody
femdstock, the Following were calculated using the best set of
agsumptions:

=--Carbon Conversion 97.4%
~=Gasifier Thermal Rfficiency

1. TIneluding sensidle heat in gas stream from
60°F (base) to 1390°F (gasifier exit temperature) 86.6%

2. Excluding zensible heat 75,22

® Gasifier heat loss was calculated to be about 11% of the energy input
and appears high.

The analyses presented in this report represent a smapshot of the commercial perfor-
mance of one type of biomass gasifier in the late-1981 time frame, - The on—-site
industrial application of the gasifier may be attractive in that gasification simul-
taneously solves a waste disposal problem, provides a clean energy form that can
substitute for comventional oil and gas fuels at the lumbermill, and incurs no feed-
stock transportation costs.

This biomass gasifier appears to satisfactorily operate in the commercial setting
for which it was designed. Reflecting on the assumptions and limitations of the
snelyses, the data and calculated results are judged to iie in the 85 to 90% con-
fidence range. Three possible techanical drawbacks of this information from a
utility perspective are: (1) the ambaence of long-term operating and maintenance
histories (this would be true of any biomass gasifier today), (2) the absence of
load-following information, and (3) the absence of information ralated to changes in
gasifier performance as feed quality and moisture content change. Future EPRI
studies may address Lthese issues,

Stephen M. Kohan, Project Manager
Advenced Power Systems Division
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SUMMARY

BACKGROUND

Interest in renewable sources of energy has iluncreased in recent years as a
possible alternative to increasinpgly expensive conventional fuels such as coal,
oil, and gas. Wond and wood wastes are renewable sources that are inexpensive in
some locations. Although wood and wood wastes can be burned in facilities
designed for their use, they cannot be used directly in most existing systems
designed for oil or natural gas. However, gasifichtion of these materials can
provide a combustible gas that can be burned in existing facilities designed for.
oil or gas with relatively mincr modifications. TIn new Eacilitfes, s.'.‘:n.:piicity
would generally favor direct combustion over gasification followed by combustion

of the-gas. However. specific comparisons could favor wood gmsification even in
new faciliries.

Small woed gasifiers have been widely used in the past, but utility applications
have been wminimal. Detailed performance informatiom is largely non—existent in
the literature. EPRI undertock the present study te attempt to document the
technical performance of existing available wood gasifiers, because of a perceived
swall but growing interest in biomass gasification by some U.S. electric utility
companies. ’

The method used to detexmine feasibility of the pasification option entailed two
principal steps. First, criteria were established to determine if a gasifier were
in commercial operation and capable of providing engineexing data on its
performance. By this approach, only one type of gasifier was identified as being
sultable. for engineering analysis, but two other pasifiexs just;{fied a
stata=of~tha~art review. Second, data were acquired from the identified gasifier
licensor and analyzed to determine the reliability of the data and the performance
of the gasifier,

5-1



TYPES OF GASIFIERS AND SELECTION CRITERIA
The principal criveria leading to the selection of these gasifiers for analysis
and review were that a unit be installed in an industrial setting, intended for
commercial use, and potentially available for further testing and for licenaing of
new upite, praferably with performance guarantees. Two years of experience were
desired but not found in any existing units,

R

The gasifier studied most extenaively in this project is licensed by Omnifuel
Gasification Systems Limited of Toro.tc, Ontario, Canada (herein ecalled Omnifuel).
Wood-type fuel is injected into a bed of inert sand fluidized by combustioen air
insufficient Eor complete combustion. Combustible gas leaves from the top of the
bed, along with énfcrained ash. Combustible components in the gas include carbon
menoxide, hydrogen, methane, and hydrocarbon gases, but very little condensable
tar and oil. The Qunifuel gasifier at the Levesque Plywoed Company plant in
Hearst, Ontario, rated at 80 million Btu/hr input, was chogen for data analysls in
this report.

The second type of gasifier is the fixed-bed updraft gasifier. Such a gasifier
operates in countercurrent flow; wood is fed at the top and air through a grate at
the bottom. Ash is remcvad from the bottom and Euel gas £rom the top. Because
the gas is cocled by the a}\cering wood, the gas coatalns tars and oils in additioen
to the components found in gas from fluidized bed gasifiers. The fixed-bed
gasifier is not suitable for sander dust, the type of wood waste used in the
Omuifuel gasifier test, The mest commercially advanc;ed fixed-bed type of gasifiex
in North America appears to be cne licensed by Applied Engineering Compeny of
Orangeburg, Scuth Carolina, One unit is installed at the Worthwest Regional
Hospital in Rome, Georgla, but it is not iﬁstrumenl:ed to provide engineering data.
A mexe advanced unit with instrumentation 1s being installed and tested by Florida
Power Corporation at the Suwannee Power Statlon; this unit will be a prime
candidate :|.f studies such as this.one are undertaksn in the future. Large
firxed-bed gasifiers have also been installed by Westwood Polygas Ltd. of

Vancouver, British GColumbia. These are developmental units not fully commercial
nor instrumented for data collection.

The third type of gasifier is the rravelling-grate gasifier, offered by Forest
Fuels, Inc. of Marlborough, New Hampshire. Wood is carried by a travelling grate
and is gasified by a cross flow of air. These gasifiers are close-coupled to
package bollers, They are not instrumented for data collection. Although several
have been installed, insufficlent information was available to warrant inclusion
in this report.
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FINDINGS'

The Ommifuel gasification system at Hearst gasifies plant wastes to supply fuel
gas to heat a hot oil system used for plant heat requirements. The system
includes pueuwatic wood collectors, storape silos, gasifier and auxiliaries, an
800 £t pipeline distribution system, burners, and a flare stack. The gasifier is
approximately 12 £t 0D by 40 ft high. Air is compressed, heated by exchange, and
injected into the gasifier below a grid that supports the fluidized bed of saad,
Feed is injected inte the bed, which operates at about 1400° F. Fuel gas leaves
from the top and is cooled by exchange but is kept above about 800° F to prevent.
condensation of any tars and olls that it may contain. Design conditions are for
13,00C 1b/h feed of 27% moisture (wet basis) varying in particle size from 2 in
chips to sander dust.

Cmnifuel provided tast data that included fuel and ash rates and compositions, dry
fuel gas composition, and an estimate of water vapor content of the fuel gas. The
air rate and composition and gas rate were not reported. The reported dry fuel
gas percentages did mot add up ta 100%. To define the performance of the
gasifier, it was therefore necessary to make assumptions and check their
plausibility by trial-and-error caleulations. These caleculations are fully
documented in the report; only the most plausible results and conclusiens ave

sunmarized here.

The trial calculations aventually gave a material balance at a 5 short ton per
haur feed rate which was deemed most plausible because of closure of elemental
balances within about 5% for important elememts. Unfortunately, the results
carnet be confirmed because Omnifuel did not report air or fuel gas rates. The
fallowing table summarizes performance based on this material balance and heat
balances.
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OMNIFUEL GASIFIER AND PLANT PERFORMANCE

Carbon Utilization 97.43
Gasifier Cold Gas Efficiency” 75.2
Gasifier Hot Gas Efficiency” 86.6
Plant Cold Gas Efiiciency” 74.2
Plant Hot Gas Efficiency® 85.3

a Higher heating values only as inputs and outputs of gasifier
b Higher heating values plus enthalpies as inputs and outputs of gasifier
& Analogous efficiencies counting pasifier auxiliary power at 10,000 Btu/kWh

(for energy self-sufficient plant) as inputs, excluding feedstock comminution
" and hauling

CONCLUSIONS

The Omnifuel gasifier at Hearst was visited during this project and was observed
to respond rapidly to controls. The cold gas efficiency probably equals or
axceads 75% wigh a wood feed of 5% moisture, but the calculated performance cannot

be confirmed b& independent mezsurements. No long-term operating and maintenance
experience exists.

The Applied Bnpineering gasifier has reportedly operated well, but no operating
data are available for engineering annlysis. No long-term opereting and
maintenence experience exists. Likewise, insufficient information is available

for technical analysis of any othaer gasifiers for potential use by uriliries.

Wood gasification is a potentially suitable method of providing a clean fuel gas
for utiliry use, For retrofitting, however, unit-specific analysis is necessary
to determine the degrea of derating and other performance changes that might

result from changes in pressure drop and heat transfer due to the properties and

volume of the fuel gas and flue gas compared with the corresponding values for the
design fuel.



Section 1

INTRODUCTION

Price increases in conventlonal foeslil fuels such as cozl, oil, and natural gas have
rekindled interest in renewabla energy sources. Wood ig a renewable resource, and a
poessible source of clean fuel gas. Although small wood gasifiers have been widely
uzed in the past, utility applications hava bgen minimal. A principal objective of
this project is to provide the utility industry with documented technical
performance information for commercial-scale biomass gasifiers including an
indication of the adequacy and relisbility of the Eicld data used in the analysis.

LY
-

The approach to determining the commercial availasbility of a particular wood
gasifier was to investigate installed gasifiers operating in commercial settings, as
opposed to development projects, and to evaluate their technical performance. The
technical evaluations include heat and material balances, determination of
gasification efficiencies, and discussions of the apparent technical state of

development of the gasifier. However, wood gasification econpmics is outside the
scope of the project.

