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FOREWORD 

The Community Systems Program of the Division of Buildings and Co~ 

munity Systems, Office of Energy Conservation, of the United States Energy· 

Research and Development Administration (ERDA), is concerned with conserving 

energy and scarce fuels through new methods of satisfying the energy needs 

of American Communities. These programs are designed to develop innovative 

ways of combining current, emerging, and advanced technologies into Inte­

grated Community Energy Systems (ICES) that could furnish any, or all, of 

the energy using services of a community. The key goals of the Community 

System Program then, are to identify, evaluate, develop, demonstra~e, and 

deploy energy systems and commu-nity designs that will optimally meet the 

needs of various communities. 

The overall Community Systems effort is divided into three main areas. 

They are: {a) Integrated Systems, {b) Communit:r Design, and (c) Commercializa­

tion. The Integrated Systems work is intended to develop the technology com­

ponen~ and subsystem data base, system analysis methodology, and evaluations 

of various system conceptual designs which will help those interested in ap­

plying integrated systems to communities. Also included in this program is 

an active participation in demonstrations of ICES. The Community- Design ef­

fort is designed to develop concepts, tools, and methodologies that relate 

urban form and energy utilization. This may then be used to optimize the de­

sign and operation of community energy systems. Commercialization activities 

will provide data and develop strategies· to accelerate the acceptance and i~ 

plementation of community energy systems and energy-conserving community de­

signs. 

This report,· prepared by Oak Ridge National Laboratory, is part of a 

series of Technology Evaluations. of the performance and costs of components 

and subsystems which may be included in community energy systems and is·part 

of the Integrated Systems effort. The reports are intended to provide suf­

ficient data on current, emerging and advanced technologies so that they may 

be used by consulting engineers, architect/engineers, planners, developers, 

and others in the development of conceptual designs for community energy 

systems. Further, sufficient detail is provided so that calculational models 

of each component may be devised for use in ~omputer codes for the design of 

Integrated Systems. Another task of the Technology Evaluation activity· is 
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to devise calculational models which will provide part load performance 

and costs of components suitable·for use as subroutines in the computer codes 

being developed to analyze community energy systems. These will be published 

as supplements to the main Technology Evaluation reports. 

It should be noted that an extensive data base already exists in tech­

nology evaluation studies completed by Oak Ridge National Laboratory (ORNL) 

for the Modular Integrated Utility System (MIUS) Program sponsored by the De­

partment of Housing and Urban Development (HUD). These studies, however, were 

limited in that they were: (a) designed to characterize mainly. off-the-shelf 

technologies up to 1973, (~) size limited to meet community U.mitati.:.iHJ, (L) 

not designed to augment the development of computer subroutines, (d) intended 

for use as general information for city officials and keyed to re·sident.ial 

communities, and (e) designed specifically for HUD-MrUS needs·. The pres~nt 

documents are founded on the ORNL· data base but are more technically oriented 

and are designed to be upgraded periodically to reflect changes in current, 

emerging, and advanced technologies. Further, they will address the complete 

range of component sizes and their application to .residential, commercial, 

light industrial, and institutional communities~ The overall intent of these 

documents, however, is not to be a complete documentation of a given tech­

nology but will provide sufficient data for conceptual design application by 

a technically knowledgeable individual. 

Data presentation is essentially in two forms, The main report includes 

a detailed description of the part load performance, capital, operating and 

maintenance costs, availability, sizes, environmental effects, material and 

energy balances, a~d reliability of each component along with appropriate ref­

erence material for further study. Also included are concise data sheets 

which may be removed for filing in a notebook which will be supplied to in­

terested individ~ls and organizations. The-data sheets are colored and are 

perforated for ease of removal. Thus, the data sheets can be upgraded per­

iodically while the report itself will be updated much less frequently. 

Each docu!llent was reviewed by sever:a~ ind:l.yidua1s from industry, re­

search and development, utility, and consulting engineering organizations and 

the resulting reports will, hopefully,·be of use to those individuals in­

volved in community energy systems. 
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ABSTRACT 

As a part of the Integrated Community Energy System (ICES) Program, a 

number of technology evaluations are being prepared on various current and 

emerging sources of energy. This evaluation considers the use of pyrolysis 

as a method of producing energy from municipal solid waste. The energy can 

·be in the form of a gas, oil, chars, or steam. 

Pyrolysis, the decomposition of organic matter in the absence of oxy­

gen (or in an oxygen-deficient atmosphere), has been used to convert organic 

matter to other products or fuels. This process is also described as "de­

structive distillation". 

Four processes are described in detail: 

(1) The "Landgard" Svstem (Monsanto Environ-Chem Systems, Inc.); 

(2) The Occidental Research Corporation Process (formerly The 

Garrett Research and Development Company; 

(3) The "Purox" System (Union Carbide Corporation); and 

(4) the "Refu-Cvcler" (Hamilton Standard Corporation). 

"Purox" and "Refu-Cycler" produce a low-Btu gas; the Occidental 

Process produces an oil, and the "Landgard" Process produces steam using 

on-site auxiliary boilers to burn the fuel gases produced by the pyrolysis 

unit. Also included is a listing of other pyrolysis processes currently 

under development for which detailed information was not available. 

The evaluation provides information on the various pro~ess flowsheets, 

energy and material balances, product characteristics, and economics. 

Pyrolysis of municipal solid waste as an energy source can be con­

sidered a potential for the future; however little operational or economic 

information is available at this time. 
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TECHNOLOGY EVALUATION 
SUMMARY SHEET 
SOLID WASTE UTILIZATION-PYROLYSIS 

By: W.J. Boegly, Jr. and W.R. Mixon, ORNL, and C. Dean and 
D.J. Lizdas, Hamilton Standard August, 1977 

Pyrolysis the decomposition of organic matter in the absence of 

oxygen (or in an oxygen-deficient atmosphere) - has been used to convert 

organic matter to other products or to fuels. Four variants of the pyrolysis 

process currently are under active development or are in the demonstration 

phase. Table 1 compares the four pyrolysis concepts surveyed. These con­

cepts were selected because they are nearest to commercialization and are 

based on different reactor types. Three of the four systems will handle 

sludge a~ well as municipal and industrial solid waste. Of these, the Refu­

Cycler and' Purox systems are limited to about 40% wet sludge .by the amount ·of 

waste heat available. The Landgard system is fueled by oil anq could handle 

any percentage of sludge, although about 40% is still probably an economic 

limit. 

Of the products produced, the oil produced by the Occidental process 

is the most desirable from the standpoint of fuel storage, although its 

application will be limited to specially designed burners. The steam pro­

duced by the Landgard process has the least degree of flexibility. The fuel 

gas produced by both the Purox and Refu-Cycler is too low in Btu/ft3 to be 

economically stored or piped and must be used locally for either heat ·or 

electric power. generation. · 

Because the product of most value from a pyrolysis system is energy 

(fuel), of special interest is the energy yield (or net efficiency) of 

these processes. Energy yield is the gross output minus the auxiliary 

input energy divided by the input energy available from solid waste. Input 

electricity is assumed to require 10,000 Btu/kWh. Analyses indicate that 

the Purox and Refu-Cycler are about equal in yield. Both are substantially 

higher in yield than Occidental and Landgard systems . 
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Table 1. ~omparison of Pyrolys~s.Concepts . 

Refu-Cycler Occidental . Pur ox Landgard 

Input Solid Waste Dry Solid Solid ~vas-:e Solid Waste 
Capability and Sludge Waste and Sludge and Sludge 

. 
Pre-Processing None; some sorting Drying, Shredding Shr~dding; rieeds Shredding 
Requirements of large objects Classification currently being 

required Pulverizing studied 

- Products 1.50 Btu/ft3 gas Heavy fuel oil 300 Btu/ft 3 gas Steam 
(') glassy aggregate ferrous metals glassy aggregate ferrous metals, char, m 
(/) glass glassy aggregate 
~ 
m 
(') Energy . 
:::t Yield 64% 27% 64% 41% 2 
0 

. 
b:l . 

r Auxiliary Fuel . Propane (startup 5 lbs/ton of PrQpane 51 lbs/ton 0 
G') Required only) 112 fuel oil (startup only) of 112 fuel oil -< N 

m 
kWh/ton < Electric Power 42 kWh/ton . 140 kWh/ton 120 kWh/ton 67 

)> Required r 
c . 
)> Development 10 ton/day unit 4 ton/day pilot 5 ton/ day pilot 35 ton/day pilot plant -t 
0 Status ~•der construction; plant plant in 19 71 cin 1972 
2 evaluation began 200 ton/day pilot 200 ton/d~y pilot 1000 ton/day pilot 

late in 1976 plant under plant "in c•peration plant ·in 1973; further 
construction since . 197L evaluation to occur 

during 1977 

Capital $10,000/ton-day $56,000/ton-day $14,000/tcn-day $26,000/ton-day 
Cost* for 100 ton/day for 200 ton/day for 1,000 ton/day for 1,000 ton/day 

size (Sept. 1976) size (June 1976) size (Oct. 1974) size (June 1976) 

*Cost of Refu-Cycler and Purox are engineering estimates, costs foi Occidental and Landgard are those 
incurred in their original installations and include considerable design modification costs and 
performance guarantees. . 

. 
' 

o•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• . . . 



. 
• • • • . 
• 

• 

• 
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Auxiliary fuel and electric power requirements are an indication of 

operating costs. The Refu-Cycler and Purox systems require auxiliary fuel 

only for startup. The Occidental system requires a minimal amount of fuel; 

whereas, the Landgard system requires significant quantities. The Occidental 

process requires the most electric power because of extensive preprocessing 

requirements, and the Purox system requires power to produce oxygen . 

All of the systems are in the pilot-plant or demonstration stage, and 

performance and operational data will probably be available on all concepts 

by the end of 1977. Currently, the most developed of the concepts appears 

to be the Purox system • 

Capital costs for a system range from $~0,000 to $56,000/ton-day. 

