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FOREWORD

The ACS Symrostum Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



Publication Date: August 29, 1980 | doi: 10.1021/bk-1980-0130.pr001

PREFACE

he conversion to useful energy of solid wastes, agricultural residues,

and forestry residues by thermal processes has long been practiced to
varying extents in many industrialized and developing areas of the world.
Within the last decade, however, environmental concerns and rising fossil
fuel prices have led to increased efforts to develop and implement efficient
and economical methods for recovering energy from solid wastes and
biomass. During 1977, researchers within the Chemical Engineering Labo-
ratory at SRI International reviewed the worldwide status of pyrolysis,
gasification, and liquefaction methods to identify unique processes and
topics for future research. At that time very few books were available
that presented comprehensive reviews of on-going research and develop-
ment activities related to thermal conversion of solid wastes and biomass.
Consequently, a symposium was planned under the auspices of the Ameri-
can Chemical Society (ACS) to discuss major research and development
programs in the United States. Twenty-one papers from this symposium—
held at the ACS National Meeting in Anaheim, California, during March
1978—were published as ACS Symposium Series No. 76 during the sum-
mer of 1978. Because of the success of the first symposium and the interest
expressed by participants in the status of research being done in other
countries, planning began in August 1978 for a second symposium with an
expanded scope. The symposium was to include speakers from North
America, Western Europe, and Asia. Financial support for the symposium
was obtained from: the Urban Waste and Municipal Systems Branch of
the U.S. Department of Energy; the Municipal Environmental Research
Laboratory and the Industrial Environmental Research Laboratory of the
U.S. Environmental Protection Agency; and the Division of Environmental
Chemistry of the American Chemical Society.

The symposium, held at the September 1979 National Meeting of the
American Chemical Society in Washington, D.C., was jointly sponsored by
the ACS Divisions of Environmental Chemistry, Fuel Chemistry, and Cellu-
lose, Paper and Textiles. It was also planned in cooperation with other
professional societies including: the American Institute of Chemical Engi-
neers; the American Society of Agricultural Engineers; the American
Society of Civil Engineers; and the Forest Products Research Society.

J. L. Jones and S. B. Radding of SRI International were the chief
editors of this book and were responsible for the overall planning of the
symposium. The following individuals assisted in the planning and organi-
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zation: A. G. Buekens, University of Brussels, Belgium; M. Hiraoka, Kyoto
University, Japan; R. Overend, National Research Council, Canada; T. B.
Reed, Solar Energy Research Institute, United States; and S. Takoka, SRI
International, Japan.

A. G. Buekens, M. Hiraoka, R. Overend, and S. Takaoka also served
as associate editors and were responsible for editing many of the contribu-
tions from their respective regions or countries.

The book contains 49 chapters, 47 of which were presented at the
symposium. The remaining two chapters were contributed by authors who
were interested in presenting a paper at the symposium but were unable
to do so because of a lack of available time on the program.

The first section describes the many research, development, and
demonstration programs funded under the U.S. Department of Energy’s
Urban Waste and Municipal Systems Branch and the Biomass Energy
Systems Branch.

Conversion of wood to fuels, chemicals, and energy in the form of
steam or electrical power is the subject of the second section. Chapter 3
deals with large wood conversion systems and presents a very compre-
hensive economic analysis of the different systems. Chapter 4 discusses
the production of fuel gas from wood. A listing of process developers is
provided, along with estimates of investment and operating costs.

The third section deals with combustion processes, which currently
represent the major thermal conversion route for biomass and solid waste
fuels. Chapter 5 presents the findings of a survey of the current techno-
logical state of the art and system economics for combustion of municipal
solid wastes (MSW) in Western Europe. Again, the units described are
large field-erected boilers, some of which have the capacity to burn more
than 1000 metric tons/day of solid wastes. The use of modular or shop-
fabricated combustion equipment by small municipalities or by commercial
users is the topic of Chapter 6. Such small capacity systems are not yet
widely used in the United States or elsewhere for energy production. An
economic analysis is given for hypothetical systems with capacities to fire
up to approximately 100 metric tons/day of wastes. Chapters 7, 8, and 9
deal with fluidized-bed combustion systems. Chapter 7 describes a com-
mercially available combustor now used at about 30 installations in the
forest products industry for burning wood residues; Chapter 8 describes
another commercially available fluidized-bed combustor for wood residues
and also contains information concerning experiments with burning proc-
essed MSW. A multisolid fluidized-bed unit now under development in
pilot-scale equipment for solid waste and sludge combustion is the topic of
Chapter 9.

Densification of solid wastes and biomass to produce solid fuels with
more desirable physical properties is the subject of the fourth section.
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Densification produces solid fuels that are free flowing and easily handled
as opposed to shredded wastes or agricultural residues. Chapter 10 con-
siders the mechanical processing of MSW and describes individual unit
processes that typically precede densification. The densification process
(pelletizing) also is described, as are the physical properties of the product.
Chapter 11 presents another approach to producing a densified fuel. After
various mechanical processing steps, the cellulosic fraction is embrittled
with acid and then ball-milled to produce a powdered solid fuel. This
process currently is being demonstrated in a large commercial facility.
Chapters 10 and 11 deal with processes to be used principally at large
capacity facilities. Chapter 12 describes the development of densification
equipment for solid wastes for use at naval bases. Such equipment also
may have applications for commercial and industrial users as well as some
small communities. Chapter 13 presents results of experiments conducted
to determine the energy required for densification under laboratory condi-
tions, and compares these results with the actual energy use of commercial
scale equipment. The effects of temperature on energy consumption are
shown to be very significant. Densification of agricultural residues and
wood is the subject of Chapters 14 and 15. Chapter 14 reviews the types
of equipment now available, product forms, and power requirements, and
cites specific examples of commercial practice. Chapter 15 discusses a
current business venture in the biomass densification field and characterizes
emissions from burning the product fuel pellets.

The fifth section is the first of four parts dealing with specific pyrolysis,
gasification, and liquefaction projects in various regions. It includes
chapters describing U.S. process development and commercialization
activities, most of which were not described in the ACS Symposium Series
No. 76 published in 1978. Chapter 16 concerns pyrolysis work being
conducted at the laboratory scale by U.S. Navy researchers, where pyrolysis
of solid wastes or biomass is accomplished in an indirectly heated transport
reactor. By various separation steps, an olefin-rich gas is produced and
then polymerized under high temperature and pressure conditions. The
conditions under which formation of olefins is maximized rather than
formation of char, tar, or water-soluble organics are discussed. Chapter 17
describes the use of a molten salt bath reactor for gasifying solid wastes
such as refinery acid pit sludge, rubber tire scraps, wood, leather scraps,
and waste photographic film. Experiments have been conducted in both
bench-scale and pilot plant-scale equipment. Chapter 18 concerns pyrolysis
research work conducted by a U.S. researcher in cooperation with French
scientists at the Odeillo (France) solar furnace. The solar furnace was
selected as a heat source so as to obtain an extremely high energy flux
through the quartz window reactor. At the extremely high flux rates, char
yields were very low and condensible product yields were high. Chapter 19
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describes experiments with a downdraft gasifier (previously described in
the ACS Symposium Series No. 76) that uses densified fuel pellets pro-
duced from processing MSW. Chapter 20 contains information on a
mobile pyrolysis reactor now being tested in commercial applications.
Such a unit can be moved to the biomass source to produce charcoal for
later use as a fuel. Chapter 21 deals with the subject of retrofitting existing
oil- or gas-fired industrial boilers with a crossflow biomass gasifier that
would use densified fuel pellets. Prototype units currently are undergoing
field testing. A description of a vertical shaft countercurrent-flow (or fixed-
bed) gasifier is given in Chapter 22. Two such units are being installed to
gasify waste cigarette papers and filters, packaging paper, cardboard, and
other wastes. The product fuel gas will be burned in a boiler. Chapter 23
discusses the energy requirements (in the form of steam) for activating
carbon char produced from biomass or wastes. Efficient use of steam for
activation can be very important to the overall system economics.

Biomass utilization and conversion research in Canada are the topics
addressed in the sixth section. Chapter 24 contains a review of the analysis
procedure used to aid in the formulation of the government-supported
biomass R&D program in Canada. The major goal is to produce a liquid
fuel or a liquid fuel substitution product. A short-term goal is associated
with synthesis gas production from biomass. The reader should note the
Dulong diagrams used by the author for describing biomass conversion
routes. Chapter 25 concerns pyrolysis of agricultural residues in a pilot
plant-scale, continuous-flow, indirectly fired rotary retort. The principal
products are char and a fuel gas of intermediate heating value. Conversion
of MSW and wood to a low heating value fuel gas, using an air-blown
fluidized-bed gasifier, is discussed in Chapter 26. The process has been
demonstrated for wood gasification in a unit capable of processing approxi-
mately 25 metric tons/day of wood. A mechanical processing system and
synthesis gas production are also discussed. Chapter 27 describes a direct
wood liquefaction process being developed in a laboratory-scale batch feed
system. The reported results indicate the ability to liquify wood at elevated
temperatures in the presence of a nickel catalyst and in the absence of
hydrogen. Pyrolysis of wood in a bench-scale fluidized-bed reactor is
discussed in Chapter 28. Experiments with and without alkali carbonate
catalysts were conducted. Chapter 29 describes an air-blown, vertical shaft
wood gasifier now being demonstrated. Preliminary performance data are
given for the gasification system, which is coupled to a diesel engine power
generation system.

European technology for pyrolysis, gasification, and liquefaction is
described in the seventh section. Chapter 30 includes an interesting
discussion of why the development of such processes for MSW has not
been as rapid in Europe as in the United States or Japan. During the
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period from 1960 to 1975, many large mass-burning incineration plants
were constructed in Western Europe to recover energy from MSW. In
general, these installations have proved to be an acceptable solution to the
problem of disposal of MSW. A very comprehensive review of the process
development activities is presented as well as an excellent review of the
fundamentals of pyrolysis and gasification. A laboratory research program
concerned with pyrolysis in a fluidized-bed reactor is also described. Chap-
ter 31 describes the testing of a relatively large indirectly heated fluidized-
bed pyrolysis reactor that is capable of accepting whole scrap tires on a
semicontinuous feeding basis. Most other pyrolysis processes designed for
scrap tires require that the tires be shredded prior to being fed to the
reactor. Chapter 32 describes a pyrolysis process that uses an indirectly
heated rotary retort and is now being demonstrated for commercial use.
If the product fuel gas is to be used without tar or pyrolysis oil recovery,
a second-stage autothermic cracking reactor is added. Use of a cocurrent-
flow vertical shaft reactor for wood gasification is the subject of Chapter
33. The process has been tested and modeled, so this chapter should
prove to be quite useful to designers of cocurrent-flow biomass gasifiers.
Chapter 34 describes another process that uses an indirectly heated rotary
retort for pyrolysis of solid waste and presents the results of tests in a
pilot plant-scale reactor. Chapter 35 describes the use of a countercurrent-
flow, oxygen-blown vertical shaft reactor being developed for gasification
of MSW. A pilot plant system is described.

The eighth section contains eight excellent chapters concerning the
development and demonstration of pyrolysis and gasification technology
in Japan. Chapter 36 presents an overview of the technologies being used
and developed. The installation of large mass-burning incinerators based
on European technology for disposal of MSW has been under way in Japan
since the early 1960s. However, heat recovery is not as widely practiced
in Japan as in Europe. Since 1973, more than a dozen major process
development programs have been under way to develop new thermal
processes that can recover energy more efficiently from the very wet MSW
in Japan and thus minimize pollution problems. These processes are
reviewed and an economic analysis is presented to illustrate why advanced
processes are being developed. Chapter 37 describes a drying-pyrolysis
process that incorporates a multiple hearth reactor and that was developed
specifically for municipal sewage sludge. The new process is compared
with two alternative thermal processes. Chapters 38 and 39 describe the
use of dual fluidized-bed reactors (with sand circulating between the
reactors) for pyrolysis of processed MSW. Pyrolysis of the MSW occurs in
a fluidized bed of hot sand. The char and sand from the first bed move
to a second fluidized bed where the char is burned to heat the sand. The
hot sand is then returned to the first bed. The basic concept in terms of
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use of a dual reactor system is the same for the two processes, although
differences exist in the mechanical details of how the sand circulates
between the two beds. The fluidizing gases are also different. In the first
process, steam is the fluidizing gas for the first reactor while in the second
process, product gas is recirculated. Both processes have been under
development for some time. A 450-metric-ton/day commercial plant is
scheduled to begin operation in 1980 using the first process. A large
100-metric-ton/day prototype plant using the second process is to be fully
operational before the end of 1979. Pyrolysis of scrap tires in an indirectly
fired rotary retort is the subject of Chapter 40. The process now is being
used on a commercial scale in a demonstration plant with a capacity to
process 7000 tons/year of scrap tires. Shredded tires are pyrolyzed to
produce an oil and a carbon black product. Chapter 41 describes the use
of the Purox Process, originally developed in the United States, for thermal
conversion of Japanese refuse. The slagging gasification reactor is a vertical
shaft that is oxygen blown with the gases flowing countercurrent to the
solids. A comparison of typical MSW samples from the United States and
from Japan is presented to illustrate why special design features are neces-
sary for the process. Product gas is burned immediately so as to avoid
production of a large wastewater stream. An economic comparison of the
process is made with a conventional incineration process. Chapter 42
describes a process that uses a vertical shaft air-blown reactor and a
second-stage ash melting furnace. The product gas is burned directly in a
boiler for power generation. The process has been tested in a 20-metric-
ton/day pilot plant. Chapter 43 describes yet another process that uses a
vertical shaft furnace, blown with heated air or heated oxygen-enriched
air, that operates as a slagging gasifier. The process has been developed
with a pilot plant-scale reactor, and a facility with a 150-metric-ton/day
capacity is now under construction.

The final section deals with the use of thermal processes for biomass
conversion in developing countries. Chapter 44 discusses the current
extent of use of biomass for fuel among rural populations in several
developing countries. Direct combustion is currently the most widely used
means for energy production from biomass. The types of biomass available
in various countries and the estimated current use are discussed, as well as
difficulties in implementing large biomass conversion programs. Chapter
45 describes a commercially available biomass gasification unit coupled
to a diesel engine electric power generation system. The gasifier and diesel
engine are produced by a French company. The vertical shaft reactor is
air-blown and operates in a cocurrent flow mode (or downdraft). The
units can be used industrially as well as for rural electrification. Up to
90% of the normal diesel fuel use may be substituted by using the low
heating value fuel gas. Chapters 46 and 47 also are concerned with the
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gasification of biomass to produce a low heating value gas. Chapter 46
describes work being done in the Philippines on the operation of diesel
engines using a fuel gas produced from air-blown gasifiers. The chapter
presents a great deal of data and empirical correlations that will be useful
to gasification system designers. Applications for gasifier/engine sets
include electric power generation and irrigation pumping. Chapter 47
presents information on a gasifier that is being developed for use in rural
areas. The unit is very simple to fabricate and requires a relatively low
investment cost. The use of alcohol fuels produced from biomass and the
use of vehicle-mounted biomass gasifiers are discussed in Chapter 48.
These options offer the potential to reduce the amount of petroleum fuels
currently being used for vehicles. While the use of alcohol fuels has been
receiving a great deal of attention worldwide, the use of vehicle-mounted
gasifiers apparently has not been considered in many cases where they
would prove beneficial. Further study is required to determine if vehicle-
mounted gasifiers offer a reasonable solution to petroleum fuel shortages
in developing countries. Chapter 49 has been prepared in part by the
author of another chapter in the book concerned with the design of a
cocurrent-flow biomass gasifier. In this chapter the authors present an
analysis of how the introduction of biomass gasification into a developing
country will benefit the owners of the gasification units as well as the
national economy. The effects on employment, rural development, and
balance of trade are examined. Tanzania is considered as a case study.

This book represents the efforts of many individuals including those
within the two U.S. agencies and ACS who arranged for financial support
for the symposium, the representatives of cooperating technical societies
who arranged for publicity, the session chairmen who invited many of the
speakers, and the co-editors. Special recognition and appreciation is given
to the many authors whose diligent efforts made the timely publication of
this book possible.

SRI International JERRY L. JONES
333 Ravenswood Avenue
Menlo Park, CA 94025 SHIRLEY B. RADDING

January 21, 1980
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An Overview of the Department of Energy
Program for the Recovery of Energy and
Materials from Urban Solid Waste

DONALD K. WALTER

Urban Waste and Municipal Systems Branch, U.S. Department of Energy,
Mail Stop 2221-C, 20 Massachusetts Ave., Washington, DC 20545

The primary mission of the Department of Energy Urban Waste
Program is to promote energy conservation through the widespread
use of urban solid waste as a source of energy and materials.
Specifically, the Urban Waste and Municipal Systems (UWMS) Branch
seeks to replace conventional fuels with the energy recovered
from urban solid wastes; replace virgin materials with materials
recycled from urban solid waste; and reduce the amount of energy
used in urban waste treatment and disposal. By recovering energy
and materials from urban wastes, the word 'waste' becomes a mis-
nomer. Garbage, refuse, certain sludges, and certain solids and
liquids which are discarded by households, institutions, and
businesses are more aptly defined as 'urban byproducts" which are
awaiting conversion to a useful form.

Development of these previously neglected resources rein-
forces several national policies including energy, resource con-
servation, and the environment. For example, a typical 900 tonne
(1,000 ton) per day energy and materials plant:

o Produces approximately two quadrillion joules (two tril-
lion Btu's) of low-sulfur fuel per year —-- the equivalent of
roughly 300,000 barrels of oil;

o Produces in a year as much as 18,000 metric tons of
ferrous, 1,100 metric tons of aluminum and other nonferrous
metals, and 14,000 metric tons of glass for use by industry in
various manufacturing processes;

o0 Reduces the amount of material for land disposal from
over 270,000 metric tons of mixed wastes (including organic
wastes and metals) per year to about 54,000 metric tons per year
of relatively inert material.

The use of energy and materials recovery technologies con-
serves fossil fuels directly by replacing them as sources of
energy for combustion, and indirectly by replacing virgin
materials with intermediate products which require less energy
to reconvert into a final form. However, central plant pro-
cessing of urban solid waste to recover energy and materials is

This chapter not subject to U.S. copyright.
Published 1980 American Chemical Society
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4 THERMAL CONVERSION OF SOLID WASTES AND BIOMASS

still in the early stages of development. In pursuing its
mission to achieve maximum development of the resource potential
of urban solid wastes, the UWMS Branch undertakes activities in
three areas: technical processes, institutional impediments to
waste use, and program (monetary) support. These areas, although
logically separable, are highly interrelated and underline the
Branch strategy to demonstrate promising energy recovery technolo-
gies at a commercial scale in a variety of institutional settings.
This strategy is aimed at assisting public and private entities

to conserve energy by utilizing the resources contained in their
urban solid wastes; it focuses on existing impediments to the
implementation of energy recovery projects.

The program activities —— in technical processes, insti-
tutional impediments to waste use, and program support —-— address
the problems that hinder progress in demonstrating resource
recovery technologies. The following discussion attempts to
describe the breadth of Branch activities in these areas.

Technical Processes

Figure 1 shows the range of technical process options in
resource recovery. Three broad technologies are available to
recover energy and energy intensive materials from urban wastes:
mechanical, thermal, and biological.

Mechanical. Mechanical processing separates wastes into
various components including metals, glass, and a refuse derived
fuel (RDF). Generally, a mechanical process is a preliminary step
to the thermal and biological technologies. The metallic com-
ponents, glass, and paper fibers are recycled to displace virgin
materials.

In general, mechanical processes are employed for size re-
duction and separation by size, weight, shape, density and other
physical properties. A typical processing line would utilize
shredding for size reduction of raw refuse, followed by some form
of air classification to separate the particles into light
(organics) and a heavy (inorganics) material stream. The light
fraction, without further processing, has come to be known as
fluff RDF.

A demonstration unit sponsored by the Environemtal Protection
Agency (EPA) to produce RDF at St. Louis proved the basic feasi-
bility of mechanical separation processes, transport and storage
techniques, and combustion of fluff RDF to replace 5 to 27 per-
cent of the pulverized coal used in suspension-fired utility
boilers. However, the refinement of equipment components and the
technical and economic optimization of the basic technology still
require a great deal of work.

There is one operating facility at Ames, Iowa which recovers
and uses fluff RDF on a daily basis. This facility has encoun-
tered a series of economic and technical problems. A second
facility at Milwaukee, Wisconsin is entering its first year of
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6 THERMAL CONVERSION OF SOLID WASTES AND BIOMASS

production evaluation prior to finalizing fuel sales contracts.
Several other facilities are in a shakedown phase or under con-
struction at Chicago; Monroe County, New York; Bridgeport, Con-
necticut; etc.

The preparation of densified RDF (d/RDF) by pelletizing,
briquetting, or extruding is being explored and evaluated. It is
particularly adapted for stoker and spreader-stoker furnaces.
However, it has not been demonstrated commercially, and the costs,
handling characteristics, and firing characteristics are yet to
be evaluated. The anticipated advantages of densified RDF are
greatly improved storage and transportation characteristics.

Production of powder RDF (particles smaller than 0.15 milli-
meter) is being developed in a proprietary pilot-plant process by
embrittling waste with organic acid. After adding an embrittling
chemical, coarsely shredded waste is pulverized. The resulting
powder has a higher Btu content than fluff RDF, as well as a
greater density, homogeneity and decreased moisture content. In
addition, powder RDF may be capable of direct co-firing with fuel
oils. However, the dust-like composition necessitates special
handling to minimize the danger of explosion.

A '"wet'" mechanical separation process utilizes hydropulping
technology adapted from the pulp and paper industry to reduce raw
waste to more uniform size and consistency, followed by a series
of processes to separate the pulped mass into light and heavy
fractions and to remove some of the water. The original EPA
sponsored pilot plant at Franklin, Ohio, is still operating,
although it no longer produces low grade fiber for a roofing plant
as originally intended. After successful test burns of the 50
percent organics, 50 percent moisture pulp, a full-scale facility
designed to burn the pulp to recover steam is now in start-up at
Hempstead, New York.

Ferrous metal recovery systems are the most advanced material
recovery systems. Paper fiber recovery by both pulping and dry
processes has been demonstrated successfully, and aluminum and
glass recovery has been demonstrated with limited success.
Efforts are planned to improve system efficiencies in terms of
energy use, quantity, and quality of material recovered.

Thermal. Combustion techniques burn waste for the recovery
of heat energy. Waterwall combustors are the most technically
developed energy recovery systems and employ special grates to
burn "as received" urban waste and recover steam either at satu-
rated or superheated conditions. Over 250 plants are operating
worldwide; seven of them in the United States. Three of the
seven were originally built as incinerators. Worldwide there have
been a number of technical problems, with the control of corrosion
and erosion being the most serious. The most recent European de-
signs have solved these problems but at an increased capital cost.

The more popular U.S. development seems to be the recovery
of RDF for sale to coal-using facilities although this may be
changing. With modifications, existing boilers can use RDF as a
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supplemental fuel. Most development has been aimed at the large
suspension coal fired utility boiler. While test burns have been
encouraging, technical problems have developed related to burning
characteristics, slagging, and environmental control equipment
performance. All can be solved. However, upgrading control
devices such as electrostatic precipitators may require signifi-
cant increases in the capital costs of the system.

Another variation being demonstrated is the combustion of
RDF in a dedicated boiler as a principal fuel. Normally the
boiler is of spreader-stoker design with some consideration given
to the use of fossil fuels such as high sulfur coal as a load
leveler and steam production stabilizer.

The only available small-scale system is a packaged two
chamber incinerator with waste heat recovery. This technique is
practical at the 25 to 100 tons per day (TPD) scale. In these
units, partial oxidation occurs in the first section of the unit
and causes a portion of the waste material to degrade and give off
combustible gases. These gases, as well as products of combustion
and particulate from the first chamber, flow to a second chamber
where they are combusted with excess air and a natural gas or oil
pilot flame. The combustion products then flow through appropri-
ate heat transfer equipment to produce steam, hot water, or hot
air. Today, four small cities and more than sixty industrial
plants use the technique with heat recovery equipment.

Thermal gasification and pyrolysis systems are also under
development with several systems approaching the full scale demon-
stration stage. Specific discussion is not included on individual
techniques since they are still in the developmental stages.

Fuels from these processes include gases, oils and chars.

Biological. Biological techniques use living organisms to
convert organics into useful energy forms. These processes are
in the developmental stages. The Department of Energy (DOE) is
sponsoring an anerobic digestion process that converts the
organics in urban waste to methane under controlled conditions.
This process is at the proof-of-concept stage and is not expected
to be commercialized until the late 1980s.

Another bioconversion process to recover methane from exist-
ing landfills is near commercialization. Because of the explosive
nature of the gas, increasing attention has been paid to control-
ling its migration. Today there is one operating site, two sites
in development, one site under construction and ten sites in an
advanced planning stage to utilize the recovered gas. It is
estimated that 28 million cubic meters (one trillion cubic feet)
of methane is potentially recoverable from existing landfills,
with 1.5 billion cubic meters (55 billion cubic feet) of pipeline
quality methane available yearly, just from the 100 largest land-
fills.,

Generally, the mechanical, thermal and biological resource
recovery technologies can be ranked in order of their states of
development as shown in Table 1. The DOE research, development
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Table I. Developmental Stage of Resource Recovery

Technologies
Level of
Development Technology
High e Ferrous Metal Recovery
® Anaerobic Digestion of
Municipal Solid Wastes
e Waterwall and Modular Con-
trolled Air Combustors
e Coarse, Fluff, and Wet
Pulped RDF
e Paper Fiber Recovery
® Landfill Gas Recovery
e Glass, Aluminum and Other
Nonferrous Metal Recovery
e Dust and Densified RDF
e Pyrolysis and Gasification
® Anaerobic Digestion of
Solid Waste
Low e Enzymatic and Fungal

Synthesis
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and demonstration (RD&D) program addresses all of these technolo-
gies and is active in promoting their development. However, true
development requires a good deal more than proving the scientific
or engineering viability of alternative resource recovery options.
History demonstrates that the major difficulties of putting a new
technology on a sound commercial footing occur after the success-
ful operation of the first prototype. The Branch's program is
fashioned to deal with these problems.

Nontechnical Issues

Figure 2 illustrates the range of nontechnical issues in
resource recovery. The three broad categories —- institutional,
socioeconomic, and legal -~ are interrelated and often raise
obstacles more difficult to overcome then technical problems.

Energy and material recovery facilities, for instance, are
similar to other capital intensive manufacturing operations in
that they cannot operate economically unless they receive regu-
larly sufficient feedstocks to utilize production capacity. A
guaranteed supply of waste is the foundation upon which an eco-
nomically feasible energy recovery project is built. However,
municipalities frequently control only a fraction of the wastes
collected within their jurisdictions.

Most urban waste is collected by private haulers who deter-
mine the least cost place of disposal. Attempts to mandate that
privately-collected wastes be delivered to a recovery system have
met with considerable opposition from both private haulers and
landfill operators. One such attempt precipitated litigation
that is now awaiting a decision in the U.S. District Court for
the Northern District of Ohio.

The waste control problem is further aggravated by the need
to aggregate sufficient quantities of waste for the recovery
facility. Because many recovery technologies currently are eco-
nomically feasible only at a large scale, they frequently require
regionalization of the waste management system. The participa-
tion in a recovery project of numerous communities —-- each with
different perceptions, needs, and expectations -- is difficult to
achieve because of the perceived risks and costs associated with
recovery systems. Thus, intermunicipal agreements to achieve
regionalization are difficult to develop and negotiate. The com-
plexities of this process are often a major cause of delay in
implementing promising projects.

Another major impediment is that resource recovery facili-
ties must compete with landfills in most communities. Most of
these landfills fall far short of satisfying even reasonable
protection against pollution of ground waters and threats to
public health and safety. Further, few communities account for
the full cost of land disposal. The value of land used as a
landfill disposal facility will diminish greatly as it reaches
capacity and must be closed. Few municipalities reflect this
decrease in value in calculating disposal costs. Sometimes
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capital equipment costs have not been considered in the determi-
nation of disposal costs. Consequently, the cost of landfilling
is cheap in areas that do not enforce reasonable environmental
and public health standards. In addition, it is perceived as
cheap in areas which have good enforcement but fail to fully
account for the true costs.

This situation severely constrains the ability of energy and
materials recovery systems to compete with land disposal oper-
ations for the acquisition of urban wastes, Economy in transpor-
tation is one potential advantage that energy recovery facilities
enjoy relative to land disposal. Because landfill sites are
increasingly available only at considerable distance from the
urban centers which generate the waste, the costs of transporting
the waste is greatly increased.

Unfortunately, this advantage is largely reduced because
certain types of energy recovery facilities canmnot be located in
urban areas that cannot meet EPA ambient standards for particu-
lates., These nonattainment areas may not add a new stationary
source of particulate emissions without an equal or greater off-
set in emissions from other sources. Current Federal environ-
mental regulations do not recognize the other offsetting regional
environmental benefits of an energy and materials recovery plant.
In order to increase the ability of energy recovery systems to
compete with land disposal, DOE is urging the Congress and the
Environmental Protection Agency to revise environmental regu-
lations so as to encourage demonstration of environmentally sound
recovery systems.

The Branch program addresses not only these pressing issues
but also provides assistance regarding financing of resource
systems, market development for recovered resources, advice on
negotiating equipment contracts and for developing procurement
documents. Branch activities in these nontechnical areas as well
as in technical areas are coordinated through its program support
efforts.

Program Support

DOE's Urban Waste Technology funds are primarily used to
support RD&D. Most projects are funded by grants, contracts and
cooperative agreements. The objectives of our RD&D efforts are
two-fold: to conduct research and development that will provide
planners with sufficient options for choosing a waste-to-energy
system that fits specific local needs, and to provide the
financial support to demonstrate a wide range of these technolo-
gies. Major efforts concentrate on developing technologies that
can have wide application. DOE also provides training and
technical assistance to maximize the effectiveness of its RD&D
investment.

Demonstration of effective energy technologies will reduce
many of the barriers that cause municipalities and the private
sector to hesitate in undertaking energy recovery projects. 1In
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the iterim, DOE is developing techniques to provide financial and
economic incentives for moving desirable projects forward. These
incentives -- loans, loan guarantees and price supports -— will be
used to shift much of the financial risk from the local partici-
pants to the Federal government. When in place, a limited pro-
gram of price supports will help develop markets for recovered
fuel, steam and electricity. Loan guarantees will be used to
guarantee 75 percent of total project costs, or 90 percent of
construction costs. DOE will, however, limit its loan guarantee
support to those projects for which there is a reasonable assur-
ance of repayment. As of writing, loan guarantee and price sup-
port regulations are being developed. Appropriations are not yet
available for these programs.

An active program of training, technical assistance and
information transfer is also being initiated. This includes
preparation of case studies, conducting workshops and seminars
and developing university and apprenticeship programs. And
lastly, the program is being coordinated among the Federal
agencies so that the expertise of each is used to the fullest.

To summarize, the DOE Urban Waste Program aims at helping
the public and private sectors conserve energy by utilizing the
energy resources contained in urban wastes. The strategy is to
reduce or eliminate both the technical and nontechnical barriers
to using resource recovery on a large scale. The initial goal is
to reduce the technical barriers by supporting R&D efforts that
will lead to commercial scale demonstration of promising technolo-
gies. Successful demonstrations will reduce many of the current
risks which inhibit municipalities and the private sector from
adopting resource recovery. In the interim, the Federal govern-
ment will assume major financial responsibility for project risks.

Ultimately, it is hoped that all of these efforts will make
resource recovery a common and popular method of waste disposal
and energy production.
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This paper is intended to provide an overview of thermochem-
ical conversion technology development activities within the
Biomass Energy Systems Branch of the U.S. Department of Energy
(DOE). The Biomass Energy Systems Branch (BESB) is a part of
DOE's Division of Distributed Solar Technology. The biomass ther-
mochemical conversion technology development activities sponsored
by the Biomass Energy Systems Program can be catagorized into four
main areas; direct combustion, direct liquefaction, gasification,
and indirect liquefaction via synthesis gas.

Pacific Northwest Laboratory (PNL) and Lawrence Berkeley Lab-
oratory (LBL) have been selected to provide program management
services to the Biomass Energy Systems Program. PNL is responsible
for the technical management of development activities directed to-
ward the thermochemical conversion of biomass feedstocks by direct
combustion, gasification and indirect liquefaction via synthesis
gas. LBL is responsible for the technical management of develop-
ment activities on the direct liquefaction of biomass feedstocks.

Biomass comprises all plant growth, both terrestrial and
aquatic and includes renewable resources such as forests and for-
est residues, agricultural crop residues, animal manures, and
crops grown on energy farms specifically for their energy content.
Biomass production and conversion is considered a solar technology
because living plants absorb solar energy and convert it to biomass
through photosynthesis.

Program Objective

The objective of the thermochemical conversion technology
development activities of the Biomass Energy Systems Program is to
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develop cost competative processes for the conversion of biomass
feedstocks to fuels and other energy intensive products. This
objective can be accomplished by the direct combustion of biomass
materials and the substitution of biomass derived fuels and chem-
ical feedstocks for those produced from conventional sources.

Thermochemical conversion processes employ elevated tempera-
tures to convert biomass materials to more useful energy forms.
Examples include:

e Combustion to produce heat, steam, electricity, or
combinations of these;

® Pyrolysis to produce gases (low or intermediate BTUj,
pyrolytic liquids and char;

® Gasification to produce low or intermediate BTU fuel
gas;

® Gasification to produce synthesis gas for the production
of synthetic natural gas (SNG), ammonia, methanol,
alcohol fuels, or Fischer-Tropsch 1liquids and gasoline
via catalytic processes; and

eDirect liquefaction to produce heavy oils, or with
upgrading, lighter boiling liquid products such as
distillates, light fuel oils and gasoline.

Program Organization and Implementation

Thermochemical conversion technology development activities
sponsored by the Biomass Energy Systems Program can be divided
into the following four categories:

® Direct Liquefaction

® Direct Combustion

e Gasification

e Indirect Liquefaction Via Synthesis Gas

In the remainder of this paper we will briefly discuss individual
projects in each of these catagories.

Direct Combustion Systems. The direct combustion of biomass
feedstocks is already widely practiced by several industries,
especially the forest products industry. Many types of direct
combustion equipment are commercially available for this purpose.
New developments in direct combustion technology are expected to
have a near term impact on energy supplies through the utilization
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forest residues and other readily available biomass feedstocks.
Therefore, direct combustion technology development projects being
funded by the Biomass Energy Systems Program are categorized as
near term systems development activities.

Two projects are currently being funded by the Biomass Energy
Systems Program in the area of direct combustion technology.
These projects are shown in the organization chart illustrated in
Figure 1. The Aerospace Research Corporation project is develop-
ing a wood fueled combustor which can be directly retrofitted to
existing 0il or gas fired boilers. Direct retrofit requires that
heat release rates equivalent to those obtained when firing oil or
gas be obtained in the wood fired combustor. Heat release rates
on this order have been achieved when firing wood by preheating
the combustion air to 800-1000°F. The Wheelabrator Cleanfuel
Corporation project is a demonstration of large scale co-generation
based on wood feedstock. The scope of this project includes the
design of the plant plus additional tasks such as preparation of
an environmental impact statement, demonstration of large tree
harvesting equipment and determination of feedstock availability
for a large facility. The draft final report for this project has
been completed and is currently being reviewed.

Gasification-Indirect Liquefaction Systems. Development of
biomass direct Tiquefaction, medium BTU gasification and indirect
liquefaction technologies are catagorized as mid term development
activities because these technologies are not expected to have a
substantial impact on U. S. energy supplies for 10 to 20 years.
Biomass gasification technologies can be divided into processes
which produce a low BTU gas and those which produce a medium BTU
gas.

Low BTU gasification technology is commercially available for
most tynes of biomass feedstocks and can be expected to have an
impact on energy supplies by 1985. Many of these commercial pro-
cesses are based on low BTU coal gasification technologies and the
gas produced can best be used as fuel for supplying process heat,
process steam or for electrical power generation.

The versatility of low BTU gas is limited and its use is
subject to the following Timitations:

e Substitution of low BTU gas for natural gas as a boiler
fuel usually requires boiler derating and/or extensive
retrofit modifications.

e The Tow heating value of the gas usually requires that
it be consumed on or near the production site in a
close coupled process.

eThe high nitrogen content of low BTU gas precludes its
use as a synthesis gas for most chemical commodities
which can be produced from synthesis gas.

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



Publication Date: August 29, 1980 | doi: 10.1021/bk-1980-0130.ch002

THERMAL CONVERSION OF SOLID WASTES AND BIOMASS

DOE
BIOMASS ENERGY
SYSTEMS PROGRAM

PACIFIC NORTHWEST LABS ‘
TECHNICAL OPERATIONS
y ‘ y

GAS, OIL TECINICAL ADVANCED
LARGE BOILER |g=, 7ECHNICAL Ll CO-GENERATION SYSTEM
RETROFIT PROJECT e DESIGNED FOR WOOD
AEROSPACE WHEELABRATOR CLEANFUEL
RESEARCH CORPORATION

Figure 1. Direct combustion development activities (near term)
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Medium BTU gas (MBG) offers the following advantages over
low BTU gas:

e Boiler derating is usually less severe when substi-
tuting MBG for natural gas than when substituting
Tow BTU gas for natural gas and may not even be
required in some cases;

® MBG can be transported moderate distances by pipe-
Tine at a reasonable cost;

e MBG is required for the synthesis of derived fuels
and most chemical feedstocks and commodities which
can be produced from synthesis gas.

The versatility of MBG is illustrated in Figure 2. The major
disadvantage of MBG is that its production by conventional means
requires the use of an oxygen blown gasifier which is expensive to
operate due to the cost of the oxygen.

If the thermochemical conversion of biomass is to achieve its
maximum potential for supplementing existing U. S. energy supplies
in the mid term, the following two points will have to be ad-
dressed.

e Barring serious coal production constraints, biomass
conversion will have to be economically and environ-
mentally competitive with synthetic fuels produced
from coal.

e Thermochemical biomass conversion must have an impact
on the availability of 1iquid fuels and chemical feed-
stock supplies as well as supplementing gas for heating
purposes.

Biomass has two potential advantages over coal. First, bio-
mass is a renewable resource and coal is not. Second, and more
important from a thermochemical conversion standpoint, biomass is
more reactive than coal. It has the potential for gasification at
lower temperatures, without the addition of oxygen, to produce
medium BTU gas. Several of the gasification process development
activities sponsored by the Biomass Energy Systems Program are
attempting to exploit this advantage. These development activi-
ties are also directed toward improving the competitiveness of
biomass gasification through the use of catalysts and unique
gasification reactors to produce, directly, specific synthesis
gases for the production of SNG, methanol or methyl fuels, ammonia
and hydrogen. Success in these efforts could eliminate the neces-
sity for external water gas shift or methanation reactors when
producing these commodities. The potential elimination of the
oxygen requirement and the water gas shift step are indicated by
the dashed lines in Figure 2.
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The gasification technology development activities of the
Biomass Energy Systems Program include processes for the produc-
tion of medium BTU heating and synthesis gases. This appears to
be the area where additional biomass gasification research and
development could have the greatest impact on supplementing U. S.
energy requirements.

Potential advantages of the thermochemical conversion of
biomass to fuels and chemical feedstocks over competing coal
conversion technologies have been addressed above. It would be
inappropriate not to point out some disadvantages of biomass
feedstocks. Biomass feedstocks are usually disperse and may con-
tain 50 to 60% moisture. Therefore, there is a substantial cost
associated with the collection and transportation of biomass to a
central processing point. One concept which may offer a partial
solution to these economic disadvantages would be to locate bio-
mass gasification units in a disperse manner within a large forest
or energy farm. The medium BTU synthesis gases produced by these
units could be transported 25 to 50 miles by pipeline to a large,
centrally located, chemical or fuels synthesis plant. This con-
cept offers the advantages of shorter hauling distances, elimi-
nates transporting the moisture long distances and offers the
opportunity for a large scale central synthesis plant. However,
this concept requires more economic evaluation before its merit
can be determined.

Gasification and indirect liquefaction technology development
projects currently sponsored by the Biomass Energy Systems Program
are dipicted on the organization chart shown in Figure 3. A pro-
Jject breakdown includes operational process development units
(PDUs) at Garrett Energy Research, the University of Arkansas,
Texas Tech University, Pacific Northwest Laboratory, West Virginia
University, and a much larger fluidized bed gasification PDU at
the University of Missouri at Rolla. PDUs are in the design stage
at Wright-Malta and Battelle Memorial Institute. Brief resumes
for each of these projects, including PDU sizes, are shown in
Table 1.