A review of historical developments is necegsary to understand the current status
and potential of wood gasifiers in the enargy picture. About a century ago, wood
was the most extensively used fuel in the U.S. before alternative fossil Fuels
{coal, oil, gas) became readily available. Early in this‘century. the discovery,
development, and distribution of large reserves of oil and gas generally made other
fuels uncompetitive, Convenience and eosts both favored oil and gas. In recent
years, large increases in oil and ges prices heve made wood competitive again in
some cases, especially where wood wastes or noncommercial timber are available.
However, existing equipment designed to burn oil or gas is not gensrally capable af
directly burning wood. Therefore, systems capable of converting wood to a
combustible gas compatible with cil/gas-designed equipment (such as may be owned by
a small utility) are of interest. These systems are the subject of this repoxt.



For new installations, wood can be used as the energy cource for either gasification
followed by combustion of the gas or by direct comhustion of wood in & beiler or
furnace. Thus, another option can be cdnzidered for mew umnits,

Wood can also be gasified with oxygen and steam to make a synthesis gas for the
production of liquid fuels. The requirements for synthesis gas differ from those
for fuel gas, and the choilce of gasifier may differ. Wo commercial-scale
oxygen-blown wood gasifiers are believed to exist at present, although
demonstration units have been proposed,

Section 2 of this report discusses different types of gasifiers and the rationale
tor the cholce of the Ounifuel gasifier for data amalysis. Section 3 preseats the
data analysis. Section &4 briefly discusses the atate of the art of other gasifiers.
Section 5 lists references.
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Section 2

IYPES OF GASIFIERS AND CHOICE FOR DATA ANALYSIS

Wood gesifiers require a reaction chamber for the partiml oxidarion of wood with
air or oxygen and perhaps steam, As opposed to direct combustion, the gaseous
products are poisonous and flammable, and leakage must be prevented., To meet
these basic requirements, wmamy configurations have been proposed.

Most gasifiers contact air with what is usually called a fixed bed of wood,
although the wond slowly descends as it is consumed. The air may £low up
{countes-current) or down (cocurrent). The differences in operation are
fundamental. In upflow, the fuel gas is cooled by the incoming feed before it
leaves the gasifier, The materials of construnction in the cutlet piping therafara
face a moderate environment. The heat transferred to the wood and heat reccvery
from the ash improve the thermal efficiency of the gasification. However,
condensable pyrolysis products are carried out with the gas. Unless removed by
scrubbing or other means, these tars and oils may foul or corrode downstream

piping and equipment and create a pollution control problem. The Westwood Polygas
and Applied Engineering gasifiers ars of the upflow type.

In downflow gasiffers, the hot gas leaves from the same region as the het ash. an
advantage of the system, which is most important in the production of synthesis
gas, is the near elimination of cordensable liquids by reactions in the bed of hot
char and ash. Less development effort has been applied to downflow gasifiers than
to upflow gasifiers.

In fluidized bed gasifiers, wood is fed to a fluldized bed of inert solids
supported by an upflowing stream of air or oxygen and perhaps steam. A fluidized
bed is violently mixed and nearly uniform in temperature. Because the £luld bed
can oparate at slevated temperatures, condensable liquids of the kind formed by
fixed-bed gasiflers are cracked and mearly eliminated £rom the product gas. At

least one fluidized bed gasifier has been Installed for commercial use: the
Omnifuel gagifier in Hearst, Ontario.
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A fourth type of gasifier uses a travelling grate to carry wood across an

upflowing stream of air. Forest Fuels gasifiers are of this type, and several
have been sold.

Other gasifiers use horizontal or inclined f£low, often assisted by an avger or
tumbling action. Sometimes gasification is combined with pyrolysis. These
gasifiers pose pontentislly serious mechanical problems such as abrasiony mo
information is availsble to indicate that such problems have been solved to permit

routine commercial use. BSome gasifiers use a stapged combinstion of gasification
methods.

It was agreed at the onset of thie study that representative data fox EPFRL
purposes would be riquested from plants with the following dosirable features:
] recent sustained gasifier operation for at least two years in a

commercial setting, and prospects for the continuing use of the gasifier
in this setting

. the general absence of potentially highemaintenance items

') use of a wood~type feedstock (municipal solid waste is not considered)

. gasifiers of this type offered for sale, preferably with performance
guarantees.

In this context, commercial operatiom means operation in an industrial setting not
primarily for development. The period of two years was chosen to show an apparent
commitment by the owner to use the gasifier in the conduct of his normal business.
Although large scale 1s desirable, no minimum size was set. Addicionally, any
practical gasifier type was to be included.

A survey in this project and more extensive investigation by Fred €. Hart
Associates under a companion EPRI centract (RP #986-9) indicated that no gasifier
extant completely satisfied all these eriteria. The Ommifuel gasifier at the
Levesque Plywocod plant in Hearst, Ontario came the eclosest, having been operated
commercially only a few months instead of two years. It was reportedly the only

plant with an installed date logging system tapable of providing heat and material

balance data. Tha fuel gas is used in the production of plywood and particle
board.

One commerclal-scale Applied Engineering Fixed-bed gasifier is installed and

another is under construction. The one installed in Rome, Georgia is a 25
willion Btu/h (output) dewonstration unit providing fuel gas for raising steem for
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the Northwaest Gaor.g'!.a Regional Hospital. Mechanical problems were solved at this
unit. ¥t is understood that only fual input and steam output are measured to
characterize performance, and opaerating heat and material balance information is
unavailable. A "second generation” Applied Engineering gasifier is nearing
starc-up at the Florida Power Corporation Suwannee generating station near Lake
City, Florida; it will provide a portion of the fuel for a natural-gas-fired
hoiler. The Lake City pasifier will have.a measuring and metering system designed
to interface with the rest of the plant and will be a prime candidate for data
analysis if a future project of this type is undertaken,

Forest Fuels, Ine. has supplied several small gasifiers that use predried wood
chips or wastes as feedstocks., These units are installed principally in the
Northeast. Six sizes with ratings from 1.6 to 17.5 million Btu/h output are
cEfered, The Euel is supported om a travelling grate through which aidr rises.
The units are close~coupled to package boilers. Boiler pressure controls grate
speed, and the temperatura at the gasifier outlet controls the fan. These units
are not instrumented to provide operational heat and material balance data.

Westwood Polygas Ltd. has a 10 ft diametexr demomstration gasifier at Chasm,
British Columbia at the Ainsworth Lumber Company savmill. It has operated
sporadically, supplylng gas to a kiln and in one period operating continuously for
two weeks. Businessa conditions have limited its use, and it is not instrumented
to gather heat and material balance data.

From these considerations, the Omnifuel gasifier was chosen for detailed analysis
and the Applied Engineering and Westwood Polygas gasifiers For statewpf=the-art
veview. Little information was available about the Forest Fuels gasifier;

however, it is reviewed in the companion raport by Fred C. Hart Associates.
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Section 3

ANALYSIS OF OMNIFUEL GASIFIER

OMNIFUBL SYSTEMS
Omnifuel offers complete system designs in four general areas (1):

[ Fuel drying, storage, and delivery to the gasifier
» The proprietary Omnifuel gasification system

] Pipeline distribution system

[ ] Gas ntilization

Fuel drying is not needed in most cases. Storage and delivery depend on the
supply of fuel and the demend for gas from the gasifier. The Ownifuel
pasification system consiats of several components:

. Wood feeder system

. Fluidizing eir or oxygen blower (the Hearst system uses air; use of
oxygen may necessitate steam injection)

[ Start-up burner
Ash handling and emission control

Air preheater
Instrumantacion

The wood feeder system includes a patented sealing device teo prevent the escape of
gas and permit operation under pressure. Thus only a forced-draft air blaower is
raguired for air-blowm gasification. If the fzeder system were not sealed, an
jnduced-draft fan would be required to operate on & hot dusty gas of greater
volume than the volume of air to a forced-draft fan. Simplicity and low pawer
requirements result from the use of the feed seal,

For cold startup, a startup burner is provided to heat the pasifier and the
contained bed of imert sand before wood can be gasified {partially burned) in the
bad. 0il or natural gaa may ba burned for this purpose. Tha bad lcses heat
alowly when shut dowm beceunse of itz low thermal conductivity and because the

gasifier is insulated. Gasification can be restarted rapidly in a hot bed without
use of auxiliary fuel. ’



Cycloue separators have been used to remove particulates from the gas. These have
been adzguate tp meet emlssion regulations at Hearst. Qther applications may
require more complete removal. OCurrent plans cazll for cleaning .the gas in a wet
scrubbexr for testing in & diesel engine.

If desgirable, an air preheater can be installed to heat the Eluidizing air by
exchanging heat with the hot gas from the gasifier. Air preheating has several
advantages: it improves the thermal efficiency by recovaering heat that may
otherwise be wasted, it cools the product ges 80 that marerials of construction
are subjected to less severe conditions, and it improves the quality of the
product gaa. This quality improvement results from a reduction in the heat
release necessary to meintain heat balance at the bed temperature that is required
to achieve a desired degree of carbon conversion. That is, preheating the air
reduces the amount of heat required to raise the temperature of the reactants to
the bed tempei:ar.ure. IE the lncoming alx is cold, a portion of the necessary heat
may be supplied by burning carbon monoxide to carbon dioxide and hydropen to
water, which reduces the heating value of the product gas. These advantages, of
course, result in increased capital and maintenance costs attributable to the

preheater that would be the subject of tradeoff studies for specific projects.