The lower half of this range is competitive with incinerators that meet 

emission standards. The Landgard system capital cost of $26,000/ton-day 

is somewhat misleading in that it includes conversion of refuse all the way 

to steam. All capital cost data should be viewed with caution, howev~r, 

because there are instances where several published reports on the same 

installation indicate costs that vary by a factor of two, depending on the 

time the costs were published. Note also that the capital costs for 

Occidental and Landgard are the actual costs of their pilot plants; whereas 

the estimates for Refu-Cycler and Purox are capital cost estimates for 

future conunercial plants that are not yet built. Moreover, the costs for 

Purox and Refu-Cycler do not include land. costs or site-specific design 

requirements; Landgard includes land costs; Occidental may not include land 

costs, but does include site preparation. The unit .capital costs on future 

Landgard and Occidental plants could be considerably lower than those 

experienced in the first pilot plant. 

Net operating cost~ reported for all four processes are quite 

variable and are highly dependent on the estimated value of the products 

(local market potential and prices) and estimated operating and maintenance 

costs, which may or may not be site specific. With the operation of the 

full-scale or pilot-scale plants during 1977, more accurate data on which 
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to estimate net operating costs (or savings) is expected to be developed. 

Manpower, usually a major part of O&M costs, needs investigation in greater 

detail because most pilot scale demonstrations tend to use more labor than 

do follow-up plants. 

Depending on costs and operation of the four pilot plants, pyrolysis 

appears to be a candidate soon for use in the Integrated Community Energy 

Systems (ICES) Program, managed by Argonne National Laboratory for the· 

Buildings and Community Systems Division of the U.S. Energy and Development 

Administration. There appears to be no reason at this time to discount 

pyrolysis as an alternative to incineration with heat. r.P.r.oyery a~ an ~nergy 

source for ICES. 
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TECHNOLOGY EVALUATION OF 
SOLID WASTE UTILIZATION-PYROLYSIS 

W.J. Boegly, Jr. and W.R. Mixon, ORNL, and C. Dean 
and .D.J. Lizdas, Hamilton Standard 
August , 19 77 

1 INTRODUCTION 

Pyrolysis is an emerging technology that meets the ICES objective of 

conserving energy, because it can extract from solid waste a fuel that can be 

used in an integrated energy system to reduce primary fuel requirements. The 

development activities currently being conducted with private and public funds 

should make pyrolysis a candidate for ICES in the 1980s. 

A number of companies and universities, shown in Table 1.1 are active! 

engaged .in the development of pyrolytic processes for municipal solid waste. 

Most of these organizations are in various stages of process development; how 

ever, only three are currently in commercial development. 

An attempt has been made here to include at least one example of each 

of the furnace types listed in Table 1.1. Excluded are the horizontal-shaft 

furnace and the fluidized-bed type of operation because data are lacking and 

these types have not yet become commercial. 

As of October, 1976, three of the processes described were in the 

fairly large (200 tons/day or larger capacity) pilot plant stage. One of 

these (Landgard) currently is undergoing design modifications to.correct 

scale-up factors; another (Occidental) has yet to start operation, and the 

third (Purox) is reported to be operational in a test bed configuration; but 

little data on this plant have been published. The fourth system (Refu-Cycle~ 

has been taiiored to smaller units (less than lUU tons/day), and a pilot plan 

will be in operation early in 1977. 

1.1 PROCESS DESCRIPTIONS 

Pyrolysis can be defined as the decomposition of organic matter in the 

absence of oxygen or in an oxygen-deficient atmosphere. Pyrolysis has also 

been described as "destructive distillation" and has been used to convert or­

ganic matter to other products or fuels. Four variations of the pyrolysis 

process currently are under active development or are in the demonstration 

phase and are being evaluated for ICES. These are: (1) the Landgard system 

(Monsanto Eviro-Chem Systems, Inc.); (2) the Occidental Research Corporation 
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Table 1.1 Status of Pyrolysis Projects 

Process 

Shaft or vertical 
Union Carbide 
Occidental 
Torrax Systems, Inc. 
Urban Research and 

Development Corp. 
Georgia Toch 
Battelle 
Hamilton Standard 

Shaft-horizontal 
Kemp Corp .. 
Barber-Colman 

Rotary kiln 
Rust Engineering 
Monsanto 
Devco 
Pan American Resources 

Inc. 

Fluidized bed 
West Virginia University 
ConrR 
A. D. Little 

Others 
Hercules 
Bureau of Mines 
N.Y. University 
Univ. of Southern Calif. 
Anti-Pollution Systems, 

Inc. 
University of Calif. 
Wallacc-Atkino 
Resource Sciences 

Research 

Status 

Pilot plant 
(tpd) 

5 
4 

75 
120 

2~ 
2 

14 

5. 
'1 

35. 
120 

1 

·2 
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Connnercial 
(tpd) 

200 
200 

1000 



process (formerly the Garrett Research and Development Company); (3) the 

"Purox" system (Union Carbide Corporation); and (4) the Refu-Cycler (Hamilton 

Standard). Pyrolysis produces fuels that can be used in a wider range of 

applications than heat energy recovered from incineration. Moreover, savings 

may be possible in air pollution controls and capital and operating costs. 

Three fuel products produced during the pyrolysis reactions are gases (hy­

drogen, methane, carbon dioxide, and carbon monoxide), organic liquids, and 

an organic "char", all of which have potential value as fuels. The amount 

and composition of these three products depend on the initial solid waste 

composition and the nature of the process being used. 

1. 2 BACKGROUND 

Pyrolysis has been used by industry for the production of producer gas 

for many years. Currently the pyrolysis of solid waste is being evaluated in 

one demonstration plant (Landgard) that is in the shakedown phase, and an­

other (Occidental) that expects to start operation in early 1977. In addi­

tion, Purox has had a pilot plant operating since 1974, and the Refu-Cycler 

pilot plant is expected to be operational in the spring of 1977. 

Most of the reported information on pyrolysis has been developed from 

laboratory batch-type units, or from very small pilot plants, using wood 

wastes, paper wastes, etc., but not much has been reported on mixed municipal 

refuse. Because the four pro.cesses mentioned a}?ov.e are proprietary, most 

of the laboratory or small pilot plant data have not been reported. However, 

sufficient data are available to convince EPA to partially fund large demon­

strations of the Landgard and Occidental processes. Currently, Purox and 

Refu-Cycler are being developed with corporate funds only. 

1.3 PRODUCTS PRODUCED 

There are three main products from the pyrolysis process. Each of the 

four processes under development tend to favor the production of one product 

over the other two. For example, Landgard's Baltimore plant is geared to 

producing a combustible gas that is burned in waste heat boilers to produce 

steam which is sold offsite. Occidental's system favors the production of 
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an oil-like liquid that can be used as a fuel in combination with No. 6 fuel 

oil. Purox and Refu-Cycler produce a fuel gas for closely coupled use near 

the pyrolysis unit. 

1.4 TYPES OF PYROLYSIS REACTORS AVAILABLE 

Each of the four pyrolysis processes uses a different type of reactor 

and method of heating. The Landgard Process uses a rotary kiln furnace; the 

Occidental Process, a vertical reactor; the Purox Process, a vertical shaft 

furnace with pure oxygen; and the Refu-Cycler Process, a vertical shaft fur­

nace with air. 

1.5 PREPROCESSING REQUIRED 

Two of the processes include shredding the solid waste; the Occidental 

process works best when most of the non-organic fraction is r·emoved before 

entering the furnace; the Refu-Cycler does not require preprocessing. The 

Purox system does not require, but is investigating the possible use of, 

shredding for advanced systems. 

1.6 ICES CONSIDERATIONS 

Pyrolysis systems for municipal solid wast~ disposal had not been . 

commercially available as of late 1976. MOst of the existing plants have 

been specially designed large plants or pilot plants. However, at least one 

manufacturer plans to enter the market with relatively small units suitable 

to ICES application. For ICES systems, it appears that pyrolysis could be 

used and therefore merits further consideration. 

1 • 7 ECONmiT CG 

Pyrolysis is presently in the development s~age, but the economics are 

not well defined. Becnuse thQ costs include various credits for handling tho 

solid waste in the pyrolysis facility versusalternative facilities, they are 

highly dependent on the estimated revenue from the sale of the end products. 

In all cases, economic considerations will be a complex ~nalysis of pyrolysis 

capital and operating costs which a~~ unique to the specific situation as 

compared to equally specific competitive cos~s. 
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Operating costs are only estimates at this time, and the capital costs 

are confused and inconsistent because of the methods of handling return on 

the investment. Moreover, most of the capital costs reported do not include 

land and site preparation work, and many of the reported costs are inflated 

because of performance guarantees required in demonstration plants. EPA has 

developed suggested estimating procedures for estimating costs; however, 

these procedures do not seem to be used. Costs can be anticipated to be re­

duced in future plants, and commercialization plant unit costs will be lower. 

Operating costs can be estimated by the auxiliary utilities required, esti­

mates of the operating personnel required, and labor rates. 

1.8 CURRENT STATE OF D~VELOPMENT 

It seems to be too early to define conclusively the economics and de­

tails of performance of pyrolysis techniques in handling and extracting energy 

from municipal solid wastes. Nevertheless, the obvious potential of pyrolysis 

techniques has led to significant expenditure of government and private funds 

in development and evaluation of the various processes. As an advanced tech­

nology, pyrolysis is ideally suited to the ICES philosophy, and ICES could 

be an appropriate vehicle for confirming its applicability to mixed energy 

systems. 

Because all four processes to be described later in this report are in 

either the pilot plant stage or the initial demonstration phase of develop­

~ent, many operational and maintenance problems have been encountered that 

~ere not anticipated. For example, the Landgard Plant has experienced trouble 

!with the refractory lining of the rotary k:Un, which may be due to not allow­

ing enough time to bring the kiln up to temperature or to mechanical damage 

caused by abrasion produced by various constituents in the solid waste. At 

the time this report was prepared, essentially no information was available 

on waste water treatment, anticipated equipment life, maintenance, and gen­

eral operating problems. 