Supporting systems studies are being conducted by Gilbert/
Commonwealth, Inc., Gorham International, Inc., Science Applica-
tions, Inc., and Catalytica Associates, Inc.

The Gilbert/Commonwealth project is aimed at the development
of a biomass resource allocation model based on linear programming.
The model, which will integrate regional/seasonal biomass feed-
stock availability, conversion process efficiencies and economics
and regional/seasonal end product demand projections, is intended
for use as a planning tool by the Department of Energy. It will
provide an organized structure for evaluating the potential
economic and regional impact of new biomass conversion technolog-
ies. Experimental data on biomass feedstock characteristics and
conversion efficiencies is being supplied by West Virginia Univer-
sity and Environmental Energy Engineering Company under sub-
contract to Gilbert/Commonwealth.
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Gorham International is conducting a study to determine the
potential for retrofitting coal gasifiers to operate with wood
feedstocks.

Science Applications, Inc., has recently completed a compre-
hensive technical and economic assessment of producing methanol
from biomass feedstocks employing developed gasification technology.
This study includes an assessment of biomass availability and the
distribution and markets for methanol fuels as well as thermochem-
ical conversion technology.

Catalytica Associates, Inc. is conducting a study to produce
a systematic assessment of the role of catalysis in thermochemical
conversion via gasification and liquefaction. This study is also
examining the potential impact of catalytic concepts under devel-
opment in other areas, such as coal conversion, and new reactor
technology on biomass conversion.

Included on the organization chart is a proposal for a large
experimental facility (LEF) for the gasification of biomass. This
facility, which would have a projected capacity of 300 oven dried
tons per day of biomass, is still in the planning stage and has
not been formally approved.

The LEF would serve as a demonstration unit for the gasifica-
tion processes currently being developed at the PDU stage and would
provide process information that could be used for the design of a
commercial sized facility.

Direct Liquefaction Systems. The Biomass Energy Systems
branch 1is sponsoring efforts to develop a direct liquefaction pro-
cess for the thermochemical conversion of biomass to liquid fuels.
Lawrence Berkeley Laboratory (LBL) is responsible for the technical
management of this program. An organization chart for the direct
Tiquefaction effort is shown in Figure 4. The main thrust of the
effort is centered on the operation of a direct liquefaction PDU
Tocated at Albany, Oregon. Various subcontractors provide program

" support.

The original process flowsheet for the Albany PDU was based
on a series of bench scale batchwise biomass liquefaction experi-
ments conducted by the Pittsburgh Energy Research Center (PERC) of
the U. S. Bureau of Mines in the 1960s and early 1970s. In this
flowsheet biomass flour (30 parts) is mixed with a vehicle o0il
(70 parts) and 20% sodium carbonate solution (7.5 parts) and in-
jected into a high pressure vessel (3,000 psi) along with synthesis
gas. The slurry is heated to about 700°F at a rate of about 12°F/
min. The product stream is then cooled and flashed in a pressure
Tet-down vessel. The bottoms are diverted into a three phase
centrifuge to separate the solid residue (as a sludge) and the
aqueous phase containing the sodium salts from the oil phase. Part
of the 011 (about 15 parts) is withdrawn as a product and most of
it (70 parts) is recycled to serve as a vehicle oil.
’ The Albany PDU, designed to process three tons of wood per
day, was constructed during 1975-1976 and commissioned by Bechtel
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Figure 5. Geographic distribution of thermochemical conversion projects
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Figure 6. Projected fiscal year 1979 budget—thermochemical conversion
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National, Inc. The PDU is now being operated by the Rust Engi-
neering Company division of Wheelabrator Cleanfuel Corporation.

The process development activities based on the original PERC
flowsheet have been beset with many mechanical and operational
difficulties and it has not yet been possible to obtain a pure
wood derived 0il which is free of the anthracene start up oil.
Rust Engineering believes that the PDU needs modifications in
order to develop the PERC process. However, a great deal of
engineering design and materials compatability information has
been accumulated which will be useful in designing future biomass
lTiquefaction facilities.

Since October of 1978, LBL has been engaged in process re-
search and developrment in support of PDU operations. LBL research-
ers now believe that the suitability of the oil produced from wood
to serve as a vehicle 0il is in question. Based on the results of
bench scale experiments, they conceived a process in which wood
chips (23 parts on dry basis) are prehydrolyzed in water (77 parts)
containing 500 ppm sulfuric acid. The resultant slurry is pump-
able and can be liquefied directly after the addition of sodium
carbonate (1.15 parts) or other catalysts. The slurry, after
being subjected to Tiquefaction, contains an aqueous phase and an
0i1 phase containing small amounts of solid residue. The oil
phase is separated as a product.

This optional process flowsheet was evaluated in a PDU trial
run during the first week of May with moderate success. For the
first time an 0il entirely derived from wood was obtained. The
0il1 has a heating value of 15,500 BTU/1b., contains about 82 per-
cent carbon, 8 percent hydrogen, 10 percent oxygen, and less than
0.1 percent nitrogen. This test run is now being repeated to
obtain a large batch of o0il for characterization and upgrading
purposes. Whether or not the Albany PDU is adequate to develop
this process is not yet certain.

Supporting studies are being conducted by PNL, LBL, SRI,
Catalytica, and the University of Arizona. The work area being
investigated by each of these organizations is shown in Figure 4.

Program Objectives

A geographical distribution of current biomass thermochemical
conversion projects sponsored by the Biomass Energy Systems Branch
is shown in Figure 5.

The projected Fiscal Year 1979 budget for those thermochemical
conversion activities managed by Lawrence Berkeley and Pacific
Northwest Laboratory is $12.5 million. The distribution of fund-
ing by major activity subelement is shown in Figure 6. This does
not represent the total thermochemical conversion budget for the
Biomass Energy Systems Program. A few additional thermochemical
conversion activities, which are not technically managed by PNL
and LBL, are funded by the Biomass Energy Systems Program.

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
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The projected Fiscal Year 1980 Biomass Energy Systems Program
budget for thermochemical conversion activities (direct combus-
tion, direct liquefaction, gasification and indirect liquefaction)
is approximately $17 million.

Sources of Additional Information

The purpose of this paper is to provide a brief overview of
the biomass thermochemical conversion activities of the Biomass
Energy Systems Branch. Detailed papers on each of the projects
mentioned in this overview were presented at the 3rd Annual Biomass
Energy Systems Conference held in Golden, Colorado, June 4-7, 1979.
Copies of the proceedings of this conference will be available
from The National Technical Information Service (NTIS) as SERI/
TP-33-285, beginning approximately November 1, 1979

RECEIVED November 16, 1979.
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Preliminary Economic Overview of Large-
Scale Thermal Conversion Systems Using
Wood Feedstocks

STEPHEN M. KOHAN

Electric Power Research Institute, 3412 Hillview Avenue, Palo Alto, CA
94303

This paper presents a brief overview of the economics of con-
ceptual technical schemes to convert woody biomass feedstocks into
other, more useful energy and chemical forms. It is becoming
increasingly clear that no single solution exists to the recurring
domestic energy crisis. Rather, regional energy supplies (some
renewable, some non-renewable) together with end-use energy
management practices, are likely to play important roles in
achieving stated national goals of energy self-sufficiency. Wood
is a regional, renewable resource. DOE's Fuels from Biomass
Branch is keenly interested in maximizing the cost-effective con-
tribution of wood energy (as well as other forms of biomass) to
the nation's energy supply. DOE awarded SRI International a
contract (EY-76-C-03-0115 PA 131) in late 1977 to assist DOE in
determining promising biomass feedstock/conversion technology/
product options for purposes of R&D program planning. This paper
briefly reviews the data base for biomass thermal conversion
technologies developed as a necessary part of this program plan-
ning effort.

This analysis employs uniform design and economic bases.
These are briefly reviewed, followed by summary economics for
the production from wood of electricity, steam, and cogenerated
products; intermediate-Btu gas (IBG) and substitute natural gas
(SNG) ; methanol; ammonia; fuel oil; and pyrolytic oil and char.
Several processing steps in these conversion schemes are concep-
tual or are at early stages of development by DOE, EPRI, GRI, and
others (an exception would be wood steam/electric power plants,
which are commercially used by the electric utility and wood pro-
ducts industries). Consequently, the economics presented here
may generally tend to be optimistic. Additional details of the
analyses can be found in Kohan and Barkhordar(l); Jones, Kohan
and Semrau(2); and Kohan and Dickenson(3).

Design Bases

. . 6
The base wood feedstock rate used in the study is 1.8x10 kg/d

0-8412-0565-5/80/47-130-029$05.00/0
© 1980 American Chemical Society
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(2000 ST/d) of green (50 wt% moisture) wood.

This value was selected as representing a near-term produc-
tion goal. Product cost sensitivities over feedstock rates of
0.9x106kg/d to 5.4x106kg/d of green wood are presented by Kohan
and Barkhordar(l). The dry wood energy content is 22,200 KJ/kg.
Plant designs are generally self-sufficient in terms of purchased
energy (e.g., electricity) needs. Thirty days' feedstock storage
is provided on-site.

Economic Bases

Reference(l) details the economic bases for the analysis.
These are summarized below.

A late 1977 cost basis is used. The plant facilities invest-
ment represents the capital cost of the plant as erected and
awaiting start-up. Constant-dollar economics are used. Plant
construction periods range from 2 to 4 years, depending on plant
complexity. Site-specific investments (e.g., townsites) and
across-the-board contingency factors are excluded from the analy-
sis.,

Constant-dollar economics are likewise used for the calcula-
tion of product revenue requirements. Two illustrative financing
extremes are considered: regulated utility, in which capital recov-
ery factors are low and product markets would be non-competitive;
and non-regqgulated industrial, in which capital recovery factors
are high and product markets would be competive. For regulated
utility financing, a declining rate base analysis is used, with
the following financial parameters: 65% debt capital; 9% interest
rate on a 20-year loan; 15% return on equity capital; 10% interest
rate during construction; straight line depreciation; and 52%
federal and state corporate tax rate. For non-regulated industrial
financing, a discounted cash flow (DCF) analysis is used, with the
following financial parameters; 100% equity capital; 15 year plant
tax life; 15% DCF return; accelerated depreciation; and 52% federal
and state corporate tax rate.

The cost of wood delivered to the conversion facility is
assumed to be $0.95/GJ ($21/dry metric ton).

Electricity, Steam, and Cogenerated Products

Wood combustion to produce heat, steam, and electricity is an
old art. Rising oil fuel costs and other regional factors are
causing utilities such as Burlington Electric Co., Consumers Power,
Portland General Electric, and others to seriously consider instal-
ling 40-50 MW wood-fired steam/electric plants. Pacific Gas and
Electric, the Eugene Water and Electric Board, and others are
considering regional industrial joint ventures involving cogenera-
tion (the simultaneous generation of electricity and steam).

Table I presents the estimated investment in new, grass-roots
facilities for the production of electricity, steam, or both pro-

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
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Table I
WOOD COMBUSTION FACILITIES - ESTIMATED INVESTMENT
Principal Product: Electricity Steam Cogeneration
Product Rate: 49.6 MWh/h 217,060kg/h 15.3x1012J/dl
Plant Financing: Regulated Non-Regulated Regulated
Utility Industrial Utility

Investment, Millions of Dollars(1977)
Plant Facilities Investment 51.1 27.9 35.1
Land 0.5 0.5 0.5
Organization, Startup Expenses 1.5 0.8 1.1
Interest During Construction 3.5 -— 2.4
Working Capital 1.6 1.2 1.2

Total Capital Investment 58.2 30.4 40.3
lTotal Product Basis
Basis: 1.8 x lO6 kg/d green wood (50 wt.% moisture) feed rate

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
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ducts. The investment in the steam-producing facilities (non-re-
gulated industrial financing) is about half of that in the elec-
tric power plant because turbine-generator, steam condensing and
cooling tower facilities are omitted. The investment in cogener-
ation facilities is about midway between the other two investments
because turbine-generator facilities are included but steam con-
densing and cooling tower facilities are omitted. The cogenera-
tion plant produces about 7 MW of electric power. For the elec-
tric power case, the plant facilities investment of $51.1 million
is about $1030/kW which is in reasonable agreeement with other
published estimates.

Table II shows the estimated revenue requirements. Electri-
city and cogenerated products costs are based on regulated utility
financing, while steam costs are based on non-regulated industrial
financing. The cogeneration case costs are shown on a total pro-
duct basis, since two products are involved. Figure 1 shows the
selling price of electricity as a function of the selling price
of steam for the cogeneration case.

The prices of products from wood combustion appear to be
higher than their counterparts from coal combustion. A contribu-
ting reason may be the smaller sizes of the wood facilities con-
trasted with "typical" coal facilities (e.g., 50 MW for wood power
plants; 500-1000 MW for conventional coal power plants).

Figure 2 shows the effect of wood cost and plant capacity on
electricity cost. As plant sizes increase from 25 to 150 MW,
electricity costs fall by 10 to 20 percent, reflecting some eco-
nomies of scale. Kohan and Barkhordar(l) present analogous sen-
sitivity curves for other products evaluated in this study.

Wood Gasification

Wood gasification in small, fixed-bed producers was widely
practiced in the U.S. and Europe in the early 1900's. Today, the
Fuels from Biomass Branch of the Department of Energy is sponsor-
ing the development of several generically different gasification
systems designed to exploit the higher reactivity of (high-alka-
line-content ash) wood as contrasted with coal. This field is
rapidly evloving. For the present study, a conceptual, high-
pressure, non catalytic, oxygen-blower fluidized bed gasifier was
selected for analysis. References (1) and (3) present additional
gasifier details.

Table III presents the estimated investments for the produc-
tion of high pressure (2100 kPa) intermediate Btu gas (IBG) and
SNG from wood. Because of the low sulfur content of wood, no
sulfur removal facilities are included in the IBG design. Since
the methanation catalyst is sulfur-sensitive, sulfur in the syn-
thesis gas in the SNG case is removed down to very low levels.
The estimated product rates for IBG and SNG are significantly
lower than correspondini production rates from "typical" coal
facilties (e.g., 260x10 2 J/d SNG from coal).

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
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Table II

WOOD COMBUSTION FACILITIES - PRODUCT REVENUE REQUIREMENTS

Principal Product: Electricity Steam Cogeneration
mills/kWh $/GJ $/GJ
Feedstock @ $0.95/GJ 16.0 1.23 1.25
Labor-Related 8.7 0.36 0.52
Purchased Materials 6.6 0.28 0.25
Fixed Costs 6.6 0.25 0.35
Plant Depreciation (20-yr) 8.1 -—- 0.44
Return on Rate Base & Income Tax2 14.5 --- 0.79
Capital Charges for a 15% DCF Return -—- 1.66 -—
Total ;;ng 3.78(2.99)3 3.602

lTotal Product Basis
220—Year Average Values

3Regulated Utility Financing

Basis: 1.8 x 106 kg/d green wood (50 wt.% moisture) feed rate

Table III

WOOD GASIFICATION FACILITIES - ESTIMATED INVESTMENT

Principal Product: High-Pressure Substitute Natural
Intermediate-Btu Gas (IBG) Gas (SNG)
12 12
Product Rate: 14.3 x 10 J/d 12.7 x 10 J/d
Plant Financing Regulated Utility Regulated Utility

Investment, Millions of Dollars(1977)

Plant Facilities Investment 48.9l 80.3
Land 0.3 0.3
Organization, Startup Expenses 2.4 4.0
Interest During Construction 3.7 6.1
Working Capital 1.5 2.0

Total Capital Investment ;;j; ;;T;

1
Decreases to $39.5 million for low-pressure IBG production

Basis: 1.8 x 106 kg/d green wood (50 wt.% moisture) feed rate

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
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Figure 1. Production of electricity and steam (cogeneration) by wood combustion

—selling price of electricity as a function of selling price of steam
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Table IV presents estimated revenue requirements for IBG and
SNG using regulated utility financing. The low pressure alterna-
tive case shown for IBG producés 200 KPa (30 psig) pressure gas,
which is suited only for across-the-fence sales to a utility or
industrial customer. The wood-derived gas product prices are
higher than their coal-derived gas counterparts partially for
reasons of gas production rates. The costs of producing IBG from
wood may be 15 to 50 percent greater than that of producing IBG
from advanced coal gasification technologies; and 80 to 100%
greater when considering the production of SNG. Catalytic wood
gasification concepts being developed by Battelle Columbus Labora-
tories, Battelle Pacific Northwest Laboratories, and others may
offer the potential to significantly reduce the costs of biomass
or wood gasification.

Liquid Fuels Production

Liquid fuels producible by thermal conversion of biomass
include fuel oil, pyrolysis oils, methanol (discussed under chemi-
cals production), and others. This section discusses the produc-
tion of fuel oils and pyrolysis oils from wood.

The concept for fuel oil production from wood involves the
catalyzed removal of oxygen from the wood molecules by reducing
gases (H,, CO) at elevated temperatures and pressures. DOE is
developing this concept at a pilot facility (2700 kg/d wood feed
rate) at Albany, Oregon. Recent experimental work by Lawrence
Berkeley Laboratory personnel suggests that the wood feedstock
should be pretreated by mild acid hydrolysis before conversion.
The economics presented below do not include costs for the pre-
treating step since this information was not available when these
analyses were conducted.

Pyrolysis involves the decomposition of organic matter in
the absence of oxygen. Pyrolysis is widely practiced in various
industries (delayed coking in petroleum refining; batch coking of
coal in the manufacture of iron and steel). The U.S. Environmen-
tal Protection Agency is sponsoring the development of pyrolysis
technologies aimed at disposal of wastes and residues (both cel-
lulosic and non-cellulosic). Large amounts of co-product char

is produced during pyrolysis, and process economics are heavily
dependent on the value assignable to the char. The conversion
facility design in the present analysis was patterned after the
Tech-Air technology because the technology had been developed to
commercial prototype size (45,000 dry kg/day) and because of the
availability of plant data. (Recent information suggests that
the commercial prototype plant has been decommissioned) .

Pyrolytic oils are acidic and may contain carcinogens. By
analogy with heavy petroleum-derived oil fractions, the fuel oils
produced by catalytic liquefaction may contain carcinogens. This
suggests the need for special handling and storage precautions for
the liquid fuels.

Table V presents the estimated investments for producing

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
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KOHAN Economics of Conversion Using Wood Feedstocks

Table IV

WOOD GASIFICATION FACILITIES - PRODUCT REVENUE REQUIREMENTS

Principal Product:

Intermediate-Btu Gas
High-Pressure Low Pressure

$/GJ $/GJ
Feedstock @ $0.95/GJ 1.33 1.19
Labor-Related 0.60 0.78
Purchased Materials 0.26 0.18
Fixed Costs 0.46 0.34
Plant Depreciation (20-yr) 0.59 0.42
Return on Rate Base & Income Taxl 1.03 0.77
Total-Regulated Utility Financingl ZT;; ;:;;
(Total-Nonregulated Industrial
Financing) (5.97) (4.93)

1
20-Year Average Values

Basis: 1.8 x 106 kg/d green wood (50 wt.% moisture) feed rate

Table V

(10.18)

LIQUID FUELS PRODUCTION FROM WOOD - ESTIMATED INVESTMENT

Principal Product:

Fuel 0il (Catalytic Liquef.)

37

Pyrolytic 0il,Char

Product Rate: 11.0 x lO12 J/4 (278

Plant Financing: Regulated Utility

Investment, Millions of Dollars(1977)

Plant Facilities Investment 48.5
Land 0.3
Organization, Startup Expense 2.4
Interest During Construction 3.7
Working Capital 1.8

Total Capital Investment ;gj;

1
Total Product Basis (45% oil, 55% char)
6

Basis: 1.8 x 10 kg/d green wood (50 wt.% moisture) feed rate

m3/d)

12

14.9 x 10 J/d

18.1

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
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liquid fuels from wood. The plant design for fuel oil production
involves high-pressure and-temperature slurry recycle concepts

and wood gasification to produce the reactant gases. The pyroly-
sis concepts involve low-pressure fixed bed pyrolysis, with all of
the pyrolytic gases burned on-site for wood drying and plant power
needs. Pyrolysis investment costs are in agreement with those
presented by Jones(4). Normalized plant investment costs of
$175,000 per daily m3 for fuel oil production exceed the $95,000
to $125,000 per daily m3 values estimated for the production of
synthetic fuel oil from coal. A contributing reason is the sig-
nificant difference in oil production rates (278 m3/d for wood-
derived oil; 400 to 800 m3/d for coal-derived oil).

Table VI shows the estimated revenue requirements using regu-
lated utility financing. Costs for the pyrolysis case are shown
on a total product basis, since two products are involved.

Figure 3 shows the selling price of the pyrolytic oil as a func-
tion of the selling price of the char. The char is low in sulfur,
nitrogen, and ash, and may find applications as a compliance
boiler fuel, in water purification, and so forth. Char market
values were not established for this study.

The prices of wood-derived liquids appear to be higher than
prices of similar coal-derived liquids. A contributing reason
may be the lower production rates from the wood facilities than
from the coal facilities.

Chemicals Production

This section discusses the production of methanol and ammonia
from wood. Methanol is a clean-burning material that may find
widespread future use as an automotive fuel (directly or for
conversion to gasoline by the Mobil process); as a fuel for indus-
trial or utility boilers, gas turbines, or fuel cells; as a chemi-
cal intermediate; or as a biological feedstock for protein.
Ammonia is an essential building block for synthetic nitrogen
fertilizers and finds widespread use in the production of synthe-
tic fibers, explosives, and plastics.

The production of methanol and ammonia from wood involves
similar concepts: gasification followed by product synthesis.

The chemistry of the final product synthesis steps are different
for these two cases, resulting in different gas conditioning steps
between gasification and product synthesis.

Table VII presents the estimated investments. The methanol
case investment reflects the same gasifier type as used for the
IBG and SNG cases. A conceptual Chem Systems methanol synthesis
step is used. EPRI is sponsoring the development of the Chem
Systems technology(5). The ammonia case investment reflects the
same wood gasification concepts, employs pressure swing adsorption
for hydrogen gas purification (based on information provided by
the Linde Division, Union Carbide Corporation), and uses a conven-
tional high-pressure ammonia synthesis loop.

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.
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Table VI

LIQUID FUELS PRODUCTION FROM WOOD - PRODUCT REVENUE REQUIREMENTS

Principal Product: Fuel 0Oil (Catalytic Liquef.) Pyrolytic 0Oil,Char
$/63 s/m’ s/cat

Feedstock @ $0.95/GJ 1.73 68.6 1.29

Labor-Related 1.14 45.0 0.82

Purchased Materials 0.42 16.6 0.08

Fixed Costs 0.60 23.9 0.17

Plant Depreciation (20-yr) 0.76 29.8 0.21

Return on Rate Base & Income Tax2 1.37 53.8 0.41

Total-Regulated Utility Financing2 ;Tg; 237.7 ;:;;

(Total-Nonregulated Industrial
Financing) (8.25) (325.6) (3.66)

1 .
Total Product Basis

2
20-Year Average Values

Basis: 1.8 x lO6 kg/d green wood (50 wt.% moisture) feed rate

Table VII

CHEMICALS PRODUCTION FROM WOOD - ESTIMATED INVESTMENT

Principal Product: Methanol Ammonia
12 5
Product Rate: 11.6 x 10 J/da 4.5 x 107 kg/d
Plant Financing: Regulated Non-Regulated
Utility Industrial

Investment, Millions of Dollars(1977)

Plant Facilities Investment 88.0 95.5
Land 0.3 0.3
Organization, Startup Expenses 4.4 4.8
Interest During Construction 6.7 -
Working Capital 2.1 2.2

Total Capital Investment 101.5 102.8

Basis: 1.8 x lO6 kg/d green wood (50 wt.% moisture) feed rate

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.
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Figure 3. Production of oil and char by pyrolysis of wood—selling price of

SELLING PRICE OF CHAR — dollars per short ton

pyrolytic oil as a function of selling price of char (regulated utility financing)
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Table VIII presents the estimated revenue requirements. The
methanol case uses regulated utility financing, and the ammonia
case, non-regulated industrial financing, based on considerations
of the likely markets to be served by these products. The esti-
mated costs of producing methanol or ammonia from wood are higher
than the costs of producing methanol or ammonia from coal. This
is explained in part by production rates (the rates from wood-
derived methanol plants are about one-tenth of those from "typi-
cal" coal-derived methanol plants; ammonia production rates are
similar from the two resources since the ammonia market is typi-
cally demand-constrained); and partially by feedstock differences
(e.g., green wood is half moisture).

Table VIII

CHEMICALS PRODUCTION FROM WOOD - PRODUCT REVENUE REQUIREMENTS

Principal Product: Methanol Ammonia
$/GJ $/mt
Feedstock @ $0.95/GJ 1.64 42.2
Labor-Related 1.28 35.2
Purchased Materials 0.85 20.5
Fixed Costs 1.03 28.9
Plant Depreciation (20-yr) 1.30 -—=
Return on Rate Base & Income Taxl 2.29 -
Capital Charges for a 15% DCF Return —-— 203.9
Total ;t;; (12.13)2 330.7 (226.5)3

1

20-Year Average Values

2

Non-Regulated Industrial Financing

3
Regulated Utility Financing

: 6
Basis: 1.8 x 10 kg/d green wood (50 wt.% moisture) feed rate

Conclusions

The prices of wood-derived energy and chemicals products
developed in this analysis tend to be higher than corresponding
prices of coal-derived products. This is explained in part by
smaller production rates from wood facilities than from coal
facilities, which is in turn attributed to perceptions of the
amount of feedstocks available to individual energy conversion
projects; in part to feedstock differences (e.g., green wood is
half moisture); and other factors. Wood is a regional resource;

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.
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coal is not. Wood fuel for proposed utility steam/electric plants
may be obtained from forest cull wood and thinning operations.
Thus forests are made more conducive to the production of commer-
cial timber, and a residue disposal problem is solved by genera-
ting electricity. As energy prices continue to escalate, increa-
sing uses may be found for regional biomass resources.
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Wood Gasification: An Old Technology
with New Potential for the Eighties

JACK J. FRITZ!, ABU TALIB, and JUDITH J. GORDON
The MITRE Corporation/ Metrek Division, McLean, VA 22102

Gasification of wood and wood residues using air and steam
as the gasifying medium to produce a combustible gas is a tech-
nology which has been commercially available since the turn of
the century. However, the advent of inexpensive fossil fuels
phased this technology out of the market. Today, there is a
renewed interest in revitalizing this old technology. Approxi-
mately two dozen private organizations are attempting to enter
the commercial marketplace. MITRE conducted a study to assess
the commercial readiness of wood gasification in the near-term.
Several organizations involved in the manufacture and development
of gasification technology were queried. Current status and
systems costs-were found to vary considerably.

This paper summarizes the MITRE findings, giving both a
state-of-the-art review and outlining policy related issues.
Economic potential is assessed by considering a close-coupled
wood gasifier as a source of gaseous fuel for an oil-and gas-fired
boiler. The cost of wood-based fuel in three regions (Federal
planning regions), is compared with the cost of conventional
fossil fuels for 1985 and 1990 under different economic scenarios.
Results indicate that wood gasification is competitive in the
New England and Mid-west regions by 1985. 1In the Northwest
region, high wood prices prevent wood-based gas from being cost
competitive even in a long-term (1990) comparison. Some govern-—
ment participation in the form of further R&D and financial
incentives will be required to accelerate commercialization.

Gasification Process Description

The gasification process converts a solid carbonaceous feed
to a gaseous fuel that may be burned directly, upgraded to higher
quality fuels or used as a feedstock for manufacturing chemicals,
e.g., ammonia or methanol. However, the gas produced from an
air and steam blown gasifier contains large amounts of nitrogen
(nearly 50 percent by volume), and it is primarily suitable for
on-site fuel application.

'Current address: Office of Energy, AID, Department of State, Washington, DC 20523

0-8412-0565-5/80,/47-130-043%$05.00/0
© 1980 American Chemical Society
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Reactors used for the gasification process are generally
characterized by the method of contacting solids and gases. The
principal reactor configurations are:

e Fixed Bed

e Stirred Moving Bed
e Fluidized Bed

e Entrained Flow

Of these configurations, only fixed-bed gasifiers have been
used commercially for wood gasification. The most common design
is an updraught fixed-bed reactor in which three distinct reaction
zones, drying, pyrolysis and combustion, can be identified.
Representative generic reactions are outlined below:

Drying Zone
100-200°C

Moist Wood + Heat — Dry Wood +
Water Vapor

Pyrolysis Zone

200-500°cC

Dry Wood + Heat — Char + CO + COp +
Hy0 + CH, + CpH,
+ other HC +

pyroligneous acids +

tars

Gasification and
Oxidation Zone

Char + 02 + Hy0 — CO + Hy + COy +

(Steam) Heat

These reactions follow in sequential fashion as the wood
descends by gravity through the gasifier.

A commercial gasifier using the above design is presented
in Figure 1. This single stage fixed-bed gasifier is available
from Davy Powergas Company, Houston, Texas. The gasifier is a
steel cylinder; the upper part is refractory lined, and the bottom
part is surrounded by an annular boiler which generates steam.
The by-product steam is normally introduced with the air or
oxygen to aid in the gasification reactions and to control the
fire zone temperatures.

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.
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Figure 1. Single-stage fixed-bed wood gasifier
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Wood chips (typically 4cm x lem) or other feed material
(coal) is delivered to a bunker designed to contain an 8 to
12-hour supply at maximum rates. From the bunker the wood is
automatically delivered by gravity through a fuel hopper into
the gasifier. The gasifier is operated near atmospheric pressure.
The gasifier contains an internal chute to distribute the wood
chips to minimize gas channeling up through the fixed bed.

As the wood descends down through the gasifier it passes
through a drying-devolatization zone, a gasification zone, com-
bustion zone, and ash zone. Steam and air are used as the
gasifying media, introduced through a rotating eccentric grate at
the bottom of the gasifier to effect good distribution through
the fixed bed.

The fuel gas produced from the devolatization and gasifica-
tion of wood exits the gasifier at 120°C to 650°C depending on
the moisture content of the feedstock. The exit gas contains
tars and oils as well as the combustible CO, Hy and CH, gaseous
components. Typical gas analyses for air blown gasification of
wood are given in Table I.

The product gas has a heating value of 4.4 to 6.5MJ /m3
depending upon the feedstock, moisture content and operational
variables. The gas is most likely to be used in a close coupled
boiler, kiln or dryer after particulate removal in a simple
cyclone. It is desirable to keep the product gas hot, usually
200°F to 400°F, to minimize condensation of the tars and to
maximize sensible heat transfer.

Wood Gasification Status

Numerous commercial processes are available, with no single
one currently possessing an obvious competitive advantage.
Several firms have developed systems for specialized application
such as agricultural residue conversion, wood residue conversion
and municipal solid waste disposal. Most of these systems have
capacities of less than 50 GJ/h of product gas, i.e., 80-90 oven
dried tons per day (ODT/D) of feedstock. Larger systems gasify-
ing more than 100 ODT/D of wood are similar in design to gasifiers
developed prior to 1950.

Of systems currently in operation, few have demonstrated
long-term successful performance. Technical problems related to
the disposal of organic liquids formed during gasification and
ash removal are being resolved. Advanced process development
efforts also are underway at various research centers and
universities. These processes are principally in the develop-
ment stage and focus on the different aspects of fluidized-bed
and catalytic gasification. Some of this work appears ready to
be transferred to the private sector for commercialization.
Increased cooperation between private developers and R&D
institutions would aid in reducing remaining technical problems.

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
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TABLE I
FIXED-BED WOOD GASIFIER
GAS ANALYSES

FEEDSTOCK VENTEAK
ULTIMATE ANALYSIS (WI%): WOOD
c 30.90

H 3.60

0 25.35

N 0.70

S 0.05

ASH 1.00
MOISTURE 38.40
TOTAL 100.00
HHV, KJ/KG 12,585

GAS COMPOSITION (VOL. %, DRY BASIS, TAR FREE)

Hy 13.0
co 29.0
CO2 6.6
CH, 4.0
N, + A 47.4
HpS + COS —
TOTAL 7100.0
HHV, KJ/M3 6550
M3 OF DRY GAS/KG FEED 1.07
TAR-OIL PRODUCT/KG FEED 0.081(a)

(a) INCLUDES METHYL ALCOHOL, DOES NOT INCLUDE ACETIC ACID.

American Chemical
Society Library
1155 16th St. N. W.

In Thermal Co i id A ; Jones, J.,  al.;
ACS Symposium s%m@n gx&m@ingtom DC, 1980.
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A summary of several gasification processes along with their
current status is presented in Table II.

Commercial Application

Existing oil and gas-fired package boilers represent the
most viable potential application for hot wood-based gas. The
retrofit of these boilers to burn this gas does not present any
unusual technical problems. It will generally include:

e Replacement of the existing burners

e Expanding the duct work for increased
flue gas volume

e Adjusting the capacity of the induced draft
fan or replacing it with a larger unit.(l, 2)

In most cases the retrofit of oil- and gas-fired package
boilers to burn wood gas will involve minimum boiler derating.
This is particularly true if the original boiler has a relatively
large furnace. However, the present day oil- and gas-fired pack-
age boilers are designed to have very close tube spacing which
results in a compact furnace. This will limit the extent of
retrofit operation and will introduce some boiler derating when
wood gas is used as fuel. The magnitude of boiler derating,
depending on the original furnace design (relatively spacious or
very compact) may range between 5 and 25 percent of the initial
design capacity.

Economic Evaluation

Based on information supplied by manufacturers, capital costs
of wood gasification systems vary from approximately $.30-$1.10/
MJ/D ($5,000 to $20,000/0DT/D) of capacity.(3) This wide varia-
tion is the result of differences in system capacity, inclusion
of specific components, varying cost assumptions, and the require-
ment for land and facilities. The average costs are $.55-$.65/
MI/D ($10,000 to $12,000/0DT/D) for a system which includes
materials handling equipment, gasification equipment and ancillary
systems such as controls but excludes a boiler, land, building,
contingencies and fees.

Wood gas production costs are highly sensitive to feedstock
cost and to a lesser extent to the system capacity. Some examples
of published gas costs are presented in Table III. It is impor-
tant to note that costing procedures differed for each case and
that results are not directly comparable.

In summary wood gas can be produced at a cost of $2.00 to
$3.00/GJ with a $1.00/GJ feedstock cost, or $3.00 to $5.00/GJ at
a feedstock cost of $1.50/GJ.

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
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TABLE III

LBG AND MBG GAS COST AS REPORTED IN LITERATURE

PROCESS AND SYSTEM CAPACITY FEEDSTOCK COST ($/GJ)
(opT/D) 1.00 1.50 2.00

LBG Air Gasification (850)(a) 2.56 3.31 4.04
MBG Oxygen Gasification (850) (P) 2.42 3.15 3.79
MBG Oxygen Gasification (850)(c) 4.45 5.08 5.72
MBG Catalytic Gasification (850)(®) | 1.73 2.23 2.72
MBG Entrained Flow Gasification 4.62 5.16 5.70

(850) (c)

LBG Air Gasification (84)(d) 3.31 - -
LBG Air Gasification (65)(® 2.23 - -

(a)

(b)

(e)

(d)

(e)
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In order to assess the relative economic competitiveness of
wood-based gas for industrial application, an oil/gas-fired
boiler retrofitted with two gasifiers was considered. The capital
investment includes the installed cost of wood handling/feed
preparation, the wood gasification units, and all the auxilliary
and support facilities. An estimate is made of the cost required
to retrofit the existing boiler in such a way as to avoid derating.
(It is assumed that the existing boiler has a relatively large
furnace so that a retrofit operation will not significantly de-
rate the boiler.) This incremental investment is treated as part
of the total capital investment. Plant costs are extracted from
similar coal gasification systems.(4)

Total investment and annual operating costs were developed
for a wood gasification fuel supply system capable of gasifying
220 ODT/D (Table IV). Two gasifiers supply fuel to an existing
45,350 kg/h steam producing plant. Total investment is approxi-
mately $5 million, and the annual operating cost, excluding the
wood feedstock cost, is about $730,000.

The cost of gas from the industrial boiler retrofit is com-
pared to the delivered prices to the industrial sector of dis-
tillate and residual oil and natural gas. Comparisons are pre-
sented for the Midwest, New England and Northwest regions for 1985
and 1990 under three economic scenarios. The scenarios are based
on assumptions regarding escalations in the price of oil and the
resultant impacts on the prices of other conventional fuels.
Scenarios are classified as low, medium, and high, corresponding
to oil prices of $14.50, $15.15, and $19.72 per barrel, respec-
tively, in 1990. The scenarios are part of DOE's current policy
and evaluation program. (5)

The major assumptions used in the gas cost estimates include:

e a mature technology plant

e inflation rate 6 percent

e effective income tax rate 50 percent

¢ investment tax credit 10 percent

e depreciable life 80 percent of project life

e double declining balance depreciation
method for tax purposes

o debt/equity ratio for private competitive
firm 30 percent/70 percent

e nominal after tax rate of return on equity
of 16.1 percent

e nominal before tax cost of debt of 9.2 percent
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TABLE IV
CAPITAL AND OPERATING COSTS FOR

A WOOD GASIFICATION/BOILER RERTOFIT 2¥STEM
(In Millions of Dollars, 1978)(—

BASIS: Two gasifiers linked to a single boiler

Feed Capacity (ODT/D) 220
Product Gas Output (MJ/hr) 132
Steam Production (kg/hr) 45,350
System Stream Factor 0.90
Boiler Efficiency (%) 80

Plant Investment

Installed Plant() Cost 4.14
Interest During Construction .21
Total Installed Plant Construction 4,35

Non-Plant Investment

Land Cost -
Start-Up Costs .51
Working Capital .16
Non-Plant Total .67
Total Plant Investment Costs 5.02
Labor .23
Material -
Utilities .05
Supplies .13
Administrative and Overhead .15
Insurance and Propertg Taxes .17
Wood Feedstock Cost (b 1.80
Total Plant Operating Costs 2.53

(a) Includes equiment and boiler retrofit work.

(b) An average cost of $25/dry ton is assumed.
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Costs for the wood biomass feedstock were also estimated
by applying the above assumptions to the harvesting equipment.
In addition, different assumptions regarding operation produc-
tivity--variations caused principally by differences in types of
forest stand--yielded a range of costs. This range is the basis
of the differences between the low, medium, and high price
scenarios for the wood feedstock. The wood biomass cost for each
region represents a weighted average of the proportion of the
various types of wood residues available in 1985 and 1990 (6) and
their respective collection cost using present day wood collection
technology.(7,8) The costs are escalated by average timber price
increases projected by the Forest Service for each region con-
sidered.(g) Additional assumptions used in calculating wood feed-
stock costs are as follows:

e harvesting strategies: clearcutting to
produce chips and
residue collection

e technical and cost data for equipment
from references (5,6)

e stumpage cost: $1.00/dry tom

e transportation cost: §$.10/ton-km
Northwest and $.08/
ton-km for Midwest
and New England

e transportation distance: 75km
e operation schedule: 1600 hours/year
e annual cost escalation factors:

. 8% Midwest
.57 New England
4.37% Northwest

Results of the energy cost comparison are presented in
Table V. 1In the Midwest, wood gas is estimated to cost $3.11
and $3.25 per GJ in 1985 and 1990, respectively, under the medium
price scenario. In 1985, wood gas is cheaper than distillate oil
and somewhat more expensive than residual oil and natural gas,
but essentially competitive with all three fuels. Imn 1990, it
is competitive with residual oil and natural gas and possesses a
substantial economic advantage over distillate oil under the
medium cost scenario. Results from the high price scenario in
both years show wood gas at a disadvantage compared to natural
gas, competitive with residual oil, and again, substantially
cheaper than distillate oil.
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TABLE V

COMPARISON OF PRICE OF WOOD GAS FROM ON-SITE GASIFICATION
PLANT AND DELIVERED PRICE OF CONVENTIONAL FUELS
FOR YEARS 1985 AND 1990 ($/GJ)

Publication Date: August 29, 1980 | doi: 10.1021/bk-1980-0130.ch004

MIDWEST REGION 1985 1990
LOW MEDIUM HIGH LOW MEDIUM HIGH
COST OF WOOD ($/0pT) (@) 18.00 22.00 30.00 20.00 24.00 33.00
REFERENCE TECHNOLOGY
e Distillate 0il 3.33 3.41 4.50 3.46 3.93 4.81
o Residual 0il 2.85 2.86 3.73 2.84 3.21 4.03
o Natural Gas 2.95 2.93 3.21 3.13 3.01 3.14
LOW-BTU GAS BOILER RETROFIT
e Wood-Fired 2.83 3.11 3.67 2.98 3.29 3.88
NEW_ENGLAND REGION N -
COST OF WooD ($/0pT) (@) 18.00 22.00 29.00 29.00 24,00 32.00
REFERENCE TECHNOLOGY
e Distillate 0il 3.47 3.51 4.64 3.55 4.03 4.95
® Residual 0il 2.89 3.24 4.85 2.82 3.22 4.08
e Natural Gas 3.28 3.28 3.58 3.50 3.37 3.51
LOW-BTU GAS BOILER RETROFIT
® Wood-Fired 2.83 3.11 3.60 2.98 3.29 3.81
NORTHWEST REGION i
COST OF WooD ($/0pT)(a) 33.00 40.00 53.00 41.00 49.00 66.00
REFERENCE TECHNOLOGY
e Distillate 0il 3.69 3.51 4.62 3.55 4.00 4.65
e Residual 0il 2.90 2.87 3.81 2.85 3.18 3.79
@ Natural Gas 3.17 3.01 3.64 3.31 3.19 3.32
PROPOSED TECHNOLOGY
LOW-BTU GAS BOILER RETROFIT
o Wood-Fired 3.87 4.36 5.26 4.43 4.99 6.17

(a) An oven dry ton (ODT) is approximately 18 GJ
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In New England, the economics of wood gas are extremely
attractive. Under the medium price scenario for 1985 and 1990,
respectively, wood gas is projected to cost $3.11 and $3.25 per
GJ. Wood gas is substantially cheaper than distillate oil and
competitive with residual oil in both years under all scenarios.
The same result holds in comparison to natural gas, with the
exception of the high escalation scenario in 1990. Here the cost
of gas exceeds that of natural gas by about $.20 per GJ.