The typleal Omnifuel system is instrumented to permit automastic operation without
continuous supervision. A contrel panel displays majcr operating parameters and
facilitates startup and shutdown. According to Omnifuel literature, if a
hazardous condition arises when the gaslif:ler is unattended, the system will shut
down the gasifier and switch from wood to auxiliary fuel automatically te maintain
production.

The pipeline distribution system is kept as short as possible to conserve sensible
heat of the gas. The gas is kept hot also to prevent condensation of liquid
by=products, Dual-fuel buzners are used. Wet wood produces a low-Btu gas that

may requirve an auxiliary fuel pllot flame to maincain combustion when such gas 1s
burned,

Omnifuel systems use feed of less than 2 in size with no minimum size. According
to Omnifuel literature (1), turndown is typiecally 2:1, but proprietary design
modifications can increase it to S5:1. Feeds of up to 50% water can be processed,

but inereased watar content decreasas the heating value of the wet gas.



OMNIFUEL SYSTEM ADVANTAGES

Conversion efficiency said to exceed 98% carbon utilization la some tests is
claimed (97.4% was calculated for the test analyzed herein). Since the ash and
unburned carbon leeve the bed by entrainment, coarse particles stay in the bed
until nearly consumed. Conceptually, the small particle size of the feed makes
possible higher specific capacity (mass of feed to gasifier per hour per umit
cross section) than fixed bed gasifiers, although no comparative data can be
cited,

The heat capacity of the bed material (primarily sand) provides a "chermal
flywheel® that helps the gasification proceed smoothly without temperature
excuraions. As previously discussed, it also facilitates hot startup. The high

degree of mixing in a dense—phase fluidized bed promotes uniformity of temperature
and composition.

Omnifuel claims low maintenance for its system, but no long-term experience is
available. Besides providing a fuel gas, the Omnifuel system can be used to
disposa of wastes that are suitable for feedstock while simultaneously reducing

the amount of oil or gas necessary to supply plant heat requirements.

The gas produced can be burmed with lese excess air than is normally used in
burring wood. According to Omnifuel ifterature, adiabatic flame temperatures of

about 3000° ¥ can be attained with hot fuel gas. This is imporcant in some
applications such as for lime kilns and radiant boilers (1).

As with any low-Btu gas, the requirements of specific applications must be
considered. Some applications wmay require more cemplete particulate removal,
removal of sulfur compounds (st, COS), or derating of existing equipment designed
for Eiring oil or gas because of the increased flue gas volume from the diluents
in the Omnifuel gas.

DESCRIPTLON OF HEARST GASIFICATION PLANT
The Hearst Gasification Plant was installed in 1981 at the Levesque Plywoocd
Company veneer and particle board plant in Hearst, Ountario. It was installed forx

the twin purposes of disposing of plant wastes and reducing the expense of burning
natural gas used to heat a hot oll system used for plant heat requirements.



The equipment required for wood collection, gasification, and eas use include the
following, as shown in Figure 3-1:

Pneunatic wood collectors

Storage silos

Gasification system

Pipeline distribution system (BOO feet)

Burners

Flare stack

Wood waste is collected from several operations and ie pneumatically comveyed to
two storage silos about 26 £t OD z 60 £t high. The wood waste is withdrawn from
the silos and fed into the feed injector, which forceas the feed into the fluidized
bad in the pasifier, The fluidiged ded containg inert sand, ash, and unconverted
wood waste. The sand Improves the thermal and dynamic stability of the bad, The
bed 1s maintained in the fluidized state by air entering through a proprietary
distributoxr near the hotiom of the gasifier vessel. The air is compressed by a
blower and preheated to 700-800° F by exchange with product gas before entering
the vessel below the distributor, A characterdstic of fluidized beds is that the
bed is well mixed and of relatively uniform tewperature, in this case in the
neighborhood of 1400° F. Afr reacts with the wood waste, forming a combustible
gas, which entralns the ash and a small amount of degraded sand, and leaves the

" top of the vessel under a small positive pressure.

The wse of & dense inert bed material such as sand craates a bad chat pro.videe

buoyancy for wood particles so that fluldization is less sensitive to variations

in size and denslty of weod particles in the feedstock. Furthermore, the
turbulenca of the sand bad promotes heat and wass transfer and abrades the wood,
thus increasing the gasification rate. Finally, the heat capacity of the sand
helps maintain steady temperatures in the bed. Inert materials are used in other
reactors, such as in the multi-selid fluidized bed combustor (MS-FBC) (2) and the

solids circulation boiler (3} used to burn coal.

The hot gas passes threugh two cyclone separators in series. The particulates are
removed from the system by a screw conveyor to a covered box. The gas leaving the
second cyclone preheats the Incoming air in the aforemsntioned heat exchanger and
then eaters the distribution pipeline. The gas is cooled to 900 to 1000° F in the
heat exchanger and is kept ahove 800° F in the pipeline to prevent condensation.
Part of the gas is burned in an oil heater nearby; the hot oil is used hy-the
particle board plant. The rest of the gas is piped over BOO feet to other oil
heaters.

3-4
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Wood waste is fed through a rotary valve; the rate is determined by diverting the
aentira scream for & measured period of time and waighing the amocunt collected.
Tha feadstock is sempled at this point. The air rate is controlled by the speed
of the blower., The ash rate is determined by weighing the amount collected in a
certain time. There is no direct measure of the produck gas rate. Various
measurements are recorded on a strip chart. During some operating periods, the
hot product gas withdravm from the pipeline was filtered and analyzed by a gas

chromatograph in a cabinet on the roof of the building.

Glue is used in the producks of this plant. As a result, feed containing sander
dust from products is higher in nitrogan than wood or other blomass feedstocks.

The gasifier vessel itseli is approximataly 12 £t OD by 40 £t high and ia
internally insulated. Gaslfier internals are proprietary. During startup, the
bed is heated by a propane burner.

Design basis and gome performamce data published by Umnifuel are given for the
Hearst gasifier in Table 3-1. Desipn calls for 99% carbon conversion at 80
million Btush input {design feedstock wood with 29% moisture, wet basis).
Performance data show that the desipn rate can be considerably exceeded, but
carbon conversien may fall short. The thermal efficiency* depends oz the moisture
content of the feed; according to Table 3:-!., it is about 84% with 27% moisture in
the feed. The heating valus of the wet gas decreases with ircreasing moisture

content of the feed and therefore of the gas becavse of the diluent effect.
Cooling to condense watar would lncrease the heating valua of the remaining gas.

The Hearst Gasification Plant was accepted by Levesque Plywood Ltd. by letter in
July 198l. This acceptance was_ conditional on additional engineering support as
needed. The plant operated contimuously from May to July 1981 and in reecent months
plant availabilities in excess of 90 percent have been reported {15). Plans call for
installation of a wet scrubber to clean the gas sufficiently for testing in diesel
and spark ignition engines.

*Thermal Efficiency =

Total heat of combustion af gas at 60° F plus sensible heat at 1400° F above 60° F
Total heat of combustion of wood feed at 60° F




Table 3-1

DESIGN AND PERFORMANCE OF OMNIFUEL GASIFIER AT HEARST, ONTARIO

Desgign

Input Capacity (106 Btu/h) ao?
Fuel - size 2 in chips to
) sanderdust

~ molsture content (7% wet basis) 27
-~ Elow (lb/h) 13,000
Gas Production - temp. (O ) 1,400
= pregsure {psig) 2.5
- gas haating value (Btu/scf wet basis) 1428

-~ gas sensibla heat abtove 60° ¥

(Btu/scf wat hasis) 18d
Gas Analysis (wvol %) GO 11.9
HZ 8.6
CHA 4.5
CZHx 1.9
Nz, COZ' HZO Balance
Gas Production (scf/lb dry wood) 45.23

Sensible Heat Loss (% of heating value) 1.0
Ash Content of Char (%) up to 50
Carbon Conversion (%) BBd

Thermal Efficiency of Gasifiex (%)
(including evaporation of moistuxe and

heat loss from gasifier)

2 ALl data in this column from Reference 4

b All data in this column from Reference 5
¢ Average for 27% moisture content feed

d Calculated values

Measured and Calculated

Data Reported by

5~40
design
design

desipgn
134%

lsc, d
1:©
7.5
4.8

1.5

Balance

d

Cy
45.3 d

1.8
25-50
98-994

84.3

Cmnifuel

g5P

25
15,000

137

12,2
7.8

4.6
1.6
Balance

144

11
19,000

195

17.8
8.4
6.9
2.3

Balance



ANALYSIS OF HEARST GASIFICATION PLANT DATA

This section presents estimates of the performances and efficlencies of the Hearst
Gasification Plant. These conclusions are documented in Appendix B by the
analysis and descriptions of various trials that unsuccessfully attempt to
rationalize diserepancles and gaps in the data. As noted below, the ealeulated
thermal efficiency of about 75% is believed to be within 5% of the true value.