1. 9 MARKET FOR PRODUCTS 

The objective of ICES is energy conservation, and because the primary 

~roduct of pyrolysis is energy, the market for the pyrolysis energy will be 
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~ithin the ICES Program. However, secondary products must find a market 

outside the ICES Program. Slag residue from the Purox or Refu-Cycler Process 

can be used for roadbuilding, and the char from the Occidental or Landgard 

Wrocess possibly could be used as a source of activated carbon for waste­

~ater treatment. Even if the secondary products are not marketable, their 

greatly reduced volume drastically reduces the landfill requirement. 

1.10 ICES TIME FRAME 

Pyrolysis possibly could be developed commercially during 1980 and 

might be considered for ICES in that time frame. ICES can play a major role 

in developing operational, performance, and economic data for pyrolytic pro­

cessing of solid waste. 

l.ll ENVIRONMENTAL CONSIDERATIONS 

One of the most cited advantages of pyrolysis over incineration is 

~he reduced potential for air pollution provided by such systems. The only 

pyrolysis process with air pollution problems appears to be the Landgard 

system; however, these problems seem to be related to emissions from the on­

site waste heat boiler. Where chars are produced, they may represent a poten­

tial pollution source. Slagging pyrolysis processes~ suc.h as Purox or Refu-· 

Cycle~, produce a sterile, inert frit which sh~uld reduce.pollution problems 

from the disposal of this material. However, quenching of these materials 

~y represent a minor environmental problem in liquid effluent disposal. Be­

cause composition of the quench water has not yet been wel..l documented, the 

~pplication of pyrolysis processes does not seem to cause significant en­

~ironmental degradation. When more information is availabl~ from thP- fi.rst­

generation commercial plants, the effect of pyrolytic products on the environ­

~ent can be evaluated in greater detail. 
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2 VERTICAL FURNACE - OCCIDENTAL "FLASH PYROLYSIS" 
I 

The Occidental Resear.ch Corporation (a subsidiary of Occidental petro-

leum Corporation) is currently building a 200 ton/day pilot plant in San 

Diego, California. The major objective of the Occidental Process is to pro­

duce an oil-like liquid fuel, similar to No. 6 fuel oil, for use in utility 

boilers. Gas produced is totally used in the process, and studies are under­

way for utilization of the organic char. 

A feature of the Occidental process is extensive pretreatment of the 

incoming waste to remove metals, glass, and other inorganics. Sale of these 

materials is expected to offset a large fraction of the operating cost. 

2.1 PROCESS DESCRIPTION 

The Occidental process is based on earlier research on coal liquifac­

tion. Figures 2.1 and 2.2 show simplified process flowsheets of the pyrolysis 

system. Methods of processing the solid waste -- both for material recovery ' 

and energy recovery -- are illustrated in these two flowsheets. Raw solid 

waste is first ground in a hammermill to a nominal 3-in. size (90% passing a 

3-in. screen), and then fed through an electromagnetic separator to remove 

ferrous metals. The remainder of the waste is stored to ensure constant feed 

to the air classifier to allow shredding for 8 hr/day, but to permit the 

rest of the plant to operate 24 hr/day. In the air classifier, an upward­

flowing column of air carries the lighter organic fraction out through the 

top. of the tower; heavy inorganics (mainly glass)· fall through the air stream 

and are removed from the bottom of the classifier. The light fraction is 

dried to about 4% using gas from the pyrolysis reactor or fuel oil. When the 

light fraction is dried, additional mechanical processing such as screening, 

milling, and use of an air table further separate organics from inorganics. 

A number·of other operations also are included for glass recovery. 

The resulting light fraction is feedstock to the pyrolysis reactor con­

sisting of a vertical stainless steel vessel into which the feedstock is fed 

pneumatically. Hot char particles are fed to the reactor to provide the energy 

needed to pyrolyze the organic matter. Five pounds of char (heated to 1400°F) 
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~re added for each pound of organic material. The gas and .char mixture 

leaves the reactor at a temperature of about 950°F. The char is separated 

from the gas and stored for reuse. Excess char will become landfill; how­

ever, Occidental is looking at possible alternative markets for this material. 

The gas from the separator is cooled quickly to 175°F in an oil decanter. 

Cooling is performed by spraying a mixture of liquid fuel produced by the 

plant and No. 2 fuel oil. About 36 gallons of liquid fuel will be recovered 

from each ton of mixed solid waste. A portion of the gas produced is not 

condensed but is used within the plant. Tables 2.1 and 2.2 give the design 

composition of the waste assumed for the San Diego pilot plant and the assumec 

amounts of materials recovered. 

Table 2.1 Composition ot MunicipaL ~olid wagee* 

Tons/day 
Component Percent a.t plan~ 

Organics 52 104 
Metals 

(a) Ferrous 12 24 
(b) Aluminum 1 2 

Glass 7 lll 

Other inorganics. 2 4 
Miscellaneous solids 1 2 
Moisture :!5 50 

Total 100 200 

*Based on data from pilot testing conducted at Van­
couver, Washington, 1972-73. 

2.2 PRODUCT OKARACTERISTICS 
..... _ 

As stated earlier, the Occidental process is mainly. directed at produc-

ing a liquid fue-l. Ao prct:l:!nLly uuuctt.i.vt:!u, char ci.LLU gas is used a~ a part of 

the process and do not represent saleable products.. Table 2. 3 compares the 

·c.haracteristics of the pyrolysis fuel with No. 6 fuel oil. Each gallon of py­

rolytic oil contains about 76 percent of the heat energy available and No. 6 

pil (about 4.1 million Btu of energy per ton of solid waste). 
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Table 2.2 Estimated Amounts of Materials Recovered 
[Input = 200 tons/day municipal solid 
waste (150 tons dry weight).] 

Outputs 
Percent, 
wet weight Tons/day 

Products (dry ~eight) 
Ferrous metals 
Glass 
Oil 

12 
5 

17 

23.7 
10.4 
33.8 

(172 barrels) 

Residue to landfill (dry weight) 
Solid residuals 
Waste char 

Waste gasest 

Moisture 
Total 

16 
5 

20 

25 
100 

31.5 
11.1 

39.5 

50.0 
200.0 

tThis includes the combustible gas that is used as a fuel in 
in the afterburner and moisture that forms in the pyrolysis 
react-or. 

Table 2.3 Typical Properties of Liquid Fuel From 
Solid Waste and No. 6 Fuel Oil* 

Physical properties(dry basis): 
Heating value (Btu/lb) 
Specific gravity 
Density (lb/gal) 
Volumetric heating value (Btu/gal) 

Chemical analysis 
Carbon 
Hydrogen 
Sulfur 
Chlorine 
Ash 
Nitrogen 

Oxygen 

(dry basis, %by weight): 

Liquid fuel 
·product 

10,500 
1.30 

10.85 
113,910 

57..5 
7.6 

0.1-0.3 
0.3 

0.2-0.4 
0.9 

33.4 

No •. 6 
fuel oil 

18,000 
0.98 
8.18 

148,840 

85.7 
10.5 

0.5-3.5 
t 

0.5 

2.0 

*Finney, C.S., and D.E. Garrett. The Flash Pyrolysis of Solid Wastes~ 
Presented at Annual Meeting, American Institute of Chemical Engineers, 
Philadelphia p. 18b (Nov. 11, 1973). 

tNot available. 
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2.3 PLANT CAPACITIES 

The original Garrett pilot plant had a capacity of four tons per day 

and was constructed and operated in Vancouver, Washington in 1971. The cur­

rent pilot plant in San Diego has a capacity of 200 tons per day, but the 

literature does not indicate any other proposed projects. Detailed informa­

tion on the 4 tons/day plant may be of interest to the ICES program, but 

these data are not available. 

2.4 ECONOMICS 

Actual opEarating coe;te; of the San Diego PlanL w~n~ nut available at 

the time this report was written, so the following reported cost data were 

estimated by Occidental. Capital costs (as of June, 1974). for the San Diego 

pilot plant are given in Table 2.4. On a per-ton-of-capacity basis, this 

represents a unit cost of $32,000 per ton of daily capacity which is much 

higher than that for water-wall incinerators. 

Table 2.5 gives the annual operating costs for the San Diego pilot 

plant. Using the estimated amounts of products recovered and their estimated 

values (Table· 2:6), the net cost of the process can be calculated. This 

amount is estimated to be $841,000 per year or $13.42 per ton (operation 

85% of design, 7 days/week, 24 hr/day~ 200 tons/day). Ocei.dental antici­

pates that larger units· would have lower unit costs, but has not estimat~d 

costs for smaller units. 

Occidental has estimated that the costs for a 1000 ton per day plant 

(second quarter 1975 costs) would be $25,200,000, .or a cost of $'25,2.00 per . 

. ton. Operating costs are estimated to be $15.70 per ton,. and with credits 

for revenue, the net operating cost would be $11.49 per ton. 

2.5 8TATE OF PROCESS DEVELOPMENT 

Although the process has been piloted, the. demonstrat;i.on. plant has not 

been operated. Consequently, operational problems have not been identified. 