Wood gas does not fare as well in the Northwest, remaining
an expensive option through the year 1990. Wood gas at $4.36
and $4.99 per GJ in the medium price scenario in 1985 and 1990,
respectively, is not competitive with any of the conventional
reference fuels; this result does not change for any of the other
scenarios considered.

Conclusions

The economic competitiveness of wood gas is highly sensitive
to the availability of low-cost wood feedstock and therefore
regionally dependent. The New England region where wood feedstock
costs are relatively low, the economics of wood-based gas are
extremely attractive. In contrast, in the Northwest, the higher
wood feedstock cost makes it much less competitive. The Midwest
enjoys relatively low wood feedstock and conventional fuel costs.
On balance, wood-based gas appears to be a potentially attractive
option in this region. Except in the Northwest region, the
comparatively high escalation in conventional fuel prices helps
enhance the competitiveness of wood-based gas in the near-term.

The results of our preliminary study are based on an evalua-
tion of a wood gasification retrofit system for an industrial
0oil- and gas-fired boiler application. Some simplifying assump-
tions were made regarding the ease of retrofit and amount of
boiler derating involved when switching to wood gas. These
assumptions are justified for taking a first cut at the relative
competitiveness of wood-based gas. However, an indepth technical
and economic feasibility study must be conducted to confirm the
viability of wood gasification for supplying industrial boiler
fuel.
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Mass Burning of Municipal Solid Waste —
Worldwide

PHILIP R. BELTZ
Battelle Columbus Laboratories, 505 King Avenue, Columbus, OH 43201

Municipal, commercial and light industrial waste is convert-
ed to energy daily in about 450 mass burning facilities world-
wide. Of these, less than 20 operate in the U.S.A. Realizing
this fact, Steve Levy and David Sussman of the U.S. EPA Office of
Solid Waste developed a study program titled, "Evaluation of
European Refuse Fired Energy Systems Design Practices." This
paper presents research conclusions.

World Wide Inventory of

Waste-to-Energy Systems

The "Battelle Worldwide Inventory of Waste-to-Energy
Systems' shows (as of March 1979) 522 locations where daily oper-
ating plants have, are or will process waste into energy . Also
included are several large pilot and demonstration plants. Of
these about 450 are currently operating mass burning units. Over
99 percent of the world's municipal solid waste that is converted
to energy is processed in a '"Mass Burning Refuse Fired Energy
System'". Very few of the plants opened since World War II have
closed. Plants typically operate for 25 to 40 years.

Hamburg has been producing electricity from household refuse
since 1896. Other early refuse fired energy systems were Chicago
(1877), Paris (1903), Zurich (1904) New York (1903), etc. Many
of these systems have been replaced by a succession of refuse to
energy systems.

Japan has more systems and processes more waste than any
other country. However, due to the high moisture and plastics
content (causing high temperature chloride corrosion), very little
useful energy is produced for sale. The Central European coun-
tries of West Germany, France and Switzerland have concentrated on
high temperature steam systems for electrical production and
district heating. Many Scandinavians produce high pressure hot
water for district heating. Sewage sludge is dried and usually is
destroyed by the energy in refuse in 34 co-disposal systems
worldwide.

0-8412-0565-5/80/47-130-059$05.00/0
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In the U.S., we have tried to develop new advanced chemical
systems while the remainder of the world has continued to build
mass burning energy recovery systems.

At one plant, odors that are collected in a new rendering
plant are piped 100 feet to the refuse fired steam generator for
destruction. At other plants, flue gases from incinerating
industrial and hazardous waste are blown into the furnace/boiler
thus providing sufficient residence time at high temperatures.
In other words, a refuse fired steam generator can be an after-
burner--saving natural gas or fuel oil.

Composition of Refuse

While there will be excursions below and above this range,
the moisture content normally varies from a low average of 22
percent to a high average of 32 percent. The average among six
facilities was 27 percent. European refuse has been rapidly
approaching the composition of American waste as Europe has con-
tinued to "'modernize" its way of life.

The heating values, which have risen dramatically since 1945,
are expected to begin stabilizing as citizens become more con-
servation conscious, as petroleum becomes more precious and as
material needs become satisfied. The dramatic rise in heating
values has adversely affected facility performance. Boiler tube
corrosion has increased. Downtime is up as well as maintenance
costs. Many units have eventually been derated. Some 10 to 15
year old plants have discontinued receiving "hotter' industrial
waste in an attempt to reduce the overall average heating value
to original design values.

Refuse Generation and Burning Rates Per Person

Most facilities viewed accept household, commercial and
light industrial waste for burning: at a rate of 2.2 pounds per
person per day.

Development of Visited Systems

The primary motivation for constructing refuse to energy
plants in Europe has been to replace an existing landfill, compost
plant or incinerator or to add additional incineration with heat
recovery capacity. However, dramatic changes in the world energy
supply will affect future attitudes about waste-to-energy. At
none of the 15 major and 15 minor visited plants did anyone
indicate to these authors that the primary motivation was con-
nected with energy, i.e. cost savings from free fuel, energy
conservation or unavailability or other energy forms.

Citizen and elected local official's perception of harmful
effecte from landfills is greater in Europe than America. This
U.S. perception may be changing due to revelations about
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"Love Canal", "The Valley of the Drums,'" etc. Revelations that
60 to 80 percent of the American municipal waste landfills have
accepted hazardous waste are also bound to increase the American
citizen's perception of the hazards of uncontrolled landfilling.

For many years, European federal governments have energet-
ically supported refuse-fired energy plants at the same time that
the U.S. Public Health Service and USEPA were innovatively devel-
oping and encouraging the sanitary landfill concept. Regarding
potential leachate, the U.S. approach has been to 'correct' the
problem by operating a better landfill. Europe's approach has
been to "avoid" the problem by burning the refuse and recycling
the ash into useful products. Many European equipment vendors
have not joined the American thrust towards co-firing and hence
such technical options have not been readily available in Europe.

On both continents, net operating costs per ton, after sale
of resources recovered, have always been two to four times great-
er in a refuse to energy plant than in a landfill of prevailing
practice at the time.

Composting, very fashionable in Europe 10 to 20 years ago,
has fallen as a chosen alternative because large volume, con-
sistent product markets could not be maintained.

Ownership Organization and Personnel

Each of the 30 systems visited in Europe was owned by either
the local municipality or a not for profit authority. Of the 15
plants studied in detail, cities own 8, public authorities own 6,
and a nationalized electric company owns one. Private enterprise
owns few daily operating resource recovery systems in Europe
consuming municipal waste.

Potential economics of scale for large plants were often
negated by establishing too many job categories and placing too
many people into them.

The program of education, training and experience varies
among countries. The Germans have a very rigorous program of

schooling, shipboard boiler room experience, landbased powerplants
experience, etc. Other countries, however, emphasize on-the-job
training.

Capital Investment

Capital investment costsdPer daily ton of s fstem
capacity have increased 5 fold during the past 10 years. The

1960-1968 '"capital cost per daily ton'" ranged from $13,000 to
$15,000 at three surveyed plants. The average for all 15 plants
was about $35,000. Three later plants built in 1975 and 1976
averaged about $70,000. Plants in the early 1980's could ini-
tially cost over $100,000 per daily ton capacity.
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Among the reasons for this extreme cost growth is that the
American vendors of mass burning systems do not have as many
"bell and whistle'" design features as the European systems. The
American purchaser has not previously feared corrosion enough
to demand protective features. The American buyer often concen-
trates more on the lowest bid while the European buyer prefers a
reliable system of which he and the community can be proud.

The essential difference, however, is momentum. With 275
European systems to visit and observe features, the European
buyer knows and appreciates his options. To some extent, there
may be peer pressures to have an excellent system. We Americans
have not been exposed to enough facilities to have developed the
same Continental appetite.

Expenses, Revenues and Net Disposal Costs

Communities that have insisted on extra 'chute-to-stack'
design and operating features to increase reliability have ben-
efited by having low net disposal costs. The plants averaged
$27 per ton for total gross expenses. With the exception of one
very small plant, there seems to be little effect of plant capac-
ity on total expenses per ton of refuse processed, i.e., there
seems to be little if any economy of scale. Buyers, vendors,
designers, citizen groups, etc. seem unable to resist the tempta-
tion to "spend" potential economies of scale on personnel, eleva-
tors, big offices, conference rooms, architecture, landscaping,
multiple energy configurations, etc.

Revenues from sale of energy averaged about $7.50 per ton
throughput. All 5 of the 15 systems receiving the highest
revenue per refuse input ton are providing energy to district
heating systems. Their average revenue is $9.76 per ton. All 5
of the 15 systems receiving the lowest revenue per refuse input
ton are adversely affected by very competitive fossil fuel or
nuclear electrical power stations. Their revenue averaged $5.30
per ton.

Net disposal costs per ton ranged from $6.27 up to $48.25
with the average being $16.38 per ton.

Refuse Handling

For furnace feeding, all plants observed have the system of
"pit crane mixing and loading into the feed hopper'". No plant
observed has the American innovation of dumping refuse onto the
floor, moving it by front-end loader onto conveyors, etc. Crane
operators are situated in the stationary control rooms along the
front, side or back of the pit. This is in contrast to many
American systems where the cab is located on the crane. European
designers have concern for operator safety should there be a pit
fire and disease prevention from dusty pathologic atmospheres.
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Source separation programs for newspaper, cardboard, bot-
tles,cans, etc. will not substantially detract from energy pro-
duction.

Most systems have doors between the truck tipping floor and
the pit (1) to keep odors inside when the system is closed, (2)
to permit a higher negative pressure and thus better odor control
when operating and (3) to increase the effective volume of the
pit for refuse storage against a few of the closed doors.

The only commercially operating municipal refuse systems in
Europe known to these researchers which are not mass burners

are in England. One is a suspension fired boiler at the IMI plant
in Birmingham, England. Another is a Portland Cement kiln in
England.

Most European grate vendors are skeptical regarding the
long-term commercial viability of suspension fired systems
instead of mass burning grate systems, One concern is the
additional costs of preparing the refuse derived
fuel (RDF). Another concern expressed by many vendors is the
high temperatures usually experienced when co-firing with a
conventional fuel such as coal, oil or gas. The flue gas tem-
perature causes sticky deposits to form on boiler tubes. This
can reduce heat transfer efficiency and occasionally can block
sections of boilers. When these deposits are finally blown off,
the unprotected surfaces suffer increased "high-temperature
corrosion'.

Observed grate capacities ranged from 3.33 tonnes (3.7 tons)
to 24.6 tonnes (27 tons) per hour. Other furnaces, not viewed,
can process as much as 50 tonnes per hour. Concentrated amounts
of high energy-containing material may (1) melt the cast iron
grates or (2) cause fire underneath the grates. Examples are
magnesium chips, aluminum, plastic film, butter, etc. Progres-
sive plant managers have suggested industrial waste sources
separation programs.

Furnace Wall

Prior to 1957, all European refuse furnaces were lined with
refractory and not with water tube walls. Beginning in 1957 with
the Berne, Switzerland plant, the use ¢f water tube walls as the
furnace enclosure has increased substantially.

Refractory wall furnaces with waste heat boilers, being less
expensive, are often appropriate for hot water or low temperature
steam applications. Water tube wall furnace/boilers producing
high temperature steam are usually chosen for high temperature
steam systems producing electricity efficiently. The remarkable
increase in refuse heating value since 1945 has exerted substan-
tial influence on furnace wall design. Even controlled air
injection or flue gas recirculation alone was not enough to lower
flue gas temperature so that older equipment would survive.
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Secondary (Overfire) Air

To obtain complete combustion and to abate smoke and corro-
sive carbon monoxide formation, the unburned volatile (or pyroly-
sis) gases rising from the fuel bed must be mixed rapidly with
ample oxygen. This mixing must be done relatively near the fuel
bed with the assistance of high velocity secondary air jets.

Boilers

At this time, 1977-1978, it appears that the current "best"
boiler-furnace design in use for large, high pressure units is
the completely water-tube-walled furnace and radiant section,
studded and coated with thin plastic refractory in the intense
burning zone, followed by one or more long, open, vertical
radiation passes preceding a convention-type superheater and
boiler-convection passes and economizer.

An emerging newer boiler design is to follow the tail
water-tube-walled combustion chamber by a long superheater,
boiler convection section and economizer. This is called the
"dacha" boiler (after the female dashund dog) because of its
extended horizontal configuration with several flyash hoppers.
This permits tube cleaning by mechanical rapping and eases the
labor of tube replacement when needed.

Above some ash deposit temperature, perhaps 744 C (1300 F),
the protective deposit becomes chemically active and corrosion
begins. There are several theories of corrosion causes. Three
causes stand out: high temperature, HCl and CO. Investigators
do not agree among themselves as to the ''real' phenomena.
Interestingly, the successful systems (those producing high
temperature steam with little or no corrosion of boiler tubes)
have design features and operating practices consistent with all
the theories.

Recent work for EPA by the Battelle Columbus Laboratories
postulate that corrosion can be lessened due to an interesting
chemical phenomena. Sulfur (in coal, oil, sewage sludge or
contaminated methane gases from landfills) has the effect of
forming relatively harmless deposits that prevent chlorine from
being so corrosive.

The report identifies over 33 design features and operating
practices that reduce corrosion. A prudent design/operational
will selectively use more than 10 features and practices but not
waste money by utilizing all of them.

Excessive us of high-pressure steam soot blowers is a common
source of tube erosion-corrosion. Other boiler cleaning methods
less threating to boiler tubes are available such as mechanical
rapping, shot cleaning, and compressed air soot blowing.
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Supplementary Firing and Co-Firing of Fuel 0il, Waste 0il,
Solvents and Coal

Supplementary firing of fuel oil, waste oil, or solvents is
preferred when there is a need for emergency backup, routine week-
end uses, preheating upon startup, prevention of dew point
corrosion, legally destroying pathogens and other hydrocarbons,
and for routine energy uses when the refuse fired energy plant is
down.

However, supplementary firing may not be necessary when the
energy user has his own alternative energy supply, when elec-
tricity is fed to a large electrical network, when treatment of
refuse or sewage sludge can be postponed several days or when a
regional plan mandates waste oil treatment and burning at another
facility.

Many European vendors suggest that if refuse and a fossil
fuel are to be fired in the same system they be fired in separate
combustion chambers. Flue gases can later be united before
entering the boiler convection section.

Air Pollution Control

The development of the modern water-tube wall furnace/boiler
was in part due to the need for proper air pollution control of
incinerators. Flue gases can be cooled with massive air dilu-
tion, water spray or boiler. Energy recovery in boilers is the
preferred cooling method if a reasonable market can be assured or
anticipated. The almost universally accepted method for par-
ticulate removal is the electrostatic precipitator. Scrubbers
alone have usually failed to meet the particulate standards.

Reliability of electrostatic precipitators (ESP) has been
excellent except where the inlet gases have been too cold or too
hot. Entering flue gas temperatures must be kept above 177 C
(350 F) to prevent dew point corrosion of electrostatic precipi-
tators (ESP). But entering flue gas temperatures also must be
kept below 260 (500 F) to prevent high temperature chloride
corrosion.

The most stringent air pollution control standards have been
set for Japan and West Germany. Their standards are much more
stringent than in the U.S. Many persons questioned the health
justification for the standards. Other European Federal environ-
mental agencies have carefully viewed the standards and have
either accepted the particulate but rejected the tight gaseous
(HC1, HF) control or have adopted a wait and see attitude.

Technically, the U.S. standard for particulates of 0.08
grains per standard cubic foot adjusted to 12 percent 002
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(180 mg/nMB) is bettered by many plants achieving 0.03 to 0.05
g/SCF. Some Janapese plants and the Nashville Thermal Transfer
Corporation achieve even 0.0l g/SCF.

The requirement of scrubbers for HCl removal for new plants
greatly increases original capital investment and has greatly
slowed commercialization of resources recovery in Germany. Of
the German plants visited having scrubbers, none was yet working
adequately and without corrosion. The Europeans seem to be more
concerned with heavy metals and organics in landfill leachate and
groundwater than they are with traces of heavy metal oxides from
the refuse fired energy plant stack.

Water pollution control is often not an issue except at
plants with scrubbers. Dirty process water can normally be dis-
posed of in the ash chute quenching system.

Conclusion

The major conclusion is that the mass burning of unprepared
municipal solid waste in heat recovery boilers is well estab-
lished, and can be a technically reliable, environmentally
acceptable and economic solution to the problem of disposal of
solid wastes. It is not as cheap as is currently available land-
filling. However, when the cost is considered of upgrading
current landfills and establishing new landfills in accordance
with the expected Resource Conservation and Recovery Act (RCRA)
provisions, these mass burning waste-to-energy systems are
expected to compare more economically with true sanitary land-
fills.

Many conditions in the U.S. have been different, hence
waste-to-energy has not advanced as rapidly as in Europe. Some
of these differences will continue, but we are moving rapidly
to similar conditions in most of our metropolitan areas. Hence
the lessons that have been learned in 80 years of refuse fired
energy plant (RFEP) experience in Europe can be effectively
utilized by many U.S. communities.

RECEIVED November 20, 1979.
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An Evaluation of Modular Incinerators for
Energy Recovery from Solid Wastes

DAVID C. BOMBERGER and JERRY L. JONES
SRI International, 333 Ravenswood Avenue, Menlo Park, CA 94025

This paper is concerned with an analysis of modular or shop
fabricated incinerators for mass burning of unprocessed (or as-
received) solid wastes. It is based principally on work performed
during 1978 by SRI International for the Navy Civil Engineering
Laboratory at Port Hueneme, California (1). The burning of munici-
pal solid waste (MSW) will be the main focus of the paper although
other waste-burning applications will be described.

Modular incineration units are not generally available with
single unit capacities greater than 25 to 30 tons/day. This capac-
ity limitation is a result of the requirement that the units be
small enough to be shipped by trucks. There are numerous types of
modular incinerators but most are batch fed (approximately every
5 to 15 minutes) horizontal flow, cylindrical refactory-lined fur-
naces, with both a primary and a secondary combustion chamber.
These two-stage combustors are often referred to as 'controlled-
air'" or "starved-air" incinerators, The first stage operates with
substoichiometric air, and the second stage serves as an after-
burner to combust the gases (high in CO content and with other
products of incomplete combustion) and organic particulate matter
from the first stage. The two-stage combustion is supposed to
eliminate the need for air pollution control devices. Other types
of units include rotary kilms, basket grate units, and an auger
bed unit (2, 3).

In this paper, information will be presented on the extent of
current use of modular incinerators, the suppliers of such units,
the performance of several units, and the estimated investment and
operating requirements for these units. Plant capacities of up to
100 tons/day will be discussed. Multiple 25-ton/day units are
specified for the larger plant sizes considered.

Background

Classes of Users
The market for modular incinerators has historically been
comprised of the following users:

0-8412-0565-5/80/47-130-067$05.00/0
© 1980 American Chemical Society
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e Commercial users
- Airports
- Shopping centers
- Large office complexes

e Institutional users (or government installations)
- Hospitals
- Military bases (wastes may be comparable to industrial
or municipal solid wastes depending on the base func-
tions)

e Industrial users
- Warehouses (packaging trash and pallets)
- Processors (cotton gin trash)

e Small municipal users (or government installations)

Following the completion of the work by SRI, an EPA-funded report
was published that contains an extensive bibliography and analysis
of the use of modular incinerators for various applications (4).

Extent of Use of Modular Incinerators

Based on the numbers of installations reported by the modular
incinerator suppliers, probably more than 5000 units have been in~
stalled in the United States during the last decade. The exact
number of the units that are still operational is unknown. It
appears that less than 100 of the modular incinerator systems are
designed for heat recovery.

Modular Unit Design

The design requirements for the modular units vary depending
on the type of solid waste being burned. For units burning mainly
cardboard, polymer, and wood-packaging wastes at commercial or in-
dustrial sites, it has not been necessary to install automatic ash
removal equipment. Units at industrial sites may operate three
shifts/day, six days/week, with cleanout of ash on the seventh day
during a scheduled shutdown. Descriptions of the design, operation,
and costs for several modular incinerators at industrial sites may
be found in References 5 through 10. A modular incinerator that
burns municipal refuse one day a week and plant trash five days a
week is described in Reference 10.

Burning of municipal refuse will present numerous problems
not commonly encountered with the burning of most low ash content
(<5 wt?%) industrial plant trash or commercial solid wastes. With
an ash content that averages about 257, municipal solid waste in-
cinerators must have some mechanism for automatic ash removal if
they are to operate on a 24-hour/day basis. Alternatively, the
units may operate one or two shifts a day, cool down, and have the
accumulated ash removed in a single operation before reloading for
another burning cycle. Certain constituents of the waste, such as
glass, may cause slagging and clinker formation, which can damage
refractory or jam ash removal mechanisms. The variability of the
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waste is also likely to be more extreme than in the cases where
commercial or industrial wastes are being burned.

Modular Units Burning MSW

Descriptions of selected modular incinerator installations
burning municipal solid waste may be found in References 11
through 14, Table I shows a summary of most of the modular units
installed between 1974 and 1978 with a number of planned install-
ations also indicated. A survey of 14 manufacturers of small in-
cinerators made in 1975 by Hofmann disclosed that before 1975,
there were 37 municipal plants with a total of 95 individual modu-
lar incinerators (11).

Based on the data we have collected and the data from previous
studies, it appears that during the last ten years, the total in-
stalled capacity of modular incinerators has been less than 2000
tons/day and that much of the capacity is no longer operational.
Also, only about 25% of the installed capacity has included heat
recovery, and most of these units have been installed during the
last five years.

Considering that in 1970 there were 232 municipalities in the
United States with populations ranging from 50,000 to 100,000, and
455 municipalities with populations ranging from 25,000 to 50,000,
it appears that there are many potential users for small-scale re-
source recovery systems (15). The above two groups of municipal-
ities represented a total population in 1970 of over 30 million
people and probably generated close to 40,000 tons/day of MSW,
Thus, the current installed capacity for MSW-burning modular incin-
erators with heat recovery (~500 tons/day) probably represents
about 1% of the solid waste collected from municipalities with
populations ranging from 25,000 to 100,000. (For comparison pur-
poses, note that the total capacity for energy recovery from munic-
ipal solid waste in the United States should be roughly equiva-
lent to about 5% of the total waste collected by 1980.)

Potential Use of Modular Incinerators on Military Bases

Engineering groups within the Department of Defense (DOD) have
been evaluating modular incineration technology for several years
as a part of DOD energy conservation and environmental control
programs. DOD engineers have been interested in the modular units
for the same reason that small municipalities have an interest in
such units--"modular incinerators are advantageous in that they
are less capital intensive than their custom-designed, field-
erected counterparts" (2).

To determine if serious problems are associated with modular
incinerators, DOD groups have funded or actually conducted tests of
operating modular incinerators (16, 17). As a result of the
various field tests and engineering evaluations, the DOD has decided
to install a number of modular incinerators to recover energy from
solid wastes. One of these installations (with three incinerators)
is located near Jacksonville, Florida, at a Navy base and will
serve as a testing and demonstration facility. If the units prove
to be a satisfactory answer to the solid waste disposal and energy
recovery needs, then more units may be justified for use by the

Navy.
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Technical Analysis

At the time of the study, most of the installations in the
United States burning municipal refuse in modular incinerators had
been operating for only a few years or less. Most installations
did not have heat recovery. It is difficult to analyze a technol-
ogy with so little operating experience. It is impossible to
determine unit lifetimes and maintenance requirements because no
unit has operated for much of its expected lifetime.

However, based on site visits, it is possible to make some
observations:

® The technology is still developing. The units supplied
by the major suppliers are being improved with each in-
stallation and some field modifications are often re-
quired.

® Some units are experiencing problems with slag formation.

® Slag removal sometimes requires a jack hammer, which
erodes the refractory.

e Heat recovery units (water tube boilers) have experienced
problems with corrosion and buildup of soot on the heat
transfer surfaces.

® A high level of operator skill is desirable. Temperature
and burning control is achieved in large measure by the
loading strategy. Units are not designed to provide the
loading operator any direct information regarding the
flame or stack condition. This information is provided
to the operator by the shift supervisor, who has to make
periodic inspections that involve opening an access door
to the combustion chamber,

® Units with continuous ash removal are not producing a
completely inorganic, non-putrescible ash.

e Even on relatively new units, refractory damage and
evidence of overheating are visible.

® Based on a limited amount of test data, it appears that
the units may not be able to meet specific local air pollu-
tion codes. Particulate stack plumes are visible, espe-
cially when operation requires an accelerated loading
schedule to lower primary combustion temperatures.

As a result of these observations, several assumptions were
made for use in the economic analysis:

¢ Units operate at 907 of their rated capacity.

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
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¢ Air pollution control devices may be required. Economics
should be developed with and without air pollution control.

¢ Portions of the incinerator facility will have to be re-
placed after 12-13 years of operation.

Economic Analysis

The economics of modular incinerators was developed for a
hypothetical location burning refuse typical of Naval installa-
tionms. The modular units were assumed to be typical two-stage
combustion devices. It was assumed that some source separation
would be practiced to remove most of the glass and bulky items.
The resulting refuse that was actually burned had a heating value
of 11.72 x 109 joule/metric ton (10.1 million Btu/ton). This ref-
use is somewhat different from a typical municipal refuse, but
the economics are not sensitive to the differences.

An important design assumption was that refuse would be col-
lected 5 days a week for 52 weeks a year (260 days a year) but
because of maintenance and downtime, refuse could be burned only
230 days a year. It was also assumed that units could only burn
refuse at 907 of their rated design capacity. Three basic cases
were considered: plants with rated capacities of 18.2, 45.5, and
90.9 metric tons/day, respectively. Table II details the actual
daily and annual capacities of the installations. The small unit
was evaluated for one- and two-shift per day operation with pe-
riodic ash removal whereas the larger plants were assumed to
operate three shifts per day for five days a week with continuous
ash removal.

In cases where heat recovery was practiced, the overall
thermal efficiency was assumed to be 50%. The major heat loss
was the hot flue gases, but other losses included sensible heat
plus the unburned fixed carbon in the ash, and radiation losses
from the incinerator unit. Figure 1 shows a summary of the mass
and energy balances for a metric ton refuse input to the incine-
rator. Some auxiliary fuel consumption was assumed (based on dis-
cussions with system designers and the actual operating experience
of users) for startup, temperature control, and pilot burners in
the secondary combustion chambers.

Table III summarizes the basic plant operating requirements
in terms of utilities, manpower, and ash disposal. Electric power
consumption figures are provided for three different system designs:
simple incineration without heat recovery or an air pollution con-
trol device, incineration with heat recovery but no air pollution
control device, and incineration with both heat recovery and air
pollution control (stack gases filtered through a baghouse).

Table IV summarizes the economic bases.

18.2-Metric-Ton Incinerator

For the small installation, four basic cases were considered.
These are detailed in Table V along with the capital expenditures
required over the 25-year lifetime assumed for the project. Air
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Table II
INCINERATION PLANT CAPACITIES
CONSIDERED FOR ECONOMIC ANALYSIS
Plant Design Capacity Quantities of Refuse Burned Operating Shifts
Metric Tons/Day Tons /Day Metric Tons/Day Metric Tons/Year Per Day
18.2 (20) 16.4 3,763 1,2
45.5 (50) 40.9 9,408 3
90.9 (100) 81.8 18,816 3
w
Based on burning 230 days per year.
Overall Heat Efficiency Is 50%
Flue Gas
1.85 X 10° joule 208.6 m3/sec
at 260° C

15% Heat Loss

4.23 X 109 joule

1000 kg 9F(efuse
11.72 X 10° joule Two-State

. Steam
N I a——d .
13.5 kg Fuel Oil Incinerator Boiler 6.17 X 109 joule
0.62 X 10° joule
100% Excess Air 111.7 kg Ash
8055 kg Dry Air 0.09 X 109 joule

35 kg Water

Figure 1. Mass and energy balance for an incinerator with heat recovery
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Table III

SUMMARY OF PLANT OPERATING REQUIREMENTS

Amount Required

Auxiliary fuel 0.58 x 109 joule/metric ton of refuse
burned
( 5% of refuse heating value)

Electric power 11 kWh/metric ton (10 kWh/ton)
22 kWh/metric ton (20 kWh/ton) HRB
33 kWh/metric ton (30 kWh/ton) HRB, PCD

*

Operating labor 2 men/shift

Ash disposal 0.1117 dry metric ton/metric ton
refuse burned

*
Heat recovery boiler included in installation.

Particulate collection device included in installation.
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Table IV

ECONOMIC BASES

Mid-1978 Cost

Discount Rate = 10%

Economic Life

Permanent buildings

Incinerator system

Heat recovery boilers

Air pollution control
devices

Ash Disposal

Maintenance Materials

Purchased Utilities

25 years

25 years (major maintenance and
some replacement required halfway
through life.)

25 years

25 years
$11.82/dry metric ton (in landfill)

%*
2.5% of the total plant investment

Water $0.13/m3 ($0.60/1000 gal)

Electric power 3.0¢/kwWh

Fuel oil $2.37/109 joule ($2.50/million Btu)
Labor

Operating labor

Supervision

Maintenance labor

Administrative & support
labor

Payroll burden

$6.0/hr
20% of operating labor

*
2.5% of the total plant investment
20% of labor charges for operationm,
maintenance, and supervision

30% of total direct labor costs

*
For the particulate collection system, 10% was assumed to cover

bag replacement.
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Table V

ESTIMATED INVESTMENT COSTS FOR 18.2 METRIC TON
(20 TONS/DAY) MODULAR INCINERATION SYSTEM

Estimated Investment Costs
Case Year O Year 13%

Publication Date: August 29, 1980 | doi: 10.1021/bk-1980-0130.ch006

1 shift/day--
no heat recovery $385,000 $190,000

2 shifts/day--
no heat recovery $230,000 $120,000

1 shift/day--
heat recovery $550,000 $190,000

2 shifts/day--
heat recovery $325,000 $120,000

% 21 s
Replacement of a portion of the incinerator facility.
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pollution control (scrubber, fabric filter, or precipitator) is
not included. Table VI summarizes the operating costs for the
systems,

For the heat recovery cases, it was assumed that when the
unit was started every day, an hour would be required to remove
ash and to heat the unit up to working temperature. Steam would
be generated for 7 hours in the one-shift case and for 15 hours in
the two-shift case, Four hours of burndown on automatic control
would complete the daily cycle. It was assumed that this meant
that 7/11 of the refuse heat content was available for conversion
to steam in the one-shift case, and 15/19 was available in the
two-shift case.

Note that labor charges represent from approximately one-half
to two-thirds of the total operating costs (including capital
charges) for the four cases considered.

Without heat recovery included in a 18.2-metric-ton/day plant,
it appears from the data presented in Table VI that a one-shift/
day operation would be preferable to a two-shift/day operation.
Figure 2 shows that for a plant with heat recovery, the decision
between choosing a one- or two-shift operation is influenced by
the value of the steam produced. If the steam has a value of more
than $2/109 joule, the two-shift operation is more attractive.
Almost 25% more steam can be produced from a two-shift operation
than from a one-shift operation. The addition of a particulate
control system increases the capital cost by approximately $80,000
and increases the operating cost by $7/metric ton.

Large Modular Installation

The 45 and 90 metric ton/day facilities were designed to in-
clude two and four individual modules, respectively. The modules
were operated three shifts/day, five days a week and included
automatic ash removal. Heat recovery was included in all of the
cases considered. Table VII details the capital costs for these
units, both without a particulate control and with fabric filters
for particulate control. Table VIII summarizes the operating
costs for the installations. For both sizes of installation, par-
ticulate control adds $4/metric ton to the operating cost, Figure
3 illustrates the effect of steam value on the operating costs.
The 90-metric-ton installation is significantly cheaper to operate
on a per ton basis than the 45-metric-ton installation because the
labor costs are almost equal for the two sizes.

The economic analysis indicates that operating costs are sen-
sitive to the value of the steam generated. For example, if steam
were worth $4—5/109 joule, the 90-metric-ton installation could
operate at the break even point with only a small tipping fee. At
steam values near $2/109 joule, the 90-metric-ton installation
would have to charge a tipping fee of almost $20/metric ton to
break even.
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ESTIMATED INVESTMENT COSTS FOR
LARGE MODULAR REFUSE INCINERATION SYSTEMS
WITH HEAT RECOVERY
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Figure 2. Economics of operating an 18.2-metric ton/day (20 tons/day) refuse

System Capacity Year
(metric tons/day) 0 6 13 18
45.5 (no particulate control) 965,000 4,000* 280,000'r 4,000*
45.5 (with fabric filters) 1,064,000 4,000 280,0007 4,000”
90.9 (no particulate control) 1,450,000 7,000° 420,000 7,000"
90.9 (with fabric filters) 1,650,000 7,000 420,000" 7,000"

*
Replacement of refractory

4“Replacement of portions of the incinerator facility.
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Figure 3. [Economics of operating large modular refuse incinerators with heat
recovery and particulate control
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Summary

The economic analysis indicates that the modular incinerators
are expensive to operate. Even with steam values of $5/1O9 joule,
the very small units are likely to need tipping charges of $20/
metric ton to break even. Larger installations can do much better
and, at steam values of $5/109 joule, require tipping fees of only
$0-10/metric ton. The principal cause of the high cost found by
this analysis is the labor component. Labor represents over 50%
of the operating costs for the very small units and only falls to
40% of the total operating cost at the 90-metric-ton/day size
range. Total operating costs could be reduced by using less
expensive labor and may actually be lower in some parts of the
country where wage rates are low.
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Energy Recovery from Wood Residues by
Fluidized-Bed Combustion

J. W. STALLINGS!
Energy Incorporated, P. O. Box 736, Idaho Falls, ID 83401

MIKE OSWALD
Energy Products of Idaho, P. O. Box 153, Coeur d’Alene, ID 83814

Dramatic increases in costs of energy during the decade of
the seventies have provided the economic incentive for the forest
products industry to recover energy from their wood residues
rather than purchasing fossil fuels. The Fluid Flame System was
designed by Energy incorporated and its subsidiary, Energy
Products of Idaho, to accomplish this task utilizing fluidized-bed
technology. Thirty-one of these units are now in commercial oper-
ation burning various types of wood residues and recovering
energy in the form of steam, hot gases, or a combination of the
two. The total installed output is equivalent to 1.62 x 1012 J/hr
(1,540 MM Btu/hr) of thermal energy or 559,000 kg/hr
(1,232,000 1b/hr) of steam.

Applications have varied according to the energy needs of
the individual customer. In steam production, fire-tube boilers
are generally employed for systems providing less than 13,600 kg/hr
(30,000 1b/hr) of steam, while water-tube boilers are used for
larger installations. Either steam or hot gases from the
Fluid Flame systems have been used in plywood dryers, tube
dryers, and both direct and indirect hot-gas dry kilms. In
one installation, a steam turbine generates up to 2 megawatts of
electricity on demand. This amount is equivalent to fifty
percent of the total energy available from the facility.

Fluidized-Bed Technology

The term fluidized bed refers to a layer of sand-like
particles suspended by the upward flow of a gas stream. A point
of equilibrium is reached at which the upward drag force of the
gas is equal to downward force of the weight of the particles.
The fluidized gas-solid mixture exhibits a high degree of turbu-
lence similar to boiling water. Additional fluidizing air
increases the circulation of the particles and further expands
the height of the bed.

Fluidized-bed technology is ideally suited to energy
recovery from wood wastes for a number of reasons. The high heat

'Current address: SRI International, 333 Ravenswood Ave., Menlo Park, CA 94025
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transfer rates and high surface areas per unit volume ensure
virtually complete combustion within the burner. The large
amount of energy stored in the hot bed material enables combus-
tion of fuels with relatively high moisture contents. The abra-
sive action of the turbulent bed material continuously exposes
unburned surface area of the fuel to the intense heat and the
oxygen supply. Thus, a wide size distribution of fuel can be
fed into the burner without loss in combustion efficiency.

Wood residues currently burned in commercial units include
plywood trim and sander dust, wood shavings, whole log chips,
bark, and log yard wastes. Coal or agricultural residues can
also be burned in the system either separately or in combination
with other fuels.

System Description

A schematic diagram of a typical system for steam produc-
tion, including approximate mass and energy balances as well
as capital and operating costs, appears in Figure 1.

After screening to remove particles larger than a three-
inch nominal size, the wood residues are transferred into a
live-bottom storage hopper by means of a pneumatic conveyance
system. Hopper sizes vary with the amount of storage desired.
Those manufactured by Energy Products of Idaho employ hydraulic
drives to provide adequate torque and power to a sweep auger.

From the bottom of the storage bin hopper, a screw con-
veyor transfers the wood residues to a metering bin. The rate
of discharge from the storage bin hopper to the metering
bin is controlled by level indicators on the sides of the
metering bin. The rate of fuel fed to the burners from the
metering bin is controlled by burner demand. The feed pipe
enters the combustion cell from the top and protrudes at an
angle from four to eight feet into the vapor space to insure
even distribution of the feed on the bed.

The combustion cell is fabricated out of carbon steel and
is lined with high-temperature block insulation covered by a
layer of castable refractory.

The original combustion systems employed sand as a bed
material. However, excessive attrition necessitated the search
for materials which were more thermally stable and chemically
inert and thus would not elutriate from the bed. Currently, two
proprietary bed materials are employed. One is a naturally
occurring stable mineral, and the second is a raw material used in
the production of fire bricks. With these improved bed materials,
attrition is minimal. In fact, particulate from the wood residues
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often builds up in the bed and necessitates removal of portions of
bed material.

Grid plates were used in the initial units to distribute
fluidizing air to the system. However, the growing need for a
tramp removal system and the excessive thermal stress on the
plates led to the design of a manifold for air distribution
instead of plates. An inverted vibrating cone below the manifold
was included to gradually remove bed material from the system
in order to screen off large pieces of inorganics, such as rocks
and stones. The screened bed material is then reinjected back
into the burner. In a further improvement of this design, a
double static cone assembly utilizing gravity flow has been
installed to cut costs and maintenance. This removal system was
designed to allow tramp material up to 10.2 cm (4 in.) in cross
section to be removed from the combustion cell without shutdown.
Larger pieces cannot fit in the spaces between the manifold sec-
tions.

The system described here uses hot combustion gases from a
fluidized-bed combustion cell in conjunction with a package
water—tube boiler for steam production. The combustion gases are
then released to the atmosphere. More recent designs have
employed venturi scrubbers for gas cleanup when necessary. How-
ever, the final decision on a gas cleanup method depends on the
specific regulations for each location.

Some advantages of the radiant effect on heat transfer can
be gained by placing the boiler directly on top of the combustion
cell. Burning takes place both in the combustion cell and in the
boiler. This approach is effective with both fire-tube and
water—tube boilers,

The Fluid Flame® energy systems are designed to run them-
selves without the need for full-time operators. The system is
fully automated and is equipped with annunciators to alert
operators when problems arise. A number of electrical process
controllers are used to maintain constant temperatures in the
bed and in the vapor space of the combustion cell in order to pro-
vide steam at constant pressure. Signals from these controllers
dictate the feed rate from the metering bin and the amount of
excess air fed into the system. The temperature is controlled in
order to maintain constant parameters throughout the system and to
keep temperatures below the slagging temperatures of the ash.
Normal temperature variation is less than +5C° (9F°), and the
response time to process variations is rapEH.