Table 3-2 gives the elemental material belances for the most successful trial
based on minimum root mean square of percentage error in closure for all elements
and a thermal effieciency that is reasonable in comparison with coal gasification
thermal efficiencies for low-moisture coal and with anticipated heat losses.
Closure is less than one half percent for nitrogen, oxygen, and carbon. A4s
elsevhere noted, Teble 3-2 requires several assumptions, since neither ailr rate
nor gas rate was reported. The most serious errxoxr is about 5% for hydrogen,
although this amounts to only 31 lb/h. Axgon and mineral ash are both inert and
low in amount, so the errors are not important. The indicared carbon utilization
is 97.4%, somewhat less than the design value of 99%. Table 3-3 gives molar rates
of air and gas streams om a particulate-~free basis, as well as other properties
and heat quantities. The higher heating value of 202 Btu/scf wet gas is
relatively high and results from the high concentrations of méthane and ethylene,
which in turn are the result of relatively low operating temperatures.
Condensables were not reported by Omnifuel but should be expected to accompamy the
high hydrocarbon concentrations. Omnifuel states that condensables are typically
0.1% by weight of gas. Hydrocarhon formation is desirable when producing fuel
gas; it not only increases the heating value but also the thermal efficiency
because formation is exothermic and less combustion with oxygen is necessary to
attain the operating temperature. Cz and heavier hydzocarbons are assumed to be
ethylene as in Omnifuel practice; no amalysis was reported.



Table 3-2
ELEMENTAL MATERTAL BALANCES
Stream Rates in 1b/h

% Exrror
1 2 Total 3 & Total ( Sut—TIn :

Element Wood Alr In Ash Gas Out Out:
Carbon, C 4,520 0 4,520 90 4,649 6,539 0.4
Hydrogen, H 638 5 643 5 607 612 5.1
Oxygen, 0 4,549 2,705 7,254 7,242 7,242 -0.2
¥itrogen, W 484 8,673 9,157 9,157 9,152 Basis
Argon, At o 149 149 164 164 9.1
Mineral Ash 41 1] 41 39 11 30 18,0
Total 10,232 11,532 21,764 134 21,630 21,764

Basis: Wood and ash total rates measured, others caleulated.
Nitrogen as tie element.
Missing reported dry gas percentage is 002.
Wek gas 10% 820 by volume (estimated by Omnifuel).
Unremoved ash in Stream 4 is same composition as Stream 3.
Reported carbon on ash is actvally 5% hydrogen.
Moist air contains 0.004 1b Iﬂzollb dry air.
Air composition from Reference 6 with minor components included with “2'
Notes: Caleulated dry afx/dry fuel ratio 1.182.
Air supplied 21.1% of stoichiomecric,
Carbon utilization 97.4%.
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Condensables may be desirable if hot raw gas can be burned because they increase
the heating value. However, they pose operating and pollution difficulties when
they condense, whether by cooling ox by scrubbing the gas.

These analyses report no sulfur. Woods commonly contain up to a few tenths of a
percent of sulfur.

Figure 3-2 1s a sketch showing ovexall flows and heat rates for the gasifiex. The
air and produet gas rates are calculated a5 described above, not obtained from
Omnifuel. The heat rates are total enthalples refarred to 60° F, with water as
liquid, and highar heating values. Although the latent heat of water is not
generally available for recovery, the'snthulpﬁ daefinition 15 consistent with the
ugse of higher heating values. Radiatien end unaccounted losses ate calculated as
11.0%, which is higher than would be expected from a well-insulated syatem.

Table 3-4 gives the heat balance in more detail. The heat balance i3 summarized
as follows:

Tnput, 106 Btu/h Qutput, 106 Btu/h
Wood 82.7 97.8% Ash 1.6 1.9%
Alr : 1.9 2.2 Gas and entrained
particulates 73.7 87.1
Total 84.6 100.0 Loss 9.3 1l1.0
- Total 84.6 100.0

Basis: 60° F refarence temperature, water as liquid

Table 3-5 gives Synthetic Fuals Asscelates (SFA) estimates of enexpy requiremanés
for auxiliaries. These were not supplied by Omnifuel but are given as the
prospective requirements in a defined situationm, namely, appropriately sized wood
or wood waste at the plant site, excluding delivery and disposal energy, and
product gas available at 3 psig, assuming environmental regulations are met
without further treatment, This is a conservative case for a plant

self-sufficient in energy, providing electricity at 10,000 Btu/kWh. The energy
for chipping wood is also shown.
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Radletlan and Unaccounted {osses
9.30 x 105 Brushr
1% of tnput)

an

I Cyclone Separator

Gasifier
Woad
@ S0°F @
——%
‘ Ash
1300°F
Alr
@ 21°F
STREAM ]

CONDITIONS @ <z> @ <-s> <‘>

(Gas] | (Seiid)

Flow (Ib/hr) 10,222 | 11,532 | 138 | 21592 39
Totel Heat Content Above 80°F {105 Bu/hr}® | -0.03 1.88 0.05 10.87 os
Total Heat of Combustian {10¢ Btu/hr)s 8n c.00 157 | 6227 048

a} Water as Liquid

Figure 3«2. Overall Flow and Heat Rate Sketch
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Table 3-4
OMNIFUEL GASIFLER HEAT BALANCE, HEARST, ONTARIO
(10% Beu/h)

Radiation &

HEAT IN HEV Sensibla Letent Unaccounted Total
Wood 82,77 -0.03 0.00 - 82.74
Adr . 1.83 . 0.05 - 1.88

Total 82.77 1,80 0.03 - 84,62

HEAT OUT
Gas {only) 62,27 9.43 1.54 - 73.24
Particulates
in gas 0.43 0.0l 0.00 - 0.46
Ash L.57 0.05 0.00 - L.62
LcEses —— - 8.30 8.30

Total 64.29 9.49 1.54 9.30 84.62

Basis: HHV and latent heat at 60° ¥, sensible heat ahove 60° 7.

Table 3-5
ESTIMATED ENERGY REQUIREMENTS FOR FLANT AUXILIARIES

Energya,
Auxiliary Requirement Horsepower  10° Btu/h
Air blower 2,522 gefm 133 1.10
at 10 psig
Feedstock: 12,500 1b/h
Pneumatic conveypr 5 0,04
Screw unloader and conveyor 3 0,02
Injector 5 0.0&
ash screw conveyor 500 1b/h Neglect 4
Total 146 1.20
Not Included:
Feedstock hog (for wastes) 140 1.16
Feedstack chipper (for whole trees) 350b 2.23

2 At typical 10,000 Btu/kWh and 90% motor efficiency for self-sufficient plant
providing ite own electricity

b Agsuming engine efficiency of 402
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Table 3-6 gives the derivation of several efficiencies as defined. The gasifier
cold gas efficiency, 75.2%, io simply the ratio of the total heat of combustion of
the fuel gas to the total heat of combustion of the feed, i.e.,

(Ges &H_, Btu/ib) (1b/h gas)
(FeedAH;, Btu/1lb) (1b/h feed)

in which Allc = higher heating value.

cold gas efficiency =

The fuel gas contains & small amount of entrained particulates containlng char;
the heating value of the char is not included in the efficiency calculations
because of two Factors, First. the particulates may have to be removed for
environmental reasons. Second, the char is difficult to burn completely. The

heating value of the entrained char at the exit from the gasifier amounts to 0.5%
of the heat input.

The gasifier hot gas efficfency, 86.6%, is based on both heating values and
enthalpies above 60° ¥ (water as liquid) of the fuel gas and the input streams
{wood and air). As in all cases, the entrzined particulate matter is excluded.
Analogous cold gas and hot gas efficiency, 74.2 and 85.3%, are also calculated
with the energy related to plant auxiliaries counted as input.

As previously mentioned, the radiation and unaccounted losses seem higher tham
would be expected, meaning calculated efficiencies are probably somewhat lower
than actual. One reason is probably the relatively poor closure of the hydrogen
material balance. If arbitrary adjustments were made to the output to close the
hydrogen, carbon, and oxygen balances, the increase in heating value would
increase the calculated efficlencies by 1.8% of the heating value of the wood.
Similarly, assuming the fuel gas conteined 0.1% by weight of condensables with a
heating value of 20,000 Btu/lb it would be equivalent ta 0.5% of the imput.