Thus, the process does not appear to have·IcES application before 1980. 
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Table 2.4 Breakdown of Capital Costs Estimated 
for 200 Ton/Day Pyrolysis Plant 

Item 

Design 

Site development costs 

Construction 
Receiving and prep~ration (through air classifier and 
trammel) 

Equipment 
Ins tall at ion 

Organic feed preparation 
Equipment 
Installation 

Pyrolysis and fuel recovery 
Equipment 
Installation 

Glass recovery 
Equipment 
Installation 

General and utility (product 
boiler, spare parts) 

Equipment 
Installation 

596,000 
885,000 

317,000 
306,000 

254,000 
398,000 

113,000 
262,000 

storage, afterburner, package 

312,000 
273,000 

Inflation, overhead, and contractor's profit 

Total 
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Table 2.5 Operating and Maintenance Cost 

Operating costs 
Electric power 
Other utilities 
Labor (20 positions) 
Maintenance 
Land rent 
Residual transfer and disposal 

Total operating costs 

Capital costs 
Amortization of $6,344,000 

(.i'IJ years at 6%) 

Total annual cost 

$ 127,000 
39' 000 

361,000 
317,000 

34,000 
38,000 

916,000 

$1,469,000 

Table 2.6 Estimated Revenues 

Ferrous metal (7,874 tons at 
$47/ton) 

Glass (4~033 tons at $6.40/ton) 
Liquid fuel (5.1,644 hr~rre.1.s at 

$4/bbl) 

Total 

' ~ : 

$370,000 
26,000 

232,000 

$628,000 

The weights for the products as shown in the 
material balance are dry weights. In actual 
operations the~e ffidte:Lial::;, wlll com:ain cer­
tain amounts. of moisture. Product values are 
based on the wet weight of the respective 
materir~.ls. Ferrous is 6 .6l1 percent moi8ture; 
glass is 20 percen~ moisture; the fuel is 
14.2 percent moisture. 
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2 . ,~ ENERGY AND MATERIAL BALANCES 

Figure 2.3 shows the material balance for the San Diego plant. 

Tables 2.1 and 2.2 give the design composition of the waste to be processed 

in the plant. The material balance shown in Fig. 2.3 is based on dry weight, 

i.e., 200 tons/day, as delivered and corresponds to 150 tons/day dry weight. 

Energy requirements of the Occidental process are 140 kWh of elec­

tricity. Assuming the heating value of the liquid fuel produced is 113,910 

Btu/gal, and that it takes 10,000 Btu to produce 1 kWh, the net energy yield 

and the energy efficiency of the process can be calculated. These calcula­

tions are given in Table 2.7. 

2.7 MISCELLANEOUS INFORMATION 

Because of difficulties in obtaining a site and various permits, con­

struction of the pilot plant was not_started until February, 1976 and ·is 

scheduled for completion early in 1977. As a result, the original capital 

cost for construction of $6,344,000 has increased to $11,300,000 (about 

$56,000 per ton-day). Some factors leading to this increase are: 

1. inflation; 

2. change in plant site and design limitation caused by the 
new site; 

3. additional odor-control equipment required; 

4. addition of aluminum recovery facilities; and 

5. additional redundancy. and :;;ite lands.caping. 

Because of site limita.tions and local meteorological conditions, 

production of nitrogen oxides by the pyrolysis plant may require periodic 

shutdown of the facility for several days per year. Moreover, operating 

costs are expected to be high because the plant capacity (200 tons/day) is 

not considered by Occidental to be of commercial scale. 

2.8 RATING OF THE DATA BASE 

Although the Occidental process has been described in some detail in 

the literature, some changes, still untested, have been made in the process 

design. The rating of the data base should be improved when the San Diego 

plant is in operation. Economics appear to be questionable at this time. 
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Table 2.7 Energy Balances for Occidental System 

Energy out (liquid fuel) - Energy in (electricity) 
Yield = 

Total energy in.solid waste 

(36 gal x 113,910 Btu) - (140 kWh x 10,000 Btu) 

1 ·ton x 10,000,000 

4,101,000 - 1,400,000 

10,400,000 

2,701,000 
= 0.27 

10,000,000 

= 27% 

Energy out (liquid fuel) 
Efficiency = -------------------------------~---

Energy in (solid waste, electricity) 

36 gal x 113,910 Btu 
= ---------------------------------------------

(1 ton x 10,000,000 Btu) + (140 kWh x 10,000 Btu) 

4,101,000 
= --------------------

10,000,000 + 1,400,000 

4,101,000 
= --------- = 0.36 

11,400,000 

= 36% 
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3 ROTARY KILN - MONSANTO "LANDGARD" PROCESS 

3.1 PROCESS DESCRIPTION 

The Rotary Kiln "Landgard" pyrolysis process is designed to pyrolyze 

municipal solid waste, produce a gaseous product, and then burn it in an 

auxiliary boiler to produce steam for sale to a power plant or industrial 

user. Recovery of ferrous metals and· glassy materials from the pyrolysis 

residue is proposed. Glassy material may be used as aggregate in bituminous 

concrete paving of streets ("glassphalt"). The char is being studied as a 

possible additive in wastewater treatment or as a soil conditioner .. 

Currently the Landgard process is being tested in a 1000 ton per day 

demonstration plant in Baltimore, Maryland. Figure 3.1 shows the Baltimore 

plant flowsheet. Solid waste is received and shredded during a ten-hour 

daily shift. The balance of the plant will operate 24 hours per day, seven 

days a week. A storage capacity of 1000 tons has been provided in the waste 

reception area, and 2000 tons of storage follows the shredder to ensure con~ 

tinuous operation of the pyrolysis plant. 

CLEAN AIR TO 
ATMOSPHERE 

... 
FERROUS 

liE TAL 

Fig. 3.1 Flow Diagram Depicting Processing at the Baltimore Plant 

STACK 

The shredded solid waste enters the pyrolytic reactor - a refractory 

lined, horizontal, rotary kiln which is 19 feet in diameter and 100 feet long. 

The kiln rotates at a speed of two rpm. The refractory lining serves: (1) to 

keep the heat of ·reaction in the kiln, and (2) to prevent corrosion of the 
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metal kiln shell. Solid waste in the kiln is combusted using 40% of the 

theoretical air required for complete combustion and 7.1 gal/ ton of No. 2 

fuel oil to provide the required energy. In this design, the auxiliary fuel 

burner is located at the discharge end of the kiln and the pyrolytic gases 

exit from the feed end. Gas temperatures are held below 1200°F and the 

residue is kept below 2000°F to prevent refractory damage and to facilitate 

further separation of the residue. 

The 1200°F gases then are directed to an afterburner where they are 

burned in the presence of additional air. The pyrolysis gases are expected 

to have a heating value of about 120 Btu per dry standard cubir. foot .. · The­

gas stream exiting the afterburner is directed to two waste-heat boilers 

which generate 200,000 lb of steam per hour. 

As originally designed, waste gases from the waste-heat boilers pass 

through a water scrubber. The gases exiting the scrubber are saturated with 

moisture and are passed through a dehumidifier where gases are cooled and 

water is removed for recycle back into the scrubber. The cooled off-gas 

is then mixed with heated air, to suppress formation of a steam plume, and 

·discharged to the atmosphere. 

Before entering the scrubber, the recycied dehumidifier water is 

treated with flocculents in a thickener to remove solids. The overflow goes 

Lo the scrubber, and the underflow stream (containing the settled solids) is 

directed to the residue quench tank. Makeup water requirements in the closed 

loop scrubber are low. 

'!'he plant is designed to ensure continuous operation by allowing the 

afterburner gases to enter.. the scrubber system directly in case the boilers 

are out of service. 

Hot residue from the kiln is discharg'ed into a water-filled quench 

tank. A conveyor dewat:ers the wet residue and transfers it to a flotation 

separator. The light material (char) floats off and is thickened and filtered 

The liquid effluent goes back into the plant's closed water loop, and the 

char will be disposed of as landfill until a market is developed. The heavy 
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residue that settles out is passed through a magnetic separator to remove 

ferrous metals, and the remaining glassy aggregate will be used by the city 

for street paving. 

3.2 PRODUCT CRARACTERISTICS 

As described abqve, the Baltimore Landgard system produces gas (which 

is burned onsite for steam production), carbon char, ferrous metal, and a 

glassy aggregate. Characteristics of these. products are given in Tables 3.1 

through 3. 4 . 

Table 3.1 Composition of Pyrolysis Gas 

Percent by volume, 
dry basis 

Nitrogen 
Carbon dioxide 
Carbon monoxide 
Hydrogen 
Methane 
Ethylene 
Oxygen 

69.3 
11.4 

6.6 
6.6 
2.8 
1.7 
1.6 

Table 3.2 Quality of Ferrous Metal Recovered 
from Pyrolysis Residue 

Bulk density 35 pounds per cubic foot 
Iron 98.85% by weight 
Contaminants 1.15% by weight 

Component 

Iron 
Tin 
Carbon 
Copper 
Nickel 
Lead 
Manganese 
Silicon 
Chromium 

Percent 

98.850 
.153 
.150 
.150 
.140 
.088 
.048 
.045 
.035 

Chemir:'IJ. :-m:'llyRiR 

ComJ2onent 

Antimony 
Sulfur 
Phosphorus 
Cobalt 
Molybdenum 
Titanium 
Vanadium 
Aluminum 
Other 

*Less than percent shown. 
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.020* 

.016 

.015 

.010* 

.010* 

.010* 

.010* 

.001* 

.249 
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Table 3.3 Analysis of Carbon Char Residue 

Bulk density 
Moisture content 
Heating value, dry basis 

20-50 pounds per cubic foot 
50% by weight 
7,000 Btu per pound 

Analysis, dry basis 

Component 

Carbon 
Ash and glass 
Volatiles 
Sulfur 

Analysis 

ComEonent 

Sodium 
Calcium 
Copper 
Magnesium 
Potassium 
Boron 
Strontium 
Iron 
Molybdenum 
Silicon 
Phosphorus 
Chromium 
Lead 
Tin 
Vanadium 
Zinc· 
Aluminum 
Cadmium 
Manganese 
Silver 
Titanium 

of 

*Less than figure shown 

Percent 

50.0 
45.8 
4.0 
0.2 

water-extractable fraction 

Percent or parts per million 

over 30% 
0.1-1.0% 
0.03-0.3% 
0.03-0.3% 
0.03~0;3% 

0.01-0.1% 
0.001-0.1% 
0.001%* 
0.001%* 
0.001%* 
22 ppm* 
10 ppm* 
10 ppm* 
10 ppm* 

5 ppm* 
5 ppm* 
1 ppm* 
1 ppm* 
1 ppm* 
1 ppm* 
1 ppm* 
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Table 3.4 Analysis of Glassy Aggregate Recovered 
from Pyrolysis Residue 

Bulk density 150 pounds per cubic foot 

Component Percent 

Glass 
Rock and miscellaneous 
Ferrous metal 
Nonferrous metal 
Carbon 

3.3 PLANT CAPACITIES 

65 
28 

3 
2 
2 

Following laboratory studies on pyrolysis, a 35 ton per day pilot 

plant was built at the St. Louis ·county, Missouri landfill. The Baltimore 

plant has a capacity of 1000 tons per day. Monsanto may have designed plants 

having other capacities, but they are not documented. Currently, there is 

ins~fficient information available to determine if the Landgard system 

could be used in small systems. More detailed information will be required 

before consideration for use in ICES. 