The maximum turn-down ratio for an operating system is three-
to-one. Operation in an on-off mode can also be employed to
effectively increase this ratio. Another approach is the use of
modular units. However, this latter option will increase capital
costs considerably.

The advantages of a fluidized-bed system over conventional
systems are many. Wood residues with moisture contents as large
as 63 percent can be burned without the need of a supplemental

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
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fuel, other than during startup. The absence of grates removes a
major maintenance problem, as does the use of an air distribution
system within the fluidized bed. The large heat sink in the bed
allows for automatic startup after shutdowns of up to sixteen
hours.

The oldest Fluid FlameGa system has been in commercial opera-
tion for approximately six years. The original refractory is
still in place but a new coating was added after five years.

With improved techniques in refractory installation, systems
which have not been in operation for five years have a projected
refractory lifetime of approximately ten years, assuming proper
care and maintenance.

System Efficiency

The calculated efficiency of the steam system as described
here is approximately 75 percent. This value is derived by using
the total useful energy of the fuel as the energy input. The
heat content of the wood is approximately 1.9 x 10° J/kg
(8300 Btu/1b) on a dry basis, which is equivalent to 9.6 x 10% J/kg
(4100 Btu/1b) on a wet basis. If the assumption is made that
1.2 x 10® J (500 Btu) is needed to boil off the water in each
pound of fuel, the the energy left in the fuel which can be used
for steam production is 8.4 x 10® J/kg (3600 Btu/1b).

Variations in efficiency are caused by differences in feed-
water temperature and moisture content of the wood residues. The
efficiency could be increased by employing the waste heat from the
combustion gases to preheat either the fluidizing air or the
boiler feedwater. Waste heat could also be employed to partially
dry the fuel.

System Economics

Data for the payback period in years for the system described
herein are presented in Figure 2. These results are for the
8.44 x 1010 J/hr (8.00 x 107 Btu/hr) system and are based on re-
placement of natural gas with wood residues. The cost of the
natural gas is assumed to be $2.09/10°% J ($2.20/10°% Btu). These
calculations were made to show the payout period in terms of re-
placement of natural gas. Labor and depreciation were not
included, and an operating cost of $100,000/year was assumed. For
systems where the wood residues are owned by the operator, the
payout period has generally been less than two years for a twelve-
month operation.

Commercial Facilities

Thirty-one facilities are now in commercial operation.
Figure 3 includes a map showing the locations of these burners.
The capacities vary from 1.27 x 1010 J/hr (1.2 x 107 Btu/hr to

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
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1.27 x 10! J/hr (1.2 x 108 Btu/hr).

As the perceived market value of organic residues increases,
changes will be made to the basic system to increase efficiency.
Further developments are also planned to improve the overall
economics of the system. If operated in a starved-air mode with
a fire box downstream from the combustion cell, capital costs
for the burner and boiler per unit throughput can be decreased,
and more advantage can be taken of the radiant effects on heat
transfer. As the costs of energy continue to increase relative
to the basic price indices, the economics of fluidized-bed
combustion of biomass to recover energy will continue to improve.

RECEIVED November 16, 1979.
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Fluid-Bed Combustion of Solid Wastes

ROBERT H. VANDER MOLEN

Combustion Power Company, Inc., 1346 Willow Road, Menlo Park CA
94025

Solid waste disposal has traditionally been an economic
cost to industry, institutions, and municipalities. Numerous
disposal methods have been used with combustion, for purposes of
volume reduction, i.e., incineration, an acceptable method in
limited applications. The current energy picture in the United
States has resulted in many industries, institutions, and muni-
cipalities taking a new view of solid wastes; in many instances
they are now seen as energy sources.

One combustion approach which has received wide interest as
a means of converting solid wastes to energy is the use of the
fluidized bed combustor (FBC).

The fluidized bed reactor is a relatively new approach to
the design of high heat release combustors. The primary functions
of the air-fluidized inert bed material are to promote disper-
sion of incoming solid fuel particles, heat them rapidly to
ignition temperature, and to promote sufficient residence time
for their complete combustion within the reactor. Secondary
functions include the uniform heating of excess air, the gener-
ation of favorable conditions for residue removal, and the
ability to reduce gaseous emissions by control of temperature or
by use as a gas-solids reactor simultaneously with thermal
conversion.

The fluidized bed reactor greatly increases the burning
rate of the refuse for three basic reasons:

1. The rate of pyrolysis of the solid waste material is
increased by direct contact with the hot inert bed
material.

2. The charred surface of the burning solid material is
continuously abraded bty the bed material, enhancing
the rate of new char formation and the rate of char
oxidation.

0-8412-0565-5/80/47-130-093$05.00/0
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3. Gases in the bed are continuously mixed by the bed
material, thus enhancing the flow of gases to and
from the burning solid surface and enhancing the
completeness and rate of gas phase combustion
reaction.

A significant advantage of the fluidized bed reactor over
conventional incinerators is its ability to reduce noxious gas
emission and, finally, the fluidized bed is unique in its
ability to efficiently consume low quality fuels. The rela-
tively high inerts and moisture content of solid wastes pose
no serious problem and require no associated additional devices
for their removal.

For over ten years Combustion Power Company has been con-
ducting experimental programs and developing fluid bed systems
for agencies of the Federal Government and for private industry
and institutions. Many of these activities have involved
systems for the combustion of solid waste materials. Discussed
here will be three categories of programs, development of
Municipal Solid Waste (MSW) fired fluid beds, development of
wood waste fired fluid beds, and industrial installations.

MSW development work began in 1967 with a program to con-
vert waste directly into electrical energy by combustion in a
pressurized fluid bed combustor (PFBC) and expansion of the
hot gases through an industrial gas turbine. This work was
funded entirely by the U.S. Environmental Protection Agency
(EPA) until 1974 when the U.S. Department of Energy (DOE),
then the Office of Coal Research, began funding tests on PFBC
coal combustion. Currently, Combustion Power Company has a
subcontract from Stanford University to conduct development
tests on a CPC owned fluid bed boiler (FBB) using MSW as the
sole fuel. Stanford has an EPA Research Grant to support this
work and much of the Grant money came from the DOE's Office of
Solar Energy and Conservation through an interagency transfer
of funds. A1l of the wood waste fluid bed development work
has been funded by the Weyerhaeuser Company or by CPC. This
work began in 1973 when Weyerhaeuser paid for a feasibility
study on the use of the PFBC to convert wood waste to electri-
cal energy. In early 1974 a 100 hour wood burning test was
conducted using the EPA's PFBC equipment. In 1975 CPC became
a wholly owned subsidiary of Weyerhaeuser Co. and various
research programs have been conducted to date using the FBC as
a gas-solids reactor to suppress corrosion causing alkalai
vapors and to develop proprietary fluid bed hardware. A
current test program involves the use of wood wastes as fuel
for the thermal degradation of sodium based pulp mill sludge.

This research and development work on wood wastes has led
to the design and construction of two large industrial fluid
bed combustors. In one of these, a fluid bed is used for the
generation of steam with a fuel that was previously suited only
for landfill. Rocks and inerts are continuously removed from
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this combustor using a patented system. The second FBC is
designed to use a variety of fuels as the source of energy to
dry hog fuel for use in a high performance power boiler. Here
the FBC burns green hog fuel, log yard debris, fly ash (char)
from the boiler, and dried wood fines to produce a hot gas
system for the wood dryer.

The following sections discuss the above programs and
applications in more detail.

Municipal Solid Waste Programs

CPU-400. In 1967 CPC began the development of an overall
municipal solid waste management concept for the U.S. EPA known
as the CPU-400 program. In 1970, construction began on an
82,000 kg/day pilot plant at CPC's development facilities in Menlo
Park, California. The pilot plant consisted of four major
subsystems; Figure 1 illustrates the interconnection of the
solid waste processing and handling subsystem, the hot gas
subsystem, and the turbo-electric subsystem, while the control
system is both a part of each of the other three subsystems and
it is also a separate subsystem in itself, causing the other
subsystems to interact properly with one another and respond
correctly to external commands.

In preparation for the pilot plant design and testing,
numerous tests were conducted in subscale fluid bed combustors
to develop feed and gas cleanup hardware and to evaluate process
conditiogs. The majority of these tests were accomplished using
a 0.20 m¢ FBC. Early testing of the pilot plant was conducted
at atmospheric pressure conditons. Operation of the CPU-400
pilot plant on MSW at its design point of 4.5 atmospheres was
short Tived.

After performing a series of initial checkout runs at high
pressure and determining nominal performance on solid waste, an
attempt was made to satisfy a two-hour test requirement before
proceeding to longer tests. In this test, operating conditions
were sufficiently stable that a slow, steady increase in com-
pressor discharge pressure was apparent. A review of data
logged in this and preceding tests indicated that the effective
flow area in the compressor turbine had apparently been reduced.
Pressure drops across other hot gas system components, including
the power turbine just downstream of the compressor turbine, had
not changed. Since surge margin had been reduced to levels which
precluded further successful operation, the compressor turbine
stator sections were removed for inspection and cleaning.

The inspection revealed significant reduction of the
nozzle area produced by hard deposits. The deposits were much
thicker on the concave portions of first stage blades than on
the second stage blades. The intervening first stage rotor
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blades were also inspected and showed somewhat Tighter deposits
uniformly distributed on concave surfaces. The lightest depo-
sition occurred on the second stage rotor blades.

In order to identify the problem more precisely, testing
was initiated to determine the characteristics of the deposits.
Pilot plant tests were conducted on municipal solid waste fuel
at inlet temperatures of 1010 K, 867 K, and 839 K and using
aluminum-free fuel such as wood waste. Deposit analysis indi-
cates that the aluminum and glass are the primary elements
involved in the deposit growth.

While the MSW fired CPU-400 system has not evolved to a
state of industrial application, much of the work accomplished
in that program has been the foundation for other work both at
CPC and elsewhere.

During the CPU-400 program a laboratory was established to
perform many of the required experiments on material samples
drawn from the process operation.

Laboratory samples and adjustments based on long term
pilot plant mass balance measurements have yielded the following
average weight distributions for the processed MSW during a 24-
hour and a 48-hour test period.

Ash-free combustibles 0.489
Moisture 0.351
Inerts 0.160

During a 48-hour low pressure test, a series of 24 bomb
calorimeter experiments in the laboratory on dried parallel
samples produced an average higher heating value of 16,480 kJ/kg.
Using an approximate ultimate analysis of C3gHag0;9 for
the combustible fraction and converting to a lower heating
value based on the combustibles only, a corresponding average
value of 18,480 kJ/kg of combustibles is found. This result is
in very good agreement with values determined by applying heat
balance relations to observed pilot plant temperature and flow
measurements. It also correlates well with expected values for
cellulose-Tike material such as is approximated by the C3gHsg019
formulation.

The FBC in the CPU-400 was designed to operate under adia-
batic conditions. That is, no energy was extracted from the
FBC and thus the combustor ran at high excess air levels in order
to maintain bed temperature control. Typical steady state oper-
ating characteristics of the FBC, using MSW having the described
fuel properties, are shown on Table I.

A set of instruments was installed for on-line concentration
measurements of six specific constituents of the exhaust gas.
Concentrations of the seventh constituent, HC1, were determined
by laboratory titration of individual samples using the Volhard
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method. The gas sampling, conditioning, and distribution systems
are integrated with the instruments and analog recorders in a
mobile, rack-mounted complex.

TABLE I
PILOT PLANT OPERATING CHARACTERISTICS
Low-Pressure Typical High-

Operating Characteristic 48-hr Test Pressure Test
Solid waste feed rate 19 kg 45 kg

Moisture 38% 27%

Inerts 15% 18%
Combustor bed temperature 889 - 1000 K 967 - 989 K
Combustor freeboard 1006 - 1089 K 1000 - 1028 K
temperature
Exhaust/turbine inlet 1033 + 6 K 1006 *+ 6 K
temperature -
Superficial velocity 1.6 m/s 1.8 m/s
Combustion efficiency 99% + 99% +
Power generated 0 1000 + 100 kW

Measurements from the recent pilot plant test are presented
in Table II. ATl instrument records were relatively steady and
free from apparent anomalies considering the potential hetero-
geneous composition of the fuel form. The twenty-four discrete
laboratory samples (two-hour intervals) and subsequent HC1
analyses showed more variance from a low value of 84.5 ppm to a
high of 256.9 ppm.

TABLE II
PILOT PLANT EMISSION DATA
Constituent Low Pressure High Pressure
0, 13.4% 16.1%
co, 5.8% 5.2%
Co 30 ppm 30 ppm
CHy 0 ppm 2 ppm
NOx 139 ppm 100 ppm
HC1 161 ppm 63 ppm
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A 230 sq m solid waste receiving building was constructed
on a 510 sq m pad to provide for the 82,000 kg/day throughput
required during continuous operation of the pilot plant. The
processing facility utilizes two vertical axis shredders of
56 kW and 75 kW in size. Facility tests have been conducted to
insure the required throughput and a nominal rate of 4500 kg/hr
has resulted. The air classifier typically drops out about 16
percent of the processed material while another 6 percent
reduction results due to the moisture loss during the shredding
operating. A total of 934,000 kg of municipal waste has been
shredded, 481,000 kg in this processing facility.

The shredded and air classified solid waste fuel form is a
mixture whose visual appearance is homogeneous and dominated by
identifiable paper products. A typical kilogram of the material
consists of 320 g of water, 440 g of ash-free combustibles,
and 240 g of inerts (including ash). The latter two fractions
are typically subdivided as seen in Figure 2. As would be
expected, all of these values are subject to considerable
variation. As an example, moisture content in the final fuel
form ranges from 10 to 40 percent by weight depending upon the
origin of raw material (e.g., residential or commercial sources),
time of year, weather conditions, and municipal collection
policies.

SSWEP. In October of 1978 a program designated as the
Stanford Solid Waste Energy Program (SSWEP) was initiated.

CPC, under subcontract to Leland Stanford University, will
conduct combustion tests, at low excess air to simulate boiler
conditons.

The main objective of the test program is to burn processed
MSW in a fluidized-bed boiler environment to investigate combus-
tion characteristics, heat transfer, corrosion and erosion, and
control parameters. The tests, are being conducted in a CPC-
owned 0.7 sq m fluidized-bed combustor which has been reworked
to incorporate water tubes for heat extraction in both the bed
region and exhaust. Additional tubes will be air cooled to
simulate boiler temperatures and to observe erosion and corrosion
phenomena. lletallographic examination will be made of these
materials.

The program plan is to accomplish 400 hours of testing
consisting of two (2) 50-hour tests and one (1) 300-hour test.
Material elutriated from the fluid bed will be recycled back to
the bed in two (2) tests to investigate its effect on fouling.
Offgases will be sampled for total particulate, particle distri-
bution 0-, CO2 €0, HC1, CH_, NOy, and SOy, for characterization of
potentia% environmental impact.

The two 5C-hour tests were completed and a test report
submitted to Stanford in early August 1978. These tests were
conducted at various operating conditions to probe the expected
boundaries of the operating envelope. Stable conditions were

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



Publication Date: August 29, 1980 | doi: 10.1021/bk-1980-0130.ch008

100

THERMAL CONVERSION OF SOLID WASTES AND BIOMASS

AS—RECEIVED SOLID WASTE

© Combustibles ~44.3% 100% 6%
o Moisture _31.5% SHREDDER MOISTURE LOSS
o Inert/Ash -24.2%
9a%
LIGHT FRACTION 78% AIR CLASSIFIER 16% HEAVY FRACTION
o Organics [paper, plastic, -66% o Ferrous Metals -5.2%
fabric, wood, foodstuffs, o Glass -5.2%
rubber) )
o Stone, Ceramic ~0.9%
o Inerts (glass. stone. foils, -12% o Aluminum ~0.7%
metal lids, ash) o Other Metals ~0.3%
© Organics -3.8%
78% lw%
] 2.8% [
SURGE VESSEL I~ | MRS (OPTIONAL)
13.2%
8o8% ¢5v2% lnnx 4% 0.24% 2.6%
AGGREGATES UNSORTED
COMBUSTOR FERROUS METAL ALUMINUM (glass, stone) OTHER METALS WASTE
o Combustible ~a4.4%
© Moisture -20.4%
o Inert/Ash —12.0% 2.8% 1

CULLET - -

9%
->‘ WASTE J

Figure 2. MSW processing facility materials flow diagram
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attained above an excess air level of approximately 40% and with
a settled bed depth of over 1 m. Table III contains a sum-
mary of the eleven operating points attained during these

two tests.

The MSW processing facility built for the CPU-400 program
was used to prepare the fuel for this test program also. Since
the single feed Tine to the 0.7 sq m combustor is only 7.6 cm
in diameter, the shredder choke bars were set to produce a
finer material size. Also, during SSWEP #1, numerous feed line
plugs resulted due to plastic lids of 7.6 cm diameter and larger.
Subsequent modification of the air classifier air damper settings
allowed the virtual elimination of these lids from the lignt-
fraction carry over. Properties of the derived fuel are shown
on Table IV.

TABLE IV
SSWEP PARAMETRIC TEST RESULTS
MSW PROPERTIES (AS FIRED)

AVERAGE RANGE
Moisture Fraction (%) 28.2 15.9 - 40.0
Ash Fraction(%) 11.9 8.2 - 16.0
Volatile Fraction (%) 52.2 44,1 - 59.8
Fixed Carbon Fraction (%) 7.6 4.7 - 10.0
Higher Heating Value (kJ/kg) 11,900 11,900 - 14,200
Sulfur (%) 0.15 0.12- 0.19
Chlorine (%) 0.16 0.12- 0.25

Wood Waste Programs

CPU-400 Test. In August 1973 a short checkout test was
conducted operating the CPU-400 pilot plant on waste wood. The
results wvere very encouraging and no turbine blade deposits or
erosion was detected. In January and February 1974, a 100-hour
demonstration test was run but in contrast to the previous
test, turbine blade deposition occurred. For purposes of
completion of the planned test, the problem was solved by
incorporation of a turbine cleaning system based on periodic
injection of milled walnut shells. Post test inspection revealed,
however, that erosion was significant and other measures would
be required for depend-able long duration operation. Studies
indicated that the problem depends strongly on the alkalai/silica
ratio of the wood content. Investigation showed that this
ratio is species dependent and that a favorable ratio exist in
Ponderosa pine bark (used in August 1973) but not in white fir
bark such as predominated in the 100-hour test. Table V shows
pertinent data from this test. Work has continued, over the
years, to obtain more information on the problem of alkalai
vapor formation and on a means to suppress this formation. A
new 0.5 sq m fluid bed was constructed and has been used to
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conduct well over 1000 hours of tests using various addi-
tives to encourage the suppression of condensible alkali
vapors. The results have been encouraging but the details
are proprietary

TABLE V

CPU-400 WOOD TEST DATA
Total wood burn time 101 hours
Average load 905 kW (91,000 kWh)
Total wood consumes 254,000 kg
Average feed rate 42.2 kg/min
Average moisture 42.6% (40.3 to 45.9)
Average heating value 19,360 kJ/kg (18,840 to 19,900)
Average bed temperature 1004 K
Average freeboard temperature 1074 K
Average turbine inlet temperature 991 K
S0, 0.0
NOx Test averages 0.113 g/MJ
co 45 ppm
CHy 5 ppm

In a test program currently underway, dried wood fines
will be used as fuel for the thermal degradation of a sodium
based pulp mill secondary sludge. Key questions to be
answered are: What is the minimum temperature required to
destroy odors? What is the maximum bed temperature allowable
to avoid bed agglomeration and fusion? and, What are equili-
brium levels of sodium and calcium in the bed and their
effects on process operation? These tests will be conducted
using the 0.20 sq m FBC.

Industrial Applications

Boiler Application. At the Weyerhaeuser facility in
Longview, Washington, a survey of potential fuels indicated
that a major quantity of energy was available in the form of
waste wood from their log sort and storage operation. This
material consists of the bark, 1imbs, and log butts that are
broken off during log yard operation. At the time of this
survey, this material was being cleaned off the log decks
and hauled off to landfill areas near Longview. Therefore,
by using this materials as fuel, Tandfill costs could be
reduced along with the reduction in power plant fuel costs.

Weyerhaeuser developed the specification shown on Table
VI for a combustor to utilize this energy resource.
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TABLE VI
LONGVIEW FUEL SPECIFICATION SUMMARY

Debris Flow

Moisture (% wood) 55
Combustible (kg/hr) 5,390
Moisture (kg/hr) 11,000
Inerts (kg/hr) 3,600

Fly Carbon (Char)

Combustible (kg/hr) 540
Inerts (kg/hr) 540
Total Fuel Flow (kg/hr) 21,000

Further, the specification required the handling of limbs
and log butts up to 7.6 cm in diameter and to 0.91 m
Tong. Also, the inerts could come in the form of
rocks up to 20 cm maximum cross-section. CPC designed,
built, and installed an FBC with special features to meet
these specifications.

The installation and schematic are pictured on Figure 3.
The FBC specifications are shown on Table VII.

TABLE VII
LONGVIEW FBC SPECIFICATIONS

Internal Gas Flow Area 35.4 m2
External Diameter 907 cm
Overall Height 768 cm
Bed Height 61 cm
Operating Exit Temperature 1260 K
Excess Air 65%

Debris fuel is fed to the combustor through a single above
bed feed point by use of a conveyor. Fly carbon is pneu-
matically injected. To avoid defluidization caused by an
accumulation of the large inerts, a patented rock removal
system continuously clears the bed of high density, over-
sized solids. The Longview FBC encountered numerous
difficulties during startup. During its first year of
operation major changes were made to improve system relia-
bility. This combustor is now fully operational.

Drying Application. A second industrial FBC system
(Figure 4) has been designed and installed at Cosmopolis,
Washington to provide hot gas to a rotary dryer; the dryer
in turn provides dried wood fuel to a boiler that supplies
steam for inplant power generation. Drying the fuel
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Figure 3. View and schematic of FBC boiler installation

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.

105



Publication Date: August 29, 1980 | doi: 10.1021/bk-1980-0130.ch008

106

THERMAL CONVERSION OF SOLID WASTES AND BIOMASS

Figure 4. View and schematic of FBC hog fuel drying installation
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allows operation of the existing boiler at rated conditions
without auxiliary fuel such as oil. This fluid bed combus-
tor can be operated on mill wastes, on a portion of the

fuel being supplied to the dryer, or on secondary sludge.
This unit is rated at 70 GJ/hr. Fluid bed burners are
typically iimited to a turndown ratio of three to one;

this dryer system, however, has been designed for a turndown
ratio of four to one, accomplished by zone control of the
fluidizing combustion air.

In this application, it is necessary to blend the FBC
exhaust gas with recycled gas in order to reduce the gas
temperature to the dryer. This blending is accomplished in
the upper zone of the fluid bed unit in order to eliminate
a separate blend chamber and to reduce the refractory
requirements in the combustor. Figure 4 shows a view of
this installation and its schematic.

These industrial systems are demonstrating the versa-
tility of the fluid bed in using waste materials for fuel.
Through such systems, it is possible to provide alternate
sources of energy for mill operations.

RECEIVED November 16, 1979.
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Energy Recovery from Municipal Solid Waste
and Sewage Sludge Using Multisolid Fluidized-
Bed Combustion Technology

WAYNE E. BALLANTYNE, WILLIAM J. HUFFMAN, LINDA M.
CURRAN, and DANIEL H. STEWART

Battelle’s Columbus Laboratories, 505 King Avenue, Columbus OH 43205

This study was initiated to investigate the potential for
energy recovery from municipal solid waste and sewage sludge using
Battelle's multi-solid fluidized bed combustion (MS-FBC) techno-
logy. The MS-FBC technology was chosen because it represents an
advanced fluidized-bed combustion technology that is designed to
cperate with heterogeneous solids while achieving higher through-
puts and larger turn-down ratios than conventional fluidization.
The technology, originally developed for coal, was thought to be
highly adaptable to the diverse solids that are inherently diffi-
cult to process when using municipal solid waste (MSW) and domes-
tic sewage sludge (DSS).

Steam generation from MSW and DSS has been studied by many
investigators, but fouling of heat transfer surfaces can be a
major problem. Thus, this research study also sought to investi-
gate direct steam generation using hot sand to vaporize the water
in DSS (4 percent solids) in a conventional fluidized bed that is
an integral part of the MS-FBC technology.

The research program incorporated several items and the two
tasks discussed in this paper were:

Task 1. Obtain experimental data using a MS-FBC pilot
plant to validate calculated energy recovery.

Task 2. Demonstrate the technical feasibility of direct
steam generation using DSS as 4 percent solids.

Background on MS-FBC Technology

Multi-solid fluidized bed combustion (MS-FBC) was initially
developed by Battelle(l) as an advanced fluidization technology
for achieving high rates of combustion of high sulfur coal while
eliminating the need for flue gas desulfurization or extensive
coal cleaning. This coal technology was shown to be feasible
during numerous runs in the 15 cm pilot plant system described
in this paper and it was then further developed over a 1500

0-8412-0565-5/80/47-130-109$05.00/0
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cumulative hour operating period using a 4.4 metric ton/day pilot
facility. Other feedstocks (e.g., wood) have also been shown to
be compatible with MS-FBC and the basic processing capability has
recently been adapted to the gasification of wood.(2).

The basic MS-FBC concept incorporates an entrained fluidized
bed superimposed on an inert, dense-phase fluidized bed as shown
in Figures 1 and 2 for the MSW/DSS application. As currently
operated in the MSW/DSS experiments, the dense phase is African
iron ore. This dense bed remains in the comb 3tor and its height
essentially defines the combustion zone (760-870 C); its high
density permits dense-phase turbulent fluidization to be achieved
at gas velocities exceeding 9.0 m/sec.

The entrained phase is commonly silica sand and its addition
to the dense-phase bed is generally credited with improving the
quality of the dense-phase fluidization. The entrained phase also
moderates the combustion by absorbing the heat of reaction. After
passing through the dense-phase region, the entrained phase along
with flue gas and ash pass through a free-board region and are
separated. The heated sand is then transferred a conventional
fluidized bed shown in Figures 1 and 2. This bed is operated at
gas velocities less than 0.39 m/sec. Steam tubes can be incorpor-
ated into this fluidized bed for the production of high pressure
steam (Figure 2). In one MSW/DSS application, no tubes are em-
ployed and direct-contact heat transfer between hot sand and a 3-4
percent DSS mixture is accomplished (Figure 1). The cooled, en-
trained material is then returned to the combustor where the cycle
starts over again. The valve shown in the sand return-line is
used to control the rate of the entrained-phase recirculation
which, in turn, controls the amount of combustion that can be
permitted in the combustor.

Some of the more significant features of the MS-FBC process
that have been experimentally proven at the 4.4 metric ton/day
scale using coal as a feedstock include the following items:

(a) High specific rates of combustion (grams feed/hr- cm?
grate area) due to the high amount of heat removal achieved at
velocities greater than 9 m/sec.

(b) "Turn-down' of 3:1 can be achieved at 20 percent excess
air by adjusting the rate of recirculation of the entrained phase;
this recirculation control eliminates the need for bed-slumping
that is common to regular fluidized bed combustors.

(c) Different types and sizes of coal feed can be handled
with minimum feed preparation; lump-coal approximately 2.5 cm in
diameter is preferred.

Description of Equipment

A process flow schematic of the combustor, sand disengager,
and the EHE used in this investigation is given in Figure 3.
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MSW Feed System. The MSW feed system consisted of a sealed
weigh hopper supported by load cells, a 10.2 cm diameter by 102
cm long screw feeder powered by a variable speed DC motor, and
a 7.6 cm diameter feed chute fitted with an expansion bellows and
a knife gate valve. An air cooler was installed to keep the feed
chute near the combustor from overheating.

DSS Feed System. The DSS feed system consisted of an agi-
tated, 55-gallon polyethylene supply tank for the sewage sludge
and standard piping and pumps. The feed system supplied two air-
sparged tubes located 25 cm and 46 cm above the distributor plate
in the EHE. Each tube contained six, 2.36 mm diameter holes
drilled horizontally (3 on each side) through which DSS and air
were fed. Because the clay and lime additives used in the study
had a tendency to settle out in the supply tank, a recirculation
line was also installed.

Combustor. The combustor assembly of the MS-FBC system con-
sisted of the combustion chamber and the gas-fired burnmer. The
combustion chamber consisted of a vertical, 15 cm I.D. by 6.7 m
high pipe constructed of Type 304 stainless steel. The distribu-
tor plate was a 0.63 cm thick disc located on the bottom flange
perforated with 96 uniformly-spaced holes of 0.238 cm diameter.

The recycled silica sand entered the combustor through a
7.62 cm diameter pipe located approximately 10 cm above the dis-
tributor plate. This pipe was installed at an angle of approxi-
mately 20 degrees to the combustor and was equipped with a slide
gate valve to regulate the sand flow from the EHE into the com-
bustor.

All materials in the combustor and gas burner were of Type
304 stainless steel. Entry ports into the combustor were also
constructed from stainless steel. The combustor, sand disengager,
EHE, and sand recycle leg were wrapped with two layers of Fiber-
frax (registered trade name of Carborundum Corporation) insula-
tion to reduce heat losses.

Sand Disengager. The sand disengager was a modified 61 cm
cyclone equipped with a spoiler into which air could be intro-
duced to classify the fly ash from the heavier entrained sand.
Type 304 stainless steel was used in the construction of the
disengager.

EHE. The EHE consisted of a 35.6 cm diameter by 2.13 m high
fluidized bed. A sketch of the EHE is included in Figure 1. The
distributor plate was 0.63 cm thick and had 128 holes, each 0.238
cm in diameter uniformly spaced across the plate. An adjustable
overflow tube was located inside the EHE to regulate the height of
the bed. The EHE was constructed from Schedule 10 carbon steel
pipe.
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Control System. The operating control system contained stan-
dard rotameters, manometers, gauges, thermocouples, recorders,
etc., for controlling/monitoring the MSW feed air, EHE nozzle
sparge air, disengager spoiler air, pressure tap purge air,
natural gas flow, combustor air flow, EHE fluidizing air, bed
pressures, DSS feed, and temperatures.

The flue gas monitoring system consisted of analyzers and
recorders for continuous monitoring of SO, CO2, CO, NO, and 02
from either the combustor or EHE. A digital readout indicator
provided the weight of MSW in the hopper. SCR controls were pro-
vided for the MSW screw feeder and the DSS feed pump.

Materials

The feedstock selected as the most applicable for the pilot
facility was pelletized MSW. The pellets, obtained from the
Teledyne National Company, had been preprocessed to remove metal
and most of the moisture before pelletizing. A representative
analysis based on an average of several analyses is presented in
Tables I and II. The pellets were preferred over shredded MSW
due to the relative ease of handling in the 10 cm diameter screw
feeder used in the pilot facility. A larger combustor system
would not be limited to the use of a pelletized feed.

TABLE I. TYPICAL MSW ANALYSIS

Weight
Item 7

C 39.90
0 (by diff.) 33.98
Ho0 13.50
Ash 6.80
H 5.40
N 0.30
S 0.12

100,00

Heating value (as received) 4252 cal/g
Bulk denmsity 0.48 g/cm3

The DSS injected into the EHE was obtained from the concen-
trator underflow at Columbus' Jackson Pike wastewater treatment
plant. Within a few hours prior to each run, the sludge was
loaded into 55-gallon drums which were trucked to Battelle and
emptied into the DSS feed tank. The sludge was nominally 3 to 4
percent solids. A typical analysis of the metal content is pro-
vided in Table II. The heating value of the dried DSS solid was

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



Publication Date: August 29, 1980 | doi: 10.1021/bk-1980-0130.ch009

116 THERMAL CONVERSION OF SOLID WASTES AND BIOMASS

TABLE II. TYPICAL CONCENTRATION OF METALS AND OTHER CONSTITUENTS
IN MSW, SEWAGE SLUDGE, AND SCALE

Compound (a) Disengager Scale
or Dried MSW Sludge (Run 213)
Element Weight Percent Weight Percent Weight Percent

S04 0.16 0.05
Ccl 0.08 0.02
Al 0.8 0.04 1.0
Fe 0.2 3.0
Si 2.0 90.0
Na 0.5 0.02 1.0
Ca 0.8 0.05 3.0
K 0.5 0.01 0.5
Mg 0.1 0.01 0.2
Mn, Pb 0.02-0.03 0.02
Cr <0.02 0.01 <0.02
Ba,Ni,Cu,Ag,

Zr,Sr £0.01 (each) 0.02
Ti 0.1 0.01

(a) Weight percent as-received basis from the sewage treatment
plant; 3.75% solids; 55% ash.

2220 cal/g and the ash content was 55 percent. During runs where
limestone or clay was used as an additive, it was mixed with the
DSS in the feed tank at 1 or 2 percent by weight. The clay and
limestone were of commercial quality.

African iron ore (-6+12 mesh) was used as the dense bed
material in the combustor and silica sand (-20+50 mesh) was used
as the entrained bed material.

Operating Procedure

Prior to each run, the MSW hopper was loaded with MSW pellets;
the DSS feed tank was filled and the lime or clay (when needed)
was mixed with the DSS; the flue gas analyzers, pressure, and
weight indicators were calibrated; and the combustor and EHE were
loaded with their respective dense and entrained bed material. A
650-675 C fluidizing gas stream was generated using a natural gas
burner and was used to heat the bed.

When the temperature of the dense bed reached 675 C, the MSW
feed was started. After the bed temperature reached 870 C, the
EHE sand was permitted to flow into the combustor to maintain 870
C within the dense bed. The natural gas to the burner was turned
off.

After a steady state had been reached, temperature and pres-
sure data were collected as well as the MSW feed rate to the com-
bustor, DSS feed rate to the EHE, fluidizing air to both the
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combustor and EHE, ash collection rates, and flue gas analyses.
Flue gas EHE gas and ash samples were also collected.

Results

Task 1: Experiments with MSW and Water Feedstocks. The first
part of the experimental effort focused on shakedown of the system
and demonstration of the feasibility of operating the MS-FBC with
the pelletized MSW and generating steam from water injected di-
rectly into the external fluidized bed.

The initial runs, Runs 200-202, were startup and shakedown
runs in which operation of the process and analytical equipment
was tested. Solids handling and recycle flow rates, temperature
constraints, and operational characteristics of the system were
also determined.

After this startup phase, Runs 203 through 208 were conducted
while feeding pelletized MSW to the combustor and injecting water
into the EHE to generate steam. In these runs, the goal was to
achieve the most stable, steady-state operating conditions and
maximize the energy recovery via steam generation. Operating con-
ditions were varied to determine the qualitative effect of such
items as fluidizing velocities feedrates, EHE temperature, and
EHE liquid distribution.

By the end of Run 208, a total of 36.5 hours of system oper-
ating time had been logged during which both MSW and water were
simultaneously fed. Superficial combustor air velocities were
varied from 7.6 to 11 m/sec and MSW feed rates were varied from
32,2 kg/hr to 39 kg/hr. EHE fluidization characteristics and tem-
peratures and superficial air velocities of 0.24 m/sec to 0.61 m/
sec.

As a result of these preliminary process definition runs, the
following technical accomplishments and conclusions could be cited:

1. The process concept was shown to be feasible using pel-
letized MSW and water as feedstocks.

(a) Four of the runs lasted in excess of 7 hours, with
the longest run lasting almost 10 hours after which the system was
voluntarily shut down. Steady state operation of the EHE at 150-
162 C totaled over 9 hours.

(b) Combustor temperatures could be satisfactorily con-
trolled by varying the sand recycle rate. Temperatures within the
combustor were relatively stable and constant within 100 C.

(c) The thermal inertia of the 400 pounds of recircu-
lating sand dampened temperature excursions caused by feed rate
variations and helped insure reasonably uniform operation of the
system. This thermal inertia was thought to be relatively impor-
tant because of the non-uniformity of the energy content of the
MSW feed.

2. Direct steam generation in the EHE appears feasible.

(a) The seal legs through which the sand flowed into and

out of the EHE sufficiently isolated the EHE from the sand disen-
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gager and combustor. This was evidenced by flue gas analysis of
the EHE combustor effluents as well as pressure in the EHE.

(b) EHE bed temperatures remained reasonably constant
throughout the bed during water injection., A typical temperature
profile within the bed was constant within 15 C. This stability
attested to good liquid distribution within the bed. Steady-state
water injection rates into the bed reached 56.8/hr or approxi-
mately 0.6/hr of bed volume. This exceeded loadings of 0.5/hr
achieved in other liquid injection fluidized bed systems(3).

3. Key operating conditions for the system were established.

(a) The maximum MSW feed rate for the combustor was
approximately 38.6 kg/hr or 0.21 kg/hr.cm2. Above this value,
fluidization in the bed became non-uniform and combustion effici-
ency, as evidenced by flue gas analysis, dropped. The recommended
feed rate for the MSW appeared to be approximately 34 kg/hr or
0.18 kg/hr-cm?.

(b) The recommended operating superficial air velocity
in the combustor was between 9.1 and 10.7 m/sec. The recommended
superficial air velocity for the EHE was approximately 0.33 to
0.36 m/sec, based upon current data.

(c) Stable operation of the EHE bed could be achieved at
temperatures between 135 C and 165 C. Below 121 C, the operation
became too difficult as the EHE suffered from localized quenching.

4. Experimental steam production Run 208 was shown to be
approximately 1.91 g/g dry, ash-free MSW as compared to an original
estimate of 5.5 g/g. When adjusted for calculated heat recovery
from flue gas (there is no economizer in the experimental system),
excessive heat losses from an uninsulated lower portion of the
disengager, and the difference between experimental steam tempera-
ture and the original assumption of 121 C steam, the adjusted ex-
perimental steam rate was 5.61 g/g which is close to the original
estimated rate(4).

Task 2: Experiments with MSW and DSS Feedstocks. The second
experimental part focused on the operation of the MS-FBC system
while feeding DSS to the EHE. Unlike the previous runs made with
water and beyond nonprocess failures, operational problems with
plugging of the DSS injection ports and excessive plugging in and
around the disengager were encountered.

Plugging of the DSS injection ports occurred in Runs 210, 211,
and 213. In Runs 210 and 211, the problem was concluded to be
insufficiently sized orifices through which the DSS was injected.
These ports were enlarged. The problem in Run 213 was attributed
to using 24-hour old DSS which had increased in viscosity and
plugged the 1/2-inch injection lines. In all other rums, fresh
DSS was used daily.

Subsequently, scale formation in the disengager caused an
interruption in the flow of recycle sand and forced shutdown of
Run 215 after 5 hours of operation. There was no evidence of
plugging in the EHE. Slight scale formation, in fact was initially
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observed after Run 213 and an analysis of the scale indicated
relatively high levels of sodium and magnesium (see Table II for
analysis). The scale formation was believed to be attributable to
the high alkali concentrations (particularly sodium ion) in the
DSS which formed low melting eutectics with the carbonates, sul-
fates, and chlorides present in the DSS and MSW.

For example, one eutectic of NapClp-NapS04-NapCO3 exists at
a temperature as low as 612 C, The eutectics are tacky and can
form scale on vessels or can cause agglomeration which results in
eventual defluidization of the bed. With a silica sand bed or
with S§i09 in the sludge or MSW (about 2 percent by weight), the
NajyS04 or NaCl could react as follows:

NapS0O, + 3Si0y + Naj0-3Si0, + SO, + 1/2 0,
2NaCl + 3Si02 + H20 - Na20°38102 + 2HC1

to form a very viscous, sticky sodium silicate glass that could
also cause scaling and defluidization.

This scaling problem is not unique, however, to fluidized-bed
combustion systems that burn salty sludges. It is possible to re-
duce the combustion temperature below 612 C, but this temperature
limit affects combustor efficiency. One currently demonstrated
method of mitigating the problem without altering combustion con-
ditions is to add a fine suspension of clay, lime compounds (5).

To evaluate the feasibility of forming these higher melting
silicates and minimizing the formation of scale in the MS-FBC
system, limestone (CaCO3)was added to the DSS feed in Run 216 to
form devritite (MP=1030 C); the reaction is:

Nay0-3Si02 + 3Si0Op + 3Ca0 -+ Nap0.3Ca0.6Si0p .

The results of adding limestone were encouraging as the system was
operated with no ostensible plugging for 7 hours. The system was
then dismantled for a thorough visual inspection of the disengager
and connecting lines. Only slight traces of scale formation were
found. It is particularly important to note that 2/3 of the sand’
used in this run was from Run 215. The use of this "old" sand was
thought to be a rather severe test of the assumed chemistry and
use of limestone. Thus, the absence of scale in the disengager
after Run 216 was thought to be quite significant.

In both of these runs, a stoichiometric amount (no excess) of
limestone was added as indicated in the above reaction. The amount
of sodium in both the MSW and DSS (Table II) was used for calcu-
lating the stoichiometry. The ratio of limestone to as-received
MSW and dry DSS was 0.047 g/g and 0.5 g/g, respectively.