Besides errors in elemental balances and compositions, erxors in measured feed
rates, produckt rates, temperatures, heats of combustion, and specific heats may
laad to arrors in the calculated heat losses (heat in minus heat out). However,
in this analysis no objective standard can be applied to the resulte as in the
case of the elemental balances.
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Table 3-6

EFFICIENCIES
Input Qutput Efficiency
Stream Energy Stream Energy Type Value
Heat Values Onl Woad B2.77 Fuel Gas 62.27 OGasifier
Cold Gas 75.2%
Heating Values Wood H -0.03 Tuel Gas H 10.97
and Enthelpies HHV 82,77 HRV 62.27
Alr H 1.88
Total B4.62 73.24  Gasifier
. Hot Gas 8€.6%
Heating Values Wood HHY 82.77 Fuel Gas HEY 62,27 Plant
and Auwxiliaries Auxilieries 1.20 Cold Gas  74.2%
Tatal 83.97
Heating VYaluves, Woad H -0.03 Fuel Gas H 10,97
Enthalpies, and HHY 82.77 HHV 62.27
Auxiliaries Ait H 1.88
Auxiliaries 1.20 Plant
Total B85.82 Taotal 73.24 Hot Gas B5.3%

The @fficiencies depend on the moisture content of the feed as well as heat losses
and performance of the gasifier. For the test run analyzed herein, feed wood
waste with 5% maisture, the gasifier cold gas efficiency appears to be somewhat
above 75%, perhaps 2 or 3% ahove. Efficiencies may not be of as great importance
in disposing of wastes as are operating reliabllity, maintenance, and cosis. IL
is unfortunate that the performance derived from this analysis cannot be confirmed
by actual experimental measurements. No commercial data on wood gasifiers of
other types are svailable for comparison, but upflow gasifiers would be expected
to show about 5% higher efficiency, if no channelling occurs, because of the
countercurrent flow.

Fluidized bed coal pasifiers are likely to show cold gas efficiencies in the range
of 80 to 82%, based on SFA experience, when dried coal ie fed. Therefore, the
cold gas efficiency calculated for the Hearst gasifier is probsbly within about 5%
of the true value.
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The balance of this trial has one apparent discrepancy in that the calculated
equilibrium constant for the €O shift reaction is 0.405, much lower than would be
expected (thesmedynamic equilibrium about 1.2 at the operating temperature of
about 1400° ¥):

{mol H2)} (mol GOz)___ K =
(mol H,0) (mol €O}

0.405

The cause of the low value has not been determined. However, reactions approach
equilibrium at rates dependent on the reactivity of the components, the
tenperature, and the presence of catalysts. Compositions may deviate from
equilibrium because the mechanism of the reaetion results in a non-equilibrium
mixture which does not have time to equilibrate. The temperature of the Omnifuel
gasifier and absence of affective catalysts may result in reaction rates too low
to approsach equilibrimp.: 'alsb,. a ‘component such as Hzo may bypass the reaction
zone. OF course, all the 'data are subject to error: the concentrations, the
temperature, the equilibrium constant. The calculated K corresponds to a
temperature above 21000 F, more than 700° F above the measured temperature., The
approach to equilibrium is commonly expressed as the difference between the
measuted temperature and the temperature corresponding to the equilibrium
constant, The difference here is unusually large.

IMPLICATIONS OF HEARST GASIFIER DATA TO UTILITIES

Some implications to utilities can be derived from the data for the Hearst
gasifier. Gasifiers may provide all the fuel to small units or a portion of the
fuel to large units. Applications to small units are considered first.

Small oil-fired or gas—fired boilers could be retrofitted to burn fuel gas derived
from wood. Such retrofitting would in some cases permit substituting waste or
low-cost wood for expensive oil or gas. (Gas is expected to increase in price as
price controls are removed.) The Hearst gasifier was cbserved to start up guickly
when hot. Cold startup and load-following ability can only be inferred from
claims by Omnifuel at this point. Furthermore, no long-term maintenance or
gperating experience is avallable. Costs of retrofitting burners suitable for
low-Btu gas are expected to be minors the principal capital costs would be for the



gasifier, wood or wood waste handling, and possibly emission controls, in a plant
area that may lack adequate spacc. However, substantial derating of capacity may
be roquired in asome cagk¥, as discussed below. Consequently, 1f a utility ia
heavily dependent on upits to be converted, derating of existing equipment could
be a serious disadvantgge of a wood gasifier producing low-Btu gas.

The most likely need £pr derating relates to the volume of £lue gas and perhaps
the heat transfer capacity. Some package boilers have a large excess of flue gas
handling capacity and pay reguire no derating. However, some investigators
suggest severe derating; an experimental and theoretical study for EPA suggests 25
to 35% derating of hi.gh-Btw gas capacity even for a 150 Btu/scf pas whea burned in
equipment designed for high~Bry gas (7). This study, which focuses mostly on coal
~ gasification for larBe powar plants, "goncludes that the major concerns of

retrofitting are the lpad £actors heat trausfer control, pressure drop, and
dependability. a

An experimental and Cheoretics]l study sponsored by EPRI .considered the following
factors for low- and medium~Btu gases: flame stability, flame length, flame
emissivity, pollutant emissiong, detailed temperature profiles, and. calculaced
changes in heat transfer in radigut and convection section of a boiler (8).
Briecfly, flame stabiliry was esrablished for all coal-derived gases studied, flame
length was usually légs thanm for natural gas, emissivity cli;.! not vary radically,
adisbatic flame tempeypluras were not gréatly affected for medium-Btu gases, but
wera much lower for lou-Btu gages, and projected NO_ emissiong_cnrre}.ated with
adiabatic flame teap@ratures. Heat transfer was reduced in the radiant section by
lower flame temperatuyeSs; but jincreased in the convection secti&n by iﬁét&:§e§ gas’
flow, posing control problems for a steam power plant, : o
The increased flee g2g volume from low-Btu gas is a matter of simple arithmetic
and stoichiometry (9» L0). Down to about 300 Btu/scf, which is in ‘the
neighborhood of the hegting values of hydrogen and cacbon monoxide, the effect is
small. Heating valueg lower thsn this imply that the fuel gas contains diluents,
and the flue gas volume rlses sharply as the heatinpg value decreases, Alr
preheater and comvachion pass draft losses increabe, exit temperaturae increases,
and efficiency falls off, compared with design values,
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Since the effects are relatively winor at heating values of 300 Btu/scf or above
(medium-Btu gas) the possibility of producing such a gas by wood gasification way
be considered. This would require gasification with oxygen rather than with air.
Although the cast of cleaned coal-derived medium-Btu gas is often comparable with
the corresponding low-Btu pas, low-Btu gas from wood would probably cost
apprecigbly less than medium-Btu gas, because little or no gas cleaning is
required. Wood is low in sulfur content, but sulfur removal may be necessary at
some installations, depending on the wood and the regulations. Particulate
removal greater than achievable by cyclone separators may be required. If so, an
oil-fired unit (industrial or utility) with an electrostatic precipitator (ESP)
installed might be a favorable locatilon for a wood gasifier retrofit. A few
oil-fired units have ESPs, but they are not common.

The above-cited studies concern gases whose heating values are reduced by the
prasence of diluents that are mainly nitrogen and carbon dioxide. The Omnifuel

gasifier praduces gas ftom wood or woed waste \.he 3 u. T \g amounts of
“water. Since. it .ls “igirable.and often: Le.,..s . ‘54. .. ho,. from the
gasifier without first condensim; the weter, M ae reduced in
heating value,by the pregence i E water vnpo: .bé. noted: the
sensible heat of the gas probably makes f.lame R easier to actain and

reises the flame temperatures. but the water vapor affecta the results because its
specific heat is greater than the specific hé;:i:_‘of nitrogen. This tends to lower
flame temperatures. Thus specific analysis would be required to determime the
effects of heat transfer-and draft losses in the light of system capabilities.
One optiom, uf- course, is to predry the wood or wood waste to inprove the gas
quality. Gasifler efficlencles are also increased if the feed is dried, The
tradeoff would be between increased capital and operating costs for the feed dryer

on the one hand and the value of ilncreased efficlency and cperability on the other
band.

Wood gasifiers may alsc be used to provide a small part of the fuel for a large
boiler, as in the Florida Power Corporation, Suwannee plant, in areas where cheap
wood or wood waste Is gvailable. A small proportion of such gas might not require
derating or significant changes other tham for the low-Btu gas burner system.
Feedstock availability is too limited to supply all the fuel to large units.
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Because of the capital cost of the gasifier system, gasification would be most
Eavorable for base-load plants or ia steady-ioad operation supplying part of the
fuel to a large unit. The prospacts for use of gasification dedicated to simple
eycele gas turbines are poox, because gas turbines require very low particulate
loadings and ususlly operate only for peak loads.

If woed or wood waste is considered as & replacement or supplemental fuel, other
options may be considered: direct combustion (especially for a new unit)} or use in
a coal-fired boilex, if feasible,

To summarize, utilities may consider wood gaaifiers as sources of all the fuel for
small units or a portion of the fuel for large units. The latter appears ta pase
a less difficult retrofit problem.
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Section &

STATE OF THE ART OF OTHER GASIFIERS

APPLIED ENGINWEERING GASIFIER
Overview of Status and Operability

Although its capabilities and performance are nmot currently publicly decumented,
the Applied Engineering updraft gasiiier may be considered in applications that
can use a low-energy gas and where wood is cheap. According to telephone
diseussicns with Applied Engineering persomnel, a unit rated at 15 million Btu/h
cutput has operated sporadically for a year and Teliably for seversl months in an
unattended mode (i.e., without an engineexring crew in attendance). The average
output has not beern reported, The unit was designed to operate on green whole
tree chips. Capacities to 35 million Btu/h output (hot gas) are offered,
Performance guarantees are not stated but can be negotiated. However, no
long~term maintenance experience (e.g., two years or more) exists at the time of
writing this report.