3.4 ECONOMICS 

Although the Baltimore plant has been operational since 1973, there 

is still considerable question concerning its economics. Table 3.5 lists 

cost estimates as of January, 1973 and February, 1974. The capital costs 

are now estimated at $25,950,000 (see later section on operating problems). 

Operating revenues are currently estimated at $30.75 per ton. It has been 

stated that the system will be "economically competitive with most other dis­

posal and recovery alternatives" in Baltimore. 

3.5 STATE OF PROCESS DEVELOPMENT 

Further operation and evaluation will be initiated during the period 

January, 1977 to December, 1977. Currently, the plant is undergoing replace­

ment of the refractories in the rotary kiln and other extensive mechanical 

modifications. An electrostatic precipitator also has been added to the off­

gas system. 

I~ES TECHNOLOGY EVALUATION 

23 



Table 3.5 Economic Estimates for the Baltimore Plant 
($ per throughput ton) 

Costs and revenues January 1973 February 1974 

Amortization* $4.34 $5.55 

Operating cos.ts 
Fuel .89 2.20 
Electricity 1.06 1.50 
Manpower 1.02 1.10 
Water and chemicals .31 .30 
Maintenance "1.84 1.90 
Miscellaneous .42 .40 
Char removal .18 .20 

Total $5.72 $7.60 

Total expenses ~lU.Ub $13.15 

.. 
Revenues 

Steamt 
.. $3.89 $11.18 

ILUU .44 1.55 
Glassy aggregate .34 .40 

-
Total revenues $4.67 $13.13 

Net operating cost $5.39 $ .02 

*Approximate plant cost: in January 1973; $16 million; in February 1974, 
~20 mlllluu. 

tPrice is keyed to f~el oil price, which was $3.70 per barrel in Januar.y 
1973, and $10.63 per barrel in February 1974. 
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3.6 ENERGY AND MATERIAL BALANCES 

As with any energy system, the energy balance sheet is important in 

det:ermining overall system efficiency and effectiveness •. A solid waste dis­

posal system can be either energy-consumptive, neutral, or energy-p~oducing, 

depending.on its design and technology. In choosing pyrolysis as a tech­

nology, a net energy gain was expected. 

The inputs and outputs of energy and materials were calculated using 

the following assUmptions: 

1. Electrical power required to process one ton of waste can 

be determined by using quoted electrical equipment ratings 

and estimating how long each piece of equipment would have 

to operate to process one ton of waste, and then converting 

to Btu, assumi'!-lg 30 percent conversion efficiency from fos­

sil fuel. 

2. No. 2 fuel oil needed to pyrolyze the waste is fed at a 

rate of 7.1 gal/ton. 

3. The waste has a heat value of 4600 Btu/lb. 

4. The two bulldozers use 16 gal.of fuel per hour. 

5. Other internal combustion engine vehicles (crane, loader, 

etc.) use 10 gal/day. 

Based on the above assumptions, the energy and material balances 

(shown in Fig. 3.2) can be calculated. 

3. 7 MISCELLANEOUS INFORMATION 

Monsanto is responsible for the complete design, construction and 

startup of the plant, all at a fixed price. The "turn-key" contract calls 

for MOnsanto to turn over to Baltimore a completely operational facility. 

Additionally, the contract provides for up to $4 million in performance pen­

alties if the plant fails any of the following requirements: 

1. air emissions rhar meet existing federal, state, and 

local air pollution regulations; 
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INPUTS 

WASTE FEED 
I TON 
9.2 Btu/t 

COMBUSTION AIR 
5. 02 T/t 
0 Btu/t 

BURNER AIR 8 FUEL 
0.43 T/t 
I. 0 Btu/t 

WATER 
2.66 T/t 
0 Btu/t 

ELECTRIC POWER 
OT/t 
0. 761 Btu/! 

EQUIPMENT FUEL 
0 Tit 
0.024 Btu/! 

TOTAL 
9.11 T /t 
10.985 ·Btu/! 

LOSSES OUTPUTS 

(TO SCRUBBER) 

HEAT 
RECOVERY 1----------< 
BOILER 

BOILER LOSSES 
'----..10.26 Tit 

0.24 Btult 

PYROLY&I& 
SYSTEM 

REACTOR HEA 
'----~0 T/t 

MATERIALS 
RECOVERY 
SYSTEM 

O.B3 Bta/t 

RESIDUE HEAT 
. 
785 

.._B_t-u/_t __ ""f 1.43 Btu/t 

•••••• CONVERTED TO 
MECHANICAL 
ENERGY 

'TOTAL· 

-------- 6.3'9:T/t ---
5.425 Btu/! 

STEAM 
2.4 Til 
5.56 Btu/t 

MATERIALS 
IRON 0.07 Tit 
CHAR 0.08 T/1 
AGGREGATE 0.17 T/1 

TOTAL 
2.72 Til 
5.56 Btu/! 

T/t : TON OF MATERIA.L PER TON OF SOLID WASTE INPUT 

Btu : MILLION Btu PER INPUT TON 

Fig. 3.2 Energy and Material Balances for the 
M?nsanto "Landgard!'. Pyrolysis Process 

... 
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2. plant capacity that will average a minimum of 85% of 

design capacity for an identified 60-day period; and 

3. putrescible content of residue less than 0.2% . 

. After testing in 1975, it was found that the system throughput was 

not able to process the 51,000 tons required for a. 60~day period, and that 

emission standards (less than 0.03 grains/dry standard cubic foot) could 

not be met. 

Monsanto, the system designer, attributes the high emission levels in 

the demonstration plant to the presence of a greater number of submicron 

particles than had been produced in the pilot plant. In scaling up from 

35 to 1000 tons/day, key design and operating parameters (equipment size, 

temperatures, residence time of solid waste in kiln, etc.) were increased 

in certain proportions. The difference in performance between the demon­

stration plant and the pilot plant appears to have been caused by incorrect 

scaling of some parameters. Many of the mechanical problems that are limit­

ing the system throughput are also a result of scale-up difficulties. This 

situation illustrates the risk inherent in scaling up technology from pilot 

to commercial scale. 

A supplemental agreement between the City of Baltimore and Monsanto 

was signed on December 31, 1975. Funds for the work outlined in this agree­

ment were $4 million contributed by Monsanto (equivalent in amount to the 

original performance guarantee) plus an increase in the EPA grant of $1 

million. This work included mechanical modification required to improve the 

reiiahility of the system and enable the plant to meet the design performance 

This phase also covered testing, evaluation, and specification of the air­

pollution-control devices required to bring the plant into compliance with 

applicable standards. 

3.8 RATING OF THE DATA BASE 

Because of scale-up difficulties, information reported on Landgard 

economics and amount of products produced will have to await further testing. 
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4. VERTICAL SHAFT FURNACE - PUROX "PURE OXYGEN" PROCESS 

4.1 PROCESS ·DESCRIPTION 

The Purox "pure oxygen" pyrolysis process (Union Carbide Corporation) 

is designed to produce a fuel gas having a heating value of about 300 Btu/ 

standard ft 3
• The key features are the u.se of a vertical shaft furnace and 

p~re oxygen. Some advantages of using pure oxygen include the reduced volume 

of fuel gas produced, its increased fuel value (less nitrogen impurity), and 

a smaller ·requirement for offgas treatment equipment. 

The main feature of the process is the vertical shaft furnace as 

shown in Fig. 4.1 in which the refuse is dried and pyrolyzed, and metals and 

REFUSE 
FEED HOPPER 

SHAFT 
FURNACE 

WATER QUENCH 

RECYCLE 

t 

FUEL GAS 
PRODUCT 

WATE WATER 

~~...-...._::::=r--.- GRANULAR 
RESIDUE 

Fig. 4.1 The Key Element of the Union Carbide Process 
is a Vertical Shaft Furnace. 

glass are melted. Figure 4.2 is a schematic of what is occurring in the shaf 

furnace. In the upper portion of the ·furnace, the drying zone, gases from 

the lower portions of the furnace dry the incoming municipal solid·waste. 

The middle zone of the furnace is the area where the dried waste is pyrolyzed. 

In the lower zone, oxygen is injected, and primary combustion and melting 

occurs. According to the process patent, from 0.15 to 0.28 ton of 0 2 is re­

quired per ton of refuse (nominally 0.2 ton of Oz/ton of refuse). Oxygen 
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FUEL GAS ~ r- REFUSE 
OUT _f y FEED IN 

~-L--------L-~, 

.------ -~ 

-----"' 

_DRYING 
ZONE 

f- PYROLYSIS 
ZONE 

~-;----~-~ 

} 

COMBUSTION 
8 MELTING 
· ZONE 

OXYGEN _j L MOLTEN METAL 
IN AND GLASS OUT 

·Fig. 4.2 Schematic Diagram of Shaft Furnace 

injected into the bottom of the furnace reacts with the char from the upper 

zone, and the resulting combustion is at a high enough temperature to melt 

. any incombustible fraction of the waste. The molten material, drained contin 

uously into a water quench tank, forms a hard granular material. The hot 

gases from the combustion zone rise through the descending solid waste and 

provide heat to pyrolyze the waste. No external heat source is required. 