Run 217 was intended to be an extension of Run 216 to demon-
strate prolonged operation of the system. The system was operated
using sand from Run 216 for about 13 hours. Then, combustor pres-
sures built-up, the MSW became difficult to feed, and the system
had to be shutdown. On dismantling the system, a plug was found
about half-way up the combustor. The plug contained high amounts
of silica and salt and may have existed prior to the addition of
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limestone, gradually growing in size with each run. The belief
that the plug existed prior to Runs 216 and 217 was supported by
the fact that there was minimal scale formation elsewhere in the
combustor and disengager.

After cleaning the combustor, Run 218 was made. The major
goal of this experimental run was to show that agglomeration/
scaling could be minimized over an extended period by adding com-
mercial clay to the DSS feed since clay would be a more economical
inhibitor. The clay is believed to react with the alkali salts
present in the DSS to form albite or nephaline(5), double alkali
salts (Mp-1108 and 1280 C, respectively) which melt above the com-
bustion temperature. The reactions for the clay were assumed to
be as follows:

Na,0. 3810 + A1203 + 38102 + Na 0 A1203 6810

Nazo 3SiO2 + A1203 > Na 0- A1203 2810 + SlO2 .
Clay was added at the stoichiometric quantity needed for the
sodium reactions and the ratios to MSW and DSS were 0.0235 g/g as-—
received MSW and 0.25 g/g dry DSS. During the run, considerable
difficulty with the MSW feed system was encountered. Upon shut-
down and inspection of the MSW, it was found that large metallic
objects were present in the hopper and screw and were probably
hindering the MSW feed to the combustor.

During uninterrupted feed periods, the MS-FBC system operated
smoothly as evidenced by the temperature profile in Figure 4. Fur-
thermore, as can be seen by the stable EHE bed temperature profile,
the stability of MS-FBC permitted quick recovery after the inter-
ruptions. Total operating time with feed was 31 hours and the DSS
feedrate was 38 1/hr or 0.4 1/hr-1 of bed volume.

The objective of minimizing scale formation was met because
no significant build-up of sand or other materials could be de-
tected in the combustor, external boiler, piping, and cyclones
after shutdown and inspection. The problem of agglomeration and
build-up was apparently minimized by the addition of clay.

Other Results

Relatively high CO levels prevailed throughout most of the
runs. This was not regarded as a serious problem and did not
receive much attention. That is, high CO levels are common to the
15 cm diameter pilot plant because it does not have sufficient
combustor freeboard height to ensure combustion of CO. This high
CO emission was also a deficiency in burning coal, but, in runs
made with coal in a larger MS-FBC pilot plant (4.4 metric ton/day)
with additional freeboard, acceptable emissions of CO were achieved
and the same result is fully expected to be true when burning MSW.
Emissions of NOx and SO2 were within Federal limits.

The combustor efficiency of the MSW and DSS in the experi-
mental system was high and approached 99+ percent in some rums.

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



121

Energy Recovery Using MS—FBC Technology

BALLANTYNE ET AL.

9.

81 und 1of suonipuod Sunpsado DG J—SW Youi-xis ‘p 24ndig

*MSW @Yy3 uTr sioafqo u3raio3j £q pasned
pPoo3 MSW YITM SSTITNOTIIIP 03 °onp paidnaasjur eieq (B)

(sanoy) auwi]

ST_00€T O00TT 006 _O00ANW09 00% \ 0061 00LT 00ST 00€T OOTIT 006
y vy

0
VYV g9V gy —y-v VIV V-V V- -y v-v i
23'Y SSa
09
i os sl o e o
08
238y MSKW z
00¢

g gy gty aguas gty 007

pag [eulalxy

oo%t
00sT

e—0—0-g 090 000 0 \Amv{{tlﬂ\tooﬁ
(®)

103Snquo) 00LT

600U2"0ETO-086T-0/T20T"0T :10p | 086T ‘62 1SNBNY 3% LoD jdnd

iy/Tes
Ssa

1y/qr
SSH

d ¢duag

d ‘dumag,

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



Publication Date: August 29, 1980 | doi: 10.1021/bk-1980-0130.ch009

122 THERMAL CONVERSION OF SOLID WASTES AND BIOMASS

This high efficiency is indicated by the low amount of unburned
carbon that was determined to exist in various streams during
Run 212 (Table III).

TABLE III. ANALYSIS FOR ASH AND TOTAL CARBON
IN SOLID STREAM FROM RUN 212

Present Total
Stream Ash Carbon
Recycled sand 99.7 0.2
Sand in EHE 99.7 0.2
Sand in EHE cyclone 99.1 1.9
Sand in combustor cyclone 98.6 1.3
Combustor 100.0 <0.01
Fresh sand 99.9 <0.01
Sand taken from disengager 99.9 <0.01

The amount of excess air required, with acceptable SO, and
NOx emissions, was approximately 20 percent. Conventional fluid-
ized combustors have been operated with 50-100 percent excess air
(e.g., Reference 6). Thus, the MS-FBC system may be an efficient
means of combusting MSW, provided that toxic/hazardous organics
are also destroyed.

Overview of Experimental Results

In general, the experiments with DSS feed to the direct-
contact, external heat exchanger of the MS-FBC process were oper-
ated at conditions comparable to those established with the water
feed. Thus, these two sets of experiments indicated that the use
of MS-FBC technology for energy recovery from MSW and DSS appli-
cations remains to be established. It is noted that MS-FBC tech-
nology is being actively pursued by a private company using another
feedstock. This process is competitive with other conventional
systems for the intended application. In general, MS-FBC tech-
nology is considered to be a technically feasible option for MSW
and DSS, but one that would require further investigation at a
larger scale.

At this time, it is thought further investigations of MS-FBC
for energy recovery from MSW and DSS should be concentrated on a
larger scale and/or long-term operation (>150 hrs) to fully estab-
lish that (1) DSS with high salt concentrations can be processed,
(2) environmental emissions requirements can be met, (3) shredded,
not pelletized, MSW can be used as a feedstock, and (4) efficient
energy recovery can be achieved even with diurnal changes. 1In
addition, a complete and detailed economic evaluation should be
undertaken.
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The Preparation and Properties of
Densified Refuse-Derived Fuel

HARVEY ALTER and JAY A. CAMPBELL
National Center for Resource Recovery, Inc., Washington, DC 20036

Refuse—-derived fuel (RDF) generally refers to the product of
the mechanical (or chemical plus mechanical) processing of mu-
nicipal solid waste (MSW) to produce a specification output.
Densified refuse-derived fuel (d-RDF) is the product of the me-
chanical compaction of some form of RDF to agglomerated pieces
which are sufficiently cohesive to sustain storage and handling.
The term "densified"” is used in the generic sense to include all
forms of compaction, such as extrusion or rolling to produce bri-
quettes, pellets, cubettes, etc. Generally, d-RDF is a fuel for
stoker boilers analogous to lump coal. The concept of RDF and
d-RDF can be extended to other waste—derived or biomass fuels (1).

The pilot-scale preparation of d-RDF has been described (2).
This paper is to update and expand the information and to describe
the objectives and operation of some of the unit processes used
and the properties of the d-RDF. It should be an objective of
processing to maximize the quality of the fuel, even at the ex-
pense of quantity, so as to maintain the fuel specification.
Thus, a mass of waste, m, is converted to a mass of fuel, m', so
that m > m', but the heats of combustion are AH, < AHpy', which is
the objective of processing. The yield is limited by the compo-
sition of m and the limits of the law of conservation of mass-
energy; also, allowance must be made for the energy input for
processing (3). The concept of processing to maximize yield is
opposite to the traditional objective of waste management of max-
imizing disposal.

The d-RDF Process Flow

The process flow used has been described (2). MSW (prin-
cipally from household sources) was shredded, screened, air clas-—
sified, shredded a second time, and passed through an animal feed
densifier modified for the purpose. The primary shredding has
been described (4); brief descriptions of the other unit processes
follow. The major pieces of equipment are described in Table I.

0-8412-0565-5/80/47-130-127$05.00/0
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Screening. A vibratory screen was used as a feeder for the
shredded MSW to the air classifier. It was also intended to re-
move material <6.4 mm as a means of reducing the ash content of
the RDF. Small particulate inorganic material in shredded MSW
will be conveyed by the air stream along with the fuel fraction
because the elutriation velocities are generally in excess of the
settling velocities of the particles. Fan (5) showed that for a
simple model of an air classifier, operating at 20 m/s, the light
fraction will contain ~5 wt$ inorganic particles, ~5 mm in size.
The shredded MSW used to prepare the d-RDF contained 30.4 wt%
material <6.4 mm for the average of 10 determinations with a
CV = 28.4% in agreement with prediction (4), of which 82.6% was
inorganic (average of 14 determinations, CV = 8.92%) (6), so
there is an obvious advantage to removing this material. (CV =
coefficient of variation = (standard deviation/mean) x 100.)

The flat vibrating screen used had to be partially blocked
to avoid air leaking into the air classifier. The effective
screening area was 2.1 x 2.4 m and apparently easily blocked by
the feed of flake-like particles, at least judging from the rela-
tionship found between feedrate, F (short tons/h) and recovery of
material <6.4 mm, 0 < R < 1, which was R = 0.64/F°"*2. The re-
sults indicate that a screen at some point can remove a signifi-
cant quantity of ash-forming material but that the type of screen
used in the preparation of the fuel described here was improper.
A rotary screen may be an improvement.

Air Classification. An adjustable configuration, vertical
zig zag air classifier was used; the dimensions are given in
Figure 1. Detailed results and methods of evaluation have been
described (7). By way of illustration, Figure 2 describes the
yield of light fraction as a function of elutriating air velocity.
Configurations 2 and 4 appear to be useful compromises in terms
of producing a high yield of fuel fraction at low air velocities,
hence with a lower probability of elutriating large quantities of
inorganic particles.

Secondary Shredding. The sizing of the feedstock and its
proper metering significantly affect pellet mill performance,
wear, and product quality. The primary shredded air classifier
light fraction must be further decreased in size prior to densi-
fication to reduce milling action on the material by the die and
roller assemblies. Otherwise, there are increases in wear and
power consumption and a decrease of pellet mill capacity. Also,
smaller size feed leads to higher bulk densities and improved
flow.

During early operations of the secondary shredder, several
configurations of swing hammers and fixed stators were tried to
reduce the particle size of the product, particularly random tex-
tile pieces, to a level that minimized jamming and stalling of the
densifier.
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The particle size distribution of the secondary shred pro-
duct is shown in Figure 3 in Rosin-Rammler form, similar to pri-
mary shredded material (4). Although 88 wt% of the material is
<32 mm, textile pieces were larger and are almost singly responsi-
ble for jamming the mill. Textiles are difficult to shear
through the die apertures, wedge behind the rollers, and slip un-
til the feed cavity fills and stalls the feed screw or rotating
die. Although other types of size reduction equipment, perhaps
knife shredders, may cut the textiles, the equipment may also be
damaged by occasional pieces of tramp metal and wear from abra-
sive materials.

Densifier. The densifier used was a ring extrusion type
animal feed pelletizer, described earlier (2), in which the feed-
stock is forced through multiple holes in the die as it rotates
around two stationary rollers. Several types of dies and rollers
were utilized. The inside diameter of all dies was 762 mm (30
inches). Dies of 13 mm (1/2 inch) hole diameter were used for
most of the 1270 Mg production. A die with 25 mm (1 inch) holes
was used for about 100 Mg. The die thickness (which is the length
of the die land) and entry land taper are chosen to fit the feed-
stock properties and product requirements. For the small hole
die, a moderate taper and 114 mm length produced reasonably good
quality pellets over the wide range of feed properties. However,
for the 25 mm die, a similar moderate taper and 127 mm length did
not. Investigation of a more severely tapered hole is required
to achieve denser pellets.

Two sizes and two surface styles of rollers have been used.
Of two rollers (254 and 330 mm diameter), the larger seemed
preferable in being less susceptible to jamming. Both corrugated
and textured roller surfaces were tried; the textured was polished
by the feed after only a few hours operation and was abandoned.

Experience with the pellet mill highlighted concerns with re-
gard to capacity, reliability, and wear, that were unexpected or
not experienced in other applications of similar equipment. All
such problems are believed related to the nature of the feedstock
(8).

Usual operation of the mill (except for MSW) is for the
largest particle size to be smaller than the die hole diameter.
For the application described here, 40% of the particles were
larger than the die. Also, the feedstock density, 16 - 48 kg/ms,
is significantly lower than animal feeds, resulting in an in-
creased sensitivity of operation to feedrate fluctuations and the
likelihood of volumetric rather than mass limitations on capacity.

The mean moisture content, and particularly the variability
in moisture, are much greater for producing d-RDF than animal
feeds. Normally, feedstock moisture is controlled between 12 and
18 wts.

The content of inorganic particles (hence abrasiveness) when
producing d-RDF is high, unless there is effective screening. If
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not, the quality of the pellet can be degraded and the machine
wear increased.

Owing to a combination of these factors, particularly par-
ticle size and feedstock density, the capacity of the pellet mill
used is believed to be 4 - 5 Mg/h. At higher throughputs, the
frequency of jams due to feed surges or textiles is too high.

Power Consumption. A previous report (2) showed the power
consumption of the pellet mill as a function of throughput. Sub-
sequent work has shown there were errors in these measurements and
the result is hereby withdrawn. Later work, using processed
office waste with added moisture (75% of the samples contained
10 - 30 wt%, 22% of the samples contained 30 - 50 wt%, and the re-
mainder 10 wt%) showed that the relationship between power con-
sumption P(kW), and feedrate to the densifier F (short tons/h, dry
wt basis), could be represented by: P = 50.5F + 21.7, for 63 de-
terminations, 0.3 < F < 1.7 Mg/h, with a correlation coefficient
r = 0.964 and a standard error of the regression line of 5.7. The
intercept should be equal to the idling power of the machine which
was separately measured as 24 kW. There was no discernible rela-—
tionship between power consumption and moisture content.

Wear. Measurements of wear rates on the rollers and dies
were attempted but due to frequent changes of dies and rolls, re-
lated to changes in production plans or equipment failures, there
are no statistically verifiable data. One set of rollers, which
was used with several dies, lasted 500 Mg. One die, which had
been ground twice during use and used with several sets of new
rolls (which might promote the wearing of both), had a life of
about 1000 Mg. Removal of inorganic particles would decrease
wear.

Physical Properties of the d-RDF

During the 2-1/2 year investigation and production period,
the d-RDF was characterized by measuring moisture, ash, pellet
and bulk densities, pellet length, content of fines and integrity,
properties chosen because of their probable relationship to the
use of d-RDF as a stoker fuel. The values of these properties,
and the relation to corresponding values for coal, are necessary
to predict and understand results when d-RDF is transported,
mixed, and fired.

The measurement techniques were chosen to parallel, as much
as possible, similar ones used for coal. Most test methods con-
formed to ASTM procedures where available or adaptable to d-RDF.
The sampling and analysis procedures for each property measure-
ment are reported elsewhere (9).

The average properties for the d-RDF produced are summarized
in Table II for the two sizes (diameter) of pellets. A previous
report displayed such data as histograms, giving the distribution
of properties (2).
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Table II: Physical Properties of Densified Refuse
Derived Fuel as Produced

1/2" Diam. Pellets 1" Diam. Pellets
Property x (n) CV ,% x (n) Cv,%
Moisture, %, D.W. 22.9 (40) 38.9 22.8 (13) 21.9
Ash, % D.W. 23.4 (55) 17.5 22.8 (13) 17.1
Pellet Density, g/cm> 1.01  (16) 44.5 | 0.76 (7) 19.7
Bulk Density, kg/m> 575  (49) 12.5 | 432 (10) 6.7
-3/8" Fines, % A.R. 14,9  (15) 47.6 9.6 (10) 52.1
Mean Length, mm 15.9 (15) 15.7 - - -

Notes: D.W. = dry weight

A.R. = as received
X = mean of property
n = number of determinations
CV = coefficient of variation

The data of Table II indicate that pellet production is not
sensitive to contained moisture over a wide range. Some moisture
is needed for die lubrication and pellet cohesion; high moisture
content results in a scaly, loose-bound pellet which breaks more
easily in handling than others. Considering both equipment op-
erations and pellet properties, the preferred moisture content is
judged to be in the range 15 - 20%.

The ash content is a combination of the intensive (inherent
ash in combustible material) and extensive (free inorganic ma-
terials). 1Intensive ash is approximately 8 wt%, illustrating the
potential for screening the feedstock someplace in the process
flow.

Pellet density is important to assure proper flow through
the storage and volumetric feed systems of stoker boilers. The
density will also affect burning rate in the boiler. The parti-
cle density of coal is of the order of 1.3 g/cm®. Table II indi-
cates a mean pellet density 10 - 20% below that for coal.

Lower moisture tends to produce higher pellet densities,
probably as a result of increased friction through the die and
thus greater compaction of the feed. Higher moisture reduces
friction, absorbs some of the heat of compaction, and results in
poorly bound pellets. Die hole inlet taper appears to be the
major control of pellet density; a more severe taper preferred
for denser pellets.

High bulk density is necessary because fuel is fed by volume
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but heat input to the boiler is by mass. For stoker coal, the
density ranges 720 - 880 kg/m3 (45 - 55 lbs/fta). Table II shows
the 13 mm pellet bulk density to be 20 - 30% less but with the
narrowest range of any property (lowest CV), a beneficial consis-
tency for boiler feed control. The bulk density of the 25 mm
pellets was much lower, as discussed above in relation to the die
taper. However, there was a short production period with another
die that produced denser 25 mm pellets.

The fines content is arbitrarily defined as <10 mm material,
instead of <6 mm as with coal. This conservative definition is
more inclusive of flaky particles in 4-RDF. A low fines content
is desired for increased bulk density, improved material flow,
and reduced dusting. However, as with coal, some fines are neces-—
sary to achieve a mix of suspension and on-the-grate combustion.
Table II lists an average fines content somewhat lower than the
20 - 40 wt% range typical of stoker coal. Note that these mea-
surements were taken on the as-produced pellets, and any abuse
during transport, storage, and feeding will increase the fines in
the fuel as fed to the boiler. However, the pellet mill output
can be screened, and the screen underflow returned to the mill,
as is done with animal feeds to reduce fines.

The pellet lengths were limited by the position of the
breaker plate installed on the interior surface of the cover of
the die. However, the centrifugal force from the rotating die
and impacts from loose pellets within the shell cover of the die,
cause the pellets to break off at random lengths. Also, included
pieces of plastics and textiles form planes of weakness and the
pellets break shorter.

The integrity of d-RDF can be defined as its ability to
maintain its dimensions (hence its bulk density and fines content)
during transport, storage, feeding, and other handling, not form-
ing dust, and meeting specifications. To evaluate the relative
amount of abuse pellets can withstand without loss of integrity,
a drop-shatter test was adapted from a test for coke (ASTM D3038-
75) . In this procedure, pellets are dropped on a steel plate
from a 6 foot (1.8 m) height. Drop-shatter tests were run on 13
and 25 mm pellets from production and from storage. The change
in distribution of pellet lengths within a sample, both before
and after the drop-shatter, is shown as Figure 4. Some results
are in Table III.

Table III shows that for the as—-produced 13 mm and 25 mm
pellets there is no significant change in mean length (Student t
test and F variance ratios). Curiously, the distribution shifted
significantly (XZ) indicating skewing. Judging from Figure 4 and
other data (9), both symmetric and assymetric breaking of larger
pellets seems to be occurring. Although only two results are
shown for as-produced pellets, the same result was observed on a
much larger number of trials. This led to increasing the number
of drops from 2 to 4 to 10, still with no significant changes in
mean length, but a steady increase in fines. Apparently, after
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a certain level of abuse, most weak pellets have broken and fur-
thur abuse simply chips pieces from the ends. Similar data for
pellets of high moisture content show them to be more susceptible
to breakage, as expected.

Table III: Drop-Shatter Test Results

Tests of Distribution: Variance ratio (F test); Means (t test);
Distribution (%2 test)
Statistical Mean

Sample Description Moisture Test Length Fines
F t X2 X s

A 13 mm, as produced 11 - - - 14.3lmm 9.8
2 drops * * ** 14,25 10.0
B 25 mm, as produced 21 - - - 11.50 11.5
2 drops * * ** 10.36 12.0

C 13 mm, storage
yard 15% - - - 10.28 17.9
2 drops * * *x 9.32 22.1
4 drops * * *% 9.38 24.2
10 drops * * *% 9.59 25.6

D 13 mm, storage
yard 343 - - -  6.90 N/A
2 drops * * *k 5.98 N/A
10 drops * * * % 5.46 N/A

* Hypothesis of no change accepted at 95% level of certainty
** Hypothesis of no change rejected at 95% level of certainty

A practice in the animal feed industry to control integrity
is to immediately cool pellets as-produced, resulting in harder,
tougher pellets. Immediately cooled d-RDF has been observed to
harden, as well, and this practice should be considered for full-
scale facilities.

Fuel Properties

Samples of the feed to the densifier were supplied to ASTM
E-38.01 as the material for round-robin analysis of RDF proximate
and ultimate fuel properties. The samples were generated on
three separate occasions over a period of 17 months by diverting
the output from the secondary shredder. A pile of approximately
100 kg was repeatedly coned and quartered and aliquots of 1 to 2
kg were packaged in double polyethylene bags and tied. Several
bags of each sample were sent to participating laboratories.
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The analytical results are summarized in Table IV, listing
ultimate and proximate properties, and in Table V, listing ash
fusion temperatures. Both tables combine the results for inter-
and intra-laboratory replicates. E-38.01 will report the results
of statistical analysis and precision statements (10). Table IV
includes values for the CV of just Sample 3 as an indication of
the precision of these measurements.

Table IV: Properties of Refuse-Derived Fuel

Sample 1 Sample 2 Sample 3
6 labs 6 labs 12 labs
Property x (n) x (n) X (n) Cv,3%

Calorific Value¥ MJ/kg 17.7 (24) | 15.9 (32) | 17.4 (48) 3.54
(Btu/1b) (7624) (6848) (7491)

Moisture, wt % 20.53 (24) | 19.81 (32) | 30.09 (44) 5.66

Dry Weight Basis, wt %

Ash 15.70 (28) | 25.28 (32) | 22.17 (48) 11.7
S 0.34 (28) 0.24 (32) 0.48 (48) 17.4
C 46.33 (32) | 40.02 (32) | 42.60 (44) 3.14
H 6.17 (32) | 5.37 (32) 5.84 (44) 4.98
N 0.76 (32) 0.64 (28) 0.77 (44) 9.21
Cle 0.58 (20) 0.38 (28) 0.57 (44) 40.0
Clg 0.35 (20) 0.24 (24) 0.27 (42) 25.1

Notes: Cly = total chlorine; Clg = determined as Cl~ after water

extraction
n = number of determinations * Dry basis
CV = coefficient of variation
X = mean of property

Table V: Average Ash Fusion Temperatures, d-RDF
(ASTM D-1857) Average of 20 determinations
by 5 laboratories

Reducing Oxidizing

Atmosphere Atmosphere
Initial Deformation 1024°%C 1065°C
Softening 1063 1092
Hemispherical 1097 1131
Fluidity 1182 1193
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Storage of d-RDF

A large quantity (ca. 1000 Mg) of 4-RDF had to be stored and
stockpiled for a test burn for periods of ca. 1 year. Storage
was outdoors, under cover of plastic sheeting, on a 100 m? as-
phalt pad. The pile was originally 2 m high and later increased
to 4 m. Moisture evaporated continuously and some condensed on
the under surface of the plastic sheeting, forming a "cap" 15 -
30 cm thick of wet pellets on the surface of the pile.

The temperatures at several locations inside the pile were
generally 40° - 70°C, with perhaps a trend of lower temperatures
in older parts of the pile, but no clear relationship between
depth or age of the pile and temperature.

After 10 months of storage, several small smoldering seams
(about 100 x 100 cm in cross-section) of pellets became obvious
on the sides of the pile and caused ignition of the plastic sheet-
ing and of the tires used as anchors. The pellets themselves did
not ignite, perhaps because of their close packing and limited
oxygen access. The seams ran deep into the pile; the affected
pellets were black and brittle, presumably partially oxidized or
pyrolyzed. The seams were in both the old and new parts and ad-
jacent to both wet (>130 wt% moisture) and dry (<4 wt%) d-RDF.

The reasons for the formation of the "hot" (>150°C) seams is
not clear. Conjecture is that the biological exotherm from de-
composition (composting) caused a chemical exotherm, perhaps from
an oxidant in the pellets. The d-RDF was made from household
waste and some few portions may have contained an oxidant, such
as nitrates in garden fertilizer.

Samples of pellets (~2 kg) in open mesh bags were so placed
in the pile that they could later be retrieved and the properties
of the d-RDF measured. Typical results are shown in Table VI
illustrating what was generally observed; both moisture and fines
content may increase or decrease with storage.

Table VI: d-RDF Storage Effects

Storage Moisture -3/8 Fines Mean Length

Duration wt$ % A.R. mm
Sample 1

0 35 10 13.5

5 Weeks 26.2 12.5 12.3

25.4 11.2 12.9

11.5 9.6 12.2

50.0 14.3 11.9

20.0 9.0 1.3

10.2 17.0 9.5
Sample 2

0 15.5 6.7 16.8

21 Weeks 4 8 10.8

32 7 11.3

57 27 8.8

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



Publication Date: August 29, 1980 | doi: 10.1021/bk-1980-0130.ch010

10. ALTER AND CAMPBELL Densified Refuse-Derived Fuel 141

Importantly, d-RDF from the storage pile was used for a
large test burn in an industrial stoker plant with only minor ma-
terials handling problems (e.g., dusting from open conveyors) and
no fuel problems. Nonetheless, it is not recommended that d-RDF
be stored for 12-14 months or stored in deep piles.
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Combustion with Qil
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Background

The oil embargo of 1972 woke up a nation which was complacent
about its energy resources but at the same time rapidly becoming aware
of its environment. The sudden increase in fuel prices directed our
attention to the values lying untapped in our solid wastes, and the
synergism of converting a waste disposal problem into an energy
resource.

At that time, CEA had just completed a state-of-the-art facility to
incinerate fumes from six plastics-treating ovens using fossil fuels in a
thermal oxidizer, and recovering the heat to generate the steam needs of
the Spaulding Fibre plant in Tonawanda, New York, (designed, built and
operated by CEA because industrial firms are reluctant to get into
development of new technology foreign to their normal business). During
the contract negotiations, the year before, it was discovered that
disposal of both liquid and solid wastes from this plant were costly to
dispose of and valuable as a fuel: consequently the plant was designed to
make use of these fossil fuel substitutes, and has done so since 1972,

Combustion of liquid wastes in a Thermal Oxidizer turned out to be
relatively simple compared with the problems encountered in processing
and burning solid industrial wastes, including phenolic resins,
impregnated with paper and canvas, and various forms of paper. Once
these problems were overcome, requiring among other things
development of the Double-Vortex burner to burn shredded solids in
suspension, other fuels were accepted, including waste hardwood, and
tires and battery cases in limited quantities. These activities led CEA to
enter into a contract with East Bridgewater, Ma, to build and operate a
Municipal Waste Disposal Facility.

0-8412-0565-5/80/47-130-143$05.00/0
© 1980 American Chemical Society
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The East Bridgewater facility (also serving Brockton), was built
with an incinerator, (conventional except that it has bag filters for
emission control), and as an alternate disposal means, a Resource
Recovery facility. In 1972 CEA entered into an agreement with Arthur
D. Little (ADL) to develop processes for emission controls from
stationary sources and also for treatment of Municipal Solid Wastes.

The East Bridgewater facility was originally built to produce a
Refuse-derived-fuel (RDF) using a process along the lines of the Bureau
of Mines College Park Pilot Plant, using a Flail Mill, horizontal air
classifier, secondary shredder, storage bin, and finally a Rader pneumatic
conveying system to feed the minus-1-inch shredded fuel directly to a
Double-Vortex burner for suspension firing. There was no economic
incentive to the operation of this process, since it was devoted to
disposal without recovery of the heat value of the fuel. In addition, the
amount of MSW delivered to the plant turned out to be half the projected
amount. Coupled with the many difficulties encountered in processing
MSW, the ECO-FUEIPI process was essentially abandoned and atten-
tion devoted to developing a better process to make a marketable fuel
product.

The RDF production using the two-stage shredding process and the
product RDF had many disadvantages:

- Shredders have high operating costs

- High moisture fuel is hard to burn efficiently

- High ash fuel causes excessive slagging in boilers

- Storage retrieval and transportation is difficult and expensive
due to high moisture, low density and poor flow characteristics
- Fuel has low heatig value due to high moisture and ash

- Abrasion is excessive due to high glass content

- It is difficult to control combustion due to variable moisture
and particle size.

- Low Energy recovery efficiency is low

Research and development work started in 1972 led to the
conclusion that while many of the above disadvantages could be reduced
or eliminated by drying and cleaning the RDF, ECO-FUEI®I still had a
large size particle, low bulk density (4 - 7 1b/cu ft), and was not suited to
storage, retrieval and transportation.

Economic studies showed that unless the fuel could be stored and
transported economically its value was greatly diminished. Also, the
value of the product as fuel was greatly reduced by the difficulties in
combustion and the resultant low overall energy recovery.

These problems precipitated a decision to concentrate on
development of a dry, dense fuel which would be storable, have a high
density, and be readily burned in existing boilers, burning fossil fuels
including not only coal but oil.
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The result was the discovery that a high density powder, dubbed
ECO-FUEL 1I, could be produced by treating the partially comminuted
MSW with small amounts (around 0.5%) of reagily available commodity
chemicals which at temperatures under 150 C would embrittle the
cellulosic materials in MSW and, with low levels of grinding energy,
produce a powdered fuel of high density. The process is protected by
patents.

In January 1974 a pilot plant was built at ADL to develop the
design parameters for a full-scale plant to produce this Fuel. The feed-
stock for the pilot plant was ECO-FUEL®I from the East Bridgewater
facility which served as the 'front-end' to receive and process MSW for
the embrittling process.

The pilot plant proved that a powdered fuel could be produced by
treatment with chemical agents followed by grinding the treated
material in a ball mill using circulating hot balls to dry and grind the
material. On this basis the full-scale plant was built as an add-on to the
East Bridgewater facility, and started producing the new fuel in 1975.

Table I - Properties of ECO-FUERII
Percent By Weight (as fired)

Carbon 41.6 - 47.3
Hydrogen 5.5 - 6.3
Oxygen 33.9 - 38.6
Nitrogen 0.6 - 1.5
Ash 7.0 - 15.0
Sulfur 0.3 - 09
Chloride 0.1 - 07
Water 1.0 - 5.0
HHV 13,430 Joules/gram

Note: the properties of MSW vary, consequently small
variations can be expected in the fuel product.

The properties of the ECO-FUEL®II product are listed in Table 1.
The bulk density was increased about seven times to 35 lb/cu ft, the
moisture reduced to about 3%, and the ash to below 15%. The majority
of the product is retained on a 200-mesh screen, and is similar to
pulverized coal. The heating value of ECO-FUEI®II is 7500 BTU/lb
(13,430 3/g).

The combustion characteristics of ECO-FUEI®II were first briefly
demonstrated in a 40,000 Ib/hr industrial boiler and subsequently East
Bridgewater facility product was burned on a regular basis in an oil-fired
Utility boiler (designed for coal but lacking up-to date emission controls)
in Waterbury, Connecticut.

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



Publication Date: August 29, 1980 | doi: 10.1021/bk-1980-0130.ch011

146 THERMAL CONVERSION OF SOLID WASTES AND BIOMASS

In 1975 CEA joined with Occidental Petroleum (OXY) to build the
Bridgeport RR Facility under contract with the Connecticut Resource
Recovery Authority (CRRA), entirely with private funds. OXY had
planned to produce a product essentially like ECO-FUEFP I, but the new
technology prevailed: Bridgeport was designed and built by CEA using a
second-generation ECO-FUEI®II process.

Description of the Bridgeport ECO-FUEIL®II Process

Figure 1 shows a simplified process flowsheet. Actually the plant,
designed for 1800 Tons per day (TPH) has two lines, one having a flail
mill, the other a hammermill. The metals and potential glass recovery
systems serve both lines.

The MSW is discharged from 75-yard transfer trailers of 7-yard
packer trucks from an elevated Trucking Module to the Tipping Floor.
Front-end-loaders (FEL) move the MSW to storage or to picking areas.
After picking to remove oversize bulky waste, including tires and other
objectionable materials, the FEL pushes the MSW onto pan-conveyors
which feed the plant.

The raw MSW then enters the Primary Trommel which removes the
small materials (minus 12 cm) which do not require size-reduction, and
the glass, passing the large materials over the screen to the flail mill or
hammermill. The magnetic materials are removed from the stream
before it enters the air classifier, also called the Air Density Separator
(ADS). Here the heavy materials are dropped, including the glass, while
the light materials, including most of the aluminum, are carried up to the
cyclone, and dropped into the Secondary Trommel, which removes the
fine glass and sand.

Drying of the MSW is carried out partly in the ADS system, the
remainder in the Ball Mill, after the chemical agents have been added in
the discharge end of the Secondary Trommel.

A process heater is used to generate hot gases for drying in the
ADS and for heating the balls circulated through the Ball Mill. Fossil
fuel and low-grade RDF may be used to fire the Process Heater.

By using the products of combustion generated by the Process
Heater, in combination with the water vapor generated by drying, the
atmospheres used to dry the MSW are kept at low oxygen levels which do
not permit exothermic heat generation while processing the MSW.

The MSW, ground to powder in the Mill, is separated from the
circulating balls at the mill outlet, and conveyed by low-oxygen gases
(below 8% by volume), to the Product Cgclone which drops the product to
the Product Screen. The ECO-FUEL®II product is then cooled while
conveying it to the Product Filter, which in turn discharges it to Storage
Silos.
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The product no longer contains the low-temperature volatiles and organic
materials which cause degradation during storage, nor the moisture
necessary for these reactions. ECO-FUEL II can be stored indefinately
at temperatures below 60 C. The plastics in MSW have also been treated
by the balls which enter the Ball Mill at about 200 C, reducing them to
powder.

The Product Screen overs are either recycled for further
combustibles recovery or rejected. The aluminum fraction in the overs
can be removed readily by OXY's Recyc-AL Aluminum magnet.

The six storage silos each hold 300 Tons of Product. This is then
discharged from the silos to Dry-solids Transport Trailers, like those used
to transport cement and dry chemicals, which carry the fuel to the fuel
users. At the user site, the fuel is delivered by pneumatic conveying
equipment to storage silos.

The Bridgeport Facility has as its major Fuel customer the United
Illuminating Company, which has storage and transport equipment to
feed the ECO-FUEL®II to Cyclone Furnaces on their Babcock and Wilcox
boilers. The boilers burn oil, and are expected to be able to burn up to
40% ECO-FUEI®II in one 60 MW boiler now, and in a second larger boiler
when the MSW received by the Facility justifies it.

The energy recovery efficiency of the ECO-FUEI®II process is high
by comparison with other alternate routes to combustion of Refuse-
derived-fuels, for reasons which may not be so apparent.

The ECO-FUEI® II process produces a dry material which burns
efficiently in inherently efficient Utility boilers. Due to the investment
of fuel energy in drying the fuel prior to burning in the boilers, additional
fuel does not have to be burned in the furnace to provide the heat
necessary for evaporating the moisture in the RDF. The dry fuel assures
rapid and complete combustion, high flame temperatures, low excess-air
requirements, and minimum boiler stack losses. Thus the boiler
efficiency can be about 80%, the same as achieved by firing oil alone, as
compared with 60 to 70% for boilers burning high moisture RDF. In
addition, Utility power plants have high heat rates, using 5.5 kcal/KW hr,
as compared with 8.9 kcal/KW hr, or more for the smaller power plants
associated with 'dedicated' boilers burning refuse as fuel. In the final
analysis the losses determine the energy efficiency. The dry-fuel process
has fundamentally smaller losses than wet-fuel processes.

The material losses of alternate RDF processing plants depend
mainly on the sophistication and plant. This should depend upon
economics: if it is economically justified to recover more combustibles,
it should be done. There is a limit to the investment and operating costs
which can be justified to recover the last Calorie. The same applies to
recovering aluminum and glass. At this date fuel energy is the valuable
product: ferrous metals have low economic value, aluminum recovery
has dubious economic value, and glass recovery does not seem to be
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justified at all, in the Bridgeport locale.

The Bridgeport system could produce over 30 MW of power at its
design rating of 1800 TPD of MSW, after deducting the 90 KWH/Ton
gross power used by the plant. ®

Summary: The Bridgeport Facility has produced ECO-FUEL" II
since July, 1979. The fuel product is burned with oil in a Utility boiler
and at minor industrial sites. The Connecticut Resource Recovery
Authority has made a major step toward its forward-looking and
ambitious objective: refuse disposal by environmentally and
economically sound methods.

RECEIVED November 20, 1979.
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Small-Scale Source Densification of Navy
Solid Waste

DONALD BRUNNER

Civil Engineering Laboratory, Naval Construction Battalion Center, Port
Hueneme, CA 93043

In the Navy, as everywhere else, the disposal of solid waste
is becoming more and more costly as environmental regulations
become more restrictive. This paper will examine some of the
economic and technical aspects of a new concept for reducing the
overall cost for solid waste management.

The problem of increasing cost of solid waste management
within the Navy is not the same as in the private sector. When
the Navy is directed to meet specific requirements of new regula-
tions or executive orders, Congress often does not appropriate
additional funds or allocate new manpower to accomplish the new
requirements. Increased costs cannot be passed on to the consumer
since the Navy is the consumer. Expenses must be absorbed into
the existing Navy budget thereby diverting funds from the primary
mission.

The Navy generates approximately 1.75 million tons of solid
waste annually. Current costs are approximately $30 per ton for
collection, transportation, and disposal. This represents an
annual expenditure of approximately $50 million. The Navy could
staff up, operate, and maintain a squadron of aircraft at this
price. With these costs expected to double or even triple in the
next few years due to more restrictive environmental regulations,
it becomes prudent for the Navy to develop techniques for managing
their waste that are both environmentally and economically accept-
able.

The collection process consumes about 70% of all the dollars
expended to manage Navy solid waste as illustrated in Figure 1.
The high costs of collection derives from the characteristic
fluctuation in the generation rate, the nature of the assortment
of materials involved, the variable and generally low density and
the requirement to remove it from the premises at frequent regular
intervals. Solid waste, for the most part, is an organic material
having a high surface area to mass ratio. In the presence of
moisture, it becomes biologically active fostering the development
of unacceptable and noxious decomposition by-products. It can be
a fire hazard as well as a breeding ground for flies and rodents.

This chapter not subject to U.S. copyright.
Published 1980 American Chemical Society
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It can attract birds, animals and human scavengers and is subject
to becoming windblown and unsightly. Hospital wastes add a fur-
ther dimension to waste management in that they are subject to
becoming a significant vector for pathological bacteria and
viruses and therefore often require special handling.

Historically the only available solution to most of these
problems has been frequent, regular removal of the waste from the
generating source. Cost effective mating of equipment and man-
power to the highly varying waste generation rates has, of neces-
sity, been subordinated to health and safety considerations.
Hence the disproportionate amount of dollars devoted to the col-
lection activity.

A study of the problem indicates that processing solid waste
to a high density, self encapsulated, biologically stable slug at
the generating source has the potential for reducing collection
frequency up to 18:1. This will allow major reductions in collec-
tion equipment, manpower, and containers by increasing the number
of loads per crew day (1, 2). Additional savings can also accrue
in disposal by increasing land fill capacity, reducing pollution
problems and most significantly by increasing available disposal
options. New options will include disposal as a refuse derived
fuel and environmentally sound disposal of shipboard generated
wastes at sea.

Feasibility

The Civil Engineering Laboratory began investigating the
feasibility of densifying waste into self-encapsulated biologi-
cally stable slugs in 1974. At that time, two extrusion concepts
were investigated: ram extrusion and screw extrusion (3).

Ram extrusion was examined using a modified commercially
available Mil Pac System shown in Figure 2. A schematic showing
the operation of the system is presented in Figure 3. Unprocessed
waste was first fed into a vertical shaft hammermill where it was
reduced to a nominal 2-inch particle size. The shredded refuse
was then pneumatically conveyed to the charge hopper of the
extruder where hydraulic rams forced the material through 2-inch
square extrusion dies. Continuous processing with this system was
never realized. The extrusion dies jammed often as the character-
istics of the refuse changed. The densified pellets or slugs
produced by this process varied considerably. The experiment did
demonstrate that high density slugs could be produced. Densities
as high as 92#/ft3 (1.47x103 kg/m3) were achieved. The high
density slugs were characterized by a glazed surface which tended
to bind them together. Also because of the batch type processing
resulting from the reciprocating action of the ram, the slugs
contained transverse shear planes or laminations. The slugs could
easily be broken across these planes into square chips. The
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Figure 2. Ram extrusion modified Mil Pac system
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thickness of these chips depended on the quantity of material
processed during each cycle of the ram. For these experiments,
the nominal chip thickness was 0.25 inch (6.35x1073 m).