Additional information to documeat the capabilities and performance of this
gasifier should becoma avaflable in 1982 from the new Florida Power Corxporation
unit, which is bemg":\l.nsl:rumented to provide data in an electric utility setting,
Applied Engineering is currently developing a second generation gasifier with a

single train capacity of 50 million Btu/h output and is alsc working on
manifolding several reactors.

. Description of Installations

Data ralated to the Rome, Georgia unit, designed and manufactured by Applied
Engineering Company of QOrangeburg, Scuth Carolima, are given in Table 4-1. A
sketch of the unit is given in Fipgure 4-1. Besides imternals to promete uniform
flow of fuel and gases, the system design requires attemtion te the following:

. the feeding system
ash removal
steam injection

transportation gas

a burner system capabla of burning tars and oils along with gas
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Table 4-1
WOOD GASIFIER FACILITY PLANY PERFORMANCE SUMMARY
Northwest Regional Hospital

Rome, Georgia

RAW MATERIAL REQUIREMENTS

Type: Whole tree wood chips {coniferous and deciduous)

Size: Individuel chips to average 3 in x 3 in x % in with cccasional chips
being no larger than 3 in 2 3 in x 1 in

Quantity: 75 tons/d (24 h/d)

Moisture Content: Maximum of 50% (wet basis)

PLANT OUTPUT
Output: Low=Btu Gas
Quantity: 25 x 106 Btu/h (hot)

Heating Value: 150-L65 Btu/scf

PLANT UTILITIES
Electrical
Service Required: 460V, 3 phase, 60 Hz
Connected HP: 125
Operating HP: 110
Hater
Fire water supply adequately sized to comply with local codes
Cooling water supply to gasifier - 10 gpm
Stean
Plant stesm required for grate cooling of gasifier and emhancing Btu
content of the gas (500 ib steam/h)
Sewage/Drainage
L0 gpm at 120° ¥

Ash Disposal
500 ib/d

Spurce: Reference 11
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A rotary valve meters fuel into the reactor vessel and also seals against leakage.
A rake system continuously stirs the top layer of chips to prevent chamnnelling.
The grate is activated to dump ash into the ash hopper when the temperature in the
region of the grate falls a proprietary preset amount, indicating a deep bed of
ash. Although not ghown on Figure 4-1, steam is injected below the grate (0,16
1b/1b dry feed) to cool the grate 'and increase the heating value of the gas by the

stzam carbon reaction. (Meisture in the feed is evaporated at the top and canmot
react with carbon in an upflow gasifier.)

If possible, fuel gas should be transported to burners without condensing tars and
oils. However, a liquid ccllection tank is provided to prevent slugs of liquids
from entering the gas burner. The collected ligquids are pumped separately to the
duysl-fuel burner and atomlzed, achieving complete combustion in the fuel gas
flame,

Thz Romae, Georgla unic is recrofitted to one of three 19,000 1b/h type "O"
watercube boilers. which supplies heating and cuoling needs of the Northwest
Georgla Regional . sspital. Project specifications reguired that the unit be
operational on green wood (50% moisture) at least 3,000 hours a year. The fuel is
trucked in from northern Georgia logging sites in standard chip vans. The fuel is
predominantly 2 inch by 2 inch chips with some pine needles, leaves, twigs, and

bark. The typleal moisture content is 40 to 50%, and the heating value is 4,000
to 5,000 Btu/lb,

The chips are dumped into a live hottom pit and are conveyed to a-storage silc of
3.5 days capacity. The silo has a bottom unloader that feeds a raclaim conveyor
that in turn feeds the rotary feed valve.

The cylindrical gasifier vessel is Insulated with firebrick enclosed in a carben
steel ghell: The dimensions ave not given for this unit, but a photograph givea
an idea of the size (13). The metal around the grate is water cooled.

No detailed description of the Lake €ity, Florida gasifier is available, but the
gasifier itself is understood to be basically similar to the Rome gasifier.

In its development program, Applied Engineering installed and tested a prototype
gasifiexr, The dimensions are given as 6 feet diameter by L1 feet high.

Originally wood pellets rather thanm chips were fed through a lock system. The hed
was supported by a cast ironm grate. The gas was either burned in a 50 hp
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Cleaver-Bruoks firetube boiler or flarad. Later in development, wheole tree wood

chips ware gasified, and different methods of feeding chips and removing ash were
tested,

Costs
Although economics is mot the subject of this report, it is worth uoting that the.

cost of a 25 nillion Bru/h system is estimated by the developer as $6,000,000 in
1981 dollars (12).

WESTWOOD POLYGAS GASIFIER
Overview of Status and Operahility

The Westwood Polygas gasifier appears to be a slightly earliasr state of
development than tha Applied Engineering updraft pasifier. In 1981, the gasifier
was operated 63 days mainly in June, July, September, and October at less than
half the design rate on wood ¢hip feedl ending with a two-week continuous run.
Relieble operation on sawnill waste was not demonstrated, even at a low fraction
of expected capacity of 20 to 30 million Btu/h. Seventy-three operating days were
achisved in 1980. Development has lagged because of labor strikes and low demand
for forest products; the project gas is used to fire a drying kiln in a saw mill.
The plant was indefinitely shut down in late 198l. SFA feels that the low
specific capacity (42 lb wood/hr ft2 cross section) of the gasifier places it at a
competlitive disadvantage until thile factor 1s improved; however, the cost wmay oot
be completely defined by this factor. '

Description of Installatiens

Expected performance data nredicted for the Ainsworth Lumber plant are given in
Table 4=2., Figure 4-2 is i‘sketch of the gasifier, twn of which are installed at
Ainsworth, The gasification plant consists of the gasifiers, fuel handling, pas
cleaning, watar and condensate handling, air and steam supply, gas £laring, and
instrumentation. A typical celd start-up time is said to be four hnﬁrs.

The gasifier reactor shown in Pigure 4-2 is a2 double-walled vessel 10 £t 0D x 20

ft high., The bottom part ir refrectory-lined. As inverted conical stainless
steel liner and hydraulic ram "archbreakers" are installed to overcome bridgiog
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problema. The conlcal hearth has a rotating upper part and stationary lower
part. Steam and air are injected through a single line to a distributor at the
bottom. Ash i withdrawn through hydraulic gate valves for manual disposal. Fuel
is fed through an airlock into a fuel dispersion cone, and product gas leaves at
the top.

A feed conveyor carries feed to the airlock, The product gas is cleaned by cooled
condengate in a wet cyclicne, A scrubber is provided zt Ainsworth but has not been

operated yet. Operating problems have included plugging of condensate drains by
char and unconvarted fuel carried over by the gas.

Reportedly, the atmospheric pressure gasifiar was designed for a space valocity of
2,5 h'l of sawmill waste with an expected maximum output capacity of 20 to 30
million Btu/h (20 million given in Table 4-2). The heating value for the feed
rate given in Table 4-2 appears to be insufficient to provide 20 million Btu/h
outpur:

(9000 Btu max) (40 x 2000 x 0,65 1b dry wood) = 19.5 x 106 Bta input
1b 24 hr hr

Table 4=-2
EXPECTED PERFORMANCE OF WESTWODOD POLYGAS GASIFIERa

Gas Composition: N2 44.5 vol % of dry gas
co, 3.0
HZ 18.0
co 28.0
Illuminants® 9.5
Total 100.0
Gas calorific value: 150 Btu/sef (5.8 MJINm3)
Maximum reactox output: 20 x 106 Btu/h (21,000 M3/h)
Fuel requirement
(35X moiasture chips): 40 tons/d (36 tonnes/d)

Note: Fuel should he sized to 4 in (100 mm) minus, and should have a wolsture
content of 25 to 50% (wet basis). Particle size and moisture content should
be evenly distributed.

8 Westwood Polygas estimates
b Term often used for unsaturated hydrocarbons
Source: Reference 14
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Appendix A

DATA SHEETS* FROM OMNIFUEL GASIFICATIONS SYSTEMS LTD.
(Received Januexry 28, 1982}

*
Questionnaire developed by Synthetic Fuels Associates, Inc. under Phase I of
EPRI Research Project 986-10. '



General
Owner of equipment
Vendor or liceunsor
Unit tested

Date of test

Wood CGasifier Heat and
Material Balance Data

Levesgue Plywood Ltd.
Omnifuel Gasification Systems Ltd.

FPluidized Bed Gasifier

October 20/30

Dimensions: A drawing or sketch is desixable. Reguested locations of
instruments and sample points may ba shown on a drawing (preferably a
drawing to scale), showing key distances.

Flow Rates

Feedstock

Type of wood and description Particle Board Sanderdust

Meter constant and calibration date

Meter readings

Feed rates

Times of measurements 19.30 to 20.15
N/A
9720 1lb./hr. {dry basgis)

- Remarks

Rate is measured by diverting
all of the flow for a period
of time and weighing. The
weights are averaged. The
feed system 1s designed to be
volumetric flow,
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Oxidant

Air or oxygen? : Air
Purity of oxygen, vol% N/A
Mecex formula N/a
Calibrazion dakte N/a

Times of measurements

Meter veadings —-
Fead rates Proprietary
Remartks —

Steam (1F any)

Meter formula None
Calibration date N/A
Times of measurements N/A

Meter readings

N/A
Feed rates N/A
Remarks N/a
Ash {fly ash and/or bottom ash) Stare Finish Pounds Rate
Time Time Collected lb/hx
Give Location #1: - . . IR
(Cyclone Ash ) A 20.00 134
Give Location #2, Lif any:
( .
Ash content, of bed material removed: None



Ash {coutinued) 0

Remarks

Total Product Gas

Meter formula . Not Measured
Date of calibration

Times of measurements

Meter readings
Flow rates

Remarks

Product Ligquids

Where collected? No liguids collected.