Gases leaving the pyrolysis zone are cooled. as they come into contact with 

newly added waste. Gases exit the unit at about 200°F. The gas contains 

water vapor, some oil mist, and fly ash. These components are handled by a 

gas-cleaning train consisting of' an electrostatic precipitator, an acid ab­

sorption column, and a condenser. Organics, removed from the gas, can be re­

cycled back to ~he furnace for further cracking. 

The fuel gas produced is reported to be a clean burning fuel compar­

able in characteristics (but with lower Btu value) to natural gas. It is 

essentially free of nitrogen oxides and sulfur compounds, and it burns at 
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about the. same temperature as natural gas. The limitation on the offsite 

use of the gas is the extra cost of compressing it for storage and pipelin­

ing. Consequently for economic reasons, the market for such gas should not 

be more than 1 or 2 miles from the pyrolysis facility. 

Gas from this process can be recovered for offsite use because use 

of oxygen instead of air precludes dilution of the fuel gas product by the 

79% nitrogen in the air. However,. this process requ~res a constant oxygen 

supply that can be relatively expensive for small plants. Table 4.1 com­

pares the Purox system with conventional incineration. 

4.2 

Table 4.1 Comparison of Purox System with 
Conventional Incinerator 

Purox· Conventional 
System Incinerator 

Oxidant (tons/ton refuse) 
Oxygen 0.2 
Air 7.1 

Furnace volume 
CF I daily ton 2-4 20 

Furnace gas 
Tons/ton refuse 1 8 
CFM/ daily ton 30 620 
Tep1perature, OF 200 1700 

Fly ash in clean gas 
lb/ton refuse 0.2 2 

Residue - % of original volume 3 10 

PRODUCT CHARACTERISTICS 

According to the Union Carbide patent application, the composition 

; 

of the fuel gas should be similar to tha~ shown in Table 4.2. It is reported 

chat for a municipal solid waste having a.heating value of 9 x lOG Btu/ton, 

the total heating value of the gas produced in a full scale plant would be 

from 5 to 7 million Btu/ton of refuse processed, depending on whether oils 
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Table 4.2 Offgas Composition 

Gas Sample Analysis (Volume Eercent) 

Component Sample Ill Sample 112 Sample 113 

co 53.2 46.6 44.3 
C02 14.8 21.8 18.0 
CH~ 3.1 2.9 3.0 
H2 26.4 26.8 31.1 
N2 0.6 0.8 0.3 
C2H2 0.9 0.3 1.3 
C2H~ 0.8 0.6 1.7 
CzHa 0.1 0. 2. 0.3 

Higher Heating 
Value 

Btu/CF@70°F 309 277 317 

were recycled. No char is produced, ~d it is anticipated that any oils will 

be recycled back to the pyrolysis furnace for further cracking; however, 

Union Carbide leaves the end use of the oil as "optional." Analysis of the 

Tarrytown; N.Y. plant slag, using New York City refuse, is given in Table 

4.3. 

Table 4.3 

Feu 
Fe~O:J 
MnO 
Si02 
CaO 
AJ.20a 
Ti02 

Analysis of Granular Residence 

8. 3 'wt% 
1.4 
0.6 

53.0 
11.5 

i. 7 
0.1 

4.3 PLANT CAPACITIES 

The original Tarrytown pilot plant had a capacity of 5 tons/day. 

Union Carbide has built and is currently operating a 200 ton/day plant at 

its South Charleston, West Virginia facility. To date, nothing is re­

ported in the literature on further projects or customers~ However, in 1976, 
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pnion Carbide entered into negotiations with the City of Seattle, Washington 

to install a Purox unit as a part of a proposed solid-waste-to-methanol or­

annnonia project. 

4.4 ECONOMICS 

At the current stage of development, economics for a full-scale Purox 

system are speculative. However; based on currently available information, 

the net cost of disposal for this process is projected to be about $4.50 per 

ton for a 1000-ton/day plant. The basis for this projection is a capital 

cost of $14 million, exclusive of land or site-specific design costs. The 

plant would have three 350-ton/day modules served by one oxygen plant. An­

nual amortization and operating costs would al?lount to about $3 million. Rev­

enues from the sale of gas at 75 cents per million Btu (and a gas yield of 

7 million Btu per ton of solid waste) would be about $1.6 million. Plant 

throughput on the basis of 85% availability would be 310,000 ton/yr. 

4.5 STATE OF PROCESS DEVELOPMENT 

The Purox Process has been tested in both a 5-and a 200-ton/day pilot 

plant. Very littl~ data on operation appear in the literature, and the pro­

ces.s does not appear to have ICES application qefore 1980. · 

4. 6 ENERGY AND MATERIAL BALANCES 

. Union Carbide Corporation has reported some. information on energy and 

material balances. Electri~al consumption for a 1000-ton/day plant is esti­

mated to be 5000 kW (120 kWh/ton of solid waste pro~essed). Fuel is required 

only for startup. Figure 4.3 gives the material balances for Purox (on a 

per-ton-of-solid-waste basis). Table 4.4 gives the energy yield and plant 

energy efficiency. 

'' . 7 MISCELLANEOUS INFORMATION 

Although the original Purox flowsheet did not include size reduction 

of the incoming solid waste, Union Carbide has initiated studies to evaluate 

the effect of shredding on the Purox Process. 
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------1~0. 7 TONS 
FUEL GAS 

FURNACE 

0.22 TONS 
GLASS AND METAL 

· 1.01 TONS . 

GAS 

GAS CLEANING 
TRAIN 

0.03 TONS RECYCLE 

WASTEWATER 
0;28 TONS 

Fig. 4. 3 Material Balance - Inputs and Products of l:'urox l::iyst.em. 

. . ~ . 
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Table 4.4 Ene~gy Balances 

Energy out(gas) - electricity in 
Yield = ------~--------~------------

Total energy in waste 

7,0QO,OOO,OOO Btu/tqn- 120 kWh/ton x 1:0,000 Btu/kWh 
-------~--------~-------------------------------

9,000,000 Btu/ton 

5,800,000 

9,000,000 

0.64 O:t'- 64% 

Energy o:ut:_ (gas), 
Efficiency 

Energy in (solid w~ste, electricity) 

7,000,000 Btu/ton 
'- ~ . 

9,000,000 Btu/t~n + 120 k~/ton x 10,000 Btu/kWh 

7,000,000 
= ------

10,200,000 

= 0 .69. or 6~·% 
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4.8 RATING OF THE DATA BASE 

Because all of the money invested in Purox development is from corpor­

ate funds, currently available data are ~omewhat limited. Mbre is expected 

to be released when pilot plant testing is completed and commercialization 

commences. However, the data released to date appear to reflect accurat·ely 

the Purox concept. 
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5. VERTICAL SHAFf FURNACE - HAMILTON STANDARD "REFU-CYCLER" PROCESS 

5.1 PROCESS DESCRIPTION 

The Hamilton Standard Refu-Cycler Process (Fig. 5.1) uses a pyrolysis 

system designed for single-step, nonpolluting refuse disposal and energy 

recovery. The system consumes "as-received" municipal trash and generates 

gaseous fuel at approximately 70% efficiency. A sterile inert solid residue 

that can be used as a construction material or as landfill also is generated. 

The 130 to 150.Btu/scf product gas can be used to reduce primary fuel consump 

tion in ATMES. At 1977 prices for energy and waste disposal, the system is 

projected to generate a net savings in sizes greater than approximately 12 

tono/day. capacity. 

The components that make up the Refu-Cycler can be classified into 

seven categories: (1) refuse loading, (2) the reactor, (3) product gas pro­

cessing, (4) solid residue processing, (5) water processing, (6) combustion 

air processing, and (7) system control. 

As shown in Fig. 5.1, refuse is dumped directly from packer trucks to 

a tipping floor at grade level.· . The plant operator uses a hydraulic lifting 

arm to transfer the refuse from the tipping floor to a hopper located atop 

a commercial hydraulic trash compactor which is used as the reactor loading 

ram. Depending on the application, other methods of refuse transfer can be 

used. 

Trash from the hopper is compacted and forced into the reactor through· 

an S-shaped duct. The compacted refuse in the duct and the ram face stopped 

in the forward position form a gas seal preventing the r~w product gas in the 

reactor from entering the loading ram area. Operation of th~loading ram is 

controlled by the reactor's ultrasonic level sensors which cycle the loading 

ram, as required, to maintain the proper trash level. If bridging should 

occur in the hopper and prevent trash from being introduced while the loading 

ram is cycling, an excess cycle alarm will sound. The operator can then re­

position trash within the trash holding bin. 
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The Refu-Cycler uses a vertical shaft, partial air oxidation, slagging 

pyrolysis reactor that is constructed as a double-steel-walled, air-cooled 

vertical cylinder with fire brick and refractory insulation in the high­

temperature areas. Within the reactor are four discrete zones where dif­

ferent processes occur. These zones are the drying zone, the pyrolysis zone, 

the oxidation zone, and the slagging zone. (For description of the zones, 

see Section 4.1.) 

Pressure is controlled to 2 or 3 in. of water above atmospheric at 

~he reactOr outlet resulting in pressures as high as 10 in. of water at the 

slag tap area. The top of the reactor consists of a full diameter weighted 

relief panel that protects the reactor from overpressure. 

The first step in the product gas processing occurs in the reactor 

with the water spray cooling of the outlet gases for temperature control. 

("'200°C). The effect of low gas velocities (<2 ft/sec) and the fine water 

·spray excludes virtually all particulate carryover from the reactor. High­

and-low-temperature alarms and a temperature indicator provide continuous 

monitoring of gas cooling performance. 