The effects of the second process, screw extrusion, was
investigated using a 3-inch (7.62x10"2-m) diameter single screw
extruder similar to those used by the plastic and rubber indus-
tries. In this concept, shown in Figure 4, the rotation of the
screw provided the pressure necessary to force the shredded solid
waste through the cylindrical extrusion die. The waste slugs
produced by this process were more continuous and not character-
ized by transverse shear planes exhibited by the ram extruded
slugs. Also, because the action of the screw tended to "work'" the
material and compact it before entering the die, high temperatures
were generated in the barrel of the screw and the resulting slugs
tended to have a harder and more cohesive surface finish. Figure
5 shows comparative samples of ram and screw extrusion products.

Additional findings of these early investigations showed
that:

(a) The density, structural cohesiveness, and surface
finish of the product from either process can be
controlled by regulating the processing tempera-
tures and controlling the resistance offered by
the extrusion die.

(b) Both densification concepts effectively reduced
the biologically active surface area and impart a
degree of biological stability to the refuse.

(c) The moisture content of the refuse is a significant
processing parameter. It affects the resistance
developed within the extrusion die, and therefore,
the density and cohesiveness of the resulting pro-
duct. Variations in moisture content can cause the
die to jam and thus inhibit continuous processing.

These preliminary tests were designed to identify the proces-
sing parameters and product characteristics, but were not of
sufficient depth to quantify the relationship between processing
characteristics and product characteristics. They did show the
need and direction for further research.

At the time CEL was performing its feasibility investigations
other experiments were also in progress (4, 5). For the most
part, these experiments were directed at centralized processing of
solid waste into small pellets for co-firing with coal. Commer-
cial utilization of pelletizers for solid waste processing was
being explored by a number of companies including Papakube Corpor-
ation in San Diego, California. In the summer of 1978, CEL pro-
cessed Navy wastes from the San Diego area at Papakube. The cubes
were made using a modified John Deere extruder (shown in Figure 6)
and measured approximately 1 inch square (2.54x10°2 m) and 1.5
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Figure 5. Samples of ram- and screw-extruded solid waste
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inches (3.8x1072 m) in length. Some minor measurements were made
during the processing of the wastes but the primary objective of
the tests was to obtain densified material for performing physical
and chemical tests and analyses of the product. Preliminary
results indicate the moisture of the cubes varied between 20% and
36% and the energy content between 4,400 (10.2x10% J/kg) and 6,000
(14x10% J/kg) Btu/lb. A report of the processing and subsequent
physical and chemical tests of the cubes is nearly completed (6).

A portion of the cubes were brought to CEL and stored adja-
cent to shredded solid waste to obtain an indication of the rela-
tive biological stability of the densified material. The cubes
were stored in 40-yard (30.6-m™3) drop boxes and covered with
black plastic. Probes were inserted at various points in the
containers to allow extraction of gas samples and to measure
fluctuations in temperature. Results of temperature fluctuation
over a 75 day storage period are shown in Figure 7. Note that the
temperatures of the cubes track very closely with those of the
ambient air temperatures indicating very little in the way of
composting of the refuse was taking place. On the other hand, the
temperature of the shredded refuse was consistently higher than
the ambient, attaining an average temperature close to 50°C,
indicating a much higher level of biological activity. These
tests demonstrated the biologically stabilizing effect of densi-
fication and the potential for long term storage without adverse
environmental effects. A report on these storage tests is cur-
rently being prepared and should also be available in the near
future (7). More in-depth analysis of the biological aspects of
densified waste storage are planned at our Solid Waste R&D test
site currently being constructed at NAS Jacksonville, Florida. We
will also be using the test site to establish processing criteria
and criteria for solid forms of waste-derived fuel for use by the
Navy.

Application/Benefits

Densification processing can be applied basically either at
the generating source or at a centralized location. We have
emphasized the generation source location in our studies.

The operation benefits of source densification are derived
from the technical objectives of high density self-encapsulation
and biological stability.

High density has the obvious effect of decreasing the volume
of the waste. This in turn allows a decrease in the size of the
storage area whether it is a dumpster, a truck or a cell in a
landfill. Densification to 65#/ft3 (104 kg/m3) represents an
approximate volume reduction of 18:1 over that of unprocessed
refuse. The higher density also implies a reduced surface area
and therefore a reduced fire hazard and lower biological activity.

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



159

Source Densification of Navy Solid Waste

BRUNNER

12.

§152] 28p.401s Surnp asnfal pappays puv paqnd 10f saunpiaduiay Kwp fo uosuvdwio) -/ 24n81g

sAeq
ozt 001 08 09 oy (174 [\]
r T 1 1 I T
- + + +
Huy ¥ ++#tw.f++.l8
+ + + + 4+
21sEM voa.—u\k.f +|+++ N ..uv....-.- + .H.M.. i +|+.$.T +y " + T
T4 + + 4
+
URIqUIY + -
~ov
2isEM vvvvu._:m\ oo
— 08
- oot

ZTOUO'0ETO-086T-0/T20T"0T :10p | 086T ‘62 1SNBnY 3% Lo jdnd

(Do) d1meradws],

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



Publication Date: August 29, 1980 | doi: 10.1021/bk-1980-0130.ch012

160 THERMAL CONVERSION OF SOLID WASTES AND BIOMASS

Self-encapsulation means the refuse becomes encased in a hard
skin or shell which is developed by the refuse itself. Self
encapsulation offers the benefit of reduced water absorption and
therefore lower biological activity which impedes the development
of noxious odors and leachate. Self-encapsulation eliminates the
problem of blowing litter and makes the waste less attractive to
scavengers. Encapsulated refuse also lends itself well to mecha-
nized handling.

Biological stability allows the refuse to be stored for long
periods by delaying the breeding of vectors, the formation of
noxious odors or hazardous gases, and the fire hazard of sponta-
neous combustion. If the processing temperature is sufficiently
high densification may reduce the public health hazard associated
with solid waste, especially those wastes emanating from hospi-
tals.

The operational benefits to be gained by placing the densi-
fier at the generating source are realized during collection and
land disposal operations. Collection benefits are as follows:

(a) Increased time interval between collections without
increasing the number and size of containers.

(b) Better utilization of container capacity and a reduc-
tion in the number of containers required at a given
location.

(c) Reduced number of collection stops to fill a truck.
This increases the number of collection trips per
day per truck thereby reducing the number of collec-
tion crews and trucks required.

(d) Increased size of each load by eliminating the packer
mechanism on trucks.

(e) Increased load density and more uniformity of load
size thus providing a higher level of equipment
utilization.

(f) Complement a source segregation effort to recover
saleable products such as high grade paper, card-
board, and metals while processing the residue for
disposal.

Disposal of densified waste offers the following benefits:

(a) Reduced operating costs. The high density, uniform
size and easily manageable slugs can be spread evenly
and require little compacting and therefore can be
accomplished in considerably less time.
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(b) Less cover material. The biological stability and
unobtrusive nature of the slugs would enable the use
of less cover dirt and reduce the requirement for
daily covering.

(c) Extension of landfill life. The higher densities
and reduced cover requirements enable more refuse
to be stored in the same land volume.

(d) Improved pollution control. Elimination of blowing
litter, noxious odors, fires, and vector infestation
plus reduced leachate. Slowed biological activity
would reduce production of and danger from explosive
gases.

Economics

Based on the potential benefits for source densification an
economic analysis was performed to quantify the dollar savings
(1). A model of the collection process was developed that allowed
comparison of the cost of conventional waste collection with
proposed densified waste collection.

This model was based on the following considerations:

(a) The amount of solid waste found in a container at the
time it is serviced and the space it occupies are
characteristics that control the basic investment in
containers and vehicles and establish the nominal
manpower level for solid waste management.

(b) Maintaining the quality of service requires an addi-
tional investment in equipment and manpower as a
contingency against the high variability of the waste
density and generation rate. The best available
estimate for this contingency is the reported con-
tainer utilization factor at a particular activity.

The model consists of mathematical expression developed for
calculating: (1) truck utilization and investment in containers
and vehicles based on container utilization, (2) trips per collec-
tion day, and (3) collection costs.

Parameters pertinent to solid waste collection costs used in
the mathematical expressions are as follows:

. Length of collection day and week (hr/day)

. Container collection frequency (times per week)
Payload of collection vehicle (tons)

Vehicle availability (%)

Waste density in the container (1b/yd) (kg/m3)

v &~ W N =
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6. Container size (yd3) (m3)

7. Equipment capital, operation, and maintenance
costs ($)

8. Economic life of equipment (years)
Labor rates ($/hr)

10. Quality of service (percentage of time containers
are overfilled)

11. Travel time to motor pool from route (min)

12. Time required to empty one container (min)

13. Travel time to and from disposal site (min)
14. Time to offload vehicle (min)

15. Waste generation rate (ton/week)

In addition to these parameters, two constraints were placed on
the system: (1) the vehicle must be returned empty to the motor
pool at the end of each day, and (2) bulky wastes are separately
collected.

The model was exercised for a conceptual system and a family
of curves plotted showing the relationship of truck utilization to
collection costs as a function of weekly waste generation rate.
Results are shown graphically in Figure 8 for conventional and
densified waste collection. The lowest costs for either system
occur along the optimum benefit lines. These lines correspond
with maximum truck utilization represented by the points of dis-
continuity in the curves. These discontinuities result from the
integer number of trucks required in any collection system. Given
one truck, the cost per ton goes down until maximum truck utiliza-
tion is reached. At this point, another truck must be purchased
to collect more tons per week with a resultant step increase in
cost per ton and a lowering of truck utilization.

The magnitude and frequency of the discontinuities are valid
only for systems operating within the constraints and parameters
specified for the conceptual system. The points of discontinuity
can be shifted laterally on the graph by changing truck and con-
tainer size. Thus the same minimum cost can apply to any size
operation. The optimum benefit available through source densifi-
cation is therefore represented by the minimum cost per ton
between conventional and densified collection. For conventional
collection under this conceptual system, the minimum cost is
$23.90/ton and for densified collection $6.30/ton - a difference
of $17.60/ton.

The savings realized depends upon how much of the $17.60/ton
is consumed by the capital, operation, and maintenance cost of the
densification equipment. Using a capital cost goal of $4,000 for
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the densification unit and an average daily processing rate of 400
pounds, the total cost for demnsification was calculated to be
$11.78/ton. This leaves a net savings of $4.42/ton.

Follow-On Technical Effort

The development of specifications for the design and con-
struction of a system for source densification of solid waste that
will meet the established size and cost objective requires exten-
sive knowledge of the parameters governing the densification
process.

Jamming of material within the extrusion die has been the
single most limiting factor to continuous low cost densification
processing. We have experimented in a number of ways in attempts
to quantify the relationships among critical parameters associated
with the jamming phenomena (8, 9).

To aid in our investigation an electrically actuated hydraul-
ically operated ram/die densification device was designed and
constructed to allow observation of the process under controlled
conditions. The device, shown in Figure 9, functioned by forcing
refuse into the die tube with the hydraulic ram and compacting it
against material already in the die. The die was a constant
2.25-in. (5.7x1072-m) diameter and designed to enable changes to
its length. Also, the hydraulic ram was designed to allow changes
in its hydraulic pressure as well as stroke length and penetration
depth within the die.

Efforts to overcome the jamming first centered on increases
in the ram penetration within the die. The theory being that as
the force necessary to extrude the waste increased, it could be
controlled by shortening the length of the slug of refuse remain-
ing within the die. The resistance force offered by the die is a
function of the normal pressure on the die wall and the inside
surface area. Reducing the slug area in contact with the die wall
would reduce the total normal force and therefore the resistance
offered by the die. Different length die tubes were also used in
the test mechanism. Shorter die tubes results in poorly formed
slugs. Longer die tubes eventually resulted in die jamming that
often could not be overcome by simply increasing power to the ram.

Results have indicated that the densification of the waste
takes place almost entirely at the die entrance. The impact
action of the ram produces highly localized stress and distortion
in the die walls near the entrance. Friction causes the stress to
remain even after the ram load has been removed. Progressive
cycles of the ram transport the distortion down the longitudinal
axis of the die thus forming the densified material into a slight
cone shape. (This situation is illustrated in Figure 10.) Even-
tually the force necessary to transport the cone shaped material
through the die exceeds the force available and the jamming phe-
nomenon occurs. Or if the available force is high enough, the die
fails.
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Figure 9. Experimental ram densification device
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——| /| (

Riy) = FPCpx Ny

where: R(x) = die resistance
P = die perimeter
Cg = coefficient of friction

N(x) = normal force on die wall (a function of x)
F

force available for densification
Rppax oOccurs at Ry,

IR .. > F jamming will occur

Figure 10. Distortion of die wall during extrusion processing
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The refuse was also varied in an attempt to understand the
pre-processing requirements to reduce the propensity for jamming.
Variables included degree of size reduction, composition and
moisture content. Experience has shown that the most difficult to
control is refuse moisture content. Moisture content requires the
development of a detection and control devices capable of oper-
ating under highly variable conditions. Laboratory tests have
indicated a moisture content of 12%-16% produces a cohesive high
density slug. The other parameters can be controlled for the most
part using presently available technology, although these tech-
niques are costly to implement on a small scale.

We've experienced mixed results and do not have all our data
analyzed so are not in a position to make many definite statements
at this time concerning the parameters governing the extrusion
process. However, we have concluded that to enable continuous
production of densified solid waste with reasonably consistency in
the cohesiveness of the slugs the densification system must be
designed to accommodate the wide variance in refuse parameters,
rather than processing the waste to a homogeneous feedstock that
meets exacting requirements of existing machines. Economics
demand that densification at the generating source avoid the
costly pre-processing necessary to achieve a homogeneous feed-
stock.

Conclusion

The feasibility of producing a high density, self-
encapsulated biologically stable slug of refuse has been demon-
strated.

The economic and many pollution control benefits of densify-
ing the solid waste at the generating source have been examined
and a design goal of approximately $4,000 for a 400-1b/day system
established to achieve a savings of $4.42/ton.

The extremely variable and complex nature of the material
makes it difficult to process. For successful economical source
densification, the system must be designed to accommodate the
material variations.

CEL is working at developing the basic data needed to quan-
tify the relationship governing densification and to develop
design criteria for a system that will accommodate the wide vari-
ations in material properties.
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Biomass materials, especially residues, are in many ways an
attractive renewable fuel. However, they suffer from low volume energy
content and occur in a wide variety of forms unsuitable for fuel use.
Densification of biomass to pellets, briquettes, logs, or dense powders
yield&:ﬁean, renewable fuels with energy densities comparable to
coal. Yet the cost and energy required for densification must be
considered in deciding whether densification is practical in a given
situation. A knowledge of the dependence of this energy on various
operating parameters also will make possible design of better densification
processes.

The purpose of this study was to determine the work required for
densification under various laboratory conditions and to compare this to the
energy consumed by practical operating equipment.

Experimental Procedure

The apparatus used to study densification by compression is shown in
Figure 1 (a). It consists of a steel die and piston 2.5 ecm in diameter
capable of being heated to various temperatures during pressing. The
travel of the piston was measured as a function of applied pressure. Ten-
gram samples of minus 10 mesh pine sawdust dried at 110 C were held at
temperature for 15 min after initial cold compaction at 200 psi, and the
pressure was then increased in 300-psi increments to 10,000 psi. The
resulting densities are shown as a funetion of pressure in Figure 2 for
temperatures from 100-225 C. Runs were made also at 250 and 300 C, but
wood was heavily pyrolyzed in the process and the results were discarded.

Elemental and proximate analyses were run on the initial sawdust and
a 225 C pellet and are shown in Table I. The energy contents of the
sawdust and the resulting pellets are shown in Table 1I.

The experiment just described was designed to simulate the
densification process by direct compression, a batech process. However,
many commercial densification machines provide continuous extrusion of
pellets. Sufficient pressure is built up to cause the material first to densify
and then to flow through a constricting nozzle. The apparatus of Figure 1
(b) was designed to simulate this extrusion process. Twenty-gram samples

0-8412-0565-5/80/47-130-169$05.00/0
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Tablel.  Analysis of Pine Sawdust and 225 C
Pellet From Compression Experiments

Experiments! Dry Sawdust? 225 C Pellet
Proximate Analysis3-%
Ash 0.83 0.99
Volatile Matter 83.19 85.05
Fixed Carbon 15.98 13.96
Sulfur 0.06 0.06
Ultimate Analysis-%
Carbon 49.89 52.09
Hydrogen 6.40 6.28
Oxygen 42.48 40.36
Nitrogen 0.36 0.22
Chlorine - -
Sulfur 0.05 0.06
Ash 0.86 0.99
Heating Value - kJ/g 19.3 21.4
Btu/lb 8290.0 9200.0

1Analysis and heats of combustion by Hazen Assoc., Golden, Colo.
2Average of 3 runs.

3The C, H, O correspond to an elemental formula CHy 57 00.65 for
sawdust and CH; 39 O 5g for the 225 C pellet.

Table II. Heats of Combustion of Pine Sawdust and Pellets
Made at Various Temperatures at 10,000 psi Pressure

Weight Energy Content
Temp. Densi Remaining

Form °cC g/em % kJ/g Btu/1b
Pine sawdust - — 100.0 19.3 8290
Pellets 100 1.278 99.3 - -
Pellets 150 1.340 97.6 19.6 8420
Pellets 175 1.374 96.5 19.6 8440
Pellets 200 1.422 95.6 19.6 8450
Pellets 225 1.435 91.2 21.4 9200
Pellets 250 1.316 71.2 23.0 9890
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of sereened solid municipal waste (SMW) were loaded into the container and
heated to the desired temperature for 15 min. Pellets were then extruded
at a rate of 5, 10, or 20 em/min and the pressure was recorded as a
funetion of deflection. The deflection versus pressure is shown in Figure 4
for four temperatures and in Figure 5 for three rates of extrusion at room
temperature. The resulting pellets were well formed, especi%]ly those
made at higher temperatures, and had a density of about 1.0 g/em®.
The work done during densification is given for both processes by:

X X
W=A/de=A/ P dx (1)
0 0

where P is the applied pressure, x is the sample thickness, and A is the
cross sectional area of the die and piston. In the compression apparatus of
Figure 1 (a) the density at each point was calculated from:

P = m/xA (2)

where m is the sample mass. The work of compression is shown as a
function of density, calculated from these equations, in Figure 3. The total
work of extrusion was obtained by integrating the curves of Figures 4 and 5
and is shown in Table III.

Table M. Work of Extrusion of RDF!

Energy

kWh/tonne kWh/ton

Temgerature2
C
25 7.76 7.06
93 6.09 5.54
149 6.23 5.67
204 4.45 4.05
Extrusion Rate3
cm/min
5 7.76 7.06
10 10.93 9.95
20 10.90 9.92

lProm integration of Figure 5.
2Extrusion rate 5 em (2 in.)/min.
3at 25 C.
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Discussion of Results

Three basic types of pressure application are used in commercial
densification processes: (1) Straight compression in a die; (2) Extrusion
through a constriction; and (3) Shear of precompacted material to produce
heat and flow under pressure. Approximate energy consumptions supplied
by the manufacturers are compared to the laboratory tests reported here in
Table IV but it must be stressed that these figures are only approximate,
depending critically on type of material, size, temperature, ete.

Table IV.  Comparison of Reported Energy Requirements
For Commercial Densification Apparatus with
Laboratory Results

Work

Material Density kWh/tonne kWh/ton

Compression

In Laboratory1 Sawdust 1.0 4.0 3.6
Sawdust 1.2 6.6 6.0
Commercial? Sawdust ~1.2 37.4 34.0
Extrusion
In Laboratory® MSW 1.0 7.76 7.06
Commercial? MSW 1.0 16.4 14.9
Sawdust 1.0 36.8 33.5

his study, 2.5 em pellet, Figure 1 (a) at 100 C and Figure 3.

2From specifications of 150 hp Hausmann briquettor No. FH 2/90/200 for
8 em diameter log.

3'This study, 1.2 em pellet made at 25 C, 5 em/min, Figure 1 (b) and
Table III.

4From Ref. 1, data supplied by California Pellet Mill Corp.

The work of compression measured in this study is seen to be lower by
a factor of two to ten than that consumed in operating compression
machines. This is to be expected because the work measured here does not
include motor and bearing losses associated with commercial equipment,
and the measurements were made under idealized conditions. Given these
differences, the agreement is satisfactory and the laboratory results
probably represent a lower limit to the work required.
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An important result of this study is the finding that the work and
pressure of compression or extrusion can be reduced by a factor of about
two by preheating the feedstock to 200-225 C before densification. This
requires extra thermal energy for complete drying and to heat the biomass
(heat capacity about 1.8 J/g-C) to the higher temperature; however, these
are offset by lower electrical power costs, lower equipment costs because
of the lower pressure requirements, possibly reduced die wear due to
improved lubricity of the biomass at increased temperatures, and increased
fuel value due to complete water removal and prepyrolysis. These factors
must be tested at the commercial scale before any conclusions can be
drawn on the desirability of preheating feedstock.

The analyses reported in Tables I and II show that the pellet made at
225 and 250 C had considerably higher energy contents than those made at
lower temperatures. The energy content of the pellet made at 225 C is
20.2 J, essentially all of the energy in the sawdust from which it was made
(91.2% of 21.4 J/g). This suggests that there is a "prepyrolysis" reaction
for biomass, similar to that which oceurs for lignite, in which CO2 and H20
are driven off with little or no energy loss.

Many commercial densification machines use extrusion rather than
straight compression, because extrusion can be adapted to continuous
rather than batch processing. An examination of Figures 4 and 5 suggests
that there is an initial stage in which the feedstock is compressed to a
pressure sufficient to overcome the static friction at the throat. At this
point the pressure drops slightly to a value necessary to overcome the
sliding friction encountered as the biomass passes through the
constriction. The data of Figure 4 and Table I clearly show the same trends
observed in Figures 2 and 3—that the work of densification drops by a
factor of about two as the feedstock is preheated to 200 C.

Although the data are not directly comparable because they were
taken on different feedstocks, it seems clear that the work required for
compression is less than the work required for extrusion. In commercial
equipment, the friction involved in extrusion performs a useful function—
the heating and drying of the pellets.

Although the data in Figure 5 and Table I suggest that the work of
extrusion increases with increasing rates, the effect is small here. Other
data taken in pilot plant and commercial operation generally show a
dramatic decrease of extrusion work with flowrate.

Conclusions
e The pressure required for densification is reduced a factor of two

by heating to 225 C.

e The energy required for both compression and extrusion is
decreased by a factor of about two as temperature increases from
room temperature to 225 C.

e The energy content of the pellets rises with temperature of
densification.
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o Energies measured for densification in the laboratory are
comparable to but smaller than those required in commercial
equipment.
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Densification Systems for Agricultural
Residues

THOMAS R. MILES and THOMAS R. MILES, JR.

T. R. Miles, Consulting Engineers, 5475 S. W. ArrowWood Lane, Portland,
OR 97225

The marketing and utilization of many agricultural
residues can be significantly expanded by densification
into bales, cubes or pellets. End uses and supply lo-
gistics usually determine their particular requirements
of physical form and "packaging". Densification itself
is only one of a sequence of operations which always
includes collection, storage and transport - and can
also involve treating, grinding and drying. Because
residue is a waste, one obviously limits processing to
the minimum. Since residue utilization is essentially a
series of materials handling operations, not only these
steps but also the shaft and thermal energy required
must be kept to a minimum. If truck transport and stor-
age are the only criteria, there is no need to densify
to a greater compaction than 16 Lb/CF (256 Kg/m3), since
at this density a truck reaches both its volume and
weight limits. Nearly all stalks and straws can be
field baled in one step to this density with currently
available equipment.

Densification is accomplished in several quite dif-
ferent ways: stalks, stems and leafy materials can be
chopped or ground; stalks, stems and chips can be
aligned or "laminated" to substantially increase bulk
density; mechanical vibration and pressure can be used
in combination with the above methods for higher densi-
ties. To maintain achieved density, the material must
be bonded, or restrained (as in wire-bound bales) or not
disturbed (as in the aligned or laminated states). The
"Bulk Density" (B. Dens.§ resulting from a process is
more significant than the specific particle density.

Significant factors controlling densification are
moisture, particle size, form, fibrous or nonfibrous
nature, leafy legumes vs. stiff waxy resilient straws,
and binders, starch or sugar content, type and quantity
of binder.

0-8412-0565-5/80/47-130-179$05.00/0
© 1980 American Chemical Society.
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In our experience, the use of COMBINATIONS of
materials to facilitate densification - particularly
for cubing and pelleting - cannot be over-emphasized.

The following must be borne in mind when consider-
ing densification: (a) Solutions are always specific to
a particular material, site and end use. (b) The use of
a given residue is always affected by the material it
can replace or the availability of other residues and
many special crops or products competing in the same
market. (c) Selection of densification systems must
take into account the entire process from production of
the residue to its delivery and use in its final form.
(d) Physically handling a residue will account for high-
er costs and more energy than the individual densifica-
tion systems.

Most of the data and conclusions following are the
result of our nationwide experimental and production
engineering in the harvest, processing and transport
systems for agricultural and wood residues over the
past 31 years. Since these materials are all natural -
and thus variable - values are presented in ranges.

Characteristics of Residues

Crop Residues:

Straws, Stalks, Vines, Shells, Pits, Fibers

7500 BTU/Lb, 10-20% M, 2T/A, B. Dens. 10-16 Lb/CF baled
Must bear collection costs aside from crop.

Multi-uses as feeds, fibers, fuels, fertilizers.
Seasonal supply, limited harvest period.

Most are perishable without covered storage.

Do not produce clean burning fuels without processing.
Straws do not densify without binders.

Best utilized at Area-Integrated-Conversion-Centers.

Manure:

Feedlots and Dairies, Poultry and Hog Farms

6500 BTU/Lb DM, 80-90% M, 1-8 Lb DS/Animal/Day

60 Lb/CF slurry very perishable, use-at-site specific.
Low solids (12-15%) make drying costly.

Twice BTU yield as Biogas (methane) vs dry/dir. combust.
Relatively few large concentrations of animals.

Has on-farm, small scale potential.

Forest Residues:

Mature, Diseased or Fire-damaged Trees

4500 BTU/Lb, 50% M, 20-50T/A, B Dens 18-22 Lb/CF chipped
Storage on stump, thinnings, undesirable specie.

High capital cost of roads, access, right-of-way.

Other characteristics similar to logging residues.
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Logging Residues:
Limbs, Tops, Shatter, Chunks

4500 BTU/Lb, 50% M, 20-50T/A, B Dens 18-22 Lb/CF chipped
Collection costs vary widely with site.

Must be chipped at landing to allow bulk hauling, hand-
ling and storage, with added capital cost.

Chips ready for boiler, to gasify or convert.

Potential domestic fuel thru distributors.

Quantities per acre depend on specie and age.

Store outside, low degradation.

Competing fiber uses: pulp, board.

Whole-harvest chipping for fuel/fiber.

Sawmill Residues:

Shavings, Bark, Sawdust

4500 BTU/Lb, 50% M, 2T/MFBM, B Dens 16-22 Lb/CF "hogged"
Collection and transport subsidized by lumber.

Already reduced to usable form.

Ready for direct combustion or gasification.

Convenient to convert to other forms at millsite.

At or near other logical Energy Conversion sites.
Steady year-round supply, stores well outside.
Sawdust/bark mix good domestic fuel (in use up to 1950).
Burns well without drying (4500 BTU/Lb net).

MSW, RDF:

Collected Municipal Solid Wastes, Refuse Derived Fuel
5000 BTU/Lb, 30-40% M, 5 Lb/Cap/Day, B Dens 12-20 Lb/CF
Generated in cities - near energy need.

Subsidized collection and transport - low cost.
Separation and recovery of metals, etc.

Supply constant and proportional to population.

Store only under cover.

Logistics demand prompt separation and use in large
facilities.

Institutional and economic constringencies abound.

Residue Combustion

Several furnaces (1 to 6 M BTU/H) to use bulk or
baled residues are being developed here and abroad for
on-farm or small commercial use for grain or seed dry-
ing - ours among them. Proven small sloping grate
designs for domestic and small commercial furnaces
(200-1000 K BTU/H - 211-1055 MJ/H) use sawdust pellets
and small cubes. Larger industrial dutch ovens,
sloping or pinhole grates or cells can be efficiently
fired with wet (>40% M) residue fuels including wood
hog fuel, cubed RDF or straw, shells and pits in vari-
ous mixes - and in combination with coal - with

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



THERMAL CONVERSION OF SOLID WASTES AND BIOMASS

182

a/# 0

sjonpo.d snorvA 10f sa11SUIP pup Sanipa [o winapdads [ 24n81g

d0/# - XIISNIA X1ng
of Of 07 91 ot

@&

@)

TOOATH0D
T19d -
$50101STUd S

G

sa1vd
MVHLS

ANTVA 100qo¥d

I

SLdT1dd “
Tand |

I

_

@
&5

|
fa—20/a1 8€-22 e 80/91 L2-02 ja22/91 91
YINIVINOO TIVH ¥onuL

|
SYadId
[}

SOVIS
AVYLS/N¥0D

I~ o¥

09

08

T oot

T ozt

¥TOUD'0ETO-086T-0/TZ0T 0T :10p | 086T ‘62 1SNBnY @ UoIEdI|dNd

NOL/$

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



Publication Date: August 29, 1980 | doi: 10.1021/bk-1980-0130.ch014

14. MILES AND MILES Densification Systems for Agricultural Residues 183

pneumatic or rotostokers. Suspension firing, either
tangential cyclonic or linear, is restricted to low
moisture (€20% M) finely ground residues and in combi-
nation with a "reliable" fuel such as coal, or with an
0il or gas pilot. Wood and crop residues in ground or
chip form can be co-fired with coal more economically
than using fuel pellets - $1.90 vs $2.61/K Lb steam/hr.

It is practical to suspension "over-fire" a dutch
oven or grate system with residues but characteristi-
cally higher emissions from suspension firing must be
considered. The higher percentage (4-6%) of low-melt-
ing ash in ag-residues poses special grate problems
vis-a-vis wood at 1%.

Gasifiers almost universally require higher
density (16 Lb/CF - 256 Kg/m3), low moisture (20%)
fuels for efficiency, even feeding and uniform gasifi-
cation.

Typical Densification Sequence

— DENSIFY ]
COLLECT TRANS TRANS | SPECIFIC
STACKS/BALES [Gr—— CUBES, COBS ——— Ew UsEs
RIND lpRLLETS, LOGS

Some Densification Systems Available Today

Several densification systems are in use today.
Note that most existing systems are producing high value
products for feed or fiber from the best available
materials.

System Principal Use
Orientation and Vibration: Pulp Chips, Coal
Size Reduction: All Materials
Field Stacks and Balers: Forages and Residues

John Deere, Moline IL
Hesston, KS

New Holland, PA

Vermeer, Pella IA
Foster, Madras OR
J.A.Freeman, Portland OR

Cubers: Hay, Cobs, Whole Ration Feeds
John Deere, Moline IL
Lundell, Cherokee IA
Osborn, Moses Lake WA
Calif. Pellet Mills, San Francisco CA
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Pellet Mills: Concentrate, forage feeds, fuels
Ring Die -
Sprout Waldron, Muncy PA
California Pellet Mills, San Francisco CA
Simon Barron, Gloucester, England
Esbjerg Mglle, Esbjerg, Denmark
Volkseigen Betrieb Muhlenbau, Dresden, Germany
Roller Head -
Amandas Kahl, Hamburg, Germany

Extruders, Briquetters: Wood and composite, firelogs,
Hay briquettes

Piston Press -
Fahr, Gottmadingen, Germany
DeSmithske A/S, Alborg, Denmark
Hausman Glomera (Agnew Products, Grants Pass OR)
Combi-Press, Switzerland

Screw Compactor -
Canadian Car (Pacific), Vancouver, B.C., Canada
Taiga Industries, San Diego CA
Presto-Log, Lewiston ID
Spanex Sander, Uslar, W. Germany

Orientation and Vibration

Residue geometry will sometimes permit a signifi-
cant increase in bulk density. In 1950 we found that
by pneumatically "snowflaking" flat wood chips into a
railcar, load density was increased from 18 Lb/CF up to
26 Lb/CF (291-421 Kg/m3). Slightly overloading the cars
allowed further compaction from the running vibration of
the car. This 40% increase in compaction permitted
optimum load weights which greatly extended the shipping
radius. These techniques, now used universally in pulp
chip handling, are often ignored when considering "new"
residues.

Cubed or extruded crop residues can be oriented and
packaged-baled to increase bulk density. As yet there
are few markets for bagged crop residues,

The Molitorisz Hayroll winds grass or alfalfa hay
into a cigar-like roll which is cut into short lengths,
taking advantage of stem orientation to achieve density
(l). The roll is similar to the microstructure of a
cellulose molecule, But we found it impossible to make
in the field with stiff brittle straw.

Size Reduction

Proper Material Form, Size and Composition are es-
sential for good densification. Baling can densify most
bulk materials, but agricultural residues in their bulk
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form are resistant to the compression, heating and
material flow required for further densification.

Straws are structural tubes of highly crystalline
cellulose protected by a waxy outer surface. In order
to change this geometry for further densification the
tubes must be split by hammers or attrition milling.
During fine grinding (§") the denser wax and soluble
contents are redistributed into the fine fraction.
Leaves are shattered or shredded. If straw is coarsely
ground (13") for cubing, a chemical or steam treatment
is required to dissolve waxes.

Chopping or grinding is best done close to the use
point in preparation for direct combustion or process-
ing.

Coarse chopping crop residues for in-plant handling
and processing varies with the product requirements.
Reel chop from the field can come in 1" to 4" lgngths
with bulk densities of 2 to 4 Lb/CF (32-64 Kg/m?). For
straws we found Japanese feed markets required 2" to 3"
lengths (3 Lb/CF, 10 HP Hr/Ton) but domestic feed, fuel
and fiber products could be made using a 3/8" screen
(5 Lb/CF - 20 HP/Ton/Hr). Hammermills are better than
shredders. Tub grinders have low efficiency and are
best for mixing. Cornstalks% husks and leaves can be
cubed readily using a 3/4"-13i" screen.

Leaves and vines must also be shredded for densifi-
cation. Mint straw, hop vines, cotton gin trash and
municipal refuse can be coarsely cut and cubed with dry
materials when possible,

Strawdust. We find that finely grinding straw into
"strawdust" which will pass a 1/8"-1/4" screen is a
useful form for suspension firing (2). Its bulk density
(8-12 Lb/CF - 129-194 Kg/m3) allows a short haul in
self-unloading trailers, which can readily meter the
fuel into a suspension firing system. We demonstrated
this method in particleboard chip dryer and boiler ap-
plications. Some residues such as flax shives and dry
sawdust are close to this state without grinding. Tri-
Valley Growers in California is using this technique
with peach pits for seasonal process steam generation in
a converted natural gas boiler (3).

Grinding long straw to 1/4"-1/8" consumes approxi-
mately 40 HP Hr/Ton (107 MJ). Careful selection of
the hammermill and knives can minimize horsepower con-
sumption.

Sawdust, chips and shavings are three dimensional
structures with good compression strength and few in-
herent binders. They are best fired as is, dried if
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necessary. For cubing or pelleting they must be ground
or "fibrized" and combined with amorphous bark, lignin
or other binders.

Fibers can be cubed or extruded. Cotton motes,
flax fiber, dry refined wood or straw fibers can be
cubed to 16 Lb to 18 Lb/CF (256-288 Kg/m3). With good
moisture distribution and properly designed infeed sys-
tems, hydrogen bonding and edge glazing can be employed
to cube fibers without losing fiber quality.

Wet Fibers can be used to densify ground materials.
Complete mixing of wet pulp or fiber with ground straw
in the proper proportions will not only bind the ground
material but increase cube density by 18 to 20%.

Stacks, Bales and Bale Compressors

The most expedient methods for rapid field removal,
on-farm use and short hauls (2 miles) are breadloaf
stacks of flailed straw (2 to 3 Lb/CF - 32-48 Kg/m3)
and large round bales. Although large in size %8' x 10!
x 20' or 6' in diameter by 5' long) they store well out-
side in most climates. A large bale or stack burner is
?OY available in the midwest for on-farm grain drying

4 .

The Rectangular Bale is still the most versatile
package for collection, storage and delivery of field
crop residues to an industrial user. The three-wire
"restrained" straw bale (18"x22"x48") is about 10 Lb/CF
(160 Kg/m3); weighs about 100 Lbs (45 Kg); can be made,
stacked and unstacked mechanically; can be handled manu-
ally if necessary; can be handled in units of 56 bales
(2.5 Tons) for storage, loading and unloading. Slight-
ly reinfogced balers can readily produce 15 Lb/CF bales
(240 Kg/m”?) for optimum truck weights.

The large Hesston baler produces a_1200 Lb (545 Kg)
straw bale 4'x4'x8', 10 Lb/CF (160 Kg/m>) requiring a
stack or large bale grinder at the use end and somewhat
special handling equipment.

Balers use a ram pressure of 30 to 50 psi (0.2-
0.4 MPa) on the end of the bale at 50 cycles per minute
to produce 10 Lb/CF (160 Kg/m3) straw bales. The
higher density baler (15 Lb/CF - 240 Kg/m3) uses a ram
pressure of 50 to 100 psi (0.4 = 0.7 MPa) with a higher
strength wire or plastic twine. Some field rate is
sacrificed for higher density.

Bale compactors have been used for increasing bale
density. In Oregon a large press was built by Gender
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Machine Works to compact 16 standard 2-wire bales (14"x
18"x48", 6 to 8 Lb/CF - 96-128 Kg/m3) into one large
1200 Lb bale (545 Kg) for export. The press reached a
suitable export or container density of 27 Lb/CF

(433 Kg/m3) after applying pressures up to 1200 psi
(8.3 MPa). The bales were bound with metal straps and
the product containerized for export. After 2 seasons
the Japanese buyers conceded they could not handle the
bales; and the company producing them went broke.

In England, the Bradbury Bale Compactor was devel-
oped to make a small package from regular two-tie siraw
bales (5). The press compresses an 18"x14"x36" bale to
approximately 12" in length. Density is igcreased from
6 Lb/CF (96 Kg/m3) to 18.5 Lb/CF (296 Kg/m’). The re-
sultant cube retains the maximum weight the English
farmer is willing to handle (40 Lbs - 18 Kg) but pre-
sents some problems in loading and storing. Other
research in the UK is directed toward achieving a
15 Lb/CF (240 Kg/m3) field bale from straw (6).

Fibers are readily baled with wire or into paper or
plastic bags. Refined wood and straw fiber for hydro-
mulch, shredded recycled paper for insulation or mulch,
and RDF are commercially extruded with piston balers at
50 to 100 psi (0.4-0.7 MPa) producing 16 to 18 Lb/CF
(256-288 Kg/m3). Cotton motes, linters and flax fiber
are baled at similar pressures into wire- or twine-
bound bales. Under certain conditions fibers can be
cubed.

Pelleted Agricultural Residues

Pelleted Byproduct dusts or meals such as seed and
grain cleanings are currently the principal agricultural
residues which are pelleted. They contain higher pro-
tein and more readily digestible cellulose compared with
other residues. Since minimum preparation is required
they exemplify the most economic form of residue for
densification. Purchased at $15 to $20/Ton, cleanings
are made into $45 to $50/Ton feed products for horses,
dairy and small animals and exported throughout the
world (7). Our 15 such producers in the Willamette
Valley are usually associated with seed cleaning plants
or feed mills. Fuel pellets would be a good use for
damaged or contaminated seed cleanings. As yet we have
no local markets.

The Dakota Pellet Company makes fuel pellets from
flax shives (8), which are sold to the city of Water-
town, South Dakota and several local industries for
$40 to $50/Ton. As a low cost pulp mill residue, the
shives and dust from decorticated flax are a preproc-
essed residue.
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Cubes, Pellets and Extruded Logs.

Compressed and extruded products from biomass res-
idues represent a high level of material preparation and
processing. Wet residues must be mixed with dry resi-
dues or excess moisture evaporated. Materials must be
ground to a minimum size. Mixing, conveying and feeding
materials to a press or extruder must be carefully or-
ganized.

The specific density of the final product is in-
creased to as much as 1.3 (80 Lb/CF). Bulk densities
are increased to a range of 16-40 Lb/CF (256-641 Kg/m3)
depending on the material.