All comgustible products are
combusted in the burners.

Gas temperature is maintained ahdve
800°F.

If aceumulated during test, give:
Time at start

Time at end
* .

Volume or weipght at start
k-

Volume or weight at end

Remarks

"
Report cemperacture of fluid 1if volume measurements are used and density at
coliection temperature in g/cc.
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Product Liguids {continued)

If measured continucusly, gilve:
Meter formula

N/a
Date of calibracion
Time of measurements
Meter readings
Flow rates
Remarks
Inert bed material, if any
Pounds added during test Not added during test. Bed
weight slowly decreases (less
Added where? than 100 lhs./day.

Pounds removed during test
Removed where?

Remarks

Other streams

Give rates of any other streams added or removed during test
in similar format.

GRS

r’/_‘ Mo other streams are

present.




Acgumulations

Giva changes, if any, in gasifier inventory:

Remarks: Bed weight Bed voluma
— b cus fE.
Start End Staxt End

Gasif:.er inventory decreaseé w:Lth time. Estimated at
100 1b./day.

Compositions

Feedstock

Location of sample point: Particle Board Sanderdust

Times of sampling

Describe sample preparation proceduxe:

Analysis by which lab? Forintek, Ottawa

Sample #1 #2 #3

L
Composition, wr%t

Moisture, wet basis 5% 5%
Carbon {C), dry basis 46.21 46.80
Hydrogen (R), dry basis 5.92 6.04
Ozygen (0), dry basis 42 .49 41.74
Sulfur (B), dry basis Not detected
Nitrogen (M), dry basis 4.97 ©5.00
Ash, dry basis 0.41 0.42

Higher heating value by calor-
imeter, Btu/lb bone dry 8464 BS66

Give ASTM or other test methods used for all -'above tests.,

:

Remarks  High nitrogen due to urea based glues in particle
board.

}leating valves and compositions should be for same samples.
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Product Gas

Locarion nf sample paint After Secondary Cyclone

Times of sampling

Composition, volume %:

Moisture, wet hasis Approximately 10%
Hydrogen (Hp), dry basis 6.70
Carbon monoxide (CD), dry basis 21.66
Mechane (CHg), dry basis 9.4%
Other hydrocarbons, dry basis* 2,34
Carbon dioxide {C09), dry basis )
56.06
Nitrogen (N2), dry basis )
H.ydrogen sulfide (Hg5), dry basis Not measured
Other (name): Argon .56 -
Higher heating value by calerimeter, Btu/lb Not measured
Gas density, gfec at 60° F Not measured
Analysis by which lab? Process G.C.

Cive ASTM or other test methods used for all above tests

Remarks

*
1f other hydrocarbons are greater than 2 vol%, give breakdown.



Product Liquidsh

Location of sample point’ N/A

Times of sampling

WatFr, wt%,‘wet basis
Coméositicn, wth, dry basis

Carbon (€}

Hydrogen (H)

Oxygen (0)

Sulfur {5)

Nitrogen {N)

Ash

Higher heating value by calorimeter,
Btu/1lb bone dry oil

Liquid density, dry, 60° F, gfec
Liguid density at sampling temperature

Tewperature of sampling, °F

Analysis by which lab?

Give ASTM or other test methods used for above rests:

Remarks:

*
1f product liquid separates inte two phases, repurt the following
data for each phase separately.
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Ash

Logcation af sample points: Ash from Cyclones

#1 {e.g., bottom ash)
42 {e.g., Ely ash)

Times of gampling

Sample #1 #2 #1

#2

Garbon content, wt#, dry basis 71
Ash composzition, wt%, dry basis

SiO2
A1203
Fe203

2
Ca0 s

Mg0

Nazo

KZO

Analysis by which lab?

Give ASTM or other rest method used for all above tests:

Remarks:
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Entrainment

Particulates in product gas may be determined by isckinetic sampling.

This data is desirable but not essential. If reported, give method used.
Show locatfion of measurement.

Auxiliary Energy Requirements

Time of test

Feedstock conveyor power, kW

Forced draft fan power, kW

Induced drafc fan power, kW
Feedstock drier duty, milliom Btu/hr

Oxidant prehearter duty, million Btu/hr

Entrainment

Isokinetic sampling - Environment Canada "Standard Reference Methods

for Source Testing;" Measurement of Emissions of Particulates Erom
Stationary Sources EPS~1-AP-74-1.

Particulate loading in 0il Heater stack .15 gran/scf at 12% C02
Containing 44% carbon
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Appendix B

CALCULATIONS AND DESCRIPTIONS OF UNSUCCESSFIL BALANGCES

This appendix gives derivation and documentation of the results and discussion of
the rejected trials. Gaps existed in the reported experimental data so that
analysis was not straightforward. Omnifuel was raguested to £ill out a data form
to the extent possible; the Omnifuel reply is givee in Appendix A. The prinecipal
gaps in the data include the air rate (considered proprietary), the gas rate (nat
measured), and the heating value of the gas,

The prineipel uncertainties in reported data are that the dry gas percentage
composicions add up to 96.81 volZ rather than L00Z (indicatimg that 3.19 vol% of
the gas 1s missing) and that the water vapor content is uncertain because of
experimental difficulties in its weasurement. Furthermore, the sampling valve to
the gas chromategraph reportedly leaked during the analysis because of corrosiom.
The corrosion was caused by a small amount of candenéable matter, estimated as
0.1% by weight of the gas but not reported.

The data reported parmit calculating heat and material balances, provided
assumptions are made concerning the inconsistent and uncertain compositions. A
valid materjal balance must close with tespect to both total mass znd the mass of
each element. The element argon can be used to relate dry gas rate to air rate,
since argon comes only from air. An assumption on the ﬁater vapor concentration
and balances using carbon or nitrogen can then be used to establish the rates of
all the streams. This method 1s the most direet, buk the small concentzations of

argon in air and in the product gas may result in large percentage errors.

Complete nitrogen snalyses are available for  fzed, air, and dry gas, so these data
and an assumption on the uncertain water vapor concentration alse permit
calculation of the unknown flow rates. (Originally nitrogen and carbon dioxide
were reported aggregated, but a breakdown was obtained by telephons.)

The assumption used to force the dry gas composition to add up to 1003 is quite
important in making the elemental bzlances close along with total mass balances.
In early trials the composition was normalized, .and several water vapor
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concentxations were tried. Then the missing 3.19% was assumed te be nitrogen.
All these trials gave poor elementzl balances and probably optimistic thermal
efficiencies., The seventh trial gava good elemental closures through a nitrogen
balance. Thls trial assumed that the missing 3.19% was carbon dioxide, and that
the water vapor conceatration was that reported by Omnifuel. In additien, the
caleulated thermal efficiency was reasonable, but probably low, as previously
discussed.

The following tables show the develeopment of the final results. Table B-l gives
the data that were meapured or could be caleulated directly from Omnifuel
measurements. Only the wood waste and ash hed both flow rates and compositions

measured. Two analyses were.available for wood waste;j these were averaged.

The Eirst trial entailed several steps., Table B«l shows that Omnifuel personmel
gave only an estimate of the moisture content of the gas because their analyzer
was glving trouble. Therefore, adjustment of water vapor concentration was
allowable if necessary to close balances. Furthermore, the dry gas composition
did not add up te 100X%. To gain an initial estimate of the fuel gas composition,
the dry gas composition was normalized, snd moisture was taken as tha value
estimated by Ommifuel. A literature value was used for dry air composition (6)
and 0.04 1b Bzoll'b dry air was assumed consistent with the coocl temperatures at
the plant location. Then three weight ratios were caleulated from the
compositions, namely, the ratio of dry wood to carbon, the ratio of dry air to
argon, and the ratio of carbon to argon in the fuel gas, Combining these ratics

gave the weight ratio of air to wood, which was multiplied by the wood rate to get
the air rate, : '

The particulate loading in the fuel gas was found by estimating the total flow of
flue gas after complete cowbustion and applying the measured figure of 0.15

grain/scf to ik. 'fhe carbon on ash was lower at thils point than in the fuel gas,
so the mineral ash flow rate was calculated in the flue gas and assumed to be the
same in the fuel gas. Carbon on particulate in the fuel gas was caleulated from
the ash analysis. The particulate flow amounts to a small ecorrection, and these
estimates were used for all the trials, except that the refinement of assuming
carbon on particulate wﬁs 5% hydrogen was made in later trials.
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' Table B-~1
REPORTED AND DIRECTLY CALCULATED DATA FROM OMNIFUEL

Component Wood Ash Gas
Sample Sample
Wo. 1 No. 2 Average TRate, Analysis Rate, Anglysis
wt % wt % wtX 1b/h wt ¥ 1b/h Component vol %
. . ] . H0%  ca. 10
Moisture 5.00 5.00 5.00 Kz 6.70
c 46,21 46,80 46.50 4,520 71 95 co 21.66
n 5.92 6.04 5.98 _ 638 GHA 9.49
o 42,49 41,74 42,12 4,549 Other
hydrocarbons 2.34
N 4.97 5.00  4.98 484 Co, + N, 56,06
Ash 0.41 0.42 0.42 41 29 38 Ar 0.56
Total 10,232 134

Higher heating value,
Btu/1lb
bone dry 8,464 B,566

? Yet basis. All other concentrations are on dry basis

b Moistnre allocated to hydrogen and oxygen

Note: Particulate loading in oil heater stack 0.15 grainfeef at 12% Co,,
containing 44% carbon.