When the product gases leave the reactor, they are scrubbed of con­

densibles, compressed, and discharged through a back-pressure control valve. 

system back pressure is maintained slightly positive to exclude air from the 

product gas stream. Gas enters the sc:r;tibt>~r .at 200°F (with a dew point of 

approximately 170°F) and leaves at 90°F to 100°F and 100% relative humi.dity. 

During periods of no demand, the product gases are diverted to a flare tube 

for disposal. Should a component failure occur in the Refu-Cycler system, 

the product gases are shunted. directly from. the reactor to the flare tube. 

During the primary mode, the flare burner and blower are not operated. 

However, by means of a bleed valve, the flare tube is continuously purged by 

the oxidation air blower. This continuous purge removes auxiliary fuel or 

pyrolysis gases that might leak into the flare tube while the burner is off. 

Moreover, the base of the flare tube has air openings to allow air to enter 

while the flare burner is operating and to allow heavier gases to escape 

from the flare tube if a leak should develop when the burner is not operating. 
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The solid residue from the processed waste is discharged from the 

reactor as a molten slag that is immediately quenched in water as it falls 

~rom the slag tap hole into the bottom of the reactor. When the molten s~ag 

contacts the water, it solidifies and fractures into a fine gravelly sub­

strate (frit) which is removed from the quench tank by a screw-type ~onv~yor 

and deposited into the frit container. 

The water in the quench tank is cooled continuously by submerged 

cooling panels that absorb the heat from frit quenching. A supply of cooling 

~~ter to the panels is required, and some makeup water is necessary to compen 

sate for the vaporization that results from the quenching process. 

Tbe oxidation air burner supplies heated air, as required, to the 

reactor to maintain the proper rate of pyrolysis. This burner, capable of 

burning either an auxiliary fuel or pyrolysis gas in excess air pre~eated 

in the reactor shell, is used for rate control of the pyrolysis process and 

for startup and shutdown. 

During startup, auxiliary fuel is used. When steady-state conditions· 

are reached, the burner is switched over to burn approximately .15% of the 

product gas for oxidation air heating. 

The oxidation air blower that supplies air to the oxidation air burner 

also supplies purge air flow to the flare tube and serves as a backup air 

supply in the event of a flare tube blower failure. 

Because trash loading is a part-time operation and critical safety 

functions are automated, the operator may be able to perform other function~, 

such as trash collection, from area pickup points. However, he should be on 

call to respond to noncritical alarm situations, e.g., loading ram excess 

cycling, or trash bin low level. 

The Refu-Cycler is designed to process refuse as delivered in co~on 

packer trucks. In general, anything that can be fed through the compactor of 

a packer truck will be within the acceptable size range for the Re~u-Cycler. 

The physical refuse size limitation of the Refu-Cycler results frpm 

the dimensions of the opening between the hopper and the loading ram chute. 
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This opening is sized to be compatible with the packer truck load character­

istic size and to limit the dimensions of any single object to less than the 

internal diameter of the reactor. This size relationship minimizes the po­

tential for bridging (hang-up) within the reactor and the feed chute. 

The anticipated energy recovery efficiency, based on a lower heating 

value for relatively dry industrial and commercial refuse with a high percent 

age of combustibles, is 72 -- 75%. Increasing the inerts and the moisture 

content to a residual-type trash and adding sewage sludge to bring the mois­

ture content to 50%, will reduce the recovery efficiency only slightly to a 

value above 10%. The effect of moisture on efficiency is minimized by the 

cooling water spray in the top of the reactor. Sufficient moistu~e is re­

quired at the top of the reactor for cooling the product gas. When dry trash 

is processed, water must be added to achieve the necessary cooling. However, 

when the trash moisture content is increased to 50% in the input mix, there 

is sufficient moisture in the trash itself to cool below the 200°F outlet gas 

temperature. 

Some ferrous metal is required in the refuse to flux the slag at the 

base of the reactor. Normal refuse variations include adequate quantities. 

However, if the refuse mix does not contain sufficient metal during some 

temporary periqd, frit can be recycled to the reactor with the trash. 

5.2 PRODUCT CHARACTERISTICS 

The product fuel gas generated by the Refu-Cycler system is in the 130 

to 150 Btu/scf range and is delivered at approximately 5 psig, 100°F and with 

a dew point of about 80 to 90°F. Tables 5.1 and 5.2 list the gas compo­

sition and properties, respectively. Both are for an average municipal waste 

with 25% inerts, 25% water and an HHV .of 4400 Btu/lb. 

The primary fuel constituents of this gas are carbon monoxide and 

hydrogen. As such, the gas has very clean and stable burning characteristics 

with performance only slightly below that of natural gas for most application 

The only major disadvantage of the pyrolysis gas, compared with natural gas, 

LP gas, and other common fuels, is its low Btu/ft3 content leading to an 
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Table 5.i Typical Product Gas Composition 

Dry Gas Dry Gas 
Composition % Composition 

co 14.9 NH3 
C02 13.7 N 
H2 9.0 02 
CH~ 2.7 H2S 
C2H2 0.9 HCL 
C2H~ 0.9 

Molecular Wt: 27.5 lb/mol . 
Water Content: 0.037 lb H20/lb dry gas 
Tars and Oils: 0.014 lb, tar and oil/lb dry gas 

Table 5.2 Typical Properties 

Temperature 100°F 

Pressure 5 psig 

Heating Value 132 Btu/scf fuel gas, (LHV) 
144 Bru/scf fuel gas, (HHV) 
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inherent high cost of storage and transportation. This disadvantage restricts 

the practical applications to close-by utilization as it is produced. For 

tmost integrated or mixed-energy systems, however, this restriction presents 

no disadvantage. 

The Refu-Cycler fuel gas is especially applicable as a supplement .for 

the reduction of primary .fuel consumption. This fuel gas can be used in 

boilers, ovens, gas turbines, fuel cells, and both spark- and compression­

ignition internal combustion engines. Finally, because the gas is ·synthetic, 

by adjusting the H2 and CO ratio, methanol can be produced to provide a 

s torah le fuel . 

The only residue from the Refu-Cycler is the slag in the form of frit. 

There is no waste tar or char, and no wastewater if an evaporative cooling 

tower is used. The frit is a glassy, black granular, material that can be 

sold for roadway construction or as a decorative material for landscape 

gardening. It may be remelted and molded into any shape for sale as an at­

tractive construction material, or it may simply be used for landfill at a 

convenient location. Because the material is biologically inert, earth cover 

is rmnecessary. 

5.3 PLANT CAPACITIES 

The J.{efu-Cycler can be constructed in a wide range of sizes and still 

perform its refuse disposal and product-gas generation functions. The econ­

omies of scale make the larger plant sizes .more economically attractive. 

The smallest reactor that can effectively treat municipal refuse without 

shredding or other preprocessing handles approximately eight tons of 4400-

Bt:u/lb of municipal refuse per day. Below this size, the reactor inside 

diameter becomes too small for uniform trash distribution, and large objects 

in the trash will allow chanp.eli.ng of hot gase~ through the bed. The largest 

reactor that can be built in the vertical cylinder configuration would handle 

a range of 70 100 tons/day. Above this range, to maintain the low bed 

loadings that prevent particulate carryover, the reactor inside diameter be­

comes so large that uniform distribution of the incoming trash cannot be 

achieved, and channeling can occur. 
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Within this span of sizes, virtually any specific size can be effec­

tively produced. For sizes above the 70-to-100-ton/day capacity, multiple 

reactors can be used to achieve virtually any total capacity, and downstream 

processing equipment, such as blowers and scrubbers, can be common to several 

reactors and thereby allow some capital equipment savings. A given reactor's 

capacity is a function of the type of trash to be consumed. The higher the 

Btu-content of the trash, the lower the rated capacity. 

Hamilton Standard has made detailed designs of six-, ten-, and twenty­

ton/day plants, and is in the final stage of construction and checkout of 

a 10-ton/day pilot plant. These size ratings are based on industrial refuse; 

hence their capacities would be higher when municipal refuse is consumed. 

Accurate measurements of pilot plant performance will prove the effective bed 

loading and ·related plant trash consumption rates for the selected reactor 

size and configuration. 

5.4 ECONOMICS 

The economics of the Refu-Cycler show a positive net annual savings 

for all units greater than approximately 21 tons/day (of 6000-Btu/lb trash). 

Depending on the situation, the economics may be positive even for smaller 

installations. 

For purposes of this study, the following assumptions are made: 

- Fuel Cost - $2.25/million Btu 

- Unit Conversion Efficiency = 70% 

- Lower Heating Value of Input Trash - 6000 Btu/lb 

- Startup/Shutdown Fuel Requirements - 1.4 million Btu/cycle 
for each ton/day capacity 

- Conventional Waste Disposal Costs - $10/ton 

- Operating Cvcle - 5 days/week, 24 hr/day, 52 weeks/year 

- Local Cost of Electricity = $0.03/kWh 

- Debt amortization = 10 years @ 10% interest 

-, 

Using these assumptions and Hamilton Standard's estimates for capital 

~ost, maintenance cost, and operator requirements, the economic data in 

Fig. 5.2 were generated. Depending on a given situation, fuel costs, trash 
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Fig. 5.2 Refu-Cycler Economic Data 
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heating value, waste disposal costs, and operating cycle can vary and thus 

·adjust the economics. Not included are site preparation costs; deprecia­

tion, or tax considerations because these factors show a wide range of varia­

bility for different types of application. 

The variables that have the greatest impact on net savings are fuel 

costs and waste d~sposal. Fuel costs in the U.S. in 1977 range from $0.75 

up to $2.75 per million Btu. However, by 1986, projections have shown this 

range narrowing and the cost increasing to $3.75 -- $4.10. Thus, the 

pyrolysis fuel output will become even more valuable as the economics change 

and as fuel becomes more scarce. Waste disposal costs in 1976 ranged from 

$2 to $3 per ton for landfill and up to $25 per ton and higher in the highly 

populated areas. In future years, higher costs for disposal will become more 

common as government regulations become more strict and land becomes scarcer. 