In order to relieve the stresses of compression at
higher densities by thermoplastic processes instead of
with wire or twine, several conditions must occur. A
balance between the pressure, and retention time must be
found so that the material is exposed to temperatures of
200° to 300°F (93-150°C), and pressures of 1000 psi to
1500 psi (6.9-10.3 MPa) at moisture levels of 12% to 25%
(9, 10). Moisture and agglutinant substances such as
soluble sugars, starches, extractives, phenolic acids
and lignins which will plasticize at these conditions
must be evenly distributed throughout the material. The
geometry of the material must allow a uniform fiber
matrix and intimate contact between adhesive surfaces
during compression.

Natural binders occur to varying degrees in agri-
cultural and wood residues. Low in lignin, straws
contain no good binders in sufficient quantity for the
lower pressure systems. But the addition of 20% corn-
stalks, alfalfa, hay, bark or other soluble-rich mate-
rials produces good cubes and pellets. Acids or bases
(4-5%) will partially hydrolyze or saponify cellulosic
materials for self-bonding. Lye treated straws cube as
readily as alfalfa hay but chemical additions are dan-
gerous, corrosive, costly and contribute to slagging in
furnaces.

Lignin sulfonate byproducts from sulfite pulping
make excellent binders for densified products (11, 12).
Like other adhesives they require complete blending and
adequate heating to make durable products. In excess
they increase pelleting horsepower. Although available
in quantity in the Northwest ligninsulfonates are
presently burned for lack of markets.

Although sawdust contains sufficient lignin for ad-
hesion at extrusion temperatures, the addition of bark
with its diverse fibers, phenolics, lignin and waxes is
often necessary for good pelleting or cubing (13).

Extruded logs reach higher temperatures and pres-
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sures which causes more complete heat transfer and ap-
parently permits compaction with fewer binders.

Composition of Residues
Grass Straw Hay Softwood Bark

Cell Soluble Matter 22% 56% 15% 17%

Lignin 8 7 30 41

Hemicellulose 25 8 20 20

Cellulose 41 25 34 22 x

Ash __4 4 1 (.1 to 10)
% Dry Matter 100 100 100 100

*Ash picked up in loggirtg and storage can
amount to 10% to 18% of mill residue bark.

While in intimate contact with binding surfaces,
adhesives need time to cool to properly anneal the com-
pressed material and evaporate excess moisture. It is
difficult to make durable products with cubers and
pellet mills that have tumbling outfeeds. With ram
briquetters, piston cubers and roller head pellet mills
it is possible to allow more residence time in the dies
and undisturbed cooling time at the outfeed before
"testing" the product's durability by dropping, rolling
and tumbling it in materials-handling equipment.

Field pelleting has proven impractical for these
and for logistic reasons.,

Pressure and Resistance

The optimum conditions of densification are ob-
tained by a balance between the pressure applied on a
material and the resistance opposing it. Residual
compression stresses must be opposed by wire or plastic
ties, or relieved by adhesion.

Compression tests are a useful first step in de-
signing densification equipment., Maximum pressures
required for the desired springback or bound densities
can be obtained in a ram compression chamber if heat and
moisture levels are also simulated. A test on flax tow
demonstrated that 100 psi (0.7 MPa) ram pressure would
be required to make 16 Lb/CF (256 Kg/m3) wire bales.

In practice most field balers which exert 50 psi (0.4
MPa) on dry fibers or straw produce 8 to 10 Lb/CF bales
(128-160 Kg/m3); 100 psi (0.7 MPa) balers make 13 to

18 Lb/CF (208-288 Kg/m3) bales on dry fibers and straws.
Even at these low pressures too much moisture in resi-
dues like peavines can overheat the bale in storage to
cause spontaneous combustion.

Cubes, pellets and extruded IOES or briquettes
require much higher pressures to take advantage of
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PRESSURE TO BALE STRAW OR FIBER
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thermoplastic binding. Cubers and pellet mills exert
1000-3000 psi (7-20 MPa) on the material, ram or screw
extruders may be higher. System pressures extend up
from 6000 psi (42 MPa).

Pressure alone does not densify. The high momen-
tary pressure of pocket wheel briquetters is useful for
easily compressible materials with high levels (30%) of
glue. Charcoal briquettes are about one-third starch.
But there is not sufficient residence time at adequate
temperatures and pressures to bind straw.

Precompression is also useful in densification.
Field and stationary balers use methods of precompres-
sion.

We used gear cubers for precompression and proc-
essing export feed cubes. The Japanese customer
required long fiber in this product at high densities.
NaOH was used as a binder and lubricant. Dry straw was
chopped and treated with H20 and NaOH. This mix was
cubed with the alkaline hydrolysis taking place in the
cuber. The warm product (16 Lb/CF - 256 Kg/m3) was
packed in 88 Lb (40 Kg) charges into a ram extruder.
Each charge was extruded intg a burlap bag. The bagged
product (42 Lb/CF - 673 Kg/m3) was allowed to cool and
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evaporate excess moisture (heating continued for 2 to 3
days) before loading. Extrusion pressures on the straw
reached 800 psi (5.5 MPa).

Power Requirements for Densification

We have assembled the following information from
experience and from manufacturers. Equipment is usual-
ly sized by experience on forage feeds. Willson ex-
plored thermodynamic limits for wood pellets (9) and
arrived in the 50-100 HP/Ton/Hr range we find in the
field.

Power economies can be made in densification as in
other processes by proper attention to material size
and composition, moisture application, blending, mate-
rial orientation and feeding, and sizing electric
motors. Power requirements for the entire production
system are usually two to three times that of densifi-
cation alone.

Demand ranges from 37 to 100 KW/Ton (133-360 MJ/T)
for densifiers and 55 to 240 KW/Ton (198-864 MJ/T) for
a densified product.

Power Required for Densification

Densifier Only Total System*
Connected HP KWH/Ton

Method HP/Ton KW/T

Field Collection #
Stacks and Bales 5-15 4-11 0.5-0.9gal
Hammermill Straw

to 1/2" 30 22 40

to 1/8" 50-60 37-45 55-75
Cubers

Straw + NaOH 50-75 37-56 55-80
Hay or Corn 50 37 110-120
Straw + Hay 60 45 120-130
Cotton Gin Trash 80 60 135-140
Straw + 10% Binder 100 75 180
Pellet Mill - Ring Die

Straw + Binder 50-85 37-64 90-120
Preheated Bark + Wood 40-60 30-45 70-140
Ambient Bark + Wood 100 75 80-110
Extruders 80-130 60-95 80-240

*Includes material preparation and auxiliary
motors, less mobile fuels in plant.

#Gallons diesel @ 140,000 BTU/gal; 20-37 KW
thermal (74-133 MJ). 1 KWH = 3.6 MJ.
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The Densification Balance Sheet

The overall energy efficiency of densification
systems may be misleading. Only 10 to 25% of input
energy is lost in making a biomass fuel pellet, even
if electrical energy is thermally generated from the
same residue when used as feedstock.

In processing sawmill residue, wet bark has to be
dried and ground. Some agricultural residues such as
straw must be ground and treated or combined with an-
other material as a binder in order to be cubed or
pelleted for use. Drying and grinding bark, or grinding
and treating straw are processing costs that result in
similar overall process plant costs for these two very
dissimilar materials. Both are abrasive, requiring
extra equipment maintenance expense.

Capital costs and overhead vary among producers,
and include expected return on investment. Fuel and
power vary geographically. Labor and maintenance are
significant processing cost factors as shown in the
rough cost array that is a result of our experience with
cubing and pelleting systems for various residues.

Raw material costs for sawmill residues such as
bark, and agricultural residues such as straw, do not
include any value for the materials. Straw cost does
include baling, however. Production is based on 6 TPH.

$/Ton _%7

Capital (including 20% ROI) $8.50 35%
Fuel and Power (incl. 105-112 KWH/T) 5.50 23
Labor 4.50 19
Repair and Maintenance 4.00 17
Overhead and Supervision 1.50 6

Total Processing Costs $24.00 100%

Per Ton of Dry Product
BarX)) $/MBTU Straw $/MBTU

(Sawvmill
Raw Materials $13.00 $0.77 $35.00 $2.33
Processing $24.00 1.41 24.00 1.60
Total Cost FOB $37.00 $2.18 $59.00 $3.93

The minimum cost of feed pellets of seed cleanings
is $40/T or $2.67/MBTU. Fuel pellets of bark are sell-
ing for $38/T delivered, $2.24/MBTU; the sale price is
close to our cost shown above. Direct cost of gather-
ing and bringing field and forest residues to some
point where they can be processed is between $1.50 and
$2.40/MBTU. It appears that we must concentrate on the
lower cost mill residues and wait for market changes to
stimulate collection and densification of field and
forest residues for industry.
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Conclusions

The least densification and the most direct use of
agricultural or wood residues makes the most sense from
an energy and economic point of view. We recommend
that residue producers or users look closely at their
raw materials and design combustion processes around
low density, low energy processes, which combine
residues for their highest and best use.
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Replenishable Organic Energy for the
21st Century

JOHN L. STAFFORD and ANDREW D. LIVINGSTON
Guaranty Fuels, Inc., P.O. Box 748, Independence KS 67301

During the past several years, the "Economic Feasibility" and
the '"Technical Feasibility" of a biomass derived fuel source has
been argued and generally concluded. Certainly the '"Technical
Feasibility", limited in definition to the answer to the question,
"Can it be done with existing techniques?", is established. Many
studies have been exercised to address the question of the econom-
ic justification of a commercial operation for the purpose of pro-
ducing a specification fuel derived from biomass raw material.

The answers assembled by these studies have differed because the
assumptions used to define the question have been different. A
recently encountered expression, used in description of an entire-
ly different human effort, is nevertheless appropriate in the con-
text of human effort in general; '"...while not perfect...is
probably as near to perfection as possible.' There must come a
time in the development of an enterprise when an end to study is
called and the proposal subjected to a test. The feasibility of
the densification/refinement of fuels from residual biomass
sources is currently being tested.

The Guaranty companies are engaged in this "Feasibility"
test, The quotation marks used are for the emphasis that the
technical feasibility and economic feasibility are for this dis-
cussion separated, when in truth they cannot be. There are
natural laws which govern the behavior of materials and processes
of science. These laws are not invented nor created but are dis-
covered., There are within our economic system a set of analogous
"natural laws", Efficient production and delivery of goods is
provided by one of these natural laws of the economic system. A
statement of this law is: ''‘Nothing happens until something is
sold." Sold means that the two or more parties involved in the
proposal are satisfied and agreed that it is to their mutual
benefit to consumate the proposal. The "Feasibility Test" is not
to examine the conclusion drawn from specific hypotheses, but to
test the existence of those pretexts. Guaranty Fuels, Inc., was
formed to test the feasibility of a commercial enterprise produc-
ing densified biomass fuels. The companion company, Guaranty
Performance Co., Inc., having determined to the limits of its own
definition of the diminishing return of investigative study, that

0-8412-0565-5/80/47-130-195$05.00/0
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the process is 'Technically Feasible".

Ultimate technological development of the refining of biomass
fuels is a long way from conclusion. It can and is being done.
The first commercial embodiment by necessity has adapted many
existing process technologies. The drying and suspension burning
of biomass are two examples of proven technology that have been
immediately incorporated. Size reduction by hammermill and dens-
ification by pellet extrusion are current techniques. Improvement
and optimization of these consecutive steps are under development.
OQur entry into the business of refined biomass fuels is in hind-
sight viewed ingenuous. How else could we attempt to produce a
specification, refined fuel product with no receiving specifica-
tion for raw materials? The refining process removes the more
troublesome variables of moisture, density, and particle size, but
energy will not be contained in the product unless it was first in
the raw material. The raw material source has a pronounced effect
on the overall system production capacity and the product quality.

Benefits of the Use of Densified Biomass Fuels

Burning refined, woodbased fuels in existing boilers allows
immediate benefit to the operator by reduced emission of particu-
late that for stoker fired systems has demonstrated to be within
state air quality limits. No costly conversion is required since
existing stoker systems are used unchanged and pulverized coal
systems require minimal change. The inconvenience of "hog fuel'
or green wood chips mainly derives from material handling problems
that result from a minimally specified fuel. Refined fuel pellets
provide a convenient, uniform fuel which meets property limits
specified by the fuel supply contract. Thus the operator may
anticipate the fuel properties and burning characteristics.

It has been estimated that 50% of the energy needs of large
industrial users, typified by currently coal-fired 250,000 pound
per hour steam generators, could be satisfied by wood sources that
are now wastes, an environmental burden. The use of these wood
fuel sources in substitution for the coal now burned would reduce
sulfur dioxide emission in proportion to the degree of substitu-
tion without increasing smog forming nitrous-oxide or particulate
emission. These waste wood sources may be collected, processed by
refining, and conveniently supplied.

Atmospheric pollutants are reduced by the large scale employ-
ment of the biomass refined fuel program through first- and
second-order effects. The reduction of fuel burning source emis-
sions has been cited and is the primary effect. The waste mater-
ials that without the program would have remained an environmental
burden, would also have been allowed to be destroyed by decomposi-
tion, rot, or combustion. The only controls imposed of these
processes are so as to contain them within an assigned area. The
contribution of these processes to atmospheric pollution are being
studied by others and thus far have exposed at least one interest-
ing datum: Carbon monoxide contribution by the minimally control-
led combustion of biomass has been much greater than would be

In Thermal Conversion of Solid Wastes and Biomass; Jones, J., € a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



Publication Date: August 29, 1980 | doi: 10.1021/bk-1980-0130.ch015

15. STAFFORD AND LIVINGSTON Replenishable Organic Energy 197

predicted by data recently published by the EPA. This CO in the
atmosphere reacts rapidly with the hydroxyl radical, OH. Since OH
reacts with nearly all pollutants, and thereby '"cleanses" the
atmosphere, the role of CO is then to "use up" the available OH
and allow the accumulation of other pollutants. The controlled
combustion of biomass refined fuels, derived from these otherwise
waste sources, completes the oxidation of carbon, and this is the
second-order effect. The conversion of wastes to refined biomass
fuels benefits the atmosphere's natural function of cleansing
itself.

Densification Plant Processes

Basic process steps in the production of ROEMMC® fuel pellets
are DRYING of the wet raw material, SIZE REDUCTION of the dry mat-
erial, and DENSIFICATION of the dry, fine material. The thermal
energy for the drying process is derived from the combustion of
fines separated from the dry, fine material. The only external
energy input to the production of pellets is electrical. The
hardware embodiment of these processes is described in these para-
graphs, as employed in the Stillwater, Minnesota, plant. This
plant was designed to have an output production rate of 150 tons
per day, continuous operation.

Densification is accomplished by a 300 HP California Pellet
Mill Model 7162-3. The pellets are formed by extrusion through
nominally 3/8 inch diameter radial holes in a cylindrical die.
Pressure is exerted on a "pad" of the material to be demsified by
rolls which have fixed shafts. The pellet die rotates about the
pressure rolls. Pellet length is controlled by a "cut-off" knife
positioned to clip the pellets as they exit the rotating die. The
exiting material stream from the pellet mill is mechanically lift-
ed to a pellet cooler, which discharges to a screen to remove
under-size pellet pieces and fines. The fines and pieces are
recycled to the pellet mill infeed system. Finished pellets are
conveyed by high pressure air system to tank storage.

Size Reduction is by grinding through a screen using a 300 HP
Champion Model 18304 '"Magnum' hammermill. Screen opening sizes
ranging from 5/64 inch diameter to 1/4 inch diameter have been
used. Ground material from the hammermill is conveyed by air to a
cyclone receiver on the pellet mill infeed system. Fines are
separated from this material stream by screening to be used as dry
fuel.

Drying of the wet raw material is performed in a Guaranty
Performance Co. 10 feet diameter by 32 feet long, three-pass rot-
ary drum dryer. Dry material is conveyed in the dryer exhaust
gases to a cyclone receiver which discharges into the hammermill
infeed system. Drying is accomplished primarily by convection
heat transfer between the hot dryer gas and the drying medium
(solids). The hot dryer gas is produced by the combustion of the
fine material screened from the hammermill output, in a cyclonic
suspension ROEMMC burner system., The burner in this application
is a wood-fired air heater.
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Heterogenous Biomass Raw Materials

The nature of the raw materials for biomass residue derived
fuels is certainly heterogenous. This is somewhat demonstrated by
the size distributed fuel properties of Peanut Hulls., Table I
lists the fuel analyses of samples prepared by sieve separation.
This material leaves the peanut processing plant with a relatively
low moisture content, average value for the reference sample is
7.83%. Weather protection during transportation and storage would
preserve this low moisture and may eventually, but cannot current-
ly be assured. Occasionally a simple process step can be employed
to significantly upgrade the product. In this instance, by screen
separation, a major portion of the non-combustible fraction (ash)
can be removed while sacrificing a small portion of the fuel heat-
ing value. A three-way screening operation is invisioned that
would separate the raw material stream into: 1) Large size for
densification processing, 2) Intermediate size for process
(dryer) fuel, and 3) Undersize to be discarded. The components,
from an ideal screening process would result in the material
streams listed in Table II. Discarding half the raw material ash
content may be accomplished for 5% of the heating value. Although
higher moisture, the intermediate '"cut" is still an acceptable
dryer fuel,

TABLE 1
PEANUT HULLS, FUEL ANALYSIS DISTRIBUTION BY SIZE
Fraction Heat
Passing Retained Total Value
US No. US No. Weight Moisture Ash  BTU/LB
8 .710 .0676 .0277 8015
8 16 .102 .0689 .0311 7920
16 30 .061 .0669 .0498 8110
30 50 .068 .1585 .1928 6971
50 100 .051 .0367 .4521 5026
100 .008 .0313 .6375 3385
Average .0783 .0672 7750
TABLE II
THREE-WAY SPLIT, PROCESS MATERIAL STREAMS
Stream Component Stream Analysis Fraction Total Analysis
Final Use Moisture Ash Heat Value Mass Ash Heat Value
Product .07 .03 7970 .778 .325 . 800
Dryer Fuel .11 .08 8070 143  .175 .150
Discard .07 .43 4970 .079 .500 .050

Densified biomass fuel in the form of extruded pellets have
been produced from a variety of raw materials and by systems that
vary the sequence of process steps from that described herein.
These variations in the processes should have little effect on the
composition of the combustible fraction of the product pellets, A
survey of fuel properties of a number of these fuel pellets is
illustrated in Figure 1. When the moisture and ash are removed
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Figure 1. Pellet fuel analyses
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from the fuel, the balance is combustible material. As the
moisture + ash fraction of the fuel increases, the "as-fired"
heating value on a "moisture-free and ash-free basis' might be
expected to be fairly constant on the assumption of a simple mix-
ing theory. The data of Figure 1 would suggest, however, that the
addition of moisture and ash content is accompanied by a loss in
the moisture- and ash-free heating value. This effect would
result for the degradation of the fuel raw material by partial
oxidation of the combustibles. Some of the samples analyzed for
the Figure 1 survey were of pellets produced from sawdust raw
material taken from the bottom of the sawdust discard pile of a
saw mill. These had obviously suffered some decomposition. Fuel
analyses of these samples support the partial oxidation
hypothesis.

Process Equipment Capacities

The dryer air-heater system was somewhat over-sized for the
evaporation load imposed by the average 457% moisture wet raw
material. The significant adjustments made were those required so
that the dryer would be able to induce all of the "low-fire'" pro-
ducts of combustion. A fundamental principle of the burner design
is the control of the combustion chamber gas temperature in order
to prevent the melting or fusion of the solid non-combustible
(ash). The burner system includes a refractory-lined cyclone
furnace from which the dry ash is removed. The control of the gas
temperature to avoid slagging is accomplished by the use of large
amounts of "excess' combustion air. Although there is no thermal
efficiency loss for this air-heater application, there results a
large quantity of gaseous combustion products that the dryer
system must be able to totally induce for there to be no thermal
loss. The dryer exhaust fan was sped-up to further aid the system
in using all the product gases.

A necessary compromise has been suggested for the optimum
boundary conditions to impose on the hammermill and pellet mill
systems. Hammermill horsepower should be reduced by drying the
material to a lower moisture and by the use of a larger hammermill
screen opening. Both of these adjustments are expected to reduce
the quality and production throughput capacity of the pellet mill.
The original arrangement of the plant was to dry the infeed
biomass, grind it, and accumulate the ground material in a surge
bin. Material was metered from this bin to the pellet mill and as
fuel to the dryer air-heater. It is generally accepted that the
ground material for pelleting should be produced by grinding
through a screen with openings less than the pellet diameter, and
that extreme fines are not sufficiently compacted in the pellet
mill. Smaller particle size production from the hammermill may by
virtue of the greater specific energy input produce a greater
moisture reduction associated with the size reduction and this may
contribute to the failure to compact the extreme fines.

Production experiments were performed to demonstrate the
effect of ground material size on the pelleting operation. Pellet
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quality was determined by judgement of pellet demnsity, hardnmess,
durability, and flowability. Pellet approximate length and visual
appearance indicate combinations of desirable properties. 'Good"
pellets appear shiny, slick, or smooth, while 'Bad" pellets are
dull finished, rough, or scaly. Near optimum pellet length is 3
to 4 times the pellet diameter. Ground material particle size was
adjusted in steps by replacing the grinding screen in the hammer-
mill. Screen opening diameters of 5/64, 1/8, 3/16, and 1/4 inch
were used. Pellet diameter was 3/8 inch. In general an optimum
hammermill screen opening size was not demonstrated. Although an
optimum of 3/16 inch diameter was indicated for one species of
bark material, most materials demonstrated continuously improved
pellet quality and horsepower economy for larger screen opening
size.

The particle size experiments demonstrated pellet quality was
improved by larger sized particles. The dryer energy source,
cyclonic suspension burner, prefers small size particles with
rapid ignition and short residence requirement for complete com-
bustion. Therefore, the best material for each process, pelleting
and suspension burning, is produced by screening the ground mater-
ial. Currently the dry material is ground through a 1/4 inch
diameter hammermill screen opening and separated by a 22 mesh
screen into dryer fuel and pellet mill feed streams.

Some further relief of the hammermill would be achieved by
performing this separation before the hammermill. A second unit
or a replacement unit of greater capacity may have to be the
solution of what now appears to be the plant '"bottle-neck'. This
arrangement of pellet mill infeed properties permits the pellet
mill to operate slightly in excess of the plant design throughput
rate for the short period allowed by the surge bin feeding the
pellet mill. It is believed that the pellet mill would be capable
of maintaining very near the design production rate on a daily
average basis. An average rate of 120 tons per day is used in the
cost references to follow.

User Experience with Densified Biomass Fuels

Densified fuel pellets may be used as boiler fuel in place of
coal in stoker-fired furnaces. Direct substitution of fuel pel-
lets was demonstrated in two informally reported instances with no
furnace adjustments. The particulate emission from each of these
installations were monitored with the emission rate results shown
in Figure 2. As a comparison, the North Carolina Administrative
Code allowable particulate emission rate schedule (a function of
heating rate) is also shown. The environmentally acceptable part-
iculate emission contributes to the economic justification of the
conversion of small-to-medium size steam generators to the use of
pelleted biomass fuels. Two such installations are now using
pelleted fuels on a routine basis, and a third has concluded the
economic benefit by entering into a contract agreement to purchase
pelleted fuel.
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Pulverized coal-fired steam generators should experience sim-
ilar emission rates as the ROEMMC burner which is a cyclonic sus-
pension burning system. Several emission tests have been perform-
ed on the demonstration burner unit in Independence, Kansas. The
results of these tests are shown in Figure 3. For these tests the
burner system was operated without the recovery of energy from the
gaseous products of combustion. Emission sampling was done in
the relatively high temperature gas stream exiting the cyclone
furnace.

Production Costs Considerations

The "Feasibility Test" being conducted must demonstrate for
success that a market may be established for the raw material that
competes with the alternative uses or disposition of the material.
This market will define a schedule of raw material prices such as
is indicated by Table III, At the same time, a successful test
result will demonstrate that the product densified fuel competes
with alternative fuels, establishing a product sales price on the
order of the Table IV invitation. Between these schedules, there
must be the money to accomplish the physical processing and at-
tract the financing. The "test" is not to presume either of these
schedules, but to demonstrate the three-fold mutual benefit: 1)

A market for the raw material, 2) An attractive investment, and
3) An acceptable price for the product energy.

TABLE III
RAW MATERIAL
Guaranty Fuels, Inc. shall purchase sized wood and other biomass
materials on the following conditions:
. Must be delivered in self-unloading trucks (5 ton or over).
. NO metal, glass, rocks, or dirt shall be in materials.
. All material must be 3 inch all sides or less.
. Moisture in material must not be over 55%
A scale ticket must come with each load.
Price per ton: Sawdust (Wet)....eeessosososancecoccesssa95,00
Whole tree ChipS..eceeccesssvsosesocssss$6.00
Bark (hogged)..ceeeeeeevrssesascsoaseosssa$3.00
Dry hogged WoOd..vssssssesssasocssnsesssd6.00
Sawdust (ATY)eeveeecsessavosacssssssess.56.00
7. Terms: Invoiced, paid weekly.

[ )W RS NN S

The production cost break-down itemization includes, in
addition to the above indicated cost of raw material and cost of
financing, the cost of energy for the process, labor, maintenance
and repairs, insurance, taxes and royalities. These costs have
been variously listed in the study reports. Estimates range from
approximately 15 dollars per ton to over 20 dollars per ton of
finished product. It is not the purpose here to present a detail-
ed balance sheet or income statement. There has been far too
little operating time of the Stillwater plant to establish the
long-term costs yet, The replacement of machine parts has been a
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result of speed changes to evaluate capacity, system rearrange-
ments, and so forth in addition to the replacement of worn or
broken parts. The production status of the plant has been depen-
dent on the status of the negotiations required to establish the
balance suggested by the price schedules of Table III and Table
IV. This aspect of the operation has settled down a bit and a
longer run of experience operation is now under way.

TABLE IV
SALE OF ROEMMC FUEL PELLETS

Specifications:
BTU per pound..voveeeeeececccesennnsssssss8,200 Average
MOIStUTE.eeeevneeeressenncscenssnnssenssssol0% Maximum
ASh. . iiiininneeieeeesonnnnenosssossesesssssdl Maximum
Density (LB/CF).uiuivcrevocesnsnsnsessesess38 Average
Fines (by weight).v.vevereeernceonenocesessd?

Price:
Are F.0.B. Bayport, Minnesota
On Contract, 10 ton or more per day........$31.00 per ton
NO Contract, 1 to 10 ton.....cvevevevvee....$35.00 per ton

The energy costs, for the plant as defined, are more easily
established. A long run of operation is not required to yield a
fairly good idea of the production capacity of the given equipment
arrangement. It was stated before that the production capacity of
the plant, dependent to a degree on the specific raw material, is
120 tons per day sustained operation. Thermal energy requirement
for the process is supplied by the combustion of fines separated
from the process. The externally supplied energy is electrical
power. A total of 1114 connected horsepower is distributed among
the production subsystems (Table V).

TABLE V
HORSEPOWER DISTRIBUTION
Connected Running
Horsepower Amperes
Dryer System 140.5 161.5
Burner System 88.5 103.
Hammermill System 378. 423.,5
Pellet Mill System 378.2 413.5
Storage Transfer 87.5 47.5
Air Quality System 16. 15.2
Utility Systems 25.3 32,5
TOTALS 1114.0 1196.7

Air quality influence is actually somewhat greater since the
collection equipment imposes additional pressure loss on the air
systems. The listed running amperes are for a normal load on each
of the affected motors. As such they represent a typical motor
current total, adding to about 907 of the nameplate amperes.
Electrical energy demand represents an energy account of 2.5 mil-
lion BTU per hour. On a specific unit of production basis using
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the 120 tons per day capacity, this is:

222.8 HP hours/finished ton, or
0.5 million BTU/finished ton.

Two significant differences exist between densification pro-
cesses available today. Pelleting and Cubing are extrusion
processes relying on the forces of friction at the extrusion die
surface to compact the material. Another process of Briquetting
uses the force between opposed roll-dies to compact the material.
Comparison production tests were performed using the roll-die,
briquetting machine. Two series of briquetting machine runs were
performed, one on a small sample shipped to the machine manufact-
urer, and a more extensive test with the machine on-loan at the
Stillwater plant. Energy costs were no greater per ton of finish-
ed product. Further tests may demonstrate less energy cost than
for the pellet mill operation. The finished product was accept-
able for air system transfer and tank storage. Maintenance and
wear costs require considerable conjecture for comparison at this
stage.

The urgency of conversion from fossil-based energy sources is
in order to prepare for the inevitable depletion of these non-
renewable sources. Preparation and orderly conversion to renew-
able energy sources may forestall the panic-stricken scramble for
depleted sources within the next decade. The United States Cen-
tral Intelligency Agency projects world demand for oil to reach
production capacity in the next few years. Sharply rising price
will effectively ration available supplies without regard for
Middle-East politics or balance-of-payment. The supply of biomass
to support the process densification/refinement described herein
will not support the energy needs of all the steam production of
this country. The use of these fuel pellets may not prove to be
the best alternative source for everybody. The direct combustion
of biomass fuel pellets may eventually be opposed as a poor use of
the feedstock, supported by second-law arguments. The course we
take as individuals must be according to our visionary aptitudes.
For the present, for the economic conditions and technology exist-
ing as the depletion of fossil sources is felt, Densified Biomass
fuels have been and are gaining in acceptance as a means of limit-
ing the ever escalating cost of energy with environmental accept-
ance.
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Gasoline From Solid Wastes by a
Noncatalytic, Thermal Process

JAMES P. DIEBOLD
Naval Weapons Center, China Lake, CA 93555

The need to use organic wastes as an alternate feedstock for the production of
petrochemicals and/or gasoline is becoming increasingly apparent as existing oil
fields become depleted and new oil is found primarily at greater depths and/or
further out at sea. The relative value of crude oil has risen very sharply in the 1970s
and is widely predicted to continue to do so. Solid organic wastes as boiler fuels will
compete only with coal and will not be as economically attractive as if they were an
oil substitute. Consequently, the conversion of organic wastes and biomass into
synthetic liquid hydrocarbons could serve to greatly reduce the dependency on
foreign oil of the United States as well as that of a great majority of the Third World
nations which are very capable of growing biomass. The economics of the process to
be described are relatively attractive now and will improve as the price of oil escalates.

Several different processes have been proposed for the conversion of solid
organic wastes to a more usable liquid or gaseous form to be utilized as fuel or
petrochemical feedstocks. Principally the commonly discussed processes involve the
biological conversion to alcohols, the catalytic chemical conversion to methanol or
Fischer-Tropsch liquids via a carbon monoxide and hydrogen synthesis gas, or the
thermochemical formation of gases or oxygenated liquids by pyrolysis. Pyrolysis is
defined as the decomposition of organic material at elevated temperatures. The
process to be described uses a very special case of pyrolysis.

The China Lake process employs an adaptation of the petrochemical pyrolysis
process used to crack hydrocarbon oils to make primarily ethylene with some
propylene, butylene, and aromatic by-products. However, rather than using crude
oil or naphtha as the feedstock, the process uses oxygenated feedstocks such as
municipal solid waste which is primarily cellulosic in nature. This results in pyroly-
sis gases containing similar product distribution of hydrogen, ethylene, methane,
propylene, butylenes, and aromatic compounds, but with carbon oxides also present.
After purification of the pyrolysis gases, the olefinic products (ethylene, propylene,
butylene, etc.) may be used in the same manner as if they had been derived from
petroleum feedstocks. Of course, the yield of olefins per unit weight of oxygenated
cellulosic feedstocks is lower than that obtained from the hydrocarbons found in
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petroleum feedstocks. The advantage of the process is that organic wastes and
biomass materials are renewable resources that are found or can be raised within
many countries which now must import the hydrocarbons they need for transporta-
tion and petrochemical feedstocks. The widespread implementation of this process
to form olefins from cellulosic materials could serve to slow the dramatic rise in
crude oil prices. With the product distribution available by very rapid and selective
pyrolysis, a wide variety of petrochemical products can be made with existing tech-
nology such as the catalytic formation of alcohols, polyethylene, polypropylene, or
gasoline by the polymerization of the olefin mixture.

Most of the effort at China Lake was directed toward demonstrating, at the
bench scale, that polymer gasoline could indeed be made noncatalytically from the
olefins formed by the selective pyrolysis of municipal solid waste (MSW). Funding
for the bench-scale demonstration was provided by the Industrial Environmental
Research Laboratory (IERL) of the Environmental Protection Agency, beginning in
1975 (EPA-IAG-D6-0781).

The China Lake process to make polymer gasoline from trash involves: (a) the
selective pyrolysis of finely ground organic wastes to form gases containing the
desirable olefins; (b) the compression and purification of those gases to concentrate
the olefins; and (c) the noncatalytic polymerization of the olefins to make a synthe-
tic crude oil containing about 90% high octane gasoline, with some fuel oils and
lubricating oils as the by-products. All char and by-product fuel gases formed such
as hydrogen, carbon monoxide, and methane would be consumed for process
energy.

Selective Pyrolysis to Olefins

Equipment. The pyrolysis reactor that evolved in this program is one in which
the residence time is minimized by exposing the feedstock to the pyrolysis tempera-
ture in such a way as to have extremely high heating rates; i.e., an entrained flow
reactor using a powered feedstock having a particle size on the order of 250 um
(about half the size of table salt). The evolved bench-scale reactor consists of a
2.5-cm screw feeder to meter the feed. As the feed is metered to the reactor,
a carrier gas (normally carbon dioxide) fluidizes it and pneumatically transports it to
the steam ejector. The steam ejector pumps the entrained particles into the pyroly-
sis reactor which consists of a long stainless steel tube 1.9 cm in diameter. Reactor
lengths of 2 and 6 meters have been evaluated. The pyrolysis reactor tube was
formed into a helix having a diameter of about 38 cm. This compact reactor is
located inside of a gas fired kiln formed by loosely stacking foamed alumina insula-
ting blocks. Rather than using electricity as the energy source for such a small system,
a gas-fired kiln was used to demonstrate that the needed heat transfer rates into the
tubular reactor were attainable in this fashion. The kiln temperature in the pyrolysis
reactor zone is normally 100 to 200°C higher than the temperature of the pyrolysis
stream at the reactor exit. After the pyrolysis stream exits the reactor it passes to an
8-cm-diameter cyclone separator which removes most of the char. The gaseous
stream then passes to the water quench drum to precipitate the tar vapors and
steam. After an additional scrubbing step, the gases pass either to the flare for
disposal or to the compressor after filtering. The pyrolysis reactor is operated at
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atmospheric pressures. The cleaned pyrolysis gases are analyzed with an automated,
multicolumn gas chromatograph capable of analyzing for the hydrogen, carbon
oxides, and hydrocarbons up through pentane. The pyrolysis system schematic is
shown in Figure 1.

Experimental Results. Selected experimental results from pyrolyzing material
derived from municipal solid waste (ECO II by Combustion Equipment Associates)
are shown in Table I. The ECO II used contained about 10% ash by weight. As
can be seen, the pyrolysis experiments were characterized by reactor exit tempera-
tures of 700 to 840°C, relatively dilute conditions of 55 to 172 grams of dry feed
per cubic meter of pyrolysis gas stream at the reactor exit conditions, and short
residence times of 42 to 195 msec. The residence time was estimated by assuming
that: the entrained solids had the same velocity as the turbulent gases; the pyrolysis
gases were formed at the entrance of the reactor; and the gases attained the exit
temperature at the entrance of the reactor. Due to the relative dilution of the
pyrolysis gas stream, the last two assumptions would not be expected to result in
large errors in the residence time. Although the residence time was not a rigorously
derived parameter, it is indicative of the relative times involved.

Attempts to correlate the data in Table I with pyrolysis temperature, moisture
content of feed, feed rate, and ratio of carrier gas to feed did not produce major
trends. It was noted, however, that the dilution of the pyrolysis gas seemed to have
a very significant effect on the amount of desirable hydrocarbons formed as shown
in Figure 2 for the 6-m coil and in Figure 3 for the 2-m coil. The 6-m coil produced
slightly better results at less dilute conditions than the 2-m coil, possibly due to
more complete pyrolysis of the larger feed particles. There did not appear to be an
advantage to residence times less than about 150 msec, although previous experimen-
tation in which the pyrolysis gases were held for about 5 seconds at the pyrolysis
temperature indicated an increasingly rapid disappearance of the propylene and
butylenes at temperatures above about 725°C.1 In fact, the small propylene and
butylene contents decreased at the higher temperatures even with the shorter
reactor.

The correlation of olefin production and dilution shown in Figure 2 for the
6-m coil is better than that shown in Figure 3 for the 2-m coil. This is probably
because the 2-m reactor data are more extensive and, therefore, differences in the
feedstock composition and particle size due to stratification of the heterogeneous
MSW in the barrel would become more important.

Carbon monoxide was the predominant gas specie by weight in the pyrolysis
gases. For this reason, it was chosen for a basis of comparison to determine if the
other gaseous products varied substantially relative to each other. Table II shows
the molar quantities of the gaseous pyrolysis products relative to carbon monoxide.
Interestingly enough, these ratios of products are considerably more constant than
the overall yields per unit weight of feedstock. The most consistent ratios were those
of carbon dioxide, methane, and ethylene; although it should be noted that the
carbon dioxide consistency was based on a sample size of only three experiments
whereas the rest of the data was based on 53. (Since substantial amounts of carbon
dioxide carrier gas were often lost in the feeding system, the vast majority of the
experiments were unsuitable for the generation of quantitative carbon dioxide data.)
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Figure 1. Pyrolysis schematic (12)
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TABLE II. Gaseous Pyrolysis Products; Molar Ratios and Weight - Percent.

Product Product, moles/moles oy %% N Volume, Weight,
co X percent percent
CO 1.00 - . . 45.6 50.8
Hy 035 0.08 0.23 53 16.0 1.3
CoHy 0.28 0.05 018 | 53 12.8 14.2
CHy 0.24 0.04 0.17 53 11.0 6.9
CO, 0.16 0.02 0.13 3 7.3 12.7
C3Hg 0.045 0.015 0.33 53 2.1 34
CoHy 0.035 0.010 0.29 53 1.6 1.6
C4Hg 0.028 0.011 0.39 53 1.3 2.9
CyrHg 0.019 0.005 0.26 53 0.9 1.0
Cst 0.031 0.022 0.71 53 14 5.2

= standard deviation.

coefficient

sample size

of variation
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Compared to the ratio of ethylene to carbon monoxide, the ratios of acetylene,
ethane, propylene, the butylenes, and the C'5'+ C .+ fraction (presumed to be aroma-
tics), and hydrogen to carbon monoxide were more variable due to their tendency
either to form secondary products or to be secondary products.

The consistency of the pyrolysis gas composition suggests that those pyrolysis
conditions which favored ethylene production were actually favoring the overall
production of all gases. In Figure 4 it is seen that the same parameter that favored
ethylene production did indeed also favor overall gasification. However, since the
amount of char formed (including about half ash) was fairly constant at 20 + 5% by
weight, the unmeasured amount of tars, water, and water soluble organics presuma-
bly varied accordingly to close the mass balance.

The average overall empirical formula for the gaseous pyrolysis products is very
nearly the same as that for the ECO II feedstock. In fact, if the feedstock were to be
completely gasified to the observed gaseous products, the elemental balances would
be 95% closed for hydrogen and 106% closed for oxygen. This implies that the
other pyrolysis products in the form of char, water, tars, and water soluble oxy-
genated organics would also have the same overall chemical composition as the
feedstock. If the dry, ash-free feedstock were to be completely pyrolyzed to the
same average gaseous products, the ethylene yield would be 14% and the Cy+ yield
would be 28% by weight. These approximate yields are predicted as maximum
yields at infinite dilution as can be seen in Figures 2 and 3.

Discussion. Pyrolysis of cellulosic materials appears to proceed via several
different concurrent competing reactions whose relative rates are very temperature
dependent. At low temperatures the predominant reaction is one of dehydration to
form char and water vapor. At intermediate temperatures, the predominant reaction
is chain cleavage to form levoglucosan tars. However, above 650°C the gasification
reactions to form combustible volatiles predomjnate.2 These combustible volatiles
include hydrocarbons, oxygenated organics, carbon oxides, and hydrogen. The
change from the tar forming reaction to the gasification reactions is accompanied by
a change in activation energy from 25 to 14 kcal/mole and the pre-exponential
factor is reduced from 2.64 - 105 sec—! to 3.0 - 103 sec—1. Apparently the reac-
tions are still first order.3 Of primary interest to this program were the hydro-
carbons. The data generated in this program revealed that when the pyrolysis
system was dilute, significantly more gases were produced. These gases had a
relatively constant composition, although secondary reactions could shift the
composition of some components. The overall elemental composition of the gases
was remarkably similar to the feedstock. This indicates that the gasification reaction
itself has at least two major competing reactions: (a) to form gases; or (b) to form
relatively stable oxygenated compounds (many of which would be water soluble) as
shown in Figure 5.