Since the woisture in the fuel gas was considered a preliminary estimate, it was
adjusted by nitrogen balance for Trial No. 1. The nitrogen flows from wood and
from air were added, and the sum was divided by the fraction of nitrogen in dry
gas to give the total dry pas flow rate. The moisture in the fuel gas wes then
found by difference, giving a value of 7,10%.

The final results for Trial No. 1 are given in Table B-2, The percentage erroxs

based on this nitrogen balance are large, especially for carbon and oxyzen among
the important elements.
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In Trial No. 2, the sam= input Tates were assuméd &6 in Trial Wo. 1. The dry gas
output was determined by dividing the argon rate in the input by the normalized

eoncentration of argon in the dry output gas, and the molsture in the output was

found by difference of rotal flows.

This approach gave a very high water vapor

concentration in the output gas (18 vol Z) and poor balances, as shown in Table

B-3. At this point, the hydrocarbons were being assumed as CZH » but no

sdjustment of this compesitien weuld have made the balances acceptable,

Trial No. 3 was based on the obaservation that the firet twe trials seemed to have
too little or too much water wapor in the fusl gas, and perhaps 12.5 wvol Z would

give a good balance.

Using this value and normalized dry gas compositiom, the

rvequired air rate and fuel gas rate to give this composition were celculated

through a nitrogen balance:

(N in wood) (woocd rate) # (N in air) (air zate) = (N in gas) (gas rate)

This approach eliminated dependence on the small argon concentxation. The

balances given in Table B-4 were improved, but the surplus of hydrogen and carbon

and deficiency of oxygen in the sautput made the rather high calculated cold gas

efficiency of about 81% seem unlikely.

Also, the gas composition was very far

from CQ shift equilibrium. This and subsequent'balances assume hydrocarbons in

the gas are 021-.14.

1
Element Wood
H 4,520
H 638
0 4,549
N 484
Ar 0
Ash 4L
Total 10,232

TRIAL RO.

13,867

Table B-2

1 ELEMENTAL BALANCES
Steam Rates in 1b/h

Total
In
4,520
644
7,808
10,913
179
51
24,099

3 4
Ash  Gss
95 4,977

658

© 7,220

10,913

196

EL) u
134 23,975

Total
Qut.
5,072
638
7,220
10,913
196

500

24,100

% Erxor

Qut-In

+10.9
+2,1
-8.1
Basis
+8.7
+18.0
0.0



‘fable B-3
TRIAL NO. 2 ELEMENTAL BALAXNCES
Stream Rates in 1b/h

% Error
1 2 Tatal 3 4 Total

Out-In

Elenment Hood Adr In Ash Gas Out ( ~oat !
¢ 4,520 0 4,520 95 4,545 4,640 +2.6
B 638 6 644 861 861 +25.2
o 4,549 3,253 7,808 8,380 8,380 +6.8
N 434 10,429 10,913 9,989 9,989 -9.3
Ar 0 179 179 179 179 Basis
Ash a ] a4  » piY 0 #18.0
Total 10,232 13,868 24,099 134 23,964 24,099 0.0

Table B=4
TRIAL NO. 3 ELEMENTAL BALANCES
Stream Rates in 1b/h

% Error

1 2 . Total T 3 4 Total | ouen

Elenent Hood Adr In Ash Gas But Out =~
C 4,520 0 &,520 95 4,483 4,578 +1.3
H 638 5 643 696 696 +7.6
0 4,549 2,929 7,478 7,328 7,328 -2.0
N 484 9,387 9,871 9,871 9,871 Basis
Ar 0 161 161 177 117 +9,0
Ash AL 0 a3 u 0 #18.0
Total 10,232 12,482 22,714 134 22,566 22,700 ~0.1

At this point, a mew approach was tried. In Trial No. 4 the attempt was made to
more closely approach shift equilibrium by reducing the nzo in the product gas to
4 vol ¥ while adjusting dry gas composition assuming the missing 3.19% was B,
instead of normalizing the compocition. Rates were calculated by nitrogen balance,
as in Trial No. 3. In Trial No. 4 and suvbsequent trials, "carbon" on ash was
assumed to be 5% hydrogen. Trial No. 4 gave very poor closure, as shown in

Table B=5, Trial No. 5 paralleled Trial No. 4 except that the H,0 in preduct gas

B-5



was assumed to be 8.6 vol X in an attempt to improve the balances.
elemental balances were improved, this trial made it apparent that mot all

Although

elements could be simultaneously balanced by assuming the missing 3.19% of dry gas
Trial No. 5 is shown in Table B-6.

was H,.

2

Trial No. 6 assumed the missing 3.19% of dry gas was Ny, and H,0 was 10 vol % of

fuel gas.

The results, given in Table B-7, again were high in carbon and hydrogen

and low in oxygen. This suggested that the only way to balance all the elements

wag to assume all or part of the missing 3.19% of dry gas was COZ' This led to
the suecessful trial, Trial No. 7, discussed earlier. Fortuitously, the HZD in
fuel gas was the same as originally estimated by Omifuel.

Element

Ar
Ash
Total

Wood
4,520
638
4,549
484

41
10,232

Table B=-5

TRIAL NO. 4 ELEMENTAL BALANCES

2
Ar

0

&

3,415

10,946

188

14,555

Total
In
4,520
644
7,964
11,430
188
41
24,787

B3-6

Stream Rates in lb/h

ash

90

39
134

4
Gas
5,196
547
7,115
11,430
204

u

24,503

Total
out
5,286
552
7,115
11,430
204

50

264,637

% Error

Qut~In
Qut
+14.5
-16.7
-11.9
Basis
+7.8
+18.0
-0.6



1
Element Hood
c . 4,520
H 635
0 4,549
N 484
Ax 0
4sh a1
Total 10,232
1
Element Wood
4 4,520
H 638
0 4,549
N 484
Ax 0
Ash 41
Total 10,232

Table B-6
TRIAL NO. 5 ELEMENTAL BALANCES
Stream Rates in 1b/h

2 Total 3 4
Mz In Ash  Ges -
0 4,520 90 4,749
5 643 5 652
3,124 7,673 7,307
10,015 10,429 10,479
172 172 188
] B 3 n
13,313 23,5435 134 23,406

Table B-7

TRIAL NO. & ELEMENTAL BALANCES
Streasm Rates in 1b/h

2 Total 3 4
Ate In Ash  Gas
0 4,540 90 4,799
6 644 5 699
3,323 7,922 7,482
10,B15 11,299 11,299
186 186 189
0 4 3% i1

14,380 25,612 134 24,479

B-7 -

Total
Qut
4,839
657
7,307
10,479
188

50

23,540

Total
Out
4,799
704
7,482
11,299
189
50
24,612

% Error

( Qut-In
Qut
7.1
+2,2
=4,8

Basis
+9.3
¥22.0
0.0

% Error
( Out-In
Out
+5.8
+8.3
-5.9
Basis
+1.6
+1B.
0.0



An ohjective measura of the “goodness of £it" of elemental material balance
closures is the root mean square (BRMS) of the percentage errors in the gaseous
elements not used as the calculation basis. The tabulation below shows that Trial
Wo. 7 gives the minimum error and the best fit:

RMS

Triel Brror %
1 B.1
13.9
6.0
13.1
6.4
B.0
5.2

N P e
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Appendix C

(MNIFUEL COMMENTS REGARDING EPRI/SYNTHEIIC FUELS ASSOCIATES
STUDY OF THE OMNIFUEL WOOD GASIFIER

We have reviewed the draft report on the Omnifuel gasifier by Synthetic Fuels

Agsociates and we cansider the information supplied by Omnifuel to have baen
prasented in a vexy objective manner. ‘

There is a suggestion in the report that the enargy efficiencies appear to be low.
Wa concur with this comment. Baced on some additionml data which we possess,“k we
believe the hot gas flow to be low by about 7 percent. When this is converted to
energy available in the gas, the HHV heat out becomes 66.63 MMBtu/hr instead of
62.27 WMBtu/hr with corresponding increases in sensible and latent heat. As a

result the cold gas efficiency increases from 75.2 percent to 80.5 percent and
the hot gas effielency from 86.6 percent to 92.6 percent.

.

We alse wish to acknowledge the fact that much of the information provided by
Omnifuel resulred from & grant by the Ministry of Energy, Dntario.

John Black
Omnifuel
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