To demonstrate the impact of higher cost, if fuel costs of $3 per million 

Btu .and waste disposal costs of $15 per ton are assumed, the net savings 

on a 10-ton/day unit becomes $23,500 per year instead of a deficit of $5300. 

Therefore, the data contained herein, while representative only of an average 

installation, are extremely general. Any given application must be investi­

gated in greater detail to establish economic viability. 

where: 

where: 

Svstem capital costs can be approximated by: 

C Ca.pital cost in thousands of dollars, 
c 

s system capacity, in tons/day. 

System annual operating costs can be approximated by: 

c = 90 + <6ooo) <s - 10) 190 
o HHV HHV ' 

C = Annual operating cost in thousands of dollars, and 
0 

S = System capacity in tons/day. 
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5.5 STATE OF PROCESS DEVELOPMENT 

The Refu-Cycler has evolved from development testing, evaluation, 

and design studies which began in 1968. Hamilton Standard's design effort 

resulted from a 1974 company-funded, industry-wide study of pyrolysis of 

waste. Based on this study, Hamilton Standard selected the vertical shaft, 

partial air oxidation, slagging pyrolysis design as the most practical and 

efficient technique for refuse conversion to usable energy. This concept 

has been proved in the initial development work conducted by Urban Research 

and Development Corporation (URDC) . 

Initial experimental work by URDC utilized a process that approached 

"pure" pyrolysis, i.e., most of the heat required to dry and pyrolyze the 

refuse was supplied through the walls of a retort within the reactor, 

Some conclusions drawn from past historical development by URDC in 

NASA studies by Hamilton Standard, the encouraging results of the Andco­

Torrax partial air oxidation pilot plant operation in New York State, and 

their subsequent sales efforts in the European market, have led Hamilton 

Standard to invest in a pyrolysis waste disposal plant of its own design. 

The pilot plant configuration is as described in Sec. 5.1 with the inclusion 

of an evaporative cooling tower to handle the cooling requirements and to dis­

pose of generated water. The plant is rated at 10 tons of industrial trash 

per day (at 6000 Btu/lb) but could handle 14 tons/day of 4400 Btu/lb munici-

pal trash. The plant is being built on company property at Windsor Locks, 

Connecticut and will deliver the product gas approximately 400 ft to the 

plant boiler facilities where it will be burned as a portion of the base load 

to reduce fuel oil consumption. The unit is to become operational in early 

1977. 

5 • 6 ENERGY AND MATERIAL BALANCES 

Figure 5.3 shows typical mass anu energy balance for the Refu-Cycler 

direct-fired, oxidation air system. The values show both higher and lower 

heating values per pound of refuse input._ Note that approximately one pound 

of air is required per pound of refuse. The effluent wr~.t.er includes some dis 

·solved tars and oils, and the heat rejection includes both cooling and direct 

losses to the environment. 
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Performance will vary somewhat with system con£iguration and size. 

In general, however, the energy recovery efficiency based on the LHV will· 

exceed 70%. 

Auxiliary services required by the Refu-Cycler shown schematically in 

Fig. 5.1 are auxiliary fuel, makeup water, and electrical power. 

Auxiliary fuel is required for startup of the reactor and startup 

and shutdown of the product gas flare tube. During normal operation, aux­

iliary fuel is not used. 

Makeup water is required at the quench tank and at the evaporative 

cooling tower, if used. The amount required is small because the basic 

pyrolysis process generates water. Where coolin~ is other than evaporative, 

a discharge stream -- rather than a makeup water supply -- is required for 

,Lhe generated water-. 

Electrical power is used for the loading ram hydraulic pump, blowers, 

~ater pumps, compressors, and the instrumentation and control equipment. 

The required input to the performance al·gorithm is: 

m =refuse input flowr~te (ton/day), 

X.= fraction of inerts in waste, and 
l. 

X = fraction of water in waste. 
w 

~he output algorithm then becomes: 

~= 1- X. -X (fraction combustibles), 
l. w 

HHV. = 17.6 x 10 6 ~m (energy input, HHV basis, Btu/day), 
l.n --b 

V/m= 96,600 ~1 • 2 (fuel gas volume per ton waste, scf/ton),. 

Vfg= (m) x (V/m) (fuel gas. volume output, scf/day), 

HHV = 124 X - 0
•

15 
out -1> 

fuel gas), 

• 0. 0 1 
m (fuel gas higher heating value, Btu/scf 
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HHV = (Vfg) x HHV) (energy output HHV basis, Btu/day), out 

· HHV . 
N = 100 out (recovery efficiency). 

R HHV. 
l.n 

5.7 MISCELLANEOUS INFORMATION 

' A desirable feature of any energy recovery system is the ability to 

respond to off-design or partial-load demands. A fixed product gas produc­

tion rate, for example, would waste energy at low demand rates, and alternate 

energy sources would be required to meet high demands. The Refu-Cvcler has 

been designed with "throttle-ability" in mind to allow adjustment of product 

gas flowrate to meet cyclic energy demands. 

The pilot plant burner and oxidation air flow controls allow flow 

rate variations of 25% to 150% of nominal flow; however, because of reactor 

process limitations, a reasonable expectation of range would be 50% to 150% 

of design flow. Process rate is controlled primarily by the amount of air 

injected into the oxidation zone of the reactor for oxidation of char. A 

secondary control variable is the ratio of product gas recycled to the oxida­

tion air burner, and thus the temperature of the excess air combustion prod­

ucts. Product gas flowrate is measured to provide a feedback control point. 

The minimum capacity is set by the ability to maintain reliable slag 

flow. 'If the oxidation air flow or temperature is too low, the slag will not 

flow properly. The maximum capacity of this type of reactor is set by par­

ticulate carryover caused by excessively high velocities at the top of the 

bed. The Refu-Cycler is designed with such low loadings that even at 150% 

of design flow, top end velocities should not exceed 3 ft/sec, and carryover 

should not be a problem. Experimentation with the pilot plant will verify 

the "throttle-ability" range of the Refu-Cycler. 

The Refu-Cycler is designed for continuous-duty operation to achieve 

maximum operating efficiency, ndnimum plant size, and minimum use of fuel 

for startup/shutdown cycles. Noncontinuous operation is possible, but not 

as desirable. The requirement for partial operator.attention while the unit 
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is operating adds three-shift and weekend operator expense to continuous 

operation. For this reason, it may be desirable to operate the Refu-Cvcler 

on a part-time basis. The auxiliary fuel expense and equipment inefficiency 

of daily startup and shutdown make any daily duty cycle unattractive. It is 

expected to take 6 hr for a combined startup/shutdown cycle, leaving only 

2 hr for operation in an 8-hr shift and 10 hr for operation in a 16-hr shift. 
I 

A weekly operation cycle of 24 hr/day, 5 days/week offers an attrac­

tive compromise because only 6 hr/week are required for startup/shutdown, 

and weekend operator expenses are eliminated. Moreover, the 2-day regular 

$hutdown period allows time to replace components that are approaching max­

imum useful life before random equipment failure shuts down the plant at 

unscheduled times. 

Reactor scaling is done at coustant bed loading and bed-length-to­

diameter ratio. Heat losses, therefore, remain essentially constant, and 

the effect of plant size on performance is relatively minor for systems that 

do not attempt to recover sensible heat. 

Residence time increases for larger size reactors. Because bed load­

ing is constant, bed velocity also is constant. The flow path length, how­

ever, is proportional to diameter, so that residence time is proportional to 

diameter or the square root of total refuse volume flows. This increased 

residence time has only a minor effect on the thermochemical characteristics 

of the gasifier. 

From the standpoint of physical size alone, larger-size gasifiers 

obviously can handle a wider variety of wastes than can smaller ones. In 

general, the size limit for any particular system will be set by ram feeder 

size limitations, so that anything that can get into the feeder will be sat­

isfactory for the gasifier. Even a reactor as small as 1.7 ton/day has ac-· 

cepted ordinary municipal refuse with a minimum o£ selection and removal of 

oversized material. Differences in the composition of the .combustible portiot 

of municipal refuse can be expected to be negligible. However, there can be 

large differences in the proportion of water and inerts. 
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The composition of the inert fraction of municipal refuse can vary 

significantly~ and the effect of the variability is felt most in the smaller 

systems. For example, because beverage containers make up a significant 

proportion of the inert fraction, local variations in the relative mix of 

glass, steel, and aluminum containers can be sizable. Local recycling ef­

forts also may have a noticeable effect. Earlier development work on compo­

sition effects indicates that the properties of the slag are insensitive to 

composition variations within the range that would be expected for ordinary 

~nicipal wastes. The only constituent that does produce a significant ef­

fect is the iron content and then only when the proportion of iron drops 

~elow that which would normally be expected. When the iron content drops 

~elow approximately 11% of the inert fraction, slag viscosity increases. Al­

though this increase makes a system more susceptible to slag freeze-up prob­

lems, it certainly does not make tapping impossible. 

5.8 RATING OF THE DATA BASE 

The predicted performance of the Refu-Cycler is based on data taken 

~uring earlier development testing at URDC. These data were evaluated, ad­

pusted for size and other effects, and used in the preparation of a mathe­

~tical model. As a verification, the model was used to predict published 

performance data of other operational installations; the results agree 

closely. Therefor~, the model should predict the Refu-Cycler performance 

reasonably well. Nevertheless a certain amount of development work will be 

~equired on the pilot plant because some aspects of that system have not yet 

[beeu tested. 

Cost estimates for the Refu-Cycler are based on recent equipment pur­

chases for the pilot plant. As a result, they are accurate for near-term 

installations, but become questionable for long-range estimates. This is the 

result of the inability to ~redict accurately inflation of capital, and op­

erating and fuel costs. It is evident that the Refu-Cycler always will be 

~pplicable to reduce primary fuel consumption, but that the predicted break­

~ven points for future systems may vary. 
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