Gasification of an organic molecule involves the extensive rupturing of the
original bonds to result in smaller molecules and/or fragments of molecules called
free radicals. As the original molecule is heated, low level energy surges are thought
to be traveling up and down the molecule. When the surges collide at a random
location, sufficient energy would then be present at that random location to rupture
the bond. If the material is heated slowly to an intermediate temperature, the
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energy surges could perhaps gain slowly in intensity until the weaker bonds would
be more selectively ruptured to form the levoglucosan tars widely reported. However,
with rapid heating perhaps many larger energy surges are transferred to the molecule.
The probability of random chain scission is thus increased, and the relative importance
of levoglucosan as a pyrolysis intermediate is decreased. In any case, whether or not
levoglucosan is a significant intermediate, it is thought that, at the thermal conditions
employed in the process, the pyrolysis products very rapidly form a primordial
cloud of small molecular fragments or free radicals, many of which are oxygenated
hydrocarbons as shown in Figure 6. If the reaction conditions are at relatively low
pressures and are dilute (low partial pressures), the free radicals are hypothesized to
further pyrolyze with the formation of hydrogen and hydrocarbon free radicals as
well as carbon oxides. The hydrogen and hydrocarbon free radicals would then
randomly combine to form hydrogen, methane, ethylene, propylene, etc., as shown
in Figure 7. At pyrolysis temperatures above 700°C, the primary pyrolysis products
begin to immediately polymerize to form secondary products such as benzene,
styrene, and toluene, as well as multiple ringed aromatic tars as shown in Figure 8.
(Using a long residence time of a few seconds to crack hydrocarbons was reported to
lead to the evolution of hydrogen and an aromatic product containing about 50%
tars.4) If the pyrolysis products are held for an extended period of time, the aroma-
tic products continue to grow in size to form macromolecules containing very little
hydrogen, which are known as carbon black as shown in Figure 9. Part of the char
could thus be derived from the aromatic pyrolysis products. The dilution of the
pyrolysis reaction serves to minimize the bimolecular secondary tar and char form-
ing reactions involving the olefins.

The dilution of the pyrolysis reaction also apparently has another very impor-
tant effect. Returning to Figures 6 and 7, it is thought that the primary reaction
competing with the gasification is a second order reaction (bimolecular) involving
the oxygenated, primordial, free radicals. It is postulated that, if these oxygenated
free radicals collide and react with each other, stable oxygenated compounds would
be apt to evolve which could be of a refractory nature and survive the high temper-
ature exposure. In order to maintain the elemental balance, these refractory organic
compounds would need to be highly oxygenated.

If it is assumed that ignition of a compound involves the combustion of the
products of decomposition, then the question of relative thermal stability can be
qualitatively compared by consideration of the autoignition temperature of that
compound. It is interesting to note that many oxygenated compounds have auto-
ignition temperatures (thermal stabilities) equal to or higher than that of ethylene.
These thermally stable compounds include phenols, triethylene glycol dimethyl
ether, formic acid, ethyl formate, and acetic acid. Between the stability of ethyl-
ene and propylene are acetone, methyl ethyl ketone, and methyl acetate.> These
oxygenated compounds tend to have a fairly high solubility in water. This solubility
tends to allow them to be relatively unnoticed in the aqueous phase of the pyrolysis
condensates and helps to explain the lack of closure of the mass balance for most of
the pyrolysis experiments which had low gasification.

The qualitative agreement of the autoignition values with relative thermal
stability can be illustrated with the compounds acetone and acetaldehyde. Acetone
has an autoignition temperature of 538°C, whereas the value for acetaldehyde is
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only 185°C. At 750°C the half-life of acetone is calculated to be 0.290 second,®
whereas the half-life of acetaldehyde is only 0.006 second.” Interestingly enough,
the reported acetone decomposition products for short pyrolysis times had nearly
the same ratio of ethylene to carbon monoxide as noted herein for ECO II feed-
stock, although the acetaldehyde decomposed to give only methane and carbon
monoxide.

It is doubtful that the oxygenated organic formation could be explained by a
mechanism involving incomplete pyrolysis because the gasification reaction to
olefins did not appear very dependent on cracking severity;e.g., residence time and
temperature. If the oxygenated water soluble compounds were products of unimo-
lecular degradation, the relative dilution should have had no effect on yields and the
more severe pyrolysis reactions would have been expected to increase the overall
gasification, but these trends were not observed. It should be noted that the hypoth-
esis for pyrolysis in the entrained bed reactor is based only on experiments using
ECO 1I as feedstock. Pure cellulosic feedstock or biomass feedstocks may behave
differently when pyrolyzed in this manner.

For a discrete particle of organic feedstock to undergo the selective gasifica-
tion, a very rapid heating rate appears to be necessary. Referring to Table I, many
of the residence times were in the neighborhood of 0.050 second. The temperature
rise was from 25°C to about 750°C during pyrolysis. This results in a heating rate
greater than 15,000°C/sec. If the particle were to attain the pyrolysis temperature
part way through the pyrolysis reactor, the heating rate would be much higher. High
heating rates minimize the time during which the particle is acted upon by com-
peting reactions favored at lower temperatures which do not form the desired
olefin-containing products.

In order to achieve this high heating rate, the following are necessary: (1) the
surface-to-volume ratio of the feed must be high; (2) the thickness of the particle
must be relatively low to reduce the thermal gradient in the particle, and (3) the rate
of heat transfer into the particle surface must be very high. The first two require-
ments can be met with a very small particle size, and/or a “two-dimensional” parti-
cle (paper), and/or a “one-dimensional’ particle (fiber). The heat transfer require-
ment needed for good gasification is a function of the reactor design and apparently
can be met with pure radiation8 or with fluidized beds® and entrained flow reactors
which combine radiation, conduction, and convection.10

The molecular fragments or free radicals formed by the shattering of the
cellulosic molecules are small enough to lose their cellulosic identities in the process.
This implies that the free radicals will react to form a similar product distribution;
the ancestral origins or feedstock would be of secondary importance since the water
and carbon oxides are relatively inert. Thus, it would be expected that the relative
hydrocarbon product distribution would have similar trends whether the free
radicals were made from cellulosic, hydrocarbon, or kerogen (shale oil) feedstocks.
The weight percent conversions will, of course, have a direct correlation to feedstock
characteristics. As shown in Figure 10, the pyrolysis product distribution obtained
from naphtha,l! oil shale,10 and from MSW (ECO II) are indeed remarkably similar

considering the very different nature of the feedstocks.12
In summary, when the cellulosic molecule is rapidly heated to the 700°C
temperature regime, very reactive free radicals are formed. These free radicals are
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very short lived and form the more stable primary pyrolysis products. If the system
is relatively dilute (low free-radical partial pressure), the formation of olefins rather
than aromatic tars and oxygenated organics is favored. If the pyrolysis reaction is
not stopped or quenched, the primary reaction products themselves react to form
aromatic tars. With more time, the molecular weight of the tars increases so that
they are solid in nature to become carbon black. At this point thermodynamic
equilibrium is being approached and the products are those of the coking ovens:
hydrogen, carbon monoxide, char, water, carbon dioxide, and methane. To maxi-
mize gaseous hydrocarbon production (e.g., ethylene) it appears necessary to have
rapid heating rates, low partial pressures, and short residence times.

High Pressure Gas Purification

The goal of the gas purification portion of the program was to reject the
hydrogen sulfide, carbon dioxide, carbon monoxide, hydrogen, and methane from
the pyrolysis gases. This would provide a product gas stream consisting primarily of
low molecular weight olefins (ethylene, propylene, butylene, etc.). Since petro-
chemical reactors are operated at elevated pressures, it was assumed that the pyroly-
sis gases would be compressed to some intermediate pressure for purification. The
effect of hydrogen sulfide in the purified gas stream fed to a reactor would be to
react with the olefins to form odiferous mercaptans or to poison most catalytic
processes. The presence of methane or hydrogen in the purified gases would reduce
the effective olefinic pressure and slow bimolecular reaction rates. Gas purification
can be accomplished at cryogenic temperatures by distillation techniques. However,
it was reported to be more energy efficient to use solubility differences of the gases
at ambient or elevated temperatures and pressures. The absorption of low molecular
weight olefins into a light oil from gases formed by the pyrolysis of propane has
been commercialized and ethylene recoveries of 99% reported.13 These propane
pyrolysis gases were very similar in general composition to those made from cellu-
losic pyrolysis except for the oxides of carbon found with the latter. Carbon dioxide
has a solubility in light aromatic oils approaching that of ethylene, so it must be
removed first.

Figure 11 shows the high pressure gas purification system used to concentrate
the olefins. The carbon dioxide was removed very selectively with a hot carbonate
solution at a system pressure of about 3100 kPa. This resulted in a relatively pure
stream of carbon dioxide being rejected. The semipurified pyrolysis gases then
passed to the hydrocarbon absorber where the hydrocarbons other than methane
were absorbed. The low molecular weight olefins were then boiled off the absorbing
oil to result in a concentrated product stream. At this point in the process, several
different uses for the olefins can be imagined: (a) the olefins could be further
purified and marketed as pure compounds; (b) the olefin mixture could be passed
through a series of catalytic reactors to form alcohols or hydrocarbon liquids; or
(c) the olefin mixture could be passed through a noncatalytic, polymerizing reactor
to form polymer gasoline. This latter option is the one which was pursued due to its
apparent simplicity and the extensiveness of the gasoline market.
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Polymerization to Gasoline

The polymerization of olefins to form a liquid product primarily composed of
gasoline was researched in the early 1930s when the cracking of crude oil to make
gasoline resulted in a large amount of gaseous by-product olefins. Although phos-
phoric acid was found to polymerize propylene and butylene fairly readily, ethylene
was fairly resistant to its catalytic effect. In contrast, at the relatively more severe
conditions required to polymerize olefins without catalysis, ethylene was found to
polymerize more readily than propylene or butylene.14 Since the primary olefin
formed by pyrolysis of organic wastes was ethylene, thermal polymerization to
make gasoline was selected.

Early experiments in the program were made with pure ethylene which pro-
duced a synthetic crude oil containing 90% gasoline which was shown to have an
unleaded ASTM motor octane of 90. A polymer gasoline sample held at ambient
temperature for 3-1/2 years visually appeared not to change color, although some
commercially produced gasoline tumed to a dark orange during this time. The
distillation curve for the liquid product appeared to be fairly continuous and reflec-
ted the relatively extensive rearrangement of the molecules at the 450 to 500°C
reactor temperature until a stable molecular structure was attained, such as highly
branched or cyclic. (Fortunately, these complex molecular structures result in high
octane ratings.) Synthetic crude made from relatively impure pyrolysis gases had a
very similar physical appearance and distillation curve. With efficient processing of
the pyrolysis gases, a polymer gasoline yield is projected of about 0.18 liter/kg of
feed (MSW containing 60% by weight organic material), which is about one petroleum
barrel per ton of MSW,

Summary

The ability to convert organic wastes to pyrolysis gases containing relatively
large amounts of olefins has been demonstrated by using a very selective pyrolysis
process. Pyrolysis appears to involve a large number of competing reactions, most of
which do not favor the formation of olefins. Rapid heating rates, short residence
times, small feed particle size, and dilute pyrolysis conditions appear to favor the
formation of olefins rather than char, tar, or water soluble organics. Although the
olefins produced could be used for petrochemical feedstock, their potential for a
straightforward conversion to high octane gasoline was demonstrated using 1930s
technology. The economics!2 and the commercialization potential of the process 5
look very favorable and have been reported previously in detail.
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Fuel Production from Wastes Using
Molten Salts

R. L. GAY, K. M. BARCLAY, L. F. GRANTHAM, and S. J. YOSIM

Rockwell International Corporation, Energy Systems Group,
8900 De Soto Avenue, Canoga Park, CA 91304

The disposal of municipal and industrial wastes has become
an important problem because the traditional means of disposal,
landfill, has become environmentally much less acceptable than
previously. In addition, special incinerator systems are required
to meet environmental standards for disposal by incineration.
Disposal of wastes by landfill or incineration also includes a
potential loss of energy sources and, in some cases, valuable
mineral resources. New, much stricter regulation of these dis-
posal methods will make the economics of waste processing for
resource recovery much more favorable.

One method of processing waste streams is to convert the
energy value of the combustible waste into a fuel, One type of
fuel attainable from wastes is a low heating value gas, usually
3.7-5.6 MJ m~3 (100-150 Btu/scf), which can be used to generate
process steam or to generate electricity.

Described here are some results which show the feasibility
of processing wastes in molten salts into usable fuels. The
molten salt acts as a reaction medium for the conversion of the
waste into a low heating value gas (by reaction with air) and the
simultaneous retention of potential acidic pollutants in the
molten salt. The waste is converted to a fuel gas by reacting it
with deficient air, that is, insufficient air for complete con-
version to CO2 and Hy0. Results are presented for a high-sulfur
0il refinery waste, rubber, wood, leather scraps, and waste X-ray
film. These waste streams represent a small segment of the large
variety of wastes which may be processed using molten salts.

Process Description

A flow diagram of the Rockwell International process for
fuel production from wastes is shown in Figure 1. In this pro-
cess, combustible waste and air are continuously introduced
beneath the surface of a sodium carbonate-containing melt at a
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temperature of 900-1000°C. The waste reacts chemically with the
molten salt and air to produce a pollutant-free combustible gas
containing mainly CO, Hy, No, and a small amount of CH; and CpH6.
The product gas is cleaned of particulates using a baghouse or
venturi scrubber., It is then burned in a boiler to produce
steam or as an alternative, the product gas may be burned in a
gas turbine as part of a combined-cycle process.

Sodium carbonate is a stable, nonvolatile, inexpensive, and
nontoxic material, It is the intimate contact of the waste
material with the molten salt and air that provides for complete
and rapid reaction of the waste.

Any gas that is formed during gasification is forced to pass
through the basic carbonate melt. Halogens in the waste (for
example, chlorine from chlorinated organic compounds) form the
corresponding sodium halide salts. Any sulfur in the waste is
retained as sodium sulfide, and any ash in the waste will also be
retained in the melt. The temperatures of operation are too low
to permit a significant amount of nitrogen oxides to be formed by
fixation of the nitrogen in the air. Also, at these operating
temperatures, odors and infectious material are completely
destroyed.

A portion of the sodium carbonate melt is withdrawn from the
molten salt reactor, quenched, and processed in an aqueous recov-
ery system. The recovery system removes the ash and inorganic
combustion products (mainly sodium salts such as NaCl and NajS)
retained in the melt. Unreacted sodium carbonate is returned to
the molten salt furnace. The ash must be removed when the ash
concentration in the melt approaches 20 to 25 wt % in order to
preserve the melt fluidity. The inorganic combustion products
must be removed before all of the sodium carbonate is completely
converted to noncarbonate salts. TFor the case of a waste contain-
ing a valuable mineral resource, the valuable mineral resource is
retained in the melt during the gasification process and may be
recovered as a by-product of the regeneration process.

This molten salt gasification process is the basis for the
Rockwell International molten salt coal gasification process. A
900-kg-h~1 (1 ton/h) process development unit pilot plant has
been built and is being tested under contract from the Department
of Energy. This plant includes the gasifier and a complete
sodium carbonate recovery and regeneration system.

Experimental

Bench-Scale Test Apparatus. A schematic diagram of the
bench-scale test apparatus is shown in Figure 2. This apparatus
is used to test the feasibility of gasifying wastes before pilot-
scale tests are performed. The waste throughput of the bench-
scale apparatus is 1 to 3 kg h~1 (2 to 6 1b/h). Approximately
5.5 kg (12 1b) of molten salt are contained in a 15-cm ID by
76—-cm high alumina tube placed inside a type 321 stainless steel
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retainer vessel., This stainless steel vessel, in turn, is con-
tained in a 20-cm ID, four heating zone Ohio Thermal furnace.
Each heating zone is 20 cm in height, and the power to each zone
is controlled by a silicon-controlled rectifier circuit. An
additional flat plate heater is located at the bottom of the
vessel. Furnace and reactor temperatures are recorded on a
12-point Barber-Colman chart recorder.

Solids are pulverized in a Wiley laboratory knife-blade mill
to less than 1 mm in size. These solids are then metered into a
1.3-cm OD stainless steel injection tube by a screw feeder. The
speed of the screw feeder is variable between 0-400 rpm. The
solids are mixed with process air in the injection tube. The
solids—air mixture comes out of the end of the 1.3-cm OD tube and
into the annulus of a 3.7-cm ID alumina tube. This alumina tube
extends to within 1.3 cm of the bottom of the 15-cm ID alumina
containment vessel. During normal operation of the reactor, the
depth of the molten salt expands from a quiescent level of 15 cm
to an expanded depth of about 30 cm.

In the case of liquids, a laboratory peristaltic pump is
used to pump the liquid into the 1.3-cm OD stainless tube. The
feed rate of the liquid is controlled by the pump speed.

Heat balance of the bench-scale reactor is maintained in one
of two ways, If the feed material is of relatively high heating
value (greater than 14.0 MJ kg-1, 6000 Btu/1b), a small air
cooler at the bottom of the furnace is used to maintain the
vessel at the operating temperature. If the waste material is
low in heating value, the melt temperature is maintained by an
electrically heated furnace, or by adding auxiliary fuel to the
waste.,

Of f-Gas Analysis. Gas samples are initially cleaned of
particulates and dried to 2% moisture before analysis. Carbon
monoxide and carbon dioxide are measured continuously using a
Horiba Mexa-300 CO analyzer and a Horiba Mexa-200 CO2 analyzer.
Syringe samples are taken downstream of the CO2 analyzer for gas
chromatographic analysis. A room temperature molecular sieve 13X
column is used to analyze for carbon monoxide, oxygen, and nitro-
gen, A Poropak Q column at 1300C is used to analyze for carbon
dioxide, methane, ethane, ethylene, sulfur dioxide, and hydrogen
sulfide.

Molten Salt Test Facility. A 90-kg-h~1 (200 1b/h) pilot
plant at the Rockwell field laboratory at Santa Susana is used
for larger scale testing. The molten salt gasification vessel is
made of Type 304 stainless steel and is 4.6 m high with a 0.9 m
inside diameter. The inside of the vessel is lined with 15-cm-
thick refractory blocks. The gasifier contains 900 kg of sodium
carbonate, which has an unexpanded bed height of 0.9 m. During
operation, the bed height approximately doubles. A natural gas
preheater is used to heat the vessel on start-up.
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A flow schematic for the Santa Susana molten salt test faci-
lity is shown in Figure 3. Salt is loaded into the vessel from a
carbonate hopper and a weigh belt feeder. Waste materials are
shredded and crushed using a rotary knife shredder and a hammer-
mill and are then metered into a pneumatic feed line with a
variable-speed auger.

Product gases produced in the molten salt vessel unit flow
through refractory-lined ducting to a spray cooler and into a
secondary combustor. The gases are burned in the secondary
combustor and the off-gas is cleaned of any particulate matter
with a baghouse or a venturi scrubber., The off-gas is then
released to the atmosphere,

A photograph of the molten salt test facility is shown in
Figure 4,

Results

Gasification of Acid Pit Sludge. Crude or partially refined
crude is treated with sulfuric acid during refining. This pro-
duces a waste product which contains substantial amounts of water
(12-40 wt %), sulfur (2-14 wt %), ash (1-55 wt %), and significant
combustible material (11.6 to 20.9 MJ kg~1l) (5000-9000 Btu/1lb).
Normal incineration of this waste is not economic due to the high
water, ash, and sulfur content. Therefore, the waste is generally
ponded and not processed. The nickel and vanadium content and
energy value of this waste product, as well as the value of the
large area of land dedicated to current disposal techniques,
offer significant economic potential for improved disposal
processes.

Data on the gasification of acid pit sludge are given in
Table I. 1In this test, the water-sludge mixture was heated to
the consistency of light oil (about 90 to 95°C) and fed to the
reactor without removing any water from the as-received material.
A gas containing a higher heating value of 8.57 MJ m=3 (230 Btu/
scf) was produced. During this test, some auxiliary heat was
furnished by the outer furnace to maintain the operating tempera-
ture. It is estimated that a steady-state test without auxiliary
heat would produce a gas with a higher heating value of 6.33 MJ
m~3 (170 Btu/scf). Emissions of HyS were below the limit of
detectability (40 ppm).

Gasification of Rubber Tires. Conventional incineration of
rubber tires produces a large amount of particulates which contain
unburned hydrocarbons. As an alternative to incineration, molten
salt gasification was tested. Two gasification tests were made
using buffings from a rubber tire. The results of these tests
were averaged and are presented in Table I. Since the rubber
contained organic sulfur that would form NajS in the melt, the
NapCO3 melt originally contained 6 wt 7 NayS to approximate steady-
state conditions. Using a stoichiometry of 33% theoretical air
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(100% theoretical air is required to oxidize the material com-
pletely to CO% and Hy0), a product gas with a higher heating value
of 5.77 MJ m~3 (155 Btu/scf) was made. No HyS or sulfur-contain-
ing gases (less than 30 ppm) were detected in the off-gas.

Gasification of Wood. Pine wood was chosen as representative
of typical biomass. A typical composition of pine wood on a dry
basis is 51.8 wt 7% carbon, 6.3 wt % hydrogen, 0.5 wt % ash, and
41.3 wt % oxygen. The pine wood tested here was sawdust with a
moisture content of 2.8 wt %. The heating value is typically
21.2 MJ kg~1 (9100 Btu/1b). A pure sodium carbonate melt was used
with 30% theoretical air. Gasification of wood was rapid and
complete with production of a gas with a higher heating value of
6.74 MJ m~3 (181 Btu/scf), as given in Table I.

Gasification of Leather Offal. Chrome-leather tanning
scraps or offal are a waste product of the tanning and leather
industries. These wastes are usually the result of trimming
operations and contain 3.5 wt % chromium and about 50 wt % water.
The wastes cannot be incinerated because malodorous substances
and carcinogenic chromium-containing particulates are formed.
Landfill disposal is presently used.

The tanning scraps used for these tests were air-dried and
contained 37.2 wt % carbon, 5.7 wt % hydrogen, 12.8 wt % nitro-
gen, 2.5 wt % chromium, and approximately 5 wt % nonchrome ash.
The heating value of the chrome-waste was approximately 18.8 MJ
kg~l (7800 Btu/1b).

The analysis of the off-gas from leather gasification is
given in Table I. Approximately 50% of theoretical air was used.
The product gas had a heating value of 4.03 MJ m~3 (108 Btu/scf).
The NOy emissions were only 40 ppm even through the leather
contained 12.8 wt % organic nitrogen. The chromium emission in
the form of particulates was 0.3 mg =3 (0.00013 grain/ft3), which
corresponds to a chromium retention of 99.998%. This chromium
could be recovered and recycled to the tanning process by
processing the salt bed.

Gasification of Waste Film. Two series of tests were con-
ducted with waste X-ray film. The first series was performed in
the bench-scale gasifier; the second series was run in the molten
salt test facility. Bench-scale gasification of film at 51% and
22% theoretical air produced product gases of 3.99 MJ m~3 (107
Btu/scf) and 6.67 MJ m~3 (179 Btu/scf), respectively. Small
pellets of pure elemental silver (greater than 99.9% pure Ag)
were recovered from these tests.

In the pilot test, 6,800 kg (15,000 1b) of waste X-ray film
were burned at the rate of 90-105 k h~1 (200-230 1b/h). The
average air feed rate was 290 m3 h- (180 scfm). The air/film
ratio corresponded to 50% theoretical air. Since the main pur-
pose of this test was to recover silver, no attempt was made to
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analyze the off-gas. After the film had been gasified, the
silver and salt were drained from the vessel and 160.5 kg (354 1b)
of 99.977% pure metallic silver were recovered,

Conclusion

The Rockwell International molten salt process for gasifica-
tion of wastes with resource recovery has been shown here to be
well-suited for the processing of a variety of wastes. A variety
of waste forms may be processed, that is, solids, liquids, and
solid-liquid mixtures, The process is suitable for applictions
which involve either small or large throughputs. The gasification
medium, sodium carbonate, is stable, non-volatile, inexpensive,
and nontoxic. Sulfur-containing pollutants are retained in the
melt when sulfur-containing wastes are gasified. In the same
manner, halogen—containing pollutants are retained during gasifi-
cation of halogen—containing wastes. The gasification of a high-
nitrogen-content waste (leather scraps) produces very little NOy
in the off-gas. Valuable minerals may be recovered by processing
of the salt after gasification of mineral-laden wastes. 1In
general, the molten salt process is best applied to waste mater-—
ials involving potential pollutants (such as sulfur or chromium)
or to wastes where gasification and resource recovery are import-
ant (such as the recovery of silver with simultaneous gasification
of X-ray film).

RECEIVED November 16, 1979.
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Biomass Gasification at the Focus of the
Odeillo (France) 1-Mw (Thermal)
Solar Furnace

M. J. ANTAL, JR.
Princeton University, Princeton, NJ 08544

C. ROYERE and A. VIALARON
C.N.R.S., Odeillo, France

Recently completed research at Princeton University (1-3) has
shown biomass gasification to be a three step process:

1. Pyrolysis. At modest temperatures (300°C or more, depending
upon heating rate) biomass materials lose between 70% and 90% of
their weight by pyrolysis, forming gaseous volatile matter and
solid char. As discussed in this paper, very high heating rates
enhance volatile matter production at the expense of char formation.
Recent Princeton publications review mechanistic and kinetic re-
search on cellulose (4), lignin (5), and wood (6) pyrolysis in
more detail.

2. Cracking/Reforming of the Volatile Matter. At somewhat higher
temperatures (600°C or more) the volatile matter evolved by the
pyrolysis reactions (step 1) reacts in the absence of oxygen to
form a hydrocarbon rich synthesis gas. These gas phase reactions
happen very rapidly (seconds or less) and can be manipulated to
favor the formation of various hydrocarbons (such as ethylene).
Rates and products of the cracking reactions for volatile matter
derived from cellulose, lignin, and wood are now available in the
literature (1, 3, 5, 6).

3. Char Gasification. At even higher temperatures char gasifi-
cation occurs by the water gas and Boudouard reactions, and simple
oxidation:

C + H20 -+~ CO + H (water gas)

2
C + CO2 -+ 2C0 (Boudouard)
C +3%0, > CO
(oxidation)
C + O2 -> CO2

Because pyrolysis (step 1) produces less than 30% by weight char
for most biomass materials, the char gasification reactions (step
3) play a less important role in biomass gasification than steps
1 and 2.

0-8412-0565-5/80/47-130-237$05.00/0
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Figure 1 illustrates the critical role played by step 2 in
cellulose gasification. By increasing the temperature achieved by
the gas phase volatile matter from 500°C to 750°C, the carbon con-
version efficiency n. is increased from nc = 0.1 to n, = 0.76.
Here the carbon efficiency n. is defined by n. = carbon in perma-
nent gases + carbon in solid feed.

The carbon conversion efficiency is emphasized here because

(for non-oxidative conversion processes) n. provides an excellent
measure of how well the energy and chemical content of the solid
fuel feedstock is converted to gaseous fuels and chemicals.
Because about 20% of the carbon initially in the cellulose is
carried by the char product of step 1, the data presented in
Figure 1 indicates that for gas phase temperatures above 750°C and
residence times of 2 sec or more, permanent gases and char are
essentially the only products of cellulose gasification. Less than
% of the feedstock carbon is carried by the condensible fraction
of the reactor effluent.

Because char commands a low market value, there is some
incentive to increase gas production at the expense of char form-
ation. The traditional approach is to use the water gas, Boudouard,
and combustion reactions (step 3) to gasify the char produced by
step 1. An alternative approach is to rapidly heat solid biomass
feed, modifying the pyrolysis mechanism (step 1) and reducing the
initial formation of char by the pyrolysis reactions. The latter
approach has been emphasized in the research reported here.

The work of Broido (7), Shafizadeh (8), Lewellen (9) and
others (10) has shown cellulose pyrolysis to be describable in
terms of a competitive mechanism:

1 volatile tars (levoglucosan)

cellulose ¢=:::::::::::::::
char + low molecular weight

2 volatiles
Two pyrolysis reactions compete to consume the cellulose; however
only one reaction produces char. The first reaction is favored by
high temperatures and rapid heating, producing combustible volatile
matter at the expense of char formation. The second reaction is
favored by low temperatures and slow heating of the cellulose. Thus
chemical reactors designed to provide very rapid heating (''flash

pyrolysis") of solid cellulosic feedstocks can minimize char form-
ation with the potential of significantly increasing gas yields.

With but one exception, past studies of the flash pyrolysis of
cellulose using laboratory equipment have relied on radiation to
achieve the high heating rates required. Lincoln (11) used pulsed
carbon arcs and xenon flash tubes to achieve the complete volatil-
ization of cellulose by pyrolysis reactions. Berkowitz-Mattuck
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Figure 1. Cellulose carbon conversion efficiency 5. as a function of gas-phase
residence time for various gas-phase temperatures
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and Noguchi (12) used carbon arc and solar furnace radiation
sources to achieve flash pyrolysis of cotton cellulose. They
project no char formation for radiant fluxes in excess of 120 w/cm2,
Martin (13) used a high current carbon arc radiation source for his
experiments, and noted that char formation was reduced to 4% of the
original cellulose weight with a radiant flux level of 49 w/cm2.
Martin speculates that no char formation should occur for radiation
fluxes exceeding 400 to 4000 w/cm2. Exploratory research at
Princeton has recently achieved 99% volatilization of cellulose
with a flux level of 30 w/cm?. Other researchers (14-15) havealso
employed radiation sources to achieve very rapid heating of cellu-
losic materials; however their results are not pertinent to this
research.

Lewellen et al. (9) at M.I.T. studied flash pyrolysis of
cellulose using a bench scale, eisctrically heated screen. They
found that for heating rates ranging between 400 and 10,000°C/sec
in an inert helium atmosphere the cellulose completely vaporized by
pyrolysis reactions, leaving no char residue. Only by extended
heating of the cellulose at 250°C was the M.I.T. group able to
produce some char (2% by weight of the initial cellulose).

Only limited data is available on the flash pyrolysis of ligno-
cellulosic materials. Rensfelt et al. have reported a significant
reduction in char yields following the flash pyrolysis of various
biomass materials (i7;. Diebolt has obtained high gas yields from
Eco Fuel II by flash pyrolysis (18). These results suggest that
flash pyrolysis may be the preferred thermochemical method for
obtaining gaseous fuels and chemicals from all biomass materials.

The fact that most flash pyrolysis studies have used
radiant heating suggests solar heat as a natural means for effect-
ing flash pyrolysis of biomass feedstocks. Since solar radiation
has a characteristic temperature of almost 6000°K, it can be used
to achieve very rapid heating of opaque, solid particles. Earlier
studies (2) have shown that the quantity of heat required for
biomass gasification is small: less than 1 Gj per Mg of dry solid
feed. Consequently, small amounts of solar heat can be used to
process large quantities of biomass. Finally, a recent study for
the President's Council on Environmental Quality (19) concluded
that the use of solar heat for flash pyrolysis of biomass appears
to be more economical than conventional gasification processes.
References 19-24 discuss in greater detail these and other reasons
for using solar heat to gasify biomass. Experiments described in
this paper were undertaken to explore the use of concentrated solar
radiation for the flash pyrolysis of biomass.

APPARATUS AND PROCEDURE

_The Odeillo 1000 kwty, solar furnace has been described in
detail by Royere (25); consequently only a summary will be given
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here. The furnace consists of sixty-three 6 x 7.5 m heliostats
which track the sun and redirect the solar radiation onto a 2000 m2
parabolic concentrator which focuses the radiation within a circle
of about 20 cm radius. The heliostats are composed of eleven
thousand three hundred forty 50 x 50 cm flat, back surfaced mirrors
and the parabola consists of over 9000 mechanically warped mirrors.
Radiant flux levels of 1600 w/cmZ are available at the focal point,
and temperatures in excess of 3800°C can be obtained.

The biomass flash pyrolysis reactors, designed and fabricated
at Princeton, followed in part a coal gasification reactor design
described by Badzioch and Hawksley (26), and Howard (27). A
vibrating feeder with a capacity of about 1 g fed about 0.01 g/s
of powdered biomass material into a flow straightener (see Figure
2). A small flow (40-100 ml/min) of He was used as a carrier gas,
and partially fluidized the bed of biomass material in the feeder.
Exiting the flow straightener, the biomass material was entrained
by flowing superheated steam (about 3 g/min) and carried into the
solar flux passing through the wall of the reactor. Char residue
was collected in a bucket and weighed. Exiting the quartz reactor,
the steam was condensed in a tar trap/condenser and permanent gases
were collected in 1.2 1 teflon bags for analysis by gas chromato-
graphy. Following an experiment, the volume of the inflated bags
was measured by water displacement and the volume of gas produced
during the experiment was calculated.

Two of the flash pyrolysis reactors used for the experiments
were fabricated from Amersil TO8 commercial grade 50 mm OD quartz
tube, and one from 25 mm OD vycor tube (Corning Glass Co.). The
flow straightener/female joint was made of quartz for one of the
50 mm OD reactors, and pyrex for the other two reactors. The
feeder was made primarily from plexiglas. Teflon tube (6 mm ID)
was used to connect the reactor to the pyrex tar trap.

Biomass samples taken to France for use with the reactor
included Avicel ® pH 101 and 102 powdered microcrystalline
cellulose, ground corn cob material, hardwood and softwood sawdust,
Kraft lignin, and Eco Fuel II. The corn cob and softwood material
was sieved and samples with particle sizes <75 ym, 75-150 pm, 150-
212 ym, 212-425 pum, and 425-710 um were available for the experi-
ments. The Avicel PH101 cellulose has an average particle size
of 50 um, and the PH102 has an average sizeof 100 ym.(28). The Kraft
lignin was a very fine powder (size <75 um), while the Eco Fuel II and

the hardwood sawdust consisted of particles with sizes ranging up to
about 700 um.

Additional experiments using a long coil of stainless steel
tube immersed in a fluidized sand bath at 800°C were originally

planned to investigate the gas phase cracking chemistry (step 2)
of the volatile matter derived from the flash pyrolysis experiments.
Although this apparatus was available in France, experimental
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Figure 2. Quartz reactor and vibrating feeder schematics
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difficulties with the flash pyrolysis reactor prevented experi-
mentation with the cracking reactor.

RESULTS

Low Flux Experiments

The first 50 mm OD quartz reactor with pyrex flow straightner
was wrapped with electrical heater tape and installed behind a
large water cooled shield. The shield had a 10 cm diameter
circular hole located in it for admission of the solar flux into
the reactor. Behind the reactor, a water cooled semi-circular
(cross section) cylindrical backplate prevented radiation from
entering the work area through the back of the reactor. Unfortun-
ately, the first reactor cracked at the pyrex/quartz joint when
the upper portion of the reactor was accidentaly heated to a
temperature in excess of its 100°C design operating temperature.
A second, all quartz 50 mm reactor was immediately fabricated
at Princeton and flown to Odeillo to serve as backup for the
25 mm vycor reactor.

The vycor reactor was installed and greater care was taken
not to exceed the design operating temperature. Upon exposure to
a flux of about 200 w/cm?2 with flowing steam and helium (no biomass)
a large bubble (approximately 50 mm diameter) formed in the vycor
reactor and it bent slightly so that its axis was no longer
perfectly linear. Reflected radiation carried down the conduit
formed between the shield and the semi-circular cylindrical back-
plate melted the heater tape, fusing it into the vycor reactor tube.
Remnants of the heater tape were removed and several successful
experiments were conducted at low (200 w/cm2) flux levels with the
Avicel PH102 cellulose and the 75-150 um ground corn cob material.

The first test with cellulose (Experiment 1.05) used no steam
flow. Because the evolved volatile matter cracked on the vycor
walls depositing an opaque, black material thereon, the wall temper-
ature of the reactor rapidly climbed to temperatures above 1000°C.
Gasification data is presented in Table 1 for the 0.54 g of cellu-
lose fed into the reactor during the test. Subsequent, brief
exposure of the reactor to the solar flux with steam (but no
biomass) flow cleaned the reactor's walls nicely.

A second test (Experiment 1.08) with cellulose in steam
flowing at 3 g/min was perfomed, and no clouding of the reactor's
"window' was observed. Data for the gasification of 0.48 g of
cellulose is presented in Table II. A third test (Experiment 2.08)
using corn cob material was also performed, and the data obtained
is listed in Table III. Following the third experiment a small
crack developed where the heater tape had fused into the wall, and
work with 25 mm OD vycor reactor terminated.
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TABLE I. Results of Experiment 1.05 - Cellulose Pyrolysis
Solar Gasification* Prior Princeton Research
Carrier Gas Helium Steam
I 200 w/cm? -
B 27000°C/sec 2.0°C/sec
Tg 925°C 750°C
tg 10 sec 4.0 sec
Nc 0.52 0.73
Product Yield (mass fraction) Yield (mass fraction)
H, 0.013 0.013
COy 0.044 0.127
Co 0.380 0.420
CHy 0.044 0.073
CoHy 0.026 0.056
CoHg 0.003 0.010
CzHg 0.0 0.0
Total gas 0.51 0.699
Char 0.01 0.1
Calorific 3.9 x 106 cal/m3 4.4 x 105 cal/m3

Value of Gas

*See text for explanation of B, Tg’ tg, Ne

TABLE II. Results of Experiment 1.08 - Cellulose Pyrolysis
Solar Gasification* Prior Princeton Research
Carrier Gas Steam Steam
I 200 w/cm?2 -
B 27000°C/sec 2.0°C/sec
Tg 450°C 500°C
tg 1 sec 1.3 sec
Ne 0.12 0.10
Product Yield (mass Fraction) Yield (mass fraction)
Hy 0.004 0.001
Co, 0.015 0.066
Co 0.101 0.045
CHy 0.004 0.003
CoHy 0.005 0.0
CoHg 0.0 0.001
C3Hg 0.0 0.0
Total gas 0.129 0.116
Char 0.01 0.1
Calorific

6 3
Value of Gas  >-3 X 10° cal/m

*See text for explanation of B, Tg, tg,71c
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TABLE III. Results of Experiment 2.08 - Powdered Corn Cob
Pyrolysis
Solar Gasification* Prior Princeton Research
Carrier Gas Steam Steam
I 200 w/cm? _—
R 27000°C/ sec 2.0°C/sec
Tg 750°C
tg 1 sec 4 sec
Ne 0.6 0.6
Product Yield (mass fraction) Yield (mass fraction)
Ho 0.027 0.005
CO2 0.177 0.200
co 0.397 0.256
CHy 0.056 0.063
CoHy 0.026 0.034
C2Hg 0.0 0.007
CzHg 0.0 0.003
Char 0.007 0.22
Calorific 3.4 x 106 cal/m3 4.2 x 106 cal/m3

Value of Gas

*See text for explanation of B, Tg, tg’ Ne
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Contrary to expectations, small quantities of char were
collected after each experiment. Soot formation was evident, and
particularly prominent following the corn cob experiment. Coking
of the volatile matter on the reactor wall beneath the window
rendered the lower part of the reactor opaque. The water condens-
ate was a light yellow color with a disagreeable (but not strong
or particularly foul) odor. No tar was observed in the condenser,
but the teflon tube connecting the reactor to the condenser was
blackened.

High Flux Experiments

Before the second 50 mm OD quartz reactor arrived from
Princeton, several exploratory experiments were performed using a
50 mm OD vycor tube with rubber corks and steel inlets for the
biomass and steam, and a gas exit. The reactor functioned well
when exposed to the solar flux (1000 w/cm2) and some semi-
quantitative data was obtained; however because the rubber corks
partially melted under exposure to the radiation flux carried up
and down the walls of the vycor tube by total internal reflection,
little significance could be attached to the data.

The second 50 mm OD quartz reactor was first tested with only
steam and helium flow in the full solar flux. The wall temperature,
of the reactor stabilized at 320°C and no difficulties were
encountered. For the high flux experiments the use of heater tapes
was found to be unnecessary: the solar flux entering through the
10 cm hole in the shield was sufficient to maintain the entire
reactor above 100°C!

During the first experiment with AvicelGp PH102 cellulose
the reactor wall temperature gradually rose to 850°C (after
150 seconds of biomass flow) in a solar flux of 1000 w/cm2,
Table IV summarizes the results of this experiment (Experiment
1.13). Char formation was still evident, but no soot was
observed.

An experiment with corn cob material failed to yield results
because the vibrating feeder plugged shortly after the experiment
began. Water was added to the steam generator, and a second
attempt was made with the corn cob material. However, immediately
following admission of steam into the reactor and before 